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By all standards, the XVII International Symposium on Retinal 
Degeneration that was held in Kyoto, Japan, was a tremendous 
success. It is fitting that we dedicate this book of proceedings from the 
meeting to two pioneering scientists and ophthalmologists from Japan 
who have led and advocated for this field for many years. This book is 
dedicated to the careers of Professor Nagahisa Yoshimura, MD, PhD, 
and Professor Yozo Miyake MD, PhD. 

Nagahisa Yoshimura
Yoshimura has extensive experience in 
clinical retina and retinal research and is 
known as an advocate for the field. 
Research interests of Dr. Yoshimura cover a 
wide range of retinal diseases. Among them, 
Dr. Yoshimura’s group performed an 
extensive study on polypoidal choroidal 
vasculopathy (PCV) using new imaging 
devices in combination with genetic analyses 

of known age-related macular degeneration (AMD) risk mutations. 
Dr. Yoshimura’s work demonstrated that PCV shares many common 
risk alleles with AMD, suggesting that PCV is a novel subtype of 
exudative AMD and not a distinct clinical entity. This important 
finding overturned a long-standing consensus that PCV was a distinct 
disease from AMD.  Dr. Yoshimura also works to develop patient- 
derived iPS cells from patients with AMD and other retinal 
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degenerations to establish induced-RPE cells. This has led to the 
development of a novel assay system to evaluate iPS-derived RPE cell 
function.

Yozo Miyake
Miyake has had a long and productive 
career in ophthalmology. He served as 
Professor and Chairman of the Department 
of Ophthalmology, Nagoya University, 
until 2005. After retiring from Nagoya 
University, he served as the Director of 
National Institute of Sensory Organs in 

Tokyo, before becoming the President of Aichi Medical University in 
2010. In addition, he served as the President of the International 
Society of Clinical Electrophysiology for Vision (ISCEV) from 2000 
to 2004.

Dr. Miyake’s major contributions to retinal degeneration include 
the development of ERG for clinical diagnostics. This includes 
pioneering use of systems for focal macular ERG (Arch Ophthalmol 
1986, IOVS 1984, 1989). This allowed precision measurements of 
oscillatory potentials (Ops) of human macular ERGs for the first time 
in the history (IOVS 1989). Miyake’s focal macular ERG system was 
in the forefront of the multifocal ERG developed by Sutter in 1994. 
The development of the focal macular ERG led to Dr. Miyake’s most 
important work, which includes the discovery of “occult macular 
dystrophy” (OMD) (AJO 198v9, 1996). OMD is not a rare disease, 
and the focal macular ERG was key for its diagnosis. Dr. Miyake’s 
group succeeded in identifying the gene mutation (RP1L1) causing 
OMD (Am J Hum Genet, 2010). Because of the substantial contribution 
of Dr. Miyake and his group, OMD diseases with the RP1L1 gene 
mutations are now referred to as “Miyake disease” (IOVS 2016). In 
2015, the Japanese Ministry of Health, Labor and Welfare for medical 
care declared Miyake disease as one of the limited diseases for 
priority financial support.

Another highlight of Miyake’s work using ERGs was the 
establishment of new clinical definitions of congenital stationary 
night blindness (Arch Ophthalmol 1986). Using a combination 
patient data and animal experiments, Dr. Miyake concluded that 
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complete CSNB has the complete defect of ON bipolar cell function, 
while incomplete CSNB has the incomplete defect of both ON and 
OFF bipolar cell function. Miyake’s hypothesis has been well 
supported by data from other groups and still stands as the 
prevailing hypothesis (Nature Genet 1998, 2000).
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Preface

The International Symposia on Retinal Degeneration have been held in conjunction 
with the biennial meeting of the International Society of Eye Research (ISER) since 
1984. These RD Symposia have allowed basic and clinician scientists from around 
the world to convene and present their new research findings. They have been orga-
nized to allow substantial time for discussions and one-on-one interactions in a 
relaxed atmosphere, where international friendships and collaborations can be fos-
tered. The XVII International Symposium on Retinal Degeneration (also known as 
RD2016) was held from September 19 to 24, 2016, at the Kyoto International 
Conference Center, in the beautiful and historic city of Kyoto, Japan. The meeting 
brought together 294 basic and clinician scientists, retinal specialists in ophthalmol-
ogy, and trainees in the field from all parts of the world.

Abstract submissions to the RD2016 meeting exceeded all expectations, both in 
quantity and quality. The scientific program covered many aspects of retinal degen-
eration. The presentations included 42 platform talks and 151 posters. The program 
consisted of 3 full days of platform talks and 2 evening poster sessions. The RD2016 
meeting was highlighted by five special keynote lectures. The first was given by 
Robert Marc, PhD, of the University of Utah, Salt Lake City, Utah. Dr. Marc dis-
cussed “Retinal Connectomes and Pathoconnectomes.” The second keynote lecture 
was given by José-Alain Sahel, MD, PhD, Institut de la Vision, Paris, France. Dr. 
Sahel discussed “Maintaining and Restoring Cone-Mediated Vision in Rod-Cone 
Degenerations.” The third keynote lecture was given by Takeshi Iwata, PhD, 
National Institute of Sensory Organs Tokyo, Japan. Dr. Iwata discussed “Genetic 
Factors and Molecular Mechanisms of Early Stage AMD: CNV Mouse and Drusen 
Primate Models.” The fourth keynote lecture was given by Yozo Miyake, MD, PhD, 
Aichi Medical University, Nagoya, Japan. Dr. Miyake discussed “Establishment of 
New Concepts in Three Hereditary Retinal Diseases from Japan.” The fifth and final 
keynote lecture was given by the 2012 Nobel Laureate Shinya Yamanaka, MD, 
PhD, Kyoto University, Kyoto, Japan. Dr. Yamanaka discussed “Recent Progress in 
iPS Cell Research and Application.” The scientific meeting ended with a “Welcome 
to RD2018” by local organizer Dr. Peter Humphries, along with the organizers pri-
marily responsible for the meeting, Drs. Cathy Bowes Rickman and Christian Grimm.
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We thank the Local Organizing Committee Chair, Nagahisa Yoshimura, Kyoto 
University, and his local organizing committee Drs. Shuichi Yamamoto, Chiba 
University Hospital; Akira Murakami, Juntendo University Hospital; Yoshiro 
Hotta, Hamamatsu University School of Medicine; Mineo Kondo, Mie University 
Graduate School of Medicine; Akihiro Ohira, Shimane University Faculty of 
Medicine; and Masaki Tanito, Matsue Red Cross Hospital. In addition, we thank 
the outstanding management and staff of the meeting planning company, JTB 
Communication Design, for their assistance in making this an exceptionally smooth- 
running conference and a truly memorable experience for all of the attendees. These 
included, in particular, Chika Okuhashi, Toshikazu Mogi, and Noriko Kataoka.

The Symposium was able to fund 49 full-ride travel awards given to graduate 
students, postdocs, and junior faculty. The Travel Awardees were selected on the 
basis of 9 independent scores of their submitted abstracts, 6 from each of the organiz-
ers and 3 from the other members of the Travel Awards Committee for RD2016, Drs. 
Jacque Duncan, Michelle Pardue, and XianJie Yang. Travel awards were made pos-
sible in part by funding from the National Eye Institute of the National Institutes of 
Health. We are pleased to report this is the eight consecutive symposium in which the 
NEI has contributed travel awards to support young investigators. Additional awards 
were provided by generous international financial support from a number of organi-
zations, including The Foundation Fighting Blindness; the BrightFocus Foundation; 
Pro Retina, Germany; the Fritz Tobler Foundation, Switzerland; and The Harrington 
Discovery Institute. Many of the contributing foundations sent members of their 
organizations to attend the meeting. Their participation and comments in the scien-
tific sessions were instructive to many, offering new perspectives to some of the prob-
lems being discussed. For the first time, the Symposium held a Funders Lunch Forum 
where representatives from the Foundation Fighting Blindness, the Harrington 
Foundation, Fighting Blindness Ireland, BrightFocus Foundation, and the ProRetina 
Foundation held a panel discussion to discuss funding opportunities from their orga-
nizations. This was well received and will likely be repeated in future meetings.

We also acknowledge the diligent and outstanding efforts of Ms. Holly 
Whiteside. Holly is the Administrative Manager of Dr. Anderson’s laboratory at the 
University of Oklahoma Health Sciences Center. Holly has been the RD Symposium 
Coordinator since 2000, and continues to serve the RD Symposia by providing 
administrate assistance with financial aspects of the meeting.
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Chapter 1
Oxidative Stress Regulation and DJ-1 
Function in the Retinal Pigment  
Epithelium: Implications for AMD

Vera L. Bonilha

Abstract In the retina, oxidative stress can initiate a cascade of events that ulti-
mately leads to a focal loss of RPE cells and photoreceptors, a major contributing 
factor in geographic atrophy. Despite these implications, the molecular regulation 
of RPE oxidative metabolism under physiological and pathological conditions 
remains largely unknown. DJ-1 functions as an antioxidant, redox-sensitive molec-
ular chaperone, and transcription regulator, which protected cells from oxidative 
stress. Here we discuss our progress toward characterization of the DJ-1 function in 
the protection of RPE to oxidative stress.

Keywords Oxidative stress · DJ-1 · Retinal pigment epithelium · Age-related 
macular degeneration · Neurodegenerative diseases · Posttranslational 
modifications

1.1  Introduction

DJ-1 is a multifunctional protein located in the cytosol, nucleus, and mitochondria 
of the cells, but it can also be secreted from the cells or tissues in cancer and PD 
patients (Kahle et al. 2009; Saito 2014). The protein robustly protects cells from 
oxidative stress by functioning primarily as an antioxidant protein, through a broad 
group of distinct cellular mechanisms (Raninga et al. 2014). More importantly, DJ-1 
plays a protective role in cancer, neurodegenerative (e.g., Parkinson’s disease, 
Alzheimer, Huntington’s disease), and cardiovascular diseases (e.g., heart failure) 
as an endogenous antioxidant (Chan and Chan 2015). Here we further discuss DJ-1 
function in the regulation of oxidative stress regulation of RPE cells.
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1.2  Oxidative Stress and DJ-1 Function

In baseline conditions there exists a balance between the free radical generation as 
by-products of a metabolism based on reduction–oxidation reactions and the anti-
oxidant defense in the cell (Babusikova et al. 2013). Conversely, in oxidative stress 
antioxidant mechanisms cannot properly metabolize the cellular content of free 
radicals generated. Oxidative stress accumulation in postmitotic cells damages 
nucleic acids, lipids, and proteins, ultimately resulting in cell death and impacting 
the pathogenesis of various chronic diseases. The cellular defensive mechanisms 
available to counteract generated reactive oxygen species (ROS) comprise antioxi-
dant enzymes (e.g., superoxide dismutase, catalase, glutathione peroxidase) and 
low molecular weight antioxidants (e.g., vitamin C, vitamin E, glutathione, carot-
enoids, natural flavonoids, melatonin) (Halliwell and Gutteridge 1999; McCall and 
Frei 1999; Pham and Plakogiannis 2005; Atukeren 2011). A crucial mechanism in 
the cellular defense against oxidative stress is activation of the nuclear factor 
E2-related factor 2 (Nrf2) transcription factor that is responsible for the expression 
of antioxidant response element (ARE)-regulated genes that enable a coordinated 
protective response to stress (Nguyen et al. 2009).

DJ-1 participates in mitochondrial homeostasis through regulation of mito-
chondrial complex I (Hayashi et al. 2009; Mullett and Hinkle 2011). It can be 
found mostly diffused in the cytoplasm (Nagakubo et  al. 1997; Bonifati et  al. 
2003) and to a lesser extent in the mitochondria (Zhang et al. 2005) and nucleus 
(Nagakubo et al. 1997; Hod et al. 1999) of cells under baseline conditions. Upon 
oxidative stress, more DJ-1 redistributes to either the mitochondria (Canet-Aviles 
et  al. 2004) or the nucleus, and this cellular redistribution correlates with the 
ability of DJ-1 to foster neuroprotection (Canet-Aviles et al. 2004; Ashley et al. 
2009; Junn et al. 2009; Kim et al. 2012).

Oxidation of DJ-1 at one of the three cysteines (C) at amino acid numbers 46, 53, 
and 106 regulates its function (Mitsumoto and Nakagawa 2001; Kinumi et al. 2004; 
Choi et  al. 2006). However, evidence suggests that C106 is critical for DJ-1- 
mediated protection against oxidative stress (Waak et al. 2009; Wilson 2011). Upon 
oxidative stress, oxidation at C106 by sulfinic acid (C-SO2H) regulates transcription 
factors and achieves optimal protective functions of DJ-1. On the other hand, oxida-
tion by sulfonic acid (C-SO3H) results in the destabilization of DJ-1 structure 
(Wilson 2011; Saito 2014). This hypothesis is supported by the identification of 
sulfonic form (over-oxidized) as the main oxidized form in PD and AD brains 
(Bandopadhyay et al. 2004; Choi et al. 2006).

Some of the protective actions of DJ-1 occur through its RNA-binding activity to 
regulate the translation of multiple protective transcripts. DJ-1 stabilizes Nrf2 by 
interfering with its ubiquitination and facilitates Nrf2 translocation to the nucleus 
by preventing the binding with Keap1 (Gan et al. 2010). Thus, DJ-1 may play a 
crucial role both sensing and conferring protection against a range of oxidative 
stressors, using different mechanisms.

V. L. Bonilha
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1.3  DJ-1 Function in the RPE Cells

The RPE is highly predisposed to free radical formation and oxidative injury 
because these cells live under chronic oxidative stress due to the lifelong exposure 
to light, high oxygen consumption, and high oxygen partial pressure from the 
underlying choriocapillaris. Another factor increasing RPE oxidative stress is the 
daily phagocytosis of the shed photoreceptor outer segments, enriched in polyun-
saturated fatty acids such as docosahexaenoic and retinoids, which have the detri-
mental property of being oxidized and damaged by light (Leveillard and Sahel 
2016). Finally, phagocytosis is itself an oxidative stressor and results in the genera-
tion of endogenous ROS (Miceli et al. 1994; Tate et al. 1995). This hostile oxidative 
environment is thought to contribute to retinal disease. However, it remains to be 
determined why the initial retinal degeneration occurs and how degeneration pro-
cesses progress as a result of continued oxidative insults.

In adult rodent retinas, DJ-1 is highly expressed in the RPE and photoreceptor 
cells (inner segments and cell body), while DJ-1 also displays lesser expression in 
the outer plexiform layer. Loss of DJ-1 resulted in mild structural and physiological 
changes in the retinas of the aged DJ-1 knockout (DJ-1 KO) mice in association 
with increased oxidative stress. These included an increase in the amplitude of the 
scotopic ERG b-wave and cone ERG, decreased amplitude of a subset of the dc- 
ERG components, RPE thinning, decreased tyrosine hydroxylase in dopaminergic 
neurons, and increased 7,8- dihydro-8-oxoguanine-labeled DNA oxidation (Bonilha 
et al. 2015).

In RPE cell lines under baseline conditions, different pools of DJ-1 are present in 
the cytoplasm and, in some cells, in the nuclei. Oxidative stress leads to a noticeable 
increase in immunocytochemical staining for DJ-1. Also, under these conditions, 
DJ-1 is redistributed to the mitochondria in RPE cultures (Shadrach et al. 2013).

Previously, we reported that DJ-1 was detected and highly expressed in the RPE 
lysates from age-related macular (AMD) donors when compared to the RPE lysates 
from non-AMD donors (Shadrach et al. 2013). To further understand how the AMD 
pathology relates to DJ-1 oxidation, we analyzed lysates of isolated human RPE 
probed with a new and specific C106-SO3H DJ-1 antibody. Lysates from AMD 
donors displayed increased presence of C106-SO3H DJ-1 when compared to non- 
AMD RPE (data not shown). This data suggest a loss of biological function of 
DJ-1  in AMD RPE.  We also observed DJ-1 presence in Bruch’s membrane and 
drusen isolated from different AMD donors, as previously reported for many of the 
proteins found in drusen, which are typically found intracellularly in the RPE 
(Shadrach et al. 2013). Recently, DJ-1 has emerged as a significant biomarker due 
to its presence in the extracellular fluids of patients affected by different types of 
cancer (Kahle et al. 2009) and in PD patients (Saito 2014). Future studies will be 
needed to investigate how RPE cells release DJ-1 and to determine if it can be 
detected in the serum of AMD patients.

1 Oxidative Stress Regulation and DJ-1 Function in the Retinal Pigment Epithelium…
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In vitro experiments carried out in RPE cultures tested the role of DJ-1 oxida-
tion at its C residues in protection against oxidative stress. ARPE-19 cells and 
ARPE-19 cells transduced with adenoviruses carrying both DJ-1 full length 
(hDJ-1) and DJ-1 with the three Cs at residues 46, 53, and 106 mutated to serine 
(CtoS) were subjected to oxidative stress, and the generation of ROS was moni-
tored. Significant ROS production was observed when ARPE-19 cultures were 
exposed to oxidative stress and when ARPE-19 cultures overexpressing the CtoS 
DJ-1 were exposed to oxidative stress. In contrast, no significant ROS production 
was detected in ARPE- 19 overexpressing exogenous full-length DJ-1 (Shadrach 
et al. 2013). This data suggested that high levels of full-length DJ-1 expression 
resulted in significant decrease in ROS generation in RPE cells exposed to oxida-
tive stress.

These constructs were also used to analyze the effects of DJ-1 expression in 
the mitochondrial structure of primary human fetal RPE cells in culture (Bonilha 
et al. 2014). Overexpression of both exogenous full-length DJ-1 and CtoS DJ-1 
resulted in significant increase in immunolabeling with an antibody specific to 
mitochondria (COX IV) and a mean increase in the diameter of mitochondria 
tubules. In contrast, mitochondria in the RPE from DJ-1 KO mice displayed loss 
of cristae associated with increases in matrix density and, in some cells, interrup-
tion of the mitochondrial internal and external membranes. This data suggested 
that mitochondrial morphology is altered with the loss and increased expression 
of DJ-1.

1.4  Conclusions

Knowledge about the DJ-1 function in RPE has greatly increased in the last few 
years. Research has shown that DJ-1 levels of expression modulate RPE response to 
oxidative stress. Based on our data, we surmised of a possible mechanistic pathway 
via which RPE degeneration results from overall low levels of native DJ-1 or post-
translational modifications (PTMs) that impair its function. Our central hypothesis 
is that oxidative stress-induced RPE degeneration observed in diseases such as 
AMD is mediated by loss of the antioxidant functions of DJ-1 (Fig. 1.1).

V. L. Bonilha
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Chapter 2
Mitochondria: Potential Targets  
for Protection in Age-Related Macular 
Degeneration

Emily E. Brown, Alfred S. Lewin, and John D. Ash

Abstract Age-related macular degeneration (AMD) is the leading cause of blind-
ness in older adults in developed countries. The molecular mechanisms of disease 
pathogenesis remain poorly understood; however, evidence suggests that mitochon-
drial dysfunction may contribute to the progression of the disease. Studies have 
shown that mitochondrial DNA lesions are increased in the retinal pigment epithe-
lium (RPE) of human patients with the disease and that the number of these lesions 
increases with disease severity. Additionally, microscopy of human RPE from 
patients with dry AMD shows severe disruptions in mitochondrial inner and outer 
membrane structure, mitochondrial size, and mitochondrial cellular organization. 
Thus, improving our understanding of mitochondrial dysfunction in dry AMD 
pathogenesis may lead to the development of targeted therapies. We propose that 
mitochondrial dysfunction in the RPE can lead to the chronic oxidative stress asso-
ciated with the disease. Therefore, one protective strategy may involve the use of 
small molecule therapies that target the regulation of mitochondrial biogenesis and 
mitochondrial fission and mitophagy.
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2.1  Introduction

The cost of age-related macular degeneration (AMD) in the USA reaches 25 billion 
dollars annually (Brown et al. 2006), a large economic burden that demonstrates the 
critical need for effective therapies. Patients suffering from AMD lose high acuity 
central vision, resulting in a loss of independence and severe decrease in quality of 
life (Husler and Schmid 2013; Sorensen et al. 2015). Patients with dry AMD exhibit 
increased oxidative stress and inflammation in the RPE; however the molecular 
mechanisms of disease pathogenesis are poorly understood. Current treatments for 
dry AMD involve reducing the levels of reactive oxygen species (ROS) via treat-
ment with an antioxidant formulation that slows the progression of AMD in a small 
subset of patients and potentially worsens disease in others (Awh et al. 2013, 2015).

Studies, which will be discussed in more detail in this review, suggest that mito-
chondrial dysfunction in the RPE could be a contributing factor to disease progres-
sion. Mitochondrial dysfunction can arise from mitochondrial DNA mutations, 
mutations in a gene in the nuclear DNA that encodes a component of the mitochon-
dria, or due to oxidative damage. Mitochondria are a major source of reactive oxy-
gen species (ROS), suggesting that they may contribute to the increase in oxidative 
stress observed in AMD. Studies focused on the role of mitochondrial dysfunction 
in AMD pathogenesis are necessary to further our understanding of disease progres-
sion and for the identification of small molecules that may prevent mitochondrial 
dysfunction in AMD.

2.2  Oxidative Stress Is Implicated in AMD

An increase in oxidative stress in the RPE is associated with AMD. A major risk 
factor for development of AMD is cigarette smoke, which is known to be a major 
producer of ROS, such as the oxidant hydroquinone (HQ), which is present in high 
concentrations in cigarette smoke-related tar (Pryor et al. 1983). Population-based 
studies examining almost 5,000 patients from throughout Europe have shown that 
current cigarette smokers have increased odds of developing neo-vascular AMD or 
geographic atrophy (odds ratios of 2.6 and 4.8, respectively), while previous smok-
ers also had increase likelihood of developing the disease (odds ratio of 1.7) 
(Chakravarthy et al. 2007). This study found that about 27% of cases of AMD were 
attributed to smoking, highlighting the importance of this habit to development of 
disease. When mice are exposed to cigarette smoke or HQ, they develop an AMD- 
like phenotype, demonstrating that ROS exposure does lead to AMD-like disease 
(Espinosa-Heidmann et al. 2006).

The Age-Related Eye Disease Study (AREDS) formula, which is an antioxidant 
formulation that contains vitamin C, vitamin E, beta-carotene, zinc, and copper, has 
shown some efficacy in treating AMD, giving further support for the involvement of 
oxidative stress in this disease. This formula does not prevent the development of 
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geographic atrophy, but simply reduces the rate of onset of late AMD (Age-Related 
Eye Disease Study Research Group 2001). Therefore, it is necessary to develop a 
better understanding of the role that oxidative stress and mitochondrial dysfunction 
play in AMD pathogenesis, in order to develop effective targeted therapies.

2.3  Mitochondria Are a Major Source of Reactive Oxygen 
Species

Mitochondria are key regulators of inflammatory and oxidative signaling pathways 
(Medkour and Titorenko 2016), thus mitochondrial dysfunction has been proposed 
as a mechanism of cell death in AMD.  Mitochondria are the major intracellular 
source of ROS, with superoxide anion produced mostly at complex I and III of the 
electron transport chain, due to premature electron leakage to oxygen. Increased 
intracellular oxidative stress poses a risk for oxidative damage to DNA, proteins, 
and lipids. Elevated oxidative stress can lead to decreased mitochondrial integrity, 
and prolonged oxidative stress has the potential to damage mitochondrial structure 
and decrease mitochondrial function.

Mitochondria are highly dynamic organelles, constantly undergoing fusion, bio-
genesis, fission, and mitophagy, processes that are important for maintaining mito-
chondrial function. Importantly, dysfunction in these processes is associated with 
neurodegeneration, which is extensively reviewed elsewhere (Itoh et  al. 2013). 
Mitochondrial fusion is the process by which the outer membrane GTPase proteins 
mitofusin (Mfn) 1 and 2 on two separate mitochondria fuse the outer mitochondrial 
membranes to form one mitochondrion, while optic atrophy 1 (Opa1), the inner 
membrane GTPase, fuses the inner membranes. Mitochondrial fusion is thought to 
be a potential mitochondrial repair mechanism through the diffusion of mitochon-
drial DNA and proteins. Mitochondrial biogenesis involves the expression of mito-
chondrial DNA-encoded genes, as well as one to two thousand nuclear-encoded 
genes. Mitochondria can increase in number through the process of fission, during 
which the mitochondrial outer membrane proteins, mitochondrial fission factor 
(MFF), along with other proteins, recruit dynamin-related protein 1 (Drp1). Drp1 
forms a ring around the mitochondrion, cinching it to eventually form two separate 
mitochondria. If the mitochondrion is no longer able to maintain its membrane 
potential, PTEN-induced putative kinase 1 (PINK1) becomes lodged in the translo-
case of the outer membrane (TOM). This results in recruitment of Parkin, an E3 
ubiquitin ligase, which polyubiquitinates proteins on the outer mitochondrial mem-
brane, marking the mitochondrion for degradation through mitochondrial-specific 
autophagy, known as mitophagy. These processes that regulate mitochondrial 
dynamics are important for maintaining mitochondrial integrity and function. 
Dysregulation of these processes can lead to mitochondrial dysfunction and 
disease.

2 Mitochondria: Potential Targets for Protection in Age-Related Macular Degeneration
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2.4  Mitochondrial Dysfunction in AMD

We hypothesize that mitochondrial dysfunction is a major contributing factor to 
disease pathogenesis in AMD. Electron micrograph studies demonstrate that aged 
individuals have fewer and smaller mitochondria in the RPE. The depletion of mito-
chondria is even more severe in patients with AMD, who also have pronounced 
damage to mitochondrial structure and displaced localization (Bianchi et al. 2013). 
It remains unclear whether the observed alterations in mitochondrial structure are a 
contributing factor to disease progression or simply a result of disease.

Enhanced levels of mitochondrial DNA lesions have been observed in the RPE 
of human patients with AMD (Terluk et al. 2015). Genomic DNA from RPE and 
retina was extracted from aged patients with various grades of RPE health, and the 
mitochondrial genome was amplified using long-extension PCR. This group found 
that with increasing AMD disease severity, there was an increase in mitochondrial 
DNA lesions in the RPE. The increase in mitochondrial DNA lesions was specific 
to the RPE and was not found in the neuroretina. These results suggest that there are 
alterations to the mitochondrial DNA integrity in AMD that could lead to increased 
oxidative stress, through hindrance of transcription and replication of mitochondrial 
DNA required for mitochondrial biogenesis. However, it again remains unclear 
whether these lesions are a major contributing factor to disease pathogenesis or 
simply a result of other disease mechanisms.

Several research groups have demonstrated a link between mitochondrial hap-
logroups and AMD susceptibility. Studies have found that the H haplogroup is pro-
tective from AMD, while the J, T, S, and U haplogroups are associated with a higher 
risk for developing the disease (Mueller et al. 2012). Studies utilizing cybrid ARPE- 
19 cell lines, with the same nuclear genome, but either J or H haplotype mitochon-
dria, have found that there are different metabolic profiles with different mitochondrial 
haplogroups. The J haplotype has a decreased ratio of oxygen consumption rate to 
extracellular acidification rate when compared to the H haplotype, suggesting that 
mitochondria from the J haplogroup have decreased bioenergetics (Kenney et  al. 
2014). This group found that the J haplotype has less expression of mitochondrial 
DNA-encoded respiratory complex components, as well as decreased expression of 
nuclear genes associated with the complement pathway, apoptosis, and inflamma-
tion. Alteration in expression of components of nuclear-encoded pathways suggests 
that mitochondrial DNA mediates regulation of not only mitochondrial- related 
genes but also plays a role in regulating these key cellular pathways. These studies 
suggest that the mitochondria may play a major role in AMD pathogenesis.

2.5  Targeting the Mitochondria to Provide Protection 
in AMD

Our group has found that treatment with metformin, an activator of adenosine 
monophosphate-activated protein kinase (AMPK), is protective to photoreceptors in 
mouse models with elevated ocular oxidative stress and in models of inherited 
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retinal degeneration (unpublished data). Our lab has shown that systemic treatment 
with metformin results in increases in mitochondrial DNA copy number, as well as 
nuclear- and mitochondrial-encoded proteins associated with mitochondrial biogen-
esis, in the neuroretina (unpublished data). Therefore, we hypothesize that the neu-
roprotection that we observe is, at least in part, due to an increase in mitochondrial 
biogenesis and overall mitochondrial health.

AMPK plays a major role in regulation of energy homeostasis through direct 
phosphorylation of substrates that stimulate ATP-producing processes and inhibit 
ATP-utilizing processes, reviewed extensively elsewhere (Burkewitz et al. 2014). 
AMPK has been shown to act as an important regulator of mitochondrial biogenesis 
through activation of peroxisome proliferator-activated receptor gamma coactivator 
1 (PGC-1) (Ojuka 2004). The PGC-1 proteins (comprised of PGC-1α, PGC-1β, and 
PGC-1-related coactivator) are transcriptional coactivators responsible for regula-
tion of energy metabolism, including promoting mitochondrial biogenesis. We 
hypothesize that activation of PGC-1 by AMPK is protective by increasing mito-
chondrial biogenesis. Therefore, targeting PGC-1 may be protective in AMD by 
increasing biogenesis of new healthy mitochondria in a system that may be overbur-
dened with dysfunctional mitochondria.

Other groups have shown that activation of AMPK also leads to mitochondrial 
fission. Toyama et al. used small molecules that directly bind and activate AMPK 
(A769662, MT63–78, and 991) and found that AMPK activation leads to increased 
mitochondrial fission (Toyama et al. 2016). They hypothesize that AMPK is a mas-
ter regulator of mitochondrial homeostasis not only through promotion of mito-
chondrial biogenesis through activation of PGC-1 but also by promoting fission 
through direct phosphorylation of mitochondrial fission factor (MFF). They also 
note that AMPK is involved in autophagy through phosphorylation and activation of 
ULK1 (the initial component of the autophagy cascade) (Egan et al. 2011; Lee et al. 
2010). These results suggest that targeting AMPK may be protective under condi-
tions of stress, not only by increasing mitochondrial biogenesis but also through 
promoting the removal of damaged mitochondria.

Our group has found that treatment with metformin protects the RPE from 
sodium iodate-induced damage, an acute model of RPE injury (unpublished data). 
Metformin treatment is able to protect from sodium iodate-induced injury resulting 
in preserved RPE integrity, preserved retinal function, as measured by electroreti-
nography (ERG), and preserved retinal morphology, as measured by spectral- 
domain optical coherence tomography (SD-OCT). We hypothesize that this 
protection to the RPE is due to activation of AMPK, which results in increased 
mitochondrial biogenesis and enhanced fission and mitophagy of damaged 
 mitochondria. We aim to extend this knowledge to disease models of AMD to deter-
mine whether metformin can protect the RPE in a mouse model of chronic mito-
chondrial oxidative stress. We aim to further investigate the mechanisms of 
protection and determine whether protection is due to an increase in mitochondrial 
biogenesis, fission, and mitophagy.

2 Mitochondria: Potential Targets for Protection in Age-Related Macular Degeneration
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2.6  Conclusions

Damage to mitochondrial morphology, increases in mitochondrial DNA lesions, 
and altered bioenergetics in mitochondrial haplogroups associated with AMD have 
been observed. It is now important to clarify whether these changes lead to disease 
pathogenesis or whether these changes are simply a “bystander effect” of other 
disease processes. Preliminary work from our group suggests that activation of 
AMPK is protective to the photoreceptors and to the RPE under stress conditions. It 
has been shown that AMPK is involved in regulation of energy homeostasis and 
importantly is involved in mitochondrial biogenesis, as well as fission and mitoph-
agy. We hypothesize that mitochondrial dysfunction is a contributing factor to dis-
ease progression in AMD and that treatment with activators of AMPK will be 
protective to the RPE in AMD by increasing mitochondrial health through activa-
tion of these processes.
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Chapter 3
Toll-Like Receptors and Age-Related  
Macular Degeneration

Kelly Mulfaul, Maedbh Rhatigan, and Sarah Doyle

Abstract Age-related macular degeneration (AMD) is the leading cause of central 
vision loss in the over 50s worldwide. Activation of the immune system has been 
implicated in disease progression, but while polymorphisms in genes associated 
with the immune system have been identified as risk factors for disease, the underly-
ing pathways and mechanisms involved in disease progression remain incompletely 
characterised. Typically inflammatory responses are mediated by microbial infec-
tion; however, in chronic conditions, a form of ‘sterile’ inflammation exists whereby 
immune responses occur in areas of the body, in the absence of microbes; ‘sterile’ 
inflammation is likely to be central to AMD. In this case the innate immune response 
is triggered when alarm signals released by stressed cells or damaged tissue are 
identified by pattern recognition receptors (PRRs). Toll-like receptors (TLRs) are a 
family of membrane-spanning PRRs for which host-derived ligands have been iden-
tified; these include heat shock proteins, extracellular matrix breakdown products, 
mRNA from necrotic cells and modified lipids. Here we review the evidence for 
TLR involvement in the pathogenesis of AMD.
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3.1  Introduction

Age-related macular degeneration (AMD) is the leading cause of central retinal 
blindness in people aged 55 years and older in the world. The prevalence of AMD 
is 8.7% worldwide, and due to exponential population ageing, the projected number 
of people with AMD is estimated at 196 million in 2020, increasing to 288 million 
in 2040 (Wong et al. 2014). AMD is a heterogeneous and multifactorial disease; 
environmental factors, age and genetic susceptibility all play a role in the develop-
ment of the disease. Strong and consistent risk factors for late AMD are increasing 
age, current cigarette smoking and positive family history (Chakravarthy et  al. 
2010). AMD is characterised by the accumulation of extracellular deposits termed 
drusen between Bruch’s membrane and the retinal pigment epithelium (RPE). Early 
disease is often asymptomatic and may be an incidental finding on dilated fundus 
examination showing macular drusen and/or pigmentary changes. There are two 
forms of late AMD; the most common is termed geographic atrophy (GA) or dry 
AMD where focal degeneration of photoreceptors, RPE and choriocapillaris in the 
macula impairs visual acuity in a progressive manner. Wet AMD, termed a priority 
eye disease by the WHO, occurs due to penetration of choroidal vasculature into the 
subretinal space; this is known as choroidal neovascularisation. In contrast to GA, 
patients who develop neovascular AMD present with rapid onset of blurred central 
vision and distortion often occurring over several days or weeks. Current gold stan-
dard care for wet AMD involves use of intra-vitreal injections of anti-vascular endo-
thelial growth factor (VEGF) agents every 4–6 weeks. There are no pharmacological 
treatments for dry AMD. The innate immune system is believed to play an impor-
tant role in the pathogenesis of AMD; however the pathways involved remain 
unclear.

3.2  Sterile Inflammation and Pattern Recognition Receptors

Inflammation is a homeostatic biological response to defend the host from both 
infectious and non-infectious agents, to clear the body of the noxious stimuli and to 
restore status quo. The acute inflammatory response is characterised by the recruit-
ment and activation of inflammatory cells, cytokine and chemokine production, 
increased vasodilation and subsequent vascular permeability. The five cardinal signs 
of acute inflammation are redness, swelling, heat, pain and loss of function. The 
inflammatory response that occurs in AMD occurs in the absence of infection, a so- 
called sterile inflammation, and does not show these signs of acute inflammation; 
rather it appears to be low-grade and chronic. Sterile inflammation occurs in 
response to a growing list of modified host-derived elements ranging from oxidised 
lipids or lipoproteins to deposits of protein/lipid aggregates or particulate matter 
(Rock et al. 2010). These stimuli trigger activation of pattern recognition receptors 
(PRRs) of the innate immune system, and, as they are not easily cleared, they 
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persist, causing over-activation of the immune system and contributing to the patho-
genesis of disease.

PRRs are ancient evolutionarily conserved receptors that recognise sets of mol-
ecules on foreign organisms termed pathogen-associated molecular patterns 
(PAMPs) and endogenous molecules termed damage-associated molecular patterns 
(DAMPs). PAMPs are usually essential to the life cycle or existence of a pathogen 
but are not found in mammalian cells, such as bacterial lipopolysaccharides (Liew 
et al. 2005). DAMPs tend to be endogenous molecules either modified or released 
in times of cellular stress or injury. Necrotic cell death results in the rapid loss of 
membrane integrity and the release of intracellular DAMPs. NLRP3 is one PRR that 
has recently come under intense scrutiny in the context of AMD (its potential role 
in AMD is reviewed in Celkova et al. (2015)). This chapter will focus on reviewing 
what is known about Toll-like receptors (TLRs) in AMD.

3.3  Toll-Like Receptors

TLRs are a family of membrane-bound PRRs located either on the cell surface or in 
endosomal compartments. Ten human TLRs have been identified, five of which are 
broadly antibacterial (TLR1, TLR2, TLR4, TLR5, TLR6) and four of which are 
antiviral (TLR3, TLR7, TLR8, TLR9). Originally known for recognising patho-
gens, it is now accepted that TLRs also recognise and respond to disturbances in 
homeostasis through endogenous ligands. TLRs have a cytosolic Toll/IL-1 receptor 
(TIR) domain which is necessary for signal transduction and a horseshoe-shaped 
extracellular or intraluminal leucine-rich repeat (LRR) domain, required for ligand 
binding. The activation of TLRs initiates signal transduction pathways that deter-
mine the type and duration of the inflammatory response (Akira et  al. 2001; 
Underhill and Ozinsky 2002; Kawai and Akira 2010). Upon encountering their cog-
nate PAMP/DAMP, TLR homo- or heterodimers become active and recruit down-
stream signalling proteins to orchestrate a pro-inflammatory response. TLR4 is the 
most complex of all the TLRs engaging all four of the TIR adaptor proteins: MyD88, 
MyD88 adaptor-like protein (Mal), TIR domain-containing adaptor-inducing IFN-β 
(TRIF) and TRIF-related adaptor molecule (TRAM). Binding of LPS to the TLR4 
complex causes recruitment of the bridging adaptor proteins Mal and TRAM. Mal 
and TRAM are sorting adaptors that recruit and control the localisation of the sig-
nalling adaptors MyD88 and TRIF, respectively, to TLR4 (Kagan and Medzhitov 
2006; O’Neill and Bowie 2007; Kagan et al. 2008; Jenkins and Mansell 2010; Gay 
et  al. 2011). A TLR4/Mal/MyD88 complex is formed at the plasma membrane 
(Kagan and Medzhitov 2006). This complex mediates MyD88-dependent signalling 
from the plasma membrane via IL-1R-associated kinases (IRAKs) and TNFR- 
associated factor 6 (TRAF6), leading to activation of mitogen-activated protein 
kinases (MAPKs) and transcription factors AP-1 and NFκB. A TLR4/TRAM/TRIF 
complex is formed at the membrane of endosomal compartments, and this signals 
via TRAF3 to activate the transcription factor IFN regulatory factor 3 (IRF3) (Kagan 
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et  al. 2008). For TLR4 signalling, Mal-dependent NFκB activation upregulates 
inflammatory genes such as TNF-α, while TRAM-dependent IRF3 activation causes 
induction of IFNβ. TLR2 heterodimerises with either TLR1 or TLR6 and recog-
nises diacylated and triacylated lipopeptides (Takeuchi et al. 2001, 2002). Similar to 
TLR4 signalling, Mal acts as a bridging adaptor between the TLR2 receptor com-
plex and MyD88, although high TLR2 ligand concentrations can overcome the 
requirement for Mal in the signalling pathway, while some downstream TLR2 sig-
nals are entirely Mal-independent (Kenny et al. 2009; Santos-Sierra et al. 2009). 
TLR3 recognises and responds to dsRNA or its mimic Poly(I:C). TLR3 is the only 
TLR that does not utilise the MyD88 adaptor protein, instead binding TRIF directly 
and signalling mainly to activate IRF3 to induce IFNα/β (Doyle et al. 2002). TLR7, 
TLR8 and TLR9 similarly respond to nucleic acids and are found in endosomes, 
TLR7 and TLR8 recognise ssRNA and imiquimods, while TLR9 recognises 
unmethylated CpG-rich dsDNA. Each of these TLRs recruits MyD88 to engage its 
signalling pathways, preferentially activating the IRFs to induce an antiviral-type 
response (Kawai and Akira 2007).

3.4  Genetic Associations of TLR Family and AMD

TLRs, and in particular TLR2 and TLR4, have been found to play active roles in 
protection against infection in the anterior region of the eye (Kindzelskii et al. 2004; 
Kumar and Yu 2006). Investigations into roles for TLRs in AMD, however, are 
sparse and are mainly confined to genetic investigations. Genetic variation in TLRs 
and their signalling proteins have been described, and there has been a growing 
interest in the role these genetic variations play in both infectious and inflammatory 
disease susceptibility. As TLRs function to initiate a potent inflammatory signalling 
cascade, genetic variation resulting in either an overtly exuberant or inefficient 
inflammatory response would therefore be expected to influence the pathogenesis of 
disease. Polymorphisms in TLR2, TLR3, TLR4 and TLR7 have been investigated 
for associations with AMD (see Table 3.1). The earliest report assessed two variants 
of TLR4 and found an association between rs4986790 and increased risk of AMD 
(Zareparsi et al. 2005); however subsequent studies do not observe this association 
in either a Turkish or Indian population (Kaur et al. 2006; Güven et al. 2015). A 
single study has similarly failed to show an association between TLR7 and AMD 
(Edwards et  al. 2008). Several contradictory reports have investigated TLR3 
rs3775291 with AMD. Initially it was reported to be protective in GA in a Caucasian 
population (Yang et al. 2008); however, this association was not observed in multi-
ple other populations (Caucasian, Chinese, Indian) (Edwards et al. 2008; Cho et al. 
2009; Sng et al. 2010; Cheng et al. 2014; Sharma et al. 2014). Subsequently a meta- 
analysis of a large cohort of patients of different descent has suggested that 
rs3775291 is associated with AMD in the Caucasian and not Asian populations (Ma 
et al. 2016). Most recently rs5743708 in TLR2 has been associated with increased 
risk of AMD in a Turkish population; this remains to be confirmed in further 
 population studies (Güven et al. 2015).
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3.5  TLR Activation of the Retinal Pigment Epithelium

TLR1–7, TLR9 and TLR10 are expressed by RPE cells. TLR3 activation of RPE 
results in an increase in the production of IL-6, IL-8, MCP-1 and sICAM-1 cyto-
kines (Kumar et al. 2004). Whereas TLR9 activation only increased production of 
IL-8 and has been shown to enhance phagocytosis by RPE cells, suggesting dsRNA 
(TLR3) not dsDNA (TLR9) induces inflammatory changes in the RPE (Ebihara 
et al. 2007). Brosig et al. reported changes in the expression of TLRs, transcription 
factors, angiogenic growth factors, pro-inflammatory cytokines and complement 
factors in response to poly (I:C), while only moderate changes were observed in 
response to CpG-ODN (Brosig et al. 2015). In addition TLR3 activation on RPE 

Table 3.1 A list of reported genetic variants of TLR family receptors and their association status 
with risk for AMD

Gene SNP Population Association Reference

TLR2 rs5743708 Turkey Yes Güven et al. 
(2015)

TLR3 rs3775291 American European descent Protective 
T(GA)

Yang et al. 
(2008)

rs3775291 American Caucasian X Edwards 
et al. (2008)

rs3775291
rs4986790

National Eye Institute Clinical Center, the 
Age-Related Eye Disease Study (ARDES), 
the Blue Mountains Eye Study

X Cho et al. 
(2009)

rs3775291 Chinese X Sng et al. 
(2011)

rs3775291 Chinese X Cheng et al. 
(2014)

rs3775291 North Indian X Sharma et al. 
(2014)

rs3775291 Caucasian
Asian

Yes
X

Ma et al. 
(2016)

TLR4 rs4986790 Caucasian Yes Zareparsi 
et al. (2005)

rs4986791 X
rs4986790 Indian X Kaur et al. 

(2006)
rs4986791 X
rs4986790 Turkey X Güven et al. 

(2015)
rs498791 X

TLR7 rs179008 American Caucasian X Edwards 
et al. (2008)
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cells has been shown to induce activation of IL-6, IL-1beta and Cox2 in microglia 
(Klettner et  al. 2014). A further study attributed another important function to 
plasma membrane-bound TLR4  in RPE cells. RPE mediates the recognition and 
clearance of effective photoreceptor outer segments (POS), a process central to the 
maintenance of normal vision. Exposure of human RPE cells to human, but not 
bovine POS, elicited transmembrane metabolic and calcium signals within RPE 
cells in a TLR4-dependent manner (Kindzelskii et al. 2004).

3.6  TLR Activation and AMD

In a sterile environment, TLRs recognise host products that are mis-localised or 
have acquired the appearance of ‘non-self’. In the context of AMD, it has been sug-
gested that a change in lipid constitution of the plasma membrane can force TLRs 
into lipid rafts allowing for proximity-enabled activation (Levy et  al. 2015). 
Alternatively, carboxyethyl-pyrrole (CEP), an oxidative-stress modification found 
in the retina in AMD, is a TLR1/TLR2 ligand conceivably activating TLR2 in AMD 
(West et al. 2010). TLR3 is purported to be activated by RNA released from degen-
erating photoreceptors in genetic models of retinal degeneration (Shiose et  al. 
2011), a response that is also likely to occur during the neurodegeneration observed 
in AMD. While breakdown products of the extracellular matrix generated during 
tissue malfunction (Jiang et  al. 2005) and oxidised plasma membrane (oxPAPC) 
present at sites of tissue injury (Imai et al. 2008) are recognised by the CD14/TLR4 
complex, again these products are most likely available in the environment of the 
AMD eye.

Oxidative stress is thought to be a key trigger involved in the pathogenesis of 
AMD. The retina is an optimal environment for the generation of oxidative protein 
modifications due to incoming light and a high oxygen environment. Oxidative 
stress is the damage that occurs to cells by reactive oxygen species (ROS). With age, 
the digestion of photoreceptor outer segments becomes less efficient resulting in the 
accumulation of lipofuscin. When lipofuscin is exposed to visible light, ROS are 
generated, resulting in an accumulation of ROS in RPE cells (Khandhadia and 
Lotery 2010). Incoming light and a high oxygen supply provide an optimal environ-
ment for the generation of ROS. ROS damage lipids by a mechanism called lipid 
peroxidation. A number of proteins found in drusen contain such modifications 
(Crabb et  al. 2002). Of note, carboxyethyl-pyrrole (CEP)-adducted proteins are 
abundant in the eyes and serum of patients with AMD compared with controls. CEP 
modifications are generated by the oxidation of docosahexaenoate (DHA)-
containing lipids. DHA is found at high levels in the outer segments of photorecep-
tor cells. CEP has been reported to act as a TLR2 ligand on endothelial cells inducing 
angiogenesis in a VEGF-dependent manner (West et al. 2010; Doyle et al. 2012) 
and on macrophages priming cells for inflammasome activation. Given CEP’s local-
isation and abundance in AMD patients and these downstream effects of CEP 
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 activation of TLR2, it has been proposed as an endogenous DAMP for TLR2 activa-
tion in AMD (West et al. 2010, Doyle et al. 2012). TLRs can regulate autophagy 
(Delgado et  al. 2008), and in parallel with the broad NFκB-dependent pro- 
inflammatory gene expression upregulated by TLR2, and its ability to induce endo-
thelial cell angiogenesis (West et al. 2010), there is evidence that increased TLR2 
activation specifically may in some cases block autophagy (Delgado et al. 2008), 
the method by which cells recycle old and damaged organelles (Levine and Klionsky 
2004). This selection of TLR2-mediated effects is particularly interesting for the 
pathogenesis of AMD as aberrant angiogenesis causes choroidal neovascularisation 
and the onset of ‘wet’ AMD; and inefficient autophagy is purported to be involved 
in the deposition of drusen (Wang et al. 2009) and suggests there may be utility in 
blocking TLR2 activation in AMD. Furthermore, Chlamydia pneumoniae has been 
detected in human CNV samples but not in control eyes without AMD (Kalayoglu 
et al. 2005), and TLR2 activation by Chlamydia pneumoniae has been shown to 
enhance the development of laser-induced CNV (Fujimoto et al. 2010) lending sup-
port to the concept that TLR2 may involve disease pathogenesis.

3.7  Concluding Remarks

The field of Toll-like receptor research in the pathology of AMD is in its infancy. 
Despite this, the small amount of direct evidence of TLR activation in AMD taken 
together with the broad range of purported TLR ‘self’-ligands most likely present in 
the environment of the AMD eye provides a tantalising foundation to hypothesise 
that TLRs play an important role in the progression of this blinding disease. Whether 
this is true will only be discovered through further research in this exciting area of 
immunobiology of AMD.
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Chapter 4
Alterations in Extracellular  
Matrix/Bruch’s Membrane Can Cause 
the Activation of the Alternative  
Complement Pathway via Tick-Over

Rosario Fernandez-Godino

Abstract Given the complex etiology of age-related macular degeneration (AMD), 
treatments are developed to target intermediate/late stages of the disease. Unfor-
tunately, the design of therapies for early stages of the disease is limited by our 
understanding of the mechanisms involved in the formation of basal deposits and 
drusen, the first clinical signs of AMD. During the last decade, the identification of 
common and rare alleles in complement genes as risk AMD variants in addition to 
the presence of active complement components in basal deposits and drusen has 
provided compelling evidence that the complement system plays a key role in the 
pathobiology of AMD.  However, the mechanisms for complement activation in 
AMD are unknown. Here we propose that the activation of the complement system 
is a consequence of alterations in the aged extracellular matrix (ECM) of the retinal 
pigment epithelium (RPE)/Bruch’s membrane (BrM), which favors the anchoring 
of complement C3b generated by convertase-independent cleavage of C3 via tick- 
over and produces a chronic activation of the alternative complement pathway.

Keywords AMD · Complement · Tick-over · C3 · RPE · Bruch’s membrane · 
Drusen · Basal deposits · C3(H2O) · C3(H2O)Bb-convertase · Anticomplement 
drugs
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4.1  Introduction

AMD is the most common cause of vision loss in elderly people in developed coun-
tries. Given the diverse etiology of AMD, treatments are developed to target inter-
mediate and late stages of the disease, and there is no effective therapy for early 
AMD (Miller 2013a). The development of anti-VEGF therapies for choroidal neo-
vascularization has been a major advance, and the AREDS trial showed some ben-
efit of antioxidant supplementation for slowing AMD progression in patients with 
intermediate disease, but therapies for the more common atrophic form of AMD are 
necessary to prevent vision loss (Evans and Lawrenson 2012; Miller 2013b).

The first clinical sign of AMD is the formation of deposits and drusen between 
the basal lamina of the RPE and the BrM (Sarks et al. 1999). Although the mecha-
nisms of deposit formation are not fully understood, some authors support the 
hypothesis that drusen is an inflammatory process (Mullins et al. 2000; Hageman 
et al. 2001; Anderson et al. 2002). Indeed, genetic variants in complement genes, 
such as CFH, C3, CFB, CFI, C9, and C2, have been associated with AMD (Hageman 
et al. 2005; Seddon et al. 2013). Further, active complement components have been 
identified in basal deposits and drusen, but their functional role in drusen formation 
remains to be defined (Mullins et al. 2000; Crabb et al. 2002; Wang et al. 2010; 
Garland et al. 2014).

Studies in mouse models also demonstrate a key role for the complement in the 
formation of basal laminar deposits (Fu et al. 2007; Ding et al. 2014, Fernandez- 
Godino 2015 #389; Garland et al. 2014). Thus, understanding the role of the com-
plement system in early stages of AMD may help to design complement-modulating 
therapies that prevent the progression of drusen to geographic atrophy or neovascu-
lar AMD.

4.2  Activation of the Alternative Complement Pathway 
via Tick-Over Process

The complement system is a part of the innate immune system usually activated by 
external insults via three pathways: classical, lectin, and alternative (Ricklin et al. 
2010). However, the complement system has the potential to be damaging to host 
tissues; hence, it is tightly regulated by complement-regulating proteins, such as 
CFH, CFI, DAF, etc. (Fig. 4.1) (Ricklin et al. 2010).

Under normal conditions, the alternative complement pathway can be activated 
by the tick-over process; C3 can be cleaved by convertase-independent proteolysis 
or physiological hydrolysis of its internal thioester, generating free C3b or C3(H2O) 
respectively, and C3a (Lachmann and Halbwachs 1975; Pangburn et  al. 1981; 
Nilsson and Nilsson Ekdahl 2012) (Fig. 4.1). C3(H2O) is functionally similar to 
C3b and presents high affinity to adsorb surfaces, such as lipids or biomaterials 
(Pangburn et al. 1981; Andersson et al. 2005; Bexborn et al. 2008), and it has been 
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demonstrated to bind ECM proteins, such as collagen IV, fibronectin, and especially 
laminin (Leivo and Engvall 1986). C3(H2O) deposited on surfaces binds CFB, 
which is cleaved to Bb and Ba by CFD, creating a C3(H2O)Bb-convertase capable 
of binding complement receptors and activating the alternative pathway (Fig. 4.1) 
(Nilsson and Nilsson Ekdahl 2012), but that cannot be regulated by CFH and CFI 
(Andersson et al. 2005; Bexborn et al. 2008). Indeed, it has been postulated that 
CFB preferentially binds C3b/C3(H2O) bound to foreign surfaces, while CFH has 
major affinity for C3b bound to host surfaces to prevent C3b deposition in autolo-
gous tissue (Atkinson and Farries 1987). It is possible that changes in the BrM due 
to aging favor the anchoring of C3b/C3(H2O) to its ECM, which would enhance the 
local activation of the alternative complement pathway.

4.3  The Role of the Tick-Over Pathway in Basal Deposit 
Formation in AMD

With age, the BrM undergoes changes in structure and composition, and there is an 
accumulation of membranous debris, proteins, and lipids (Sarks et al. 1999; Curcio 
and Johnson. 2013). In AMD, material secreted by the RPE, especially collagen, is 
accumulated in the region of the macula and causes the thickening of the BrM and 
the formation of basal laminar deposits under the RPE (Hogan and Alvarado 1967; 
Reale et al. 2009). Given the affinity of C3(H2O) to adsorb biosurfaces, the tick- 
over process may play an important role in the formation of basal deposits in dry 
AMD. We think that the abnormal structure/composition of the aged BrM, as well 

Fig. 4.1 Schematic representation of the alternative complement pathway and tick-over process. 
C3 is cleaved to C3a and C3b, which forms C3-convertase unless it is inactivated by CFH and 
CFI. C3 is spontaneously hydrolyzed to C3(H2O) via tick-over process. C3(H2O) is functionally 
similar to C3b and binds CFB to form the C3(H2O)Bb-convertase, which is not recognized by 
CFH for inactivation
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as the accumulation of proteins and lipids, may favor the anchoring of C3(H2O) 
generated by the physiological hydrolysis of C3. C3(H2O) would be recognized by 
CFB to form a C3(H2O)Bb-convertase that is deposited to the BrM in a stable man-
ner and triggers the chronic activation of complement through the alternative path-
way. Changes in extracellular matrix cause RPE cells to make basal deposits and 
activate the alternative complement pathway (Fernandez-Godino et al. 2018). This 
process generates more C3b and creates a positive feedback loop that results in 
increased release of the anaphylatoxin C3a, which initiates a local inflammatory 
process (Hindmarsh and Marks 1998; Harboe and Mollnes 2008). To support this 
hypothesis, C3a has been detected in basal deposits and drusen and has been 
reported to cause deposit formation by RPE cells in  vitro (Nozaki et  al. 2006; 
Fernandez-Godino et al. 2015). Moreover, we have shown that C3a produced locally 
by RPE cells stimulates deposit formation, suggesting that C3a is a potential target 
for therapeutic intervention (Fernandez-Godino et al. 2015).

4.4  Complement-Modulating Drugs to Treat AMD

The role of the complement system in deposit formation has led to the development 
of several anticomplement drugs, mostly directed to block complement activation 
through the alternative pathway, which are being tested in clinical trials but have 
not had significant success to date (Ricklin and Lambris 2013; Garcia Filho et al. 
2014; Yehoshua et al. 2014). For example, drugs that block the terminal comple-
ment component C5 administered systemically have not shown any benefit in dry 
AMD patients (Garcia Filho et al. 2014; Yehoshua et al. 2014). Phase II trials using 
lampalizumab showed that inhibition of CFD reduced geographic atrophy only in 
some patients, although Phase III trials have been initiated (NCT02247531, 
NCT02247479).

There is controversy about which complement pathway is first initiated in 
AMD.  Because C3 plays a central role in the activation of complement system 
through any of the three pathways, it is an attractive target for complement- 
modulating therapy administered locally. Compstatin is a peptide that inhibits 
complement activation by binding C3 and interfering with the formation of 
C3-convertase and C3 cleavage (Mastellos et  al. 2015). The clinical efficacy of 
compstatin for AMD has been demonstrated in Phase I studies in patients (Mastellos 
et  al. 2015). Further, POT-4, a compstatin analog with improved activity, was 
developed, but did not show efficacy in Phase II clinical trials (Clin Trial 
NCT01603043) (Qu et al. 2013).

In conclusion, complement-modulating therapies have shown some promising 
results; however, the design of novel drugs is limited by our understanding of the 
process of complement activation in AMD. Also, it remains unclear if regulation of 
the complement system locally or systemically is needed for the most effective 
treatment of AMD or at what stage of disease these treatments can be most usefully 
applied.
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4.5  C3(H2O)Bb-Convertase and Response to Complement- 
Modulating Therapies

As previously mentioned, C3(H2O) generated by the hydrolysis of C3 is function-
ally similar to C3b because it can bind complement receptors and form C3(H2O)
Bb- convertase (Nilsson and Nilsson Ekdahl 2012). However, the epitope recog-
nized by CFH in C3b is not exposed in C3(H2O); thus, the formation of C3(H2O)
Bb-convertase cannot be inhibited via CFH (Andersson et al. 2005; Bexborn et al. 
2008). Alternatively, C3(H2O) can be inactivated by CFI and another cofactor, but 
the inactivation rate is much slower than the normal inactivation of C3b (Pangburn 
et al. 1981).

Differential activation of C3 via the alternative pathway or tick-over in AMD 
also has important consequences in response to complement-modulating drugs. 
Compstatin does not block or prevent the convertase-independent cleavage of C3 
(Mastellos et al. 2015), which would explain the low efficiency of this drug in AMD 
patients. Thus, regarding therapies to treat AMD, an alternative approach may be 
needed to block local complement activation in basal deposits. Our hypothesis for 
the activation of complement system via tick-over caused by degeneration of ECM/
BrM opens new avenues for the development of pharmaceutical compounds never 
considered for AMD to date, for example, regulators of the ECM synthesis and 
turnover, which have shown to be key for other human diseases like cancer, fibrosis, 
or cardiovascular disease (Tziakas et al. 2005; Overall and Kleifeld 2006; Sivakumar 
and Das 2008). Further, the local administration of complement-modulating drugs 
in combination with ECM-modulating drugs could avoid or at least delay the pro-
gression of the disease to legal blindness in dry AMD patients without compromis-
ing the whole immune system or vital biological processes.
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Chapter 5
MicroRNA as Therapeutics  
for Age-Related Macular Degeneration

Riccardo Natoli and Nilisha Fernando

Abstract MicroRNA (miRNA) are a class of endogenously expressed small non- 
coding RNA molecules that function by repressing or silencing post-transcriptional 
gene expression. While miRNAs were only identified in humans as recently as the 
turn of this century, some miRNA-based agents are already in Phase 2 clinical trials 
(Christopher et al. 2016). This rapid progress from initial discovery to drug develop-
ment reflects the effectiveness of miRNAs as therapeutic targets. Further, their use 
as therapeutic agents in the treatment of diseases such as Alzheimer’s disease (Wang 
et al. 2014) supports their use in other neurodegenerative diseases, such as Age- 
Related Macular Degeneration (AMD). However, despite ∼300 miRNAs reportedly 
expressed in the human retina (Xu 2009), relatively little research has been con-
ducted into the therapeutic potential of miRNAs for the treatment of AMD. This 
review will investigate the use of miRNAs as therapeutic and diagnostic molecules 
for AMD.

Keywords miRNA · AMD · Complement · Neovascularisation · Inflammation · 
miR-146 · miR-155 · miR-9 · miR-125b

5.1  miRNA Biogenesis and AMD

miRNAs are approximately 19–24 nucleotides in length, are found in all Metazoa, 
are highly conserved across species and play a key role in post-transcriptional 
gene expression. A number of miRNA biogenesis pathways exist, with the main 
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involving the production of mature miRNAs from the stepwise cleavage of a 
 precursor hairpin transcript by enzymes Drosha and Dicer (Fig. 5.1, reviewed in 
Ha and Kim 2014). A single miRNA can regulate multiple genes and even path-
ways due to miRNA/mRNA interactions in the conserved 3′UTR regions of 
mRNA. Herein lies the power of miRNAs as therapeutic targets, as instead of act-
ing on a single molecule, one miRNA can act on multiple genes, having the poten-
tial to shut down entire pathways. For multi-faceted diseases such as Age-Related 
Macular Degeneration (AMD), the diagnostic and therapeutic potentials of these 
molecules are only now starting to be explored.

5.2  miRNA as Potential Therapeutic Targets for Age-Related 
Macular Degeneration

Several miRNAs involved with angiogenesis and inflammation have already been 
shown to directly contribute to AMD progression (Berber et al. 2016). Specifically, 
miR-146a, miR-125b, miR-155 and miR-9 have all been identified in the literature 
as possible therapeutic targets for AMD.

Fig. 5.1 Schematic diagram showing the biogenesis and mode of action of mature microRNA 
(miRNA) sequences inside the cell. This canonical maturation of miRNAs includes two cleavage 
events, catalysed by drosha and dicer, respectively, resulting in the conversion of the long primary 
transcripts (Pri-miRNA) in the nucleus to small mature miRNA duplexes in the cytoplasm. Each 
strand of the mature duplex can then independently incorporate into the RNA-induced silencing 
complex (RISC) and lead to gene regulation by either translational repression or degradation 
through disruption or cleavage of the 3′ untranslated region (3′UTR) of the target mRNA
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miR-146a has been linked to the progression of a number of inflammatory 
 disorders, including AMD (Wang et al. 2012). This miRNA has been found in the 
plasma (Ertekin et al. 2014; Menard et al. 2016) and retinas (Bhattacharjee et al. 
2016; Staff 2016) of AMD patients and was modulated in human monocytes stimu-
lated with lipopolysaccharide (LPS) (Taganov et al. 2006). Signalling of Toll-like 
receptors (TLR) induced a rapid upregulation of miR-146a, which acts as a negative 
feedback regulator of the signalling cascade, resulting in suppression of the immune 
response (Taganov et al. 2006). This miRNA is under the transcriptional control of 
nuclear factor-kappa B (NF-κB), and in microglial studies, miR-146a downregu-
lated the expression of complement factor H (CFH), a key repressor of the innate 
immune response and a key player in AMD pathogenesis (Lukiw et  al. 2012). 
Targeting miR-146a has been suggested as a potential therapeutic strategy (Lukiw 
et al. 2012) for slowing the progression of AMD. However, others have shown that 
miR-146a can directly modulate IL-6 (Bhaumik et al. 2009), a powerful pro-inflam-
matory cytokine associated with disease progression (Iyer et al. 2012), indicating a 
possible biphasic role of this miRNA in retinal inflammation (Berber et al. 2016).

miR-125b has been heavily associated with angiogenesis with downregulation 
observed in ovarian cancer (He et  al. 2013) and deep burn patients (Zhou et  al. 
2015), two conditions which exhibit high levels of angiogenesis. This miRNA has 
been shown to be highly expressed in normal human retina (Karali et al. 2016). This 
high expression of miR-125b along with decreased expression in RPE cells under 
oxidative stress, in both  mouse retinas exposed to oxidative-induced retinopathy 
and in AMD patients (Howell et al. 2013; Yan et al. 2015; Bhattacharjee et al. 2016), 
suggests a role for miR-125b in maintaining retinal vascular stability. As the wet 
form of AMD is heavily associated with neovascularisation, therapies which main-
tain the stability of miR-125b during ageing and potential overexpression of miR- 
125b could result in normal maintenance of retinal vessel architecture.

miR-155 has a role in both angiogenesis and inflammation and makes it a prime 
candidate for therapeutic interventions for AMD. Known to be involved in inflam-
mation through TLR4 signalling with LPS (Taganov et al. 2006), it was later found 
that both viral and bacterial sensing TLRs induced miR-155 expression (reviewed 
in Sonkoly et al. 2008). The expression of miR-155 is also induced by a suite of 
inflammatory cytokines which have been associated with AMD, including IFN-β 
and IFN-γ signalling through TNF-α (O’Connell et al. 2007). LPS-stimulation of 
macrophages resulted in an increase of miR-155, and identified several genes 
involved in LPS signalling to be targeted by miR-155 (Tili et al. 2007), suggesting 
that similar to miR-146a, miR-155 is involved in the negative regulation of immune 
responses to LPS. Interestingly, miR-146a and miR-155 recognise an overlapping 
3′ UTR in complement factor H (inhibitor of complement activation which is heav-
ily associated with AMD), to which either or both of these miRNAs may interact 
(Lukiw et al. 2012). Work conducted in hindlimb ischaemic mice showed that miR- 
155 exerts both anti-angiogenic and pro-arteriogenic functions (Pankratz et  al. 
2015). In miR-155−/− mice, macrophages showed reduced expression of pro- 
arteriogenic cytokines, as well as decreased macrophage migration and chemokine 
expression upon LPS stimulation (Pankratz et  al. 2015). These miR-155−/− mice 
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exhibited a specific alteration in the pro-arteriogenic cytokine profile, which was 
partly mediated by the anti-inflammatory regulator gene suppressor of cytokine sig-
nalling 1 (SOCS-1), another target of miR-155 expression. In animal studies model-
ling facets of AMD, miR-155 has been shown to be upregulated in correlation with 
increased cell death and inflammation (Saxena et al. 2015), while in a choroidal 
neovascularisation (CNV) model for wet AMD, miR-155 downregulation reduced 
retinal neovascularisation (Zhuang et al. 2015). Further exploration of the role of 
miR-155 in the development and progression of retinal degenerations is required, as 
well as investigation into the therapeutic properties of miR-155, as it is centrally 
involved in inflammation, complement activation and neovascularisation, which are 
major facets of AMD.

miR-9 has been shown to be vital in the development of the central nervous sys-
tem; it is expressed in high levels in the developing forebrain, midbrain, hindbrain 
and spinal cord (reviewed in (Radhakrishnan and Alwin Prem Anand 2016)), and is 
further expressed in high levels in the human retina (Karali et al. 2016). miR-9 nega-
tively regulates NF-κB-dependent inflammatory responses by suppressing expres-
sion of NF-κB1 transcripts in LPS-stimulated neutrophils and monocytes (Bazzoni 
et al. 2009), and has been shown to be downregulated in Alzheimer’s disease patients 
(Cogswell et  al. 2008). Further, it has been shown that TLR-4-activated NF-κB 
rapidly increased expression of miR-9, which operated as a feedback control to fine- 
tune the expression of key members of the NF-κB signalling pathway. Although 
little is known about its role in retinal function and its contribution to retinal degen-
erations, a recent study by Lukiw and colleagues (Lukiw et  al. 2012) showed a 
direct link between upregulation of four miRNAs (miR-9, miR-125b, miR-146a and 
miR-155) and downregulation of complement factor H in human retinal tissue. 
Further, it has been demonstrated that miR-124, miR-9, and miR-9* in combination 
can promote Müller glia reprogramming into retinal progenitor cells and neurons 
(Wohl and Reh, 2016), indicating a novel role for miR-9 in retinal degenerations.

5.3  miRNA as Biomarkers of Retinal Disease

miRNAs are not just limited to the nucleus and cytoplasm of cells, but are present 
in the blood where they are found in plasma, platelets, erythrocytes and nucleated 
blood cells (Chen et al. 2008). Circulating miRNAs have been found to be associ-
ated with retinal diseases, including AMD (Berber et al. 2016). Circulating miRNAs 
are remarkably stable, even under degrading conditions, largely due to protection in 
lipid microparticles (Kosaka et al. 2010). The stability of miRNAs in the plasma, 
their ease of detection and measurable changes in disease have ignited interest in the 
use of circulating miRNAs as biomarkers for disease (Creemers et al. 2012).

The use of miRNAs as biomarkers for retinal degenerations has been investi-
gated in a number of human studies and animal models. In a rat model of retinal 
toxicity, animals exposed to pan-CDK inhibitors showed increased levels of miR- 
96, miR-124 and miR-183 in the blood, and found that increases in levels of these 
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miRNAs correlated to decreased retinal function and retinal damage (Peng et al. 
2014). Further these researchers showed that in two other models of retinal degen-
eration, the sodium iodate model and laser-induced choroidal neovascularisation 
(CNV), there were increases in the retinal enriched miR-183/96/182 cluster and 
miR-124 (anti-inflammatory miRNA) in the blood.

The serum profiles of patients with both wet and dry AMD have shown differ-
ences in several miRNAs (Szemraj et al. 2015; Berber et al. 2016). One study identi-
fied changes in a number of novel miRNAs and also showed there was little overlap 
in the types of miRNA expressed in serum in both forms of AMD; miR-661 and 
miR-3132 changed in the serum of patients with dry AMD, and miR-4258, miR-889 
and Let-7 changed in patients with wet AMD (Szemraj et al. 2015). The differences 
in miRNA profile between wet and dry AMD, as well as reported variability across 
studies (Berber et al. 2016), reflects the difficulty of reducing biomarkers for AMD 
to one common group of molecules.

5.4  Future Experimental Approaches

miRNAs are involved in processes such as inflammation, complement activation 
and neovascularisation, which are central facets of AMD, making them ideal thera-
peutic and diagnostic candidates. However, before meaningful attempts can be 
made to develop miRNAs into diagnostic or therapeutic tools for AMD, a number 
of facets of miRNA biology must be further understood, including the establish-
ment of a complete retinal miRNA target profile. A deeper understanding of all the 
target mRNA/miRNA interactions using both experimental and computational anal-
ysis is required before miRNAs can be considered as therapeutics for the treatment 
of AMD.
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Chapter 6
Anaphylatoxin Signaling in Retinal  
Pigment and Choroidal Endothelial Cells: 
Characteristics and Relevance to Age-Related 
Macular Degeneration

Bärbel Rohrer

Abstract Age-related macular degeneration (AMD) is the leading cause of blind-
ness in the USA. Polymorphisms in various complement components are associated 
with an increased risk for AMD, and it has been hypothesized that an overactive 
complement system is partially responsible for the pathology of AMD.  AMD is 
classified as early, intermediate, or late AMD, depending on the degree of the asso-
ciated pathologies. Late AMD can be characterized as either lesions associated with 
neovascular AMD or geographic atrophy. Both sets of lesions are associated with 
pathology at the RPE/choroid interface, which include a thickening of Bruch’s 
membrane, presence of drusen, and pigmentary alterations, and deterioration of the 
blood-retina barrier has been reported. These changes can lead to the slow degen-
eration and atrophy of the photoreceptors in the macula in dry AMD, or progress to 
choroidal neovascularization (CNV) and leakage of these new vessels in wet AMD. 
It has been shown previously that complement anaphylatoxins C3a and C5a, signal-
ing via their respective G-protein-coupled receptors, can alter RPE cell function and 
promote choroidal neovascularization. However, it is important to note these com-
ponents also play a role in tissue repair. Here we discuss anaphylatoxin signaling in 
AMD-related target cells and the potential implications for the design of anti-com-
plement therapeutics.
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6.1  Introduction

Age-related macular degeneration (AMD) is a complex multifactorial disease. The 
primary risk factor for AMD is aging (Chakravarthy et al. 2010); other risk factors 
include genetics (see Retnet.org) as well as environmental risk factors that cause 
oxidative stress such as smoking (Chakravarthy et al. 2010), or even light exposure 
(Taylor et al. 1990). Finally, based on histological (Anderson et al. 2002) and genetic 
findings (Anderson et al. 2010), complement activation has been proposed as a con-
tributing factor to AMD pathology, resulting in an inflammatory phenotype.

6.2  The Complement System

The complement system is an essential part of the evolutionarily ancient innate 
immune system, whose main role is to eliminate foreign antigens and pathogens as 
part of the normal host response. The complement system can be activated by three 
distinct pathways: the classical (CP), lectin (LP), and alternative (AP) pathways 
(Muller-Eberhard 1988). Its activators are specific for the individual pathways; the 
CP and LP activators are related to injury, immunity, infection, or even aging, 
whereas the AP tends to be spontaneously and continuously activated. All arms trig-
ger the common terminal pathway, which results in the generation of three sets of 
effector molecules. The anaphylatoxins, C3a and C5a, are soluble signaling mole-
cules that lead to inflammation and chemotaxis of invading cells such as leukocytes 
and macrophages. Cleavage fragments of C3, C3b, iC3b, and C3d are covalently 
bound to surfaces that have undergone complement activation and act as ligands for 
receptors on immune effector cells. This opsonization step is involved in B-cell 
response, apoptotic cell/debris clearance, and immune complex clearance. Finally, 
the membrane attack complex (MAC), which forms a nonspecific pore in the cell 
membrane, triggers lysis of non-self cells or mediates sublytic activation under lim-
iting activation conditions. Self cells have available to them both cell-bound and 
soluble complement inhibitors to prevent or limit complement activation.

6.3  Anaphylatoxins

The anaphylatoxins C3a and C5a are generated by cleavage of C3 and C5, respec-
tively. C3a is an unglycosylated polypeptide; C5a is naturally glycosylated. The 
anaphylatoxin levels are regulated by three processes, generation, inactivation, and 
clearance. Generation is controlled by enzyme kinetics, with C3a being generated 
~300x faster than C5a (Pangburn and Muller-Eberhard 1986; Rawal and Pangburn 
2001). Both are rapidly inactivated by removal of the C-terminal arginine, resulting 
in the production of C3a- and C5a-desArg (Mueller-Ortiz et  al. 2009). While 
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C3a-desArg no longer binds to its receptor, C5a-desArg is still stimulatory, but its 
activity is reduced 10x (reviewed by Klos et al. 2009). Finally, removal from circu-
lation is thought to be controlled by binding to their respective receptors (C3aR, 
C5aR) followed by receptor internalization and digestion of C3a and C5a. The ana-
phylatoxins act through their respective G-protein-coupled receptors, C3aR and 
C5aR, which are widely distributed, including in lymphoid cells and the CNS. The 
anaphylatoxin receptors specifically bind their ligands with a Kd of ~1  nM and, 
upon ligand binding, trigger heterotrimeric G-protein-mediated signaling. The most 
common intracellular response triggered by the engagement of C3aR or C5aR is the 
mobilization of calcium, generating many downstream responses depending on the 
cellular context (reviewed in Klos et al. 2009).

Based on the original discovery of the complement system as a mechanism to 
enhance/complement the immune system, much of the research efforts were focused 
on these aspects. However, observations stemming from diseases due to comple-
ment deficiencies, deficiencies in complement regulators, or the use of knockout 
mouse technologies suggest that the anaphylatoxins and their receptors may also 
play a role in CNS development and disease (Horstman et al. 2011) as well as tissue 
regeneration (Alawieh et al. 2015).

6.4  Anaphylatoxin Signaling in RPE

The RPE is thought to play a central role in AMD, since RPE cells are affected early 
and in all forms of AMD. Its single layer of hexagonal highly pigmented cells is part 
of the blood-retina barrier, separating the light-sensitive photoreceptors from the 
choroidal blood supply. The RPE serves many functions (Strauss 2005); relevant for 
this discussion, those functions include secretion of proteins that mediate health and 
disease of photoreceptors, Bruch’s membrane, and the choroid such as growth fac-
tors and proteases, and modulation of the immune response by secreting both 
immunosuppressive factors and inflammatory proteins, such as complement com-
ponents and cytokines.

Anaphylatoxins have been shown to be present in pathological structures of the 
RPE (Nozaki et al. 2006), yet receptors could not be identified by immunohisto-
chemistry (Vogt et  al. 2006). Nevertheless, gene expression studies in ARPE-19 
cells (Brandstetter et al. 2015) and our unpublished microarray analyses on RPE/
choroid from C57BL/6  J mice (U74Av2, Affymetrix; C3aR, P  =  0.001; C5aR, 
P = 0.05) suggest that both receptors are expressed.

Anaphylatoxin signaling in RPE cells has, however, been analyzed with respect 
to readouts relevant for AMD. Cytokine production and secretion can be stimulated 
by anaphylatoxins; C3a increases gene expression of the pro-angiogenic growth 
factor VEGF and decreases that of the antiangiogenic factor PEDF in human RPE 
cells (Long et  al. 2016), and C5a was found to increase VEGF secretion from 
ARPE-19 cells (Cortright et al. 2009). The ubiquitin proteasome pathway, a protein- 
degradation mechanism, is reduced with aging; and a role for C3a, but not C5a, was 
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identified for decreasing proteasome activity in primary human RPE cells (Ramos 
de Carvalho et al. 2013). Intracellular and extracellular lipid and protein aggrega-
tion are contributing to AMD pathology. A role for C3a signaling was identified in 
ARPE-19 cells exposed to smoke, in which smoke-mediated production of C3a was 
found to cause endoplasmic reticulum stress and lipid accumulation 
(Kunchithapautham et al. 2014); and C3a was found to contribute to the formation 
of sub-RPE basal deposits in mouse RPE (Fernandez-Godino et  al. 2015). The 
NLRP3 inflammasome, another part of the innate immune system and thought to 
contribute to AMD, requires a priming followed by an activation signal. C5a was 
found to act as a primer for inflammasome activation by lipofuscin-mediated photo-
oxidative damage (Brandstetter et al. 2015). Finally, we tested whether anaphyla-
toxin signaling can contribute to ion channel activity in RPE cells. Interestingly, 
aging-associated changes in L-type voltage-sensitive Ca2+ channels have been 
shown in neurons (Thibault and Landfield 1996) and other cell types. We reported a 
combined effect of C3a, C5a, and non-pore-forming MAC on increased activation 
of L-type Ca2+ as well as maxi-K channels (Genewsky et al. 2015).

6.5  Anaphylatoxin Signaling in Choroid

Another tissue thought to play a critical role in the development of AMD is the 
choroid. The choroid is the vascular layer of the eye, located between the RPE and 
the sclera, and is responsible for providing blood supply to the RPE and outer retina. 
Many structural and molecular changes occur in the aging choroid (Chirco et al. 
2017), including a reduction in the number of choroidal endothelial cells (CECs) 
and in vascular density within the choriocapillaris, changes in Bruch’s membrane, 
and an overall thinning of the choroid.

Similar to the RPE, neither of the two receptors could originally be identified by 
immunohistochemistry (Vogt et al. 2006), although, with the use of a different anti-
body, the presence of C5aR was later confirmed (Skeie et al. 2010). Again, func-
tional assays appear to be more conclusive. In mice, C3aR and C5aR were shown 
to contribute to laser-induced choroidal neovascularization (CNV) (Nozaki et al. 
2006); however these results did not identify target cells. The CNV results would 
suggest that the anaphylatoxins should promote choroidal endothelial cell (CEC) 
migration, an effect that could not, however, be demonstrated (Skeie et al. 2010). 
Nevertheless, C5a did increase ICAM-1 mRNA and protein production in CECs. In 
HUVEC and immortalized human dermal microvascular endothelial cells on the 
other hand, both C3aR and C5aR were detected; however only C5a caused a loss of 
barrier function, whereas C3a was ineffective (Schraufstatter et al. 2015). Recently, 
numbers and degranulation state of mast cells have been found to be associated 
with AMD (Bhutto et al. 2016). Interestingly, mast cells degranulate in response to 
C3a and increase chemokine production (Venkatesha et  al. 2005). Finally, since 
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choroidal fibroblasts contribute to fibrovascular subretinal scarring, it is of rele-
vance to note that activation of C3aR and C5aR is involved in the pathogenesis of 
pulmonary fibrosis (Gu et al. 2016).

6.6  Future Experimental Approaches

Taken together, there is evidence that anaphylatoxin signaling alters the cellular 
behavior of RPE and cells within the choroid, overall generating a pro- inflammatory 
microenvironment.

To date, the majority of studies were designed to identify pro-inflammatory 
effects of anaphylatoxins in individual cell types. However, complement activation 
in vivo occurs in the context of an environment consisting of many different cell 
types, and typically, both anaphylatoxins are generated in concert. Also, comple-
ment activation has typically been considered a pathological signal, however, exper-
iments to understand complement signaling as a homeostatic signal, or even one 
involved in repair, have not been tackled in the eye. Hence, co-culture experiments 
such as those used by Benedicto to understand the cross talk between RPE and cho-
roid endothelium (Benedicto et al. 2015) should be further investigated. The two 
anaphylatoxins could have additive, synergistic or even antagonistic effects. 
Synergistic effects of C3aR and C5aR signaling have been shown to promote edema 
formation and intracerebral hemorrhage (Garrett et al. 2009), and both anaphylatox-
ins together are required for liver regeneration (Strey et al. 2003). Also, recently it 
has been reported that C3a is not just confined to the extracellular space, but can 
also signal intracellularly (Liszewski et  al. 2013). Current efforts in my lab are 
aimed at examining the types of C3a/C5a (inter)actions in RPE cells. Finally, since 
complement is also being increasingly implicated in repair and regeneration (Strey 
et al. 2003; Alawieh et al. 2015), we have collected preliminary data that indicates 
that repair of CNV lesions in the mouse can be impaired by administration of a C3a- 
receptor antagonist (Rohrer et al. 2016). However, future work is required to iden-
tify the cells that specifically respond to anaphylatoxin stimulation and that are 
required for this type of wound healing reaction.

Overall, what these observations suggest is that when designing complement 
inhibitory strategies for AMD, one needs to (i) consider differential effects on dif-
ferent types of target cells and (ii) provide sufficient complement inhibition during 
the acute injury phase while (iii) allowing adequate generation of anaphylatoxins to 
promote recovery during the repair phase.
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Chapter 7
Estimations of Retinal Blue-Light  
Irradiance Values and Melatonin  
Suppression Indices Through Clear 
and Yellow-Tinted Intraocular Lenses

Masaki Tanito, Ichiya Sano, Tsutomu Okuno, Yoshihisa Ishiba, 
and Akihiro Ohira

Abstract Spectral transmittance values in the wavelength range of 300 to 800 
nanometers were measured using a spectrophotometer for 18 intraocular lenses 
(IOLs) including clear (ZCB00) and yellow-tinted (ZCB00V, both from AMO 
Japan) IOLs with three different lens powers. Also measured were the blue-light 
irradiance (BLI) values, which might reflect retinal damage caused by sunlight, and 
the melatonin suppression indices (MSIs), which might reflect the nonvisual photo-
reception function, through these IOLs. The BLIs (in mWcm−2) calculated were 
7.62, 7.50, and 7.46 for the +10-diopter (D), +20-D, and +30-D ZCB00 IOLs, 
respectively; 4.10, 3.92, and 4.00 for the +10-D, +20-D, and +30-D ZCB00V IOLs, 
respectively; 5.76 for phakic eyes; and 15.00 for aphakic eyes. The MSIs (in mWcm- 
2sr- 1) calculated were 1.18, 1.19, and 1.18 for the +10-D, +20-D, and +30-D ZCB00 
IOLs, respectively; 0.98, 0.94, and 0.95 for the +10-D, +20-D, and +30-D ZCB00V 
IOLs, respectively; 1.03 for phakic eyes; and 1.21 for aphakic eyes. The data from 
the six clear IOLs (SA60AT, Alcon Japan; VA-60BBR, Hoya; AU6  K, Kowa, 
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N4-18B, Nidek; X-60, Santen; KS-3Ai, Staar Japan) and seven yellow-tinted IOLs 
(SN60AT; YA-60BBR, Hoya; AU6N, Kowa; N4-18YG, Nidek; NX-60, Santen; 
KS-AiN, Staar Japan; XY-1, Hoya) reported previously also were discussed. 
Compared to aphakic eyes, ZCB00 and ZCB00V IOLs reduce the BLI values by 
49–50% and 73–74%, respectively; and currently available ultraviolet-blocking 
clear and yellow-tinted IOLs reduce the BLI values by 43–82%, respectively. 
Yellow-tinted IOLs absorb more circadian rhythm-associated light than clear IOLs. 
Although the data presented in this study cannot be applied directly to IOL implanted 
in patients, the balance between photoprotection and photoreception must be con-
sidered when using IOLs in a clinical setting.

Keywords Yellow-tinted intraocular lenses · Spectral transmittance · Blue-light 
irradiance · Retinal light damage · Melatonin suppression index · Circadian rhythm

7.1  Introduction

Cataract surgery, aphakia, and pseudophakia are substantial risk factors for develop-
ment of late-stage age-related macular degeneration (AMD), and increased amounts 
of blue light reaching the retina postoperatively might be a major cause (Tanito 
2014). In the early 1980s (Mainster and Sparrow 2003), intraocular lenses (IOLs) 
with ultraviolet radiation (UVR)-blocking chromophores bonded to optic polymers 
were introduced. The transmission properties of the colorless UVR-blocking IOLs 
might not absorb blue light as efficiently compared to aging crystalline lenses and 
cause Ham-type retinal phototoxicity (Ham et  al. 1976). To compensate for the 
reduced filtration of blue light by the colorless UVR-blocking IOLs, blue light- and 
UVR-absorbing yellow-tinted polymethyl methacrylate IOLs were introduced in 
the 1990s. These IOLs are now made of either foldable silicone or soft acrylic mate-
rial, and there is great interest in using IOLs designed to block blue light (Braunstein 
and Sparrow 2005).

Environmental light information orchestrates critical daily circadian rhythms 
involving metabolic homeostasis and sleep-wake cycles by transmission of light 
information through rod and cone photoreceptor cells and blue light-sensitive pho-
toreceptive retinal ganglion cells to nonvisual brain centers including the suprachi-
asmatic nucleus (SCN) of the hypothalamus (Turner and Mainster 2008). SCN 
closely controls the hormone melatonin, and because of this, the phase of the daily 
melatonin rhythm is an accepted indicator of the phase of the circadian clock. 
Several studies have shown that the human circadian system is particularly sensitive 
to the short wavelength portion of the light spectrum, as melatonin suppression is 
greatest during exposure to a narrow band of light stimulus between 460 and 480 
nanometers (Brainard et al. 2001; Thapan et al. 2001).

We previously measured the spectral transmittance of various IOLs, used blue- 
light irradiance (BLI) values to quantify the ability of the IOLs to prevent retinal 
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damage caused by sun-gazing (Tanito et al. 2010, 2012) and used the melatonin 
suppression indices (MSI) to evaluate a possible effect on nonvisual photoreception 
(Sano et al. 2014). In the current study, we also measured the spectral transmittance 
values of IOLs that we had not measured previously and estimated the BLIs and 
MSIs.

7.2  Materials and Methods

7.2.1  IOLs

We tested six soft acrylic IOL models including clear UV-blocking (ZCB00) and 
yellow-tinted (ZCV00V, both from AMO Japan, Tokyo, Japan) IOLs with +10-, 
+20-, and +30-D IOL powers (Fig. 7.1). Three IOL models were tested to ensure 
reproducibility, for a total of 18 IOLs.

7.2.2  Measurement of Spectral Transmittance of IOLs

The spectral transmittance values of the IOLs placed in quartz cells filled with saline 
solution were measured in wavelengths ranging from 300 to 800 nanometers (1563 
data points/scan) using a spectrophotometer (U-3410, Hitachi High-Technologies, 
Tokyo, Japan) as described previously (Tanito et al. 2010).

7.2.3  Calculation of the BLI

The BLI values in pseudophakic eyes when viewing targets in sunlight were calcu-
lated by integrating the aphakic retinal hazard function by light (International 
Commission on Non-Ionizing Radiation Protection 2013; American Conference of 

Fig. 7.1 Intraocular lenses (IOLs) analyzed in this study. D = diopters
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Governmental Industrial Hygienists 2015), the direct normal solar spectral irradi-
ance (American Society for Testing and Materials 1998), and the measured spectral 
transmittance values of the IOLs, as we described previously (Tanito et al. 2010). 
The maximal permissible daily exposure duration (tmax) values were obtained for 
each ocular condition by dividing 10 mJcm−2 by the obtained BLI value (Tanito 
et al. 2010).

7.2.4  Calculation of the MSI

The MSI values obtained in pseudophakic eyes under fluorescent light were calcu-
lated by integrating the action spectrum for melatonin suppression (Brainard et al. 
2001), the spectral intensity of a 20-watt white fluorescent lamp (Okuno 1999), and 
the measured spectral transmittance values of the IOLs, as we described previously 
(Sano et al. 2014).

7.3  Results

7.3.1  Transmittance of IOLs

To obtain spectral transmittance information, 18 scans of the 18 IOLs were per-
formed. The transmittance curves obtained from the +20-D IOLs are shown in 
Fig. 7.2. The clear IOLs (ZCB00) completely absorbed the light in the UV-B range 
(−320 nanometers), transmitted substantial light at the longer wavelength end of the 
UV-A light range (320–400 nanometers) (0.8% transmittance at 370 nanometers, 
17% at 380 nanometers, and 55% at 390 nanometers), and almost completely trans-
mitted (≥98%) the light in the visible light spectrum at 435 nanometers and longer 
wavelengths. The yellow-tinted IOL (ZCB00V) completely absorbed the UV-B, 
UV-A, and shorter wavelength end of the visible light ranges (0.6% transmittance at 
415 nanometers, 25% at 430 nanometers, and 68% at 440 nanometers), and almost 
completely transmitted (≥95%) the light at 455 nanometer and longer 
wavelengths.

7.3.2  BLIs

The BLIs (mWcm−2) calculated were 7.62 ± 0.04, 7.50 ± 0.03, and 7.46 ± 0.04 for 
the +10-, +20-, and +30-D ZCB00 lens, respectively; 4.10 ± 0.02, 3.92 ± 0.03, and 
4.00 ± 0.03 for the+10-, +20-, and +30-D ZCB00V lens, respectively; 5.76 for pha-
kic eyes; and 15.00 for aphakic eyes. The tmax values (seconds) were 1.31 ± 0.01, 
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1.33 ± 0.01, and 1.34 ± 0.01 for the +10-, +20-, and +30-D ZCB00 lens, respec-
tively; 2.44 ± 0.01, 2.55 ± 0.02, and 2.50 ± 0.02 for the +10-, +20-, and +30-D 
ZCB00V lens, respectively; 1.73 for the phakic eyes; and 0.67 for the aphakic eyes.

7.3.3  MSIs

The MSIs (mWcm−2sr−1) calculated were 1.18 ± 0.00, 1.19 ± 0.00, and 1.18 ± 0.00 
for the +10-, +20-, and +30-D ZCB00 IOLs, respectively; 0.98 ± 0.00, 0.94 ± 0.0.1, 
and 0.95 ± 0.00 for the +10-, +20-, and +30-D ZCB00V lens, respectively; 1.03 for 
the phakic eyes; and 1.21 for the aphakic eyes.

7.4  Discussion

We measured the spectral transmittance capabilities of 18 IOL samples in this study 
and of 117 IOL samples in our previous studies and estimated the BLI and MSI 
values (Tanito et al. 2010, 2012; Sano et al. 2014). Figures 7.3 and 7.4, respectively, 
show the percent cutoff values of the BLI and MSI values with various IOLs com-
pared to aphakic eyes.

Compared to the clear IOLs, the corresponding yellow-tinted IOLs had greater 
reductions in their BLI values (Fig. 7.3). All the clear and yellow-tinted IOL showed 

Fig. 7.2 Transmission curves from the +20-diopter intraocular lenses (IOLs). The mean values 
derived from three independent measurements of three IOLs in each model are used to generate the 
curves

7 Estimations of Retinal Blue-Light Irradiance Values and Melatonin Suppression…



58

greater BLI reductions than aphakic eyes, and all the yellow-tinted IOLs except for 
the +10-D NX-60 lens showed greater BLI reductions than the phakic eyes. 
Although previous studies have suggested but do not confirm that blue light is a risk 
factor for development of AMD (Margrain et al. 2004; Mainster 2006; Sui et al. 

Fig. 7.3 Percent cutoff values of the blue-light irradiance indices (BLIs) by various intraocular 
lenses (IOLs) compared with aphakic eyes. The percent cutoff value of the BLI by IOL is calcu-
lated as (BLI for aphakic eye – BLI for IOL)/BLI for aphakic eye × 100, where the BLI for aphakic 
eyes = 15.0 mWcm−2. Instead of a+10-diopter (D) lens, a+12.5-D lens is analyzed for the KS-3Ai 
and KS-AiN IOLs, and a+12.0-D lens is analyzed for the XY-1 IOL; and instead of a+30-D lens, 
a+27.0-D lens is analyzed for the X-60 and NX-60 IOLs, a+28.5-D lens is analyzed for the KS-3Ai 
and KS-AiN IOLs, and a+26.0-D lens is analyzed for the XY-1 IOL. To generate this figure, the 
BLI values of IOLs other than ZCB00 and ZCB00V were adopted from our previous publications 
(Tanito et al. 2010, 2012)

Fig. 7.4 Percent cutoff values of melatonin suppression indices (MSIs) by various intraocular 
lenses (IOLs) compared with aphakic eyes. The percent cutoff values of the MSIs by IOL are cal-
culated as (MSI for aphakic eye – BLI for IOL)/MSI for aphakic eye × 100, where the BLI for 
aphakic eyes = 1.21 mWcm−2sr−1. Instead of a+10-diopter (D) lens, a+12.5-D lens is analyzed for 
the KS-3Ai and KS-AiN IOLs, and a+12.0-D lens is analyzed for the XY-1 IOL; and instead of 
a+30-D lens, a+27.0-D lens is analyzed for the X-60 and NX-60 IOLs, a+28.5-D lens is analyzed 
for the KS-3Ai and KS-AiN IOLs, and a+26.0-D lens is analyzed for the XY-1 IOL. To generate 
this figure, the MSI values of IOLs other than ZCB00 and ZCB00V were adopted from our previ-
ous publication (Sano et al. 2014)
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2013), the yellow-tinted IOLs can protect the retina from phototoxicity if the blue- 
light theory is valid in the pathogenesis of retinal degeneration. Among the clear 
IOLs, the cutoff values of the BLIs was relatively small with the X-60 and ZCB00 
IOLs due to the higher transmittance of UV-A light with these lenses; thus, the reti-
nal protection provided by these IOLs would increase if the efficacy of longer UV-A 
light absorption was at the same level as the other IOL models.

Compared to the clear IOLs, the corresponding yellow-tinted IOLs had higher 
cutoff values of their MSI values (Fig. 7.4). All the clear and yellow-tinted IOL 
showed greater MSI cutoff values than the aphakic eyes. Compared to the phakic 
eyes, all the clear IOLs had lower MSI cutoff values and all the yellow-tinted IOLs 
had higher MSI cutoff values. In the current study, the transmittance data from 
young monkey eyes (Maher 1978) were used to calculate the phakic and aphakic 
MSIs. Turner and Mainster (2008) estimated that after 35 years of age, even the 
+30-D yellow-tinted IOL provided a “gain” in circadian photoreception compared 
with the crystalline lens. Brondsted et al. suggested that, even though the violet- 
blocking and/or blue-blocking IOLs potentially impair photoentrainment of the cir-
cadian rhythm, the effects were small compared to that of the natural lens and did 
not exceed the effect of a 22.2-year-old natural lens (Brondsted et  al. 2011). 
Accordingly, the current data showed that the “loss” of the MSI by yellow-tinted 
IOLs compared with phakic eyes is likely to become a “gain” if the transmittance 
data from aged human eyes are used instead of that from monkey eyes.

In summary, compared to aphakic eye, the ZCB00 and ZCB00V IOLs reduced 
the BLI values by 49–50% and 73–74%, respectively; currently available 
UV-blocking clear and yellow-tinted IOLs reduced the BLI values by 43–82%. 
Yellow-tinted IOLs absorbed more circadian rhythm-associated light than clear 
IOLs. Although the current data cannot be directly applicable to humans implanted 
with IOLs, the balance between photoprotection and photoreception must be con-
sidered when IOLs are used in a clinical situation.

This chapter includes text extracts from our previous publications (Tanito et al. 
2012; Sano et  al. 2014) that were used with permission from Japanese 
Ophthalmological Society.
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Chapter 8
Co-Expression of Wild-Type and Mutant 
S163R C1QTNF5 in Retinal Pigment 
Epithelium

Astra Dinculescu, Frank M. Dyka, Seok-Hong Min, Rachel M. Stupay, 
Marcus J. Hooper, W. Clay Smith, and William W. Hauswirth

Abstract The pathogenic mutation S163R in C1QTNF5 causes a disorder known 
as autosomal dominant late-onset retinal degeneration (L-ORD), characterized by 
the presence of thick extracellular sub-RPE deposits, similar histopathologically to 
those found in AMD patients. We have previously shown that the S163R C1QTNF5 
mutant forms globular aggregates within the RPE in  vivo following its AAV- 
mediated expression in the RPE and exhibits a reversely polarized distribution, 
being routed toward the basal rather than apical RPE. We show here that when both 
wild-type and mutant S163R C1QTNF5 are simultaneously delivered subretinally 
to mouse RPE cells, the mutant impairs the wild-type protein secretion from the 
RPE, and both proteins are dispersed toward the basal and lateral RPE membrane. 
This result has mechanistic and therapeutic implications for L-ORD disorder.

Keywords RPE · Basal laminar deposit · AMD · Late-onset retinal degeneration · 
C1QTNF5 · AAV · Protein aggregation

8.1  Introduction

C1QTNF5 belongs to a large family of secreted multimeric proteins, the C1q and 
tumor necrosis factor-related superfamily (C1q/TNF), whose members are thought 
to play numerous roles in immunity, inflammation, and glucose and lipid metabo-
lism (Schaffler and Buechler 2012). Every C1q/TNF family member, including 
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C1QTNF5, contains a signal peptide to direct protein secretion, a collagen-like 
domain with variable numbers of Gly-X-Y repeats, and a C-terminal globular C1q 
domain with sequence homology to the immune complement protein C1q. Several 
of these members, including C1QTNF5, are secreted by the adipose tissue and 
 circulate abundantly in human serum (Seldin et al. 2014). In addition, C1QTNF5 is 
also secreted apically from the RPE toward the outer limiting membrane and  
has been shown to interact with its dicistronic partner, the frizzled-related  
protein MFRP located at the RPE apical membrane and its microvilli (Mandal et al. 
2006a; b).

The S163R mutation in the globular C1q domain of C1QTNF5 causes an auto-
somal dominant late-onset retinal degeneration (L-ORD) disorder, leading to severe 
loss of both central and peripheral vision (Hayward et  al. 2003; Ayyagari et  al. 
2005). A characteristic feature of the disorder is the presence of abnormal extracel-
lular thick deposits between the RPE and Bruch’s membrane that have a widespread 
distribution, extending outside the macular region into the peripheral retina (Kuntz 
et  al. 1996). We have previously shown that in contrast to wild-type C1QTNF5, 
which is apically secreted from RPE, the S163R mutant forms large globular aggre-
gates within the RPE and exhibits a reversely polarized distribution, being routed 
toward the basal rather than apical RPE, where it forms thick, continuous extracel-
lular basal deposits that lead to regional loss of photoreceptors and RPE atrophy 
(Dinculescu et  al. 2015). In this study, our goal was to test the effects of co- 
expressing wild-type and mutant S163R C1QTNF5 proteins in vivo in RPE cells by 
using a similar AAV-mediated RPE targeted approach. Our results show that mutant 
S163R protein prevents the normal apical directional secretion of wild-type 
C1QTNF5, and both proteins are distributed toward the lateral and basal regions of 
RPE cells.

8.2  Materials and Methods

8.2.1  AAV Vector Production and Delivery

AAV viral vectors were packaged, purified, and titered according to the previously 
published methods (Jacobson et  al. 2006). Approximately 1 μL of balanced salt 
solution (BSS) containing AAV vectors (1012 vector genomes/mL) was delivered 
subretinally into one eye of adult C57BL/6 mice (Jackson Laboratory, Bar Harbor, 
ME, USA), while the contralateral eyes remained uninjected and served as controls. 
All experiments were approved by University of Florida Institutional Animal Care 
and Use Committees and conducted in accordance with the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research.
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8.2.2  Immunostaining of Retinal Sections

Eyes were harvested, processed for paraffin embedding, and sectioned at a thick-
ness of 4 μm. The tissue sections were dewaxed in xylene and rehydrated in a graded 
series of ethanol, then incubated with 0.3% Triton X-100 for 10 min, followed by 
blocking with a solution of 2% albumin for 1 h. The expression of the hemagglutinin- 
tagged S163R C1QTNF5 mutant protein (S163R C1QTNF5-HA) in the AAV- 
treated eyes was detected by immunostaining with a high-affinity anti-HA-fluorescein 
antibody (3F10; Roche Diagnostics, Indianapolis, IN, USA). The C1QTNF5-myc- 
tagged wild-type protein was detected with the mouse monoclonal anti-Myc anti-
body produced and purified from the hybridoma cell line 9E10.

8.2.3  Electroretinographic Analysis

Subretinally injected C57BL/6 mice were dark-adapted (>12 h) and anesthetized by 
intraperitoneal injection. Full-field ERGs were recorded as previously described 
(Dinculescu et  al. 2015), using a UTAS Visual Diagnostic System (LKC 
Technologies, Gaithersburg, MD, USA). Differences in b-wave maximum ampli-
tudes between AAV-injected and uninjected contralateral control eyes were ana-
lyzed by Student’s t-test for paired samples (GraphPad Prism 6.0; GraphPad 
Software) and considered statistically significant if P < 0.05.

8.3  Results

We generated scAAV vectors with the AAV2 quad YF capsid containing either wild- 
type C1QTNF5-myc-tagged cDNA or mutant S163R C1QTNF5-HA-tagged cDNA, 
driven by an RPE-specific BEST1 promoter. These vectors were either delivered 
individually or as a mixture containing equal amounts of wild-type and mutant 
S163R AAV.

We have previously shown that the AAV-expressed wild-type C1QTNF5 is 
secreted apically from the RPE, in a similar pattern to that of the endogenous pro-
tein (Dinculescu et al. 2015). We have also shown that the AAV-expressed S163R 
mutant forms large globular aggregates in the RPE and is routed toward the basal 
side, where it forms thick deposits over time (Dinculescu et al. 2015), a result con-
firmed in these experiments (Fig. 8.1). This AAV-based model is very robust, with 
every AAV-S163R injected eye showing the presence of characteristic spherical 
aggregates by 4  months postinjection, followed by the gradual accumulation of 
thick S163R basal deposits by 9 months postinjection, as detected by immunofluo-
rescence (Fig. 8.1). In order to determine if the mutant S163R aggregate formation 
could be prevented by increasing the amount of wild-type C1QTNF5 protein in the 
RPE relative to its endogenous levels, we delivered a mixture containing equal 
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amounts of AAV vectors expressing the epitope-tagged wild-type and mutant S163R 
C1QTNF5. Surprisingly, under these conditions, the S163R mutant no longer forms 
the characteristic large globular aggregates in the RPE, and instead it is found dis-
persed toward the RPE lateral and basal membrane, where it co-localizes with the 
AAV-expressed wild-type protein (Fig. 8.2). Full-field ERG analysis was performed 
under scotopic dark-adapted and photopic light-adapted cone-mediated conditions 
to evaluate the effects of co-expressing the wild-type and mutant S163R in RPE on 
retinal function (Fig. 8.3). Although treated eyes displayed low ERG amplitudes, 
the difference between the maximum b-wave amplitude average in injected and 

Fig. 8.1 Detection of AAV-expressed mutant S163R C1QTNF5 mutant (green) by immunofluo-
rescence microscopy. (a) Note the large S163R globular aggregate (arrow) present in the RPE 
cytoplasm (4 months postinjection). The apical RPE microvilli are labelled with an anti-MFRP 
antibody (red). (b) Retinal section showing the presence of a dome-shaped basal RPE deposit 
containing the S163R mutant protein (9  months postinjection). IS inner segment, ONL outer 
nuclear layer

Fig. 8.2 Evaluation of retinal sections by immunostaining following co-delivery of epitope- 
tagged wild-type and mutant S163R C1QTNF5. (a) Detection of wild-type C1QTNF5 (myc- 
tagged) by immunofluorescence microscopy. (b) Merged image showing the detection of 
AAV-expressed wild-type C1QTNF5 (red) and HA-tagged mutant S163R (green) at 4  months 
postinjection
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untreated control eyes at various light intensities was not significant, perhaps due to 
the large variability in ERG responses among different animals and the small sam-
ple size.

8.4  Discussion

C1QTNF5 is a membrane-bound and secreted protein of unknown function, highly 
expressed in the RPE and ciliary epithelium (Mandal et al. 2006b). Previous studies 
have shown that wild-type C1QTNF5 can assemble into trimers, hexamers, and bou-
quet-like octadecameric species, similar to other C1q/TNF family members (Tu and 
Palczewski 2012). The function of this multimerization process and the disease mech-
anism caused by the S163R mutation in C1QTNF5 are not currently understood.

Wild-type and S163R mutant gC1q domains have been previously shown to 
interact by in vitro studies (Shu et al. 2006), and it has also been suggested that they 
may coexist in the globular heads of the C1QTNF5 octadecameric structure (Tu and 
Palczewski 2014). Our previous studies, confirmed by experiments described here, 
have determined that mutant S163R forms large intracellular globular aggregates 
following its overexpression in murine RPE, leading to its accumulation as thick, 
continuous, basal deposits between the choroid and RPE, visible by light micros-
copy (Dinculescu et al. 2015). Moreover, our results show that the presence of the 
S163R mutant significantly impairs the wild-type C1QTNF5 apical secretion from 

Fig. 8.3 Evaluation of retinal function by ERG analysis at 4 months following co-delivery of 
wild-type and mutant S163R C1QTNF5 vectors. Bar graph shows the maximum ERG b-wave 
amplitudes in the injected eyes compared with untreated contralateral controls under dark-adapted 
(−10 and 0 dB scotopic) or light-adapted (10 dB photopic) conditions. The differences between 
injected and uninjected eyes were not statistically significant at all light intensities examined (n = 4 
mice)
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the RPE when both tagged proteins are co-delivered using AAV vectors of similar 
titers, leading to their aggregation in distinct ring-shaped structures and their abnor-
mal distribution toward the lateral and basal RPE membranes. Consequently, these 
results suggest that wild-type and mutant C1QTNF5 are able to interact in vivo and 
have implications for understanding the disease pathology.
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Chapter 9
Mini-Review: Cell Type-Specific  
Optogenetic Vision Restoration Approaches

Antoine Chaffiol and Jens Duebel

Abstract The expression of light-sensitive microbial opsins is a promising 
mutation- independent approach to restore vision in retinal degenerative diseases. 
Using viral vectors, optogenetic tools can be genetically expressed in various sub-
populations of retinal neurons. The choice of cell type depends on the availability of 
surviving retinal cells. If cones are still alive but they lack outer segments, they can 
be targeted with optogenetic inhibitors, such as halorhodopsin. Alternatively, it is 
possible to bypass the photoreceptors and to target bipolar cells. In late-stage degen-
eration, when bipolar cells degenerate, “artificial photoreceptors” can be made from 
retinal ganglion cells, but with this approach, upstream retinal processing cannot be 
utilized. However, when ganglion cells are stimulated directly, higher brain regions 
might be able to compensate for some loss of retinal processing, which is indicated 
by clinical studies with epiretinal implants, where patients can perform simple 
visual tasks. Finally, optogenetics in combination with neuroprotective approaches 
could serve as a valuable strategy to restore the function of remaining cells, as well 
as to rescue retinal neurons from progressive degeneration.

Keywords Retina · Optogenetics · Vision restoration · Channelrhodopsin · Opsins 
· Retinal disease

Optogenetics is a technique that allows for the optical control of neural activity 
(Boyden et al. 2005; Deisseroth et al. 2006; Häusser 2014) by using light-sensitive 
ion channels or pumps derived from algae or bacteria (e.g., channelrhodopsin or 
halorhodopsin) (Nagel et al. 2003; Oesterhelt and Stoeckenius 1971; Sugiyama and 
Mukohata 1984), as well as other optogenetic tools, such as vertebrate opsins 
(Herlitze and Landmesser 2007). In a degenerated blind retina, the specific 
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expression of optogenetic tools enables to convert specific retinal cells types into 
“artificial photoreceptors” (Sahel and Roska 2013).

Depending on the degenerative state of the retina, different optogenetic strategies 
can be used (Fig. 9.1). Targeting of retinal photoreceptors could be an option for RP 
patients with remaining cone cell bodies lacking their light-sensitive outer seg-
ments. Anatomical studies, using postmortem retinal tissue (Lin et  al. 2009) or 
in vivo imaging (optical coherence tomography) from RP patients (Jacobson et al. 
2013), have shown that some patients with late-stage RP had residual cone cell bod-
ies. These observations suggest that there are candidates who could be eligible for 
photoreceptor-based strategies. In the mouse model, the reactivation of nonfunc-
tional but surviving “dormant” cones, using the light-sensitive chloride pump halor-
hodopsin, has been shown by Botond Roska’s group (Busskamp et  al. 2010). 
Halorhodopsin was able to substitute for the impaired phototransduction cascade in 
treated blind mice. These reactivated cones could drive retinal circuit functions, 
including lateral inhibition and directional selectivity, and they mediated cortical 
processing as well as visually guided behavior. Moreover, human retinal explants 
were used to reactivate light-insensitive photoreceptors with halorhodopsin, demon-
strating the functionality of the microbial opsin in the human retina.

However, it is unknown how long synaptic connection from photoreceptors to 
bipolar cells will remain under degenerative conditions. Therefore, cell type- specific 
targeting of optogenetic tools to retinal bipolar cells would be another attractive 
option. In a pioneering study, Lagali et al. used electroporation to express channel-
rhodopsin (ChR2) under control of the ON bipolar cell promoter in ON bipolar cells 
of blind mice (rd1), leading to the recovery of visually evoked potentials in the 
cortex and visually guided behavior (Lagali et al. 2008). Electroporation, however, 

Fig. 9.1 Schematic diagram of a healthy retina compared to retinae with progressive degeneration 
and circuit remodeling. The choice of the therapeutic strategy is determined by the availability of 
persisting cell types, ranging from targeting “dormant” cones (1), bipolar cells (2), to retinal gan-
glion cells (3). Horizontal cells and amacrine cells are shown in dark purple and yellow, respec-
tively. INL inner nuclear layer
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had to be replaced by viral gene delivery suitable for potential clinical applications. 
Meanwhile, AAV-based vectors with improved retinal diffusion properties have 
been developed (Dalkara et al. 2013), and it has been shown that these engineered 
AAVs can efficiently deliver ChR2 variants to ON bipolar cells (Cronin et al. 2014; 
Macé et al. 2015) of blind mice. Importantly, ChR2 targeted to ON bipolar cells 
restored both ON and OFF component of the visual responses, which is mediated by 
inner retinal processing. The restoration of the ON/OFF pathway was also observed 
in the retina and in the visual cortex. In addition, light-induced behavior was 
observed in these treated blind mice (Cehajic-Kapetanovic et al. 2015; Gaub et al. 
2014, 2015; Macé et al. 2015; van Wyk et al. 2015), but targeting of bipolar cells has 
not yet been accomplished in non-human primates.

Finally, optogenetic targeting of ganglion cells could be a therapeutic strategy for 
patients with late-stage degeneration and advanced remodeling of inner retinal cir-
cuits (Jacobson et al. 2013; Jones et al. 2016). Bi and Pan were the first to show that 
light sensitivity can be restored through expression of ChR2 in retinal ganglion cells 
after complete photoreceptor degeneration (Bi et al. 2006), which was followed by 
other studies (Caporale et al. 2011; Greenberg et al. 2011; Ivanova and Pan 2009; 
Lin et al. 2008; Sengupta et al. 2016; Tomita et al. 2010; Tomita et al. 2007; Wu 
et al. 2013; Zhang et al. 2009). A disadvantage of this approach is that neural cir-
cuits upstream of ganglion cells cannot be utilized. On the other hand, clinical stud-
ies using direct electrical stimulation of ganglion cells with epiretinal implants have 
shown that patients are able to perform visual tasks, such as object localization or 
motion discrimination (Humayun et al. 2012; Shepherd et al. 2013). This indicates 
that the plasticity of higher brain regions can compensate for some loss of retinal 
image processing and that the human cortex has the capability to adapt to a visual 
code that is different from the natural activity pattern conveyed by a healthy retina.

In summary, optogenetics enables to confer light sensitivity to distinct retinal 
cell types, thus offering new therapeutic approaches to restore vision in a wide 
range of retinal degenerative diseases. In a future perspective, combined approaches 
of optogenetics with neuroprotection could be a therapeutic option, not only to 
restore the function of remaining cells but also to rescue retinal structures from 
progressive degeneration (Sahel and Roska 2013). Although the therapeutic benefits 
of optogenetic approaches remain to be determined, first steps toward clinical appli-
cation (ClinicalTrials.gov Identifiers: NCT02556736,  NCT03326336) have been 
taken.
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Chapter 10
Mutation-Independent Gene Therapies 
for Rod-Cone Dystrophies

Cécile Fortuny and John G. Flannery

Abstract The clinical success of gene replacement therapies in recent years has 
served as a proof of concept for the treatment of inherited retinal degenerations 
using adeno-associated virus (AAV) as viral vector. However, inherited retinal 
degenerative diseases showcase a broad genetic and mechanistic heterogeneity, 
challenging the development of mutation-specific therapies for each specific muta-
tion. Mutation-independent approaches must be developed to slow down retinal 
degeneration regardless of the underlying genetic mutation and onset of the disease. 
New understanding of cell death mechanisms in rod-cone dystrophies have led to 
promising rescue of photoreceptor cell death by virally mediating expression of 
anti-apoptotic factors and secretion of retinal neurotrophic factors. Optogenetic 
therapies are also able to restore light sensitivities in blind retinas.

Keywords Adeno-associated virus · Retinitis pigmentosa · Mutation-independent 
· Cell death · Gene therapy · Müller glia · Photoreceptor · Apoptosis · 
Neuroprotection · Optogenetics

10.1  Introduction

Rods and cones are the two main photoreceptor cells contributing to the first steps 
in sensing light in the retina and translating it to an electric signal to the other neu-
ronal cells downstream to finally be processed in the primary visual cortex. Many 
hundreds of proteins are involved in the light response and keeping the cells of the 
retina nourished and healthy. This high degree of metabolic activity makes the 
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retina more sensitive to mutations and degeneration: when a gene mutation occurs, 
the protein may be incorrectly synthetized and act abnormally or may not be 
expressed, triggering a loss of function and vision. The majority of inherited reti-
nopathies (IR) are caused by mutations found in photoreceptors and to a lesser 
extent in the retinal pigment epithelium (RPE). Most of the mutations identified in 
IR affect genes involved in either the photoreceptor structural integrity (CEP290, 
USH2A, etc.) or in the phototransduction cascade (RHO, PD6EB, CNGA3, etc.) 
leading to blindness as a result of loss of photoreceptors. Among them, retinitis 
pigmentosa (RP) is the most common inherited cause of blindness in the world 
(Hartong et al. 2006). Currently, no effective treatment exists to treat those diseases, 
but gene therapy approaches have been developed and have begun to show success 
at delaying retinal degeneration. This review will focus on current mutation- 
independent gene therapy approaches for treating RP.

10.2  Gene Therapy for the Retina

Different therapies have attempted to reduce retinal degeneration in RP.  Before 
recent progress in gene-based therapeutics, surgery and vitaminotherapy were the 
most common treatments employed to treat RP. Gene therapy has been a growing 
field in the past decade for treating ocular disease and has proven to be an efficient 
and safe way of treating single-gene mutations leading to blindness by providing 
therapeutic DNA to targeted cells in the retina by the use of viral or non-viral vec-
tors. A determining element in gene therapy studies is the vector used to administer 
the payload. In vivo, viral vectors are the most successful in long-term expression 
and delivery of genetic material to cells within tissues. Different viruses have been 
used in clinical trials although adeno- associated virus (AAV) is currently the gold 
standard for viral vectors for gene delivery in the retina due to its excellent safety 
profile as well as its efficiency in transducing a large spectrum of cells. AAV is a 
small non-enveloped icosahedral parvovirus with a genome (4.9 kb) that consists of 
three open reading frames (rep, cap, and the assembly-activating protein) flanked by 
two inverted terminal repeats (ITRs) that form hairpin structures and are essential 
for viral packaging. The rep gene encodes for proteins involved in viral replication 
and packaging, and the cap gene encodes for the capsid proteins (VP1, VP2, VP3) 
of the virus. The assembly-activating protein participates in the process of capsid 
assembly (Mitchell et al. 2010; Sonntag et al. 2011). AAV-mediated gene therapy 
has shown many advantages over other viruses as viral vectors for the retina. As a 
Dependovirus, AAV is unable to replicate in the absence of a helper virus with no 
risk of genetic integration in the genome. The virus infects quiescent and dividing 
cells, leading to long-term expression of the transgene in the cells without any 
known pathogenicity for the host. Different serotypes of AAV have been discovered 
and used to infect retinal cells, highlighting that the AAV capsid sequence and the 
route of delivery (intravitreal or subretinal) are two major components affecting the 
cell tropism (Watanabe et  al. 2013). The clinical trials for Leber’s congenital 
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amaurosis (LCA) type 2 were the first to validate the proof of concept for safe AAV- 
mediated therapies after successfully rescuing vision in patients after delivery of a 
healthy copy of the affected RPE65 gene to the RPE. However, most of the success-
ful clinical trials for retinal degeneration have been gene replacement. It requires the 
disease to be monogenic and the genetic cause to be known as well as its retinal 
phenotype characterized. It also only holds promise if implemented early on in the 
disease progression of the patient. However, more than 40–50% of genes involved 
in degeneration remain unknown in RP. For those patients, a gene replacement strat-
egy is not possible and requires other approaches such as mutation-independent 
gene therapies.

10.3  Cell Death Mechanisms in RP

Despite the genetic heterogeneity of RP, these diseases share a similar phenotype in 
which rod photoreceptors die first followed by cone cell death. One treatment 
approach is to delay rod photoreceptor cell death, in order to preserve cone health 
and function as long as possible considering these cells are responsible for central, 
color, and day vision. Cell death mechanisms governing retinal degenerations were 
poorly understood at the time. Animals of RP mimicking human diseases have been 
used to study these mechanisms. The classical pathway for rod photoreceptor cell 
death was believed to be caspase-mediated apoptosis. A number of anti-apoptotic 
genes have been identified and used in therapeutic approaches including the BCL-2 
family (Chen et al. 1996) and the anti-apoptotic protein family (IAP) (Liston et al. 
2003). X-linked inhibitor of apoptosis protein (XIAP) is one of the most potent 
proteins from IAP family and has been shown to efficiently delay cell death in mod-
els of retinal degeneration (Leonard et al. 2007; Shan et al. 2011). However, recent 
work demonstrated that caspase-independent pathways are activated as a result of 
secondary cell messenger increase (e.g., cGMP, calcium). Research performed in 
rd1 and rd10 mice by Paquet-Durant et al. (2007) showed that PDE6B deficiency 
leads to an increase in extracellular levels of calcium by 190% compared to a healthy 
retina (Zhivotovsky and Orrenius 2011; Sahaboglu et al. 2013). Calpains, calcium- 
activated cysteines, are known to contribute to this secondary neurodegenerative 
cascade in the same pattern as caspases, by cleaving cellular substrates, and are also 
involved in the cell’s autophagy pathway (Nguyen et al. 2011). Calpastatin is the 
only known endogenous inhibitor of calpains and has been studied as a potential 
gene candidate for delaying cell death in rod photoreceptors. Other caspase- 
independent pathways involving poly (ADP-ribose) polymerase or histone deacety-
lase (Kaur et al. 2011) are activated in dying rods in several models of RP and will 
lead to the development of new therapeutics to treat rod photoreceptor cell death. In 
contrast, the mode of cone cell death is less characterized. Multiple studies have 
shown that these cells undergo necrosis after the loss of rods. Previous studies have 
suggested that this could be due to environmental alterations such as the release of 
toxins from rod apoptosis, loss of rod-cone gap junctions, microglia activation, and 
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oxidative stress. The later and slower onset of cone death suggested that rod cell 
death is not the primary reason for cone cell death, but a long-term change of pho-
toreceptor environment (e.g., cell density). The insulin/signaling pathway is key in 
sensing trophic factors and nutrients and assessing the energy status of the cell. In 
RP, mTOR levels in cones after rod loss are downregulated. Punzo et al. found that 
degenerative cones expressed higher levels of HIF-1, a transcription factor that 
improves glycolysis in stressed conditions, proving that cones are dying as a result 
of starvation and nutritional losses (Bovolenta and Cisneros 2009; Wojno et  al. 
2013; Ma et al. 2015).

10.4  Neuroprotection

Studies have highlighted the importance of neurotrophic factor signaling in the 
healthy and diseased retina. Trophic or growth factors are endogenously secreted 
molecules that stimulate cellular growth, proliferation, cellular differentiation, and 
regeneration. In the eye, the major layers secreting these factors are the RPE and 
Müller cells. The Müller glial cells represent an excellent target for neurotrophin 
secretions. Being very numerous, they span the entire retina and are directly involved 
in maintaining photoreceptors. Also, their close contact with neuronal cells makes 
them ideal candidates for the secretion of neurotrophic factors. Dalkara et al. (2011) 
showed how a novel AAV vector, ShH10, was able to transduce efficiently and 
selectively glia cells through intravitreal injection, generating high levels of glial 
cell-derived neurotrophic factor (GDNF) expression, which promotes neuronal sur-
vival and leads to rescue in S334-4ter rat model lasting up to 6 months postinjection. 
José-Alain Sahel and Thierry Léveillard’s group discovered and characterized the 
rod-derived cone viability factor (RdCVF), a survival factor secreted by rod photo-
receptors that signal to the cone photoreceptors (Aït-Ali et al. 2015). During degen-
eration, the loss of neurotrophic support due to rod cell death has been hypothesized 
as the main cause of secondary cone degeneration. AAV-RdCVF has been shown to 
delay cone cell death in models of RP (Byrne et al. 2015). Other trophic factors such 
as the ciliary neurotrophic factor (CNTF), brain-derived neurotropic factor (BDNF), 
and basic fibroblast growth factor (bFGF) have also been extensively studied as 
potential neuroprotective candidates (Buch et al. 2006).

10.5  Optogenetics for the Blind Retina

At the final stages of RP, the photoreceptor layer is completely lost. There is cur-
rently no treatment available for patients at that point. Optogenetic tools have 
emerged as promising therapies, converting the surviving retinal interneurons into 
light-sensitive cells by using genetic-encoded light gated proteins. The main actua-
tors are channelrhodopsin 2 (ChR2), which mediates an excitatory cation current 

C. Fortuny and J. G. Flannery



79

when activated with blue light, and halorhodopsin (NpHR), which mediates an 
inhibitory current via yellow light. Bi et al. (2006) delivered AAV-ChR2 to ganglion 
cells in the rd1 mouse and restored visually evoked responses in the retina and 
visual cortex. Novel ChR variants with improved kinetics have been engineered to 
increase light sensitivity of the system. Alternative approaches have been developed 
with engineering endogenous mammalian channels sensitized to light by chemical 
modifications. The light-gated ionotropic glutamate receptor (LiGluR) consists of 
iGluR6 with an introduced cysteine in position 439 (L439C) for the covalent attach-
ment of a photoisomerable molecule (“photoswitch”) that reversibly activates the 
receptor. The LiGluR photoswitch has a maleimide linked to a glutamate by a pho-
toisomerizable azobenzene linker (maleimide-azobenzene-glutamate (MAG)). 
When excited at 380 nm (near UV-range), MAG triggers the opening of the ion 
channel, which could be closed when excited at a different wavelength, enabling the 
channel to be turned on and off with light stimulation. This system was later on 
optimized by engineering a second-generation photoswitch, MAG(460), that is acti-
vated by white light and turns off naturally in the dark (Caporale et al. 2011; Gaub 
et al. 2014). Research has shifted away from targeting only ganglion cells since they 
bypass other inner retinal cells resulting in a loss of spatial and temporal informa-
tion. Targeting ON-bipolar cells is a challenging approach as natural AAVs have 
shown very low efficiency in those cells. New viral variants and promoters have 
been engineered to overcome these delivery barriers and showed promising results 
in restoring light sensitivity in blind mice (Lagali et al. 2008; Cronin et al. 2014; 
Gaub et al. 2015).

10.6  Conclusion

The rare nature of most retinal dystrophies, associated with genotypic and pheno-
typic heterogeneity observed in patients, means that only a relatively small number 
might benefit from treatments targeting specific gene mutations. Alternatives such 
as mutation-independent therapies must be developed and adapted to the patient’s 
particular stage of degeneration. Single-treatment therapies marked the beginning 
of vector gene therapy, but emerging studies show a synergistic effect by combining 
two treatments. AAV vector gene replacement therapy can be complemented with 
anti-apoptotic proteins to prolong the efficacy of the treatment or the combination 
of trophic factors, demonstrating that these approaches can promote photoreceptor 
survival through a synergistic combination and be adapted to orphan diseases. 
Targeting two different pathways/cell types in a combination therapy is also promis-
ing, increasing the protection of photoreceptors (Fortuny et  al. 2013). However, 
advances in gene therapy for retinal disease need to improve the vector capacity 
(4.7 kb cargo capacity) as well as increase the number of transduced cells while 
remaining safe, noninvasive, and cell-specific.
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Chapter 11
Antisense Oligonucleotide-Based Splice 
Correction of a Deep-Intronic Mutation 
in CHM Underlying Choroideremia

Alejandro Garanto, Saskia D. van der Velde-Visser, Frans P. M. Cremers, 
and Rob W. J. Collin

Abstract Choroideremia is a progressive genetic eye disorder caused by mutations 
in the CHM gene that encodes the Rab escort protein-1 (REP-1). One of the many 
CHM mutations described so far is a deep-intronic variant, c.315-4587T>A, that 
creates a novel splice acceptor site resulting in the insertion of a 98-bp pseudoexon 
in the CHM transcript. Antisense oligonucleotides (AONs) are a potential therapeu-
tic tool for correcting splice defects, as they have the properties to bind to the pre- 
mRNA and redirect the splicing process. Previously, we used AONs to correct 
aberrant splicing events caused by a recurrent intronic mutation in CEP290 underly-
ing Leber congenital amaurosis. Here, we expand the use of these therapeutic mol-
ecules for the c.315-4587T>A deep-intronic mutation in CHM by demonstrating 
splice correction in patient-derived lymphoblast cells.
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11.1  Introduction

Choroideremia (CHM, OMIM #303100) is an X-linked inherited retinal disease 
affecting 1 every 50,000 males worldwide (Kalatzis et al. 2013; MacLaren et al. 
2014). Mutations in the CHM gene are the only known genetic cause of this disease 
(Cremers et  al. 1990). Choroideremia, also known as X-linked chorioretinal 
dystrophy, is characterized by progressive degeneration of the choroid, 
photoreceptors, and retinal pigment epithelium (RPE) with an onset in the first 
decade of life (Kalatzis et al. 2013).

CHM is a widely expressed 15-exon gene located on chromosome Xq21.2 and 
encodes the Rab escort protein-1 (REP-1) (Cremers et al. 1990; Seabra et al. 1992; 
van Bokhoven et  al. 1994). The physiological function of REP-1 consists of 
presenting newly generated Rab proteins to the enzymes that will add geranylgeranyl 
moieties (i.e., prenylation) in order to allow membrane association and interaction 
with other proteins. The prenylation defect caused by the absence of REP-1 has 
been discovered to be the main cause of the chorioretinal degeneration associated 
with CHM mutations (Seabra et al. 1993).

Recently, a phase I/II clinical trial delivering the complete cDNA of CHM cloned 
into an adeno-associated virus (AAV) showed promising results in choroideremia 
patients suffering from this disease (MacLaren et al. 2014; Barnard et al. 2015). In 
the retina, gene augmentation was first applied in retinal dystrophy patients 
harboring RPE65 mutations, with acceptable safety profiles and moderate efficacy 
in some patients (summarized by Jacobson et  al. (2012)). In these studies, the 
complete RPE65 cDNA was delivered to the retina under the control of specific 
promoters and packaged into AAVs. However, gene augmentation therapies still 
entail some challenges such as controlling the expression levels of transgene and 
finding safe vectors and strategies that allow the delivery of genes whose cDNA 
does not fit in the commonly used AAV-based vectors. In order to circumvent these 
problems, alternative therapeutic strategies can be considered, such as splice 
modulation therapy (Gerard et  al. 2016). We and others have investigated an 
antisense oligonucleotide (AON)-based approach to correct splice defects associated 
with the most recurrent Leber congenital amaurosis mutation, i.e., a deep-intronic 
mutation in CEP290 (Collin et al. 2012; Gerard et al. 2012; Garanto et al. 2016; 
Parfitt et al. 2016). AONs are small RNA molecules that bind complementary to the 
pre-mRNA and can redirect splicing events (Hammond and Wood 2011). These 
molecules have shown to be safe and effective when delivered to the retina (Gerard 
et al. 2015; Murray et al. 2015; Garanto et al. 2016).

To assess the suitability of splice modulation for other intronic mutations causing 
inherited retinal dystrophy, we here designed an AON-based approach to target the 
98-bp pseudoexon insertion caused by a deep-intronic mutation (c.315-4587T>A) 
in CHM.
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11.2  Materials and Methods

11.2.1  AON Design

AON sequences were designed as described previously (Aartsma-Rus 2012; 
Garanto and Collin 2018). Briefly, the exon of interest (in this case the 98-bp pseu-
doexon) and the 50-bp flanking intronic regions were used to detect splicing 
enhancers. Once identified, the strongest SC35 motif was selected, and AONs tar-
geting this region were designed. Subsequently, RNA structure and free energy 
predictions were performed using freely available database tools. This resulted in 
the design of an antisense oligonucleotide (AON; 5′-GCUGGGGGCCCUUGUUG-3′) 
and its sense counterpart (SON; 5′-CAACAAGGGCCCCCAGC-3′) (Eurogentec).

11.2.2  Cell Culture

Lymphoblast cell lines were established from blood samples of two male patients 
carrying the same deep-intronic mutation in CHM (c.315-4587T>A), coined PAT1 
and PAT2, and of a healthy male individual that was used as a control (CON). Cells 
were immortalized using Epstein-Barr virus and cultured in suspension in RPMI 
medium supplemented with 15% fetal calf serum (v/v), 2% HEPES 1  M (v/v), 
100 U penicillin, and 100 μg streptomycin. All cell lines grew at similar speed and 
did not show any abnormalities in cell growth or morphology.

11.2.3  Transfection and RT-PCR Analysis

Prior to transfection, ~1.9 × 106 cells (in 2 ml) per well were grown in suspension in 
a 6-well plate for each cell line. Next morning, cells were transfected with 1 μM of 
AON or SON using FuGene (Promega) according to the provider’s instruction. 
Forty-eight hours post-transfection, cells were harvested, rinsed in PBS, and sub-
jected to RNA isolation using NucleoSpin RNAII (Macherey-Nagel) according to 
manufacturer’s instructions. Subsequently, 1 μg of RNA was used for cDNA syn-
thesis using iScript cDNA synthesis kit (Bio-Rad). The cDNA was diluted by add-
ing 50 μl of MQ. CHM and actin expression was assessed by PCR. All PCR reaction 
mixtures (25 μl) contained 10 μM of each primer pair, 2 μM of dNTPs, 1.5 mM 
MgCl2, 10% Q-solution (Qiagen), 1  U of Taq polymerase (Roche), and 4 μl of 
diluted cDNA. PCR conditions were 94 °C for 2 min, followed by 35 cycles of 20 s 
at 94 °C, 30 s at 58 °C, and 30 s at 72 °C, with a final extension step of 2 min at 
72 °C. Amplicons were analyzed by agarose electrophoresis. For CHM amplifica-
tion we used the following forward (5′-AGCCATTGCTCTTAGCAGGA-3′) 
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and  reverse (5′-TGCAGCTTCTGTGGAGTTTG-3′) primers; for actin, 
5′-ACTGGGACGACATGGAGAAG-3′ (forward) and 5′-CTCAGCTGTGGTGG 
TGAAG-3′ (reverse) were used.

11.3  Results

11.3.1  AONs Redirect Aberrant Splicing

Previous studies have revealed that patients carrying the deep-intronic c.315- 
4587T>A mutation in CHM have a 98-bp pseudoexon insertion into the mRNA (van 
den Hurk et al. 2003) (Fig. 11.1a). AONs are small molecules able to redirect pre- 
mRNA splicing and thus good candidates to restore the splice defects associated 
with this CHM mutation. In this study, a 2′ O-Methyl RNA oligonucleotide with a 
phosphorothioate backbone was designed to target the 98-bp pseudoexon. By 

Fig. 11.1 AON delivery corrected CHM mRNA aberrant transcript. (a) Schematic representation 
of the molecular mechanism related to the c.315-4587T>A mutation in CHM and the predicted 
effect of the AON delivery. (b) RT-PCR of one control (CON) and two patient-derived lymphoblast 
cell lines (PAT1 and PAT2). Amplification from exon 4 to exon 5 showed the insertion of a 98-bp 
pseudoexon (PE) in the mRNA (upper panel). This aberrantly spliced transcript was corrected in 
the presence of AON, whereas the non-treated (NT) and SON-treated cells did not show any 
splicing redirection. Actin was used to normalize samples (lower panel). MQ was the negative 
control of the PCR reaction
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delivering AON molecules to the patient-derived cells, we expect that the mRNA 
transcript will be corrected (Fig. 11.1a). In order to test this hypothesis, 1 μM (final 
concentration) of the AON molecule was administered to patient-derived 
lymphoblast cells. Forty-eight hours after treatment, cells were harvested, and 
RT-PCR revealed that AONs can indeed redirect splicing in both patient cell lines 
(PAT1 and PAT2), while no effect was observed in the control (CON) cell line 
(Fig. 11.1b). The amplification from exon 4 to exon 5 revealed a single band of 
151 bp in the control, while in untreated patient-derived cells, a band of 249 bp was 
observed. After AON delivery, in both patients the splicing was restored to different 
extents. In the case of PAT1, only  little amounts of aberrant transcript were still 
detected, while in the PAT2 cells, the redirection was complete. However, the CHM 
levels in the patient cells treated with AON appeared to be lower compared to all 
other conditions. In addition, a sense oligonucleotide (SON) consisting of the 
reverse complement sequence of the AON was used as a control. When the SON 
molecule was transfected into the lymphoblast cells, only the mutant transcript was 
detected, indicating that the restoration of the splicing was specific for the AON. In 
all cases, actin was used to normalize samples.

11.4  Discussion

In this manuscript, we described an AON-based splice modulation approach where 
AON molecules specifically bind to their target sequence in the pre-mRNA, 
restricting their function to the cells where the gene is expressed. In addition, gene 
expression levels remain unaltered, minimizing possible toxicity due to 
overexpression. In animal studies, AONs have shown to be effective and safe when 
delivered to the eye (Gerard et al. 2015; Murray et al. 2015; Garanto et al. 2016). 
Importantly, an AON treatment has recently been approved for the treatment of 
CMV-induced retinitis in humans (Tawse and Baumal 2014). Thus, the therapeutic 
potential of these molecules is increasing, although it remains a mutation-specific 
approach thereby limiting its application.

One inconvenience of working with genes involved in inherited retinal disorders 
is that the expression of these genes is often restricted to the retina. This fact 
complicates functional studies to elucidate for instance the molecular mechanisms 
underlying the disease. However, some genes are expressed in almost all cell types 
of the body. This is the case for CEP290 and CHM and therefore extremely useful 
since blood or skin cells can be easily obtained from patients and used for in vitro 
experiments. Using lymphoblast cells, the c.315-4587T>A mutation was identified 
and immediately led to the discovery of the disease mechanism, i.e., the insertion of 
a pseudoexon that contains a premature stop codon. As a result, choroideremia 
patients with this mutation are predicted to have no functional REP-1 protein (van 
den Hurk et  al. 2003). Although lymphoblast cells are notoriously difficult to 
transfect, the small size of AONs allows them to easily penetrate into cells, in some 
cases even without any transfection reagent. By delivering these molecules to the 
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three different cell lines (two patients and one control), we observed that the splicing 
was redirected and the corrected transcript appeared in the patient samples treated 
with AONs (Fig.  11.1b). Nevertheless, PAT1 cells showed traces of remaining 
mutant CHM transcript. This could be explained by the fact that lymphoblast cells 
grow in suspension and tend to make clumps. At the moment of transfection, cells 
from the control and PAT2 were a bit more disperse, and clumps were smaller 
compared to the PAT1 cells. Therefore, the most logical explanation for this 
observation is that the AONs did not reach all the cells. Furthermore, we observed 
that in both patient cell lines, the expression levels of CHM in the AON-treated 
samples were lower compared to untreated or SON-treated cells. Here, several 
hypotheses could explain this fact. One option could be that the binding of the AON, 
besides pseudoexon skipping, also induces other types of splicing events that were 
not detected under the PCR conditions used. Also, the binding of the AON molecules 
may result somehow in some degradation of the aberrant transcript, although we 
have never observed this phenomenon in our previous studies with other AONs 
(Collin et al., 2012; Garanto et al., 2016). Further work to elucidate the mechanism 
of action of the AONs in this particular case needs to be performed.

Taken together, the data presented here show that AON can redirect aberrant 
CHM pre-mRNA splicing and highlights the therapeutic potential of these molecules 
to treat other subtypes of IRDs.
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Chapter 12
Gene Therapy Approaches to Treat 
the Neurodegeneration and Visual Failure 
in Neuronal Ceroid Lipofuscinoses

Sophia-Martha kleine Holthaus, Alexander J. Smith, Sara E. Mole, 
and Robin R. Ali

Abstract Neuronal ceroid lipofuscinoses (NCLs) are a group of fatal, inherited 
lysosomal storage disorders mostly affecting the central nervous system of children. 
Symptoms include vision loss, seizures, motor deterioration and cognitive decline 
ultimately resulting in premature death. Studies in animal models showed that the 
diseases are amenable to gene supplementation therapies, and over the last decade, 
major advances have been made in the (pre)clinical development of these therapies. 
This mini-review summarises and discusses current gene therapy approaches for 
NCL targeting the brain and the eye.
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12.1  Introduction

Neuronal ceroid lipofuscinoses (NCLs), more commonly referred to as Batten dis-
ease, are a group of rare, fatal, autosomal recessively inherited diseases that pre-
dominantly affect the central nervous system (CNS) with onset typically during 
childhood. Patients manifest with visual impairment, seizures, mental retardation, 
motor deterioration and premature death due to widespread loss of cells in the CNS 
including the retina. The disease is characterised by the progressive accumulation of 
autofluorescent storage material in the lysosome of neuronal and non-neuronal 
cells, which classifies this condition as a lysosomal storage disorder (Jalanko and 
Braulke 2009; Mole et al. 2005). The NCLs encompass a genetically heterogeneous 
group of diseases linked with 14 genes and over 400 mutations (www.ucl.ac.uk/ncl/
mutation) (Kousi et al. 2011; Warrier et al. 2013). Five NCL genes encode soluble 
lysosomal enzymes and proteins (PPT1, TPP1, CLN5, CTSD, CTSF), and five 
encode transmembrane proteins localised in the lysosome and pre-lysosomal pro-
cessing (CLN3, CLN7, CLN12), in the endoplasmic reticulum (ER) (CLN6, CLN8) 
and ER-Golgi intermediate compartment (CLN8). The genes CLN4, CLN11 and 
CLN14 express the soluble proteins DNAJC5, GRN and KCTD7 with less well- 
defined subcellular localisation. Whilst the function of many NCL genes coding for 
a soluble enzyme is known, the role of the genes coding for membrane-bound pro-
teins is not fully resolved (Kollmann et al. 2013). Nomenclature of NCLs takes into 
account the gene afflicted and the age of disease onset (Williams and Mole 2012). 
For example, juvenile-onset NCL, the form of the disease with the highest preva-
lence in the USA, is referred to as CLN3 disease, classic juvenile. NCLs are rare 
with a combined incidence of 1 in 100,000 worldwide and up to 1 in 12,500 in some 
regions of Northern Europe and the USA. (Jalanko and Braulke 2009).

Several genetically engineered and naturally occurring animal models (Bond 
et al. 2013) have been used to investigate various therapeutic strategies for NCLs 
including gene supplementation therapy, enzyme replacement, stem cell transplan-
tation and small compound delivery (Neverman et al. 2015; Geraets et al. 2016). 
This mini-review focuses on current gene therapy approaches for NCLs and high-
lights challenges for the development of gene supplementation therapies across dif-
ferent forms of NCL.

12.2  Progress Towards NCL Gene Therapy Targeting 
the Brain

An important consideration for the design of therapies for NCLs is whether the 
affected gene encodes a soluble lysosomal enzyme or a transmembrane protein. The 
supplementation of soluble enzymes is aided by the phenomenon of lysosomal 
cross-correction, which allows lysosomal enzymes to be taken up by cells from the 
circulation and other cells via the mannose-6-phosphate pathway (Kornfeld 1992; 
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Neufeld and Fratantoni 1970). Cross-correction does not occur with membrane- 
bound proteins, and therapies are required to target a greater number of cells to 
achieve meaningful therapeutic outcomes.

12.2.1  Gene Therapies for Soluble Enzyme Deficiencies

A large proportion of studies have focused on the development of AAV-mediated 
gene therapies targeting the brain in CLN2 disease, late infantile, caused by the 
deficiency in the soluble lysosomal enzyme tripeptidyl peptidase 1 (TPP1). Patients 
present with seizures, language delay, decline in cognition and motor function from 
2 to 4  years. Classic disease progression is rapid, resulting in death at around 
10 years of age (Fietz et al. 2016; Jadav et al. 2014). Various studies have used AAV 
vectors to deliver recombinant TPP1 to Tpp1−/− mice. Intracranial administration of 
AAV2/1 and AAVrh.10 carrying human TPP1 driven by an ubiquitous promoter 
showed widespread TPP1 enzyme activity outside the injection site (Cabrera- 
Salazar et al. 2007; Passini et al. 2006; Sondhi et al. 2007). Delivery of AAVrh.10.
hTPP1 and AAV2/1.hTPP1 led to better performances in motor and behavioural 
tasks as well as an increased lifespan with a mean of 162 days in AAVrh.10-treated 
and a mean of 216  days in AAV2/1-treated animals compared with a mean of 
138 days in untreated mice. Administration of the vectors reduced reactive gliosis, 
autofluorescent inclusions and axonal degeneration (Cabrera-Salazar et al. 2007). In 
2004, the first gene therapy safety trial was conducted in patients suffering from 
CLN2 disease, late infantile. Ten affected children between 3 and 10 years of age 
received injections through 6 burr holes in 12 cortical locations with an AAV2/2.
hCLN2 vector harbouring a CAG promoter and the human CLN2 transgene at an 
average dose of 2.5 × 1012 particles (Crystal et al. 2004). Shortly after vector admin-
istration, an 8-year-old subject died without signs of CNS inflammation. Another 
patient died in the follow-up period. The other eight subjects did not show adverse 
effects towards the treatment and initially a slight but non-significant slowing of the 
disease progression was reported (Worgall et al. 2008). Long-term follow-up results 
have not been published yet. Based on the higher transduction efficiency of 
AAVrh.10 in rodents and non-human primates (Cearley and Wolfe 2006; Jui-Yun 
Lua et al. 2010; Sondhi et al. 2007, 2012), a new phase I/II clinical trial has been 
initiated to deliver AAVrh.10.hCLN2  in 12 cortical locations in CLN2 disease 
patients (NCT01161576).

To avoid multiple brain injections, the therapeutic effect of transducing ependy-
mal cells through intracerebroventricular (ICV) AAV injections was investigated in 
Tpp1-deficient dogs, resulting in recombinant Tpp1 release to the CNS.  Dogs 
treated with AAV2/2 carrying canine Tpp1 maintained high levels of the recombi-
nant enzyme in the ependyma and various brain regions (thalamus, medulla, cau-
date, cerebellum and occipital cortex), leading to long-term relief of motor and 
cognitive symptoms as well as an increased average life span of 17.5 months com-
pared with 10.5 months in untreated dogs. Notably, inadequate immunosuppression 
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in these animals resulted in the presence of neutralising antibodies and reduction of 
recombinant Tpp1 activity back to baseline levels after 2 months (Katz et al. 2015). 
It remains to be seen whether this gene therapy approach is sufficient to deliver 
therapeutic levels of Tpp1 in larger brains and whether the production of neutralis-
ing antibodies can be prevented in a clinical setting.

Support for CNS-directed, AAV-mediated therapies in humans is provided by an 
unpublished large animal study involving sheep deficient in the soluble lysosomal 
protein Cln5. After ICV injections of AAV2/9, the mutant sheep presented with 
reduced neurological symptoms, preservation of intracranial volumes and decreases 
in neuronal atrophy, lysosomal storage material and gliosis. Their survival was sig-
nificantly prolonged, and one treated sheep was kept up to 37 months, 13 months 
longer than the average lifespan for this model. Further characterisation of treated 
animals is currently ongoing (Mitchell et al. 2016).

In more severe and faster progressing animal models of NCL, brain-directed 
AAV treatments alone did not have clear beneficial effects. A combined treatment 
of ICV and intraperitoneal injections with AAVrh8.Ctsd was required to extend 
lifespan from a mean of 29 days in untreated to 35 days in treated mice lacking 
Cathepsin D (Ctsd), a model for CLN10 disease, congenital (Pike et  al. 2011). 
Similarly, administration of AAV1/2.Ctsd into the striatum extended survival to 
63 days, but in combination with injections into the liver and stomach, the survival 
of the mice ranged from 63 to 198 days (Shevtsova et al. 2010). In Ppt1-deficient 
mice that model CLN1 disease, infantile, and that have a considerably slower dis-
ease progression than CtsD-deficient mice, CNS-directed gene therapy approaches 
only partially rescued the disease phenotype. Multiple intracranial injections with 
AAV2/2.hPPT1 or AAV2/5.hPPT1 in neonates slowed built-up of autofluorescent 
material, rescued brain histology and behavioural abnormalities, yet only moder-
ately increased longevity (Griffey et al. 2004, 2006; Macauley et al. 2012). This 
treatment combined with bone marrow transplants, however, enhanced rotarod per-
formance and survival for almost 10 months compared with an average lifespan of 
9 months in untreated animals (Macauley et al. 2012). Collectively, these studies 
demonstrate that although neurodegeneration is the predominant feature in all 
NCLs, gene therapies directly targeting the brain alone may prove an incomplete 
strategy.

12.2.2  Gene Therapy for Transmembrane Protein Deficiencies

Fewer gene therapy approaches have been published for transmembrane protein 
deficiencies in NCL due to the challenge to deliver transgenes efficiently throughout 
the brain. The most common form of these NCLs is CLN3 disease, classic juvenile, 
which manifests with vision loss followed by cognitive and motor deteriorations, 
behavioural abnormalities and seizures leading to death in the late 20s or early 30s 
(Schulz et al. 2013; Williams et al. 2006). The CLN3 gene encodes a lowly expressed, 
lysosomal membrane-bound protein of unknown function (The International Batten 
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Disease Consortium 1995; Mao et al. 2003). When newborn Cln3-deficient mice 
received six intracranial injections of AAVrh.10.CAG.hCLN3, a reduction in stor-
age material and astrocytosis, but not gliosis and neuronal loss, was observed 
18 months post vector administration. Behavioural and motor performances were 
not assessed due to the lack of obvious motor defects between untreated mutant 
animals and wild type controls at 18 months (Sondhi et al. 2014). Recently, another 
group has reported that intravenous (IV) delivery of a self-complementary (sc) 
AAV2/9.hCLN3 vector can have beneficial effects in Cln3-deficient mice (Bosch 
et al. 2016). This work followed studies demonstrating that scAAV2/9 can cross the 
blood-brain barrier (BBB) and reduces neurological symptoms and extends the 
lifespan of mouse models of spinal muscular atrophy and Rett syndrome (Foust 
et  al. 2010; Garg et  al. 2013). In the study by Bosch et  al., Cln3-deficient mice 
received IV injections at 4 weeks of age with vectors carrying CLN3 under the con-
trol of a ubiquitous β-actin promoter or a weak neuron-specific MeCP2 (methyl- 
CpG- binding protein 2) promoter. The animals were examined up to 5 months later 
(Bosch et al. 2016). It is not clear why the treatment with the weak MeCP2 pro-
moter, but not with the stronger ubiquitous promoter, led to rescue of a nonprogres-
sive rotarod defect and to less lysosomal storage material, gliosis and astrocytosis. 
Long-term effects of treatment on motor function and disease pathology were not 
investigated. scAAV2/9 vectors have also been used to treat Cln6nclf mice, a model 
for CLN6 disease, variant late infantile, that has a deficiency in the membrane- 
bound protein Cln6. In a pilot study, Cln6-deficient mice received ICV injections 
with scAAV2/9.CB.hCLN6, which resulted in an improved rotarod motor perfor-
mance and less lysosomal storage material up to 3 months of age (Cain et al. 2016). 
In view of the widespread transduction of cells in the CNS following intrathecal 
injections in rodents and non-human primates (Meyer et al. 2014), a phase I/II trial 
has started for CLN6 patients to receive intrathecal administration of scAAV2/9.
CB.hCLN6 (NCT02725580).

12.3  Ocular Gene Therapy Approaches for NCL

The majority of gene therapy studies on NCL have focused on the delivery of trans-
genes to the brain. However, visual failure is a key feature in NCL. In classic CLN3 
disease, visual decline starts between 4 and 7 years of age and leads to total blind-
ness within a couple of years. Once vision is lost, it can take up to 5 years before 
more severe neurological symptoms manifest, creating a time window for ocular 
treatments. The development of ocular therapies has been hampered by the lack of 
animal models for CLN3 disease with an early, pronounced visual failure. Focusing 
on the ocular phenotype of Cln6-deficient mice, we have demonstrated that although 
Cln6nclf animals presented with severe photoreceptor degeneration, transduction of 
photoreceptors with AAV2/8.hCLN6 did not restore retinal function or morphology. 
Since endogenous CLN6 was not only expressed in photoreceptors but also in bipo-
lar cells, mutant mice were treated intravitreally with the novel AAV serotype, 7m8, 
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to target the inner retina resulting in a significantly slowed loss of retinal function 
and photoreceptors (Holthaus et al. 2018). This indicates that NCL transmembrane 
protein defects are amenable to ocular gene therapies and that the transduction of 
the inner retina may be vital to achieve a therapeutic effect, in line with the reported 
expression of Cln3 in the bipolar cells and inner retinal abnormalities in patients 
(Collins et al. 2006; Ding et al. 2011). In Ppt1-deficient mice, a model characterised 
by mild photoreceptor degeneration, intravitreal administration of AAV2/2.hPTT1 
provided a significant increase in retinal function and reduced loss of photorecep-
tors (Griffey et al. 2005), further supporting the notion that AAV- based gene thera-
pies are a valid strategy to combat vision loss in NCL.

12.4  Summary

Promising progress has been made in the development of gene therapies for the 
NCLs (for an overview, see Table 12.1). Whilst the development of brain-directed 
gene supplementation strategies for membrane-bound protein defects is more chal-
lenging than for soluble enzyme deficiencies, the advent of more potent AAV sero-
types that are able to cross the BBB may result in major clinical advances in the near 
future. Gene therapy studies on soluble enzyme defects established that therapies 

Table 12.1 Summary of preclinical gene therapy approaches in NCL

Gene/protein 
defect

Protein 
solubility

Common mammalian 
NCL model

Preclinical gene therapies
Delivery 
route

AAV 
serotype

Organ/tissue 
targeted

CLN1/PPT1 Soluble Murine ICRN and 
IV
IVT

AAV2/5 and 
BMT
AAV2/2

Brain and 
systemic
Retina

CLN2/TPP1 Soluble Murine ICRN
ICRN

AAV2/1 
AAVrh.10

Brain
Brain

Canine ICV AAV2/2 Ependyma
CLN3 TM Murine ICRN

IV
AAVrh.10
scAAV2/9

Brain
Systemic

CLN4/
DNAJC5

Soluble – – – –

CLN5 Soluble Murine – – –
Ovine ICV ssAAV2/9 Brain

CLN6 TM Murine IVT
IT

7m8
scAAV2/9

Retina
Brain and spinal 
cord

Ovine – – –
CLN7 TM Murine – – –
CLN8 TM Murine – – –

Canine – – –

(continued)
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targeting the brain alone are not always sufficient. A combination of treatments 
targeting the brain and other affected organs may be essential for some forms of 
NCL such as CLN1 disease. Furthermore, it can be anticipated that combination 
therapies, for example, targeting the brain and eye, will significantly increase qual-
ity of life of patients.
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Chapter 13
Success of Gene Therapy in Late-Stage 
Treatment

Susanne F. Koch and Stephen H. Tsang

Abstract Retinal gene therapy has yet to achieve sustained rescue after disease 
onset – perhaps because transduction efficiency is insufficient (“too little”) and/or 
the disease is too advanced (“too late”) in humans. To test the latter hypothesis, we 
used a mouse model for retinitis pigmentosa (RP) that allowed us to restore the 
mutant gene in all diseased rod photoreceptor cells, thereby generating optimally 
treated retinas. We then treated mice at an advanced disease stage and analyzed the 
rescue. We showed stable, sustained rescue of photoreceptor structure and function 
for at least 1 year, demonstrating gene therapy efficacy after onset of degeneration. 
The results suggest that RP patients are treatable, even when the therapy is admin-
istered at late disease stages.
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13.1  Introduction

RP is a progressive neurodegenerative disorder and one of the leading causes of 
hereditary blindness (Hartong et al. 2006). In the early stage of the disease, periph-
eral rod photoreceptor degeneration is underway and patients experience night 
blindness. Rod degeneration continues in mid and late stages, causing tunnel vision. 
In the late stage, macular cone loss becomes significant enough that patients lose 
daylight vision (Sahel et al. 2010).

Gene therapy is currently the most promising treatment for RP and other inher-
ited retinal degenerative diseases. In preclinical studies, gene therapeutics are 
almost always delivered before the onset of cell degeneration. However, patients are 
typically diagnosed after onset of degeneration – with the majority already exhibit-
ing significant loss of rods and cones (Mitamura et al. 2012). Therefore, a therapeu-
tic must be able to demonstrate efficacy after disease onset  – even at late-stage 
disease. However, it has been suggested that treatment at later stages might be hin-
dered by a “point of no return” – beyond which, photoreceptor cell death is unpre-
ventable (Cepko and Vandenberghe 2013). An important research priority, therefore, 
is to understand whether late-stage treatment is even feasible.

In the present study, we used an RP mouse model in which mutant rod-specific 
cGMP phosphodiesterase 6b (PDE6b) can be restored to wild type in all rod photo-
receptors. Mutations in gene encoding PDE6B have been linked to RP (Cheng et al. 
2016). Using this novel tool to achieve optimal gene delivery, we then determined 
whether photoreceptor degeneration can be halted after disease onset. We demon-
strate significant sustained rescue, even when the therapy was administered at late 
disease stage.

13.2  Material and Methods

13.2.1  Animals

All experiments were approved by the Institutional Animal Care and Use Committee 
(IACUC) at Columbia University in New York. Mice were used in accordance with 
the Statement for the Use of Animals in Ophthalmic and Vision Research of the 
Association for Research in Vision and Ophthalmology and the Policy for the Use 
of Animals in Neuroscience Research of the Society for Neuroscience. Pde6bH620Q 
mice were rederived via oviduct transfer from morulae provided by the European 
Mouse Mutant Archive (Hart et  al. 2005; Davis et  al. 2008). Pde6bStop and 
Pde6gCreERT2 mice were generated in the Tsang laboratory, as previously described 
(Davis et al. 2013; Koch et al. 2015; Koch et al. 2017). All mice were maintained in 
the Columbia University Pathogen-free Eye Institute Annex Animal Care Services 
Facility under a 12-h light-dark cycle.
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13.2.2  Tamoxifen Injection

Tamoxifen (100 mg/ml in ethanol; Sigma-Aldrich T5648) was thoroughly mixed at 
42 °C, diluted with corn oil to a final concentration of 10 mg/ml, and then injected 
at a concentration of 100 μg/g body weight on three consecutive days (1 injection/
day), at the age of 2 months.

13.2.3  Immunohistochemistry and Morphometry

Mice were euthanized according to established IACUC guidelines and previously 
described procedures (Koch et  al. 2012). Antibodies were mouse anti-PDE6b 
(1:1000, PA1-7222, Thermo Scientific) and 488-coupled anti-PNA (1:800, L21409, 
Invitrogen). Quantitative analyses of outer nuclear layer (ONL) thickness were per-
formed on sections containing the optic nerve (at least three sections per eye) (Koch 
et al. 2017).

13.2.4  Electroretinography (ERG)

ERG analysis was performed at 1 year of age according to procedures described 
previously (Koch et al. 2015).

13.3  Results

13.3.1  Photoreceptor Degeneration in 2-Month-Old Pde6bStop/
Pde6bH620Q, PDE6gCreERT2 Mice

To investigate whether RP can be treated well after the onset of photoreceptor 
degeneration, we administered treatment to our RP mouse model Pde6bSTOP/
Pde6bH620Q, Pde6g::CreERT2 at an advanced disease stage. In the Pde6bSTOP/
Pde6bH620Q, Pde6g::CreERT2 mice, one allele of Pde6b carries a point mutation 
(Pde6bH620Q) that dramatically reduces function of PDE6b (Hart et al. 2005; Davis 
et al. 2008). The second allele carries a floxed Stop cassette (Pde6bStop) that prevents 
gene expression in the absence of Cre recombinase activity. After IP injection of 
tamoxifen, Pde6gCreERT2 is activated, the Stop cassette is removed, and PDE6b is 
expressed in all rods (Koch et al. 2015). We administered treatment (i.e., tamoxifen) 
to 2-month-old Pde6bSTOP/Pde6bH620Q, Pde6g::CreERT2 mice. At 2 months of age, 
the photoreceptors dramatically degenerated (Fig. 13.1a), and this was reflected by 
a significant decrease in ONL thickness compared to wild-type mice (P < 0.001) 
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(Fig.  13.1b). In addition, the PNA-labeled cone outer segment (OS) length was 
dramatically decreased (Fig. 13.1a). Based on this decrease in ONL thickness, by 
about 70%, compared to wild-type retina, we defined the 2-month-old Pde6bSTOP/
Pde6bH620Q, Pde6g::CreERT2 mice as being in late stage of RP disease.

13.3.2  Structural and Functional Rescue Despite Late-Stage 
Treatment

After tamoxifen treatment in 2-month-old Pde6bSTOP/Pde6bH620Q, Pde6g::CreERT2 
mice (i.e., late-stage treatment), we tested whether the remaining photoreceptors 
were rescued. To assess structural rescue, retinal sections from 1-year-old mice 
were immune labeled with PDE6b and PNA antibodies (Fig. 13.2a), which label rod 
and cone OSs, respectively. In untreated mutant Pde6bSTOP/Pde6bH620Q, 
Pde6g::CreERT2 retinas, the ONL was gone due to photoreceptor cell loss, and rod 
and cone OSs were complete degenerated. However, late-stage treatment preserved 
the remaining photoreceptors, as well as the rod and cone OSs. We next quantified 
the observed changes in ONL thickness. ONL thickness was significantly greater in 
retinas of mice treated at 2  months, compared to untreated mutants (P  <  0.001) 
(Fig. 13.2b).

We next tested whether retinal function was rescued after treatment at 2 months 
of age (i.e., late-stage disease). To do so, we performed ERG analysis in 1-year-old 
mice. Under light-adapted conditions with very bright flashes, to derive cone 
responses, wild-type retinas exhibited a cone-specific b-wave, which was strongly 
reduced in mutant Pde6bSTOP/Pde6bH620Q, Pde6g::CreERT2 mice; treatment rescued 

Fig. 13.1 Photoreceptor degeneration in untreated mutant Pde6bStop/Pde6bH620Q, PDE6gCreERT2 reti-
nas. Wild-type (wt) and mutant (mut) retinas were analyzed at 2 months of age, using immunos-
taining and quantitative analyses of sections. (a) Anti-PDE6b antibody (red) labels rod OSs. 
Anti-PNA antibody (green) labels cones. Nuclei were stained with Hoechst dye (blue). (b) 
Quantification of ONL thickness. Each gray dot represents an individual mouse (n = 3, for every 
group). Horizontal black lines represent the group means. An unpaired Student’s t-test was used to 
compare groups. Significant differences between wt and untreated mutant groups are labeled as 
follows: P < 0.001. OS outer segment, ONL outer nuclear layer. Scale bar, 10 μm
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the cone responses (Fig.  13.2c). The amplitudes of the b-wave were quantified, 
comparing treated and untreated mutants (Fig. 13.2d). Treatment at 2 months sig-
nificantly increased the cone b-wave amplitude (P < 0.001); this indicates that treat-
ment prevented the progressive degeneration of cones. Thus, we are able to 
demonstrate structural and functional rescue of photoreceptors  – even when the 
therapy was administered at late disease stage.

13.4  Discussion

In the present study, we used an RP mouse model Pde6bStop/Pde6bH620Q, PDE6gCreERT2, 
which allowed us to deliver the gene Pde6b uniformly to all rods in the retina,  
while also eliminating the problems associated with subretinal injections.  

Fig. 13.2 Preservation of retinal structure and function after gene therapy administered at late 
disease stage. Treated and mutant (mut) retinas were analyzed at 1 year of age, using immunostain-
ing and ERG. Mutant mice were treated with tamoxifen at 2 months of age. (a) Anti-PDE6b anti-
body (red) labels rod OSs. Anti-PNA antibody (green) labels cones. Nuclei were stained with 
Hoechst dye (blue). (b) Quantification of ONL thickness. Each gray dot represents an individual 
mouse (n = 3, for every group). (c) Representative ERG responses for cones from wild-type (black, 
wt), mutant (red, mut), and treated (blue) mice. (d) Statistical analysis of ERG amplitudes for the 
photopic cone-specific b-wave. Gray dots represent individual eyes (n = 8 for wt and mut, n = 6 for 
treated eyes). An unpaired Student’s t-test was used to compare treated and untreated mutant 
groups. Significant differences between treated and untreated mutant groups are labeled as fol-
lows: *** P < 0.001. Horizontal black lines represent the group means. OS outer segment, ONL 
outer nuclear layer. Scale bar, 10 μm

13 Success of Gene Therapy in Late-Stage Treatment



106

By administering tamoxifen at late disease stage, we mimicked the clinical  scenario, 
in which patients are typically diagnosed after onset of degeneration  – with the 
majority already exhibiting significant loss of rods and cones (Mitamura et  al. 
2012). In contrast, most previous animal studies administered the gene therapy 
before the onset of degeneration (Dejneka et al. 2004; Bennicelli et al. 2008). Our 
data clearly show long-term stability of both functional and structural rescue.

In recent retinal gene therapy clinical trials, some of the research subjects showed 
functional improvement (Bainbridge et  al. 2008; Cideciyan et  al. 2009; Maguire 
et al. 2009). However, it was also noted that photoreceptor loss had not been halted 
or even slowed (Cideciyan et al. 2013; Bainbridge et al. 2015; Jacobson et al. 2015; 
Wright 2015). It was suggested that there is a threshold of accumulated changes as 
a result of the mutation, after which photoreceptor death is inevitable (Cideciyan 
et al. 2013) – which has been called the “point of no return” (Cepko and Vandenberghe 
2013). If such a threshold (i.e., “point of no return”) exists, our mouse data demon-
strate that it would have to occur at very terminal disease stages – after our “late 
stage.” Instead, our study points to nonoptimal delivery of the gene therapeutic and 
clearly suggests that the way forward for developing RP therapeutics is to focus on 
optimizing delivery.
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Chapter 14
Optimizing Non-viral Gene Therapy  
Vectors for Delivery to Photoreceptors 
and Retinal Pigment Epithelial Cells
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Ozge Sesenoglu-Laird, Mark J. Cooper, and Muna I. Naash

Abstract Considerable progress has been made in the design and delivery of non- 
viral gene therapy vectors, but, like their viral counterparts, therapeutic levels of 
transgenes have not met the requirements for successful clinical applications so far. 
The biggest advantage of polymer-based nanoparticle vectors is the ease with which 
they can be modified to increase their ability to penetrate the cell membrane and 
target specific cells by simply changing the formulation of the nanoparticle compac-
tion. We took advantage of this characteristic to improve transfection rates of our 
particles to meet the transgene levels which will be needed for future treatment of 
patients. For this study, we successfully investigated the possibility of our estab-
lished pegylated polylysine particles to be administered via intravitreal rather than 
subretinal route to ease the damage during injection. We also demonstrated that our 
particles are flexible enough to sustain changes in the formulation to accommodate 
additional targeting sequences without losing their efficiency in transfecting neuro-
nal cells in the retina. Together, these results give us the opportunity to even further 
improve our particles.
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14.1  Introduction

Following major advances in molecular biology, the goal of gene therapy for the 
treatment of inherited diseases is about to become a reality. The eye is an ideal organ 
for gene therapy due to its relative isolation from the rest of the body via the blood- 
retina barrier (Shakib and Cunha-Vaz 1966) and the availability of noninvasive 
methods to measure visual performance. Inherited retinal degeneration is currently 
among the leading causes of blindness in developed countries, which only underlines 
the need for adequate gene therapy approaches. Major adverse events in patients 
treated with viral gene therapy vectors promoted the search for non-viral alternatives 
(Marshall 1999; 2002; Hacein-Bey-Abina et al. 2003) involving polymers which 
have the ability to compact the negatively charged DNA into nano-sized particles 
with almost neutral charge capable of penetrating the cell membrane. Our lab has 
successfully delivered many different transgenic DNA vectors via compaction with 
polylysine modified with polyethylene glycol (CK30PEG) (Farjo et al. 2006; Cai 
et al. 2010; Koirala et al. 2013b; Han et al. 2015). The CK30PEG particles are non- 
immunogenic and completely biodegradable and can carry vectors over 20 kb in 
size, which by far exceeds the payload of commonly used viral vectors (Vitiello 
et  al. 1996; Ziady et  al. 2003). Our experiments have shown that the CK30PEG 
particles easily transfect the cells in the retinal pigment epithelium (RPE) cells with 
high efficiency (Koirala et al. 2011, 2013b) and also lead to appreciable transgene 
expression in photoreceptors which are notoriously difficult to transfect (Farjo et al. 
2006; Han et al. 2015). However, to reach wild-type levels of therapeutic proteins 
and to make the particles suitable for clinical trials, the transfection efficiency needs 
to be improved further. The present study shows how this goal can be reached by 
modifying the particle size and shape by variations in the compaction formulation. 
We also investigated a possible alternative administration via intravitreal injection 
which is much less invasive as well as the possibility of altering the peptide sequence 
for compaction. For this purpose, the transfection efficiency of our particles was 
tested via a quantitative reporter assay using the luciferase gene with our well- 
characterized plasmid vectors.

14.2  Material and Methods

14.2.1  Animals

All experiments were performed according to protocols approved by the University’s 
Institutional Animal Care and Use Committee (IACUC) and followed the guidelines 
introduced by the Association for Research in Vision and Ophthalmology (ARVO). 
For this study, newborn wild-type (WT) agouti or 30-day-old Balb/C mice were 
injected subretinally or intravitreally under anesthesia induced with a mixture of 
ketamine and xylazine (Henry Schein Animal Health) or via hypothermia (for 
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pups). The eyes were dilated with 1% cyclopentolate and the cornea kept moist with 
Gonak™ 2.5% (Akorn Inc., Lake Forest, IL). The cornea was penetrated with a 33G 
insulin needle, and nanoparticles, naked DNA, or saline were delivered. Intraocular 
injections are described in detail in (Cai et al. 2010).

14.2.2  Vectors and Compaction

Vectors were constructed by the addition of the luciferase gene (described in 
Padegimas et  al. (2012)) into different vector backbones described in earlier 
publications (Koirala et al. 2011, 2013a). Vector constructs were compacted into 
nanoparticles with CK30PEG and other peptides with different lysine lengths 
(described in detail in Ziady et  al. (2003)). The resulting nanoparticles were 
concentrated to ~4 mg/ml. Quality control of the nanoparticles was determined by a 
panel of studies as described in Liu et al. and Ziady et al. (Liu et al. 2003; Ziady 
et al. 2003).

14.2.3  Luciferase Assays

Whole eyes were extracted at the indicated postinjection (PI) time points. Luciferase 
activity was measured by addition of luciferase reagent (Promega, Madison WI) to 
extracted protein and read on a luminometer (Turner BioSystems, Sunnyvale, CA) 
as described in Yurek et al. (2009a). Statistical analyses were performed with the 
GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA) using Kruskal-Wallis for 
nonparametric distribution with a Dunn’s posttest.

14.3  Results

14.3.1  Enhanced Transgene Expression in the RPE

Size and shape can have great influence on the capacity of CK30PEG particles to 
penetrate the tissue and mediate cellular uptake, and these parameters can be 
changed with variations in the compaction process. The counterion during 
compaction can have a significant impact on these parameters as shown before with 
acetate, which forms rod-shaped particles (diameter <11  nm), and with 
trifluoroacetate (TFA), which leads to ellipsoidal particles (diameter <22 nm for a 5 
kbp plasmid) (Fink et al. 2006). The tissue penetration depth of these particles is of 
particular interest, as the subretinal injection pathway is traumatic and generally 
leads to retinal detachment and significant functional loss (Farjo et al. 2006), while 
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the intravitreal route only causes minor tissue irritation and does not affect the 
retina. To test these different variables, we used our well-described pEPI delivery 
vector with the RPE-cell-specific promoter VMD2  in our CK30PEG particles. 
Encouragingly, the intravitreal injection route led to transgenic expression levels in 
the RPE equal if not better than the subretinal approach, even though the particles 
had to penetrate the whole retina to reach the RPE. In addition, intravitreal injection 
may lead to a more reliable outcome as the distribution of the particles is more even 
in the vitreous than in the subretinal space where efficient distribution is dependent 
on the degree of retinal detachment. The use of TFA as a counterion yielded an 
increase in transgene levels after subretinal injection but is comparable to acetate 
after intravitreal administration (Fig. 14.1).

14.3.2  Enhanced Transfection Efficiency in Photoreceptors

Due to their phagocytic activity, RPE cells have always been easier to target by gene 
delivery, while the neuronal photoreceptors have proven to be more challenging. 
However, we have previously shown that our CK30PEG particles are capable of 
transfecting the photoreceptors, especially when the particles were administered 
early in the life of the animal (Cai et al. 2010; Han et al. 2015). Our standard pEPI 
plasmid was equipped with the luciferase reporter gene as well as the well- 
characterized rhodopsin kinase (RK) promoter to ensure photoreceptor-specific 
expression. Three different sizes of polylysine were tested after injection of mice at 
postnatal day 5 (P5), CK14, CK21, and CK42 and compared to the established 
CK30 via the luciferase reporter assay (Fig. 14.2). The results showed that, indeed, 
the polylysine chain can be shortened to 21 repeats without negatively impacting 

Fig. 14.1 pVMD_Luc 
vectors were compacted 
with CK30P10K and two 
different counterions 
(acetate (Ac) or TFA) and 
subretinally or 
intravitreally injected into 
adult BALB/c mice. 
Analysis of luciferase 
activity in the eye was 
performed at PI-3. 
Averages were compared 
to saline-injected eyes 
(statistically significant 
means are highlighted with 
an asterisk)
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the efficiency of transfection and increasing the chain length to 42 does not improve 
the effectiveness any further.

14.4  Discussion

In this report, we share some of the results from our recent studies in formulation 
engineering of nanoparticles. The goal of these experiments is to take our successful 
non-viral vectors for gene therapy and apply some structural changes to the 
compaction peptide to potentially make them suitable for clinical trials. The 
CK30PEG particles previously used have been well characterized and are among 
the most successful versions of polymeric compaction agents for neurons in the 
retina and the brain as well as lung epithelial cells (Yurek et al. 2009b; Ziady et al. 
2010; Harmon et  al. 2014; Han et  al. 2015). Our first experiment was aimed at 
testing if our particles can be administered by the less invasive intravitreal approach 
without losing any transgene expression in the RPE in comparison to the subretinal 
injection. Our nanoparticles are not only performing at an equal rate when injected 
into the vitreous but also appear to show better reproducibility across the samples. 
This is very important for the applicability of the particles for future clinical trials. 
In the same experiment, we tested the influence of the size and shape of the particles 
on tissue penetration by changing the counterion during compaction. Interestingly, 
the difference between the two different particles was not significant in the mouse 
retina after intravitreal injection, but it might prove to be important in the larger 
retinas of patients. Also, this highlights one of the biggest advantages of our 
CK30PEG particles, as it shows the ease with which important particle characteristics 
can be modified.

An emerging topic in research for non-viral gene therapy vectors is the use of 
targeting sequences, which may either enhance the uptake rate or increase the cell 
specificity by docking the particles to specific cell-surface receptors (Wagner et al. 

Fig. 14.2 WT agoutis at 
postnatal day 1 (P1) were 
injected subretinally with 
pEPI-RK_Luc compacted 
with different lengths of 
polylysine and assessed at 
PI-30. Statistical analysis 
was performed comparing 
nanoparticle-injected to 
saline-injected eyes 
(significantly different 
means are highlighted with 
an asterisk)
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2010). In some systems, the addition of intracellular targeting signals can increase 
the availability of vectors for gene expression, and short nuclear targeting peptides 
have been shown to increase nuclear localization (Kalderon et  al. 1984). The 
CK30PEG nanoparticles, however, already have the advantage of interacting with 
the nucleolin receptor which mediates their fast cellular uptake and transcellular 
transport to the nucleus (Chen et al. 2008). To possibly improve gene transfection 
further, we are working on including other peptide sequences as mentioned above. 
The goal of our second experiment was to determine if structural changes in the 
compaction peptide can improve transgene activity. The results showed very clearly 
that a particle made with a polylysine chain shorter than CK21 is no longer mediating 
transfection of photoreceptor cells. Increasing the chain length to CK42 on the other 
hand did not increase transfection rates. Therefore, we can conclude that we have a 
solid 20 amino acid window to add targeting sequences in our future experiments 
without significantly impacting the overall size of the particles. This again 
emphasizes the great versatility of our particles and suggests that they will be a good 
addition to the current viral delivery vectors.
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Chapter 15
Nanoparticles as Delivery Vehicles 
for the Treatment of Retinal  
Degenerative Diseases

Yuhong Wang, Ammaji Rajala, and Raju V. S. Rajala

Abstract Over the last few years, huge progress has been made in the understand-
ing of molecular mechanisms underlying the pathogenesis of retinal degenerative 
diseases. Such knowledge has led to the development of gene therapy approaches to 
treat these devastating disorders. Non-viral gene delivery has been recognized as a 
prospective treatment for retinal degenerative diseases. In this review, we will sum-
marize the constituent characteristics and recent applications of three representative 
nanoparticles (NPs) in ocular therapy.
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15.1  Introduction

Ocular diseases currently still lack effective treatments; thus, the development of 
effective therapeutics is a primary research goal. So far, many delivery strategies 
have been explored, with gene delivery systems emerging as the most promising 
approach in this field (Han et al. 2011; Walkey et al. 2015; Wang et al. 2015). Gene 
delivery systems can be broadly classified into two groups, viral and non-viral 
delivery approaches. Each system comes with its own advantages and disadvan-
tages. Although adeno-associated viral (AAV) vectors have high gene transduction 
efficiency, they face a major biosafety issue for clinical applications. Therefore, 
development of effective non-viral approaches for ocular disease is of very high 
importance.

The advantages of non-viral nanoparticles include biodegradability, biocompat-
ibility, minimal toxicity, relatively large capacity, and simplicity of use (Adijanto 
and Naash 2015; Silva et al. 2015). Functionally, nanoparticles can serve as intrinsic 
antioxidants or as carriers to deliver drugs and biological macromolecules to target 
regions.

Nanoparticles for molecular therapy could be classified into three groups: (1) 
metal-based nanoparticles (metal NPs), (2) polymer-based nanoparticles (polymer 
NPs), and (3) lipid-based nanoparticles (lipid-protamine-DNA, LPD). The charac-
teristic features of these particles are described in Table 15.1. They differ in size, 
charge, shape, and structure, but all possess a mechanism to enter the cell, avoid or 
escape from endosomes, and finally enter the nucleus in order to deliver therapeutic 
agents (Adijanto and Naash 2015; Wang et al. 2015). The eye has unique advantages 
for the study of therapeutic agents due to the immune privilege, the ability to directly 
visualize the expression and locally treat the target tissue, and the benefit of a simul-
taneous control provided by the other eye.

Table 15.1 Three non-viral nanoparticles’ comparison in the eye

Nanoparticle Type Size Shape Charge Carrier Target cell

Nanoceria Metal NPs 3–5 nm Octahedral Positive Intrinsic Photoreceptors
RPENegative

Neutral
CK30 Polymer NPs <25 nm Rod Positive cDNA Photoreceptors

RPE
Ganglion cells

MicroRNA
Genomic DNA

LPD Lipid NPs 50–250 nm Sphere Positive cDNA Photoreceptors
RPE
Ganglion cells

MicroRNA
Lipid

Y. Wang et al.
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15.2  Metal-Based Nanoparticles

Over the past decade, several different types of metal nanoparticles have been char-
acterized. For example, cerium oxide (CeO2) nanoparticles and yttrium oxide 
(Y2O3) nanoparticles have been shown to have a high redox scavenging capability 
with little or no toxicity after delivery to the eye (Cai and McGinnis 2016b; Mitra 
et al. 2014; Wong and McGinnis 2014). Cerium oxide (CeO2) nanoparticles also 
have intrinsic antioxidant properties (Chen et al. 2006). Cerium is a rare earth ele-
ment, and cerium oxide (CeO2) is an inorganic compound that possesses catalytic 
antioxidant activity (Kong et al. 2011; Walkey et al. 2015; Zhou et al. 2011). These 
nanoceria particles can act as antioxidants similar to vitamins C and E. In addition, 
these particles also possess the catalytic antioxidant enzymatic activities of super-
oxide dismutase (SOD) and catalase (Kong et al. 2011; Walkey et al. 2015; Zhou 
et al. 2011).

15.3  Metal-Based Nanoparticle Application in Ocular 
Disease

The retina is exposed to chronic oxidative stress through several mechanisms, 
including constant exposure to light leading to reactive oxygen species generation 
by visual signal transduction pathways due to high oxygen consumption, oxidiza-
tion of polyunsaturated fatty acids, and phagocytosis of photoreceptor cells. In the 
healthy state, all cell types in the retina are able to maintain homeostasis under 
conditions of oxidative stress. However, when the balance between pro- and antioxi-
dative signaling is compromised, excessive oxidative stress induces dysregulation 
of functional networks and deleterious changes that result in visual impairment. 
Nanoceria particles have been used as therapeutics to destroy reactive oxygen spe-
cies (ROS) and prevent retinal degenerative disease phenotypes in animal models of 
diabetic retinopathy, dry age-related macular degeneration, neovascularization, and 
retinitis pigmentosa including inhibition of tumor growth of retinoblastoma (Cai 
et al. 2014a, b; Cai and McGinnis 2016a, b; Kong et al. 2011; Wong and McGinnis 
2014). These studies suggest that nanoceria have the potential to provide effective 
protection in retinal diseases and open a promising avenue for the treatment of ocu-
lar diseases due to their antioxidative properties.

15.4  Polymer-Based Nanoparticles

Researchers have used multiple polymer nanoparticles to deliver genes to ocular 
tissues; however, the most extensively characterized particle is CK30-PEG (Conley 
and Naash 2010). The CK30-PEG polymer nanoparticle contains a single molecule 
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of plasmid DNA compacted into nanoparticles (NPs) by a 10 kDa PEG-substituted 
lysine 30-mers (CK30-PEG). As a nanoparticle therapy, CK30-PEG NPs can 
directly transport molecules to the nucleus, where gene expression occurs. CK30- 
NPs have advantages in driving long-term, safe gene expression and improving ocu-
lar disease based on several key characteristics (Conley and Naash 2010). CK30-NPs 
have no theoretical limitation on plasmid size, and they do not provoke an immune 
response, and the compacted particle is efficiently taken up into both dividing and 
nondividing cells (Conley and Naash 2010; Han et al. 2011).

15.5  Polymer Nanoparticle Application in Ocular Disease

CK30-PEG NPs have been successfully used for the delivery of retinal pigment 
epithelium 65 (Rpe65) gene to rescue cone degeneration associated with 
Rpe65−/−mice (Koirala et al. 2013a, b). This approach has been shown to improve 
retinal morphology and function (Cai et al. 2010; Han et al. 2012a, b) (Koirala et al. 
2013a, b, 2014). CK30-PEG nanoparticles have also been used in packaging 
genomic DNA to rescue a rhodopsin-associated retinitis pigmentosa phenotype 
(Han et al. 2015). MicroRNAs (miRNAs) are a class of naturally occurring small, 
noncoding RNA molecules. miRNAs have been recognized as a key component in 
regulating cell biological development and may be involved in the pathogenesis of 
diabetic retinopathy (DR); therefore, CK30-PEG nanoparticle-mediated miR200-b 
have been delivered for the treatment of DR and lead to an effective anti-angiogenic 
therapy for DR (Mitra et al. 2016). Polymer NPs have a tolerable safety profile with 
a lack of immunogenicity in the retina. As such, CK30-PEG nanoparticles become 
a promising non-viral gene delivery vehicle for ocular diseases.

15.6  Lipid-Based Nanoparticles

Lipids, with their amphipathic properties, provide a potent tool for nanotechnology 
(Mashaghi et al. 2013). They can be self-assembled into nano-films and other nano-
structures, including micelles, reverse micelles, and liposomes (Mashaghi et  al. 
2013). The use of lipid nanoparticles as part of a gene or drug delivery system to 
provide treatment to the retina has been suggested (del Pozo-Rodriguez et al. 2013). 
Lipid-protamine-DNA (LPD) complexes have been characterized for in vivo gene 
delivery with reporter plasmid constructs (Li et  al. 1998; Li and Huang 1997). 
Liposome nanoparticles have been widely studied in molecular therapy due to their 
ease of use, commercial availability, efficient delivery, and biocompatibility advan-
tages (Honda et al. 2013; Wang et al. 2015; Zhu et al. 1993). Although multiple 
different types of liposome nanoparticles have been used in molecular therapy, 
peptide- modified LPD nanoparticles have been among the most successful in 
improving disease progression. LPD nanoparticles are electrostatically assembled 
from cationic liposomes and an anionic protamine-DNA complex with two peptides 
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NLS (nuclear localization peptides) and TAT (transactivator of transcription), and 
thereby peptide-modified LPD reach optimal transfer efficiency (Ma et al. 2013; 
Rajala et  al. 2014; Wang et  al. 2015). These peptide-modified LPD have many 
advantages for future clinical applications. First, liposome nanoparticles are able to 
deliver large molecular cargo. Second, the optimization of peptide-modified LPD 
nanoparticles allows multiple genes to be delivered simultaneously. Third, peptide- 
modified LPD formulations are more biocompatible and safe than viral vectors.

15.7  Lipid Nanoparticle Application for Ocular Diseases

In the eye, Rpe65 is a key enzyme, gene deficiency of which results in cone photo-
receptor degeneration in murine models (Znoiko et al. 2005). Our laboratory tested 
LPD nanoparticle delivery of Rpe65 gene in Rpe65-knockout mice, leading to cor-
rection of blindness. The efficacy of this method in restoring vision is comparable 
to AAV and lentiviral gene transfer (Rajala et al. 2014). LPD nanoparticles can also 
deliver microRNA-184 to the retina and successfully repress Wnt-mediated 
ischemia- induced neovascularization (Takahashi et al. 2015). One of the disadvan-
tages of lipid nanoparticles is that they cannot achieve cell specificity. The retina is 
composed of seven different kinds of neural cell layers, and improper delivery can 
lead to potentially harmful ectopic expression. We recently overcome this limitation 
using cell-specific promoters to delivery to specific cell types of retina, such as 
RPE, rod cell, cone cell, and ganglion cell (Wang et al. 2016). These studies suggest 
that peptide-modified LPD nanoparticles are attractive vehicles for ocular gene 
therapy in retinal disease treatment.

15.8  Conclusions

A successful molecular therapy strategy should encapsulate and protect the molecu-
lar materials, escape endosomal degradation, and reach the specific target site. The 
most challenging aspect of molecular therapy is delivering precisely the right quan-
tity of therapy molecule to stimulate optimal levels of expression in a specific cell 
type, without stimulating an immunity response from the host. Despite rapid 
advances in molecular therapy during the last two decades, major obstacles to clini-
cal applications for human diseases still exist. These impediments include manag-
ing the immune response, vector toxicity, and the lack of sustained therapeutic gene 
expression. The nanoparticles described above will overcome these barriers, allow-
ing us to achieve safe and effective molecular therapy.
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Chapter 16
Overexpression of Type 3 Iodothyronine 
Deiodinase Reduces Cone Death in the Leber 
Congenital Amaurosis Model Mice

Fan Yang, Hongwei Ma, Sanford L. Boye, William W. Hauswirth, 
and Xi-Qin Ding

Abstract Leber congenital amaurosis (LCA) is a devastating pediatric retinal 
degenerative disease, accounting for 20% of blindness in children attending schools 
for the blind. Mutations in the RPE65 gene, which encodes the retinal pigment 
epithelium- specific isomerohydrolase RPE65, account for 16% of all LCA cases. 
Recent findings have linked cone photoreceptor viability to thyroid hormone (TH) 
signaling. TH signaling regulates cell proliferation, differentiation, and metabolism. 
At the cellular level, TH action is regulated by the two iodothyronine deiodinases, 
DIO2 and DIO3. DIO2 converts the prohormone thyroxine (T4) to the bioactive 
hormone triiodothyronine (T3), and DIO3 inactivates T3 and T4. The present work 
investigates the effects of overexpression of DIO3 to suppress TH signaling and 
thereby modulate cone death/survival. Subretinal delivery of AAV5-IRBP/GNAT2-
hDIO3 induced robust expression of DIO3  in the mouse retina and significantly 
reduced the number of TUNEL-positive cells in the cone-dominant LCA model 
Rpe65−/−/Nrl−/− mice. Our work shows that suppressing TH signaling by overex-
pression of DIO3 preserves cones, supporting that suppressing TH signaling locally 
in the retina may represent a treatment strategy for LCA management.
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16.1  Introduction

Rod and cone photoreceptors degenerate in a wide array of hereditary retinal diseases, 
including the pediatric blinding disease Leber congenital amaurosis (LCA). LCA is a 
severe autosomal recessive retinal disease that appears at birth and early childhood, 
accounting for blindness in over 20% of children attending schools for the blind. 
Genetic studies have shown that mutations in at least 24 genes are associated with LCA 
(https://sph.uth.edu/retnet/). Among these, mutations in the RPE65 gene, which 
encodes the retinal pigment epithelium-specific isomerohydrolase RPE65, account for 
about 16% of all LCA cases. Though there are multiple pathological determinants, it is 
the death of cone photoreceptors that eventually leads to the loss of vision/blindness.

Thyroid hormone (TH) signaling regulates cell growth, differentiation, and 
metabolism. In the retina, TH signaling is well known for its regulation of cone 
opsin expression (Ng et al. 2001). TH signaling has also been linked to cone viabil-
ity. Treatment with the TH triiodothyronine (T3) leads to cone death (Ng et  al. 
2010). Recent studies have implicated a role of TH signaling in retinal degeneration, 
including LCA cone degeneration. Treatment with an antithyroid drug and targeting 
the cellular TH components significantly increased cone density in the LCA model 
Rpe65−/− mice (Ma et al. 2014; Yang et al. 2016). The intracellular TH signaling is 
primarily regulated by the two iodothyronine deiodinases: type 2 iodothyronine 
deiodinase (DIO2) and type 3 iodothyronine deiodinase (DIO3). DIO2 converts the 
prohormone thyroxine (T4) to T3, which then binds to the TH receptors in the 
nucleus to initiate downstream gene expression alterations, whereas DIO3 deacti-
vates both T4 and T3 (Fig. 16.1). We have shown that overexpression of DIO3 spe-
cifically in cones significantly increased cone density in Rpe65−/− mice and the 
achromatopsia model Cpfl1 mice with Pde6c defect (Yang et al. 2016). Here we 
report that subretinal delivery of AAV5-IRBP/GNAT2-hDIO3 significantly reduced 
cone death in the cone-dominant LCA model Rpe65−/−/Nrl−/− mice.

Fig. 16.1 The TH 
signaling. Circulating T4 
and T3 are transported into 
cells where T4 is converted 
to T3 by DIO2. T3 is then 
transferred to the nucleus 
and binds to TRs to initiate 
the downstream gene 
expression alterations. T4 
and T3 are degraded to T2 
and reverse T3 (rT3) by 
DIO3

F. Yang et al.
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16.2  Materials and Methods

16.2.1  Experimental Mice

The Rpe65−/− mouse line was provided by Dr. T.  Michael Redmond (NEI/NIH) 
(Redmond et al. 1998). The Nrl−/− mouse line was provided by Dr. Anand Swaroop 
(NEI/NIH) (Mears et al. 2001). As a unique cone-dominant mouse model, the Nrl−/− 
mouse line has been commonly used to study cone biology and disease (Farjo et al. 
2006; Ma et  al. 2013). The Rpe65−/−/Nrl−/− mouse line was generated by cross- 
mating. All mice were maintained under cyclic light (12-hour light-dark) conditions. 
All animal maintenance and experiments were approved by the local Institutional 
Animal Care and Use Committee (OUHSC, Oklahoma City, OK) and conformed to 
the guidelines on the care and use of animals adopted by the Society for Neuroscience 
and the Association for Research in Vision and Ophthalmology (Rockville, MD).

16.2.2  Construction of AAV5-IRBP/GNAT2-hDIO3 Vectors

The pCDM8 vector containing the DIO3-WT was provided by Dr. P. Reed Larsen 
at the Brigham and Women’s Hospital (Boston, MA). The pCDM8-hDIO3-Cys was 
generated by replacing codons TGA for selenocysteine (Sec) residue at positon 144 
with codons TGC for cysteine (Cys) by mutagenesis. The AAV5-IRBP/GNAT2- 
hDIO3- WT and AAV5-IRBP/GNAT2-hDIO3-Cys vectors were constructed and 
produced as we described previously (Yang et al. 2016).

16.2.3  Subretinal Injection of AAV5-IRBP/GNAT2-hDIO3 
Vectors

The subretinal injection was performed as described previously (Yang et al. 2016). 
One microliter of AAV5-IRBP/GNAT2-hDIO3 (1 × 1010 vector genomes) vector in 
PBS was injected subretinally into one eye of each mouse, and the contralateral eye 
was injected with 1 μl of vehicle (PBS). Only eyes with no apparent surgical com-
plications were retained for further evaluation.

16.2.4  qRT-PCR

Total RNA preparation and reverse transcription were performed as described previ-
ously (Ma et al. 2013). The primers used to detect hDIO3 and the mouse hypoxan-
thine guanine phosphoribosyl transferase 1 (Hprt1) were described previously 
(Yang et al. 2016).
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16.2.5  TUNEL Assay

The TUNEL assays were performed to evaluate photoreceptor apoptotic death using 
the In Situ Cell Death Fluorescein Detection Kit (Roche Diagnostics, Indianapolis, 
IN), as described previously (Ma et al. 2015).

16.3  Results

16.3.1  Expression of DIO3 in Retinas of Nrl−/− Mice 
After Subretinal Delivery of AAV5-IRBP/
GNAT2-hDIO3

We examined the expression of the transgenes in  vivo using Nrl−/− mice, a 
 cone- dominant mouse line. Nrl−/− mice at postnatal day 5 (P5) received subretinal 
injections of the two AAV5-IRBP/GNAT2-hDIO3 viral vectors or vehicle and were 
analyzed for retinal expression of hDIO3 by qRT-PCR at P30. The mRNA expres-
sion levels of DIO3-WT and DIO3-Cys were increased by about 70-fold and 3500- 
fold, respectively, compared to vehicle-treated controls (data not shown). These 
results showed that both the wild-type and the cysteine mutant transgenes induced 
robust expression of DIO3  in the mouse retina, and the expression of cysteine 
mutant transgene was much higher than the wild-type transgene.

16.3.2  Subretinal Delivery of AAV5-IRBP/GNAT2-hDIO3 
Reduced Cone Death in Rpe65−/−/Nrl−/− Mice

The effects of overexpression of DIO3 on the cone death/survival were then inves-
tigated in Rpe65−/−/Nrl−/− mice. Rpe65−/−/Nrl−/− mice exhibit a cone defect pheno-
type similar to that in Rpe65−/− mice and have been used to study LCA cone defects 
(Kunchithapautham et al. 2009). Animals were subretinally injected with virus or 
vehicle at P5 and were evaluated for cone death by TUNEL labeling at P30. The 
number of TUNEL-positive cells in Rpe65−/−/Nrl−/− mice treated with AAV5-IRBP/
GNAT2-hDIO3 virus was reduced by 20–30%, compared to vehicle-treated con-
trols (Fig.  16.2), suggesting that overexpression of DIO3 reduced cone death. 
Although the expression level of the Cys mutant was much higher than that of the 
wild-type, the wild-type and the Cys mutant induced similar functional effects, 
which is consistent with the previous structure-function relationship studies show-
ing that replacing Sec with Cys increases the protein expression but reduces the 
activity (Kuiper et al. 2003).
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16.4  Discussion

Based on our previous findings that antithyroid drug treatment and overexpression 
of DIO3 preserved cones in retinal degeneration model mice, including Rpe65−/− 
mice (Ma et al. 2014; Yang et al. 2016), this work investigated the effects of overex-
pression of DIO3 on cone death, using the cone-dominant Rpe65−/−/Nrl−/− model. 
We found that subretinal injection of AAV5-IRBP/GNAT2-hDIO3 induced robust 
expression of hDIO3 and significantly decreased cone death in Rpe65−/−/Nrl−/− 
mice. Our findings support the protective role of TH signaling suppression in degen-
erating cones and that the increased cone density observed in Rpe65−/− (and Cpfl1) 
after TH signaling suppression is attributed to reduced cell death.

Fig. 16.2 Subretinal injection of AAV5-IRBP/GNAT2-hDIO3 reduced cone death in Rpe65−/−/
Nrl−/− mice. Rpe65−/−/Nrl−/− mice at P5 received subretinal injections of AAV5-IRBP/Gnat2- 
hDIO3- WT and AAV5-IRBP/Gnat2-hDIO3-Cys (1  ×  1010 vector genomes, 1.0  μl) or vehicle 
(PBS) and were analyzed for cone death by TUNEL labeling at P30. Shown are representative 
confocal images showing TUNEL-positive cells on retinal sections and the corresponding quanti-
tative analysis. Data are represented as mean  ±  SEM of 4–5 mice in each group. Unpaired 
two-sample Student’s t-test was used to determine significance between the viral-treated and 
vehicle- treated groups (* p < 0.05). ONL Outer nuclear layer, INL inner nuclear layer
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The importance of DIO3  in cellular TH signaling regulation has been well 
 documented in retinal and other neuronal tissues using Dio3−/− mice. These mice 
displayed auditory defects (Ng et al. 2009), premature cochlear differentiation (Ng 
et al. 2009), and loss of cones (Ng et al. 2010), which were rescued or partially 
rescued by deletion of the TH receptors. The importance of DIO3 in local TH sig-
naling regulation and cell survival has also been supported by its induction/upregu-
lation under a variety of pathological conditions, critical illnesses, and regeneration 
processes. The significance of such induction regulation has been attributed to 
decreased expenditure and reduced cell metabolism in the face of hypoxic and stress 
conditions (Dentice et al. 2014).

The mechanism(s) by which TH signaling suppression preserves cones remains 
to be determined. One of the potential mechanisms is overexpression of the TH 
components under pathological conditions. We have shown that the expression lev-
els of the TH components, including DIO2 (Yang et al. 2016), the TH transporter 
MCT8 (Yang et al. 2016), and TH receptors (Ma et al. 2017), were significantly 
increased in the cone degeneration retinas. Upregulation of the TH components has 
also been reported in other pathological conditions (Curcio et al. 2001). This upreg-
ulation could be a result of the pathological conditions, which could in turn further 
contribute to the disease progression. Nevertheless, the findings that the expressions 
of TH components are upregulated in degenerating cones explain, at least in part, 
how suppressing TH signaling preserves cones.

In summary, we demonstrate that ocular inhibition of TH signaling by overex-
pression of DIO3 reduces cone death in LCA mouse model. Our findings suggest 
that targeting TH signaling locally in the retina represents a novel strategy for cone 
protection in LCA management. Indeed, the effective cone preservation is essential 
for a useful vision and maintenance of life quality.
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Chapter 17
In Vivo Functional Imaging of Retinal 
Neurons Using Red and Green Fluorescent 
Calcium Indicators

Soon K. Cheong, Wenjun Xiong, Jennifer M. Strazzeri,  
Constance L. Cepko, David R. Williams, and William H. Merigan

Abstract Adaptive optics retinal imaging of fluorescent calcium indicators is a 
minimally invasive method used to study retinal physiology over extended periods 
of time. It has potential for discovering novel retinal circuits, tracking retinal func-
tion in animal models of retinal disease, and assessing vision restoration therapy. 
We previously demonstrated functional adaptive optics imaging of retinal neurons 
in the living eye using green fluorescent calcium indicators; however, the use of 
green fluorescent indicators presents challenges that stem from the fact that they are 
excited by short-wavelength light. Using red fluorescent calcium indicators such as 
jRGECO1a, which is excited with longer-wavelength light (~560 nm), makes imag-
ing approximately five times safer than using short-wavelength light (~500  nm) 
used to excite green fluorescent calcium indicators such as GCaMP6s. Red fluores-
cent indicators also provide alternative wavelength imaging regimes to overcome 
cross talk with the sensitivities of intrinsic photoreceptors and blue light-activated 
channelrhodopsins. Here we evaluate jRGECO1a for in vivo functional adaptive 
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optics imaging of retinal neurons using single-photon excitation in mice. We find 
that jRGECO1a provides similar fidelity as the established green indicator 
GCaMP6s.

Keywords Adaptive optics · jRGECO1a · Calcium indicator · Retinal imaging · 
Ganglion cells

17.1  Introduction

We previously demonstrated functional imaging of retinal neurons in the living eye 
by combining adaptive optics (AO) and green fluorescent genetically encoded cal-
cium indicators (Yin et al. 2013, 2014). In vivo functional imaging enables long- 
term study of the same retinal neurons over weeks to months making it ideal for the 
study of the time course of retinal function at a cellular scale during retinal disease 
and after vision restoration therapy. Because in vivo retinal imaging uses light to 
probe retinal function, the challenges of using green fluorescent indicators such as 
those of the GCaMP family are particularly relevant and stem from the fact that they 
are excited by short-wavelength light around 500  nm. Short-wavelength light is 
more phototoxic than long-wavelength light (Ham et al. 1976); the maximum per-
missible exposure of the longer 561 nm wavelength light used to excite the red fluo-
rescent genetically encoded calcium indicator jRGECO1a (Dana et  al. 2016) is 
approximately five times greater compared to 488 nm light used to excite GCaMP6s 
(Zhang et al. 2016). The excitation spectra of GCaMP indicators overlap with the 
spectral sensitivities of mouse medium-wavelength-sensitive (M)opsin, rhodopsin, 
and melanopsin (Fig. 17.1a, Lyubarsky et al. 1999; Walker et al. 2008; Wang et al. 
2011). The excitation spectra of GCaMP indicators also overlap with blue light- 
sensitive ion channels such as channelrhodopsin-2 (Nagel et  al. 2003) making it 
challenging to use with optogenetics. To advance the utility of functional AO retinal 
imaging, we imaged jRGECO1a with single-photon excitation in mice. We found 
that jRGECO1a provides similar fidelity as GCaMP6s (Chen et al. 2013), which 
provides an alternative wavelength regime for functional AO retinal imaging along 
with improved light safety.

17.2  Materials and Methods

All animal procedures were conducted according to the ARVO Statement for the Use 
of Animals in Ophthalmic and Visual Research and the Guidelines of the Office of 
Laboratory Animal Care at the University of Rochester. All protocols were approved 
by the University Committee on Animal Resources at the University of Rochester.
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Fig. 17.1 (a) Action spectra of mouse opsins, 365 nm LED stimulus, excitation and emission 
spectra of GCaMP6s and jRGECO1a, and fluorescence excitation imaging lasers. (b, c) Fluorescent 
fundus images of jRGECO1a (b) and GCaMP6s (c) expression. Scale bar: 500 μm. (d, e) In vivo 
adaptive optics images of jRGECO1a (d) and GCaMP6s (e) fluorescent neurons. Scale bar: 10 μm
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17.2.1  Animal Preparation

Adult C57BL/6 J mice (The Jackson Laboratory, USA) were used in this study. For 
short (<30 min) procedures including intravitreal injections and fundus imaging, 
mice were anaesthetised using ketamine (0.1 mg g−1, JHP Pharmaceuticals, USA) 
and xylazine (0.01 mg g−1, Akorn Inc., USA). For AO imaging (~ 2 h), mice were 
anaesthetised using a cocktail containing fentanyl (0.05  μg g−1, West-Ward 
Pharmaceuticals Corp., USA), dexmedetomidine (Dexdomitor, 0.5 μg g−1, Orion 
Corp., Finland), and midazolam (5  μg g−1, West-Ward Pharmaceuticals Corp., 
USA). At the conclusion of the AO imaging session, mice were given a reversal 
cocktail containing naloxone (1.2  μg g−1, Hospira Inc., USA), atipamezole 
(Antisedan, 2.5 μg g−1, Orion Corp., Finland), and flumazenil (0.5 μg g−1, Hikma 
Pharmaceuticals, UK). Drugs were administered intraperitoneally. Adequate anaes-
thesia was evaluated by checking the toe-pinch and corneal reflexes. During AO 
imaging, additional heating was provided to maintain the internal body temperature 
at 37 °C, and animals were ventilated on 100% oxygen.

17.2.2  AAV-Mediated Gene Transfection of Mouse Retinal 
Neurons

Adeno-associated viral (AAV) vectors were used to transfect mouse retinal neurons 
with genes of interest. Constructs used were AAV2.CAG.jRGECO1a.WPRE.SV40, 
titre 5 × 1012 GC mL−1, produced in the laboratory of Dr. Cepko, Harvard Medical 
School; AAV9.Syn.GCaMP6s.WPRE.SV40, titre 4.04 × 1013 GC mL−1; and AAV2.
Syn.GCaMP6s.WPRE.SV40, titre 2.38  ×  1013 GC mL−1 purchased from the 
University of Pennsylvania Vector Core. Intravitreal injections of 2 μl per eye were 
made in 3-week-old animals. One male and one female mouse received AAV2.
jRGECO1a, two males received AAV9.GCaMP6s, and four females received AAV2.
GCaMP6s. A fundus camera (Micron III, Phoenix Research Laboratories, USA) 
with custom filters (GCaMP6s, excitation FF01–498 SP [Semrock Inc., USA], 
emission ET525/50 [Chroma Technology Corporation, USA]; jRGECO1a, excita-
tion FF02–525/40 [Semrock Inc., USA], emission band-pass 590/47) was used to 
assess and map gene expression.

17.2.3  In Vivo Functional AO Calcium Imaging

In vivo retinal imaging was done with a custom-built mouse adaptive optics scan-
ning light ophthalmoscope (see Geng et al. 2012 for system details). Reflectance 
imaging of blood vessels was performed using an infrared 790  nm laser diode 
(S790-G-I-15, Superlum Diodes Ltd., Ireland), and simultaneous fluorescence 
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imaging of either GCaMP6s or jRGECO1a was performed using a multichannel 
laser diode (iChrome MLE-L, Toptica Photonics Inc., USA); GCaMP6s (excitation, 
488 nm; emission band-pass filter, FF01–520/35) (Semrock Inc., USA); and jRGE-
CO1a (excitation, 561 nm; emission band-pass filter, FF01–630/92) (Semrock Inc., 
USA). Wavefront sensing was performed using a 905 nm laser diode (QFLD-905- 
10S, QPhotonics LLC, USA). All imaging lights were scanned over a 5 × 6.7° field 
on the retina. Light intensity at the pupil was 185 μW for 796 nm, 100 μW for both 
488 and 561 nm, and 7 μW for 904 nm. A 50 μm confocal pinhole was used for 
infrared reflectance and 75 μm pinhole for fluorescence.

Mice were positioned in a custom-built holder with bite bar, and contact lenses 
were placed on the eyes to prevent the corneas from drying. A 365  nm LED 
(M365 L2-UV; Thorlabs, USA) was presented in Maxwellian view over an 8° diam-
eter patch of the retina to drive short-wavelength-sensitive (S-)opsin. Stimuli were 
temporally modulated, uniform field, square waves. Figure 17.1a shows the mea-
sured spectra of the stimulus and imaging lights, spectral sensitivities of mouse 
opsins, and action spectra of GCaMP6s and jRGECO1a.

Eye motion was computed using the reflectance images of retinal vasculature 
(Dubra and Harvey 2010), and motion correction was applied to both reflectance 
and fluorescence data. Cell segmentation was performed manually. Response time 
course was obtained by calculating the mean pixel intensity of each region of inter-
est as a function of time. A fast Fourier transform algorithm was used to compute 
the signal amplitude and phase at the stimulus frequency (F1) and the DC compo-
nent (F0). Normalised response was quantified as the ratio F1/F0. All data analysis 
used MATLAB (MathWorks, USA).

17.3  Results

Widespread expression of jRGECO1a and GCaMP6s was achieved in C57BL/6 J 
mice retina. Figure 17.1b, c shows fluorescent fundus images of jRGECO1a and 
GCaMP6s expression, respectively. Both AAV9.Syn.GCaMP6s and AAV2.Syn.
GCaMP6s resulted in expression of GCaMP6s; however, AAV2.Syn.GCaMP6s 
produced more consistent expression across eyes injected as well as more wide-
spread retinal coverage in each eye (data not shown). Figure 17.1d, e shows fluores-
cent neurons expressing jRGECO1a and GCaMP6s imaged in vivo with AO. Note 
the visibility of axon bundles in Fig. 17.1d indicating expression in ganglion cells. 
Axon bundles were also observed in retina expressing GCaMP6s but are not visible 
in Fig. 17.1e.

Robust measurements of neuronal responses to a flashing 365 nm LED stimulus 
were made using jRGECO1a. Figure 17.2a–f shows response time courses for six 
example neurons; ON cells are shown in a, c, and e and OFF cells in b, d, and f. 
Response amplitude was quantified (see methods), and histograms of responses to a 
365 nm stimulus and “no stimulus” are shown in Fig. 17.2g, h, respectively. No 
response amplitudes above 0.04 were observed in the “no stimulus” condition so we 
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Fig. 17.2 Responses measured with jREGECO1a. (a–f) Response time courses of cells to a 
365 nm LED stimulus. Shaded bars indicate stimulus presentation. Three trials for each cell are 
shown. ON responses are shown in a, c, and e and OFF responses in b, d, and f. (g) Frequency 
histogram of cell responses to 365 nm stimulus (n = 323). Dashed vertical line indicates a response 
threshold of 0.04. (h) Frequency histogram of cell responses to “no stimulus” (n  =  238). (i) 
Frequency histogram of response phase for cells with response greater than 0.04 in the 365 nm 
stimulus condition (n = 185). ON and OFF labels indicate cells with respective responses
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considered cells with response amplitudes above 0.04  in the 365  nm  stimulus 
 condition as “responsive” and further analysed their response phase. Figure 17.2i 
shows a frequency response phase histogram of “responsive” cells. Note that the 
histogram appears bimodal; the two separate distributions correspond to ON and 
OFF cells.

Robust measurements of neuronal responses were also made using GCaMP6s. 
No differences in function between AAV9.GCaMP6s and AAV2.GCaMP6s were 
observed so data were pooled. Figure 17.3 shows responses to 365 nm LED stimuli 
measured with GCaMP6s. Data are presented as in Fig.  17.2; example response 
time courses of ON and OFF cells are shown in Fig. 17.2a–f, histogram of response 
amplitudes to 365 nm LED stimulus in Fig. 17.2g, histogram of response  amplitudes 
to “no stimulus” in Fig.  17.2h, and response phase histogram for all cells with 
response amplitude greater than 0.04 in Fig. 17.2i.

17.4  Discussion

The purpose of this study was to explore the use of a red-shifted genetically encoded 
calcium indicator for in vivo functional AO imaging of the retina. We show that AO 
ophthalmoscopy of both red-shifted and green fluorescent calcium indicators, 
jRGECO1a and GCaMP6s, provide robust measurements of neuronal activity in the 
retina. Our virus constructs resulted in widespread and bright expression of jRGE-
CO1a and GCaMP6s; however, the mean intensity and signal-to-noise ratio of 
jRGECO1a were lower than GCaMP6s (Figs.  17.2a–f and 17.3a–f). Response 
amplitudes measured with GCaMP6s also tended to be larger than with jRGECO1a 
(Figs. 17.2g and 17.3g); however, these differences do not permit a precise compari-
son of the two because many factors affect measured intensity. For example, mea-
sured resting fluorescence and signal-to-noise ratio are dependent on the ocular 
optics as well as level of expression, which often differs from eye to eye despite 
consistent injection parameters. In the original report on jRGECO1a, the authors 
show that jRGECO1a exhibits similar performance to the GCaMP6 indicators; 
however, jRGECO1a responses in  vivo were still smaller than GCaMP6s likely 
because of signal saturation at high firing rates (Dana et al. 2016).

One of the benefits of using red fluorescent calcium indicators for functional AO 
retinal imaging is improved light safety from imaging with longer-wavelength light. 
It is well established that high-intensity blue light induces photochemical damage in 
the retina and retinal pigment epithelium (Ham et al. 1976; Wu et al. 2006; Hunter 
et al. 2012). The longer-wavelength 561 nm light used in this study to excite jRGE-
CO1a provides approximately a fivefold improvement in light safety compared to 
the 488 nm light used to excite GCaMP6s (Zhang et al. 2016). The greater safety of 
red fluorescent calcium indicators is particularly important for in vivo imaging of the 
retina because a major benefit of this technique is the ability to perform repeated 
imaging of the retina over weeks to months, which carries the risk of phototoxicity.
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Fig. 17.3 Responses measured with GCaMP6s. (a–f) Response time courses of cells to a 365 nm 
LED stimulus. Shaded bars indicate stimulus presentation. Three trials for each cell are shown. ON 
responses are shown in a, c, and e and OFF responses in b, d, and f. (g) Frequency histogram of 
cell responses to 365 nm stimulus (n = 987). Dashed vertical line indicates a response threshold of 
0.04. (h) Frequency histogram of cell responses to “no stimulus” (n = 681). (i) Frequency histo-
gram of response phase for cells with response greater than 0.04 in the 365 nm stimulus condition 
(n = 752). ON and OFF labels indicate cells with respective responses
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Recently discovered red-shifted channelrhodopsins (Lin et al. 2013; Klapoetke 
et al. 2014; Tomita et al. 2014) may be used with green fluorescent calcium indica-
tors to enable all optical recording and activation of neuronal responses. However, 
the most sensitive channelrhodopsin found to date is activated by blue light 
(Klapoetke et al. 2014). Thus, a red fluorescent calcium indicator would be neces-
sary in a combined preparation.

Red calcium indicators derived from mRuby such as jRCaMP1a and jRCaMP1b 
may be more ideal for combined use with optogenetics because they do not exhibit 
photoswitching in response to blue light, unlike jRGECO1a (Dana et al. 2014).

A remaining serious challenge for optical recording of neuronal responses in the 
eye is the activation and bleaching of photoreceptors with the intense light needed 
to excite the fluorescent calcium indicator. Shifting the excitation spectra to longer 
wavelengths reduces photoreceptor activation with single-photon excitation. Future 
implementation of two-photon imaging of red fluorescent calcium indicator will 
greatly reduce photoreceptor activation and bleaching.
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Chapter 18
Optimizing ERG Measures of Scotopic 
and Photopic Critical Flicker Frequency

Marci L. DeRamus and Timothy W. Kraft

Abstract A visual response to flickering light requires complex retinal computa-
tion, and thus ERG measures are an excellent test of retinal circuit fidelity. Critical 
flicker frequency (CFF) is the frequency at which the retinal response is no longer 
modulated. Traditionally, CFF is obtained with a series of steady flicker stimuli with 
increasing frequencies. However, this method is slow and susceptible to experimen-
tal drift and/or adaptational effects. The current study compares the steady flicker 
method to CFF measurements obtained using a frequency sweep protocol. We intro-
duce a light source programmed to produce a linear sweep of frequencies in a single 
trial. Using the traditional steady flicker method and a criterion response of 3 μV, we 
obtained a scotopic CFF of 18.4 ± 0.66 Hz and a photopic CFF of 44.4 ± 1.67 Hz. 
Our sweep flicker method, used on the same animals, produces a waveform best 
analyzed by Fourier transform; wherein a 6.18 log μV2 threshold was found to yield 
CFF values equal to those of the steady flicker method. Thus, the two flicker ERG 
techniques give comparable results, under both dark- and light-adapted conditions, 
and the flicker sweep method is faster to administer and analyze and may be less 
susceptible to blinking, breathing, and eye movement artifacts.

Keywords Electroretinography · Critical flicker frequency · Sweep flicker · 
Photoreceptors · Murine retina

18.1  Introduction

Electroretinogram (ERG) is an in vivo method used to assess electrophysiological 
health of the retina by measuring the massed electrical responses of retinal cells to 
light. Changing the intensity, length, and characteristics of the light stimuli used can 
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parse out the roles of different retinal cell types (Fishman et al. 2001; Frishman and 
Wang 2011; Tanimoto et al. 2009; Pardue and Peachey 2014). Assessment of the 
different waves produced provides insights about the health of the different retinal 
cell types. Sinusoidal flickering stimuli will produce a modulated ERG response, 
following the stimulus, with decreasing ERG amplitude to higher frequencies of 
flicker (Nowak and Green 1983; Rubin and Kraft 2007; Bowles and Kraft 2012). 
Flicker ERG can be used to isolate rod and cone function independently of each 
other using the proper light intensities and frequencies (Rubin and Kraft 2007; 
Zhang et  al. 2012). Critical flicker frequency (CFF), the frequency at which the 
response to a flickering light appears steady, can be obtained by measuring flicker 
ERG responses to many frequencies of sinusoidal flicker. However, this method is 
tedious and time consuming; it allows possible drift or adaptation over time as well 
as possible interruptions in experimentation, confounding the results. In order to 
provide a more efficient and stable measurement of CFF, the current study used a 
high-luminance LED light source programmed to produce a linear sweep of flicker 
frequency in a single trial. Steps of steady equiluminant light before and after the 
frequency sweep ensure a stable baseline from which to measure response to flicker.

18.2  Materials and Methods

18.2.1  Experiment with Animals

All mice procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Alabama at Birmingham. Wild-type (WT) animals 
on a C57BL/6 J background were maintained in animal care facilities on a standard 
12/12-h light/dark cycle. Mice of either sex, between 1 and 5 months of age, were 
used for all experiments.

18.2.2  Scotopic and Photopic Critical Flicker Frequency

The LED light source was a high efficient luminance green LED (LZ1-00G102, 
LED Engin, San Jose, CA) with a center wavelength of 525 nm and a bandwidth of 
36 nm. For the flicker stimulus, the photopic mean power was 7.42 W/s delivered 
uniformly across a 2 mm diameter contact lens. The maximum and minimum inten-
sity values measured were 14.56 and 0.468 W/s, respectively, resulting in a Michaelis 
contrast of 94%. The scotopic intensity was produced by attenuating with calibrated 
Wratten neutral density filters, reducing intensities by 3.49 log units to a mean level 
of 2.40 mW/s. Using pulse width modulation, the LED was programmed to produce 
a linear sweep of flicker frequency in a single trial, with the starting frequency, end-
ing frequency, and duration set by the operator. Percent contrast obtained with this 
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LED light source was calculated as 94%, but this depth of modulation was also 
programmable. The aim of this new sweep flicker approach is to provide a more 
efficient measurement of critical flicker frequency (CFF). Verification of this modi-
fied flicker protocol was completed by comparison with standard flicker protocol. 
Steady flickering stimuli at 4, 5, 10, 16, and 20 Hz were used for scotopic testing 
(Fig. 18.1a). For photopic testing, these same frequencies with the addition of 24, 
32, and 40  Hz were tested. Analysis was restricted to the central portion of the 
response to avoid on and off transients. A computer algorithm (Igor Pro; WaveMetrics 
Inc., Lake Oswego, OR) was used to compute the average response for a single 
cycle within the 5-s trace created at each frequency. A best-fit sine wave was used to 
quantify the response amplitude for the averaged cycle. The log of the response 
amplitudes vs frequency was plotted (Fig. 18.1b), and a linear fit was used to deter-
mine the CFF response at 3 μV (0.477log μV; Pinilla et al. 2005; Rubin and Kraft 

Fig. 18.1 Scotopic and photopic CFF determined by ERG: two methods. (a) The central 3 s of the 
responses to 5 s steps of flickering stimuli, 10 Hz (red) and 20 Hz (green), are shown (average 
waveform inset). The on (b-wave) and off (d-wave) transient responses are at t = 0 s and t = 5 s, 
respectively. (b) A linear regression fitted to a plot of the log of the response amplitudes (from 
panel (a)) vs frequency defines CFF at 3 μV. (c) The central 3 s of the ERG responses to a linear 
frequency sweep stimulus (red) or equiluminant step of steady light (black). (d) The difference 
spectra between the Fourier transforms of the baseline and flickering responses. The CFF deter-
mined in panel (b) was used to identify an FFT criterion response. The average criterion CFF log 
response for dark- and light-adapted conditions combined was 6.18 ± 0.11 log μV2

18 Optimizing ERG Measures of Scotopic and Photopic Critical Flicker Frequency
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2007). The second method of CFF determination was with flicker sweep ERG. A 
linear frequency sweep of the stimulus from 0.1 to 35 Hz (scotopic) or 0.1–55 Hz 
(photopic) was presented over 5 s (Fig. 18.1c). ERG responses evoked by steady 
light steps of equal luminance were measured before and after the flickering light as 
a baseline and to protect from drift or adaptation. The difference spectra were 
obtained from the Fourier transform of the flickering and steady light responses 
(Fig. 18.1d). A linear best fit was plotted to determine the log μV2 response at the 
CFF value calculated from the steady flickering stimuli. This verification procedure 
was repeated for 11 wild-type animals, under both dark-adapted and light-adapted 
conditions.

18.3  Results

The average CFF calculated using steady flickering stimuli and a 0.477 log μV 
threshold criterion was 18.4  ±  0.66  Hz under dark-adapted conditions and 
44.4 ± 1.67 Hz under light-adapted conditions. The CFF determined for each animal 
was then applied to the sweep flickering responses to determine a threshold criterion 
for the sweep flicker method. The average CFF threshold criterion determined was 
6.33 ± 0.2 log μV2 under dark-adapted conditions and 6.04 ± 0.16 log μV2 under 
light-adapted conditions (n = 11). A Student’s t-test was performed to determine 
whether the dark- and light-adapted log μV2 thresholds were significantly different 
from one another. The t-test showed no statistically significant difference between 
dark- and light-adapted log μV2 cutoffs (p = 0.18). The average dark- and light- 
adapted log μV2 threshold was 6.18 ± 0.11 log μV2. Therefore, further experiments 
using the sweep flicker technique will use the 6.18 log μV2 threshold to determine 
CFF.

A correlation analysis of scotopic b-wave amplitude vs CFF showed no correla-
tion (r = 0.23, p = 0.25) (Fig. 18.2, black triangles). The photopic CFF was more 
distributed, but again there was no correlation of CFF with b-wave amplitude 
(r = −0.11, p = 0.62) (Fig. 18.2, red circles). Thus, the CFF, as calculated here, is 
independent of b-wave amplitude and therefore resistant to minor differences in the 
quality of the recording setup.

18.4  Discussion

Flicker ERG and determination of CFF are powerful tools to examine underlying 
health of the retinal cell types; it is particularly useful as a method to separate rod 
and cone function. However, standard flicker protocols using a steady flickering 
light are tedious and lengthy, introducing possible artifacts due to drift of electrical 
resistance in circuit or light adaptation. By interleaving trials with and without mod-
ulation of the light, the concern over experimental drift is eliminated and capture of 
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the entire frequency response function in a single trial is feasible; repeated tests are 
only used to increase the signal to noise ratio. The results of the current study show 
that standard steadily flickering stimuli and the modified linear sweep flickering 
stimuli are comparable, regardless of dark- or light-adapted conditions. The flicker 
sweep technique is likely to be less sensitive to eye movement artifacts as these 
produce such high-frequency electrical signals they would not interfere with the 
signals in the range typically used for the CFF estimates (0.1–55 Hz). In addition to 
providing a more efficient method of CFF determination, use of this new flicker 
technique, because of its speed, allows easier concurrent examination of other ERG 
responses, such as c-wave and photopic negative responses in the same testing 
period.
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Chapter 19
Repeatability and Reproducibility  
of In Vivo Cone Density Measurements 
in the Adult Zebrafish Retina

Alison Huckenpahler, Melissa Wilk, Brian Link, Joseph Carroll, 
and Ross F. Collery

Abstract Zebrafish (Danio rerio) are widely used as an experimental model for a 
wide range of retinal diseases. Previously, optical coherence tomography (OCT) 
was introduced for quantitative analysis of the zebrafish cone photoreceptor cell 
mosaic; however no data exists on the intersession reproducibility or intrasession 
repeatability of such measurements. We imaged 14 wild-type (WT) fish three times 
each, with 48 h between each time point. En face images of the UV cone mosaic 
were generated from the OCT volume scans at each time point. These images were 
then aligned and the overlapping area cropped for analysis. Using a semiautomated 
cone-counting algorithm, a single observer identified each cone to calculate the 
cone density for every image, counting each image twice (84 total counts). The 
OCT cone density measurements were found to have an intersession reproducibility 
of 0.9988 (95% CI = 0.9978–0.9999) and an intrasession repeatability of 136.0 ± 10.5 
cones/mm2 (about 0.7%). Factors affecting image quality include gill movement 
during acquisition of the OCT volume and variable inclusion of non-UV cone mosa-
ics in the contours used to generate the en face images.
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19.1  Introduction

Zebrafish (Danio rerio) are widely used to model human development and disease. 
Zebrafish have orthologs to many disease-causing proteins, whose functional 
domains are often similar to those found in human proteins (Langheinrich 2003; 
Howe et  al. 2013). Zebrafish are especially valuable as an ocular model system 
since their cone-rich retinas mimic the human retina (Allison et al. 2004) and mul-
tiple zebrafish models exist for ocular diseases (Link and Collery 2015). In addition, 
zebrafish are a cost-effective model for drug development and have been used to 
accurately predict mammalian teratogenicity (Van Leeuwen et al. 1990) as well as 
drug oculotoxicity (Deeti et al. 2014), which is especially important given the num-
ber of drugs with ocular side effects (Santaella and Fraunfelder 2007). Finally, 
zebrafish mature quickly and breed prolifically, making them well-suited for high- 
throughput screening (Schutera et al. 2016; Truong et al. 2016).

Optical coherence tomography (OCT) is a noninvasive, high-resolution imaging 
modality that has previously been used to examine zebrafish retina, lens, and ante-
rior segment (Rao et al. 2006; Bailey et al. 2012; Collery et al. 2014). Recently, an 
OCT-based method for deriving in vivo estimates of cone density in the adult zebraf-
ish retina was introduced (Huckenpahler et  al. 2016). This method could allow 
researchers to quantify photoreceptor changes in response to disease or drug treat-
ment, though the repeatability of these measurements has not been studied. Here we 
assess the intrasession repeatability and intersession reproducibility of OCT-based 
measurements of UV cone density in the adult zebrafish.

19.2  Methods

Volumetric images (1000 A-scans/B-scan, 1000 B-scans, nominal scan width of 
1.2 × 1.2 mm) of the zebrafish retina were obtained using a Bioptigen Envisu R2200 
SD-OCT (Research Triangle Park, NC) equipped with a 186.3 nm bandwidth SLD 
(center wavelength = 878.4 nm). Fourteen WT zebrafish were imaged three times 
each, with 48 h between imaging sessions. En face images of the UV cone mosaic 
were generated from the OCT volumes as previously described (Huckenpahler et al. 
2016). The en face images for each fish were manually aligned using Photoshop 
(Adobe Photosystems, San Jose, CA), and a common region of interest (ROI) was 
cropped (ROI size varied from 12.18 to 102*10−3  mm2). A low-pass filter was 
applied to each ROI, and cones were identified using semiautomated cone-counting 
software (Garrioch et  al. 2012; Cooper et  al. 2016a). Axial length values were 
obtained as previously described (Collery et al. 2014) and used to calculate the lat-
eral scale of each en face image (Huckenpahler et al. 2016), thus enabling measure-
ments of cone density. Cone density was taken as the number of cones with bound 
Voronoi cells divided by the total area of the Voronoi cells (Cooper et al. 2013).
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To assess the intrasession repeatability, the cropped ROI from each imaging ses-
sion was counted twice. The within-subject standard deviation (Sw) was taken as the 
square root of the average variance across all fish (Bland and Altman 1996). The 
repeatability is calculated by multiplying Sw by 2.77 and the 95% confidence inter-
val calculated with the formula:
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(19.1)

where n is the number of zebrafish imaging sessions (42), and m is the number of 
counts for each image (2). The measurement error can also be estimated as Sw ×1.96 
(Bland and Altman 1996).

To calculate the intersession reproducibility of the cone density measurements, 
both cone density estimates at each time point were averaged and used to calculate 
the intraclass correlation coefficient (ICC) using R statistical package (the R 
Foundation for Statistical Computing, Vienna, Austria).

19.3  Results

Qualitatively, we observed variability in image quality across fish and imaging ses-
sions. Factors such as shadowing from the overlying blood vessels and movement 
of the fish during scan acquisition can result in distortions or missing data in the 
resultant en face images of the cone mosaic (Fig. 19.1), though this rarely affected 
the ability to identify whether a cone was present or not. Across the 14 fish, the 
average cone density was found to be 20,588 cones/mm2, with densities ranging 
from 12,326 to 39,254 cones/mm2 (Table 19.1). Differences between repeated mea-
sures of cone density ranged from 0 to 246 cones/mm2 with an average within-fish 
standard deviation (Sw) of 49.1 cones/mm2. Intrasession repeatability was 
136.0 ± 10.5 cones/mm2 (about 0.7%). This means that the difference between two 
measurements for the same fish would be expected to be less than this value for 
95% of pairs of measurements. The measurement error for this same data was 
determined to be 96.2 cones/mm2 (about 0.5%), meaning that the difference 
between a given measurement of cone density and the true value would be expected 
to be less than this value for 95% of observations. Examining the cone density 
measurements over time, we found the ICC to be 0.9988 (95% CI  =  0.9978–
0.9999), indicating that 99.88% of the total variance is due to real differences in 
cone density across fish.
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Fig. 19.1 Disruptions in en face images of the cone mosaic derived from OCT volume scans. (a) 
Significant gill movements during the process of scanning result in missing data in the en face 
image (arrows). (b) Subtler gill movements and/or errors in contour placement can result in local-
ized distortions (dashed rectangle). While these distortions may not affect the ability to identify the 
cones in the images, they would affect measurements of mosaic geometry (Cooper et al. 2016b). 
In addition, shadowing from overlying retinal vasculature was seen in many images. Scale 
bar = 100 μm

Table 19.1 Zebrafish scaling information and density measurements

Fish
Axial  
length (mm)

Region of 
interest (μm2)

Time point 1 
(cones/mm2)

Time point 2 
(cones/mm2)

Time point 3  
(cones/mm2)

1 1.41 49,644 20,527 20,482 20,632 20,683 19,496 19,401
2 1.60 12,185 19,980 19,986 20,614 20,734 20,684 20,893
3 1.91 42,025 12,453 12,479 12,578 12,593 12,563 12,526
4 1.88 29,649 18,589 18,557 19,047 19,170 18,711 18,664
5 1.39 50,392 26,185 26,231 25,810 25,756 26,400 26,439
6 1.56 98,882 15,238 15,224 15,450 15,427 15,248 15,281
7 1.60 38,325 12,711 12,645 12,435 12,373 12,761 12,802
8 1.56 64,947 18,939 18,926 18,669 18,687 18,792 18,756
9 1.75 102,133 12,339 12,394 12,472 12,447 12,368 12,326
10 1.69 75,105 13,038 13,031 13,477 13,495 13,260 13,260
11 1.66 50,265 15,067 15,089 15,071 15,068 14,875 14,817
12 1.26 24,073 28,636 28,513 28,113 28,095 28,016 27,993
13 1.11 20,022 35,651 35,405 35,508 35,531 35,828 35,836
14 1.22 35,429 38,598 38,587 39,229 39,254 38,717 38,666
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19.4  Discussion

Our data demonstrate excellent repeatability and reproducibility of in vivo measure-
ments of cone density, using en face images of the UV cone mosaic derived from 
volumetric OCT scans. However, this study has some limitations. Firstly, the repeat-
ability of the OCT density measurements will depend on the quality of the en face 
images. A low-quality OCT scan with multiple breathing artifacts or low signal will 
produce a low-quality en face image of the cone mosaic and subsequently impact 
the repeatability of the cone density measurements. Secondly, the repeatability and 
reproducibility measurements were performed by an expert who was proficient in 
both acquiring OCT images and generating en face images. For other observers, the 
repeatability and reliability of this technique may be worse (Bartlett and Frost 2008; 
Liu et al. 2014). Finally, our analysis was limited to the UV cone submosaic—as 
other submosaics are more difficult to visualize (Huckenpahler et al. 2016); thus our 
results should not be assumed to apply to the R/G or S cone submosaic.

Adaptive optics scanning light ophthalmoscopy (AOSLO) is another technique 
capable of providing high-resolution in vivo images of the cone mosaic (Williams 
2011) and has been used for examining cone density in a wide range of retinal dis-
eases (Carroll et al. 2013; Roorda and Duncan 2015). Semiautomated techniques 
have shown an intrasession repeatability of 2.7% for measures of parafoveal cone 
density (Garrioch et al. 2012). Fully automated methods have been shown to have 
excellent reproducibility, with one study reporting an ICC of 0.989 (Chui et  al. 
2013). Thus, the repeatability of our OCT-derived cone density measurements in the 
zebrafish retina are at least as good (if not slightly better) than AOSLO-derived 
measurements from the human retina. This may be due to the increased regularity 
of the zebrafish mosaic compared to humans, making it easier for the observer to see 
when the automated algorithm has missed a cone. In conclusion, with the noninva-
sive nature of the technique and availability of quantitative tools for analyzing 
images, the OCT-based method described here could be used to quantitatively study 
ocular disease, monitor retinal development, and facilitate drug discovery in zebraf-
ish with high reproducibility and repeatability.
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Chapter 20
Normative Retinal Thicknesses in Common 
Animal Models of Eye Disease Using Spectral 
Domain Optical Coherence Tomography

Christy L. Carpenter, Alice Y. Kim, and Amir H. Kashani

Abstract

Purpose
This study demonstrates a standardized approach to measuring retinal thickness 
(RT) using spectral domain optical coherence tomography (SD-OCT) in commonly 
used animal models of disease and reports a normative data set for future use.

Materials and Methods
Twenty normal eyes of 4 adult animal models (5 rats, 5 rabbits, 5 canines, and 5 
mini-pigs) were used. Manual measurements were made on the commercially avail-
able Heidelberg Spectralis™ SD-OCT to determine the total, inner, and outer retinal 
thickness (RT) at fixed distances from the optic nerve head (ONH) (1, 2, 3, 4, 5, and 
6 mm away) in order to control for normal variation in retinal thickness. Analysis of 
variance (ANOVA) with P value <0.05 indicated statistical significance.

Results
Total RT significantly decreased with increasing distance from the ONH for the 
canine, mini-pig, and rabbit vascular models. Inner RT significantly decreased for the 
canine, mini-pig, rabbit vascular, and rabbit avascular models; and outer RT signifi-
cantly decreased for only the canine model. Among the animal models, RT at similar 
distances from the ONH were significantly different for total, inner, and outer RT.

Conclusion
There are significant differences in the total, inner, and outer RT of normal canine, 
mini-pig, rabbit, and rat retinas with SD-OCT using a standardized approach. 
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These measurements provide a normative reference for future studies and illustrate 
a standardized method of assessing RT.

Keywords Animal Model · Retina · Optical coherence tomography · SD-OCT · 
Retinal thickness

20.1  Introduction

Spectral domain optical coherence tomography (SD-OCT) is a noninvasive imag-
ing modality that uses the unique light-scattering properties of biological tissue to 
capture the structural characteristics of the retina (Drexler and Fujimoto 2008). 
SD-OCT findings correlate very well with histological sections of the same animal 
model (Costa et al. 2006; Remtulla and Hallett 1985; Kim et al. 2008; Nagata et al. 
2009). In addition, morphological dimensions such as RT can be measured with 
high reproducibility, as found in previous studies with humans and animal models 
(Costa et al. 2006; Remtulla and Hallett 1985; Kim et al. 2008; Nagata et al. 2009; 
Hernandez- Merino et al. 2011; Rosolen et al. 2012; Ferguson et al. 2013; Ruggeri 
et al. 2007; Alkin et al. 2013; Ducros et al. 1999; Gilger 2014; Srinivasan et al. 
2006; Ferguson et al. 2014; Sadda et al. 2007; Garcia Garrido et al. 2014). However, 
comparisons of RT between various animal models as well as normative data for 
commonly used animal models using SD-OCT are lacking in the current literature. 
The purpose of this study is to establish a standardized protocol and normative data 
set for measuring total, inner, and outer RT for common animal models. Rats, rab-
bits, mini-pigs, and canines were chosen for this study based on their common use 
in studies on ophthalmic disease (Remtulla and Hallett 1985; Kim et  al. 2008; 
Nagata et al. 2009; Hernandez-Merino et al. 2011; Rosolen et al. 2012; Ferguson 
et al. 2013; Ruggeri et al. 2007; Alkin et al. 2013; Ducros et al. 1999; Gilger 2014; 
Srinivasan et  al. 2006). Using SD-OCT to quantify RT among multiple animal 
models is integral to the reliability and reproducibility of future studies using these 
animal models.

20.2  Materials and Methods

20.2.1  Experiments with Animals

The OCT database of the USC vivarium was reviewed for the records of animals 
that had undergone OCT imaging as part of previously approved protocols. 
Institutional Animal Care and Use Committee (IACUC) approved studies at USC 
only allow invasive procedures and studies of a single eyes. The contralateral eye is 
commonly used as a control. The OCT database was reviewed to identify OCT 
images from the control eye of such animals at baseline for this study. Therefore, 
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this was a retrospective, secondary analysis of OCT data from the control eyes of 
animals that were used for various studies of the retina under previously approved 
IACUC protocols. The health, safety, and comfort of all the animals were ensured 
under appropriate IACUC practices of the University of Southern California. 
Twenty eyes of 20 animals were identified as follows: 5 eyes of 5 pigmented 
Copenhagen rats, 5 eyes of 5 pigmented New Zealand rabbits, 5 eyes of 5 pigmented 
Göttingen mini-pigs, and 5 eyes of 5 pigmented beagle canines. All animals were 
imaged under standard imaging protocols and appropriate anesthesia. Pupils were 
dilated with phenylephrine hydrochloride 2.5% and tropicamide 0.5% eye drops.

20.2.2  Imaging Methods

A commercially available Spectralis™ HRA + OCT device (Heidelberg Engineering, 
Heidelberg, Germany) was used for imaging. A dense raster scan of 48 B-scans, 
each separated by 120 μm acquired over a field of 20 × 15 degrees (horizontal × 
vertical), was used in each animal. At least three raster scans for the specified areas 
of each eye were taken. Twenty SD-OCT images with good or excellent signal-to- 
noise ratio were selected for analysis. Images were assessed as “good” or “excel-
lent” based on the readers ability to clearly distinguish a distinctive border between 
the vitreous humor and the inner limiting membrane (ILM), a distinctive border 
between the outer plexiform layer (OPL) and outer nuclear layer (ONL), and a 
distinctive border of the hyperreflective retinal pigment epithelium (RPE) band and 
interdigitation zone (IDZ).

Total RT was defined as the linear distance between the ILM and the RPE as 
measured by the manual caliper tool. The inner RT was defined as the distance 
between the ILM and the anterior edge of the ONL. The outer RT was defined as 
the distance between the anterior border of the ONL and the RPE. This segmen-
tation scheme is depicted in Fig. 20.1. The total, inner, and outer RT were manu-

Fig. 20.1 Normal porcine retinal layer definitions. Red lines denote the boundaries between 
layers. Layer measurements used in this study include inner, outer, and total RT

20 Normative Retinal Thicknesses in Common Animal Models of Eye Disease Using…



160

ally measured at 1, 2, 3, 4, 5, and 6 mm from the ONH. Distances from the ONH 
were measured as a line starting from the edge of the ONH and extending radi-
ally (Fig. 20.2).

Fig. 20.2 Color fundus images and retinal thickness measurements of healthy (a–c) canine, (d–f) 
mini-pig, (g–k) rabbit, and (l–n) rat retinas. For each animal model, representative color fundus 
images are shown on the left and SD-OCT scans are to the right. The top SD-OCT scan shows the 
total RT, and the bottom SD-OCT scan shows the inner and outer RT. The rabbit retina was 
measured in two regions: the (h, i) vascular area and the (j, k) avascular area. Measurements are 
recorded in white along with the original caliper measures in yellow for clarity (all measurements 
in microns)
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20.2.3  Statistics

The mean and standard deviations of RT measurements were calculated at each 
distance from the ONH and recorded in microns (μm). RT values were compared 
at each distance from the ONH within each animal model and between the different 
animal models at each distance. Analysis of variance (ANOVA) values were calcu-
lated using Soper’s analysis of variance calculator (Wiley, New  York, NY) with 
p < 0.05 for significance.

20.3  Results

Table 20.1 shows the mean RT at 1, 2, 3, 4, 5, and 6 mm from the ONH as well as 
the results of ANOVA analysis. Table 20.2 shows the results of ANOVA analysis 
when comparing values among the animal models at each distance from the 
ONH. There were several instances in which the image of the peripheral retina was 
too unclear to measure the farthest distances. Among canines, there was poor visu-
alization past the 3 mm or 4 mm mark in 4 subjects. Among mini-pigs, there was 
poor visualization past the 5 mm mark in 4 subjects. Among rabbits, there was poor 
visualization past the 4 mm or 5 mm mark in 4 subjects. Among rats, there was poor 
visualization past the 3 mm, 4 mm, or 5 mm mark in 3 subjects. In these cases, the 
RT measurements were not included in the subsequent analysis to maintain integrity 
of the analysis.

In the canine, the mean total RT decreased significantly with increasing distance 
from the ONH from 207 to 164 μm (Fig. 20.2a–c). The inner RT also decreased 
from 111.6 to 79 μm, and the outer RT decreased from 95.4 to 86 μm (p < 0.001 for 
all). This animal model showed the only statistically significant difference found for 
outer RT (p = 0.016).

In the mini-pig animal model (Fig.  20.2d–f), there was a relatively steady 
decrease in mean total RT. Both the total and inner RT decreased significantly from 
327 to 245 μm and 221 to 149 μm, respectively (p < 0.001 for both). The outer RT 
decreased from 105 to 96 μm but was not statistically significant (p = 0.559).

In the rabbit model (Fig. 20.2g–k), the mean RT for the vascular area of the retina 
decreased most dramatically compared to all of the animal models observed. The 
total vascular RT decreased significantly from 341 to 163 μm, and the vascular inner 
RT decreased from 252 to 121 μm at increasing distance from the ONH (p < 0.001 
for all). However, there were no statistically significant differences in the outer RT 
of the vascular section of the eye (p = 0.456). For the avascular regions of the rabbit 
eyes, only the mean inner RT showed statistically significant changes as it decreased 
from 75 to 55 μm (p < 0.001). The avascular total RT, which decreased from 168 to 
142 μm, and the avascular outer RT, which decreased from 98 to 87 μm, were not 
statistically different (p = 0.069 and 0.402, respectively).

20 Normative Retinal Thicknesses in Common Animal Models of Eye Disease Using…
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In the rat animal model (Fig.  20.2l–n), there was no statistically significant 
change in RT with increasing distance from ONH. The mean total RT decreased 
from 236 to 220 μm (p = 0.725); the mean inner RT decreased from 125 to 119 μm 
(p = 0.771); and the mean outer RT decreased from 110 to 101 μm (p = 0.630).

Among all animal models, there were statistically significant differences in total 
RT at similar distances from the ONH (p < 0.001; Table 20.2). The same held true 
for all inner RT and outer RT measurements among the animal models (p < 0.001 
and p < 0.029, respectively; Fig. 20.3).

Table 20.2 Comparison of mean RT between each of the five animal models with increasing 
eccentricity from the ONH

Distance from ONH (mm) 1 2 3 4 5 6

Total RT <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Inner RT <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Outer RT 0.029 0.011 0.003 0.001 0.025 <0.001
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20.4  Discussion

We demonstrate a standardized approach to reporting retinal thickness measure-
ments in multiple commonly used animal models using SD-OCT. Specifically we 
quantify the total, inner, and outer RT of healthy canine, mini-pig, rabbit, and rat 
retina at specific distances from the ONH.  In general, total RT and inner RT 
decreased with increasing distance from the optic nerve head in all the animal models, 
although with differing magnitudes. The outer RT did not have a similar pattern, and 
we only detected a change in outer retinal thickness with distance from the ONH in 
the canine. The greater magnitude and consistency of decrease in inner RT measure-
ments compared to outer RT measurements with increasing distance from the ONH 
may be attributed to the retinal nerve fiber layer (RNFL).

Among the animal models, there were significant differences in RT at similar 
distances from the ONH for total, inner, and outer RT. This shows that the healthy 
canine, mini-pig, rabbit, and rat models each serve as a unique models with signifi-
cant differences in retinal anatomy. Thus, it is important to establish normative RT 
for each of these models as in this study, so that they may be used in future studies 
involving any of the same animals.

Non-OCT-based measurements of normative RT have previously been reported 
in canine (Hernandez-Merino et al. 2011; Rosolen et al. 2012; Gilger 2014), mini- pig 
(Rosolen et  al. 2012; Gilger 2014), mouse/rat (Remtulla and Hallett 1985; Kim 
et al. 2008; Nagata et al. 2009; Ferguson et al. 2013; Ruggeri et al. 2007; Gilger 
2014; Srinivasan et al. 2006), and rabbit models (Alkin et al. 2013; Ducros et al. 
1999; Gilger 2014). These studies are not OCT based but produced results similar 
to those obtained in this study at equivalent distances from the ONH. Therefore, the 
validity of SD-OCT-based measurements for in vivo assessment of retinal thickness 
is demonstrated in this study. Our study also investigates these retinal thickness 
measurements at 6 points from the ONH (approximately 1 mm apart), offering a 
more standardized and reproducible approach to measuring RT in various parts of 
the retina. In addition, we measure specific sections of the cross-sectional retina to 
include the inner and outer segments, not just the total RT.  In this manner, we 
account for inherent anatomical variations such as the presence of the RNFL in the 
inner retinal segment.

This study is limited by the reliance on manual measurements of retinal thick-
nesses, which are subjectively biased. This error was minimized, but not alleviated, 
with strict criteria for layer boundaries, as defined in our measurement protocol. We 
also observed that the rabbit vascular streak had lower image quality in the deeper 
retinal sections compared to the other animal models. This may be attributed to the 
effect of the thicker RNFL. However, all SD-OCT images obtained were of suffi-
cient quality to measure all layers of interest, with results showing similar findings 
to histology from previous studies (Alkin et al. 2013).

In most research practice, establishing histological measurements of normal RT 
provides the main methodology by which to distinguish between diseased and nor-
mal animal retinas. However, this method is invasive and time-consuming, making 
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it difficult to conduct a longitudinal study. SD-OCT is a useful imaging modality 
that is commonly used in studies involving animal models given its ability to quickly 
and noninvasively obtain high-resolution, cross-sectional images of the retina. This 
could reduce the number of animals needed for future quantitative and descriptive 
studies of the retina while offering more reliable and accurate analysis of the retina 
over a longer follow-up period.
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Chapter 21
A Novel Approach for Integrating AF-SLO 
and SDOCT Imaging Data Demonstrates 
the Ability to Identify Early Retinal 
Abnormalities in Mutant Mice and Evaluate 
the Effects of Genetic and Pharmacological 
Manipulation

Brent A. Bell, Vera L. Bonilha, and Ivy S. Samuels

Abstract Noninvasive ocular imaging platforms are undeniably useful in 
 identifying retinal abnormalities. The purpose of this study was to investigate a 
novel method for integrating information acquired from two independent imaging 
platforms, AF-SLO and SDOCT, in order to demonstrate retinal perturbations as a 
result of genetic or pharmacological manipulation. Two cohorts of mice were inves-
tigated, Nyxnob and C57BL/6 J. In Nyxnob mice, SLO revealed an atypical but variable 
amount of autofluorescent foci (AFF); SDOCT showed altered photoreceptor outer 
segment architecture. Naïve Nyxnob had significantly more AFF than C57BL/6  J, 
suggesting that Nyxnob have some predisposition for developing AFF. Interestingly, 
both findings were significantly ameliorated in diabetic Nyxnob mice as compared to 
the controls. These data were incorporated into a novel analysis plot comparing 
AF-SLO and SDOCT results. The integration of the qualitative changes and 
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 accompanying quantitative analysis approach described herein provide a sensitive 
means for detecting whether a mouse model is susceptible to degeneration before 
other hallmark indicators are observed.

Keywords AF-SLO · SDOCT · Fundus · Retina · Autofluorescent foci · 
Longitudinal reflectance profile · Outer segments · Nyctalopin · Streptozotocin

21.1  Introduction

Noninvasive imaging with autofluorescence confocal scanning laser ophthalmos-
copy (AF-SLO) and spectral-domain optical coherence tomography (SDOCT) is 
now common practice in vision research. We have previously shown that altered 
outer retina morphology can be visualized and quantified by AF-SLO and SDOCT 
(Bell et  al. 2015; Bonilha et  al. 2015). In these studies, changes occurred many 
weeks prior to photoreceptor degeneration and RPE changes. In this current work, 
we demonstrate a useful manner in which one can quantify and integrate observa-
tional findings collected independently via AF-SLO and SDOCT imaging 
modalities.

21.2  Materials and Methods

21.2.1  Ethical Approval

All experiments were conducted in compliance with the ARVO Resolution on 
Treatment of Animals in Research and the Institutional Animal Care and Use 
Committees at the Louis Stokes Cleveland VA Medical Center and the Cleveland 
Clinic.

21.2.2  Mouse Models

Nyxnob mice (backcrossed to C57BL/6 J for 10 generations) were obtained from a 
local breeding colony (Pardue et al. 1998). Cohort 1 included Nyxnob mice 9–20 weeks 
of age randomly assigned to diabetic (STZ, n = 8) or nondiabetic (CNTL, n = 12) 
groups. Diabetes induction of Nyxnob mice via streptozotocin (STZ) and maintenance 
for 4  weeks of hyperglycemia were previously described (Tarchick et  al. 2016). 
Cohort 2 included naïve, 3-month-old Nyxnob mice (n = 6) and C57BL/6 J mice (n = 6) 
used to establish baseline levels and for comparison to a common wild- type strain.
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21.2.3  In Vivo Ocular Imaging

AF-SLO and SDOCT imaging and animal preparation were previously described 
(Bell et al. 2015).

21.2.4  AF-SLO and SDOCT Image Analysis

AF-SLO images were analyzed as previously described (Bell et al. 2015). Briefly, 
the number of AFF was manually counted from each AF-SLO image. Longitudinal 
reflectance profiles (LRP) from SDOCT images were created and analyzed in a 
similar manner as previously described (Bonilha et al. 2015); however, rather than 
use an area-under-the-curve analysis, we measured changes to the reflectance signal 
slope over a range of 10 pixels (~10 μm) exclusive to the photoreceptor outer seg-
ments (Suppl. Fig. 21.1). GraphPad Prism 6 was used for all statistical analyses.

21.3  Results

In cohort 1, AF-SLO showed the presence of AFF to varying degrees in all mice. 
Figure 21.1a1–3, b1–3 are representative AF-SLO images illustrating the range of AFF 
in CNTL vs. STZ. Elevated AFF counts are an atypical occurrence in young wild- 
type mice (Xu et al. 2008), and these observations indicate inflammatory monocytes 
localized to the subretinal space (Ng and Streilein 2001). We next performed imag-
ing in 3-month-old Nyxnob and C57BL/6  J mice (cohort 2, Fig.  21.1c1–3, d1–3) to 
establish baseline AFF levels for these two strains of mice that could also be com-
pared to animals from cohort 1. The mean AFF count was significantly larger in 
3-month-old Nyxnob (19.8 ± 16.4) than C57BL/6 J (1.083 ± 1.084, mean ± SD) mice 
(Suppl. Fig. 21.2a, Mann-Whitney test, ****p < 0.0001).

When we compared AFF counts from naïve 3-month-old Nyxnob mice with the 
CNTL- and STZ-treated Nyxnob mice (13 and 24 weeks of age at testing), we found 
that the CNTL group displayed significantly more AFF than the other two groups 
(Suppl. Fig.  21.2b, one-way ANOVA with Tukey’s posttest *p  =  0.0299, 
***p = 0.0004). However, the STZ group was not significantly different from the 
3-month naïve Nyxnob group. Importantly, we observed a general trend for an 
increase in AFF with age in the Nyxnob mice regardless of treatment, essentially tri-
pling between 13 and 24 weeks (data not shown); and the amount of AFF per mouse 
did not correlate with glucose levels.

SDOCT imaging of these animals showed qualitative differences in the alternat-
ing bright-dark banding observed in the photoreceptor layer of the outer retina 
(Fig. 21.2a–d). Representative SDOCT B-scans from each cohort are presented in 
Supplemental Fig.  21.3. The region of interest (ROI) from the B-scan of a 
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 representative mouse from each group, spanning the retina from choroid to the outer 
nuclear layer, is presented in Fig. 21.2a–d. The OS region analyzed is denoted by 
white brackets (see bracketed spaces in Fig. 21.2a–d). In normal C57BL/6 J and 
Nyxnob mice, the proximal OS region (p) appears dark in relation to the bright reflec-
tive band that originates from the distal OS (d) (Fig.  21.2a1, d2). We observed a 
definitive brightening (hyper-reflectivity) of the proximal OS in CNTL Nyxnob mice 
with average-high AFF counts, leading to the apparent loss of banding. This loss of 
banding is visualized by comparing Fig. 21.2a1 (low AFF) with Fig. 21.2a2 (average 
AFF) or Fig. 21.2a3 (high AFF). OS reflectivity in some STZ mice was also altered, 
but this change was opposite; the proximal OSs appeared hyporeflective (Fig. 21.2b2), 
making the bands appear more distinct.

To quantify the degree of change in OS reflectivity, we obtained the reflectance 
signal slope derived from the LRP of each averaged SDOCT B-scan (see Suppl. 
Fig. 21.3). Nyxnob mice exhibited a significant increase in signal slope compared to 
C57BL/6 J (Suppl. Fig. 21.2c, Mann-Whitney test, ***p = 0.0001) indicating that 
Nyxnob mice have more definitive banding as compared to WTs. Analysis of the OS 
signal slope between naïve, CNTL, and STZ Nyxnob groups also revealed significant 
differences for each comparison (Suppl. Fig. 21.2d, one-way ANOVA with Tukey’s 
posttest, **p = 0.0091, ***p = 0.0004, ****p < 0.0001).

Fig. 21.1 Autofluorescent foci observed in Nyxnob mice by AF-SLO. AF-SLO images demonstrat-
ing the presence and variability [low (a1–d1); average (a2–d2); high (a3–d3)] in AFF count among 
CNTL, STZ, and naïve Nyxnob and C57BL/6 J mice
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The integration of the data in Figs. 21.1 and 21.2 is presented using the scatter-
plot shown in Fig. 21.3. By generating a semilog plot of the signal slope on the 
abscissa and AFF on the ordinate, one can interrogate the relationship between these 
two findings across different groups. Notably, the OS signal slope changes dramati-
cally with increasing AFF in CNTL Nyxnob mice. Analysis of the slope relative to 
AFF number revealed an inversely proportional trend (Pearson correla-
tion = −0.6610) observed within the CNTL group (the more AFF, the more hyper- 
reflective and smaller the signal slope) as depicted by a linear regression curve 
(R-squared = 0.437). STZ Nyxnob mice did not follow the same trend as the OS sig-
nal slope as values go in the completely opposite direction (from being hyper- 
reflective to hyporeflective). These findings suggest that the increase in AFF number 
accounts for the change in the LRP and the OS signal slope. For comparison to 
naïve controls, data obtained from cohort 2 was overlaid in the scatterplot and com-
pared to STZ and CNTL Nyxnob animals. From this graph, clear differences due to 
genotype and pharmacological manipulation are readily observed.

Fig. 21.2 SDOCT of Nyxnob mice display changes to photoreceptor OS reflectivity depending on 
AFF count and diabetic status. SDOCT images from CNTL (a) and STZ Nyxnob (b) and naïve 
Nyxnob (c) and C57BL/6 J (d) mice binned by the number of AFF visualized by AF-SLO. Regions 
of interest from SDOCT B-scans through the horizontal meridian of SLO images illustrate the OS 
reflective changes [white brackets = photoreceptor outer segments (a–d), ELM external limiting 
membrane, IS/OS inner segment-outer segment transition, p proximal outer segments, d distal 
outer segments (a1 & d2)]
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21.4  Discussion

This study documents unexpected retinal findings in a bipolar cell mutant mouse 
model by in  vivo retinal imaging. Although Nyxnob mice do not exhibit an ERG 
b-wave, we do not believe the mutation is responsible for these findings, as other 
bipolar cell mutants (nob3, nob5, lrit3) (Pardue and Peachey 2014) imaged did not 
exhibit a similar pattern of AFF (data not shown). This supports the notion that AFF 
in Nyxnob mice is likely due to a yet undetermined background effect.

Importantly, the quantitative nature of the novel analysis paradigm presented 
here allowed for the comparison of AFF counts in CNTL and STZ mice and showed 
that STZ mice had significantly fewer AFF per eye than CNTLs. This suggests that 
the STZ injection or elevated blood glucose levels moderated the accumulation of 
AFF (i.e., inflammatory monocytes) in the outer retina of diabetic animals. 
Moreover, the quantitative analysis of the SDOCT in the form of the signal slope 
also revealed that subsets of Nyxnob mice from both groups, regardless of treatment, 
were observed to have abnormal photoreceptor OS morphology. The direct com-
parison of signal slopes between Nyxnob treatment groups (Fig. 21.3) demonstrated 
that the diabetic mice swing the hyper-reflective changes observed in OS of CNTLs 

Fig. 21.3 Scatterplot showing the relationship between AFF count and OS signal slope. Each eye 
evaluated is represented by an individual data point. A negative correlation (solid line) was 
observed between AFF and slope for Nyxnob CNTLS. Horizontal-dotted lines represent normo-
reflective ranges and deviations to hypo- and hyper-reflectivity from naïve 3-month-old Nyxnob 
mice. Vertical-dotted lines represent Average-AFF and deviations to Low- and High-AFF counts 
from naive 3-month-old Nyxnob mice
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in a completely opposite direction by making them hyporeflective instead. Thus, as 
with the AFF data, the manipulation by STZ seems to moderate OS reflectivity in 
the outer retina of Nyxnob mice. It is important to note, however, that we did not 
identify a correlation between either AFF or signal slope and blood glucose level in 
CNTL or STZ groups, and, therefore, the changes do not necessarily reflect a result 
of the diabetes.

Herein we have identified novel changes to the outer retina of a mutant mouse 
with and without pharmacological intervention by in vivo imaging and presented a 
sensitive means by which one can analyze the qualitative data obtained using 
AF-SLO and SDOCT. Monitoring the outer retina can be a very sensitive tech-
nique capable of indicating problems at an early onset. Inflammatory cells that are 
actively phagocytizing outer segments and/or RPE cells form the bright AFF that 
can be visualized with AF-SLO. Furthermore, the SDOCT can demonstrate that 
OSs are altered by stress. Therefore, this novel approach for integrating findings 
from both the AF-SLO and SDOCT is applicable to the analysis of many mutant 
mouse models and can be useful in differentiating phenotypes due to both genetic 
and pharmacological manipulation.
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Chapter 22
The Role of Hypoxia, Hypoxia-Inducible 
Factor (HIF), and VEGF in Retinal 
Angiomatous Proliferation

Maya Barben, Marijana Samardzija, and Christian Grimm

Abstract In industrialized countries, age-related macular degeneration (AMD) is 
the leading cause of blindness in elderly people. Hallmarks of the non-neovascular 
(dry) form of AMD are the formation of drusen and geographic atrophy, whereas the 
exudative (wet) form of the disease is characterized by invading blood vessels. In 
retinal angiomatous proliferation (RAP), a special form of wet AMD, intraretinal 
vessels grow from the deep plexus into the subretinal space. Little is known about 
the mechanisms leading to intraretinal neovascularization, but age-related changes 
such as reduction of choroidal blood flow, accumulation of drusen, and thickening 
of the Bruch’s membrane may lead to reduced oxygen availability in photorecep-
tors. Such a chronic hypoxic situation may induce several cellular response path-
ways including the stabilization of hypoxia-inducible factors (HIFs) and the 
production of angiogenic factors, such as vascular endothelial growth factor 
(VEGF). Here, we discuss the potential contribution of hypoxia and HIFs in RAP 
disease pathology and in some mouse models for subretinal neovascularization.
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Keywords Retinal angiomatous proliferation (RAP) · Age-related macular 
degeneration (AMD) · Hypoxia · HIF1A · Neovascularization · Vascular endothe-
lial growth factor (VEGF) · Mouse model

Abbreviations

AMD Age-related macular degeneration
CNV Choroidal neovascularization
HIF Hypoxia-inducible factors
PND Postnatal day
RAP Retinal angiomatous proliferation
RPE Retinal pigment epithelium
VEGF Vascular endothelial growth factor
VLDLR Very low-density lipoprotein receptor

22.1  Introduction

Retinal function can be affected by three variants of neovascularization 
(Grossniklaus et  al. 2010). In retinal neovascular diseases such as diabetic reti-
nopathy, central retinal vein occlusion, and retinopathy of prematurity, retinal ves-
sels grow along the inner retinal surface and/or extend into the vitreous (Grossniklaus 
et al. 2010) due to retinal ischemia and increased concentrations of vascular endo-
thelial growth factor (VEGF) (Aiello et al. 1994; Lashkari et al. 2000). In choroidal 
neovascularization (CNV) new vessels originate in the choroid and grow toward 
the retina, characteristic for wet age-related macular degeneration (AMD) (Bressler 
et al. 1988; Spaide 2013). Additionally, retinal angiomatous proliferation (RAP), 
also known as deep retinal vascular anomalous complexes, has been described 
(Yannuzzi et al. 2001). RAP is a distinct form of neovascular AMD, characterized 
by the growth of vessels that invade the subretinal space not from the choroid but 
from the retina. In RAP, vessels originate from the deep retinal plexus and cause 
intraretinal neovascularization mainly in the photoreceptor layer resulting in an 
abnormal communication between retinal and choroidal vasculatures (Hartnett 
et al. 1996; Yannuzzi et al. 2008; Atmani et al. 2010). However, since vessels origi-
nating from the choroid in CNV of late stage neovascular AMD can form connec-
tions with the retinal vasculature known as retinal-choroidal anastomosis, the 
distinction between a retinal or choroidal origin of vessel growth is sometimes 
difficult (Slakter et al. 2000; Scott and Bressler 2010). Therefore, the more general 
term “type 3 neovascularization” has been suggested (Freund et al. 2008), but RAP 
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is still the most frequently used designation. RAP has a poor clinical prognosis, and 
treatment of RAP remains difficult (Bottoni et al. 2005; Gross et al. 2005). The 
prevalence of RAP is estimated at 15–20% of neovascular AMD (Cohen et  al. 
2007; Massacesi et al. 2008).

22.2  Hypoxia and Hypoxia-Inducible Factors

The exact cause for neovascular AMD and particularly RAP is still unclear. Although 
VEGF plays a critical role in neovascularization, the triggering factor is still largely 
unknown. Hypoxia activates regulatory systems in the body with hypoxia-inducible 
factor 1 (HIF1) playing a central role. HIF1 heterodimers are composed of an 
oxygen- labile α-subunit and a constitutively expressed β-subunit. Under normal 
oxygen levels, the HIF1A protein is rapidly degraded, which is mediated by hydrox-
ylation of HIF1A by prolyl hydroxylases promoting its interaction with the von 
Hippel-Lindau ubiquitin E3 ligase complex. As a result, the HIF1A protein is 
degraded via the proteasomal pathway. Under hypoxia, hydroxylation does not 
occur, and hence, HIF1A gets stabilized, translocates into the nucleus, and enables 
transcription of target genes such as VEGF (Jaakkola et al. 2001; Grimm et al. 2002; 
Caprara and Grimm 2012). This can trigger neovascularization in an attempt to 
resolve the long-term tissue hypoxia. Besides hypoxia, other factors such as oxida-
tive stress, inflammation, and disturbance in energy metabolism may also be 
involved in HIF1A stabilization (Cash et al. 2007; Dehne and Brune 2009; Joyal 
et al. 2016). Since a chronic hypoxic situation has been suggested to play an impor-
tant role in RAP and AMD pathology (Arjamaa et al. 2009; Kent 2014), we discuss 
the potential contribution of tissue hypoxia and HIF1A stabilization for disease 
development.

22.3  Hypoxia and HIF in Neovascular AMD and RAP 
Pathology

In AMD patients, abnormalities in choroidal perfusion and vascular defects were 
described (reviewed in (Harris et al. 1999)), suggesting tissue hypoxia. In effect, 
strong VEGF protein immunoreactivity has been shown in surgically excised CNV 
membranes and transdifferentiated retinal pigment epithelial (RPE) cells of AMD 
patients (Kvanta et al. 1996; Lopez et al. 1996). Additionally, stabilized HIF1A and 
HIF2A were detected in the endothelium and macrophages of human choroidal neo-
vascular membranes associated with AMD (Inoue et al. 2007).

In human patients with RAP, vitreous VEGF levels determined by ELISA are 
higher compared to control subjects (Joyal et al. 2016). Intravitreally injected anti- 
VEGF agents have been shown to be effective in blocking vessel growth and 
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improving vision in neovascular AMD (Solomon et al. 2014) and in RAP (Engelbert 
et al. 2009; Atmani et al. 2010). Evidence indicates that hypoxia and HIF transcrip-
tion factors are important driving forces in RAP disease development. For example, 
Hartnett and colleagues hypothesized that large drusen and Bruch’s membrane 
deposits observed in RAP could decrease retinal oxygenation and create a hypoxic 
microenvironment in the outer retina which may stimulate angiogenic growth factor 
release, vessel growth, and retinal degeneration (Hartnett et  al. 1996). A thinner 
choroid and greater density of drusen have been observed in RAP patients com-
pared to typical neovascular AMD patients, two factors that may cause ischemia 
and/or restrict oxygen availability for photoreceptors (Kim et al. 2013). Additionally, 
RPE detachment could intensify the hypoxic challenge by increasing the distance 
between the photoreceptors and the choroid (Hartnett et al. 1996). Shimada et al. 
reported HIF1A and HIF2A expression in the surroundings of VEGF-positive reti-
nal neovascular areas in RAP specimens (Shimada et  al. 2007). This suggests a 
hypoxia-mediated mechanism leading to VEGF expression in RAP.

In summary, hypoxic factors such as VEGF and HIF1 may be involved in 
both typical neovascular AMD and RAP disease pathology. However, RAP does 
not require perturbation of Bruch’s membrane and/or RPE, unlike CNV 
(Campochiaro 2013).

22.4  Rho/VEGF and Vldlr−/− Mice: Two Animal Models 
for RAP

Transgenic mice expressing VEGF driven by the rhodopsin promoter (rho/VEGF) 
develop vessels that originate in the deep capillary bed of the retina and extend 
through the outer nuclear layer into the subretinal space (Okamoto et  al. 1997). 
CNV has not been observed in these mice (Tobe et al. 1998). In addition, VEGF 
overexpression caused retinal neovascularization even in adult mice with a com-
pletely developed retinal vasculature (Ohno-Matsui et al. 2002). Less neovascular-
ization has been observed in mice with ischemic retinopathy lacking the hypoxia 
response element in the Vegf promoter compared to control mice (Vinores et  al. 
2006), suggesting an important role for HIF1 in the regulation of VEGF-mediated 
neovascularization.

Mice with a partial deletion of exon 5 of the very low-density lipoprotein recep-
tor gene lack functional VLDLR (Vldlr−/−) (Frykman et al. 1995) and show a retinal 
phenotype resembling RAP lesions (Heckenlively et  al. 2003). Due to increased 
VEGF levels (see below), Vldlr−/− mice exhibit retinal neovascularization with ves-
sels originating within the outer plexiform layer. Vessels start to grow at postnatal 
day (PND) 15 and reach the subretinal space by PND20, and anastomoses with the 
choriocapillaris are observed at 3 months of age. This is accompanied by photore-
ceptor degeneration affecting predominantly cone cells (Hu et  al. 2008; Dorrell 
et  al. 2009). The increased VEGF levels observed in Vldlr−/− mice were initially 
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suggested to be linked to the negative regulatory role of VLDLR on Wnt signaling, 
which targets VEGF (Dorrell et al. 2009). However, since VLDLR has important 
functions in cholesterol homeostasis, lipid metabolism, and transport (Tiebel et al. 
1999), Joyal and colleagues demonstrated that impaired fatty acid uptake in Vldlr−/− 
mice results in a reduction of α-ketoglutarate, which decreases prolyl hydroxylase 
dehydrogenase activity and promotes the stabilization of HIF1A.  Subsequently, 
VEGF levels are increased, leading to a RAP-like neovascular phenotype (Joyal 
et al. 2016). Thus, dysregulated energy metabolism might drive pathological neo-
vascularization by stabilizing HIF1A.

22.5  Concluding Remarks and Future Therapeutic 
Perspectives

Pathological vessel growth in wet AMD and RAP are both associated with 
increased VEGF levels and are currently treated by frequent intraocular injections 
of anti- VEGF agents. However, such treatment should not downregulate VEGF 
below basal concentrations since physiological levels of VEGF are needed for 
proper visual function. It has been shown for example that an RPE-specific Vegf 
deletion leads to atrophy of the choriocapillaris and cone degeneration (Kurihara 
et al. 2012; Kurihara et al. 2016). Its hypoxia-specific regulator Hif1a, however, 
can be safely inactivated in RPE (Kurihara et al. 2012), adult rods (Thiersch et al. 
2009), and cones (author’s unpublished data). Therefore, tissue-specific targeting 
HIF1A may provide a valid and safe therapeutical approach to treat RAP and 
potentially AMD. Animal models such as rho/VEGF and Vldlr−/− mice are clearly 
important to test and improve such treatment strategies. However, considering that 
these mice lack a cone-rich region resembling the human macular region, more 
research is needed to determine the influence of hypoxia, HIF1A, and VEGF on 
cone survival and function.
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Chapter 23
Neuroinflammation in Retinitis Pigmentosa, 
Diabetic Retinopathy, and Age-Related 
Macular Degeneration: A Minireview

Michael T. Massengill, Chulbul M. Ahmed, Alfred S. Lewin, 
and Cristhian J. Ildefonso

Abstract The eye is an immuno-privileged organ. However, certain diseases such 
as uveitis are intrinsically linked to inflammation. In several retinal degenerative 
diseases, there is a unique damage at the onset of the disease, but evidence suggests 
that chronic and low-grade inflammatory processes play an important role in their 
progression. Studies have identified similar signaling pathways and changes in resi-
dent immune cells within the retina among these diseases. Herein, we will discuss 
some of these studies and propose how understanding this inflammatory response 
could aid in the development of therapies.

Keywords Inflammation · Microglia · Müller glia · Diabetic retinopathy · 
Retinitis pigmentosa · Age-related macular degeneration

23.1  Introduction

Retinal degenerative diseases are characterized by the progressive loss of retinal 
function. The cause of degeneration can vary significantly from genetic mutations 
as in retinitis pigmentosa (RP) to metabolic changes in diabetic retinopathy (DR). 
In age-related macular degeneration (AMD), both genetic predisposition and envi-
ronmental cues (i.e., such as smoking) are the main causes of the disease. Studies 
indicate that these diseases share a common chronic inflammatory process that are 
mediated by Müller glial and microglial cells.
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The functions of glial cells are to support and maintain tissue homeostasis within 
the retina. Müller glia are known for their elongated body spanning the entire retinal 
thickness. These cells have multiple roles within the retina including buffering ion 
concentrations, secreting neuroactive molecules (e.g., GABA), and responding to 
alterations to the retinal damage by secreting cytokines, a process known as “glio-
sis.” Another group of resident glial cells are the microglia. These cells are derived 
from erythro-myeloid progenitor cells from the yolk sac (Gomez Perdiguero et al. 
2015). Microglia are important in the maintenance of the synaptic function of the 
photoreceptors (Wang et al. 2016). When responding to damage, microglia change 
their morphology from “branched” to an “amoeboid” morphology. These activated 
microglia upregulate the expression of pro-inflammatory cytokines (i.e., IL-1β and 
TNF-α) and cellular markers such as Iba-1 and TSPO (Karlstetter et al. 2014). This 
activation starts a complex inflammatory process that, when unresolved, leads to the 
recruitment of peripheral macrophages and significant retinal damage.

23.2  Neuroinflammation in Retinitis Pigmentosa

A current perspective in the field of RP proposes that photoreceptor degeneration is 
potentiated by molecular mechanisms that occur outside of rods and in a manner 
that is independent of the inciting mutation. Thus, a shared death pathway that exac-
erbates photoreceptor damage may exist (Hicks and Sahel 1999).

A number of studies in humans suggest that inflammatory processes occur dur-
ing RP. An elevation in several pro-inflammatory cytokines, including IL-1β and 
IL-6, was reported in vitreal samples belonging to humans affected by RP (Yoshida 
et al. 2013). Also, Gupta et al. observed that microglia engulf rods during RP patho-
genesis in human samples (Gupta et al. 2003).

Several animal models of RP corroborate the existence of inflammation during 
RP pathogenesis. For example, cytokines that are intimately associated with the 
pro-inflammatory transcription factor NF-κB, including IL-1β, were elevated in the 
T17 M rhodopsin mouse model of RP (Rana et  al. 2014). Data suggest that the 
inflammatory processes detected during retinal degeneration in RP provoke further 
damage to photoreceptors. RP mice containing a knockout of inflammatory signal-
ing proteins, including MyD88 (Syeda et al. 2015) or caspase-1 (Samardzija et al. 
2006), exhibited slower retinal degeneration. Furthermore, pharmacologic blockade 
of key pro-inflammatory cytokines, such as IL-1β (Zhao et al. 2015), also decreased 
photoreceptor loss in animal models of RP.

Growing evidence suggests that dysregulated activation of microglia propagates 
photoreceptor injury in RP through phagocytosis of photoreceptors, generation of 
ROS (Zeng et al. 2014), and secretion of IL-1β (Zabel et al. 2016). Therefore, an 
effort has been made to elucidate the specific roles of microglia during retinal 
degeneration in order to target microglial activity as a treatment (Peng et al. 2014). 
The activation of microglia likely involves a complex interplay with other cells 
types in the retina and multiple signaling pathways, such as CCL2 (Guo et al. 2012). 
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Kohno et al. suggested that photoreceptor proteins can activate microglia via TLR4 
(Kohno et al. 2013), perhaps after their phagocytosis of rods (Zhao et al. 2015). 
Additionally, the CX3CR1-CX3CL1 axis, which represents cross talk between 
degenerating neurons and microglia, has received attention, whose overexpression 
may prove effective in abrogating noxious microglial activity in RP (Zabel et al. 
2016). Furthermore, Müller cell gliosis likely boasts protective properties early in 
disease course, with the release of molecules like glial-derived neurotrophic factor 
(Sanftner et al. 2001). However, Müller cells may promote microglia activation via 
decreasing their expression of anti-inflammatory molecules, like TGF-β, as well as 
engaging in a positive feedback loop of pro-inflammatory cytokine signaling with 
microglia (Wang et al. 2011).

23.3  Neuroinflammation in Diabetic Retinopathy

DR is a visual comorbidity of both type 1 and type 2 diabetes. Increases in glucose 
are known to lead to both increases in oxidative stress and inflammation (El-Remessy 
et al. 2015). The generation of advanced glycated end products (AGEs) and their 
engagement of the receptor for AGEs (RAGEs) are known to play an important role 
in the pathophysiology of DR. In their article, McVicar et al. observed that com-
pared to wild-type diabetic mice, the RAGE−/− mice had less microvascular altera-
tions as well as decreased microglia activation as determined by immunofluorescence 
(McVicar et  al. 2015). Studies have also demonstrated that the effects of RAGE 
activation in microglia are mediated by NF-κB and PPARγ (Wang et al. 2015), lead-
ing to the production of TNF-α.

The changes in glucose metabolism are linked to increase in pro-inflammatory 
cytokines, chemokines, growth factors, and cellular changes. Arroba et al. showed 
that db/db mice have an increase in TNF-α and IL-1β with an increase in the number 
of M2 microglia (Arroba et  al. 2016). Using a bone marrow transplant model, 
Chakravarthy et  al. reported similar results (Chakravarthy et  al. 2016). In mice 
transplanted with GFP+ monocytes/macrophages, the induction of diabetes caused 
an increase in the recruitment of GFP+/Iba-1+ cells within their retinas suggesting 
the recruitment and activation of peripheral monocytes. Further characterization 
identified a reduction in circulating bone marrow-derived angiogenic cells with an 
increase of these cells in the bone marrow. This indicates a recruitment of inflamma-
tory macrophage/microglia concomitant with a sequestration of protective cells 
within the bone marrow.
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23.4  Neuroinflammation in Age-Related Macular 
Degeneration

AMD is the leading cause of loss of vision and affects nearly 50 million elderly 
people worldwide. It affects the macula which is required for central vision. 
Accumulation of oxidized lipoproteins as well as free radicals in the retina, RPE, 
and choroidal tissue activates the innate immune response, termed as para- 
inflammation. Drusen deposits between the RPE and choroid are seen as a compart-
mentalized accumulation of cellular debris consisting of oxidized lipids and proteins 
originating from RPE, complement factor proteins, Alzheimer’s amyloid-β (Aβ) 
peptide, serum amyloid P component, immunoglobulin light chains, and the glyco-
protein vitronectin. In a seminal discovery, Doyle et al. demonstrated that human 
drusen was capable of activating the NLRP3 inflammasome and inducing the secre-
tion of active IL-1β and IL-18 (Doyle et al. 2012). Since oxidative stress is the main 
initiator of AMD, products of lipid oxidation (carboxyethyl pyrrole, CEP-protein 
adducts) and oxidative protein modifications and advanced glycation products are 
present in AMD drusen. Activation of the inflammasome NLRP3 takes place when 
the components of drusen gain entry into RPE. The inflammatory cytokines (IL-1β, 
IL-6, TNFα), the ligands of TLRs, or PRRs, acting through their cognate receptors 
activate the transcription factor, NF-kB, which results in the transcription of NLRP3, 
pre-IL-1β, and pre-IL-18. Stimulus for the formation of the NLRP3 inflammasome 
comes from the complement factor(s), reactive oxygen species (ROS), or oxidized 
proteins and DNA, arising from damaged mitochondria, cathepsin B from lyso-
somal degradation, or the Alu RNA generated from a deficiency of DICER1 
(Ildefonso et al. 2016). Formation of the NLRP3 inflammasome requires NLRP3 
oligomerization, recruitment of an adaptor protein ASC and procaspase-1. This 
leads to autocatalytic cleavage of inactive procaspase-1 to mature and active cas-
pase- 1. Caspase-1 cleaves pre-IL-1β and pre-IL-18 to generate the mature and 
secreted forms of IL-1β and IL-18. Generation of caspase-1 can lead to cell death 
by pyroptosis, which is characterized by rupture of plasma membrane and release of 
cellular contents. The oxidized proteins, lipids, and DNA thus released form neoan-
tigens due to desequestration and after they are taken up by the neighboring den-
dritic cells and macrophages. Thus, AMD has been regarded as an autoimmune 
response due to the high titers of anti-carboxyethyl pyrrole (CEP) adducts in AMD 
patients (Perez and Caspi 2015).

Release of IL-1β induces expression and secretion of the chemokines IL-8 and 
MCP-1 in RPE cells, together with the loss of tight junction proteins. This leads to 
a breakage of blood-brain barrier (BBB) and the recruitment of leukocytes and mac-
rophages, thus amplifying the inflammatory response. IL-18 expression enhances 
the production of IFNγ, leading to generation of Th1 cells causing greater inflam-
mation. In addition, enhanced production of IL-17 has been reported in patients 
with advanced AMD (Ardeljan et al. 2014). The simultaneous enhancement of Th1 
and Th17 responses in AMD is reminiscent of the situation in uveitis.

M. T. Massengill et al.



189

23.5  Conclusions

Studies on inflammation in retinal degenerative diseases suggest common pathways 
that could be potentially targeted. Anti-inflammatory biological agents used in other 
conditions such as arthritis (i.e., adalimumab, etanercept, and infliximab) could 
hold great promise when tested in retinal degenerative diseases (Wu et al. 2011). 
Alternatively, viral vectors in the retina have been very well studied and clinical tri-
als suggest their safety (Boye et  al. 2013). Our group is currently exploring this 
venue by developing anti-inflammatory gene therapy approaches with both eukary-
otic and viral genes (Ildefonso et al. 2015a, b).

Future studies should address how inflammatory cells are recruited into the ret-
ina during retinal degeneration. A better understanding of the resolution phase in 
these diseases could provide novel targets for therapeutic interventions. Although 
inflammation seems to be secondary in retinal degeneration, it is perhaps an impor-
tant disease modifier. Thus, anti-inflammatory therapies could hold potential as they 
could slow retinal degeneration significantly, having a great impact in the quality of 
life of affected individuals.
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Chapter 24
Autoimmune Retinopathy:  
An Immunologic Cellular-Driven Disorder

John R. Heckenlively and Steven K. Lundy

Abstract Autoimmune retinopathy (AIR) was often mistaken for retinitis pigmen-
tosa (RP), due to an overlap of clinical findings, but increasingly has been recog-
nized as a unique entity in the last decade. AIR has distinctive features: sudden 
onset of photopsias and scotomata in patients with no family history of RP, followed 
by visual field and central vision loss. Initially, retina exams are normal with no sign 
of pigment deposits or retinal degeneration. A family history of autoimmune dis-
eases (all types) occurs in 60% of patients. One hallmark of AIR has been the pres-
ence of anti-retinal autoimmune antibodies (ARAs) in patients’ sera, but patients 
can continue to have ARAs even when the disease has been quiescent for years. The 
accumulation of ARAs represents a breakdown of retinal immune tolerance with 
many different immunoreactive bands found at different reference weights in AIR 
patients. We began investigating cellular immunity using flow cytometry and found 
abnormal distributions (>2 StDev) of increased memory lymphocytes and NK cells 
and decreased regulatory B cell subsets in many AIR patients compared to normal 
controls. Culture of patient lymphocytes with small amounts (25 μg) of recoverin 
protein for 6 days led to significant elevations of interferon gamma (IFNγ) and in 
some cases tumor necrosis factor alpha (TNFα) production. We found the IFNγ/
IL-10 ratio in response to recoverin was elevated in patients with more active dis-
ease (defined by visual field contraction between visits), but in some patients, there 
also appeared to be independent factors influencing severity, suggesting other auto-
immune mechanisms were at play. These cellular immune parameters may provide 
improved markers for active AIR.
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Keywords Autoimmune retinopathy · Immune tolerance · Cellular immunity · 
Anti-retinal antibodies · Cytokines · Retinitis pigmentosa · Recoverin

24.1  Introduction

While autoimmune retinopathy (AIR) in the form of cancer-associated retinopathy 
was demonstrated in 1987 to be a paraneoplastic event (Thirkill et al. 1989), it was 
reported in 2009 that most cases of AIR are not associated with cancer (Ferreyra 
et al. 2009); these cases were termed nonneoplastic AIR. In a recent consensus paper, 
the term np-AIR was switched to AIR since most cases do not have cancer (Fox et al. 
2016). The diagnosis of autoimmune retinopathy (AIR) is usually challenging, since 
a constellation of findings and symptoms have to be recognized to fulfill the diagno-
sis. The initial symptoms are vague and the lack of fundus changes in particular is 
confounding (Fig. 24.1a). Patients report that the initial symptom is abrupt onset of 
photopsia followed by scotomata. An abnormal electroretinogram (Fig. 24.1b) and 

Fig. 24.1 Composite, typical case autoimmune retinopathy of a 51-year-old female with 2-year 
history of sudden onset of vision loss, photopsias, blind spots, and decreased visual acuity. There 
was no history of retinitis pigmentosa, but her sister had lupus and her mother rheumatoid arthritis. 
(a) Relatively normal-looking fundus. (b) Bright-flash dark-adapted electroretinograms showing 
negative waveforms in both eyes. (c) Goldmann visual fields with central and scattered scotomata, 
contraction of I-4e isopter. (d) Western blot demonstrating three strong and four weak anti-retinal 
immunoreactive bands
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visual field changes (Fig. 24.1c) confirm the clinical diagnosis of AIR in the face of 
a normal-appearing symptomatic patient (Fox et al. 2016). Detection of serum anti-
retinal antibodies helps diagnostically (Fig. 24.1d), but does not tell specifically if 
the disease is active or in a quiescent stage. Serial visual field testing and interview-
ing the patient for active vision loss will often clarify if the disease is active. Another 
source of confusion is that a minority of cases that has yet to be exactly quantified 
have concurrent autoimmune optic neuropathy and thus have contracted visual fields 
from the neuropathy. Many of these cases can be identified because they have better 
electroretinogram amplitudes than would be expected from the small field size. 
Some of these patients have anti-optic nerve antibodies on Western blot (with 
homogenized optic nerve tissue), but this is a variable finding in our experience 
(Thirkill et al. 1989; Oyama et al. 2009; Adamus et al. 2011) (Table 24.1).

24.2  Materials and Methods

24.2.1  Patients and Blood Samples

Patients with AIR are often referred to the retinal dystrophy clinic for evaluation 
because of overlapping features to retinitis pigmentosa (RP). From April 2014 to 
October 2015, after informed consent, 150 patients with AIR had blood drawn for 
flow cytometry and other tests as shown diagrammatically in Fig. 24.2. Within this 
group, 13 patients were newly diagnosed and had not been on any previous immu-
nosuppressive therapies, and comparisons were made between these untreated AIR 
patients and 8 individuals with RP and no signs of autoimmunity and 6 age-matched 
healthy controls.

Table 24.1 Summary and additional points

1. Active AIR is associated with high ratio of IFNγ/IL-10 (60%) or >2 SD elevated IFNγ. 
Rituxan-treated patients lose these markers temporarily
2. About 25% of AIR patients develop elevations of NK cells, and those who have >2 SD values 
above controls have faster visual field loss
3. About 10% of patients have elevated TNFα suggesting they may respond to infliximab. About 
60% of AIR patients show stabilization on mycophenolate mofetil and other 
immunosuppressants
4. Collaboration with rheumatology in managing the immunosuppression and in detecting other 
AI disorders is recommended
5. Tapering medications in AIR has to be done cautiously, and patients should be followed 
closely as they can show regression
6. The tests described in this talk are still in the research arena and are not commercially 
available
7. Testing for anti-retinal antibodies as a marker of the disease plus documenting disease 
progression (activity) currently should be sufficient evidence to initiate treatment
8.When available, the IFNγ/IL-10 ratio may aid in tracking disease activity

24 Autoimmune Retinopathy: An Immunologic Cellular-Driven Disorder



196

24.2.2  Immunologic Assays

Serum samples were analyzed for anti-retinal antibodies using Western blots. 
Plasma was analyzed for recoverin-specific IgG and IgM antibodies by ELISA. 
Peripheral blood mononuclear cells (PBMC) were isolated using Ficoll-
Histopaque and analyzed to detect T and B lymphocyte subsets and lymphocyte 
activation markers by ten-color flow cytometry. Lymphocyte cultures were 
exposed to 25 μg recombinant human recoverin for 6 days, and ELISA was used 
to quantify levels of interferon gamma (IFNγ), tumor necrosis factor alpha 
(TNFα), and interleukin 10 (IL-10) produced by the lymphocytes. An “AIR 
inflammatory index” was determined as the ratio of recoverin-induced IFNγ to 
IL-10 concentration in the culture medium. RNA was purified from whole blood 
that was collected in PAXgene tubes, and copy numbers of mRNA were quanti-
fied using NanoString™ technology.

Fig. 24.2 Protocol for testing autoimmune profiles in AIR patients. Blood is drawn after informed 
consent and tested by Western blot for human anti-retinal antibodies and flow cytometry to identify 
the lymphocyte markers and cell types, after which the lymphocytes are cultured for 6 days and 
cytokines induced by 25 μg recoverin. Cytokines levels are determined by ELISA. DNA is used to 
check autoimmune genes for mutations or genetic differences or probe epigenetics. Purified whole 
blood mRNA is used to measure gene expression employing NanoString™ technology
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24.3  Results

24.3.1  Anti-Retinal Antibodies in Patients Diagnosed with AIR

Patients had serial blood testing every 4–6 months. Western blots showed immuno-
reactive anti-retinal antibody bands for all AIR patients. Typical results for nine 
newly diagnosed AIR patients are shown in Fig. 24.3. In our experience, the average 
AIR patient has five bands, while non-autoimmune RP patients or healthy controls 
may have up to two bands and average less than one band on the anti-retinal Western 
blot. There was no pattern or correlation of clinical findings to the molecular weight 
distribution on Western blot to antibody antigens (Fig. 24.3), and clinically inactive 
cases of AIR also showed positive Western blots. As an example, there was one AIR 
case with a 15-year history of disease inactivity, yet the patient still had ARAs on 
Western blot.

Fig. 24.3 Western blot of AIR patients’ serum for anti-retinal antibodies. Normal retinal proteins 
from donor eyes (Michigan Eye Bank) were separated on SDS-PAGE gels, transferred to nitrocel-
lulose membranes, and incubated with serum from the AIR patients
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24.3.2  Peripheral Blood Cell Profiles in Newly Diagnosed AIR 
Patients

Blood samples from the untreated AIR patients, RP control patients, and healthy 
donors were compared by cell counting and flow cytometry. No significant differ-
ences were found in total peripheral blood mononuclear cells (PBMC) or in per-
centages of lymphocytes or granulocytes (data not shown). Nine of the thirteen 
untreated AIR patients had CD4+ T cell percentages below 38%, which was the 
average for RP patients, while the healthy controls averaged 54% CD4+ T cells and 
were statistically different than the AIR patients but not the RP patients (data not 
shown). None of the other major lymphocyte subsets (CD8+ T cells, NK cells, or B 
cells) were significantly different between the three groups.

24.3.3  Cytokine Responses Toward Recoverin

In a survey lasting over 1.5 years of 150 AIR patients, 46% showed significant ele-
vations of IFNγ cytokine produced by their lymphocytes in culture when exposed to 
25 μg of recoverin for 6 days compared to normal controls (Fig. 24.4). Many patients 
also had lower IL-10 production than controls resulting in 57% of AIR patients hav-
ing elevations of the IFNγ/IL-10 ratio that were significantly higher than controls. 
Elevated IFNγ/IL-10 ratios tended to correlate with clinically active disease 
(Fig. 24.4). These cytokine results were from a mixture of AIR patients at various 
points in the disease process. Most of the patients were receiving systemic immuno-
suppression treatment with prednisone, mycophenolate mofetil, and/or cyclospo-
rine A, and a minority were treated with other medications or some had no active 
treatment at the time of blood draw.
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Fig. 24.4 Interferon-γ and IL-10 were induced in AIR patient lymphocytes in culture with human 
recoverin for 6 days, and levels were measured by ELISA. Forty-four percent of AIR patients 
presenting in clinic had elevations of interferon-γ, and 54% had interferon to IL-10 ratios more 
than 2 SD above healthy controls
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To obtain a clearer picture of the effect of patients’ disease status prior to treat-
ment, new cases were selected prospectively who had never had immunosuppres-
sive treatment at time of blood draw. Thirteen new AIR cases, eight RP cases with 
typical slow visual field loss that had been followed for years, and six normal con-
trols were analyzed. The ELISA data for these cell culture recoverin-induced IFNγ 
values are shown in Fig. 24.5. There was a significant difference (P > 0.0001) in 
anti-recoverin IFNγ cytokine levels by cells from untreated AIR patients compared 
to non-autoimmune RP patients and normal control lymphocytes.

24.3.4  Gene Expression Abnormalities

We have been screening AIR patients for differences in gene expression using an 
array produced by NanoString Technologies. The array uses a barcoding strategy to 
fluorescently tag cDNA specific to 580 genes associated with inflammation. The 
method allows for direct quantification of copy numbers of mRNA in whole blood 
samples without amplification. Remarkably, there were only four genes that were 
twofold or more differentially expressed between the RP patients and healthy con-
trols, and all of these were at copy numbers averaging less than 100 per sample. In 
contrast, this analysis showed that AIR patients had twofold or greater increases in 
gene expression for 33 genes compared to RP controls (all less than 100 copy num-
bers) and decreased blood mRNA levels of 19 genes of which 17 were at copy 
numbers greater than 100 per sample. One of the most striking differences was that 
all the newly diagnosed AIR patients we tested (n = 10) had relatively low expres-
sion of TGF-beta receptor 1 (TGFβ R1) mRNA (Fig. 24.6). Another notable differ-
ence was in expression of the chemokine receptor CCR7 (Fig. 24.6).
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Fig. 24.5 Untreated AIR 
patients (n = 13), 
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24.4  Discussion

The diagnostic features and pathophysiology of AIR have slowly been emerging, and 
we are finding many distinctive changes in the immune system in AIR patients. While 
the presence of anti-retinal antibodies is found in all untreated AIR patients, their pres-
ence does not validate if the disease is active or quiescent. Working under the hypoth-
esis that AIR patients have a loss of tolerance to retinal proteins, we were able to 
stimulate lymphocytes in culture with recoverin to produce inflammatory cytokines 
indicative of cellular immunity found in other autoimmune diseases. We found that 
interferon gamma was frequently elevated and that IL-10 was often at or below levels 
occurring in normal controls. The ratio of IFNγ/IL-10 was 2 standard deviations 
above normal in roughly half of all patients identified in clinic with AIR despite many 
patients being on general immunosuppressive therapy. This AIR inflammatory index 
is likely to give a more direct assessment of disease activity and responsiveness to 
therapy. Since IFNγ drives type 1 cellular immunity mediated by cytotoxic cells of the 
immune system, these data suggest that the pathogenesis of AIR may be more similar 
to other IFNγ-mediated autoimmune diseases than previously thought. These findings 
put AIR in the same category as multiple sclerosis and type 1 diabetes, rather than 
other autoimmune diseases that are more dependent on the involvement of antibodies 
in disease pathogenesis. Thus, more specific therapies aimed at type 1 cellular immune 
responses may prove to be more effective at controlling AIR.

Elevated production of another type 1 cytokine, TNF alpha (TNFα), was less 
common, occurring in about 15% of patients. These patients tended to have eleva-
tions of NK cells, which have direct cytotoxic potential. Control of NK cells is 
highly dependent on the interaction of signals from interleukin 15 and is antago-
nized by the immunosuppressive cytokine transforming growth factor beta (TGFβ). 
The importance of TNFα in some types of autoimmunity can be best exemplified by 
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Fig. 24.6 NanoString™ analysis of mRNA identified TGFβR1 and CCR7 as significantly down-
regulated genes in the same set of AIR patients as in Fig. 24.5 when compared to controls or RP 
patients. These genes regulate inflammation and lymphocyte trafficking to sites of inflammation, 
respectively
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the effectiveness of TNF blockers in the treatment of rheumatoid arthritis and other 
rheumatologic diseases.

We found that newly diagnosed AIR patients who had not been on treatment were 
deficient in mRNA for the TGFβ receptor 1 molecule. TGFβ plays an important role 
in immune regulation and is known to control susceptibility to autoimmune disease. 
Mice deficient in TGFβ receptor expression have defects in regulatory T cell devel-
opment and have hyper-responsive NK cells due to dysregulation of IL-15 expres-
sion (Zhang and Bevan 2012; Gorelik and Flavell 2000). We also found that mRNA 
for CCR7, a chemokine receptor responsible for lymphocyte homing to secondary 
lymphoid organs, was significantly reduced in AIR patients compared to the other 
groups. Low expression of CCR7 is associated with transition of lymphocytes from 
naïve and central memory phenotypes toward cells that can leave lymphoid organs 
and home to sites of inflammation where they can carry out effector functions.

Taken together, the data suggest that loss of tolerance toward recoverin and 
potentially other retinal antigens may result in type 1 cellular immunity that may be 
the basis for retinal degeneration in patients with AIR. This represents a major shift 
in what was previously thought to be the pathogenic mechanisms involved and, 
therefore, should be considered when developing strategies to identify and get 
approval for more specific autoimmune therapies that may better treat patients with 
AIR. In the meantime, we are recommending the more generalized approaches of 
immunosuppression as clinically appropriate to prevent vision loss in these patients.
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Chapter 25
Inflammation-Induced Photoreceptor Cell 
Death

Abdoulaye Sene and Rajendra S. Apte

Abstract Neuroinflammation is an important aspect of many diseases of the eye, 
and experimental animal models have been widely used to determine its impact on 
retinal homeostasis and neuron survival. Physical separation of the neurosensory 
retina from the underlying retinal pigment epithelium (RPE) results in activation 
and infiltration of macrophages. Numerous studies have shown the critical role of 
macrophages in retinal disease processes. In retinal detachment, accumulation of 
macrophages in the subretinal space is associated with changes in cytokine and 
chemokine profile which lead to photoreceptor cell death. Targeted disruption of 
macrophage chemotaxis significantly reduces retinal detachment-induced photore-
ceptor degeneration. Apoptosis is the predominant mechanism of cell death; how-
ever regulated necrosis is also a contributor of photoreceptor loss. Therefore, 
effective neuroprotective approaches could integrate combined inhibition of both 
apoptotic and regulated necrosis pathways.
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25.1  Introduction

Photoreceptor degeneration is a common feature in many retinal disorders including 
retinitis pigmentosa, age-related macular degeneration (AMD), and retinal detach-
ment (Stone et al. 1999; Wright et al. 2010). Numerous efforts are directed toward 
identifying a neuroprotective strategy that prevents or slows photoreceptor loss. 
Although the etiologies may be unrelated, photoreceptor cell death that leads to 
blindness is often triggered by similar mechanisms in diverse eye diseases. 
Therefore, inhibition of these cell death pathways is a very attractive therapeutic 
approach to prevent blindness (Bird 2007). It is well established that photoreceptor 
loss leads to remodeling of retinal structure that is often associated with immune 
activation (Noailles et al. 2016; Xi et al. 2016). Although recruitment of immune 
cells in the retina of patients with retinal detachment or AMD has been well docu-
mented, the contribution of resident and recruited macrophages in disease patho-
genesis is unclear (Friedlander 2007; Karlstetter et al. 2015).

For instance, in animal models and patients with retinal detachment, macro-
phages are present in the subretinal space during the course of photoreceptor degen-
eration (Kunikata et al. 2013; Matsumoto et al. 2014). Given the role of macrophages 
in phagocytosis, antigen presentation, and cell clearance in response to danger sig-
nals such as damaged or injured tissue, an important question is whether macro-
phages cause the cell death or are merely associated with disease-related injury 
(Karlstetter et al. 2015). Similar concerns were also reported regarding the role of 
macrophages in AMD (Sene and Apte 2014). Although resident macrophages are 
present in healthy eyes, their number and activation signature change during the 
course of the disease (Cherepanoff et al. 2010). In experimental animal models of 
non-neovascular AMD, inhibition of macrophage recruitment significantly reduced 
the photoreceptor cell death, further confirming the key role of macrophages in 
mediating photoreceptor loss as seen in advanced stages of the disease (Cruz- 
Guilloty et al. 2013; Kohno et al. 2013; Sennlaub et al. 2013). In the neovascular 
form of the disease, it has been shown that macrophages can either inhibit or pro-
mote pathological angiogenesis (Sene et al. 2015; Grunin et al. 2016). This elastic-
ity of function is dictated by their activation state, which in turn can be regulated by 
many factors including aging, photooxidative stress, and lipid metabolism (Kelly 
et al. 2007; Sene et al. 2013). Recent evidence shows that tissue macrophages can 
exhibit a distinct activation profile to modulate photoreceptor survival (Lewis et al. 
2005). Macrophage infiltration in the subretinal space and the outer nuclear layer 
has also been shown in experimental models of light-induced retinal degeneration 
(Santos et al. 2010). In addition, several studies have demonstrated that preventing 
macrophage accumulation and activation is sufficient to significantly reduce light- 
induced retinal degeneration (Kohno et al. 2013). The use of experimental models 
of diseases along with genetic engineering approaches has unraveled a mechanistic 
link between macrophage recruitment and photoreceptor cell death (Rutar et  al. 
2012). Furthermore, coculture studies of photoreceptors with either retina-derived 
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microglial cells or conditioned media from these cells demonstrated that these cells 
or cell-derived factors can lead to photoreceptor death (Yang et al. 2007).

25.2  Modeling Macrophage-Mediated Retinal Cell Death

The physical separation of the neurosensory retina from the underlying retinal pig-
ment epithelium (RPE) can occur due to (a) retinal breaks which allow vitreous 
fluid access to the subretinal space called rhegmatogenous detachments, (b) trac-
tional preretinal membranes as seen in diabetic retinopathy, or (c) defective fluid 
transport/exudation seen in inflammatory or neoplastic conditions (Kang and Luff 
2008). Retinal cell death correlates with the size and the duration of the detachment 
(Lewis et al. 2002). In response to the detachment, there is a profound remodeling 
of the retinal tissue. These changes are associated with reactive gliosis of Muller 
glial cells which is characterized by an upregulation of a specific cytoskeletal pro-
tein, glial fibrillary acidic protein (GFAP) (Erickson et al. 1987). In the detached 
retina, there is also an increased expression of vimentin in astroglial cells (Lewis 
and Fisher 2003). In addition, ion and water transport through Muller cells are dys-
regulated leading to defective fluid absorption (Wurm et  al. 2006). The reactive 
astroglial response plays a determinant role in photoreceptor cell death. It has been 
demonstrated that in mice lacking both GFAP and vimentin, there was reduced 
photoreceptor degeneration after retinal detachment as compared to wild-type mice. 
Depletion of GFAP and vimentin prevented retinal detachment-induced macro-
phage infiltration in the subretinal space (Nakazawa et al. 2007a). In response to 
retinal detachment, there is an induction of inflammatory mediators such as MCP-1. 
In contrast, its levels were unchanged in double knockout (KO) mice further con-
firming the predominant role of the reactive gliosis in macrophage recruitment 
under the detached retina.

25.3  Macrophage Recruitment and Activation

The loss-of-function studies targeting GFAP and vimentin suggest that astroglial 
cells are one of first responders in the detached retina. In addition to the reactive 
gliosis, these cells exhibit rapid changes in retinal cytokine and chemokine profile 
that modulates immune and inflammatory responses (Bringmann and Wiedemann 
2012). Injury-induced glial response and the sequential events that lead to macro-
phage recruitment and activation have also been observed in ischemia-reperfusion 
and light-induced degeneration. In experimental rodent models, it has been shown 
that retinal levels of TNF-α, IL-1β, and MCP-1 were about tenfold higher as early 
as 1  h following the retinal detachment (Nakazawa et  al. 2006). Interestingly, 
MCP-1 is mostly produced by Muller cells in the early stages of the injury therefore 
initiating the activation of resident microglial cells and the infiltration of 
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macrophages in the subretinal space. Many studies have demonstrated the central 
role of MCP-1 in injury-induced neuroinflammation and photoreceptor cell death 
(Nakazawa et al. 2007b; Rutar et al. 2012). Indeed, defective chemotaxis of macro-
phages mediated by MCP-1 prevents retinal degeneration. In the detached retina, in 
addition to Muller cells, high MCP-1 levels are maintained by activated and infil-
trating macrophages along with injured photoreceptors. A sustained pro- 
inflammatory status can also be amplified through a positive feedback loop resulting 
from the interaction of microglia and Muller cells. Activated microglia can modu-
late Muller cells morphology and inflammatory status. The expression of MCP-1 
and inflammatory cytokines such as IL-1β and IL6 is significantly increased in 
Muller cells when exposed to activated microglia (Wang et al. 2011). These data 
further confirm the interplay between retinal glial cells and resident and infiltrating 
macrophages in order to maintain neuroinflammation. Detachment-induced macro-
phage activation and recruitment have been reported in patients as well as in various 
experimental animal models (Lewis et al. 2005).

25.4  Cell Death Mechanisms

In experimental models of retinal detachment, photoreceptor loss peaks at day 3 
post induction and correlates with the thickness of the outer nuclear layer (Yang 
et al. 2004). Electroretinograms recorded 3 days after retinal detachment confirmed 
functional changes of photoreceptors (Hisatomi et al. 2002). Numerous studies have 
shown that apoptosis is the predominant mechanism of photoreceptor cell degenera-
tion in humans with retinal detachment and experimental animal models (Chang 
et al. 1995; Cook et al. 1995; Arroyo et al. 2005; Lo et al. 2011). Indeed, inhibition 
of apoptotic pathways as a treatment strategy has been explored in order to prevent 
photoreceptor degeneration in detached retinas (Yang et al. 2004; Zacks et al. 2007). 
In many studies, interfering with apoptotic pathways resulted in a significant reduc-
tion of photoreceptor cell death. However, pan-caspase inhibition did not prevent 
retinal detachment-induced photoreceptor loss therefore confirming the activation 
of other cell death mechanisms (Trichonas et al. 2010). These studies demonstrated 
that necrosis is also a key mechanism of detachment-induced photoreceptor cell 
death. Using genetic and specific pharmacological tools, the authors demonstrated 
that disruption of receptor-interacting protein (RIP) kinase-mediated necrosis 
reduced photoreceptor loss after retinal detachment. Interestingly, inhibition of 
caspase- dependent apoptotic pathways in detached retinas is associated with a sig-
nificant increase in necrosis-mediated photoreceptor cell death. These data suggest 
that this programmed necrosis is a redundant death mechanism in retinal detachment- 
induced photoreceptor loss. Therefore an effective therapeutic strategy would inte-
grate a combined inhibition of apoptotic and regulated necrosis pathways.
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Chapter 26
Sall1 Regulates Microglial Morphology  
Cell Autonomously in the Developing Retina

Hideto Koso, Ryuichi Nishinakamura, and Sumiko Watanabe

Abstract Retinal degeneration often accompanies microglial activation and infil-
tration of monocyte-derived macrophages into the retina, resulting in the coexis-
tence of microglia and monocyte-derived macrophages in the retina. We previously 
showed that the Sall1 zinc-finger transcriptional factor is expressed specifically in 
microglia within the retinal phagocyte pool, and analyses of Sall1 knockout mice 
revealed that microglial morphology changed from a ramified to a more amoeboid 
appearance in the developing retina. To investigate further whether Sall1 functions 
autonomously in microglia, we generated Sall1 conditional knockout mice, in 
which Sall1 was depleted specifically in the Cx3cr1+ microglial compartment of the 
developing retina. Sall1-deficient microglia exhibited morphological abnormalities 
on embryonic day 18 that strikingly resembled the phenotype observed in Sall1 
knockout mice, demonstrating that Sall1 regulates microglial morphology cell 
autonomously. Analysis of the postnatal retina revealed that Sall1-deficient microg-
lia extended their processes and their morphology became comparable to that of 
wild-type microglia on postnatal day 21, indicating that Sall1 is essential for 
microglial ramification in the developing retina, but not in the postnatal retina.
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26.1  Introduction

Recent studies have suggested pathogenic roles for microglia and infiltrating mac-
rophages in mouse models of retinal degeneration (Sennlaub et al. 2013; Zhao et al. 
2015); however, the distinct roles of these two phagocytic populations remain 
unclear. We recently developed a new genetic mouse model of retinal degeneration, 
in which rods were induced to degenerate in a temporally regulated manner by 
expressing diphtheria toxin fragment A in rod photoreceptor cells (Koso et al. 2016). 
By combining bone marrow transplantation with this model, we revealed the coex-
istence of microglia and monocyte-derived macrophages in the retina. Comparisons 
of the microglia and monocyte-derived macrophage gene expression profiles identi-
fied Sall1 as a gene specifically expressed in microglia. To investigate Sall1 func-
tions in microglia, we analyzed Sall1 knockout mice. Microglial colonization of the 
developing retina occurred normally in Sall1 knockout mice; however, microglial 
ramification was significantly reduced in the retina of Sall1 knockout mice (Koso 
et al. 2016). The morphological defect was not rescued by the presence of wild-type 
non-microglial cells in vitro, suggesting a cell-autonomous role of Sall1 in microg-
lial morphology. To investigate further whether Sall1 functions in cell autonomously 
in vivo, we generated Sall1 conditional knockout (CKO) mice, in which Sall1 was 
specifically depleted in microglia. Salll1 CKO mice also allowed us to investigate 
Sall1 functions in microglia during postnatal stages.

26.2  Materials and Methods

26.2.1  Mouse Strains

B6.129P2(C)-Cx3cr1tm2.1(cre/ERT2)Jung/J (Cx3cr1CreER) transgenic mice (Yona et  al. 
2013) (Jackson Laboratory, Bar Harbor, ME, USA) were bred with B6;129- 
Sall1tm1(flox)Imeg (Sall1flox) (Yuri et al. 2009; Kanda et al. 2014) to obtain double trans-
genic animals. The genetic background of these animals was C57BL/6 x129 mixed. 
Animals of either sex were used in the study. All animal procedures were performed 
according to the guidelines of the ARVO statement for the “Use of Animals in 
Ophthalmic and Vision Research” and were approved by the Institutional Animal 
Care and Use Committees.

26.2.2  Tamoxifen Treatment

Tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) was prepared as a 20 mg/ml stock 
solution in corn oil. At E12, 6 mg of tamoxifen was administered by oral gavage to a 
pregnant mouse. Mouse embryos were analyzed at embryonic day (E)18. Caesarian 
section was performed on E19, and the retinas were analyzed on postnatal day 8 or 21.
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26.2.3  Immunohistochemical Analysis

The entire embryonic head was fixed, incubated in 25% sucrose/PBS, and embed-
ded in FSC22 compound (Leica Microsystems, Buffalo Grove, IL, USA). Postnatal 
retinas were embedded as flattened whole mounts and sectioned along the apico- 
basal axis. Frozen sections (10 μm) were prepared using a CM1950 cryostat (Leica). 
The following antibodies were used: rabbit polyclonal anti-Iba1 (Wako Pure 
Chemical, Osaka, Japan), mouse monoclonal anti-Sall1 (Perseus Proteomics, 
Tokyo, Japan), and Alexa488 or 594-conjugated appropriate secondary antibodies 
(Thermo Fisher Scientific, Rockford, IL, USA). Samples were counterstained with 
DAPI and analyzed with an Axioplan 2 imaging microscope (Carl Zeiss, Jena, 
Germany). Embryonic microglial morphology was analyzed as described previ-
ously (Koso et al. 2016) and that in postnatal retinas was analyzed using microglia 
located in the inner plexiform layer.

26.3  Results

26.3.1  Sall1 Regulates Microglial Morphology Cell 
Autonomously in the Developing Retina

The Cx3cr1 chemokine receptor is expressed in mature monocytes and in a sub-
set of peripheral mononuclear phagocytes (Geissmann et al. 2003). Only microg-
lia in the brain parenchyma express this marker (Prinz et  al. 2011; Goldmann 
et al. 2013); thus, we used Cx3cr1CreER knock-in mice to deplete Sall1 specifically 
in microglia (Yuri et al. 2009; Kanda et al. 2014). The Sall1floxed allele contains 
two loxP sites flanking exon 1 of the Sall1 gene, resulting in complete absence of 
the Sall1 protein after Cre-mediated recombination (Yuri et al. 2009). Yolk sac-
derived Cx3cr1- expressing microglial precursors start to colonize the neural tube 
in the developing central nervous system (CNS) on E9.5 (Kierdorf et al. 2013); 
thus, we administered tamoxifen to pregnant mice on E12 and induced recombi-
nation in control (Sall1flox/flox) or Sall1 CKO embryos (Cx3cr1CreER; Sall1flox/flox) 
(Fig. 26.1a). Analysis of the retina on E18 revealed that microglia had extended 
their processes toward the basal side of the retina in control mice; however, this 
was rarely observed in the retina of Sall1 CKO mice (Fig. 26.1b). The number of 
microglial branches and maximum length of the branches were both reduced in 
microglia of Sall1 CKO mice (Fig. 26.1c, d). These phenotypes strikingly resem-
bled the microglial abnormalities observed in Sall1 KO mice (Koso et al. 2016), 
indicating that Sall1 regulates microglial morphology cell autonomously in the 
developing retina.

26 Sall1 Regulates Microglial Morphology Cell Autonomously…
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26.3.2  Sall1-Deficient Microglia Extend Their Processes 
During the Postnatal Stage

Sall1 is essential for kidney development, and Sall1 knockout mice exhibit neonatal 
lethality (Nishinakamura et al. 2001). Sall1 CKO mice allowed us to circumvent 
this problem and analyze microglial morphology in the postnatal retina. We used the 
same protocol for tamoxifen treatment as described above and analyzed the retina 
of control and Sall1 CKO mice during postnatal stages (Fig. 26.2a). Sall1 expres-
sion was absent in microglia of Sall1 CKO mice on postnatal day (P)8, as expected 
(Fig.  26.2b). Unlike embryonic microglia, Sall1-deficient microglia normally 
extended their processes on P8, although arborization appeared to have decreased 
slightly (Fig.  26.2b), which was reminiscent of the morphological abnormalities 
observed in embryonic microglia. Sall1-deficient microglia acquired a branched, 

Fig. 26.1 Microglial morphology in the Sall1 CKO retina during development. (a) A sche-
matic diagram showing tamoxifen treatment. Tamoxifen was administered to a pregnant mother to 
induce recombination in control (Sall1flox/flox) or Sall1 CKO mice (Cx3cr1CreER; Sall1flox/flox) at E12. 
The retina was analyzed at E18. (b) Representative expression patterns of Iba1  in the retina of 
control and Sall1 CKO mice at E18.5. White squares represent the regions magnified. (c, d) 
Distributions of the number of microglial branches (c) and the maximum length of microglial 
processes (d) in the retina of control and Sall1 CKO mice at E18 (n = 4 per group). At least one 
hundred microglia were measured for each animal. Mann-Whitney U test ***p < 0.001. Data 
represent Mean ± SEM. Scale bars, 50 μm
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ramified morphology on P21, which was comparable between control and Sall1- 
deficient microglia (Fig. 26.2c). These data suggest that Sall1 is not essential for 
microglia to become fully ramified cells in the postnatal retina.

26.4  Discussion

In this study, we used Cx3cr1CreER transgenic mice for the specific depletion of 
Sall1 in microglia of the developing retina. Embryonic microglia in the Sall1 CKO 
retina showed morphological abnormalities that strikingly resembled the phenotype 
observed in Sall1 KO retinas. The microglial abnormalities were observed not only 
in the retina but also in the cortex of Sall1 CKO mice (data not shown), indicating 
that Sall1 regulates microglial morphology cell autonomously in at least two regions 
of the developing CNS. Sall1 acts as a strong transcriptional repressor in mamma-
lian cells; however, its direct target genes remain unknown (Netzer et  al. 2001). 
Microglia emerge from erythromyeloid progenitors in the yolk sac during embry-
onic development (Kierdorf et al. 2013). A recent single-cell transcriptome analysis 

Fig. 26.2 Microglial morphology in the Sall1 CKO retina at postnatal stages. (a) A schematic 
diagram showing tamoxifen treatment. Tamoxifen was administered to a pregnant mother at E12, 
and the retina was analyzed at P8 or P21. (b, c) Representative expression patterns of Iba1 and 
Sall1 in the retina of control and Sall1 CKO mice at P8 (b) and P21 (c). White squares in upper 
panels represent the regions magnified. Arrows point to microglial nuclei. Scale bars, 50 μm
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revealed that Sall1 is not expressed in erythromyeloid progenitors in the yolk sac, 
but begins to be expressed in microglial progenitors in the brain as early as E10.5 
(Matcovitch-Natan et  al. 2016), suggesting that Sall1 expression is initiated in 
microglia after colonization of the brain. These findings support the notion that 
locally derived signals in the developing brain induce Sall1 expression in microglial 
progenitors, which, in turn, facilitates morphological specification into ramified 
microglia.

Sall1-deficient microglia showed morphological abnormalities in the developing 
retina, but they eventually underwent a morphological transition to branched and 
ramified mature microglia. The most likely explanation for this phenotype is that 
other SALL family proteins may have redundant functions and rescued the morpho-
logical defects induced by the Sall1 deficiency. Sall3 is such a candidate because 
Sall1 and Sall3 share a similar domain structure and have redundant roles during 
limb morphogenesis (Kawakami et  al. 2009). In fact, Sall3 is relatively strongly 
expressed in microglia (Koso et al. 2016). As Sall3 knockout mice exhibit perinatal 
lethality (Parrish et al. 2004), microglia-specific depletion of both Sall1 and Sall3 
remains a task for future studies. Resting microglia dynamically extend and retract 
their processes to monitor neuronal synapses in their microenvironment (Wake et al. 
2009). Although we could not detect any morphological abnormalities in Sall1- 
deficient microglia on P21 from static microscopic images, our study does not rule 
out the possibility that dynamic movement of microglial processes may be altered 
by Sall1 deficiency. A detailed analysis of the dynamic behavior of microglial pro-
cesses in Sall1-deficient microglia remains an important target for future 
investigation.
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Abstract

Purpose
To identify the molecular basis of inherited retinal degeneration (IRD) in a familial 
case of Pakistani origin using whole-exome sequencing.
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Methods
A thorough ophthalmic examination was completed, and genomic DNA was 
extracted using standard protocols. Whole exome(s) were captured with Agilent 
V5 + UTRs probes and sequenced on Illumina HiSeq genome analyzer. The exome-
Suite software was used to filter variants, and the candidate causal variants were 
prioritized, examining their allele frequency and PolyPhen2, SIFT, and 
MutationTaster predictions. Sanger dideoxy sequencing was performed to confirm 
the segregation with disease phenotype and absence in ethnicity-matched control 
chromosomes.

Results
Ophthalmic examination confirmed retinal degeneration in all affected individuals 
that segregated as an autosomal recessive trait in the family. Whole-exome sequenc-
ing identified two homozygous missense variants: c.1304G > A; p.Arg435Gln in 
ZNF408 (NM_024741) and c.902G > A; p.Gly301Asp in C1QTNF4 (NM_031909). 
Both variants segregated with the retinal phenotype in the PKRD320 and were 
absent in ethnically matched control chromosomes.

Conclusion
Whole-exome sequencing coupled with bioinformatics analysis identified potential 
novel variants that might be responsible for IRD.

Keywords Retinal degeneration · Whole-exome sequencing · Novel variants · 
ZNF408 · C1QTNF4

27.1  Introduction

Retinal degenerations (RD) are the most common form of retinal dystrophy that 
affects 1 in 3000 individuals (Boughman et al. 1980). The disease is characterized 
by the progressive degeneration of photoreceptors, ultimately leading to blindness 
(Heckenlively 1988; Inglehearn 1998; Daiger et al. 2013). In the Retinal Information 
Network, currently, there are approximately 256 retinal disease-causing genes 
(RetNet; Hartong et al. 2006).

Mutations in these genes have been associated with a wide range of retinal phe-
notypes including cone or cone-rod dystrophy, leber congenital amaurosis, optic 
atrophy, retinitis pigmentosa, Usher syndrome, x-linked, and mitochondrial (Carr 
et al. 1978; Boughman and Fishman 1983; Boughman et al. 1983; Cremers et al. 
1998; Morimura et al. 1998; Ayyagari et al. 2000; Nochez et al. 2009; Kenney et al. 
2013). More than 187 genes have been reported that are involved with arRD 
(RetNet). Patients with arRD have a wide variation in the age of onset, the rate of 
progression, the severity of disease, and clinical symptoms (Heckenlively 1988; 
Zheng et al. 2015).

Here we describe the identification of the pathogenic candidate variants in a 
pedigree originating in Pakistan by linkage analysis and whole-exome sequencing.

P. Biswas et al.
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27.2  Methods

27.2.1  Ethics

All research procedures were approved by the Institutional Review Boards (IRB) of 
National Centre of Excellence in Molecular Biology in Lahore, Pakistan; National 
Eye Institute in Bethesda, MD; University of California San Diego, in La Jolla, CA; 
and Johns Hopkins University in Baltimore, MD. Each participant in this study was 
informed and provided written consent in accordance with the Declaration of 
Helsinki.

27.2.2  Subjects and Clinical Examination

A three-generation pedigree with multiple affected family members was recruited 
from the Punjab province of Pakistan. The ophthalmic evaluation was performed as 
described previously (Duncan et al. 2007).

27.2.3  Exclusion Analysis

The genomic DNA used in all experiments was extracted from the white blood cells 
of whole-blood samples using QIAamp DNA blood mini kit (QIAGEN, Valencia, 
CA 91355). Short tandem repeat (STR) markers spanning known and/or reported 
IRD loci were selected for exclusion analysis. PCR products were mixed with a 
loading cocktail containing HD-400 size standards (Applied Biosystems) and 
resolved in an Applied Biosystems 3100 DNA Analyzer. Genotypes were assigned 
using the GeneMapper software from Applied Biosystems. Linkage analysis was 
performed with alleles of PKRD320 obtained through the genome-wide scan using 
the FASTLINK version of MLINK from the LINKAGE Program Package (Lathrop 
and Lalouel 1984; Schaffer et al. 1994; Naeem et al. 2015).

27.2.4  Whole-Exome Sequencing and Variant Calling

Genomic DNA from two affected and one unaffected individual was used for whole- 
exome sequencing. Whole-exome sequencing was performed using Agilent 
V5 + UTRs probes on the Illumina HiSeq (Illumina, San Diego, CA). The paired 
end (2 × 100 bases) reads were aligned to human genome hg19 after quality control 
check (Li and Durbin 2009; Genomes Project et al. 2015). The aligned reads were 
sorted by using SAMtools and stored in BAM format files. The GATK guidelines 
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were followed to call the variants (DePristo et al. 2011; Tarasov et al. 2015). Variants 
were filtered using exomeSuite, a software (Maranhao et al. 2014) for a homozy-
gous recessive inheritance pattern. Subsequently, we examined the allele frequency, 
impact of mutation, and expression profile of promising candidate variants 
(Table 27.1). Finally, all variants were confirmed by segregation analysis through 
dideoxy sequencing (MacDonald et al. 2012).

27.3  Results

27.3.1  Linkage Analysis

The linkage analysis localized the disease interval to chromosome 11q. The haplo-
type constructed from alleles of additional short tandem repeat (STR) markers in 
that region further supported localization to chromosome 11q (Fig. 27.1).

27.3.2  Identification of Rare and Potentially Damaging 
Variants

59,064–63,286 SNPs were identified from two affected individuals (III:4 and III:7), 
whereas 63,996 SNPs were identified in the unaffected individual (III:1). On aver-
age, 5900 indels were found in each sample (the range 5295–6490). Analysis based 
on the pattern of inheritance identified 34,972 homozygous common variants in two 
affected individuals, which were absent or heterozygous in the unaffected. Among 
the identified variants, only 18 variants were rare (below 0.5%) and also present in 

Table 27.1 The list of databases we used for variant annotation

Category Database References

Mutation 
frequency

dbSNP 138 Sherry et al. (2001)
ExAC Lek et al. (2016)
HGMD Stenson et al. (2014)

Gene GENCODE (gene, exon, and 
transcript)

Harrow et al. (2012)

microRNA mirBase Kozomara and Griffiths-Jones 
(2011)

Expression UniGene –
Impact prediction PolyPhen2 –

SIFT –
MutationTaster –

Retina RetNet RetNet

P. Biswas et al.
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the exonic sequence. Further analysis based on expression profile identified seven 
candidate variants (Table 27.2). Among these, PolyPhen2 predicted three missense 
variants to be damaging. Sanger sequencing revealed the novel, homozygous mis-
sense variant, c.1304G > A; p.Arg435Gln in the ZNF408 gene (NM_024741) seg-
regating with disease in PKRD320 (Fig.  27.1). This variant was predicted to be 
probably damaging (PolyPhen2 = 0.983). Likewise, another homozygous missense 
variant c.902G > A; p.Gly301Asp in C1QTNF4 (NM_031909), a gene that is not 
yet associated with RD, co-segregated with IRD in PKRD320 (Fig. 27.1). This mis-
sense variant was predicted to be damaging (PolyPhen2  =  1.000). The arginine 
435 in ZNF408 and glycine 301 in C1QTNF4 are highly conserved through evolu-
tion (Fig. 27.2). ZNF408 and C1QTNF4 genes are located on chromosome 11 and 
only 884,907 base-pair distance apart (Table  27.2). Both these variants are rare 
(0.0001 for the ZNF408 variant and the C1QTNF4 variant is novel) and located in 
the disease interval identified by the haplotype (Fig. 27.1).

Fig. 27.1 Pedigree drawing of family PKRD320 illustrates segregation of variants identified in 
ZNF408 and C1QTNF4 with the retinal phenotype. Asterisk indicates the individuals that were 
chosen for whole-exome sequencing

27 Whole-Exome Sequencing Identifies Novel Variants that Co-segregates…
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27.3.3  Control Analysis

Analysis of 100 ethnicity-matched appropriate controls did not detect the novel 
causative variants identified in this study, indicating that these variants are rare in 
the Pakistani population.

Fig. 27.2 Illustration of amino acid conservation of Arg435 in ZNF408 and Gly301 in C1QTNF4 
in their respective orthologs
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27.4  Discussion

We report the use of whole-exome sequencing coupled with bioinformatic analysis 
to identify potential novel variants segregating with IRD in a large inbred family of 
Pakistani origin. Our analysis identified two homozygous potentially pathogenic 
variants segregating with disease. These variants reside in a previously reported 
Zinc Finger Protein 408 (ZNF408) gene and Tumor Necrosis Factor- Related Protein 
4 (C1QTNF4) gene, which has not been associated with IRD.

ZNF408 encodes a transcription factor, and mutations in this gene have been 
associated with vitreoretinopathy and retinitis pigmentosa (Collin et al. 2013; Avila- 
Fernandez et al. 2015). ZNF408 is expressed in both cone and rod photoreceptor 
retinal layer. The znf408 knockdown transgenic zebrafish showed abnormal ventral 
retinal fusion and absence of blood vessels, leading to severe necrosis for the early 
stage of eye development (Collin et al. 2013).

C1QTNF4 is a member of the CTRPs family and has an important function on 
cytokine activity. Interestingly, another member of this family, C1QTNF5, has been 
associated with autosomal dominant late-onset retinal degeneration (Hayward et al. 
2003; Ayyagari et al. 2005). This suggests that the homozygous variant identified in 
C1QTNF4 might play an important role in development of retinal pathology.

In conclusion, this study identified two homozygous variants in two different 
genes, i.e., ZNF408 and C1QTNF4, segregating with IRD in a Pakistani family. It is 
rather challenging to delineate the contribution of each of these variants toward the 
development of the retinal phenotype and establish the causative role of the 
C1QTNF4 variant in this pedigree. We speculate that the variant identified in 
ZNF408, a known IRD gene, is the primary cause of the phenotype in PKDR320. If 
the C1QTNF4 variant has any effect on the retinal tissue, it may exasperate the phe-
notype due to the ZNF408 variant. Future studies on the role of these mutant pro-
teins and generation of animal models may reveal the potential role of the C1QTNF4 
gene in the pathophysiology of retinal degeneration.
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Abstract Retinal dystrophies are a phenotypically and genetically complex group 
of conditions. Because of this complexity, it can be challenging in many families 
to determine the inheritance based on pedigree analysis alone. Clinical examina-
tions were performed and blood samples were collected from a North American 
(M1186) and a consanguineous Pakistani (PKRD168) pedigree affected with two 
different retinal dystrophies (RD). Based on the structure of the pedigrees, inheri-
tance patterns in the families were difficult to determine. In one family, linkage 
analysis was performed with markers on X-chromosome. In the second family, 
whole-exome sequencing (WES) was performed. Subsequent Sanger sequencing 
of genes of interest was performed. Linkage and haplotype analysis localized the 
disease interval to a 70 Mb region on the X chromosome that encompassed RP2 
and RPGR in M1186. The disease haplotype segregated with RD in all individuals 
except for an unaffected man (IV:3) and his affected son (V:1) in this pedigree. 
Subsequent analysis identified a novel RPGR mutation (p. Lys857Glu fs221X) in 
all affected members of M1186 except V:1. This information suggests that there is 
an unidentified second cause of retinitis pigmentosa (RP) within the family. A 
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novel two-base-pair deletion (p. Tyr565Ter fsX) in CHM (choroideremia) was 
found to segregate with RD in PKRD168. This paper highlights the challenges of 
interpreting family history in families with RD and reports on the identification of 
novel mutations in two RD families.

Keywords XLRP · Choroideremia · RPGR · Deletions · Exome sequencing · 
Linkage analysis

28.1  Introduction

Retinal dystrophies (RD) encompass a clinically and phenotypically diverse group 
of retinal diseases which cause a significant impact on visual functioning and often 
the quality of life (Berger et al. 2010). Mutations in more than 260 genes have been 
identified which are known to cause syndrome and non-syndromic forms of autoso-
mal dominant (AD), autosomal recessive (AR) and X-linked (XL) forms of the dis-
ease. Due to the extreme genetic heterogeneity and diverse inheritance patterns, 
genetic testing and genetic counseling for patients affected with RD can prove to be 
challenging. Complexities such as de novo mutations, expressive variability, reduced 
penetrance, and manifesting female carriers of the XL disease can make determin-
ing the inheritance very complicated. Similarly, pseudo dominant inheritance in 
which a high degree of consanguinity or high carrier frequencies of common muta-
tions in a population may also complicate determination of inheritance patterns of 
pedigrees mimicking AD inheritance (Churchill et al. 2013; Huckfeldt et al. 2016).

Depending on the specific diagnosis, female carriers of X-linked RD (XLRD), 
such as XL retinitis pigmentosa (XLRP) and choroideremia may manifest disease 
symptoms and/or have fundus findings consistent with being a carrier (Vajaranant 
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et  al. 2008; Comander et  al. 2015). In addition, XL dominant forms of RP with 
severely affected females (Wu et al. 2010) and ADRP with reduced penetrance have 
also been reported (Sullivan et al. 2006; Bowne et al. 2013). In fact, 8.5% of fami-
lies, which were originally thought to be AD, were determined to be XL families 
(Churchill et al. 2013). Because of these complexities, it can be particularly difficult 
to distinguish between AD and XL families.

We examined a North American family and a Pakistani family affected with an 
RD. In both families, it was challenging to determine the inheritance of the condition 
based on pedigree analysis alone, but this was resolved through genetic analysis.

28.2  Materials and Methods

28.2.1  Ethics

All research procedures were approved by the Institutional Review Boards (IRB) of 
all participating institutions. Each participant in this study provided written consent 
in accordance with the Declaration of Helsinki.

28.2.2  Subjects and Clinical Examination

Two large pedigrees with multiple affected family members were recruited from the 
Punjab province of Pakistan and from North America. The ophthalmic evaluation 
was performed as described previously (Ayyagari et al. 2005; Duncan et al. 2007).

28.2.3  Genetic Analysis in M1186

Two-point linkage analysis was carried out using the MLINK program of the 
LINKAGE package (Lathrop and Lalouel 1984). Following the identification of 
disease interval that encompassed RP2 and RPGR, sequencing of the RP2, RPGR, 
and ORF15 region of RPGR was performed in 14 available family members as 
described earlier (Branham et al. 2012).

28.2.4  Whole-Exome Sequencing (WES) and Variant Calling 
in PKRD168

Genomic DNA from two affected males (R2821 and R2827) was used for 
WES using Agilent V5  +  UTRs probes on the Illumina HiSeq (Illumina, San 
Diego, CA). Read mapping and variant calling were done as described before 
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(Maranhao et al. 2014). Variants were filtered using exomeSuite (Maranhao et al. 
2014) for low- frequency, deleterious mutations in genes expressed in the ret-
ina. Finally, candidate variants were confirmed by segregation analysis through 
Sanger  dideoxy sequencing.

28.3  Results

28.3.1  Clinical and Pedigree Characterization

In Family M1186 (Fig. 28.1), the pedigree analysis was performed to determine the 
possible genetic inheritance of RP. Males in the family showed severe retinal degen-
eration with typical bone spicule changes, non-recordable electroretinogram (ERG) 
by the age of 20, and childhood onset of night vision abnormalities. Most females 
in the family demonstrated a reduction in ERG parameters, mild vision loss, and 
fundus changes consistent with being a carrier (Fig. 28.2). However, one female 
(M1186-IV:1) had a non-recordable rod and cone electroretinogram (ERG) at the 
age of 29. Therefore, the phenotype within the family was most suggestive of XLRP, 
but the pedigree with the instance of an unaffected man (IV:3) having an affected 

Fig. 28.1 Pedigree drawing and haplotype analysis of Family M1186. Haplotype was constructed 
using microsatellite markers on the X chromosome and identified DXS1214 and DXS1106 as the 
boundaries of the disease interval
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son (V:1) was more suggestive of ADRP with incomplete penetrance. In this case, 
both IV:3 and his wife were unaffected with disease, and their son V:1 was affected 
from the age of 8.

In parallel, a five-generation family, PKRD168 with two consanguineous mar-
riages was investigated to delineate the genetic determinants that are responsible for 
RD (Fig. 28.3). Fundus photographs demonstrated loss of RPE and attenuated ves-
sels in affected males and milder changes in females (Fig. 28.4). Abnormal ERGs 
were observed in affected males. The pedigree structure, especially the consanguin-
ity within the family, was suggestive of AR inheritance. However, we could not rule 
out XL inheritance due to the fact that only males in the family manifested the reti-
nal phenotype. Furthermore, we could not rule out AD inheritance with reduced 
penetrance as individuals in two generations of this family are affected.

28.3.2  Genetic Analysis

In Family M1186, linkage analysis localized the RP gene in this family between 
markers DXS1214 and DXS1106. Analysis with markers linked to RP2, DXS8080 
(Z = 2.65 at theta = 0.0), DXS1055 (Z = 2.58 at theta = 0), DXS6619 (Z = 2.0 at 
theta = 0), and DXS1003 (Z = 1.16 at theta = 0), and markers linked to RP3, DXS1056 
(Z = 2.48 at theta = 0), DXS538 (Z = 2.5 at theta = 0), and DXS6616 (Z = 1.9 at 
theta = 0), gave significant positive LOD scores. Haplotype analysis further confirmed 
the localization of disease interval between DXS1214 and DXS1106 (Fig.  28.1). 
Sequencing of the ORF15 region of RPGR (reference sequence NM_001034853.1) 
identified a novel frameshift mutation c. 2568_2569 ins G (p. Lys857Glu fs) which 

Fig. 28.2 Fundus image 
of a female M1186-III-3 
showing patchy bone 
spicule-like changes and 
loss of RPE in the inferior 
retina consistent with being 
an XLRP carrier
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Fig. 28.3 Pedigree drawing of Family PKRD168 showing segregation of mutations and individu-
als who are positive (+) and negative (−) for the CHM mutation

Fig. 28.4 Fundus photographs of affected male R2824 and carrier female R2826 from Family 
PKRD168. Affected males in this family showed loss of RPE and attenuated vessels, and the car-
rier female showed optic nerve pallor in the right eye and widespread loss of RPE and attenuated 
retinal vessels
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Fig. 28.5 Electropherograms of sequence encompassing the CHM mutation in members of 
PKRD168. Arrows are pointing the location of the mutation

was found in all affected males except M1186-V:1. A similar mutation was reported 
affecting the same amino acid but with a deletion of c.2571_2572delAG (Sharon et al. 
2003). A missense change c.2565 A > G was also present but is unlikely to be disease 
causing as it is a synonymous change (Glu855Glu). The frameshift change was also 
detected in the heterozygous state in six female carriers with disease manifestations 
and was not found in three males reported to be unaffected. Interestingly, the affected 
male V:1 and his unaffected parents IV:3 and IV:4 did not carry the disease haplotype 
or the p. Lys857Glufs mutation observed in this family, indicating that the affected 
male V:1 has a different and unidentified cause for his RP.

In PKRD168, the exomes of two affected males were sequenced that identified a 
total of 61,717 single nucleotide variants (SNV) along with 4344 indels (insertion/dele-
tions). Subsequent filtering of these variants with exomeSuite identified a novel two-
base pair (AT) deletion (c.1694_1695del) in exon 14 of the CHM (choroideremia) on 
the X chromosome. The deletion variant was confirmed by Sanger sequencing (Fig. 
28.5), which segregated with the RD phenotype in PKRD168 (Fig. 28.1). This muta-
tion was not observed in 100 ethnically matched controls, ExAc, and 1000 genome 
databases. The mutation is predicted to cause premature termination of the CHM pro-
tein at amino acid 564, resulting in the loss of 89 amino acids at the C-terminal end of 
the protein. The phenotype of RD in this family is consistent with choroideremia.

28 Identification of Novel Deletions as the Underlying Cause of Retinal Degeneration…
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28.4  Conclusion and Discussion

Patterns of inheritance can often be challenging to determine when working with 
patients affected with inherited retinal disease. These two cases demonstrate pedi-
gree complications, such as more than one genetic cause of RP within a single fam-
ily and multiple levels of consanguinity which can make it challenging to determine 
the most likely inheritance within a family. Moreover, they highlight the importance 
of genetic testing for these families to allow for accurate genetic counseling.
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Chapter 29
Molecular Findings in Families  
with an Initial Diagnose of Autosomal 
Dominant Retinitis Pigmentosa (adRP)

Stephen P. Daiger, Sara J. Bowne, Lori S. Sullivan, Kari Branham, 
Dianna K. Wheaton, Kaylie D. Jones, Cheryl E. Avery, Elizabeth D. Cadena, 
John R. Heckenlively, and David G. Birch

Abstract Genetic testing of probands in families with an initial diagnosis of auto-
somal dominant retinitis pigmentosa (adRP) usually confirms the diagnosis, but 
there are exceptions. We report results of genetic testing in a large cohort of adRP 
families with an emphasis on exceptional cases including X-linked RP with affected 
females; homozygous affected individuals in families with heterozygous, dominant 
disease; and independently segregating mutations in the same family. Genetic test-
ing was conducted in more than 700 families with a provisional or probable diagno-
sis of adRP. Exceptions to the proposed mode of inheritance were extracted from 
our comprehensive patient and family database. In a subset of 300 well- characterized 
families with a probable diagnosis of adRP, 195 (70%) have dominant mutations in 
known adRP genes but 25 (8%) have X-linked mutations, 3 (1%) have multiple 
segregating mutations, and 3 (1%) have dominant-acting mutations in genes previ-
ously associated with recessive disease. It is currently possible to determine the 
underlying disease-causing gene and mutation in approximately 80% of families 
with an initial diagnosis of adRP, but 10% of “adRP” families have a variant mode 
of inheritance. Informed genetic diagnosis requires close collaboration between cli-
nicians, genetic counselors, and laboratory scientists.
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29.1  Introduction

Retinitis pigmentosa (RP) has a prevalence of approximately 1 in 3,100 and affects 
more than 1.5 million individuals worldwide (Haim 2002; Daiger et al. 2013). RP is 
extremely heterogeneous: mutations in more than 80 genes cause syndromic and 
non-syndromic forms of RP, more than 3,500 mutations have been described in 
these genes, and disease symptoms and progression are highly variable (Berger 
et al. 2010; Wright et al. 2010; Daiger et al. 2013; RetNet 2018). To date, mutations 
in 29 genes are known to cause autosomal dominant RP (adRP), and these genes are 
themselves highly heterogeneous (Daiger et al. 2014; RetNet 2018).

Our research focuses on genes and mutations causing adRP.  Over the past 
30 years, we have assembled a cohort of adRP families and applied a wide range of 
methods to detect the disease-causing mutation in each family, including linkage 
mapping and next-generation sequencing (NGS) (Sohocki et  al. 2001; Sullivan 
et al. 2006; Bowne et al. 2011a; Koboldt et al. 2013; Wang et al. 2013). As more and 
more RP genes have been identified, the fraction of adRP families in which we can 
identify the underlying disease-causing gene and mutation has increased from a few 
percent to the majority of patients. However, a substantial fraction of families with 
a provisional diagnosis of adRP (5–10%) have an alternative or more complicated 
molecular diagnosis. To illustrate this problem, we provide several examples of 
“complicated” families selected from the larger set of adRP families.

29.2  Materials and Methods

29.2.1  Family Ascertainment and Clinical Characterization

Families in our studies are ascertained by clinical collaborators in Houston, the 
Retina Foundation of the Southwest, the Kellogg Eye Center, and other retinal 
genetics centers. Genetic testing is done in the Laboratory for Molecular Diagnosis 
of Inherited Eye Diseases, CLIA ID 45D0935007, Human Genetics Center, School 
of Public Health, the Univ. of Texas Health Science Center (UTHealth), Houston. 
Families are included in the AdRP Cohort if they have an initial diagnosis of adRP 
and three or more affected generations with affected females or two or more genera-
tions with male-to-male transmission.

S. P. Daiger et al.
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The research adheres to tenets of the Declaration of Helsinki, and the studies 
were approved by the Committee for the Protection of Human Subjects at UTHealth 
and by human subjects review boards at participating institutions.

29.2.2  Next-Generation Sequencing (NGS)

Whole-exome and whole-genome NGS was done at The Genome Institute, 
Washington Univ., St. Louis (Bowne et al. 2011a). Retinal targeted-capture NGS 
was done in the DNA Diagnostic Laboratory, UTHealth, and in collaboration with 
Dr. Rui Chen, Dept. of Molecular and Human Genetics, Baylor College of Medicine, 
Houston (Wang et al. 2013; Bowne et al. 2015).

29.2.3  Linkage Mapping and Haplotype Analysis

Genotyping for linkage mapping was done at the Hussman Institute for Human 
Genomics, Univ. of Miami, using Affymetrix Genome-Wide Human SNP 6.0 array 
data, and at the UCLA Sequencing and Genotyping Center using an ABI High 
Density 5 cM STR marker set (Bowne et al. 2011b, 2016; Sullivan et al. 2014). 
Analysis was conducted using PLINK and Merlin. Haplotypes were determined by 
inspection and confirmed by segregation analysis.

29.3  Results

29.3.1  Background

The Laboratory for Molecular Diagnosis of Inherited Eye Diseases (LMDIED) in 
Houston is focused on finding genes and mutations causing autosomal dominant 
retinitis pigmentosa (adRP) and related diseases. Patients are enrolled and examined 
by clinical collaborators. Support is provided through several projects including 
FFB Research Centers, the NEI-NIH eyeGENE Network® (Sullivan et al. 2013), 
and the Texas 1000 Project (Daiger et al. 2016).

Currently, 2,300 families with inherited retinal disease are enrolled; of these, 
approximately 50% have a diagnosis of adRP. Samples are available from 4,600 
members of these families; approximately 75% are affected, the rest are at-risk or 
unaffected family members for linkage testing. Among the families, a subset of 300 
is designated as the AdRP Cohort and a further 400 are an adRP confirmation panel. 
The AdRP Cohort consists of families with a likely diagnosis of dominant disease 
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based on clinical examination and pedigree. The confirmation panel has less strin-
gent criteria. The following exceptional families are drawn from the AdRP Cohort.

29.3.2  X-Linked RP in Apparent adRP Families

Figure 29.1 is the pedigree of a family with a diagnosis of RP and apparent autoso-
mal dominant inheritance (Mears et al. 2000). There are at least three generations of 
inheritance, and males and females are equally likely to be affected. However, there 
is no male-to-male transmission, which would exclude X-linked inheritance, and in 
retrospect, the affected females are less severely affected on average than the males. 
In fact, the family has X-linked RP with a mutation in RPGR. It is now clear that 
carrier females with X-linked RP mutations may be affected (Comander et al. 2015); 
however, the extent to which X-linked families may be misdiagnosed is striking. In 
the AdRP Cohort, at least 8% of families with a provisional diagnosis of adRP have 
X-linked RP (Churchill et al. 2013). Further, up to 15% of males with isolated (sim-
plex) RP have RPGR or RP2 mutations (Branham et al. 2012). This may be the 
single most common diagnostic complication with RP.

29.3.3  Semidominant Inheritance

The expectation is that an autosomal mutation in a single family is either dominant 
acting or recessive acting, but not both. However, two families in the Cohort, 
Figs. 29.2 and 29.3, display both modes. Figure 29.2 is the pedigree of an adRP 
family with a Glu847Lys mutation in HK1 (Sullivan et  al. 2014). Although 

Fig. 29.1 Pedigree of a family with a clinical diagnosis of RP and apparent autosomal dominant 
inheritance. The disease-causing mutation in the family is a 1 bp deletion in ORF15 of the X-linked 
RPGR gene (Mears et al. 2000)
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consanguinity is not reported in the family, one individual, number 16, has two cop-
ies of the mutation and severe RP. Although he is homozygous for the mutation, the 
two associated haplotypes differ in flanking sequences, suggesting they descend 
from a distant ancestor. He has no other apparent clinical findings.

Figure 29.3 is the pedigree of a nuclear family within a larger family with adRP 
caused by an RP1 Arg677X mutation (Sullivan et al. 1999). The parents, 04 and 05, 
are distantly related. Of the six children in the pedigree, three, 07–09, inherited one 
copy of the RP1 mutation; two, 06 and 07, inherited two copies; and 10 has wild- 
type RP1 only. Family members with one copy of the mutation have classical RP 
with onset in late adolescence, whereas individuals homozygous for the mutation 
have early-onset, rapidly progressing RP, consistent with Leber congenital amauro-
sis. Like the HK1 homozygote, the RP1 homozygotes did not show apparent non- 
ocular disease at the last examination.

Fig. 29.2 Pedigree and segregating haplotypes in a family with adRP caused by a Glu847Lys mis-
sense mutation in HK1 (Sullivan et al. 2014). Black bars show the shared haplotype segregating 
with the HK1 mutation on chromosome 10q22.1, and gray bars represent the unrelated haplotypes 
in trans. Individual 16 carries two copies of the mutation-associated haplotype but with different 
recombinant end points
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This type of inheritance is semidominant, that is, a single allele causing both 
dominant and recessive disease but with more severe disease in the homozygote – in 
this case apparently limited to a single tissue.

29.3.4  Independently Segregating Mutations

Figure 29.4 is the pedigree of a family with apparent adRP but a possible non- 
penetrant individual (Wheaton et al. 2016). Targeted capture NGS, though, revealed 
mutations in two disease-causing genes, a dominant-acting RP1 Arg677X mutation, 
and compound heterozygous, recessive mutations in USH2A, Cys419Phe, and 
Glu767Serfs*21. This is notable for several reasons. First, if just the RP1 mutation 
had been reported, individual 3.3 would have been misdiagnosed. For this reason, it 
is wrong to assume that all affected individuals in a family share the same cause. 
Second, this is one example of many in which USH2A mutations are associated with 
RP alone, not Usher syndrome (Seyedahmadi et  al. 2004). Finally, at least three 
families in our AdRP Cohort have multiple, independently segregating mutations, 
with additional families in the extended cohort: this is not a rare phenomenon.

Fig. 29.3 Pedigree of a nuclear family within a larger family with adRP caused by an RP1 
Arg677X mutation (Sullivan et al. 1999). Parents 04 and 05 are related and both are heterozygous 
for the RP1 mutation. Individuals 07–09 inherited one copy of the mutation, and individuals 06 and 
11 inherited two copies. Photograph below is a restriction digest showing segregation of the wild- 
type (lower band) and mutant (upper band) RP1 alleles of the individuals in the pedigree
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29.4  Discussion and Conclusion

William Batson said “treasure your exceptions” (Bateson 1908). In genetics, and the 
biological sciences in general, exceptions provide insight into processes that would 
otherwise be inaccessible. For inherited retinal diseases, and RP in particular, fami-
lies with exceptional modes of inheritance reveal new information about underlying 
mechanisms of disease. For example, the fact that specific mutations in RP1 and 
HK1 can be both dominant and recessive, with different degrees of retinal disease 
but no other obvious clinical consequences, shows that these mutations are not 
lethal and have dose-dependent effects but do not affect other tissues (Sullivan et al. 
1999, 2014). From another perspective, though, the “treasure” is the affected fami-
lies who participate in our research and expect reliable genetic information. From 
this perspective, the many exceptions to textbook models of inheritance for RP and 
related diseases mandate particular caution in diagnosis and interpretation of genetic 
findings.

Fig. 29.4 Pedigree of a family with a provisional diagnosis of adRP but an apparent non-penetrant 
individual, 2.2 (Wheaton et  al. 2016). Molecular testing showed an autosomal dominant RP1 
Arg677X mutation segregating in individuals 2.3, 3.4, and 3.5, whereas individual 3.3 is a com-
pound heterozygote for USH2A [Cys419Phe];[Glu767Serfs*21] mutations. Individual 2.2 is a car-
rier of the USH2A Cys419Phe mutation but does not carry the RP1 mutation
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In practice, evaluation of a patient or family with an inherited retinal disease can 
be divided into three overlapping stages: clinical characterization of the patient and 
available family members, family history including pedigree, and molecular testing. 
Because of the complexity of inherited retinal diseases, it is often necessary to rec-
oncile clinical diagnosis, family diagnosis, and molecular diagnosis. This can best 
be done in centers that include retinal specialists, genetic counselors, molecular 
biologists, and other experts. Until we have a much better understanding of the 
complexity of RP and related diseases, diagnosis and treatment must be approached 
with caution and an open mind.
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Chapter 30
Pleiotropic Effects of Risk Factors  
in Age- Related Macular Degeneration 
and Seemingly Unrelated Complex Diseases

Christina Kiel, Bernhard H. F. Weber, and Felix Grassmann

Abstract Age-related macular degeneration (AMD) is a complex disease with both 
environmental and genetic factors influencing disease risk. Genome-wide case- 
control association studies, candidate gene analyses, and epidemiological studies 
reinforced the notion that AMD is predominantly a disease of an impaired comple-
ment system and an altered high-density lipoprotein (HDL) metabolism. Recent 
reports demonstrated the pleiotropic role of the complement system and HDL in 
complex diseases such as cardiovascular disease, autoimmune disorders, cancer, 
and Alzheimer’s disease. In light of these findings, we explore current evidence for 
a shared genetic and environmental risk of AMD and unrelated complex diseases 
based on epidemiological studies. Shared risk factors may indicate common path-
ways in disease pathology and thus may have implications for novel treatment 
options of AMD pathology.

Keywords Age-related macular degeneration · Pleiotropy · Cardiovascular 
disease · Autoimmune disease · Cancer · Cholesterol metabolism

30.1  Introduction

Age-related macular degeneration (AMD) is a common, sight-threatening condition 
affecting the elderly. The prevalence of the disease is estimated to reach 30 million 
worldwide in the next few decades and as such poises a massive burden on affected 
individuals but also the national health care systems (Wong et al. 2014). Initially, the 
disease manifests as yellowish deposits between Bruch’s membrane and the retinal 
pigment epithelium (RPE). The presence of these deposits appear not to influence 
visual acuity but may delay dark adaptation (Jackson et al. 2014). Advanced stages 
of the disease are presenting as either widespread RPE cell death in well-defined 
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areas (geographic atrophy, GA-AMD) or by disruptive growth of new vessels from 
the choriocapillaris into the neural retina (neovascular complications, NV-AMD). 
Both late-stage forms can occur in the same eye or in different eyes and eventually 
lead to irreversible vision loss in affected individuals.

A strong risk factor for AMD is increasing age, and thus, the prevalence of the 
disease is growing with age (Jonasson et al. 2011). Among the modifiable environ-
mental risk factors, smoking has been recognized to increase the risk for AMD by 
about two-fold. In addition, diet and other lifestyle factors may have an effect on 
disease risk, although this observation remains controversial (Broadhead et  al. 
2015). Twin studies as well as familial aggregation and case-control association 
studies have emphasized a critical role of genetic factors in disease risk, possibly 
responsible for up to 70% of observed cases (Grassmann et  al. 2015). A recent 
genome-wide case-control association study implicated 34 genetic loci in AMD 
disease risk, explaining almost 50% of the heritability (Fritsche et  al. 2016; 
Grassmann et al. 2016b). The association signals in six of these loci were attributed 
to common and rare genetic variations affecting genes implicated in the comple-
ment system (Weber et al. 2014). A recent candidate gene study further strength-
ened the notion that dysregulation of the complement system plays a crucial role in 
AMD etiology by demonstrating that copy number variations in the complement 
component 4 gene (C4) are associated with AMD risk (Grassmann et al. 2016a). 
Furthermore, 4 out of the 34 disease loci harbor genes implicated in high-density 
lipoprotein (HDL) metabolism. These findings are in line with recent studies that 
reinforced the notion that elevated serum HDL levels are involved in AMD risk 
(Chakravarthy et al. 2010; Cougnard-Grégoire et al. 2014; Klein et al. 2014a, b; 
Cezario et al. 2015; Paun et al. 2015; Grassmann et al. 2017, Fritsche et al. 2016).

Genetic and molecular studies in recent years have implicated dysregulation of 
the complement system in a number of complex human diseases such as cardiovas-
cular diseases (Lappegård et al. 2014; Vlaicu et al. 2016), autoimmune conditions 
(Bene et al. 2003; Wu et al. 2008), and cancer (Pio et al. 2013; Woo et al. 2015). 
Similarly, a potential pleiotropic role for HDL in various diseases and traits was 
recently described (summarized in Parra et al. 2015). These findings in turn raise the 
question whether dysregulation of the complement system and altered HDL metab-
olism found in seemingly unrelated complex diseases might influence the risk for 
AMD.

In this review, we explore the overlap of genetic and environmental risk factors 
of AMD and other diseases and traits. In addition, we highlight epidemiological 
evidence demonstrating that the occurrence of certain diseases also increases the 
risk for AMD. Such information could provide novel insight into the risk architec-
ture of AMD and could reveal unexpected new pathways in disease pathology that 
may be addressed for prevention or treatment.
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30.2  AMD, Cardiovascular Diseases, and Related Traits

There is an ongoing debate about a possible connection between cardiovascular 
disease risk and AMD pathology with conflicting results (Duan et  al. 2007; Tan 
et al. 2008; Hu et al. 2010; Keilhauer et al. 2013; Fernandez et al. 2015). For both 
cardiovascular risk and risk for AMD, multiple shared risk factors are known such 
as increasing age (Jonasson et  al. 2011), diet (Broadhead et  al. 2015), smoking 
(Seddon et al. 2010), an elevated body mass index (BMI) (Zhang et al. 2016), type 
2 diabetes (Vassilev et al. 2015; Das 2016), or high blood pressure (Hyman et al. 
2000; Klein et al. 2003; Erke et al. 2014). In addition, the complement system as 
well as HDL metabolism had been implicated in the risk for both diseases.

High levels of serum HDL are linked to a healthy cardiovascular system due to 
its association with longevity (Barzilai et al. 2003) and its protective effect against 
atherosclerosis (Rader 2006). Current findings indicate that AMD patients have 
elevated levels of serum HDL (Chakravarthy et al. 2010; Cougnard-Grégoire et al. 
2014; Klein et al. 2014a, b; Cezario et al. 2015; Paun et al. 2015, Grassmann et al. 
2017), which should be protective against cardiovascular disease. In contrast, 
genetic variants associated with AMD in the Apolipoprotein E (APOE) gene which 
raise HDL serum levels also increase C-reactive protein concentration in serum 
(Dehghan et al. 2011; Paun et al. 2015) and thus promote complement activation 
(Sjöberg et al. 2009). These observations are in line with recent reports indicating 
that HDL may have a pleiotropic effect in different diseases, although in a not fully 
understood functional context (Parra et al. 2015).

In conclusion, although one would expect to identify less cases with cardiovas-
cular complications in a group of AMD patients, this is not entirely reflected in 
current epidemiological studies, probably due to confounding environmental fac-
tors. Thus, further studies are required to establish a link between cardiovascular 
disease and related factors in AMD risk, preferably in large population-based 
cohorts accounting for various environmental and lifestyle factors.

30.3  Are AMD Patients More Likely to Have Autoimmune 
Diseases?

Autoimmune diseases are defined by an abnormal immune system which attacks 
healthy cells and tissue. Since AMD is predominantly a disease of an overactive 
innate immune system (Zipfel et al. 2010; Weber et al. 2014), one can argue that 
AMD is in fact an autoimmune disease. The discovery that autoantibodies against 
oxidized lipoproteins and normal proteins are elevated in AMD patients adds further 
weight to this notion (Gu et al. 2003; Morohoshi et al. 2012; Iannaccone et al. 2015; 
Pujol-Lereis et al. 2016). Autoimmune diseases partially share a common genetic 
basis (Cotsapas et al. 2011), and individuals affected by one type of autoimmune 
disease are prone to complications in other autoimmune diseases as well (Criswell 
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et al. 2005; Eaton et al. 2007). Indeed, there are several studies demonstrating that 
the presence of an autoimmune-related disease, such as systemic lupus erythemato-
sus, rheumatoid arthritis, or osteoarthritis, results in a higher risk to develop AMD 
pathology (Nitsch et al. 2008; Kao et al. 2015; Keenan et al. 2015). In contrast, the 
presence of any type of allergy was protective for AMD (Ristau et  al. 2014). It 
remains to be determined if this latter association is due to anti-allergy treatment or 
other factors. Taken together, these findings suggest that AMD is sharing risk fac-
tors with other systemic autoimmune diseases, although it is not clear at present 
whether this is due to genetic or environmental factors. Importantly, it remains to be 
seen whether patients at risk for AMD might profit from anti-inflammatory or 
immunosuppressive medication (Morohoshi et  al. 2009; Iannaccone et  al. 2012; 
Camelo 2014).

30.4  Are AMD Patients at Increased Risk for Cancer?

As AMD is a disease related to an overactive innate immune response, this may also 
increase the risk for AMD patients to diseases where long-term inflammation is a 
risk factor. A class of such diseases are malignant conditions of various tissues 
(Fernandes et al. 2015; Raposo et al. 2015), a notion strengthened by recent work 
that implicated complement system inflammation in various steps of cancer forma-
tion and progression (Rutkowski et  al. 2010; Mamidi et  al. 2017). In addition, 
smoking, age, diet, and potentially sunlight exposure (Sun et al. 2014) are risk fac-
tors for both AMD and cancer. Several epidemiological studies provided evidence 
that AMD patients are at increased risk for liver cancer (Pukkala et al. 1999; Cho 
et al. 2014) and lung cancer (Pukkala et al. 1999; Cheung et al. 2007). The latter 
malignancy can probably be attributed to the shared risk factor of smoking habit, 
which increases the risk for both diseases. There is no sufficient epidemiological 
evidence for an increased risk for skin cancer in AMD patients (Clemons et  al. 
2005), although both conditions share several risk factors such as light skin pigmen-
tation (Langholz et al. 2000). Taken together, there is evidence for an increased risk 
for cancer in AMD patients either due to shared environmental/lifestyle factors or 
due to a shared genetic basis. Treating individuals at high risk for AMD with immu-
nosuppressive drugs may therefore be problematic and should be considered with 
caution (Vajdic and van Leeuwen 2009).

30.5  AMD and Alzheimer’s Disease

Alzheimer’s disease (AD), a neurodegenerative disease of the brain, has frequently 
been linked to AMD pathology (Wostyn et al. 2016; Yu et al. 2016). Both diseases 
are related to increased age, the occurrence of protein deposits like amyloid-β in 
drusenoid bodies, and the upregulation of the complement system (Yasojima et al. 
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1999; Harvey and Durant 2014). In contrast to cardiovascular diseases, few epide-
miological studies focused on the association between AMD and AD. Some studies 
reported a positive association between AMD and AD (Seden et al. 2015; Frost et al. 
2016), while others did not find any association (Keenan et al. 2014; Williams et al. 
2014). In the largest study to date which included medical records from around 
65,000 AMD cases and 168,000 dementia or AD cases, the authors could not find a 
significant association between these two diseases (Keenan et al. 2014). This latter 
finding may, however, be influenced by the study design as patients with a diagnosis 
of AD were not readily screened for AMD and vice versa, eventually attributing the 
patient’s deteriorating vision to AD and the deteriorating mind to the decline of 
vision. Nevertheless, this lack of epidemiological association between AMD and 
AD is in accordance with the results of others which investigated the association of 
variations in different complement genes with AMD and AD: Proitsi and colleagues 
concluded that, although AMD and AD are both associated with the complement 
system, these associations might be linked to different genetic models (Proitsi et al. 
2012). Still, due to the striking similarities between AMD and AD, further epide-
miological research is needed, potentially supplemented by genetic studies of AD 
risk variations in AMD.

30.6  Conclusions and Perspective

The complement system has been recognized as a major risk factor for AMD. Also, 
the role of HDL serum levels as an AMD risk factor was recently reinforced by both 
genetic and epidemiological data. Due to the pleiotropic roles of the complement 
system and HDL metabolism, one would expect that patients affected with AMD 
may also share an increased risk for other diseases.

So far, there is limited epidemiological evidence for a strong effect of risk shar-
ing between AMD and such other diseases. This is mainly due to the lack of large 
population-based studies in the elderly, while at the same time potential confound-
ing lifestyle and environmental risk factors need to be accounted for. Although 
AMD patients are at increased risk for lung cancer, liver cancer, and various sys-
temic autoimmune diseases, there is no consensus so far as to whether this is also 
true for cardiovascular diseases, Alzheimer’s disease, and other types of cancer.

To shed light onto potential connections, we propose to analyze the aggregate 
genetic risk of other diseases in AMD patients and compare it to controls while 
adjusting for potential confounders like smoking and age. This could provide insight 
into a potentially shared genetic basis between these complex disorders. Such 
efforts are currently underway in the International AMD Genomics Consortium 
(IAMDGC) (Grassmann et al. 2016b, Grassmann et al. 2017), and the results are 
expected to reveal novel pathways and genes involved in AMD pathogenesis.
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Chapter 31
Mapping of Canine Models of Inherited 
Retinal Diseases

Keiko Miyadera

Abstract The gene/mutation discovery approaches for inherited retinal diseases 
(RDs) in the dog model have seen considerable development over the past 25 years. 
Initial attempts were focused on candidate genes, followed by genome-wide 
approaches including linkage analysis and DNA-chip-based genome-wide associa-
tion study. Combined, there are as many as 32 mutations in 27 genes that have been 
associated with canine retinal diseases to date. More recently, next-generation 
sequencing has become one of the key methods of choice. With increasing knowl-
edge of the molecular basis of RDs and follow-up surveys in different subpopula-
tions, the conventional understanding of RDs as simple Mendelian traits is being 
challenged. Modifiers and involvement of multiple genes that alter the disease 
expression are complicating the prediction of the disease course. In this chapter, 
advances in the gene/mutation discovery approaches for canine RDs are reviewed, 
and a multigenic form of canine RD is discussed using a form of canine cone-rod 
dystrophy as an example.

Keywords Animal model · Canine · Genome-wide association study · Mapping · 
Next-generation sequencing · Cone-rod dystrophy · Multigenic · Modifier

31.1  Introduction

The domestic dog has achieved considerable recognition as excellent models for 
understanding inherited retinal diseases (RDs) in human patients and for developing 
new therapies. Naturally-occurring inherited RDs in a variety of canine breeds have 
been shown to be true clinical and genetic homologues of retinitis pigmentosa, 
cone-rod dystrophy, Leber congenital amaurosis, Best macular dystrophy, and 
achromatopsia in human patients. To date, up to 32 forms of canine retinal diseases 
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have been characterized at the molecular level (Miyadera et al. 2012a; Miyadera 
2014). Due to the unique histories of early domestication and the more recent breed 
establishment, the dog genomic architecture has been found to be highly homoge-
neous across a given dog breed. Therefore, each pathogenic mutation emerging in 
the uniform genomic background gives rise to a predictable disease course across 
affected dogs of the same breed.

31.2  Gene/Mutation Discovery in Canine Retinal Disease

The strategies to search for the genes and mutations underlying inherited RDs of 
domestic dogs have evolved over the past 25 years, as canine genetic markers, the 
reference genome, and known sequence variants became available (Lindblad-Toh 
et al. 2005). As shown in Fig. 31.1, candidate gene analysis was initially the only 
method. However, whole-genome scans that allow a more comprehensive search 
have largely taken over as the primary approach.

Fig. 31.1 Trends in the method of choice to search for loci, genes, and mutations underlying 
canine RD. The cumulative numbers of genes/loci associated with canine RD are shown for each 
discovery approach used. For those RDs that were mapped initially as chromosomal loci by link-
age analysis (shown in dotted light blue line), the time until identification of the actual gene muta-
tion (shown in blue line) ranged from 0 (e.g., CNGB, RPGRIP1) to 11 (e.g., STK38L) years. * 
indicates a new mutation identified in a gene that was previously associated with another form of 
canine RD
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31.2.1  Candidate Genes

Early studies relied on a candidate gene approach where genes were selected for 
evaluation based on a priori knowledge of the biochemical pathway or defect 
involved or on information from other species. An array of candidate genes has been 
examined over time but with limited success. Nonetheless, the “classic” candidate 
gene approach has remained to be successful in certain examples where the clinical, 
pathologic, and molecular course of the canine disease closely resembles those of 
the human counterpart (Guziewicz et al. 2007).

31.2.2  Linkage Analysis

There was then a shift to linkage mapping and positional cloning strategies. Unlike 
candidate gene approaches where only selected genes are inspected, a whole- 
genome scan via linkage analysis screens the entire genome including unknown 
genes. For linkage analysis mapping, large and complete multigenerational canine 
pedigrees that are “informative” and includes affected and unaffected animals are 
utilized. Co-segregation of genetic markers with the phenotype is analyzed to iden-
tify recombination, or lack thereof, between the disease phenotype and marker 
alleles. Once a chromosomal locus is mapped, the region of interest is fine-mapped 
using additional markers to increase the resolution, and positional candidate genes 
are analyzed. In many cases, there is a time lag of up to 10 years between mapping 
of the chromosomal location and the eventual identification of the actual gene/muta-
tion, as shown in Fig. 31.1. This is largely due to the long linkage disequilibrium 
(LD) blocks which facilitated the mapping process, but then in turn hindered nar-
rowing of the critical interval.

31.2.3  Genome-Wide Association Studies (GWAS)

More recently, GWAS that utilize SNP chips have become widely applied in order 
to rapidly map disease loci in the form of case-control association studies. While the 
original canine SNP chip successfully mapped the first few canine RDs with only 
22k SNPs (Illumina), the platform that is commonly used currently is the 230k SNP 
chip (Illumina), with 460k and 670k SNP chips (Applied Biosystems) recently 
arriving on the market.

The major advantages of utilizing dogs of the same breed in GWAS is that the 
number of samples required for mapping is significantly less compared to that 
required for studies in human populations. This is due to the recent history of breed 
establishment involving tight bottlenecks, strict gene flow regulation, and often 
extensive close breeding practices resulting in long chromosomal blocks of LD. In 
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turn, once the chromosomal locus is mapped, the extensive LD block complicates 
focusing into the causal gene. Table 31.1 enlists canine RDs successfully mapped 
by GWAS and shows that mapping of autosomal recessive RDs can be done using 
5–20 cases and controls of the same breed but that the interval mapped would be 
relatively broad.

31.2.4  Next-Generation Sequencing

In recent years, next-generation sequencing (NGS) has been increasingly utilized in 
mapping of canine traits. Of the different forms of NGS, targeted capture sequenc-
ing, exome sequencing, whole-genome sequencing (WGS), or whole-transcriptome 
sequencing (RNA-seq) may be utilized for gene/mutation discovery.

Table 31.1 Canine-inherited retinal diseases mapped by GWAS leading to gene/mutation 
discovery

Gene Breed
Mode of 
inheritance

# of 
cases

# of 
controls

Mapped 
locus size 
(Mb) References

NPHP4 Standard 
wire-haired 
dachshund

AR 13 13 6.5 Wiik et al. 
(2008)

ADAM9 Glen of Imaal 
terrier

AR 20 22 2.7 Goldstein et al. 
(2010)

SLC4A3 Golden retriever AR 27 19 0.6 Downs et al. 
(2011)

C2orf71 Gordon/Irish 
setter

AR 16 22 3.2 Downs et al. 
(2013)

CNGB1 Papillon AR 6 14 1.9 Ahonen et al. 
(2013)

SAG Basenji AR 6 3 2.1 Goldstein et al. 
(2013a)

PDE6B American 
Staffordshire 
terrier

AR 17 18 1.1 Goldstein et al. 
(2013b)

IQCB1 Pit bull terrier AR 14 13 2.3 Goldstein et al. 
(2013b)

TTC8 Golden retriever AR 10 16 0.7 Downs et al. 
(2014)

MERTKa Swedish Vallhund AR 18 10 6.1 Ahonen et al. 
(2014)

FAM161A Tibetan spaniels/
terriers

AR 22 10 3.8 Downs and 
Mellersh 
(2014)

CNGA1 Shetland 
sheepdog

AR 15 14 7.4 Wiik et al. 
(2015)

AR autosomal recessive
aGene upregulation identified in the affected but no coding mutation found
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Targeted capture sequencing allows enrichment of a specific genomic region of 
interest for NGS.  This method may be implemented where a disease locus has 
already been mapped by linkage analysis or GWAS, but the interval is too large, 
making positional candidate gene analysis inefficient both in time and cost. In 
exome sequencing, the known or predicted exons of canine genes are enriched from 
the original genomic DNA material, and subjected to NGS (Evans et al. 2016). It is 
indeed reasonable to focus on the exons for mutation discovery as much of the 
pathogenic RD mutations have so far been found in the exons and that it is more 
straightforward to establish the mutation- disease association based on changes in 
the amino acid sequence and therefore conformational and functional changes to the 
protein product.

Still, as the cost of NGS continues to come down, rather than going through the 
trouble to enrich certain genomic region of interest, sequencing the entire genomic 
DNA material by WGS is becoming a reasonable choice (Sayyab et  al. 2016). 
Again, due to extensive within-breed genetic uniformity, WGS of even a few cases 
and controls can map the disease locus by analyzing blocks of sequence variants or 
“haplotypes” and, at the same time, survey for pathogenic mutations using the 
sequences already available.

RNA-seq allows capturing of the transcribed sequences of the genes that are 
expressed in the tissue of interest at a given time point. This approach has great 
advantage in that the genes that are more likely to be functionally relevant in the 
tissue of interest and in the disease are examined for changes in sequence as well as 
expression. In the case of RDs, the retina may be examined but availability of tis-
sues may often be limited. It is important to note that the disease stage when the 
tissue was harvested as well as secondary changes from the primary disease process 
can affect the data. RNA-seq approaches have been successfully implemented as 
the primary and only approach used to survey the whole genome to identify a canine 
disease mutation (Forman et al. 2012) and also in combination with other DNA-
based mapping and other NGS approaches to provide functional evidence (Fenn 
et al. 2016; Waluk et al. 2016).

31.3  Multigenic Form of Canine RD

While the classic gene mutation discovery approaches have been effective in dis-
secting simple monogenic RDs, phenotypic variabilities among family members as 
well as genotype-phenotype discordance have increasingly been recognized, sug-
gesting involvement of genetic modifiers. We have been investigating a form of 
canine cone-rod dystrophy (cord1) that is considered the first canine RD model in 
which the involvement of a genetic modifier has been demonstrated.
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31.3.1  Linkage Mapping Using Research Colony  
Identifies RPGRIP1

Cord1 was originally reported in the miniature longhaired dachshunds (MLHDs) as 
autosomal recessive (Curtis and Barnett 1993). As in other known canine RDs that 
are typically monogenic, the cord1 phenotype followed a uniform disease course in 
a research colony, early cone-led ERG dysfunction at 6 weeks of age, leading to 
total blindness by 1–2 years. Subsequently, a whole-genome scan using dogs of the 
same research colony identified a homozygous mutation in RPGRIP1 (RPGRIP1ins/

ins) (Mellersh et  al. 2006). While cord1 was found to segregate completely with 
RPGRIP1ins/ins, at least within the research colony, screening of client-owned 
MLHDs in Japan showed that the age of onset ranged significantly, extending up to 
15 years of age (Miyadera et al. 2009).

31.3.2  GWAS Using Client-Owned Animals Identifies  
MAP9 as Modifier

To account for this disparity, GWAS were carried out using RPGRIP1ins/ins dogs dif-
fering by the ages of disease onset. This led to the identification of an independently 
segregating homozygous modifier locus on chromosome 15 (Miyadera et al. 2012b). 
The gene mutation corresponding to the mapped modifier was subsequently identi-
fied as a ~22 kb deletion in MAP9 (Forman et al. 2016).

As described, two genes (RPGRIP1, MAP9) that are involved in cord1 were each 
mapped successively using different subpopulations of the same canine breed. The 
modifier MAP9 was fixed in the affected state in the original research colony which 
was used to map RPGRIP1. In turn, MAP9 emerged as a modifier in the subsequent 
mapping once study animals from a different subpopulation of MLHDs were fixed 
in the RPGRIP1ins/ins state in the GWAS to investigate the molecular basis of the 
varying age of onset.

31.4  Conclusion and Prospects

While RDs have largely been considered as simple monogenic traits, there is 
increasing evidence to suggest that more than one gene mutation could affect the 
phenotype. This is not surprising considering the large number of genes – 256 and 
counting (RetNet; www.sph.uth.tmc.edu/RetNet/) – associated with RDs to date. 
Genetic polymorphisms in any of these genes, albeit nonpathogenic on their own, 
could potentially function as modifiers altering the effect of the primary mutation. 
Modifier genes may be ubiquitous ones that lead to a pathology only with the pres-
ence of the primary mutation, and possibly in a tissue-speciffic manner. While as 
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many as 32 gene mutations underlying canine RDs have been identified to date, the 
role of the gene mutation in RD pathogenesis remains largely unexplored. Our cur-
rent focus is to study the interaction between the associated gene products RPGRIP1, 
MAP9 and other molecules, and determine the complex molecular mechanism 
underlying cord1.
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Chapter 32
A Mini-Review: Leber Congenital  
Amaurosis: Identification of Disease-Causing 
Variants and Personalised Therapies

J. A. Thompson, J. N. De Roach, T. L. McLaren, and T. M. Lamey

Abstract Leber congenital amaurosis (LCA) encompasses a group of severe inher-
ited retinal dystrophies (IRDs) responsible for early childhood blindness. There are 
currently 25 genes implicated in the pathogenesis of these diseases, and identifica-
tion of disease-causing variants will be required for personalised therapies. Whole 
exome and whole genome sequencing is informative for detecting novel disease- 
causing genes, whilst next-generation sequencing has excelled at detecting novel 
variants in known disease-causing genes.

A global effort will be required to identify patient populations for early interven-
tion. At the Australian Inherited Retinal Disease Registry and DNA Bank, we seek 
to identify genetic variants in individuals with IRDs in the Australian population to 
identify potential candidates for clinical trials, to inform clinical management of 
patients including reproductive options and to expand existing knowledge of IRDs.

Due to the diversity of genes implicated, personalised strategies are likely to be 
the benchmark for treating these diseases, and a combined approach of different 
therapies may be optimal in treating some of these diseases.
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32.1  Introduction

Leber congenital amaurosis (LCA) encompasses a group of severe inherited retinal 
dystrophies (IRDs) responsible for early childhood blindness. These diseases affect 
2–3/100,000 newborns with a suspected prevalence of around 180,000 individuals 
worldwide (Koenekoop 2004). There are currently 25 genes implicated in the patho-
genesis of these diseases (see Table 32.1; RetNet 2018), which is characterised by 
severe and early visual impairment, nystagmus, amaurotic pupils and a severely 
subnormal or non-detectable ERG, the latter two being indicative of altered visual 
circuitry. Associated clinical findings may include nyctalopia, photophobia, 
Franceschetti’s oculodigital sign, keratoconus, enophthalmos, cataracts and refrac-
tive errors (Koenekoop 2004).

Due to the diversity of genes implicated in these diseases, it is likely that person-
alised therapeutic strategies will be required to impact on the severity and progres-
sion of disease. This approach will require identification of disease-causing variants, 
and larger populations will be required to attract industry funding for gene therapies 
(Estrada-Cuzcano et  al. 2012; den Hollander 2016) and to maximise therapeutic 
potential. As the general consensus is that early intervention is likely to maximise 
the outcome of therapy, identification of causative genes in IRD populations such as 
LCA is an important endeavour for current research.

32.2  Identification of Disease-Causing Genes and Variants

32.2.1  Introduction

Precision medicine, in the form of personalised therapeutic strategies, appears to 
hold great promise for ameliorating the symptoms of LCA. To subserve this pur-
pose, identification of causative genes and genetic variants in individuals will be 
paramount for advancing this field, with the added benefit of informing clinicians 
and families for the benefit of patient management, including reproductive options, 
and to discriminate possible syndromic forms of disease.

Table 32.1 Genes implicated in the pathogenesis of LCA and their mode of inheritance

Mode of 
inheritance Genes

Autosomal 
dominant LCA

CRX, IMPDH1, OTX2

Autosomal 
recessive LCA

AIPL1, CABP4, CCT2, CEP290, CLUAP1, CRB1, CRX, DTHD1, GDF6, 
GUCY2D, IFT140, IQCB1, KCNJ13, LCA5, LRAT, NMNAT1, PRPH2, RD3, 
RDH12, RPE65, RPGRIP1, SPATA7, TULP1
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32.2.2  Identification of Novel Disease-Causing Genes

Numerous techniques have been employed to reveal the genes considered causative 
for LCA, ranging from analysis of candidate genes (those expressed specifically in 
the retina) to homozygosity mapping (for regions of common ancestry) and exome 
sequencing (targeting coding regions) (a historic assessment of methodology is out-
side the scope of this review: for excellent timeline/reviews, see Koenekoop 2004; 
den Hollander 2016). Genes currently implicated in the pathogenesis of LCA 
(RetNet 2018) are listed in Table 32.1.

Whole exome and whole genome sequencing is informative for detecting novel 
disease-causing genes, as illustrated by the recent discovery of new candidate genes 
for LCA in the Chinese population (Wang et al. 2016). Costs associated with these 
broader testing methodologies will likely limit their use to the detection of novel 
genes, rather than the detection of variants in known genes (Chiang et al. 2015).

32.2.3  Identification of Disease-Causing Variants in Known 
Genes

Whilst microarray-based tests have proved beneficial for the detection of known 
variants in LCA genes historically (Henderson et al. 2007; Simonelli et al. 2007; 
Vallespin et al. 2007), next-generation sequencing (NGS) has excelled at improving 
the resolution of causative genes in LCA and other IRDs due to its ability to detect 
novel variants in known disease-associated genes. Disease-specific panels (e.g. 
LCA or macular dystrophy) may be utilised as a form of hypothesis testing, but due 
to the phenotypic heterogeneity of IRDs, non-hypothesis testing is proving benefi-
cial for resolving cases of IRDs (Chiang et al. 2015).

This improvement in technology, however, has resulted in an increased detection 
of variants of unknown significance, and a current challenge is to discriminate 
pathogenic variants from those which are benign, often producing a large amount of 
data that must be interpreted in the context of the individual, their family and the 
disease. The recent publication of guidelines for assessment of variant pathogenic-
ity (Richards et al. 2015; Jarvik and Browning 2016) will hopefully provide some 
uniformity for the challenging task of ascribing pathogenic potential to variants 
from information gleaned from in silico prediction programmes, allele frequency 
and variation databases and the scientific literature.

32 A Mini-Review: Leber Congenital Amaurosis: Identification of Disease-Causing…
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32.2.4  Global Efforts to Identify Patient Populations

International pooling of data to produce large patient populations will be needed to 
establish large databases to inform research groups, facilitate identification of the 
remaining genetic causes and attract industry funding for therapeutic research 
(Estrada-Cuzcano et al. 2012; den Hollander 2016). Subtle differences do exist in 
the genetic profile of LCA geographically (Simonelli et al. 2007; Vallespin et al. 
2007; Astuti et al. 2016; Xu et al. 2016), and this is likely to have an effect at the 
variant level.

32.2.5  The Australian Inherited Retinal Disease Registry 
and DNA Bank

The Australian Inherited Retinal Disease Registry (AIRDR) and DNA Bank is a 
national registry for IRDs, operating under the auspices of Sir Charles Gairdner 
Hospital, Perth, Australia. We seek to identify genetic variants in individuals with 
IRDs in the Australian population. This research is conducted with a view to expe-
diting clinical trials by identifying potential candidates, to inform clinical manage-
ment of patients including reproductive options and to expand existing genetic 
knowledge of IRDs. At the AIRDR, we employ predominantly non-hypothesis NGS 
testing to resolve cases of IRDs, and our Australian cohort of LCA currently involves 
36 pedigrees.

32.3  Gene-Specific, Pharmacologic and Pharmacogenetic 
Therapies

Due to the severity of these diseases, fervent research is underway to identify thera-
peutic strategies that may impact on their severity or progression. This is challenged 
by the diversity of causative genes and subsequent molecular aetiology, and it would 
thus appear intuitive that personalised strategies are likely to be the benchmark for 
treating these diseases. As an example, LRAT and RPE65 encode proteins essential 
for the retinoid cycle, and mutations in either gene result in deficiency of the visual 
chromophore, 11-cis retinal (Redmond et al. 1998; Batten et al. 2004), with photo-
receptor degeneration as a sequela (Maeda et al. 2008). A number of clinical trials 
are currently investigating the ability of gene-specific therapies to impact on these 
diseases, with the most studied to date being RPE65 gene augmentation therapy. 
Three independent, concurrent trials have shown some improvements in visual 
parameters after AAV2/2-RPE65 gene therapy in LCA individuals (Bainbridge 
et al. 2008; Hauswirth et al. 2008; Maguire et al. 2008), but this treatment has failed 
to rescue photoreceptor cell loss (Cideciyan et  al. 2013; Bainbridge et  al. 2015; 
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Jacobson et al. 2015), suggesting that earlier intervention may be a key factor for 
success (Weleber et  al. 2016). A clinical trial using an optimised AAV2/5- 
OPTIRPE65 vector platform (Georgiadis et  al. 2016) is currently recruiting for 
RPE65 gene therapy, as is a phase 1 clinical trial for MERTK therapy (clinicaltrials.
gov).

In a pharmacological approach to replace 11-cis retinal, Koenekoop et al. (2014) 
treated 14 LCA patients with mutations in LRAT and RPE65 for 7 days with oral 
QLT091001, which becomes converted to 9-cis retinoid and combines with opsin to 
participate in the phototransduction cascade. This phase 1b clinical trial produced 
meaningful improvements in visual function in most patients. Similarly, systemic 
administration of sodium 4-phenylbutyrate (PBA) in a RPE65 mouse model of LCA 
resulted in increased synthesis of visual chromophores and amelioration of cone 
survival and vision (Li et al. 2016), suggesting that a combined approach of gene 
therapy and pharmacological intervention may be beneficial in treating this disease 
(Cideciyan et al. 2013; Li et al. 2016).

A more tailored molecular approach may target a specific variant. A prime exam-
ple is the use of antisense oligonucleotides (AONs) as a treatment strategy for the 
hypomorphic CEP290 c.2991 + 1655A > G variant, the most frequently detected 
variant in LCA (den Hollander et al. 2008), which incorporates an aberrant exon in 
the CEP290 mRNA, resulting in a premature termination codon (den Hollander 
et al. 2006). AONs targeting this variant induce skipping of the aberrant exon and 
almost fully restore normal splicing and protein synthesis in cultured cells (Collin 
et al. 2012; Gerard et al. 2012; Garanto et al. 2016) and induced pluripotent stem 
cell (iPSC)-derived optic cups (Parfitt et  al. 2016) of LCA-affected individuals. 
Other pharmacogenetic approaches may target nonsense mutations by utilising 
translation-inducing drugs to promote partial read-through of premature termina-
tion codons to increase protein synthesis (Nagel-Wolfrum et  al. 2016), as has 
occurred experimentally for nonsense mutations in USH1C (HEK293T cells and 
retinal explants) and RP2 (iPSC-derived RPE) (Goldmann et  al. 2010; Schwarz 
et al. 2015).

32.4  Conclusion

Due to the diversity of genes implicated in LCA, personalised strategies are likely 
to be the benchmark for treating these diseases, and a combined approach of differ-
ent therapies may be optimal. In order to facilitate such personalised strategies, 
identification of disease-causing genetic variants in LCA individuals will be crucial 
to successful outcomes.
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Chapter 33
Role of Fibulins 2 and 5 in Retinal 
Development and Maintenance

Larissa Ikelle, Muna I. Naash, and Muayyad R. Al-Ubaidi

Abstract Fibulins 2 and 5 are part of a seven-member family of proteins integral to 
the retinal extracellular matrix. Our study aimed to further explore the roles of both 
fibulins in retinal function. We obtained knockout mouse models of both fibulins 
and performed immunohistochemistry, electroretinography, and histology to inves-
tigate the outcome of eliminating these proteins. Immunohistochemical analysis 
showed that both fibulins are localized to the RPE, choroid, and Bruch’s membrane. 
Functional testing showed a significantly reduced scotopic A response at 1 month of 
age, when compared to their wild-type counterpart. This functional reduction 
remained constant throughout the age of the animal and only declined as a result of 
normal aging. The functional decline was associated with reduced number of pho-
toreceptor cells. The results presented clearly demonstrate that fibulins 2 and 5, as 
extracellular proteins, are necessary for normal retinal development.

Keywords Fibulin 2 · Fibulin 5 · Retinal development · Age-related macular 
degeneration · Knockout mice · Extracellular matrix

33.1  Introduction

As studies delve deeper into the pathologies of retinal diseases, it becomes increas-
ingly evident that the extracellular matrix (ECM) has a profound influence on the 
development, overall health, and proper functionality of the retina (Varshney et al. 
2015). The molecular components of the ECM consist of proteoglycans and fibrous 
proteins such as collagens, fibronectins, elastins, lamins, and fibulins (Hubmacher 
and Apte 2013). These proteins are integral to cellular structure, adhesion, and 
migration (Hubmacher and Apte 2013). Fibulins are expressed primarily in elastic 
fibers and basement membranes (Scott Argraves et al. 2003). In ocular tissue, fibulin 
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2 has been localized to the retinal pigment epithelium (RPE), Bruch’s membrane, 
and choriocapillaris and in the retina (Kanan et al. 2014).

Fibulins belong to a seven-member family of ECM proteins, characterized by an 
array of calcium-binding epidermal growth factors (EGF) like modules (Scott 
Argraves et  al. 2003) hypothesized to be crucial for protein-protein interactions 
(Scott Argraves et  al. 2003). They are divided into two classes based upon size 
(Yanagisawa et al. 2009). Fibulin 1 and fibulin 2 have three anaphylatoxin domains 
that precede the calcium binding EGF repeats, making these fibulins larger than 
fibulins 3, 4, 5, and 7 (Yanagisawa et al. 2009).

Most members of the fibulin family interface with other major basement mem-
brane proteins such as tropoelastin, fibrillin, fibronectin, and proteoglycan to greater 
or lesser degrees (Timpl et al. 2003). Consequently, mutations in many fibulins can 
cause problems in connective tissue formation, organogenesis, and even osteogen-
esis (Scott Argraves et al. 2003; Cooley et al. 2014). Mutations in fibulins 4 and 5 
cause a rare connective tissue disorder, known as cutis laxa, resulting in inelastic 
skin that tends to hang off the body (Hucthagowder et al. 2006). A mutation in fibu-
lin 1D has also been traced to synpolydactyly, a congenital malformation of the 
hand (Scott Argraves et al. 2003). In eye diseases, fibulins 1 and 4 have been traced 
to inherited retinopathies (Scott Argraves et al. 2003). For example, a mutation in 
the fibulin 4 gene has been linked to neovascular inflammatory vitreoretinopathy, an 
autoimmune disease characterized by vascularization of the retina and iris, cystoid 
macular edema, inflammation and opacity of the vitreous, and ultimately blindness 
(Stone et al. 1992). An Arg345Trp mutation in fibulin 3 is associated with Malattia 
Leventinese, a form of macular degeneration (Scott Argraves et  al. 2003). 
Additionally, age-related macular degeneration (AMD) has been linked to varia-
tions in fibulin 5 (Stone et al. 2004). In comparison to control patients, the fibulin 5 
amino acid variants showed a phenotype of small round drusen in the basal laminal 
of Bruch’s membrane, contributing to detachment in that region (Stone et al. 2004).

Here, our primary focus was to analyze the role of fibulins 2 and 5 in retinal func-
tion and structure using knockout mice. Fibulin 2 null mice (Fbln2−/−) are fertile and 
have no obvious abnormalities (Scott Argraves et al. 2003). On the contrary, fibulin 
5 null mice (Fbln5−/−) show no outward abnormalities, but show a propensity for 
organ prolapse. Furthermore, Fbln5−/− mice have proven to have severe disruptions 
in connectivity of elastic fibers (Nakamura et al. 2002). We have previously demon-
strated that fibulin 2 is present in the RPE, choroid, and Bruch’s membrane and that 
it is upregulated after retinal detachment (Kanan et al. 2014). We determined that 
fibulins 2 and 5 are critical for proper development of the choroid and Bruch’s mem-
brane and ultimately cause reduced retinal function.
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33.2  Experimental Procedures

33.2.1  Fibulins 2 and 5 Knockout Mice

Fbln2&5−/− mice were described elsewhere and were kindly provided by Dr. Hiromi 
Yanagisawa (University of Texas Southwestern Medical Center, Dallas, Texas, 
USA). All experiments, described herein, were performed after receiving approval 
from local IACUC and adhered to guidelines by the Association of Research in 
Vision and Ophthalmology (ARVO) and NIH.

33.2.2  Electroretinography for Functional Testing

Functional testing by electroretinography, histological analysis, and immunohisto-
chemical analysis were all performed as previously described (Murray et al. 2015).

33.3  Results

33.3.1  Immunohistochemistry

Immunohistochemical analysis (IHC) was performed on retinal sections of wild- 
type mice that showed (Fig. 33.1) that both fibulins 2 and 5 are present in the retinal 
pigment epithelium (RPE), Bruch’s membrane, and the choroid, similar to previ-
ously shown localization for fibulin 2 (Kanan et al. 2014). However, unlike fibulin 2 
which is also present around the photoreceptor inner segments, fibulin 5 was absent 
from around inner segments.

33.3.2  Electroretinography

To determine whether fibulins 2 and 5 play any role in retinal function, wild-type 
(WT), Fbln2−/−, and Fbln5−/− mice were tested for their retinal functional compe-
tence by electroretinography (ERG). Developmental ERG testing showed that, 
compared to WT, both knockout mice showed reduced scotopic response as early as 
1 month of age (Fig. 33.2). However, Fbln5−/− mice initially showed more severe 
phenotype compared to Fbln2−/−. But at 3 months of age, the responses of both 
knockout mice were equivalent with loss of ~45% of responses compared to 
WT. Interestingly, this deficit in ERG responses did not get any worse as the animal 
got older; rather it followed an age-dependent decline similarly presented in WT.
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33.3.3  Histological Analysis

To determine whether the decline in ERG responses is solely the result of changes 
in the extracellular matrix resulting from the elimination of fibulin 2 or 5, or caused 
by loss of photoreceptor cell, we performed histologic examinations. As shown in 
Fig. 33.2b, the lack of both fibulins led to loss of photoreceptor cells and structural 
abnormalities of the outer segments. However, Fbln5−/− retinas seem to have lost 
more photoreceptors than Fbln2−/− (compare 11–12 rows in Fbln2−/− versus 10–11 
rows in Fbln5−/−; Fig. 33.2b). Similar to ERG responses, histologic changes fol-
lowed those in WT retina as animals aged (data not shown).

Fig. 33.1 Immunohistochemistry of fibulins 2 and 5. Immunohistochemistry was performed on 
frozen retinal sections of WT mouse retina. Fibulin 2 (green) and fibulin 5 (red) are seen in the 
choroid, Bruch’s membrane, and RPE. Fibulin 2 can be found around the inner segment as well. 
DAPI (blue) marked nuclei. Arrows indicate the sclera, and the arrowheads denote the choroid
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33.4  Discussion

Fibulins 2 and fibulin 5, to a greater degree, have both been implicated in the pathol-
ogy of age-related macular degeneration (Stone et al. 2004). To start to understand the 
role an ECM protein like fibulin 2 or 5 plays in retinal diseases, we determined the 
functional and the structural consequences of eliminating both. We show that elimi-
nating either of those two proteins led to a functional and structural changes that did 
not progress further with age. This implicates both proteins in a developmental role in 
the retina. Interestingly, that elimination of fibulin 5 leads to a more severe phenotype 
than lack of fibulin 2 despite the fact that fibulin 5 is not present anywhere around 
photoreceptors. Due to the potential role of fibulin 5 in the development of AMD, our 
future studies will focus on the role of these fibulins in cone function and structure.
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Fig. 33.2 Electroretinography and histological analyses. (a) Electroretinography was performed 
on Fbln 2−/−, Fbln 5−/−, and WT mice. N ≥ 3 for each data point. All show the same decline in 
response due to aging. However, both knockout lines have significantly reduced scotopic response 
at 1 month of age. (b) Histology was performed on WT, Fbln 2−/−, and Fbln 5−/− mice, presented 
respectively. There is reduction in the number of photoreceptors in the knockout animals compared 
to the wild type
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Chapter 34
Identifying Key Networks Linked to Light- 
Independent Photoreceptor Degeneration 
in Visual Arrestin 1 Knockout Mice

Hwa Sun Kim, Shun-Ping Huang, Eun-Jin Lee, and Cheryl Mae Craft

Abstract When visual arrestin 1 (ARR1, S-antigen, 48 KDa protein) was 
 genetically knocked out in mice (original Arr1−/−, designated Arr1−/−A), rod pho-
toreceptors degenerated in a light-dependent manner. Subsequently, a light-inde-
pendent cone dystrophy was identified with minimal rod death in ARR1 knockout 
mice (Arr1−/−AArr4+/+, designated Arr1−/−B), which were F2 littermates from 
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breeding the original Arr1−/−A and cone arrestin knockout 4 (Arr4−/−) mice. To 
resolve the genetic and phenotypic differences between the two ARR1 knockouts, 
we performed Affymetrix™ exon array analysis to focus on the potential differen-
tial gene expression profile and to explore the molecular and cellular pathways 
leading to this observed susceptibility to cone dystrophy in Arr1−/−B compared to 
Arr1−/−A or control Arr1+/+Arr4+/+ (wild type [WT]). Only in the Arr1−/−B retina 
did we observe an up-regulation of retinal transcripts involved in the immune 
response, inflammatory response and JAK-STAT signaling molecules, OSMRβ 
and phosphorylation of STAT3. Of these responses, the complement system was 
significantly higher, and a variety of inflammatory responses by complement reg-
ulation and anti-inflammatory cytokine or factors were identified in Arr1−/−B reti-
nal transcripts. This discovery supports that Arr1−/−B has a distinct genetic 
background from Arr1−/−A that results in alterations in its retinal phenotype lead-
ing to susceptibility to cone degeneration induced by inappropriate inflammatory 
and immune responses.

Keywords Cone dystrophy · Visual arrestin 1 · Genetic susceptibility · Retinitis 
pigmentosa

34.1  Introduction

Visual arrestin 1 (ARR1, S-antigen [SAG], 48 KDa protein) and cone ARR4 (Craft 
et al. 1994) were discovered to be critical regulators to shut off the light-activated 
phototransduction cascade. Previous studies clearly demonstrated distinct func-
tional roles of visual arrestins and their contribution to the visual system, especially 
rod and cone photoreceptors in mouse models in which these two genes, Arr1 and 
Arr4, were individually or simultaneously knocked out (Chen et al. 1999; Nikonov 
et al. 2008; Brown et al. 2010; Huang et al. 2010). Published work from the origi-
nal Arr1−/− (designated Arr1−/−A) mice retina compared to wild-type (WT) mice 
revealed nearly identical gene expression profiles and no retinal degeneration when 
dark- reared (Roca et al. 2004). In a later study (Nikonov et al. 2008), we observed 
an unexpected cone dystrophy of dark-reared Arr1−/−AArr4+/+ (designated Arr1−/−B) 
mice through cone loss by apoptosis even when the rods are maintained, suggest-
ing alternatively light-independent retinal degeneration in our colony of F2 litter-
mates (Arr1−/−AArr4+/+) from backcrossing the original Arr1−/−A and Arr4−/− mice 
(Brown et al. 2010). These studies suggested that a constitutive light activation of the 
 phototransduction cascade may not be the only mechanism of retinal degeneration 
in ARR1 knockout mice (Arr1−/−B). The microarray data revealed that dark-reared 
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Arr1−/−B mice have a variable genetic background compared to the  original Arr1−/−A 
colony, which may contribute to susceptibility to the observed light-independent 
retinal degeneration.

34.2  Materials and Methods

34.2.1  Animals

Mice were dark-reared in the USC vivarium following the appropriate established 
guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision 
Research and approved by the Institutional Animal Care and Use Committee of the 
University of Southern California. Our Arr1−/−B colony (Arr1−/−AArr4+/+) was derived 
from the crossing of the original Arr1−/− and Arr4−/− (cone arrestin, Arr4, NP_573468) 
mice (Nikonov et  al. 2008). All WT (Arr1+/+Arr4+/+, designated WT colony) and 
visual arrestin knockout mice (Arr1−/−A, Arr1−/−B) used in this study were on a mixed 
C57/Bl6J:129SVJ background and resulted from breeding homozygous F2 litter-
mates. All offspring were verified by PCR genotype analysis for Arr1−/−A, Arr1−/−B, 
and WT and used as breeders (Nikonov et al. 2008; Brown et al. 2010).

34.2.2  Affymetrix™ GeneChip Microarray Hybridization 
and Ingenuity Pathway Analysis

According to previously published protocols (Yetemian et al. 2010), total RNA was 
purified and then measured using spectrophotometry A260/A280 ratios. Affymetrix™ 
GeneChip Mouse Exon 1.0 ST Arrays (Affymetrix Inc., Santa Clara, CA) were 
used for hybridization. The exon arrays were scanned according to established 
Affymetrix™ protocols. Experiments were performed in triplicate for statistical and 
biological relevance. The original Affymetrix™ raw intensity files were imported 
into Partek Genomics Suite (Partek Inc.) and processed with GC-RMA (Robust 
Multi-array Average) background correction and quantile normalization algo-
rithms. The log2 transformed data was then subjected to a two-way mixed-model 
factorial ANOVA analysis, and the list of differentially expressed genes between the 
two strains (WT vs Arr1−/−A, WT vs Arr1−/−B

, and Arr1−/−A vs Arr1−/−B) was subse-
quently generated. Transcripts of Arr1−/−B with statistically significant differences 
compared to WT and annotated function were categorized using Ingenuity Pathway 
Analysis (IPA; QIAGEN, Redwood City, CA). Scores for top networks were based 
on the hypergeometric distribution and calculated with the right-tailed Fisher’s 
Exact Test by IPA.
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34.3  Results

34.3.1  Affymetrix™ Exon Array Data in Arr1−/−B Mice Retina

To identify potential genetic modifiers and cellular pathways involved in cell death 
in Arr1−/−B mice retina at postnatal 30 (P30), when apoptosis was documented and 
prior to severe morphological changes in dark-reared environment, compared with 
WT colony and Arr1−/−A retina, we performed exon array analysis in triplicate and 
analyzed the data using statistical analysis software (Partek Genomics Suite; Partek 
Inc., St. Louis, MO, Supplemental Table 34.1). Gene expression profiles in dark- 
reared Arr1−/−A mice are nearly similar to those in WT (Roca et al. 2004) and that 
dark-reared Arr1−/−B has a variety of functional alterations in genomic or proteomic 
level due to their distinct genetic background. Individual transcripts in Arr1−/−B 
mice retina were categorized using IPA with respect to diseases and disorders, 
molecular and cellular functions, and physiological system development and func-
tion (Fig. 34.1). Of these systems, complement system, IL-9 signaling, oncostatin 
M signaling, and interferon signaling were each ranked as the top categories accord-
ing to p value and the number of molecules categorized. The complement system 
was the top recognized pathway identified, which was previously implicated in the 

Fig. 34.1 Transcripts categorized by Ingenuity Pathway Analysis (IPA) between Arr1−/−B retina 
and WT. Canonical pathways are presented on the x axis, and the statistical significance of each 
pathway with a threshold of 0.05 is presented on the y axis, −log (p value, blue bar). Top canonical 
pathways above the threshold value are presented. The orange line displays the ratio of upregulated 
transcripts in the dataset to the number of genes in each pathway, revealing that complement sys-
tem has the largest ratio, while others such as acute phase response signaling, IL-10 signaling, and 
JAK/STAT signaling are above threshold for statistical significance
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pathogenesis of age-related macular degeneration (Haines et al. 2005; McGeer et al. 
2005; Souied et  al. 2005; McKay et  al. 2010), while others such as acute phase 
response, triggering receptor expressed on myeloid cells 1 (TREM1), IL-10 as an 
anti-inflammatory factor, growth hormone, and JAK/STAT signaling transcripts are 
above threshold for statistical significance. These pathways implicate a variety of 
inflammatory responses by complement regulation, acute phase reactants, and anti- 
inflammatory cytokine or factors and a potential unique involvement in Arr1−/−B 
retina not observed in either the WT or Arr1−/−A retina, implicating that these path-
ways are ultimately associated with the observed cone cell death phenotype.

34.4  Discussion

In this study, we investigated the distinct differences in a gene expression profile 
associated with cone dystrophy in our mice colony Arr1−/−B (Brown et  al. 2010) 
with an exon array analysis. Additionally, we focused on determining the initial 
potential interacting networks that trigger the retinal cone degenerative processes in 
the genetic mouse model of dark-reared Arr1−/−B versus colony controls. The gene 
array results show shared pathways involving complement cascade, gliosis, immune 
response, autophagy, and apoptosis that may contribute to the cone degeneration in 
the Arr1−/−B. These data suggest that the retinal gene expression profile in Arr1−/−B 
represents a distinct and separate susceptibility response to retinal degeneration in 
the light-independent environment that may enhance the development and progres-
sion of disease, depending on their genetic background (Haider et  al. 2008). 
Additionally, we observed that the OSM signaling pathway was ranked as the sec-
ond top candidate following complement system by IPA analysis from the microar-
ray data in Arr1−/−B retina. OSM, a member of the interleukin 6 (IL-6) family 
cytokines, signals through two types of receptor complexes that have been identified 
in human for OSM signal transduction. It has been also reported that OSM has the 
protective effect on photoreceptors, inducing STAT3 phosphorylation in the retinal 
degeneration of several models (Mechoulam and Pierce 2005; Samardzija et  al. 
2006; Ueki et al. 2008). As shown in the schematic representation of the hypotheti-
cal network for photoreceptor degeneration (Fig. 34.2), we hypothesize that OSM 
signaling via pSTAT3 is simultaneously upregulated to protect photoreceptors 
against inflammatory or immune response in the susceptible Arr1−/−B; however, 
these defense mechanisms are not resistant to overcoming the harmful responses 
that occur in this mutated retina.

In summary, the microarray analysis of retinas in Arr1−/−B undergoing retinal 
degeneration with cone dystrophy identified a unique subset of activated gene 
expression profiles including inflammatory cytokines and complement components. 
This novel discovery leads us to further genetic studies that will determine the 
genetic link between susceptibility and resistance to retinal degeneration induced by 
inappropriate inflammatory and immune responses. We propose that by defining the 
molecular mechanisms of susceptibility triggering cone photoreceptor cell death, 
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it may lead to resolving the etiology of retinal degeneration with genetic 
 heterogeneity such as Oguchi’s disease, retinitis pigmentosa (RP), and age-related 
macular degeneration. In the future, these studies will contribute to the design of 
modifier gene therapeutics to slow and prevent visual loss.
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Fig. 34.2 Schematic representation of the hypothetical network for the light-independent cone 
photoreceptor degeneration in Arr1−/−B retina. Exon array dataset analysis was used to generate a 
hypothetical network based on upregulated transcripts. Dotted lines represent indirect protein rela-
tionships, whereas solid lines represent direct relationship, including protein-protein interactions, 
activation, phosphorylation, and ligand-receptor binding. Molecules in red represent significantly 
upregulated transcripts, green represent significantly downregulated transcripts, and uncolored 
molecules were not differentially expressed but are included because they are important compo-
nents of the total network (SAG; arrestin 1)
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Chapter 35
How Excessive cGMP Impacts Metabolic 
Proteins in Retinas at the Onset 
of Degeneration

Jianhai Du, Jie An, Jonathan D. Linton, Yekai Wang, and James B. Hurley

Abstract Aryl-hydrocarbon receptor interacting protein-like 1 (AIPL1) is essential 
to stabilize cGMP phosphodiesterase 6 (PDE6) in rod photoreceptors. Mutation of 
AIPL1 leads to loss of PDE6, accumulation of intracellular cGMP, and rapid degen-
eration of rods. To understand the metabolic basis for the photoreceptor degenera-
tion caused by excessive cGMP, we performed proteomics and phosphoproteomics 
analyses on retinas from AIPL1−/− mice at the onset of rod cell death. AIPL1−/− 
retinas have about 18 times less than normal PDE6a and no detectable PDE6b. We 
identified twelve other proteins and thirty-nine phosphorylated proteins related to 
cell metabolism that are significantly altered preceding the massive degeneration of 
rods. They include transporters, kinases, phosphatases, transferases, and proteins 
involved in mitochondrial bioenergetics and metabolism of glucose, lipids, amino 
acids, nucleotides, and RNA. In AIPLI−/− retinas mTOR and proteins involved in 
mitochondrial energy production and lipid synthesis are more dephosphorylated, 
but glycolysis proteins and proteins involved in leucine catabolism are more phos-
phorylated than in normal retinas. Our findings indicate that elevating cGMP rewires 
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cellular metabolism prior to photoreceptor degeneration and that targeting metabo-
lism may be a productive strategy to prevent or slow retinal degeneration.

Keywords cGMP · Metabolism · Retinal degeneration · Proteomics · 
Phosphoproteomics · AIPL1

35.1  Introduction

Inherited retinal diseases cause blindness or severe visual loss in humans. Excessive 
accumulation of cGMP in photoreceptors is likely to be a major factor in retinal 
degenerations caused by mutations in the genes encoding PDE6a, PDE6b (Rd1 and 
Rd10), PDE6c (Cpfl1), aryl-hydrocarbon receptor interacting protein-like 1 
(AIPL1), Cngb1, and Cngb3 (Huang et  al. 1995; Ramamurthy et  al. 2004; Huttl 
et al. 2005; Chang et al. 2007; Arango-Gonzalez et al. 2014). Mutations in AIPL1 
cause severe retinal degeneration. AIPL1 deficiency in mice causes rod and cone 
photoreceptors (PRs) to degenerate within 4 weeks after birth (Dyer et  al. 2004; 
Ramamurthy et al. 2004). Intracellular cGMP levels increase 5–10 times higher than 
normal just before the onset of degeneration. We are investigating the idea that accu-
mulation of cGMP causes metabolic failure in several retinal degeneration models 
(Trifunovic et  al. 2012; Arango-Gonzalez et  al. 2014). To understand the link 
between cGMP accumulation and photoreceptor degeneration, we used mass spec-
trometry to quantify changes in protein and protein phosphorylation caused by 
AIPL1 deficiency. We found that loss of AIPL1 causes depletion of PDE6a/b, 
dephosphorylation of mTOR and proteins involved in lipid synthesis and mitochon-
drial energy production, increases in glycolysis proteins, and altered phosphoryla-
tion of proteins involved in solute transport and in nucleotide and RNA 
metabolism.

35.2  Materials and Methods

35.2.1  Animals

AIPL1 +/− mice were crossed to produce AIPL1−/− and AIPL1+/+ control litter-
mates in C57BL6 background. Experiments were performed in accordance with the 
Institutional Animal Care and Use Committee (IACUC) recommendations at the 
University of Washington guidelines after IACUC approval.
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35.2.2  Retinal Proteomics and Phosphoproteomics

Four retinas were isolated from P10 pups (Du et al. 2016) and pooled into one tube 
to be homogenized with 6 M urea in 50 mM ammonium bicarbonate. Proteins were 
extracted and prepared for proteomics analysis as reported (An et al. 2016). Briefly, 
the protein samples were reduced by TCEP and alkylated with iodoacetamide for 
1 h at room temperature. After digestion by trypsin at 1:50 (enzyme:protein) ratio 
overnight, the peptides were then washed three times and desalted by C18 columns. 
Phosphopeptides were enriched by TiO2 column and desalted by graphite columns 
according to the manufacturer’s instructions. Protein peptides and phosphopeptides 
were analyzed by UPLC (Waters, USA) coupled with Orbitrap Fusion mass spec-
trometer (Thermal Scientific, USA). Acquired data were converted to the mzXML 
format and searched against a mouse proteome database using Comet. The search 
results were further processed by PeptideProphet and ProteinProphet.

35.3  Results

35.3.1  AIPL1 Deficiency Changes the Profile of Metabolic 
Proteins in the Retina

To understand how accumulation of cGMP influences retinal metabolism prior to 
retinal degeneration, we isolated retinas from AIPL1−/− mice at postnatal 10 days 
(P10). At P10, cGMP accumulates in AIPL1−/− retinas, but there are no obvious 
morphological changes. We used mass spectrometry in 7 separate experiments to 
identify 7304 unique proteins in AIPL1−/− retinas and in retinas from their homo-
zygous wild-type littermate. A stringent criterion (the fold change >2 or < −2 in at 
least 5 hits of 7 samples with spectral count more than 2) was applied, and 30 pro-
teins were identified with significantly different expressions. Twelve of them were 
metabolism-related proteins (Table  35.1). As expected, AIPL1 was not detected, 
and we found that PDE6a/PDE6b is substantially decreased in the AIPL1−/− reti-
nas. Most of the differentially expressed proteins were related to nucleotide metabo-
lism such as proteins involved in nucleotide binding, nucleotide exchange, and 
mRNA modification and processing (Table 35.1). AIPL1 deficiency also increases 
levels of proteins involved in catabolism, including collagen degradation and leu-
cine degradation. Zinc homeostasis is essential for photoreceptor survival (Grahn 
et al. 2001). The zinc transporter SLC39A7 is upregulated in AIPL1−/− retinas.
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35.3.2  AIPL1 Deficiency Influences the Phosphorylation State 
of Metabolic Enzymes

Phosphorylation is an important regulator of protein function. To evaluate phos-
phorylation of proteins in P10 retinas, we enriched phosphorylated peptides with 
TiO2 chromatography and analyzed them by mass spectrometry. From a total of 
2550 detected phosphoproteins, we identified 128 proteins that were phosphory-
lated differently in AIPL1−/− than in control retinas. One third of these phospho-
proteins are involved in cellular metabolism. These include transporters, kinases, 
phosphatases, transferases, and proteins in glucose, lipid, and nucleotide metabo-
lism (Fig. 35.1). At the onset of retinal degeneration, AIPL1 deficiency changes the 
phosphorylation of transporters for sodium, calcium, and potassium. Surprisingly, 
the proteins in mitochondrial energy production and phospholipid synthesis are less 
phosphorylated, while the glycolysis enzyme 6-phosphofructokinase (Pfkl) is more 
phosphorylated in AIPL−/− retinas. Mammalian target of rapamycin (mTOR) is a 
key regulator of cellular energy metabolism. We found that Mapka1, a component 
of the mTOR2 complex, is less phosphorylated in AIPL1-deficient retinas than in 

Gene Protein WT AIPL1 Metabolic pathway

AIPL1
Aryl-hydrocarbon-interacting protein-

like 1
11±1.5 0 cGMP degradation

PDE6b Phosphodiesterase 6B 40±1.6 0 cGMP degradation

PDE6a Phosphodiesterase 6A 53±1.6 3±1.4 cGMP degradation

Cmtr1
S-adenosyl-L-methionine-dependent 

methyltransferase
7±2.5 3±0.4

RNA methyl 

transferase

Sar1b GTP-binding protein SAR1b 4±1.5 1±0.4 Nucleotide binding

Ehd4 EH domain-containing protein 4 3±1.0 1±0.4 Nucleotide binding

Gng11
Guanine nucleotide-binding protein 

G(I)/G(S)/G(O) subunit gamma-11
3±1 1±0.4 Nucleotide binding

Pepd Xaa-Pro dipeptidase 2±0 4±1.5 Collagen metabolism

Rab3ip Rab-3A-interacting protein 2±0.5 4±1.5 Nucleotide exchange

Mbnl2 Isoform 2 of muscleblind-like protein 2 1±0.4 5±1.5 RNA metabolism

Slc39a7 Zinc transporter SLC39A7 0 3±1.0 Metal transport

Mccc2 Methylcrotonoyl-CoA carboxylase beta 

chain, mitochondria
0 3±0.6 Leucine degradation

Table 35.1 Changes in the amounts of metabolism proteins in AIPL−/− retinas. P10 retinas from 
AIPL1−/− and littermates were analyzed by proteomics. Significant changes in levels of proteins 
related to metabolism are listed. Green highlights downregulated and red highlights upregulated 
proteins compared to control. N = 7. Spectral count was shown as mean ± SD
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controls. We also identified changes in the phosphorylation state of enzymes 
involved in nucleotide and RNA metabolism. Enzymes that transfer methyl or ace-
tyl groups to DNA and histones also were substantially altered.

35.4  Discussion

Our study surveys proteins and phosphoproteins in AIPL1 −/− retinas at the onset 
of degeneration and provides evidence that cellular metabolism may be fundamen-
tally rewired prior to massive and rapid photoreceptor degeneration. AIPL1 is 
essential to maintain the stability of PDE6a and PDE6b (Ramamurthy et al. 2004; 
Kolandaivelu et al. 2009; Kolandaivelu et al. 2014). As predicted, our proteomics 
analysis detected no PDE6b. PDE6a was about 18 times lower than normal in all 
AIPL1−/− retinas. PDE6a or PDE6b deficiencies cause accumulation of cGMP. In 
other studies we have found that the 5′GMP level decreases in these retinas (not 
shown here). 5′GMP is a key feedback regulator of purine synthesis. Normally the 
cellular purine and pyrimidine nucleotide levels are tightly regulated and balanced. 
They are the basic building blocks for RNA and DNA biosynthesis. Our findings are 
consistent with an imbalance of nucleotide levels in AIPL1−/− retinas altering 
expression and phosphorylation of proteins involved in nucleotide and RNA 
metabolism.

Fig. 35.1 Changes in phosphorylation state of metabolic proteins in AIPL−/− retinas. P10 retinas 
from AIPL1−/− and littermates were enriched for phosphorylated peptides and analyzed by phos-
phoproteomics. Significantly changed proteins related to metabolism are listed. The proteins in 
green represent downregulation and in red represent upregulation of phosphorylation compared to 
control. N = 5
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Recent studies have shown that disruption of mitochondrial energy metabolism 
can cause an imbalance of ribonucleotides, which then contributes to neurodegen-
eration (Fasullo and Endres 2015; Nikkanen et al. 2016). Deficient mitochondrial 
energy production makes Drosophila photoreceptors more vulnerable to light- 
induced degeneration and produces a visual defect in zebrafish (Taylor et al. 2004; 
Jaiswal et al. 2015). We found that mitochondrial complex I subunit (ndufv3) and 
ATP synthase subunit (ATP5j) are dephosphorylated in AIPL1-deficient mouse reti-
nas. The inhibition of mitochondrial bioenergetics may activate glycolysis to gener-
ate more energy, increase utilization of amino acids, and decrease other anabolic 
activities such as lipid synthesis. However, retina has an extremely high demand for 
energy and for lipid turnover for outer segment synthesis. The significant upregula-
tion of the leucine catabolism protein, Mccc2, in the AIPL1−/− retina may decrease 
cellular leucine, which then could lead to dephosphorylation of mTOR. That also 
may contribute to dysregulation of cellular metabolism and deactivation of other 
downstream cell survival signaling pathways.

Taken altogether these findings suggest that metabolic rewiring is likely to be 
both a cause and a consequence of photoreceptor degeneration. Therapeutic 
approaches that make photoreceptor metabolism more robust may be an effective 
strategy to prevent or slow retinal degeneration.
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Chapter 36
Protein Carbonylation-Dependent 
Photoreceptor Cell Death Induced 
by N-Methyl-N-nitrosourea in Mice

Ayako Furukawa, Kayo Sugitani, and Yoshiki Koriyama

Abstract Retinal degenerative diseases, such as retinitis pigmentosa, are charac-
terized by night blindness and peripheral vision loss caused by the slowly progres-
sive loss of photoreceptor cells. A comprehensive molecular mechanism of the 
photoreceptor cell death remains unclear. We previously reported that heat shock 
protein 70 (HSP70), which has a protective effect on neuronal cells, was cleaved by 
a calcium-dependent protease, calpain, in N-methyl-N-nitrosourea (MNU)-treated 
mice retina. Carbonylated HSP70 is much more vulnerable than noncarbonylated 
HSP70 to calpain cleavage. However, it was not known whether protein carbonylation 
occurs in MNU-treated mice retina. In this study, we clearly show protein 
carbonylation-dependent photoreceptor cell death induced by MNU in mice. 
Therefore, protein carbonylation and subsequent calpain-dependent cleavage of 
HSP70 are key events in MNU-mediated photoreceptor cell death. Our data provide 
a comprehensive molecular mechanism of the photoreceptor cell death.

Keywords Oxidative stress · Protein carbonylation · HSP70 · N-Methyl-N- 
nitrosourea · Photoreceptor cell death · Retinitis pigmentosa · 4HNE · Calpain

36.1  Introduction

Retinitis pigmentosa is a disease characterized by a loss of photoreceptor cells. 
Although many causative gene mutations have been reported, the final common end 
stage is photoreceptor cell death. Herrold et  al. originally reported that 
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N-methyl-N- nitrosourea (MNU) causes photoreceptor cell loss in golden hamsters 
(Herrold 1967). We have tried to clarify the mechanisms of photoreceptor cell death by 
using the MNU-injected mice model. Intraperitoneal injection of MNU causes selec-
tive photoreceptor cell loss and significantly decreases the outer nuclear layer (ONL) 
thickness. Intraperitoneal injection of MNU induces the accumulation of intracellular 
Ca2+ in the retina and increases calpain activation, which leads to photoreceptor cell 
death (Oka et  al. 2007). We have revealed that the calpain-dependent cleavage of 
HSP70 occurs in MNU-treated mice retina (Koriyama et al. 2014). HSP70 is highly 
conserved and functions as a chaperone molecule to protect cells against various 
stresses. Under pathological conditions of neuronal tissues, such as glaucoma and isch-
emic/reperfusion of the hippocampus, HSP70 is a common substrate of calpain 
(Nakajima et al. 2006). In addition, carbonylated HSP70 caused by oxidative stresses 
such as 4-hydroxy-2-nonenal (4HNE) is much more vulnerable than noncarbonylated 
HSP70 to calpain cleavage (Sahara and Yamashima 2010). We have found that MNU 
induced the generation of 4HNE, an oxidative stress marker on lipids, in retinal photo-
receptor cells. However, it is not known whether protein carbonylation occurs in MNU-
treated mice retina.

Oxidative stress, which attacks lipids, proteins, and DNA, is one of the causative 
factors of photoreceptor cell death. Oxidative stresses give rise to a variety of 
modifications in amino acid residues. Protein carbonyls formed by oxidation of 
arginine, lysine, threonine, or proline residues are often used as a marker of major 
forms of oxidatively damaged proteins. In contrast to methionine sulfoxide and 
cysteine disulfide bond formation, carbonylation is an irreversible oxidative process 
(Dalle-Donne et al. 2006). These features make protein carbonyls a useful marker 
for oxidative damage to proteins. 2,4-Dinitrophenylhydrazine (DNPH) reacts with 
protein carbonyls to form protein-bound 2,4-dinitrophenyl hydrazone (DNP) 
(Nakamura and Goto 1996). We can detect carbonylated proteins by using anti-DNP 
antibody (Fig.  36.1). In this study, we examined whether protein carbonylation 
occurs in MNU-treated mice retina.

Fig. 36.1 Pretreatment with 2,4-dinitrophenylhydrazine (DNPH) to detect protein carbonyls by 
immunohistochemistry. DNPH reacts with protein carbonyls to form protein-bound 
2,4-dinitrophenyl hydrazone (DNP). By using anti-DNP antibody, protein carbonyls were detected
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36.2  Materials and Methods

36.2.1  Animal Experiments

Male C57BL/6 mice (8–9 weeks old) were purchased from Japan SLC (Hamamatsu, 
Japan). All animals were maintained and handled in accordance with the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research, the guidelines 
of the Declaration of Helsinki, the Guiding Principles for the Care and Use of 
Animals, and Suzuka University of Medical Science’s guidelines for animal 
experiments. MNU was dissolved in saline and administered by intraperitoneal 
injection at a dose of 60 mg/kg body weight.

36.2.2  Retinal Sections and Immunohistochemistry

Immunohistochemistry was performed by using cryoprotected retinal sections. 
MNU-treated mice were anesthetized by intraperitoneal injection of sodium 
pentobarbital (30–40 mg/kg body weight). Mouse eyes were enucleated and fixed 
overnight in 0.1 M phosphate buffer (pH 7.4) containing 4% paraformaldehyde and 
5% sucrose. Fixed eyes were cryoprotected in 30% sucrose and frozen in OCT 
medium. Retinal sections in central areas (within 300 μm of the optic disc) were cut 
at 12  μm thickness. For immunological detection of carbonylated proteins, the 
carbonyl group was derivatized by DNPH (Fig. 36.1). Sections were incubated with 
Blocking One (Nacalai Tesque, Kyoto, Japan), followed by incubation with primary 
antibody against DNP (1:500; Cell Signaling Technology, Tokyo, Japan). Sections 
were then incubated with biotin-conjugated secondary antibody and avidin- 
horseradish peroxidase substrate. Carbonylation signals were detected by 3-amino- 
9-ethylcarbazole (DAKO, Kyoto, Japan).

36.3  Results

One day after MNU infection, the generation of 4HNE was detected in the ONL 
(Koriyama et  al. 2014). To elucidate the protein carbonylation, retinal 
immunohistochemistry for DNP was performed. Compared to the control sections, 
ONL thickness became significantly thinner by 3  days after MNU injection 
(Fig.  36.2a, b). Immunohistochemistry with anti-DNP revealed many DNP- 
immunopositive cells in the ONL 3 days after MNU injection (Fig. 36.2b). DNP- 
positive cells were almost undetectable in control mice retina (Fig. 36.2a).
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36.4  Discussion

Retinitis pigmentosa (RP) is one of the major retinal degenerative diseases. 
Unfortunately, no effective treatments or therapeutic agents have been discovered. 
Reactive oxygen species, calcium-calpain activation, and lipid peroxidation are 
involved in the initiation of photoreceptor cell death, but the total process of cell 
death signaling remains obscure. Oxidative stress is one of the main causative 
factors contributing to photoreceptor cell death in the progression of a number of 
retinal diseases, such as RP. RP patients showed a significant decrease in the ratio of 
reduced glutathione to oxidized glutathione and a significant increase in protein 
carbonyl content in aqueous humor (Campochiaro et al. 2015). In some RP models, 
accumulation of 4HNE, an oxidative stress marker, was detected in photoreceptor 
cells (Tanito et al. 2006). We detected 4HNE accumulation in the ONL of MNU- 
treated mice retina (Koriyama et al. 2014). 4HNE is a highly reactive aldehyde that 
forms as a result of nonenzymatic lipid peroxidation of long-chain polyunsaturated 
fatty acids and may be considered as a secondary toxic messenger that disseminates 
and augments initial free radical events (Esterbauer et al. 1991, Uchida 2003). Lipid 
peroxidation-modified proteins, such as 4HNE or malondialdehyde, may participate 
in the pathogenesis of complex and monogenetic retinal degenerative diseases 
(Schutt et al. 2003). Despite well-known involvement of lipid peroxidation in retinal 
degenerative diseases, the role of protein carbonylation during photoreceptor cell 
death remains unknown. In this study, we clarify that protein carbonylation occurs 
in MNU-treated mice retina (Fig. 36.2).

Fig. 36.2 Oxidative damage to protein in the retina following MNU injection. Mice received an 
intraperitoneal injection of 60 mg/kg of MNU and were subjected to histological analysis at 3 days 
after MNU administration. Control mice were treated with saline. Compared to control mice (a), 
MNU-treated mice retina showed thinning of ONL and strong immunoreactivity for carbonylated 
proteins (b). Scale = 100 μm
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Intraperitoneal injection of MNU induces the accumulation of intracellular Ca2+ 
in the retina and increases calpain activation, which leads to photoreceptor cell 
death (Oka et  al. 2007). Carbonylated HSP70 is much more vulnerable than 
noncarbonylated HSP70 to calpain cleavage; calpain-mediated cleavage of HSP70 
results in cell death through cathepsin-dependent proteostasis disruption (Sahara 
and Yamashima 2010; Yamashima 2012). We previously reported that HSP70 was 
rapidly and calpain-dependently cleaved after MNU treatment. Therefore, protein 
carbonylation by 4HNE is a very important event to induce calpain-dependent 
HSP70 cleavage in photoreceptor cell death (Fig. 36.3). Some antioxidants protect 
retina-derived cells from oxidative stress (Rezaie et al. 2012). In some RP model 
mice, antioxidants can inhibit photoreceptor cell death (Komeima et al. 2006; Lee 
et al. 2011). These data support our conclusion that photoreceptor cell death is due 
to oxidative damage and suggest that the inhibition of oxidative stress by antioxidants 
may provide therapeutic benefit via the suppression of protein carbonylation.
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Chapter 37
Müller Glia Reactivity and Development 
of Gliosis in Response to Pathological 
Conditions

Anna B. Graca, Claire Hippert, and Rachael A. Pearson

Abstract Within the mammalian retina, both Müller glia and astrocytes display 
reactivity in response to many forms of retinal injury and disease in a process termed 
gliosis. Reactive gliosis is a complex process that is considered to represent a cel-
lular response to protect the retina from further damage and to promote its repair 
following pathological insult. It includes morphological, biochemical and physio-
logical changes, which may vary depending on the type and degree of the initial 
injury. Not only does gliosis have numerous triggers, but also there is a great degree 
of heterogeneity in the glial response, creating multiple levels of complexity. For 
these reasons, understanding the process of glial scar formation and how this pro-
cess differs in different pathological conditions and finding strategies to circumvent 
these barriers represent major challenges to the advancement of many ocular 
therapies.

Keywords Glial hypertrophy · Gliosis · Intermediate filament proteins · Müller 
glia · Retinal diseases · Retinal remodelling

37.1  Introduction

In the vertebrate retina, Müller cells account for approximately 90% of the glial 
population and exhibit a complex structural architecture spanning its entire thick-
ness, allowing them to interact with all retinal cell types. Together with astrocytes, 
these cells perform a variety of physiological roles, including supplying metabolic 
support by means of glutamine and taurine in the normal retina; maintaining K+, H+ 
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and water balance; protecting against oxidative stress; recycling cone photopig-
ments; releasing neuro- and vasoactive substances; and serving as scaffolds for neu-
rovascular guidance (Bringmann et  al. 2006). Following any insult to the retina, 
these cells are one of the first to respond, by becoming rapidly activated in order to 
safeguard the retinal structure and the immune privilege of the nervous tissue. 
Physically, they become more rigid (Lundkvist et al. 2004), most likely due to an 
increase in the density of intermediate filaments (IFs) (Lu et al. 2013). This increase 
in stiffness is a major factor that contributes to the viscoelastic properties of the glial 
cells. It is coupled with a remodelling of the glial network and sprouting of the glial 
processes throughout the retina (Fisher and Lewis 2003) and is associated with 
changes in the retinal architecture, such as folding and shrinkage (Lu et al. 2011). In 
some of the more severe forms of reactive gliosis, Müller cells lose their functional-
ity and form glial scars that are inhibitory to neuronal regeneration and survival, 
with some glial cells undergoing proliferation. Although the precise role of gliosis 
is still to be determined, its extent is driven by the size and nature of the neuronal 
damage (Ridet et  al. 1997; Bringmann et  al. 2006; Bringmann and Wiedemann 
2012). This brief review will discuss typical changes that accompany activation of 
the Müller cells in a state of injury or disease and their potential impact on the out-
come of therapeutic interventions.

37.2  Characteristics of Reactive Müller Glia

An increase in IF expression and glial hypertrophy are, perhaps, the most prominent 
features of reactive gliosis. The upregulation of IFs (typically GFAP, Vimentin and 
Nestin) seems to be a crucial step for the gliotic response; however, to date, the 
exact purpose of IF upregulation in the process of gliosis remains a matter of con-
siderable debate. In particular, the role of GFAP in the retina has been the subject of 
many apparently contradictory findings. Under normal conditions, Müller glial cells 
maintain high levels of filamentous Vimentin, but GFAP is expressed only mini-
mally. In the uninjured retina, GFAP is normally found in astrocytes and the inner 
half of the retinal Müller cells and their end feet terminals (Hippert et al. 2015). 
Following trauma to the retina, such as retinal detachment, GFAP undergoes rapid 
upregulation in the Müller glia (Lewis and Fisher 2003). Elevated levels of GFAP 
have also been found after the introduction of retinal ischemia (Kim et al. 1998) or 
hypoxia (Kaur et al. 2007). In studies of experimental glaucoma, increases in the 
expression of Gfap and Nestin were reported as early as 2 h after induction of ele-
vated intraocular pressure (Xue et al. 2006). Although, the Gfap mRNA levels rap-
idly increase in Müller cells following the initial retinal insult, they do revert to 
normal levels a few days later (Sarthy and Egal 1995); however the newly formed 
filaments may remain in the glial cells for many months after injury (Seoane et al. 
1999). Interestingly, it has been suggested that the magnitude of the GFAP response 
to mechanical insult is age-dependent, meaning that the older the retina, the more 
marked the response (Cao et al. 2001). In animal models of inherited retinopathies, 
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the increase in GFAP levels is highly varied between models and may take weeks or 
months after the start of photoreceptor death depending on the type of retinal condi-
tion (Ekström et al. 1988; Hippert et al. 2015). In chronic pathological conditions, 
the hypertrophied filamentous glial processes help to fill the ‘holes’ left by dying 
photoreceptors and participate in the formation of ‘rings’, which appear to prolong 
the survival of remaining cone photoreceptors (Lee et al. 2011). Moreover, these 
hypertrophied processes help to reseal the neuroretina by building a glial barrier at 
the outer edges of the neuroretina, which is thought to prevent neurovascularisation 
and reduce monocyte infiltration (Nakazawa et al. 2007). In mice lacking GFAP and 
Vimentin, mechanical challenge revealed an exaggerated fragility of Müller cells, 
accelerated monocyte infiltration and faster degeneration of photoreceptors follow-
ing retinal trauma (Lundkvist et al. 2004; Nakazawa et al. 2007).

Apart from providing structural support, reactive glia also may bolster neuropro-
tection by releasing angiogenic and neurotrophic factors such as GDNF, CNTF, 
VEGF or bFGF, as well as antioxidants that favour the survival of retinal neurons 
and limit the extent of tissue damage (Eichler et al. 2004; Yafai et al. 2004; Pease 
et al. 2009; Fu et al. 2015). However, if Müller glial cell reactivity is prolonged, 
these same cells may become detrimental to neuronal tissue and accelerate neuronal 
death through interactions with microglial and monocyte cells. For example, studies 
on retina showed that Müller cells secrete TNF-𝛼, which increases the expression of 
interleukin chemokinases, promoting microglia infiltration into the neuroretina 
(Lebrun-Julien et  al. 2009; Eastlake et  al. 2015). Apart from releasing chemoki-
nases, the reactive glia are also reported to provide an adhesive cellular scaffold that 
guides the movement of the resident microglia across various retinal layers in the 
injured retina (Wang et al. 2011).

37.3  Heterogeneity of the Glial Responses

It is well documented that Muller glia do not represent a homogenous group of cells 
and that their responses to pathological responses may differ among individual cells 
and between Müller cells in different species. A number of studies have reported 
significant differences in the distribution of proteins, including IFs even in the non-
reactive Müller glial cells of different species. For example, in mouse, squirrel and 
rabbit, Vimentin is found in high levels across the entire Müller cell, whereas in 
feline and human retina, Vimentin is only expressed in their outer terminals (Lewis 
and Fisher 2003). In most mammalian species, retinal detachment results in Müller 
cell proliferation, hypertrophy, and an increase in the expression of GFAP 
(Bringmann et al. 2006). However, these alterations are not observed after detach-
ment of the cone-dominant ground squirrel retina (Linberg et al. 2002; Merriman 
et al. 2016). In our study, we observed striking differences in the presentation and 
magnitude of the Müller glia response between models of inherited retinal degen-
erations (Hippert et al. 2015). Interestingly, disease severity was not a predictor of 
the strength of the glial response. Together, these studies indicate that the 
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pathological stimulus plays a key role in dictating the retinal and glial responses. 
Interestingly, Müller cells have been shown to initiate IF upregulation on an indi-
vidual cell-by-cell basis rather than across all the cells in a uniform manner follow-
ing retinal injury (Luna et al. 2010). This is in keeping with our own observations of 
murine Müller glia in culture, where IF expression can vary markedly between indi-
vidual glial cells in the same culture (A.B.G. and C.H., unpublished observations). 
Such observations raise some fundamental questions about the heterogeneity of sig-
nalling pathways that activate glia cells and the diversity of glia participating in the 
cellular response and the signalling mechanisms that are activated in response to 
different types of injury.

37.4  Reactive Gliosis and Its Impact on Ocular Therapies

Following retinal detachment, the resulting glial reactivity and subsequent glial scar 
formation at the outer edge of the neuroretina were reported to impede tissue regen-
eration, including the regrowth of photoreceptor outer segments (OS) (Lewis and 
Fisher 2003). Strikingly, it has been suggested that a single Müller cell process lying 
between the reattached neuroretina and the RPE is sufficient to completely inhibit 
OS regeneration in that region (Anderson et al. 1986). The increase in Müller glial 
rigidity may also be one of the reasons for a failed axonal regeneration as growing 
neurites seem to favour softer substrates (Bringmann and Wiedemann 2012). In 
more severe forms of reactive gliosis, glial processes may also start to extend into 
the vitreous side where they start to form fibrotic scar tissue characteristic of prolif-
erative vitreoretinopathy (Lewis and Fisher 2006). This scar can become contractile 
and lead to folds and/or deformations in the retina causing visual distortions and, in 
the worst cases, can cause retinal detachments (Jünemann et al. 2015). As such, glial 
membranes or scars are a significant issue in the treatment of visual disorders in 
humans, occurring in approximately 15% of retinal detachments (Fisher et al. 2005). 
Finding ways to reduce this increase in Müller glial rigidity could prove a valuable 
strategy in reducing scar-induced retinal detachments. The formation of glial scars 
has also been implicated as one of the reasons for a failure in visual recovery after 
subretinal implantation of microphotodiode arrays and foetal sheet tissue grafts. 
The presence of a glial scar impedes the contact between the implants/grafts and the 
host neuroretina by creating a physical barrier between the two (Radtke et al. 1999; 
Pardue et al. 2001; Peng et al. 2008). Improvements in visual function following the 
transplantation of healthy photoreceptors into models of retinal degeneration were 
also reported to depend on the extent of the reactive gliosis (Hippert et al. 2016). 
Recently, we (Pearson et  al. 2016) and others (Santos-Ferreira et  al. 2016) have 
reported that, alongside donor cell integration, a previously undescribed mechanism 
of cytoplasmic material transfer between donor and host cells plays a major role in 
rescue after photoreceptor transplantation into the non- or slowly degenerating ret-
ina. It will be of significant interest to determine the relative influences of reactive 
gliosis on donor cell integration and/or cytoplasmic material transfer.
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There is no doubt that gliosis is a complicated process worthy of future research 
and determining which particular aspects of this process are key to disease progres-
sion, as well as therapeutic outcome, will be major future objectives.
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Underdeveloped RPE Apical Domain 
Underlies Lesion Formation in Canine 
Bestrophinopathies
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Abstract Canine bestrophinopathy (cBest) is an important translational model for 
BEST1-associated maculopathies in man that recapitulates the broad spectrum of 
clinical and molecular disease aspects observed in patients. Both human and canine 
bestrophinopathies are characterized by focal to multifocal separations of the retina 
from the RPE.  The lesions can be macular or extramacular, and the specific 
pathomechanism leading to formation of these lesions remains unclear. We used the 
naturally occurring canine BEST1 model to examine factors that underlie formation 
of vitelliform lesions and addressed the susceptibility of the macula to its primary 
detachment in BEST1-linked maculopathies.
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lesion formation · RPE-photoreceptor interface · RPE microvilli · Cone photore-
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38.1  Introduction

Bestrophinopathies are caused by mutations in the BEST1 gene expressed in the 
retinal pigment epithelium (RPE) (Petrukhin et al. 1998; Marmorstein et al. 2000). 
Among this group of disorders, Best vitelliform macular dystrophy (BVMD) and 
autosomal recessive bestrophinopathy (ARB) are the most common and best stud-
ied juvenile macular dystrophies, characterized by an excessive accumulation of 
lipofuscin within RPE, reduction in the electrooculogram (EOG) light peak, and 
formation of bilateral macular to multifocal subretinal lesions (Boon et al. 2009). 
Despite extensive research, the pathological mechanism of BEST1 still remains elu-
sive, and factors leading to formation of macular lesions are largely unexplored. We 
used the spontaneous dog Best disease model, canine bestrophinopathy (cBest) 
(a.k.a. canine multifocal retinopathy, cmr) (Guziewicz et  al. 2007; Zangerl et  al. 
2010), to study the architecture of the RPE-photoreceptor interface and define fac-
tors that promote development of vitelliform lesions.

38.2  Materials and Methods

38.2.1  Study Animals and Ethics Statement

cBest-affected and control dogs were genotyped and ophthalmoscopically exam-
ined, and ocular tissue was collected and processed as previously described 
(Guziewicz et al. 2007; Beltran et al. 2014). The studies were carried out in strict 
accordance with the recommendations in the Guide for the Care and Use of 
Laboratory Animals of the NIH and in compliance with the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research. The protocols were approved 
by the Institutional Animal Care and Use Committee of the University of 
Pennsylvania (IACUC Protocol #s 801870, 803422). Adult dogs (age 1–3 years) 
after disease onset and young (aged 6wks) before development of clinical pheno-
type were selected for histological and immunohistochemical (IHC) analyses.

38.2.2  Histological and IHC Assessments

Retinal structure was examined in 10-μm-thick cryosections by H&E staining and 
IHC using a set of RPE- and photoreceptor-specific markers: 1/400 mouse anti- 
Best1 (ab2182), 1/400 mouse anti-EZR (ab4069), 1/500 rabbit anti-MCT1 (cour-
tesy of N. Philp, Thomas Jefferson University), 1/500 rabbit anti-E2F1 (sc-193) or 
1/10,000 rabbit anti-hCAR (courtesy of C. Craft, USC), and PNA (L-32458). Slides 
were evaluated with transmitted light microscopy, epifluorescence, and confocal 
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laser scanning microscopy. All ex vivo analyses were carried out in comparison to 
the age-matched control eyes.

38.3  Results

38.3.1  Molecular Pathology of the RPE-Photoreceptor 
Interface in cBest

IHC evaluation of cBest retinae (age 1–3  years) revealed an abnormal RPE- 
photoreceptor interface with an apparent loss of cone-ensheathing RPE apical pro-
cesses and compromised cone-associated insoluble interphotoreceptor matrix (IPM) 
(Fig. 38.1). Specific immunostaining against MCT1 (UniProt#P53985) was present 
in both the normal control and mutant retinae, but in the latter the labeling was lim-
ited to the RPE apical surface, but not along apical extensions (Fig. 38.1b). Further 

Fig. 38.1 Abnormal RPE-photoreceptor interface in canine bestrophinopathies (a, b) 
Representative images of anti-MCT1 (monocarboxylate transporter 1) and anti-Best1 double- 
labeling in 2-yr-old cBest1-R25X/P463fs-affected retina (b) vs age-matched wild-type control (a). 
Note the absence of Best1 basolateral labeling and lack of MCT1-positive apical RPE microvillous 
(MV) extensions in the mutant retina (b). (c, d) Direct comparison of multilabeled (hCAR human 
cone arrestin, E2F1 transcription factor 1, PNA peanut agglutinin lectin) confocal photomicro-
graphs showing the absence of E2F1-positive cone-associated RPE microvilli (d) when compared 
to the wild-type control (c, inset, red arrow) and compromised insoluble interphotoreceptor matrix 
domain (insets, blue arrow) in the mutant retina (d). Cone outer segments (insets, green arrows) 
appeared disordered (d) in comparison to the control tissue (c). Scale bars: 10 μm (a–d) and 1 μm 
(insets)
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analysis with an alternative marker, E2F1 (UniProt#Q01094), confirmed these 
results in cBest (Fig. 38.1d) and exposed a bilayered extracellular compartmental-
ization of the cone-specific escheatment responsible for a normal apposition of 
RPE-cone OS (Fig. 38.1c, inset). This well-defined extracellular structure was lost 
in the affected retinae, revealing a dearth of the intrinsic RPE-associated apical 
microvillus layer accompanied by a fragmented external insoluble cone-specific 
matrix domain (Fig. 38.1d, inset). As a result cone OS stripped of their protective 
sheaths appeared undermined with no direct contact with the underlying RPE 
(Fig. 38.1d).

38.3.2  Underdeveloped RPE Apical Domain Promotes Retinal 
Detachment in cBest

Comparable studies on the RPE-photoreceptor interface were performed in 6-week- 
old retinae, at the time when the canine retina completes its development (Acland 
and Aguirre 1987) (Fig.  38.2). Immunolabeling with MCT1 and Ezrin 
(UniProt#P15311) exposed underdeveloped RPE apical domain in the young cBest 
retina, with only a few longer RPE microvilli and a highly disorganized distribution 
of Ezrin (Fig. 38.2a–d). In comparison to the age-matched controls, the 6-wk-old 
cBest retina showed diminished expression of Ezrin at the RPE apical surface, 
accompanied by an increase of Ezrin-positive signals associated with microvilli of 
Müller cells (Fig. 38.2d). Although the young cBest retinae appeared histologically 
intact, cone photoreceptor outer segments (hCAR) appeared compromised, further 
suggesting  perturbations in the homeostatic mechanism of subretinal space in 
bestrophinopathies.

38.4  Discussion

We have previously shown that canine bestrophinopathy (cBest or cmr) serves as an 
important translational model for BEST1-associated maculopathies in man, as it 
recapitulates all fundamental aspects of human disease, including the salient predi-
lection of subretinal lesions to the canine macular region (Guziewicz et al. 2007; 
Beltran et al. 2014; Singh et al. 2015). In this study, cBest model proved instrumen-
tal for defining the early structural alterations at the RPE-photoreceptor interface, 
which may explain the susceptibility of the macula to its primary detachment in 
BEST1-associated maculopathies.

Apical microvilli, an integral structure of RPE cells, are essential for mediating 
basic RPE functions, including daily phagocytosis of OS and transport of nutrients 
into and removal of byproducts from the photoreceptor cells (Bonilha et al. 2004, 
2006). It is important to note that these RPE projections greatly increase the apical 
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surface area and, consequently, the transport of signaling molecules it contains, 
thereby enhancing the epithelial functional capacity (Bonilha et al. 2004). Thus, it 
is very likely that most of the major hallmarks of bestrophinopathies, e.g., disrupted 
ion transport, impaired phagocytosis, abnormal accumulation of autofluorescent 
debris in the subretinal space, and finally RPE-neuroretinal detachment and forma-
tion of serous lesions (Boon et al. 2009; Singh et al. 2015), arise directly from the 
dearth of properly formed microvilli and impaired interaction/adhesiveness with 
OS. The report by Bonilha et  al. provided strong evidence that Ezrin is a major 
determinant in the maturation of surface differentiations of RPE, promoting mor-
phogenesis of apical microvilli (Bonilha et  al. 1999). Our findings in the canine 
BEST1 model support these results and strongly suggest that underdevelopment of 

Fig. 38.2 Underdeveloped RPE apical domain promotes formation of subretinal lesions in bestro-
phinopathies. Immunohistochemical evaluation of 6-week-old wild-type (a, c, e) and cBest1- 
R25X/P463fs-affected (b, d, f) retinae revealed underdevelopment of RPE apical domain of 
cBest-mutant retina, demonstrated by anti-MCT1 (a, b), and anti-Ezrin (c, d) labeling. Note the 
absence of Best1 basolateral labeling (b), reduced Ezrin immunostaining at the RPE apical surface 
with only a few Ezrin-positive RPE processes (d, arrows), and a increase of Ezrin labeling 
 associated with microvilli of Müller cells (d). Cone outer segments (green) appear compromised 
(f, hCAR) when compared to the wild-type retina (e). Scale bar: 20 μm applies to all panels
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cone-associated apical projections constitutes a key factor that underlies formation 
of macular lesions in bestrophinopathies. The fact that these prominent structural 
alterations associated with cone ensheathment are observed in cBest dogs as early 
as 6 weeks of age would also explain the early onset of ARB and BVMD along with 
the predilection of the cone-packed macular region to its primary detachment in 
affected dogs and patients.

As evinced by numerous studies, IPM is critical for maintaining the homeostatic 
milieu of the subretinal space, serving a range of biochemical and physical func-
tions; these include the regulation of oxygen, nutrients, and retinoid transport, pres-
ervation of retinal adhesion by providing electrostatic support for photoreceptors, 
and participating in cytoskeletal organization in the surrounding cells (Ishikawa 
et al. 2015). Thus, together with the impaired microvillar ensheathment, the com-
promised IPM accounts for the two major pathological culprits responsible for 
weakening of the RPE-neuroretina interactions in bestrophinopathies. We posit that 
these salient interface defects may also be responsible for the difference in photore-
ceptor equivalent thickness found in BVMD patients (Kay et  al. 2012) and the 
abnormal EOG and Arden ratio in bestrophinopathy patients. As such, this study 
provides new critical insights into the molecular basis of bestrophinopathies that 
would assist in the development of outcome measures for assessing therapeutic 
strategies in ARB and BVMD patients.
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Chapter 39
Binary Function of ARL3-GTP Revealed 
by Gene Knockouts

Christin Hanke-Gogokhia, Jeanne M. Frederick, Houbin Zhang, 
and Wolfgang Baehr

Abstract UNC119 and PDEδ are lipid-binding proteins and are thought to form 
diffusible complexes with transducin-α and prenylated OS proteins, respectively, 
to mediate their trafficking to photoreceptor outer segments. Here, we investigate 
mechanisms of trafficking which are controlled by Arf-like protein 3 (Arl3), a 
small GTPase. The activity of ARL3 is regulated by a GEF (ARL13b) and a GAP 
(RP2). In a mouse germline knockout of RP2, ARL3-GTP is abundant as its 
intrinsic GTPase activity is extremely low. High levels of ARL3-GTP impair 
binding and trafficking of cargo to the outer segment. Germline knockout of 
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ARL3 is embryonically lethal generating a syndromic ciliopathy-like phenotype. 
Retina- and rod- specific knockout of ARL3 allow to determine the precise mecha-
nisms leading to photoreceptor degeneration. The knockouts reveal binary func-
tions of ARL3-GTP as a key molecule in late-stage photoreceptor ciliogenesis and 
cargo displacement factor.

Keywords ARL3 · ARL13b · PDEδ · UNC119 · RP2 · Photoreceptor · Germline 
knockout · Retina disease

39.1  Introduction

Photoreceptor outer segments (OS) are modified primary cilia specializing in pho-
totransduction (Wright et al. 2010; Gilliam et al. 2012). Replacement of entire outer 
segments every 10 days in mouse necessitates efficient trafficking of membrane- 
associated proteins (Young, 1976). We are interested to learn how peripherally 
membrane-associated proteins traffic to the outer segment. These proteins are lipi-
dated (prenylated or acylated) for membrane attachment but can be solubilized by 
interaction with lipid binding proteins (“solubilization factors”), forming diffusible 
complexes (for detailed references, see (Hanke-Gogokhia et  al. 2016)). Well- 
characterized lipid-binding proteins are PDEδ (alias PrBP/δ or PDE6D) (Zhang 
et al. 2012) and UNC119 paralogs (UNC119a and UNC119b) (Zhang et al. 2011; 
Constantine et al. 2012). A main player in regulating trafficking of lipidated pro-
teins is Arf-like protein 3 (ARL3), a small ubiquitously expressed GTPase (Hanke- 
Gogokhia et al. 2016). Its activity is regulated by a GEF (ARL13b) (turning on) and 
a GAP (RP2) (turning off).

39.2  PDEδ and UNC119

PDEδ (Hanzal-Bayer et  al. 2002) and UNC119 (Zhang et  al. 2011) share an 
immunoglobulin- like beta-sandwich fold consisting of a hydrophobic cavity that 
can accommodate lipid side chains. PDEδ accepts C-terminal prenyl side chains, 
whereas UNC119 binds N-terminal acyl chains of transducin-α. The correct func-
tioning of the proteins is important for photoreceptor survival. PDE6D null muta-
tions are associated with Joubert syndrome in humans, a severe syndromic ciliopathy 
affecting many tissues (Thomas et  al. 2014; Duldulao et  al. 2009); by contrast, 
Pde6d−/− mice develop recessive cone-rod dystrophy (Zhang et al. 2007). A hetero-
zygous stop codon (K57ter) in human UNC119 gene causes dominant cone-rod 
dystrophy (Kobayashi et al. 2000).
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39.3  Lipidated Cargo

Peripheral membrane proteins participating in phototransduction are rhodopsin 
kinase (GRK1, G protein receptor kinase 1), GRK7 (not present in mouse) 
(Palczewski and Benovic 1991; Maeda et al. 2003), the heterotrimeric G protein 
transducin (Tαβγ) (Arshavsky et al. 2002), and heterotetrameric cGMP phosphodi-
esterase (PDE6αβγγ) (Baehr et al. 1979; Fung et al. 1990). These proteins or one of 
their subunits carries a CAAX box motif at the C-terminus signaling prenylation 
(Manolaridis et al. 2013). Prenyl side chains consist either of C15 (farnesyl) or C20 
moieties (geranylgeranyl) (Fig.  39.1). GRK1, Tγ, and PDE6α are farnesylated, 
while GRK7 and PDE6β are geranylgeranylated. PDEδ accommodates both C15 
and C20 side chains. During biogenesis, the proteins are prenylated and dock to the 
ER where CAAX box processing occurs. Tα is heterogeneously acylated at the 
N-terminus (C12 and C14) and combines with Tβγ to dock to the ER as a heterotri-
mer. Transducin is the only acylated protein in rods and cones that depends on 
UNC119 and ARL3 for trafficking, especially after light-induced translocation 
(Zhang et al. 2011).

39.4  ARL3, RP2, and ARL13b

Arf-like protein 3 (ARL3) is a small GTPase existing in an inactive GDP-bound and 
active GTP-bound conformation (Fig. 39.2). GDP/GTP exchange is catalyzed by a 
guanine nucleotide exchange factor (GEF), recently identified as ARL13b (Gotthardt 
et al. 2015). The lifetime of ARL3-GTP is controlled by its GTPase-activating pro-
tein (GAP), retinitis pigmentosa protein 2 (RP2) (Veltel et al. 2008; Kuhnel et al. 
2006). The intrinsic GTPase activity of ARL3 is slow, but accelerates over 6000- 
fold with catalytic amounts of RP2 and 90,000-fold at saturating conditions of RP2 
(Veltel et al. 2008). Mutations in the human RP2 gene are associated with X-linked 
retinitis pigmentosa (RP) (Jayasundera et al. 2010), and null mutations in the human 

adRP
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GEF (ARL 13b)
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ARL3-GDP
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Fig. 39.1 Posttranslational 
prenylation and acylation. 
Farnesyl and 
geranylgeranyl chains are 
attached to a C-terminal 
Cys of a CAAX box motif. 
Acyl chains (lauroyl and 
myristoyl) are attached to 
the N-terminal Gly
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ARL13b gene cause Joubert syndrome (Cantagrel et al. 2008). A Y90C mutation in 
ARL3 was associated with autosomal dominant retinitis pigmentosa (adRP) (Strom 
et al. 2016). In mice, germline deletions of Arl3 (Schrick et al. 2006) and Arl13b 
(Caspary et al. 2007) are embryonically lethal due to ciliary dysfunction affecting 
several organs, including the eyes.

39.5  WT Transport of Lipidated Proteins in Photoreceptors

ARL3-GTP, its GAP, and GEF play a key role in trafficking of lipidated proteins in 
photoreceptors (Hanke-Gogokhia et  al. 2016; Zhang et  al. 2015; Gotthardt et  al. 
2015). To briefly summarize previous results, PDEδ solubilizes prenylated OS pro-
teins and UNC119 acylated Tα bound to the ER (Fig. 39.3). The soluble complexes 
form a transient ternary complex with ARL3-GTP and dock to the destination 
membrane, presumably using RPGR as a docking station. ARL3-GTP forces PDEδ 
to assume a “closed pocket” conformation evicting prenylated cargo. By contrast, 
interaction of ARL3-GTP with UNC119 widens the hydrophobic pocket releasing 
acylated cargo. By forcing cargo release, ARL3-GTP functions as a GDI- 
displacement factor (GDF), or for simplicity in this context as a cargo displacement 
factor (CDF). Membrane association of ARL3-GTP/PDEδ/cargo (ternary complex) 
is essential for RP2 to execute its GAP activity; RP2 is acylated (G2-myritoyl, 
C3-palmitoyl) and targets to the inner plasma membrane in photoreceptors. The 
GEF activity of ARL13b will catalyze GDP/GTP exchange on ARL3-GDP to form 
ARL3-GTP, and the trafficking cycle starts all over again, pumping lipidated pro-
teins into the outer segment. ARL13b locates to the OS and transition zone and is 
membrane-associated by palmitoylation.

Fig. 39.2 Regulation of ARL3 activity by its GEF and GAP. Human diseases associated with 
mutations in ARL13b, RP2, and ARL3 are shown
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Fig. 39.3 Model of Λ/
ARL3/RP2 (Λ = lipid 
binding protein) dependent 
trafficking in WT 
photoreceptors. After 
biosynthesis and lipidation, 
cargo docks to the ER 
membrane (1). Cargo and 
Λ form a soluble complex 
(2), and binding of 
ARL3-GTP (3) evicts 
cargo to bind to the 
destination membranes (4). 
ARL3-GTP acts as cargo 
displacement factor (CDF) 
for cargo delivery. GTP 
hydrolysis at ARL3-GTP 
by RP2 (5) releases Λ to 
begin another round of 
transport (6). GDP/GTP 
exchange catalyzed by 
ARL13b regenerates 
ARL3-GTP (7)

39.6  The Consequence of RP2 Deletion in Mouse

The Rp2h−/− mice exhibited a slowly progressing rod-cone dystrophy, and sur-
prisingly, photoreceptor outer segments were maintained up to 24 months of age. 
Prenylated rhodopsin kinase GRK1 and cGMP phosphodiesterase PDE6 subunits 
were unable to traffic effectively to the Rp2h−/− outer segments and mislocalized 
to the photoreceptor inner segment and outer nuclear layer, whereas rhodopsin 
and other integral membrane proteins are not affected (Zhang et  al. 2015) 
(Fig. 39.4). Mechanistically, absence of RP2 GAP activity increases ARL3-GTP 
levels, forcing PDEδ to assume a predominantly “closed” conformation that 
impedes binding of lipids and impairs trafficking of PDE6 and GRK1 to their 
destination. We propose that hyperactivity of ARL3-GTP in Rp2h knockout mice 
and human patients with RP2 null alleles leads to X-linked retinitis pigmentosa. 
The slow degeneration in Rp2h−/− mice may be the result of nonspecific GAP 
activities in mouse, reducing the levels of ARL3-GTP.  Accumulated lipidated 
cargo in the ER, where prenylated proteins are posttranslationally modified, most 
likely results in UPR (unfolded protein response), ERAD (ER-associated degra-
dation), and photoreceptor degeneration.
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39.7  Retina-Specific Deletion of ARL3 (retArl3−/−)

retArl3−/− knockouts were generated by mating Arl3flox/flox with Six3-Cre mice which 
deletes ARL3 during embryonic development (Hanke-Gogokhia et al. 2016). In the 
mutant mice, rod and cone photoreceptors do not form outer segments, and 
consequently, all outer segment proteins accumulate in the inner segment and outer 
nuclear layer. At a time when ciliogenesis should be completed (P10 and P15), only 
mother and daughter centrioles were present in mutant retina, and functional basal 
bodies, transition zones, and axonemes were not formed. At P15, rod and cone 
photoreceptors degenerated massively, and degeneration is complete at P30. ARL13b, 
an outer segment protein and palmitoylated, was restricted in the mutant retina to the 
apical IS. Absence of outer segments as early as P10 in central retArl3−/− photoreceptors 
suggests that ARL3, a known microtubule-interacting protein, may regulate a late 
stage of ciliogenesis or intraflagellar transport. The retArl3−/− phenotype is strikingly 
similar to retina- specific knockouts of KIF3A (obligatory subunit of the heterotrimeric 
kinesin-2, KIF3) and IFT88 (particle of the IFT-B complex). KIF3 and IFT88 are 
responsible for IFT of tubulin and axoneme building blocks.

39.8  Rod-Specific Deletion of ARL3 (rodArl3−/−)

We initiated rod deletion of ARL3 by crossing Arl3flox/flox mice with iCre75 trans-
genic mice expressing Cre at postnatal day 7 (P7) and later (3). Presence of rod 
ERG responses at P15 demonstrated that postnatal development, including 

Fig. 39.4 Cargo 
mistrafficking in Rp2h−/− 
photoreceptors. Absence of 
RP2 shuts down hydrolysis 
of GTP bound to ARL3. As 
a result, ARL3-GTP 
accumulates in the IS, the 
ARL3-GTP/PDEδ 
complex inefficiently binds 
GRK1, and trafficking of 
GRK1 is impaired

C. Hanke-Gogokhia et al.



323

ciliogenesis and OS formation, occurred normally. Axoneme, including transition 
zone, and mother centriole (basal body) and daughter centriole developed normally. 
Transmembrane proteins such as rhodopsin trafficked to the OS and were unaf-
fected by absence of ARL3. Farnesylated GRK1, prenylated rod PDE6, acylated rod 
Tα, and farnesylated Tβγ mistrafficked to the inner segments, the outer nuclear 
layer, and synaptic terminals (Fig. 39.5). That is, lipidated proteins accumulated in 
the outer nuclear layer and inner segments of rodArl3−/− photoreceptors as inactiva-
tion of the Arl3 gene by Cre-mediated recombination increased and ARL3 loses its 
ability to function as CDF. The degeneration is fast, most likely due to a combina-
tion of its binary function as regulator in IFT and as CDF in OS protein trafficking, 
and is completed at 2 M of age/P50.

39.9  Outlook: Generation of ARL13b Retina-Specific 
Knockout

As germline deletion of ARL13b is embryonically lethal, our next step will be to 
generate ARL13b retina-specific and tamoxifen-induced knockouts. ARL13b will 
be deleted pre-ciliogenesis during embryonic development and post-ciliogenesis in 
the adult mouse, respectively. We expect rapid photoreceptor degeneration, includ-
ing mistrafficking of prenylated and acylated OS cargo and defect in ciliogenesis, 
most likely caused by the absence of active ARL3-GTP.

Fig. 39.5 Absence of 
ARL3 in photoreceptors 
prevents delivery of cargo 
to the destination 
membrane, and cargo 
accumulates in the inner 
segments bound to their 
lipid binding protein (Λ). 
As a result, photoreceptors 
degenerate
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Chapter 40
Do cGMP Levels Drive the Speed 
of Photoreceptor Degeneration?

Maria Iribarne and Ichiro Masai

Abstract Humans with mutations in the phototransduction pathway develop forms 
of retinal degeneration, such as retinitis pigmentosa, cone dystrophy, or Leber con-
genital amaurosis. Similarly, numerous phototransduction mutant animal models 
resemble retinal degeneration. In our lab, using a zebrafish model, we study cone- 
specific phototransduction mutants. cGMP is the second messenger in the photo-
transduction pathway, and abnormal cGMP levels are associated with photoreceptor 
death. Rd1, a rod-specific phosphodiesterase 6 (Pde6) subunit mutant in mice, is one 
of the most widely used animal models for retinal degeneration. Rd1 mutant mice 
accumulate cGMP, causing rapid photoreceptor degeneration. However, much less 
is known about photoreceptor mutants producing abnormally low levels of 
cGMP. Here, focusing on Pde6 mutants in zebrafish and mice, we propose a correla-
tion between cGMP levels and speed of photoreceptor degeneration.

Keywords Photoreceptor degeneration · cGMP · Pde6 · Zebrafish · Mouse · Rapid 
degeneration · Slow degeneration

40.1  Introduction

Loss or dysfunction of any component of the phototransduction cascade results in 
photoreceptor degeneration and blindness in humans. More than 40  years ago, 
Farber and Lolley established that in the rd1 mouse mutant, which carries a muta-
tion in rod-specific Pde6b, cGMP accumulates before the photoreceptor degener-
ates (Farber and Lolley 1974). cGMP accumulation is not always expected to 
occur in phototransduction mutants, but rather in mutations of certain phototrans-
duction components. For example, mutants of guanylyl cyclase are believed to 
result in low cGMP levels. Thus, cGMP level is critical for photoreceptor survival 
and is tightly regulated under normal physiological conditions. Here we will 
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discuss cGMP levels in cone photoreceptor degeneration in different alleles of a 
zebrafish cone-specific cGMP phosphodiesterase type 6 (PDE6) mutant, and we 
will compare their phenotypes with those of cone- or rod photoreceptor-specific 
mouse mutants, and human patients.

40.2  Phototransduction Pathway in Photoreceptors

In the dark, a high level of cGMP maintains cyclic nucleotide-gated (CNG) chan-
nels in an open state, maintaining a steady influx of Na+ and Ca2+ ions. Once the 
phototransduction cascade is activated by light stimuli, PDE6 hydrolyses cGMP. In 
this state, the CNG channel is dissociated from cGMP and closed, leading to 
reduced ion influx and hyperpolarization of photoreceptors. PDE6 and guanylyl 
cyclase (GC) regulate cGMP metabolism. GC is activated in response to calcium 
binding to guanylyl cyclase-activating proteins (GCAPs). Thus, after light stimuli 
close the CNG channel and intracellular Ca2+ decreases, GCAPs activate GC to 
recover cGMP levels.

40.3  PDE6: The Primary Effector Enzyme 
in the Phototransduction Cascade

Through their opposing actions, PDE6 and GC are the central enzymes governing 
cGMP levels in the retina, hydrolyzing or synthesizing cGMP, respectively. PDE6 
is a membrane-associated protein, composed of four subunits. α (PDE6a) and β 
(PDE6b) catalytic subunits and two inhibitory γ subunits (designated PDE6g) are 
expressed in rods, whereas two α’ subunits (designated PDE6c) and two inhibitory 
γ subunits (designated PDE6h) are expressed in cones. Here, we will focus on 
cone- or rod-specific PDE6 mutants from zebrafish and mice and summarize exist-
ing results concerning cGMP levels and photoreceptor degeneration.

40.3.1  The Zebrafish Mutant, pde6c rw76a, Shows Slow Cone 
Degeneration

A nonsense mutation allele of pde6c, called pde6cw59, was isolated in zebrafish by 
Brockerhoff’s lab (Stearns et  al. 2007). With this allele, loss of pde6c activity 
induces rapid cone degeneration. Some rods also undergo degeneration, but degen-
eration is limited to areas with a low rod density. Concurrently in our lab, we iso-
lated and characterized a hypomorphic mutant allele of pde6c, called pde6crw76a 
(Nishiwaki et  al. 2008). pde6crw76a had a missense mutation in the pde6c gene 
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causing a substitution at a conserved position, which probably compromises pde6 
activity. This allele showed cell death in both cones and rods at an early embryonic 
stage. In later stages of development, cones undergo a slow but progressive degen-
eration and are completely eliminated by 6 months post-fertilization, but rods are 
retained to form the outer nuclear layer, suggesting that cones specifically degen-
erate in this allele. Interestingly, human patients carrying mutations in PDE6c 
show autosomal recessive achromatopsia and autosomal recessive cone dystrophy 
(Chang et al. 2009; Thiadens et al. 2009). Achromatopsia is a congenital disorder 
with loss of cone functions, low visual acuity, photophobia, a lack of cone electro-
retinogram (ERG) responses, and loss of color discrimination. However, PDE6c 
mutant patients have normal or slightly decreased rod function. These data suggest 
conservation of PDE6c function from fish to humans.

40.3.2  The Zebrafish pde6crw76a Mutant Shows No cGMP 
Accumulation

It is likely that cGMP concentration is increased in pde6crw76a cone photoreceptor 
mutants because of a severe reduction of pde6c. We evaluated cGMP levels by 
immunofluorescence, using the most popular antibody against formaldehyde-fixed 
cGMP (de Vente et al. 1987). Surprisingly, when we examined cGMP concentra-
tion in pde6crw76a mutant retinas at an early stage of photoreceptor maturation 
(4  days post-fertilization) in light-adapted conditions, no antibody signal was 
observed. However, sometimes we observed an accumulation of cGMP in only a 
few cone photoreceptors near the ciliary marginal zone where photoreceptors are 
newly produced from retinal stem cells. In contrast to the retina, we observed very 
strong signals in pde6crw76a mutant pineal glands, while no cGMP signal was 
observed in wild-type pineal glands. These data suggest that cGMP accumulation 
does not occur early in photoreceptor differentiation in the pde6crw76a mutant 
(Iribarne et al. 2017). Further experiments revealed the downregulation of cone-
specific GC, gc3 in the pde6crw76a mutant, which explains the low level of cGMP 
(Iribarne et al. 2017; Iribarne and Masai 2017).

In contrast to our results, it was reported that cGMP levels are elevated in the 
zebrafish nonsense mutant allele, pde6cw59, at 4 dpf (Viringipurampeer et al. 2014). 
They also evaluated cGMP levels by immunolabeling using a different cGMP anti-
body, which may have different affinity than ours. They found strong signals that did 
not overlap with rods and assumed that the cGMP accumulation occurred in cones.

It is possible that two zebrafish pde6c mutant alleles, the null pde6cw59 and the 
hypomorphic pde6crw76a allele, trigger different cell death mechanisms. pde6cw59 
shows rapid photoreceptor degeneration associated with cGMP accumulation, 
while pde6crw76a presents a slow degeneration associated low cGMP levels. cGMP 
levels may correlate with the speed of photoreceptor degeneration, but probably 
through different cell death mechanisms.
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40.3.3  Evidence from Mice with Cone Pde6c Mutations

Results in zebrafish pde6c mutants led us to compare evidence from mouse Pde6 
mutants. Results from mouse mutants supported our hypothesis about the connec-
tion between the speed of photoreceptor degeneration and the level of cGMP. A 
spontaneous mouse mutant, cone photoreceptor function loss-1 (cpfl1), was identi-
fied in The Jackson Laboratories (Chang et al. 2002). cpfl1 was the first spontaneous 
mutation known to cause loss of cone functions in mice. In this mutant, cones suffer 
rapid degeneration, while rods are maintained. Cones begin to be eliminated at an 
early stage of development (P14), and the peak of cell death occurred at P24 
(Trifunovic et al. 2010). A mapping study revealed that cpfl1 has mutations in the 
Pde6c gene. An insertion of 116-pb between exons 4 and 5 and a deletion of 1-bp in 
exon 7 produced a premature stop codon (Chang et al. 2009). cGMP accumulation 
was evaluated by immunohistochemistry at P11, P18, P30, and P60. cGMP accu-
mulated specifically in cone cells and peaked at P18 (Trifunovic et al. 2010).

Later, another cone-specific mutant, cpfl3, was reported (Chang et  al. 2006). 
cpfl3 shows a reduced response of cone ERG and a slow degeneration of cones, 
which survived 14 weeks after birth. Sequencing analysis revealed a missense muta-
tion in exon 6 (G to A) in the Gnat2 gene, which encodes the α-subunit of cone- 
specific transducin. A second missense mutation in the Gnat2 gene was reported 
(Jobling et al. 2013), and mutant mice showed cone-specific degeneration that pro-
gressed slowly. No measurable cone response was observed at 3 months of age. At 
12 months, the number of cones was reduced 27% versus controls. Even though 
these cpfl3 mutants are not Pde6c mutants, since they show slow cone degeneration, 
it will be interesting to determine whether they exhibit low cGMP levels.

40.3.4  Evidence from Mice with Rod Pde6b Mutations

The original rodless mice, which are genetically the same as rd1, were first described 
more than 90  years ago (Keeler 1924; Pittler et  al. 1993). These seminal works 
demonstrated the specific elimination of photoreceptors. Since then, many groups 
have detailed the progression of retinal degeneration in rd1 mice. Briefly, rd1 mice 
were characterized as exhibiting rapid rod degeneration. Degeneration begins at P8, 
and no rod photoreceptors survive beyond 4 weeks (Farber et al. 1994). Calpain 
activity analysis and TUNEL revealed that the peak of photoreceptor cell death 
occurs at P13 (Trifunovic et al. 2010). Pde6b was identified as the gene responsible 
for the rd1 mutation, which contains both an MLV virus insertion in intron 1 and a 
nonsense point mutation in exon 7 (Pittler and Baehr 1991; Bowes et al. 1993). As 
mentioned before, cGMP level was measured using homogenates of rd1 mutant 
retinas. cGMP level was normal until P6 in rd1, and then cGMP accumulation com-
menced, peaking at P14-P16 (Farber and Lolley 1974). cGMP was also evaluated 
by immunolabeling with anti-cGMP antibody. cGMP antibody signals were not 
detected in wild-type retinas at P11, whereas rd1 retinas showed very strong posi-
tive signals in the outer nuclear layer (Paquet-Durand et al. 2009).
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In contrast to rd1, rd10 mice have a later onset of milder photoreceptor  
degeneration. Histological studies showed that retinal degeneration started in the 
central retina at P16 and spread to the peripheral retina by P20. ERG response was 
maximal at 3 weeks, but undetectable at 2 months of age (Han et al. 2013). The rd10 
mouse carries a missense mutation in exon 13 of Pde6b (R560C) and is a hypo-
morphic mutant (Chang et al. 2007). In another missense Pde6b mutant, Pde6bH620Q, 
cGMP level was measured in retinal homogenates at P14, P18, and P21. At all time 
points, mutant cGMP levels were similar to those of controls (Davis et al. 2008). 
Taken together, these two Pde6b mouse mutations suggest the correlation of cGMP 
level with the severity of rod photoreceptor degeneration.

Mutations in PDE6b have been implicated in human photoreceptor degeneration 
as causing one of the most aggressive types of retinitis pigmentosa with the earliest 
onset (Han et al. 2013). Initial symptoms of retinitis pigmentosa involve night blind-
ness and “tunnel vision” caused by rod photoreceptor loss. Secondary loss of cones 
leads to impaired central vision and ultimately legal blindness. It is important to 
evaluate whether cGMP levels are correlated with severity of rod degeneration in 
humans, as in mice and zebrafish.

40.4  Conclusions and Future Directions

Pde6 plays a central role in regulation of intracellular cGMP levels. Mutations in 
Pde6 are expected to lead to an increase in photoreceptor cGMP concentration. 
Here we show that cGMP level is not necessarily elevated in Pde6 mutants. We 
hypothesize that cGMP level determines the speed of photoreceptor degeneration. 
Figure 40.1 summarizes mutant data discussed above. In the case of low cGMP 

Fig. 40.1 In zebrafish and mouse cone- or rod-Pde6 mutants, the speed and severity of retinal 
degeneration are correlated with cGMP levels
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levels, photoreceptor degeneration proceeds slowly and mildly, as in rd10 mutant 
mice and zebrafish pde6crw76a mutants. If cGMP levels are higher than those of wild 
type, photoreceptor degeneration becomes severe, as in rd1 mutant mice and zebraf-
ish pde6cw59 mutants. In the future, it is important to determine how intracellular 
cGMP levels differentially influence photoreceptor cell survival. Understanding 
these mechanisms will contribute to development of therapies for patients suffering 
from photoreceptor degeneration in response to PDE6 genetic mutations.
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Chapter 41
Early Endosome Morphology in Health 
and Disease

Gulpreet Kaur and Aparna Lakkaraju

Abstract Early endosomes are organelles that receive macromolecules and solutes 
from the extracellular environment. The major function of early endosomes is to 
sort these cargos into recycling and degradative compartments of the cell. 
Degradation of the cargo involves maturation of early endosomes into late endo-
somes, which, after acquisition of hydrolytic enzymes, form lysosomes. Endosome 
maturation involves recruitment of specific proteins and lipids to the early endo-
somal membrane, which drives changes in endosome morphology. Defects in early 
endosome maturation are generally accompanied by alterations in morphology, 
such as increase in volume and/or number. Enlarged early endosomes have been 
observed in Alzheimer’s disease and Niemann Pick Disease type C, which also 
exhibit defects in endocytic sorting. This article discusses the mechanisms that 
regulate early endosome morphology and highlights the potential importance of 
endosome maturation in the retinal pigment epithelium.
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41.1  Introduction

Animal cells transfer various macromolecules (nutrients, receptors, ligands) and 
solutes from the surrounding medium to the interior of the cell by endocytosis. 
These macromolecules and solutes are then transported to various compartments 
in the cell by a system of endocytic vesicles (Mellman 1996; Jovic et al. 2010). 
These vesicles, especially the early endosomes that are the first endocytic vesi-
cles to receive this cargo, play important roles in the proper functioning of the 
cell (Gruenberg et al. 1989). Early endosomes are responsible for nutrient uptake, 
degradation of metabolic by-products, transport of materials to specific compart-
ments in the cell, and regulating the cell-surface expression of receptors and 
transporters. Defects in early endosomes have been implicated in neurological 
disorders such as Alzheimer’s disease and Niemann Pick Disease type C (Nixon 
2005; Maxfield 2014).

Early endosomes have specific proteins and lipids on their membranes that 
confer organelle identity and regulate association with other effector proteins 
(Huotari and Helenius 2011; Jovic et al. 2010). Defective association of proteins 
with early endosomes interferes with endosome maturation and early endosome 
function. In this review, we focus on mechanisms that regulate endosome matu-
ration, which in turn impact the morphology of early endosomes.

41.2  Early Endosomes: Morphology and Maturation

Early endosomes are very heterogeneous in terms of morphology and have a high 
capacity for homotypic and heterotypic fusion (Gruenberg et al. 1989). During 
endocytosis, primary vesicles carrying cargo bud off from the plasma membrane 
and fuse with early endosomes to deliver their contents (Mellman 1996; Jovic 
et al. 2010) (see Fig. 41.1). Early endosomes continue to receive cargo by fusion, 
which leads to an increase in size (Dunn et  al. 1989; Maxfield and McGraw 
2004). As a result, these endosomes can display a network of tubular, cisternal, 
and tubulovesicular morphologies (Gruenberg et al. 1989). A major role of early 
endosomes is to sort various proteins into recycling and degradative compart-
ments (Huotari and Helenius 2011). Plasma membrane proteins, lipids, and 
ligands, such as transferrin, are recycled back to the cell membrane by the fission 
of smaller, recycling endosomes from the early sorting endosomes (Dunn et al. 
1989; Ciechanover et al. 1983). The proteins marked for degradation, such as the 
EGF receptor, are sorted to cisternal parts of early endosomes, which mature into 
late endosomes. These late endosomes either mature into lysosomes or fuse with 
pre-existing lysosomes to degrade the cargo (Carpenter and Cohen 1979, Dunn 
and Maxfield 1992). During maturation of early endosomes to late, some pro-
teins also get shuttled to the trans- Golgi network via the retromer complex 
(Progida and Bakke 2016). On the other hand, early endosomes undergoing 
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maturation receive membrane proteins and hydrolytic enzymes by fusion of 
secretory vesicles from the trans-Golgi network, which is essential for the matu-
ration process.

Early endosomes have specific protein and lipid compositions that confer 
organelle identity. One such protein is Rab5, which regulates both early endo-
some morphology and function (Gorvel et al. 1991; Bucci et al. 1992). Rabs are 
small GTP-binding membrane proteins that switch between a GTP-bound active 
state and a GDP-bound inactive state. Rab5 regulates fusion of endocytic vesi-
cles with early endosomes, motility of early endosomes, and generation of 
phosphotidylinositol- 3- phosphate (PtdIns-3-P) and activates signaling path-
ways from early endosomes (Gorvel et  al. 1991, Christoforidis et  al. 1999; 

Fig. 41.1 Primary vesicles carrying endocytosed cargo fuse with the early endosome, which is 
marked by EEA1, PI3P kinase, and Rab5-GTP. Some cargo is recycled back to the plasma mem-
brane by the recycling endosomes. On the early endosomes, Rabex-5 and Rabaptin-5 binding 
maintains Rab5 in its GTP state. SAND-1/Mon1 can dissociate Rabex-5 and Rabaptin-5 from the 
endosome membrane and allow association with Rab7. Early endosomes also undergo bidirec-
tional transport with the trans-Golgi network. Rab7 is added onto domains of the endosome as 
Rab5 is removed. Endocytic carrier vesicles bud off from the endosomal membrane and mature 
into late endosomes. Alternatively, early endosomes may gradually mature into late endosomes 
also. Ultimately, late endosomes fuse with, or mature into, lysosomes and degrade their materials
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Murray et al. 2002; Nielsen et al. 1999; Benmerah et al. 2004). Rab5 localizes 
to the early endosome membrane upon  activation by Rabex5, which is a guanine 
exchange factor (GEF) specific for Rab5 (Horiuchi et  al. 1997; Barr and 
Lambright 2010). The GEF activity of Rabex-5 is promoted by a Rab5 effector, 
Rabaptin-5, which provides a positive feedback loop for Rab5 activation (Lippe 
et  al. 2001). This allows the recruitment of several Rab effectors on to early 
endosomes. Key Rab5 effectors are PtdIns-3-P kinases, Vps34 and p150, which 
are responsible for generating PtdIns-3-P. PtdIns-3-P is the most abundant phos-
phoinositide on the early endosome membrane and acts as a signal to recruit 
other effector proteins such as early endosome autoantigen 1 (EEA1), which is 
essential for homotypic early endosome fusions. EEA1, Rab5, and PtdIns-3-P 
are three essential components that specify the identity of early endosomes 
(Mills et al. 1998, 1999).

A switch in GTPases – from Rab5 to Rab7 – on the endosomal membrane 
marks maturation of early endosomes to late endosomes (Huotari and Helenius 
2011). A Rab7 domain forms on early endosomes before maturation to late endo-
somes leading to a transient, hybrid Rab5/Rab7 endosome (Fig. 41.1). The Rab7 
domains then are removed from the early endosome by fission of endosomal car-
rier vesicles (Gruenberg and Stenmark 2004). Another possible mechanism is 
that existing early endosomes gradually mature into late endosomes (Rink et al. 
2005). In yeast, the Rab5-to-Rab7 switch has been shown to be regulated by 
SAND-1/Mon1 that disrupts the Rab5/Rabex-5/Rabaptin-5 complex and actively 
drives the recruitment of Rab7 onto endosomes (Poteryaev et al. 2010). During 
endosomal maturation, there is also a switch in the phosphoinositides on the 
membrane, from PtdIns-3-P to PtdIns-3,5-P by recruitment on PIKfyve. 
Maturation of endosomes also involves formation of intraluminal vesicles, acidi-
fication, and a switch in fusion specificity (Huotari and Helenius 2011).

41.3  Defects in Endosome Maturation Cause Enlarged Early 
Endosomes

As described above, endosome maturation is a complex process that requires the 
concerted action of a series of factors at specific steps. Defects in the recruitment 
of these factors or the completion of any of these steps of endosome maturation 
can result in a block in the endocytic pathway. Several studies have identified that 
defects in the endocytic pathway, particularly those of endosome maturation, are 
accompanied by an enlargement of early endosomes. Thus, endosome morphol-
ogy could be used as a marker for early endocytic pathway defects in disease 
conditions.

Several studies show that interfering with the Rab5-to-Rab7 switch has 
marked effects on endosome maturation. Hyperactivation of Rab5 by overex-
pression of wild-type Rab5 leads to giant early endosomes (Bucci et al. 1992; 
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Stenmark et al. 1994). The same effect is seen upon expression of a constitutively 
active, GTPase- deficient Rab5 mutant, Rab5Q79L. These Enlarged endosomes 
show both early and late endosome markers indicating that late endosomal mark-
ers are being acquired without the loss of early endosomal markers (Hirota et al. 
2007; Wegener et al. 2010). Maturing endosomes retained early endosome mark-
ers and the ability to fuse with other such endosomes, leading to increased fusion 
and size of the endosomes (Wegener et al. 2010). Cells expressing constitutively 
active Rab5 mutant, Rab5Q79L, showed disrupted sorting of transferrin and non-
activated EGF receptors in the internal vesicles of enlarged early endosomes, 
pointing to a functional defect in the endocytic pathway (Ceresa et  al. 2001; 
Wegener et al. 2010). Thus, overactivation of Rab5 leads to defects in both endo-
some maturation and function.

Overexpression of Rabex-5 and Rabaptin-5, which are required to activate 
Rab5, is sufficient to cause enlargement of early endosomes (Stenmark et  al. 
1995; Kälin et al. 2015; Mattera and Bonifacino 2008). Besides, loss of SAND-1 
also results in enlarged early endosomes that also express late endosomal mark-
ers (Poteryaev et  al. 2010). These endosomes have Rabex-5 trapped in them, 
indicating that SAND- 1- mediated removal of Rabex-5 cannot occur anymore. 
Thus, disruption of the Rab5-to-Rab7 switch during endosome maturation is a 
possible mechanism that results in enlarged endosomes.

Other mechanisms could also alter endosomal morphology. PIKFyve is a PtdIns- 
3,5-P2 kinase that converts PtdIns-3-P to PtdIns-3,5-P2 during maturation of endo-
somes. Although PIKFyve has been traditionally found on late endosomes, a study 
by Rutherford et  al. found that PIKFyve is also enriched on early endosomes 
(Shisheva 2008; Rutherford et al. 2006). Overexpression of a kinase-dead mutant of 
PIKFyve or its suppression by siRNA leads to enlarged early and late endosomes 
(Rutherford et al. 2006). This indicates that lack of PtdIns- 3,5-P2 synthesis leads to 
an increase in the cellular pool of PtdIns-3-P, which promotes homotypic early 
endosome fusion. Suppression of PIKFyve also results in reduced rate of transport 
from early endosomes to trans- Golgi network, although receptor sorting to lyso-
somes or recycling back to plasma membrane remains unaffected (Ikonomov et al. 
2003; Rutherford et al. 2006). Thus, PIKFyve can regulate the morphology of early 
endosomes by regulating PtdIns-3-P levels and the exit of cargo from early endo-
somes to late endosomes.

Studies by Skjeldal et al. have indicated that disruption of the microtubule net-
work by nocodazole treatment can lead to an increase in the size of early endo-
somes (Skjeldal et al. 2012). This has been attributed to an increased fusion rate 
and disruption of fission after microtubule depolymerization. Fusion of early endo-
somes can result in destabilization of the membrane, which results in fission of 
smaller endosomal carrier vesicles (Stenmark et al. 1994; Roux et al. 2002). This 
fission process is dependent on molecular motors such as the kinesin Kif16b and 
the dynein-dynactin motor (Skjeldal et al. 2012). Thus, conditions that alter the 
microtubule network also impact endosome maturation and size. It remains to be 
determined whether this causes a functional defect in the endocytic pathway.
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41.4  Enlarged Endosomes in Disease

Studies of human donor tissue by Cataldo et al. have shown that at the earliest 
stages of Alzheimer’s disease, many neurons have increased levels of Aβ pep-
tide and also exhibit enlarged Rab5-positive early endosomes (Cataldo et  al. 
2000, 2004). Early endosomes are the site where amyloidogenic processing of 
amyloid precursor protein (APP) occurs to form toxic beta-amyloid (Aβ) pep-
tides. These enlarged early endosomes showed immunoreactivity for other early 
endosome markers such as EEA1, Rab4, and also Aβ, implying that accumula-
tion of Aβ in early Alzheimer’s disease neurons is correlated with enlarged early 
endosomes. Studies by Grbovic et  al. have shown that enlargement of early 
endosomes by overexpression of Rab5 in a murine cell line leads to increased 
accumulation of Aβ peptides in the extracellular medium (Grbovic et al. 2003). 
Thus, early endosome morphology in neurons appears to be critical for regulat-
ing Aβ levels in neurons.

Similar endocytic defects are seen in a mouse model of Down’s syndrome 
(TS65Dn) (Cataldo et al. 2003), which replicates neurological symptoms seen 
in Down’s syndrome patients (Galdzicki and Siarey 2003). Most patients with 
Down’s syndrome develop Alzheimer’s disease pathology by the age of 45. The 
early onset of Alzheimer’s disease is thought to be a result of three copies of App 
gene in Down’s syndrome patients. Since it appears that endosomal abnormali-
ties contribute to Alzheimer’s disease pathology, it is likely that the same patho-
logical mechanisms could play a role in Down’s syndrome (Nixon 2005).

Early endosomes in Purkinje neurons of Niemann-Pick Disease type C (NPC) 
patients are also enlarged (Jin et al. 2004). These cells also have cholesterol accu-
mulation in late endosomes, indicating other defects in the endocytic pathway 
(Kobayashi et al. 1999). NPC is a lysosomal storage disease caused by mutations in 
the NPC1 and NPC2 cholesterol transporters. Defective functioning of these pro-
teins causes massive accumulation of cholesterol and sphingolipids resulting in 
neurological problems and metabolic defects.

We have observed cholesterol accumulation in late endosomes and lysosomes in 
the retinal pigment epithelium (RPE) of the Abca4−/− mouse model of Stargardt 
macular degeneration (Lakkaraju et al. 2007; Toops et al. 2015; Tan et al. 2016). It 
remains to be determined if enlarged early endosomes and other early endocytic 
defects are also seen in the RPE of these mice. Early endosome function in the RPE 
is especially important because this compartment takes in macromolecules and sol-
utes from the choroidal circulation at the basal side and the subretinal space at the 
apical side. Disruption of early endosome maturation or function can have deleteri-
ous consequences for the health of the RPE and the retina because it can interfere 
with several support functions of the RPE (Toops et  al. 2014) and, in a manner 
analogous to Alzheimer’s disease, contribute to the pathogenesis of macular 
degeneration.
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41.5  Concluding Remarks

Enlargement of early endosomes has been observed in several disease conditions 
that have underlying defects in the endocytic pathway, particularly in endosome 
maturation. However, the exact mechanism leading to this phenotype remains unex-
plored. Yet, given that endosome enlargement is observed in the early stages of 
neurodegenerative disease, for example, in early Alzheimer’s patients, it is possible 
that in age- related, progressive neuropathies, endocytic defects precede other 
pathologies. Endosome morphology could thus be a useful marker for early endo-
cytic pathway defects in Alzheimer’s disease and other age-related pathologies such 
as age-related macular degeneration.

Owing to advances in fluorescence microscopy, we are now easily able to observe 
the dynamics of subcellular organelles using high-speed live-cell imaging. This 
allows us the unique opportunity to observe the changing morphologies of organ-
elles under different conditions and quantify various parameters such as volume, 
number, transport, etc. Carefully analyzing the morphology of these organelles 
might lead us to identify early signs of a disease or discover an unknown defect in 
the endosomal sorting pathway.
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Chapter 42
The Retinal Circadian Clock 
and Photoreceptor Viability

Kenkichi Baba, Christophe P. Ribelayga, P. Michael Iuvone, 
and Gianluca Tosini

Abstract Circadian rhythms are present in most living organisms, and these 
rhythms are not just a consequence of the day/night fluctuation, but rather they 
are generated by endogenous biological clocks with a periodicity of about 24 h. 
In mammals, the master pacemaker of circadian rhythms is localized in the supra-
chiasmatic nuclei (SCN) of the hypothalamus. The SCN controls circadian 
rhythms in peripheral organs. The retina also contains circadian clocks which 
regulate many aspects of retinal physiology, independently of the SCN. Emerging 
experimental evidence indicates that the retinal circadian clocks also affect ocular 
health, and a few studies have now demonstrated that disruption of retinal clocks 
may contribute to the development of retinal diseases. Our study indicates that in 
mice lacking the clock gene Bmal1, photoreceptor viability during aging is sig-
nificantly reduced. Bmal1 knockout mice at 8–9 months of age have 20–30% less 
nuclei in the outer nuclear layer. No differences were observed in the other retinal 
layers. Our study suggests that the retinal circadian clock is an important modula-
tor of photoreceptor health.
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42.1  Introduction

Circadian rhythms have been observed in animals, plants, fungi, and even 
Cyanobacteria. In mammals, including humans, the master pacemaker controlling 
24-h rhythms is localized in the suprachiasmatic nuclei (SCN) of the hypothalamus. 
The SCN is responsible for orchestrating circadian clocks in peripheral organs to reg-
ulate physiological functions such as behavior, sleep, body temperature, blood pres-
sure, and hormone release (Herzog and Tosini 2001). Accumulating evidence indicates 
that dysfunction of the circadian rhythms due to genetic mutations or environmental 
factors (i.e., jet lag or shift work) may contribute to the development of many serious 
diseases, including cancer and type 2 diabetes (Evans and Davidson 2013).

The retinal circadian clock was the first extra-SCN circadian oscillator to be 
discovered in mammals (Tosini and Menaker 1996). The molecular clockwork 
mechanism of the retinal clock is similar to what has been reported for the SCN 
(Tosini et al. 2008), albeit it appears that the retinal clock is less robust (Ruan et al. 
2012; Jaeger et al. 2015). Several studies have also established that many aspects of 
retinal physiology and function are under the control of retinal circadian clocks (see 
McMahon et al. 2014 for a review), and new experimental evidence suggests that 
other ocular structures (e.g., cornea, retinal pigment epithelium) also possess circa-
dian clocks that control important physiological functions (Yoo et al. 2005; Baba 
et al. 2010, 2015; Buhr et al. 2015). Interestingly, as seen in the SCN, it appears that 
the neural retina communicates the photic information to the other ocular structures 
via humoral signals (e.g., melatonin and dopamine; Ruan et al. 2008; Baba et al. 
2015) since most of these ocular structures are not capable of direct light transduc-
tion (Baba et al. 2010).

42.2  The Retinal Circadian Clock and Ocular Health

Similar to molecular circadian clock in SCN, the retinal clock also consists of auto-
regulatory transcriptional/translational negative feedback loops involving several 
clock genes and their protein products which generate approximately 24 h cycle. 
The primary core loop involves two basic helix-loop-helix-PAS domain transcrip-
tion factors, BMAL1 and CLOCK, which heterodimerize and bind to E-box ele-
ments in promoter region to enhance transcription of Period 1 and 2 and Cryptochrome 
1and 2. The protein products, PERIOD and CRYPTOCHROME, together then 
inhibit their own transcription by blocking CLOCK-/BMAL1- mediated transactiva-
tion (see Tosini et al. 2008, Fig. 1, for a schematic illustration). The second feedback 
loop involves the negative and positive transactivation of five other genes, Rev-erb 
α and Rev-erb β and Ror α, Ror β, and Ror c via REV-ERB/ROR response element 
(RRE) promoter elements in promoter regions. REV-ERB as a negative element 
inhibits Clock and Bmal1 transcription, whereas ROR as a positive element pro-
motes Clock and Bmal1 transcription. The transcriptions of Rev-erbs and Rors are 
regulated via E-box elements in their promoter regions. REV- ERBs and RORs  
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compete for binding to RRE in the Bmal1 promoter regions to regulate rhythmic 
expression of Bmal1. These intertwining oscillation signals also regulate transcrip-
tion of other clock-controlled genes via E-box or RRE elements, and the products of 
these genes serve as circadian clock outputs (Takahashi et al. 2008). In the mouse, 
clock genes are rhythmically expressed in the different retinal layers (Hiragaki et al. 
2014). In the photoreceptor layer, only the cones appear to express all the circadian 
clock proteins (Lui et al. 2012).

Emerging evidence suggests that retinal circadian clocks and their output signals 
contribute to retinal disease and pathology, as well as normal retinal function. For 
example, diabetic retinopathy is associated with reduced clock gene expression in 
the retina (Busik et al. 2009), circadian disruption recapitulates diabetic retinopathy 
in mice (Bhatwadekar et al. 2013), and removal of Period2 induces dysfunction in 
the retinal microvasculature (Jadhav et al. 2016).

Trophic signaling by the retinal clock and its outputs seems to play a role in the 
regulation of eye growth and refractive errors (reviewed in Stone et  al. 2013).  
A recent study has also reported that mice lacking Period1 and Period2 show sig-
nificant alteration in the distribution of cone photoreceptors (Ait-Hmyed et al. 2013) 
and mice lacking Rev-erb α show a significant alteration in photoreceptor response 
to light (Ait-Hmyed et al. 2016).

Finally, it is worth mentioning that the retinal clock influences the susceptibility of 
photoreceptors to light-induced damage (Organisciak et al. 2000), and recent genomic 
studies have also implicated the clock genes Rev-erb α and Rora in retinal functioning 
(Mollema et al. 2011) and age-related macular degeneration (Jun et al. 2011).

42.3  Bmal1 and Retinal Cell Viability

As previously mentioned, Bmal1 gene (also known as Arntl) is a key component of 
the mammalian circadian clock. Bmal1 knockout mice (Bmal1−/−) do not show any 
circadian rhythmicity (Bunger et al. 2000) and develop several pathologies (Kondratov 
et al. 2006). Bmal1−/− mice show premature aging and their lifespan is significantly 
reduced (about 9 months) (Kondratov et  al. 2006). In the mouse retina, Bmal1 is 
expressed in many cell types (Ruan et al. 2008), but within the photoreceptor layer, 
BMAL1 was only detected in the cones (Liu et al. 2012). Storch et al. (2007) reported 
that many genes (more than a thousand) show a daily rhythm in mouse retina, but a 
large fraction of these genes are no longer rhythmically expressed or have reduced 
amplitude in Bmal1−/− mice. In Bmal1−/− mice, the day/night (circadian) changes in 
the amplitude of the photopic b-wave are no longer present (Storch et al. 2007). The 
same result has been also obtained from the mice lacking Bmal1 only in the retina 
(Chx10-Cre-ArntlloxP/loxP mice; Storch et al. 2007), thus indicating that retinal Bmal1 
is required for the circadian rhythm in visual processing. Interestingly, the photore-
ceptors of these mice (2–3 months) appear to be normal and unaffected by the lack of 
Bmal1 (Storch et al. 2007). Additional studies have reported that in mice lacking the 
Bmal1 gene, there is a significant increase in the rate of cataract development and 
corneal inflammation during aging (Kondratov et al. 2006).
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Previous studies have shown that the effects of circadian disruption become evi-
dent during the aging process (Baba et al. 2009; Musiek et al. 2013). Hence we 
decided to investigate whether removal of the Bmal1 gene affects retinal cell viabil-
ity during aging. Eyes from Bmal1−/− and control mice at two different ages 
(3 months and 7–8 months) were obtained, and then the morphometric analysis of 
the retina was performed according to a well-established method in our laboratory 
(see Baba et al. 2009 for details). As expected, and previously reported by Storch 
et al. (2007), young Bmal1−/− did not show any significant variation in the number 
of cells in the outer nuclear layer or in any other retinal layers (Fig. 42.1), whereas 
in older Bmal1−/− mice, we observed a significant reduction in the number of 
 photoreceptor cell nuclei (about 20–30%) with respect to control. No changes were 
detected in the other retinal layers (Fig. 42.1). Previous studies have shown that 
Bmal1 can interact with a large number of genes (more than 1000), and therefore the 
phenotypes observed in Bmal1 KOs may or may not be the consequence of a dys-
functional circadian clock (Rey et al. 2011). Thus we decided to investigate the reti-
nal morphometry in another mouse model in which the circadian clock has been 

Fig. 42.1 The microphotographs in a, b, c, and d represent a typical example of a section obtained 
from 3-month-old Bmal1 KO (a), 8-month-old Bmal1 KO (b), 3-month-old Clock/Npas2 KO (c), 
and 8-month-old Clock/Npas2 KO (d) Morphometric analysis of retinas obtained from young 
(3 months old, black bars) and old (8 months old, white bars) of control, Bmal1−/−, and Clock−/−/
Npas2−/− (Cl/Np2) mice. The number of cells in the ONL of 8-month-old Bmal1 (b) and Clock/
Npas2 KOs (d) was significantly lower than the number of cells in 3-month-old mice (a, c) of the 
same genotype (one-way ANOVA following post hoc test *p < 0.05) and age-matched control 
group (#p < 0.05). No differences in the number of cells were observed in the INL and/or GCL 
(n = 3–4). The number of cells in the ONL of young Bmal1 and Clock/Npas2 KO mice was not 
different from the number of cells in control mice of the same genotype (C57BL/6). 
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disabled. A previous investigation reported that Clock/Npas2 KO mice do not have 
a functional circadian clock (DeBruyne et al. 2007; Musiek et al. 2013). Eyes from 
young (3 months) and old (9 months) Clock/Npas2 KO mice were obtained from Dr. 
David Weaver’s laboratory (University of Massachusetts Medical School), and the 
retinal morphometry was investigated using the same method mentioned for 
Bmal1−/− mice retinas. As shown in Fig. 42.1, Clock/Npas2 KO mice showed an 
almost identical phenotype as Bmal1−/− animals. The fact that almost identical 
results were obtained in Bmal1 and Clock/Npas2 KOs indicates that the reduced 
photoreceptor viability observed in Bmal1−/− is likely due to lack of a functional 
circadian clock in these cells and not to a possible pleiotropic effect of Bmal1. Our 
preliminary data indicate that dysfunctions of circadian clock genes may affect the 
photoreceptor cell viability during aging.

42.4  Conclusions

The circadian clock is responsible for a wide variety of physiological functions, and 
a large number of studies have now demonstrated that retinal circadian clocks regu-
late many functions in the eye. Experimental evidence also suggests that dysfunc-
tion of the retinal clocks may promote ocular diseases. In addition, our preliminary 
data indicate that genetic removal of clock genes affects photoreceptor viability 
during aging. Further studies are required to fully understand the role of circadian 
clock and its associated gene product in the regulation of retinal function and health.
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Chapter 43
The Role of c-Jun N-Terminal  
Kinase (JNK) in Retinal Degeneration 
and Vision Loss

Byung-Jin Kim and Donald J. Zack

Abstract c-Jun N-terminal kinase (JNK), a member of stress-induced mitogen- 
activated protein (MAP) kinase family, has been shown to modulate a variety of 
biological processes associated with neurodegenerative pathology of the retina. In 
particular, various retinal cell culture and animal models related to glaucoma, age- 
related macular degeneration (AMD), and retinitis pigmentosa indicate that JNK 
signaling may contribute to disease pathogenesis. This mini-review discusses the 
impact of JNK signaling in retinal disease, with a focus on retinal ganglion cells 
(RGCs), photoreceptor cells, retinal pigment epithelial (RPE) cells, and animal 
studies, with particular attention to modulation of JNK signaling as a potential ther-
apeutic target for the treatment of retinal disease.

Keywords c-Jun N-terminal Kinase (JNK) · Retinal degeneration · Retinal 
ganglion cell (RGC) · Optic neuropathy · Retinal pigmented epithelial (RPE) cell  
· Age-related macular degeneration (AMD) · Photoreceptor cells · Retinitis 
pigmentosa · Therapeutic target

43.1  Introduction

The activation of mitogen-activated protein (MAP) kinase family, including 
extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinase 
(JNK), is often observed, playing a critical role in fate-determining process of 
neuronal cells (Kyosseva 2004). Together with p38, JNK is known as a stress-
induced MAP kinase, which is involved in neuronal development as well as 
degenerative diseases such as Alzheimer’s disease and Parkinson’s disease (Ries 
et al. 2008; Sclip et al. 2014). The intracellular signaling cascade of JNK is initi-
ated by many stressors followed by subsequent activation of downstream 
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signaling molecules (Barr and Bogoyevitch 2001; Weston and Davis 2002). 
These molecular events result in various gene transcription and following diverse 
biological outcomes, which promote the next step of disease progression 
(Mizuno et al. 2005; Morishima et al. 2001; Podkowa et al. 2010). The retina is 
comprised of several types of neurons, glial, and other supporting cells. The 
retina receives visual information, converts it into a neurochemical signal by 
phototransduction, initiates signal processing, and transmits the signal informa-
tion to the brain via the optic nerve (Heavner and Pevny 2012). Dysfunction and/
or death of many of the cells involved in this complex process, whether due to 
abnormalities in development or due to later disease processes, can result in 
vision loss and even blindness. To both better understand and develop improved 
methods to prevent and treat visual loss, numerous studies have been directed at 
understanding the molecular mechanisms of injury in the visual system. In this 
review, we will summarize current knowledge on the role of the c-JNK signaling 
pathway on retinal degeneration.

43.2  JNK Signaling and Axonal Degeneration of RGC 
Related to Glaucoma and Other Diseases

Retinal ganglion cells (RGCs) transmit visual information from bipolar cells to 
vision relay centers in the brain, such as the lateral geniculate nucleus (LGN) 
and superior colliculus (SC), and ultimately to the visual cortex (Yu et al. 2013). 
Injury and death of RGCs, which together constitute the so-called optic neuropa-
thies, are a major cause of vision loss and blindness worldwide (Quigley 1999). 
The impact of JNK and its upstream/downstream pathways in RGC death has 
been actively investigated using various in vivo models of optic nerve disease, 
such as neuronal excitotoxicity by NMDA (Bessero et al. 2010), experimental 
optic nerve crush (ONC) (Fernandes et al. 2012; Welsbie et al. 2013), and retinal 
ischemic injury (Kim et al. 2016; Roth et al. 2003). In particular, Fernandez and 
colleagues demonstrated that combined deletion of JNK2 and JNK3 inhibited 
RGC death with long- term protection after ONC injury, and a similar effect was 
shown by conditional deletion of JUN, a downstream signaling molecule of JNK 
(Fernandes et al. 2012). In addition, blocking upstream signaling of JNK led to 
significantly decreased JNK activation that was associated with enhanced RGC 
survival following ONC (Welsbie et al. 2013). Similar results have been reported 
with cell death caused by ischemic injury (Biousse and Newman 2014), a disor-
der of the inner retinal blood supply which results in a temporary or persistent 
ischemic environment for RGCs, resulting in cell death.(Havens and Gulati 
2016; Sugawara et al. 2004). As with the other conditions described above, isch-
emic injury also upregulates JNK activation in inner retinal layer cells, including 
RGCs (Roth et al. 2003), and results in RGC death accompanied with progres-
sive inner retinal remodeling (Kim et  al. 2013). Importantly, several studies 
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suggest that pharmacological inhibition of JNK activation can significantly 
increase RGC viability and prevented inner retinal degeneration (Kim et  al. 
2016). In particular, Kim et al. demonstrated that ischemia/reperfusion (I/R) 
triggered JNK activation in various cells in the inner retinal layers and RGC 
axonal loss were significantly inhibited by administration of SP600125. This 
finding suggested that activation of JNK plays a pivotal role in RGC death (Kim 
et al. 2016). In this study, Kim and colleagues also showed that ischemic injury 
initiated early JNK activation in RGC as well as non-RGC cells in the NFL/RGC 
layer at later post-injury time, which suggests that RGCs may be the most sus-
ceptible cell type for ischemic injury. In addition, this finding also suggested 
that ischemic injury possibly triggers JNK activation in non-RGCs in the NFL/
RGC layer such as displaced amacrine cells and astrocytes. One interesting 
observation related to this finding is that the role of JNK may be different in dif-
ferent retinal cell types treated with the same pathological impact. For example, 
Dvoriantchikova and Ivanov showed that RGCs treated with the proinflamma-
tory cytokine tumor necrosis factor (TNF) did not demonstrate NF-kB activation 
but showed sustained JNK activation (Dvoriantchikova and Ivanov 2014). In 
contrast, TNF-treated astrocytes showed induced NF-kB activation with tran-
sient JNK activation, which was associated with prolonged astrocyte survival. 
Taken together, these findings indicate that JNK inhibitors may be an interesting 
class of pharmacological molecules for promoting RGC survival through inhib-
iting JNK activation to prevent RGC death and simultaneously inhibiting proin-
flammatory responses in glial cells.

43.3  JNK Signaling and Retinal Pigment Epithelium Cells: 
Possible Relationship with Age-Related Macular 
Degeneration

Retinal pigment epithelial (RPE) cells are a retinal cell type underlying and 
supporting photoreceptor cells through various functions to maintain functional 
and structural integrity (Boulton and Dayhaw-Barker 2001; Strauss 2005). The 
biological aspects RPE cells in human diseases have been actively investigated, 
particularly in age-related macular degeneration (AMD) (Young 1987). AMD 
is a leading cause of vision loss in the elderly in the United States and other 
developed Western countries (Gehrs et  al. 2006), associated with multiple 
mechanisms and risk factors of AMD (Gehrs et al. 2006; Tan et al. 2016). AMD 
can be categorized into two broad types in late stage, a non-neovascular (dry) 
form and a neovascular (wet) form (Gehrs et al. 2006). The non-neovascular 
form is more common, but the neovascular form is generally associated with 
more severe vision loss. Neovascular AMD is characterized by aberrant choroi-
dal neovascularization mediated, at least in part, by the angiogenic growth fac-
tor vascular endothelial growth factor (VEGF). In the retina, VEGF both 
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stimulates neovascularization and increases vascular permeability, resulting in 
abnormalities in the macular region that are associated with central vision loss 
(Gehrs et al. 2006). Among other important roles that the RPE plays in AMD 
pathogenesis, RPE cells constitutively produce VEGF, and they show increased 
production in response to pathologic conditions (Blaauwgeers et  al. 1999; 
Holtkamp et al. 2001). Importantly, JNK has been suggested as a key signaling 
molecule promoting VEGF expression through phosphorylation of c-Jun and 
binding to the VEGF promotor mediating neovascularization (Du et  al. 2013; 
Guma et al. 2009). Dry AMD, characterized by regional loss of RPE cells fol-
lowed by photoreceptor cell dysfunction and cell loss, is currently untreatable 
(Ambati and Fowler 2012; Gehrs et  al. 2006). To better understand RPE cell 
death mechanisms, in vitro studies of primary human RPE cells and cell lines 
have been widely used to define JNK-associated RPE cell death under various 
pathologic conditions (Cao et al. 2012; Roduit and Schorderet 2008; Westlund 
et al. 2009). Despite these many studies, the role of JNK in RPE viability remains 
controversial. Cao and colleagues showed that ultraviolet B radiation induced 
apoptotic cell death of the ARPE-19 RPE cell line. Surprisingly, inhibition of 
JNK exacerbated apoptosis, whereas activation of JNK attenuated ARPE-19 cell 
death, suggesting an anti- apoptotic role of JNK (Cao et al. 2012). In contrast, 
Roduit et al. reported enhanced RPE cell survival upon JNK inhibition under UV 
irradiation (Roduit and Schorderet 2008). However, this issue is not resolved and 
warrants further research.

43.4  JNK Signaling and Photoreceptor Degeneration

Many vision diseases associated with photoreceptor loss have been reported, 
which are briefly categorized into inherited degeneration, such as retinitis pig-
mentosa, and adaptive degenerations caused by age and other multiple factors, 
such as AMD (Wright et al. 2010). Notably, nonsyndromic retinitis pigmentosa 
is highly polygenic, associated with mutation of more than 50 genes (Bowne 
et al. 2011; Nishiguchi et al. 2013; https://sph.uth.edu/Retnet/). The association 
of JNK with photoreceptor cell death is relatively less known compared to other 
retinal cell types. Nonetheless, several in  vitro and animal models have sug-
gested a role of JNK as a mediator of photoreceptor cell death, initiated by vari-
ous genetic and environmental factors. Using the photoreceptor cell line 661 W, 
Choudhury showed that reprogramming of the unfolded protein response (UPR) 
by genetic deletion of caspase 7 resulted in a decrease of JNK-induced apopto-
sis (Choudhury et  al. 2013). This finding suggested that JNK is an important 
apoptotic mediator of UPR, which is known as a major causative process of 
photoreceptor cell death in some forms of retinitis pigmentosa (Galy et al. 2005; 
Kang et al. 2012). These findings indicate that JNK may play an important role 
in photoreceptor cell death.
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43.5  Conclusions: JNK Signaling Pathway as a Potential 
Therapeutic Target in Retinal Degenerative Disease?

In summary, as described above, apoptosis of a variety of retinal cells is associated 
with activation of the JNK pathway. In addition, in a number of different retinal 
degeneration models, genetic and pharmacological inhibition of JNK signaling 
results in protection from cell death and reduced pathologic progression. As a 
common mediator of retinal cell death, pharmacological inhibition of JNK, or 
associated family members, may provide a pathway for a “generic” treatment 
strategy that is relatively independent of the specific genetic mutation causing the 
disease. Additionally, JNK inhibition strategies may provide a complementary 
treatment approach to gene-specific therapies. For these reasons, it seems reason-
able to pursue the JNK pathway as a promising target for the development of 
novel therapeutic strategies for treatment of the photoreceptor degenerative 
diseases.
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Chapter 44
The Evaluation of BMI1 Posttranslational 
Modifications During Retinal Degeneration 
to Understand BMI1 Action on Photoreceptor 
Death Execution

Martial K. Mbefo and Yvan Arsenijevic

Abstract Retinitis Pigmentosa (RP) is a class of hereditary retinal dystrophy 
 associated with gradual visual failure and a subsequent loss of light-sensitive cells 
in the retina, leading to blindness. Many mutated genes were found to be causative 
of this disease. Despite a number of compiling efforts, the process of cell death in 
photoreceptors remains to be clearly elucidated. We recently reported an abnormal 
cell cycle reentry in photoreceptors undergoing degeneration in Rd1 mice, a model 
of RP, and identified the polycomb repressive complex 1 (PRC1) core component 
BMI1 as a critical molecular factor orchestrating the cell death mechanism. As the 
cell death rescue in Rd1;Bmi-1 KO mice was independent on the conventional 
Ink4a/Arf pathways, we now explored the structural properties of BMI1 in order to 
examine the differential expression of its posttranslational modifications in Rd1 
retina. Our results suggest that BMI1 cell death induction in Rd1 is not related to its 
phosphorylation status. We therefore propose the epigenetic activity of BMI1 as an 
alternative route for BMI1-mediated toxicity in Rd1.

Keywords Rd1 · BMI1 · Posttranslational modifications · Phosphorylation · 
Polycomb repressive complexes · Retinal degeneration · Epigenetic

44.1  Introduction

Cell death process in highly specialized cells such as neurons and photoreceptors 
has so far been at the center of constructive debates to understand the successive 
molecular event steps and to define those occurring in parallel, but the complexity 
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of the process raises many questions to solve. Although the initiating hits are 
 different in neurodegenerative disease such as Alzheimer’s and Parkinson’s disease 
or in amyotrophic lateral sclerosis, some common mechanisms are activated during 
the cell death process (Soto and Estrada 2008). Similarly, investigating the mecha-
nistic events orchestrating photoreceptor cell death in retinal dystrophies (RD) has 
gained increasing attention in revealing certain common pathways that participate 
to the cell death process after some steps of cell regulation alterations.

As DNA fragmentation and pro-inflammatory responses occur in absence of cer-
tain classical actors of apoptosis, it is clear that the degenerative process in photorecep-
tors is not common and different denominations of cell death process were proposed 
such as necroptosis (Barabino et al. 2016; Murakami et al. 2012). In 2014, Erkström 
and his group have developed mathematical models for the better understanding of the 
temporal process that underlies cell death in Rd1 model. Analysis of the results, 
obtained from organotypic retinal explant culture that mimics the Rd1 degeneration 
using the zaprinast drug to block the PDE6β to mimic the Rd1 model, provided strong 
evidence that at least 80 h was required for the completion of cell death in Rd1 mice 
(Sahaboglu et al. 2013). Therefore, the data rule out the normal process described until 
now for necrosis or apoptosis in which DNA fragmentation occurs within 1 h or the 
next 24 h respectively (Zong and Thompson 2006; Oppenheim et al. 2001).

We and other research groups (Gardiner et al. 2016) have recently demonstrated 
an accumulation of the cyclin-dependent kinases (CDKs) and many other compo-
nents of the cell cycle throughout the outer nuclear layer (ONL), where the photo-
receptors reside, during the temporal manifestation of cell death. The interests 
behind this observation are inherent on the fact that many RD rodent models exhib-
ited enhanced expression of such markers (Zencak et al. 2013). Genetic deletion of 
Bmi1, regulating the cell cycle signaling pathway, significantly delays cell death and 
generated the most potent photoreceptor rescue that was never achieved in vitro and 
in vivo for the Rd1 model (Zencak et al. 2013). Unfortunately, the drawback behind 
Bmi1 is that the KO mouse is viable but not healthy, displaying severe neuronal 
disorders associated with impaired cerebellar formation (ataxia), loss of synapsis 
connections, axon demyelination, as well as deficit of glutamate transporters with 
subsequent neurodegenerative processes (Cao et al. 2012). This suggests a mean-
ingless benefit in targeting the Bmi1 gene for long-term therapeutic approaches 
against RP. To this end, studies have been carried out in order to screen for BMI1 
downstream targets to potentially identify more promising pathway for gene ther-
apy or drug delivery applications. Preliminary results from these studies have shown 
that BMI1 toxicity is independent to the classical Ink4a/Arf pathways, highlighting 
the complexity surrounding the Bmi1 biology in vivo.

Accordingly, BMI1 posttranslational modification and its potential effect during 
retinal degeneration in Rd1 are yet to be investigated. Importantly, phosphorylation 
of BMI1 at S316 has been reported to suppress its ability to transform the mouse 
embryonic fibroblast cells in vitro (Liu et al. 2012) suggesting that such modifica-
tion may also occur in disease situations.

In this study, we explored the structural properties of BMI1  in Rd1 at onset 
of photoreceptor maturation. We further examined the folding state of native 
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BMI1 by evaluating biochemically its posttranslational modifications, notably 
 phosphorylation, in comparison to the WT retinal extracts. Our preliminary result 
indicated that BMI1 toxicity is initiated very early during the developmental stages 
and seems to be independent on its phosphorylation status.

44.2  Material and Method

Mice and livestock The generation of the FVB-WT, FVB-Rd1, mice was described 
previously (Zencak et al. 2013). All the mice were treated according to the institu-
tional and national as well as the Association for Research in Vision and 
Ophthalmology (ARVO) guidelines. The experimental procedures were approved 
by national veterinary authorities.

Preparation of Tissue homogenate Freshly dissected retinas from WT and Rd1 
mice were homogenized in lysis buffer made of 50 mM Tris-HCl pH 7.6, 150 mM 
Nacl, 1 mM EDTA, 0.25% Triton X-100 and 0.25% Nonidet NP40, and proteases 
inhibitors cocktail (Sigma). Subsequent sonication step at 30% amplitude for 1 s 
at 4 °C was performed to release the components of the nuclei. Cytoskeleton and 
debris were pelleted at 14,000 g, 10 min, and stored at −80 °C until the day of 
analysis.

Western blotting Equal amount (twenty micrograms) of tissue homogenate was 
resolved on 12% polyacrylamide gel electrophoresis. The proteins were then trans-
ferred to polyvinylidene fluoride (PVDF) membrane and blocked 1 h with 5% non-
fat dried milk in PBS 1X at RT. The primary antibody diluted in blocking buffer 
+0.1% Tween 20 (PBST) was added for ON at 4 °C. The membrane was incubated 
1 h at RT with HRP-conjugated secondary antibody diluted in PBS 0.1% Tween 20. 
Finally, the highest sensitivity chemiluminescent HRP substrate (Witec AG) was 
added and the bands revealed with Fujifilm chemiluminescent cassette according to 
manufacturer’s instructions.

44.3  Result

Does BMI1 undergo phosphorylation in Rd1?: In previous studies, we showed that 
cell death in Rd1 photoreceptors was in part dependent on BMI1 polycomb ring 
finger oncogene and that the recruitment of BMI1 in degenerating photoreceptors 
was, however, independent of the conventional Ink4a/Arf pathways, downstream to 
the BMI1 signaling (Soto and Estrada 2008).

As a follow-up to this observation, we intended to explore the possibilities of 
BMI1 being structurally affected at some point during the development stage, in order 
to better understand the complexity behind the toxicity observed (i.e., cell death) 
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with the Rd1 model. We therefore opened a new avenue toward determining if any 
alteration at the level of BMI1 metabolism could be somehow critical for the estab-
lishment of toxicity.

Given the equal expression levels of Bmi1 mRNA between age-matched Rd1 and 
WT (Zencak et al. 2013), we asked if the toxic effects could be mediated by any 
differential expression at the protein level and thereby by its posttranslational regu-
lation status. Western blot of total proteome extracted from WT and Rd1 retinas was 
used to evaluate the expression levels of all BMI1 species (including truncations if 
applicable), whereas the migration profile and the visualization of individual bands 
was an asset for revealing the phosphorylation status, if any, in Rd1 compared to 
WT. We focused on BMI1 phosphorylation because it has been shown previously 
that its activity can be in part mediated by its phosphorylation status (Liu et  al. 
2012). Using a panel of anti-BMI1-specific antibodies from commercial source, 
Western blot analysis reveals a band at ~ 36 kDa which is the expected molecular 
weight of BMI1 (Fig. 44.1A, B, bottom). Moreover, we detected an additional band 
right above the expected BMI1, which could correspond to the posttranslationally 
modified form of BMI1. The evaluation of the ratio between the non- phosphorylated 
and phosphorylated forms in the three animals analyzed barely reaches no signifi-
cance (Fig.  44.1C), suggesting a potential higher level of non-active form of 
BMI1 in the Rd1 retina. The phosphorylation of BMI1 at Ser(316) by AKT upon 
activation by PI3K has been reported to impair its function, notably its association 
with chromatin, thereby inhibiting its growth-promoting properties (Liu et al. 2012). 
In Rd1 extract, however, the protein levels of pAKT in Rd1 were slightly lower to 
that of the WT, and only mild changes of pAKT protein were seen in the three mice 
analyzed. Altogether, these data indicate that Bmi1-mediated toxicity in Rd1 may be 
independent of its phosphorylation status as well and suggest additional molecular 
targets or partners involved in this retinal degeneration model. Interestingly, 

Fig. 44.1 Conserved BMI1 phosphorylation status in Rd1. The left panel summarizes the process-
ing of PN12 retinal extracts analyzed (A), whereas BMI1 and its isoforms analyzed by Western blot 
are shown in the right panel (B). (C), The degree of BMI1 phosphorylation is expressed as ratio of 
the integrated density of the bottom band over the top BMI1 band of WT and Rd1 mice. Data are 
n = 3
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however, we noticed enhanced metabolic process in Rd1 mice as shown by increasing 
levels of endogenous GAPDH in mutant mice compared to WT.

44.4  Discussion

BMI1 phosphorylation status might be identical in Rd1 and WT mice at PN12. 
In this report, we attempted to explore the possibilities of BMI1 being posttrans-
lationally modified during the course of Rd1 pathophysiology. Posttranslational 
modifications account for biological processes that play a role in maintaining 
protein homeostasis in the cellular microenvironment. Alteration in proper 
metabolism of several proteins can affect their folding capacity, with deleterious 
consequences like in a number of neuronal disorders such as Parkinson’s and 
Alzheimer’s diseases (Soto and Estrada 2008). The exact mechanism by which 
Bmi1 mediates toxicity in Rd1 is still unsolved, although we already showed that 
the deletion of Bmi1 in the Rd1 mouse markedly reduces the CDK4 level in the 
ONL. In this study, we hypothesized a BMI1 gain of function consecutive to a 
post-processing modification of the protein in Rd1 retina. The fact that we did 
not observe such changes in BMI1 between Rd1 and WT at this stage does not 
necessarily fully refute our hypothesis. This is because the method that we used 
to identify BMI1 species in this study may not be enough sensitive to properly 
cover the BMI1 posttranslational modifications. Moreover, we may have to con-
sider different time points during the temporal manifestation of the disease in 
order to investigate whether phosphorylated form of BMI1 is more abundant at 
a precise degenerative time frame as well. In parallel, other powerful and more 
sophisticated biophysical approaches will be employed to reveal other possible 
modifications. We thus still need to prospect whether a BMI1 modification may 
account to promote its interaction with DNA, thereby producing dramatic epi-
genetic changes that may be driven the cell death process encountered in this 
RP model.

A possible mechanism of Bmi1 induced toxicity in Rd1 mice. In view of our prog-
ress in elucidating the molecular mechanism of Bmi1 dependent toxicity in Rd1 (see 
also (Zencak et al. 2013)), the bona fide target remains to be identified. BMI1 is the 
core component of the polycomb repressive complex 1 (PRC1), one of the two well- 
defined PcG complexes that regulate gene activity via chromatin remodeling. The 
primary activity of the PRC1 is the mono-ubiquitination of H2A at Lys119, in which 
BMI1 plays an essential role as catalyst, stimulating the E3 ligase activity of 
RING1B (Cao et al. 2005). The core component of PRC2 is composed of embry-
onic ectoderm development (EED), suppressor of zeste 12 homolog (SUZ12), and 
enhancer of zeste 2 (EZH2) which is critical for the methyltransferase activity on 
H3K27 (Margueron and Reinberg 2011). There is strong evidence from the litera-
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ture that gene repression upon PcG is achieved by a synergistic interaction between 
PRC1 and PRC2 (Kuzmichev et al. 2002). Given the central role of BMI1 in regu-
lating the PcG activities, and considering the impact that alteration in chromatin 
signature can provoke in health and disease, it is perhaps worth it to consider a 
similar scenario in retinal dystrophies (Fig. 44.2A, B).
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Chapter 45
Primary Rod and Cone Degeneration  
Is Prevented by HDAC Inhibition

Dragana Trifunović, Eleni Petridou, Antonella Comitato, Valeria Marigo, 
Marius Ueffing, and François Paquet-Durand

Abstract Photoreceptor cell death in inherited retinal degeneration is accompanied 
by over-activation of histone deacetylases (HDAC). Excessive HDAC activity is 
found both in primary rod degeneration (such as in the rd10 mouse) and in primary 
cone death, including the cone photoreceptor function loss 1 (cpfl1) mouse. We 
evaluated the potential of pharmacological HDAC inhibition to prevent photorecep-
tor degeneration in primary rod and cone degeneration. We show that a single 
in  vivo treatment of cpfl1 mice with the HDAC inhibitor trichostatin A (TSA) 
resulted in a significant protection of cpfl1 mutant cones. Similarly, HDAC inhibi-
tion with the clinically approved HDAC inhibitor vorinostat (SAHA) resulted in a 
significant improvement of rod survival in rd10 retinal explant cultures. Altogether, 
these results highlight the feasibility of targeted neuroprotection in vivo and create 
hope to maintain vision in patients suffering from both rod and cone dystrophies.

Keywords Rod degeneration · Cone degeneration · HDAC · Trichostatin A (TSA) · 
Vorinostat (SAHA) · cpfl1 · rd10 · Inhibition · Neuroprotection

45.1  Introduction

Hereditary retinal degenerations are blinding diseases characterized by high genetic 
heterogeneity. Mutation-induced rod cell death will lead to night blindness and tun-
nel vision, while cone demise will cause loss of color perception and accurate 
vision. The development of treatment paradigms targeting common cell death pro-
moting processes would enable targeting a broader population of patients suffering 
from a variety of different genetic causes (Trifunovic et al. 2012).
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There are numerous animal models for hereditary retinal degenerations,  including 
the retinal degeneration 10-(rd10) mouse, which shows an early-onset and fast pro-
gression of rod cell death caused by a mutation in the rod-specific Pde6b gene 
(Arango-Gonzalez et  al. 2014). Similarly, the cone-photoreceptor-function-loss-1 
(cpfl1) mouse shows an early-onset and fast loss of cones, due to a mutation in the 
cone-specific Pde6c gene (Trifunovic et al. 2010).

In many different retinal degeneration models, cell death is characterized by 
excessive activities of a number of enzymes, including histone deacetylases (HDAC) 
(Arango-Gonzalez et  al. 2014). Beyond retinal degeneration, aberrant activity of 
HDAC is associated with a number of diseases with very different etiology, ranging 
from cancer to neurodegenerative diseases (Haberland et al. 2009).

We have previously shown that HDAC inhibition with trichostatin A (TSA) effi-
ciently protects degenerating rods in rd1 explant cultures (Sancho-Pelluz et  al. 
2010). More importantly, we have recently demonstrated that TSA also protects 
dying cones in cpfl1 mice in  vivo (Trifunovic et  al. 2016). Here, we present an 
extended analysis of the cone protection observed in cpfl1 retina, and, in addition, 
we show that vorinostat (SAHA), a clinically approved HDAC inhibitor, has similar 
protective effects in rd10 rod photoreceptor degeneration. The significant improve-
ment of cone and rod survival after treatment with both TSA and SAHA, respec-
tively, suggests a central role of HDAC in inherited photoreceptor degeneration.

45.2  Materials and Methods

45.2.1  Animals

C57BL/6, rd10, cpfl1, and congenic wild-type (wt) animals were housed under stan-
dard white cyclic lighting, had free access to food and water, and were used irrespec-
tive of gender. All procedures were performed in accordance with the ARVO statement 
for the use of animals in ophthalmic and visual research. Procedures performed at the 
polistab of the University of Modena and Reggio Emilia (in vivo treatment on cpfl1 
and wt animals) were reviewed and approved by the local ethical committee.

45.2.2  In Vitro Retinal Explant Cultures and In Vivo 
Injections

Retinas from rd10 P15 animals were used to generate retinal explants as described 
before (Trifunovic et al. 2016). Cultures were exposed to 1 μM SAHA in R16 
culture medium (Gibco, Paisley, UK) or kept as untreated control. Cultures were 
stopped at PN29 by 4% PFA fixation, cryoprotected and embedded in a tissue 
freezing medium. For in  vivo injections, cpfl1 and wt animals were anesthe-
tized with an intraperitoneal injection of 250  mg/kg body weight of Avertin 
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(1.25% (w/v) 2,2,2-tribromoethanol and 2.5% (v/v) 2-methyl-2-butanol), and 
single intravitreal injections were performed at PN14 in one eye, while the other 
eye was sham injected with 0.0001% DMSO as contralateral control. Injections 
were performed with 0.5 μl of 10 nM and 100 nM TSA in order to have a final 
concentration of 1 nM and 10 nM, respectively (Trifunovic et al. 2016).

45.2.3  TUNEL and Immunostaining

Immunostaining was performed on retinal cryosections from SAHA treated and 
untreated rd10 explanted retinas, as well as on TSA treated and untreated cpfl1 and 
wt retinas. Cryosections were incubated with primary antibodies specific for glyco-
gen phosphorylase (Glyphos (Pfeiffer-Guglielmi et al. 2005)) and rhodopsin at 4 °C 
overnight. Alexa Fluor 488- or 566-conjugated were used as secondary antibodies. 
Sections were mounted in Vectashield with DAPI. Terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay was performed using an in situ cell 
death detection kit.

The total number of photoreceptor cells was estimated by dividing the outer 
nuclear layer (ONL) area by the averaged cell size. The quantification of cones was 
performed by manually counting the number of positively labeled cones in the 
ONL. Values obtained are given as a fraction of the total ONL cell number (i.e., as 
percentage). TUNEL-positive cells were quantified in the same fashion.

45.3  Results

45.3.1  TSA Protects Degenerating cpfl1 Cones In Vivo

In a previous study, cpfl1 mice were treated with a single intravitreal TSA injection at 
the onset of cone cell death (PN14), and cone survival was assessed at the peak of 
degeneration (PN24) (Trifunovic et al. 2016). Here, we evaluated whether the treat-
ment prevented photoreceptor cell death. Briefly, animals were injected with 1 nM or 
10 nM TSA solution into one eye. The contralateral eyes were sham injected with 
vehicle to control for injection-specific effects. As an additional control, we used the 
same treatment on wild-type (wt) animals. The percentage of cones in sham-injected 
eyes was similar to non-treated cpfl1 (Fig. 45.1b), suggesting that the injection itself 
had no effect on cone survival or death. On the other hand, both 1 nM and 10 nM TSA 
treatments led to a significant improvement of cpfl1 cone survival, with ~ 5.4% of 
cones surviving up to PN24, compared to ~ 4.5% in sham-treated eyes, correspond-
ing to 98% of wt cones (Fig. 45.1a, b, e). The number of cones in sham- or TSA- 
treated wt retinas was similar to non-treated wt retinas suggesting that TSA in the 
studied dosage had no deleterious effects on healthy cones (Fig. 45.1c–e). The effect 
of in vivo TSA treatment on cpfl1 cell death was evaluated using the TUNEL assay. 
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Although there was a tendency toward a decrease in cell death after the  treatment, 
statistical significance was not observed (Fig. 45.1a, b, f), possibly due to the very 
low numbers of cones degenerating at any single time point.

45.3.2  Vorinostat Protects Degenerating rd10 Rods In Vitro

Long-term rd10 cultures (PN15-PN29) were used to assess the potential of SAHA 
to protect degenerating rd10 rod photoreceptors. rd10 retinas were explanted at the 
onset of degeneration (PN15) and were either not treated or treated with 1 μM 

Fig. 45.1 TSA protects degenerating cones in  vivo. A single intravitreal injection of 1  nM or 
10 nM TSA at PN14 was sufficient to significantly increase the number of cpfl1 mutant cones 
(green) in treated compared to sham-injected retinas at PN24 (a, b, e), while the treatment of wt 
animals showed no effects on the cone number (c, d, e). Data presentation for cone survival (e) 
modified after Trifunovic et al. (2016) and shown for comparison only. TUNEL staining (magenta) 
indicated a lower number of ONL dying cells after the TSA treatment in cpfl1 (a, b, f) and a slight 
increase in wt retina (c, d, f). Co-labeling with Glyphos (in green) failed to show co-localization 
with TUNEL, hampering the quantification of dying cones. Scale bars are 20 μm
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SAHA every other day. At PN29 untreated rd10 retina had less than two rows of 
photoreceptors (1.15 ± 0.14 SEM), while SAHA treatment led to a fivefold increase 
in the number of surviving rd10 photoreceptors (5.86 ± 0.27, p = 0.0006) (Fig. 45.2). 
Rhodopsin staining confirmed that most of the surviving ONL cells were indeed rod 
photoreceptors.

45.4  Discussion

The prevention of neuronal cell death by targeting processes common to different 
hereditary diseases of the photoreceptors could open new therapeutic perspectives 
for patients suffering from rod and cone dystrophies. Our studies in rd10 and cpfl1 
mice demonstrate a long-lasting protection of both rods and cones after HDAC inhi-
bition, in vitro and in vivo, confirming excessive HDAC activity as an important 
factor in hereditary photoreceptor degeneration. In the retina, HDAC inhibition was 

Fig. 45.2 SAHA protects dying rods in vitro. Long-term retinal explant cultures from rd10 ani-
mals were subjected to 1 μM SAHA or control condition from PN15 to PN29. (a) Nuclear staining 
with DAPI (blue) showed that very few photoreceptors survived at PN29 in untreated rd10 explant 
cultures, while SAHA-treated retinas displayed remarkable increase in photoreceptor rows. 
Rhodopsin staining in red suggested that the increase in ONL thickness is due to rod survival. (b) 
The protective effect of SAHA on photoreceptor is summarized in the bar graph. Error bars repre-
sent SEM; scale bars are 20 μm
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shown to slow rod photoreceptor degeneration in the rd1 mouse model for retinitis 
pigmentosa (Sancho-Pelluz et  al. 2010), and importantly, beneficial effects of a 
treatment with a HDAC inhibitor were also reported in patients suffering from reti-
nitis pigmentosa (Kumar et al. 2014).

Cones constitute only 3–5% of photoreceptors making them rather difficult to 
study. This is mirrored by a lack of studies on cone cell death prevention. Using 
HDAC inhibition, we recently demonstrated an almost complete protection of cone 
viability in the cpfl1 mouse model for hereditary cone degeneration (Trifunovic 
et al. 2016). Remarkably, a single TSA injection in vivo was sufficient for a pro-
longed effect, maintaining cone numbers at wild-type levels. Although there was a 
clear tendency toward a decrease in photoreceptor cell death after the treatment, in 
the TUNEL assay, a statistical significance was not observed. This lack of signifi-
cance may be due in part to the overlap between mutation-induced and developmen-
tal cell death in the ONL at this age (Young 1984). Moreover, the overall low 
absolute numbers of TUNEL-positive cells in the cpfl1 retina restrict reliable statis-
tical analysis. We were unable to colocalize the TUNEL assay with cone-specific 
markers (e.g., Glyphos), indicating that during the final stages of cell death, as 
labeled by the TUNEL assay, the dying cells have already lost their cell-type- 
specific markers. Unfortunately, this means that we cannot unambiguously distin-
guish the TUNEL signal of cpfl1 mutation-induced cone cell death from 
developmental cell death.

Here, we also tested the clinically approved HDAC inhibitor, SAHA, (Olsen 
et al. 2007) for its protective effects on rod cell death in the rd10 model. The pro- 
survival effect of SAHA treatment in the long-term rd10 explants was remarkable, 
leading to a fivefold increase in ONL thickness. Surviving photoreceptors were 
positive for rhodopsin, suggesting a massive protection of rd10 rods after HDAC 
inhibition. Further in vivo studies followed by functional evaluations of the retina 
will define the therapeutic potential of such treatment.

In summary, our studies provide a proof-of-principle for HDAC inhibition as a 
strategy for general photoreceptor protection, regardless whether the primary 
genetic mutation affects rods or cones.
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Chapter 46
Impact of MCT1 Haploinsufficiency 
on the Mouse Retina

Neal S. Peachey, Minzhong Yu, John Y. S. Han, Sylvain Lengacher, 
Pierre J. Magistretti, Luc Pellerin, and Nancy J. Philp

Abstract The monocarboxylate transporter 1 (MCT1) is highly expressed in the 
outer retina, suggesting that it plays a critical role in photoreceptors. We examined 
MCT1+/− heterozygotes, which express half of the normal complement of MCT1. 
The MCT1+/− retina developed normally and retained normal function, indicating 
that MCT1 is expressed at sufficient levels to support outer retinal metabolism.
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46.1  Introduction

The retina is among the most metabolically active tissues in the body and metabo-
lizes glucose through both glycolytic and oxidative pathways to support the high-
energy demands of visual transduction and outer segment renewal. Like cancer 
cells, the retina utilizes aerobic glycolysis (Weinhouse 1976). The majority of glu-
cose transported into the outer retina is metabolized to lactate (Wang et al. 1997). 
This raises the question: what becomes of the lactate? In the brain there is consider-
able evidence to suggest glucose is metabolized by astrocytes through aerobic gly-
colysis to generate lactate that is shuttled to adjacent neurons for oxidation (Pellerin 
and Magistretti 2012). A lactate shuttle was also proposed to support metabolism in 
the outer retina (Poitry-Yamate and Tsacopoulos 1991; Poitry-Yamate et al. 1995). 
In vitro studies showed isolated Müller glial cells (MGCs) metabolized glucose and 
released lactate into the media. When photoreceptor cells were added, lactate levels 
in the media decreased, suggesting photoreceptor cells utilized the lactate (Poitry-
Yamate and Tsacopoulos 1991; Poitry-Yamate et al. 1995).

The cloning of MCT1 (SCL16A1) paved the way for identification of other 
members of the MCT family and the development of antibodies, siRNA, and inhibi-
tors for studying their tissue-specific expression and activity (Adijanto and Philp 
2012). Several MCT isoforms are expressed in the retina, and their specific distribu-
tion provides insight into the production and utilization of lactate in the outer retina. 
MCT1 is found in many cells but is expressed at the highest levels in cells that 
oxidize lactate such as type l muscle fibers and cardiac muscle. In the retina, MCT1 
is expressed in the inner segment of photoreceptor cells and endothelial cells and in 
the apical membrane of the retinal pigment epithelium (RPE).

MCT1 is a heteromeric transporter that requires the accessory protein CD147 
(Bsg) for trafficking to the plasma membrane (Kirk et al. 2000). Like other hetero-
meric transporters, the absence of one subunit results in the targeting of the other 
subunit for degradation. Mice lacking CD147 (Bsg−/−) have severely reduced elec-
troretinograms (ERGs), progressive photoreceptor degeneration (Hori et al. 2000), 
and reduced levels of MCT1, MCT3, and MCT4 in the retina (Philp et al. 2003). 
These findings indicate that aerobic glycolysis and the lactate shuttle are essential 
for supporting photoreceptor cell activity and viability. To understand the specific 
contribution of MCT1 in supporting visual function, we examined the ocular phe-
notype of MCT1+/− mice, which have axonopathy due to disruption of the lactate 
shuttle between oligodendrocytes and motor neuron axons (Lee et al. 2012).

46.2  Materials and Methods

46.2.1  Mice

The generation of MCT1 mutant mice has been described (Lee et al. 2012). While 
MCT1 homozygous mutant mice do not survive, mice used in these studies were 
generated by crossing MCT1+/− and C57BL/6J (WT) mice.

N. S. Peachey et al.
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46.2.2  Visual Electrophysiology

The methods used to record ERGs and visual evoked potentials (VEPs) have been 
described (Yu et al. 2012). In brief, after overnight dark adaptation, mice were anes-
thetized with ketamine (80 mg/kg) and xylazine (16 mg/kg) after which ERGs or 
VEPs were recorded to strobe flash stimuli presented in a ganzfeld bowl.

46.2.3  Western Blotting

RPE and retinas were microdissected from mouse eyes and homogenized in RIPA 
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% Na deoxycholate, 
0.1% SDS) containing protease inhibitors (Sigma) as described (Philp et al. 2003). 
Detergent soluble lysates (5 μg) were loaded onto a NuPAGE® 4–12% Tris-acetate 
gel (Invitrogen) for electrophoresis. Proteins were subsequently transferred onto 
PVDF membranes using XCell II™ Blot Module (Invitrogen). Nonspecific binding 
sites were blocked with TBS (+0.1% Tween 20) containing 5% w/v powdered milk. 
Antibodies used in this study were against cyclophilin A (Upstate Cell Signaling 
Solutions), Glut1 (Abcam), CD147 (G19; Santa Cruz), and MCT1 (Philp Lab) 
(Philp et al. 2003).

46.2.4  Immunofluorescence and Imaging

Mouse eyes were fixed using methanol/acetic acid at −80 °C as described (Sun et al. 
2015). Cryosections (8 μm) were collected on glass slides and labeled with anti- 
MCT1 and CD147 antibodies as described (Philp et al. 2003).

46.3  Results

Figure 46.1a presents frozen sections of an MCT1+/− retina analyzed at 14 months 
of age. MCT1 antibody labels the apical membrane of the RPE, photoreceptor 
cell inner segments, and capillaries in the outer and inner plexiform layers. The 
overall appearance of the MCT1+/− retina showed no structural abnormalities, 
and there was no evidence of photoreceptor degeneration. Similar results were 
obtained by OCT imaging (not shown). Immunoblot analysis demonstrated that 
the MCT1+/− RPE and retina are both haploinsufficient for MCT1, as compared to 
WT littermates (Fig. 46.1b).

To examine if there was a functional impact of MCT1 haploinsufficiency, we 
examined visual electrophysiology. ERGs recorded from MCT1+/− mice under dark- 
adapted conditions had a waveform that was not different from WT littermates 
(Fig. 46.2a). The major ERG components did not differ in  amplitude from those of 
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WT littermates (Fig. 46.2b), indicating normal function of photoreceptors (a-wave) 
and rod bipolar cells (b-wave). Similar results were obtained for the light-adapted 
ERG (not shown). We also examined transmission through the visual pathway, by 
recording VEPs over the visual cortex. The VEP of MCT1+/− mice had a normal 
waveform (Fig. 46.2c), and implicit time measurements were not different from WT 
littermates (Fig. 46.2d).

46.4  Discussion

In the central nervous system, MCT1 is expressed in oligodendrocytes and facili-
tates lactate transport to the axon to support their energy demands. The MCT1+/− 
haploinsufficient adult mice exhibit widespread axonopathy in the central nervous 
system that does not result from demyelination or oligodendrocyte death (Lee et al. 
2012). In the retina and RPE, we and others have shown MCT1 is primarily 
expressed in the RPE and photoreceptor cells suggesting that lactate provides a key 
energy substrate for these cells (Philp et al. 2003). Mice expressing a single MCT1 
allele had reduced levels of MCT1  in the retina, indicating the absence of a 

Fig. 46.1 MCT1+/− retina has normal structure but reduced levels of MCT1. (a) Frozen section of 
14-month-old MCT1+/− retina. Retinal structure is normal, and while the abundance of MCT1 is 
decreased relative to age-matched WT littermates, the distribution of MCT1 is not changed. (b) 
Immunoblot analysis of RPE and retinal lysates demonstrates greater than 50% reduction in MCT1 
levels in MCT1+/− as compared to WT mice
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 mechanism to upregulate expression of the single allele present in MCT1+/− mice or 
to stabilize the protein for a longer period of time. Despite this reduction, we 
detected no changes in retinal structure. Moreover, our visual electrophysiology 
data indicate that a single allele of MCT1 generates sufficient protein to support 
normal function of photoreceptors and bipolar cells, as the ERG a- and b-waves of 
MCT1+/− mice were comparable to WT. Transmission through the MCT1+/− visual 
pathway was also comparable to WT. These results, coupled with the absence of 
visual abnormalities in patients with GLUT1 haploinsufficiency (Levy et al. 2010), 
indicate that the retina enjoys high expression of transporters related to supplying 
this tissue with metabolic substrates.

Acknowledgments This work was supported by grants from NIH (R01EY12042) and Department 
of Veterans Affairs (I01BX2340) and by the Foundation Fighting Blindness and Research to 
Prevent Blindness.

Fig. 46.2 Normal visual electrophysiology in MCT1+/− mice. (a) Dark-adapted ERGs obtained 
from 9-month-old MCT1+/− and WT littermates. (b) Amplitude of the major components of the 
dark-adapted ERG. Data points indicate average ± sem from four mice per genotype. (c) VEPs 
obtained from 8-month-old MCT1+/− and WT littermates. (d) Implicit time of the major VEP com-
ponent plotted as a function of flash luminance. Data points indicate average ± sem from 15 WT 
and 11 MCT1+/− mice
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Chapter 47
The Leber Congenital Amaurosis-Linked 
Protein AIPL1 and Its Critical Role  
in Photoreceptors

Almudena Sacristan-Reviriego and Jacqueline van der Spuy

Abstract Mutations in the photoreceptor/pineal-expressed gene, aryl hydrocarbon 
receptor-interacting protein-like 1 (AIPL1), are mainly associated with autosomal 
recessive Leber congenital amaurosis (LCA), the most severe form of inherited reti-
nopathy that occurs in early childhood. AIPL1 functions as a photoreceptor- specific 
molecular co-chaperone that interacts specifically with the molecular chaperones 
HSP90 and HSP70 to facilitate the correct folding and assembly of the retinal cGMP 
phosphodiesterase (PDE6) holoenzyme. The absence of AIPL1 leads to a dramatic 
degeneration of rod and cone cells and a complete loss of any light- dependent elec-
trical response. Here we review the important role of AIPL1  in photoreceptor 
functionality.

Keywords AIPL1 · LCA · HSP90 · Retinal degeneration · PDE6 · Photoreceptor · 
Rod · Cone · Prenylation

47.1  Introduction

LCA is the most rapid and severe inherited retinopathy and the most frequent cause 
of congenital blindness diagnosed in infancy. LCA is characterized by the presence 
of nystagmus, very poor vision, and a severely reduced or non-detectable 
electroretinogram (ERG) (Koenekoop 2004). There are currently 26 genes associated 
with LCA (RetNet https://sph.uth.edu/retnet), encoding a variety of proteins that 
have critical roles for normal retinal function (den Hollander et al. 2008). One of the 
causative LCA genes is AIPL1 (Sohocki et al. 2000b), accounting for between 5 and 
10% of cases resulting in one of the most clinically severe forms of the disease 
(LCA type 4) (Hanein et  al. 2004). According to the Human Gene Mutation 
Database (HGMD), LCA4-causing mutations include small insertions or deletions 
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and missense and nonsense changes distributed throughout the AIPL1 gene. 
Variations located in the coding or noncoding regions of AIPL1 have been shown to 
cause aberrant pre-mRNA splicing leading to alternative transcripts predicted to 
encode functionally deficient protein isoforms (Bellingham et  al. 2015). Some 
mutations in AIPL1 have been associated with less severe dominant cone-rod 
dystrophy and juvenile retinitis pigmentosa (Sohocki et al. 2000a).

AIPL1 is a 11.5 kb gene of 6 exons, encoding a 384 amino acid protein expressed 
exclusively in retinal photoreceptors and the pineal gland (Sohocki et al. 2000b; van 
der Spuy et  al. 2002). AIPL1 was originally described as the aryl hydrocarbon 
receptor (AhR)-interacting protein (AIP)-like 1 as it shares 49% identity with the 
ubiquitously expressed AIP (Sohocki et al. 2000b). Although AIPL1 and AIP share 
partial sequence homology with the well-studied immunophilins FKBP52 and 
FKBP51, the N-terminal FK506-binding protein (FKBP)-like domain of AIPL1 
does not bind FK506 and lacks peptidylprolyl isomerase activity in vitro (Li et al. 
2013). A tetratricopeptide repeat (TPR) domain, comprising three consecutive TPR 
motifs, is conserved both in AIPL1 and the co-chaperones AIP, FKBP51, and 
FKBP52. The TPR motif is a degenerate 34 amino acid repeat involved in tight 
electrostatic interactions with the main chain carboxylate of the ultimate aspartic 
acid residue in the conserved C-terminal EEVD motif of the chaperone HSP90 
(Scheufler et al. 2000). The co-chaperones AIP and FKBP52 participate in the client 
protein functional maturation mediated by HSP70 and HSP90 to facilitate the 
targeted translocation and transcriptional activation of their respective client proteins 
(Pearl and Prodromou 2006). Yeast two-hybrid analysis and in vitro binding assays 
revealed that AIPL1 is also able to interact with HPS90 and HSP70 via its TPR 
domain suggesting that AIPL1 is a potential photoreceptor-specific molecular 
co-chaperone involved in the regulation of cognate clients in an analogous manner 
to AIP (Hidalgo-de-Quintana et  al. 2008; Li et  al. 2013). Interestingly, human 
AIPL1 harbors a very C-terminal polyproline-rich domain (PRD) of 56 amino acids, 
which is primate-specific and adopts an unordered extended conformation (Sohocki 
et al. 2001; Yadav et al. 2015). Deletion of the PRD has been reported to have no 
effect on the interaction of human AIPL1 with a C-terminal HSP90 peptide; 
however, the PRD was shown to influence the association with full-length human 
HSP90  in an inhibitory manner (Li et  al. 2013). Hence, the role of the primate- 
specific PRD is unclear; however mutations in this domain lead to pathogenesis. 
Because AIPL1 mutations are associated with LCA and this protein functions as a 
co-chaperone, it follows that phototransduction cascade effectors are candidate 
client proteins for AIPL1.

47.2  AIPL1 as a Specific Co-chaperone for PDE6

Cyclic nucleotide phosphodiesterase of the sixth family (PDE6) is a critical enzyme 
in the visual transduction cascade that hydrolyzes cyclic GMP in photoreceptor 
cells upon light stimulation. It is a heterotetrameric holoenzyme composed of two 
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catalytic and two inhibitory subunits (γ). In cones, PDE6 is a catalytic homodimer 
composed of two identical α′ subunits, while in rods, α and β subunits dimerize to 
form the catalytic core (Cote 2004). In the rd1 mouse model lacking the PDE6β 
subunit, the accumulation of cGMP levels results in sustained increases of 
intracellular Ca2+ that triggers rod cell degeneration and death (Arshavsky and 
Burns 2012). Cone photoreceptors lacking PDE6α′ also have elevated cGMP in 
their outer segments (Trifunovic et al. 2010).

Similarly, cGMP accumulates in Aipl1-deficient mice and triggers rapid degen-
eration of rod cells and lack of ERG response to light stimuli (Ramamurthy et al. 
2004). All three subunits of the rod PDE6 holoenzyme are downregulated at the 
protein but not at the mRNA level both in Aipl1 knockout and hypomorphic mice 
(Liu et al. 2004; Ramamurthy et al. 2004). Further studies demonstrated that rod 
PDE6 subunits are synthesized but rapidly degraded by the proteasome in the 
absence of AIPL1, suggesting that the drastic reduction of PDE6 protein is due to a 
posttranslational processing defect. Moreover, the PDE6 subunits were not 
assembled into a functional native PDE6 heterotetramer (Kolandaivelu et al. 2009). 
Altogether these data revealed that in the absence of AIPL1, the rod PDE6 subunits 
are misassembled and rapidly targeted to proteasomes for degradation. Interestingly 
AIPL1 has been reported to downregulate the proteasomal degradation of substrates 
targeted by NUB1, a protein that interacts directly with the proteasome to target 
ubiquitin-like proteins (Bett et  al. 2012). However, whether this is involved in 
protecting the PDE6 subunits from proteasomal degradation is unknown.

The mechanism behind cone degeneration in cone-only (Nrl−/−) mice lacking 
AIPL1 is slightly different because it is triggered by a reduction of cGMP levels. In 
this model, AIPL1 is needed for the stability, assembly, and localization not only of 
cone PDE6 (Kirschman et al. 2010) but also RetGC1 (retinal guanylate cyclase-1), 
an enzyme that mediates cGMP synthesis in response to changes in calcium. As a 
consequence of reduced levels of RetGC1, the cGMP levels are downregulated in 
the entire retina (Kolandaivelu et al. 2014).

The requirement of AIPL1 for the catalytic activity of the PDE6 holoenzyme has 
recently been confirmed in vitro through heterologous expression of cone PDE6 
(Gopalakrishna et al. 2016). Moreover, AIPL1 has been shown to interact with the 
catalytic subunits PDE6α and PDE6α′ of rods and cones, respectively (Kolandaivelu 
et al. 2009; Kolandaivelu et al. 2014). In vitro binding assays revealed that AIPL1 
also interacts with the inhibitory γ subunit (PDEγ) (Yadav et al. 2015). Since AIPL1 
also binds HSP90 and HSP70 (Hidalgo-de-Quintana et  al. 2008), the resulting 
chaperone heterocomplex is involved in the proper folding and assembly of PDE6 
subunits in photoreceptors. Inhibition of HSP90  in the retina in  vivo leads to a 
significant reduction in the posttranscriptional levels of PDE6 (Aguila et al. 2014), 
suggesting that PDE6 is a specific substrate for HSP90 and underlying the important 
role of AIPL1 in directing client specificity.
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47.3  AIPL1 and Prenylation of PDE6

Many phototransduction signaling proteins in the retina depend on prenylation for 
their correct subcellular localization, stability, and function (Roosing et al. 2014). 
This posttranslational modification leads to the addition of a farnesyl or 
geranylgeranyl isoprenoid lipid at a C-terminal cysteine residue of proteins ending 
in a CAAX motif (C, cysteine; A, aliphatic amino acid residue; X, any amino acid 
residue) (Lane and Beese 2006). Prenylation enables proteins to anchor to cell 
membranes or intracellular structures and facilitates their interaction with protein 
partners (Wang and Casey 2016). Defects in prenylation trigger complete 
degeneration of photoreceptor inner and outer segments and are the cause of several 
inherited retinopathies (Roosing et al. 2014).

Interestingly, the rod PDE6 catalytic α subunit is farnesylated, while the β sub-
unit is geranylgeranylated (Cote 2004). The identity of the prenyl group attached to 
the cone PDE6α′ subunit is still unknown but based on the last amino acid residue 
is thought to be geranylgeranyl. A yeast two-hybrid screen revealed that AIPL1 
interacts specifically with farnesylated proteins (Ramamurthy et al. 2003). Further 
studies showed that the AIPL1 FKBP domain mediates the direct interaction with a 
mimetic of the processed C-terminal cysteine of farnesylated proteins in vitro and is 
therefore proposed to bind the C-terminal farnesyl moiety of PDE6α (Majumder 
et al. 2013). Aipl1 knockout and hypomorphic mice did not show global defects in 
farnesylation (Liu et al. 2004; Ramamurthy et al. 2004) ruling out the possibility of 
a general role of AIPL1 in protein farnesylation. Although there is no evidence of a 
direct interaction between AIPL1 and geranylgeranylated proteins, a geranylgeranyl 
moiety could partially reverse the binding between AIPL1 and the farnesylated 
PDE6α mimetic in vitro (Yadav et al. 2015). Because AIPL1 has an obvious effect 
on cone PDE6α′ (Kirschman et al. 2010) which is thought to be geranylgeranylated, 
further studies are needed to clarify the mechanism behind the interaction of AIPL1 
with cone PDE6α′.

Prenylated proteins are synthesized in the cytosol, dock to the endoplasmic retic-
ulum (ER), are further processed by ER-associated proteins, and are transferred to 
vesicles for transport to and through the connecting cilium to reach the outer seg-
ments (OS) (Karan et al. 2008). We propose that AIPL1 binds farnesylated PDE6α 
and PDEγ in the cytosol thereby allowing the correct and stable assembly of the 
heterotetramer, which is then targeted to the ER membrane by the geranylgeranyl-
ated C-terminus of PDE6β, which is the main PDE6-membrane binding site (Cote 
2004), for further processing. The transfer of prenylated proteins from the ER to 
transport vesicles is proposed to be mediated by cytosolic prenyl- binding proteins 
(Karan et al. 2008). AIPL1 localization is enriched at the tip of the inner segment, 
close to the connecting cilia in human rods and cones (Hendrickson et al. 2008; 
Hidalgo-de-Quintana et al. 2015). Hence, whether AIPL1 remains associated with 
the PDE6 holoenzyme during targeted translocation to the connecting cilium or 
indeed facilitates this process is an interesting question which requires further 
investigation.
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47.4  Conclusion

Molecular chaperones have a role in protein folding of nascent chains, oligomeric 
assembly and disassembly of protein complexes, intracellular transport of proteins 
across membranes, and protein quality control and degradation (Ellis 2006). This 
review has focused on the essential function of AIPL1 as a photoreceptor-specific 
molecular co-chaperone for PDE6, acting in a heterocomplex with HSP90 to 
facilitate its folding and assembly in rods and cones. Important unresolved questions 
concern how this function of AIPL1 may differ in rods and cones.
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Chapter 48
Alternative Splicing for Activation 
of Coagulation Factor XIII-A in the Fish 
Retina After Optic Nerve Injury

Kayo Sugitani, Yoshiki Koriyama, Kazuhiro Ogai, Ayako Furukawa, 
and Satoru Kato

Abstract Factor XIII-A (FXIII-A), which has become known as cellular transglu-
taminase, plays important roles in mediating cross-linking reactions in various tis-
sues. FXIII-A acts as one of the regeneration molecules in the fish retina and optic 
nerve after optic nerve injury and becomes activated at the site of injury within a few 
hours. Previous research has shown that activated FXIII-A induces neurite out-
growth from injured retinal ganglion cells and supports elongation of the regenerat-
ing optic nerve. However, the activation mechanism of FXIII-A remains unknown. 
Furthermore, the injured tissues do not express thrombin, a known activator of 
plasma FXIII. Here, we investigated the mRNA expression of FXIII-A based on two 
different regions, one encoding the activation peptide and the other encoding the 
enzymatic active site. We found that expression of the region encoding the activa-
tion peptide was markedly suppressed compared with the region encoding the active 
site. An overexpression study with a short-type FXIII-A cDNA lacking the activa-
tion peptide revealed induction of long neurite outgrowth in fish retinal explant 
cultures compared with full-length FXIII-A cDNA. The present findings suggest 
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that alternative splicing may occur in the FXIII-A gene, resulting in deletion of the 
region encoding the activation peptide and thus allowing direct production of acti-
vated FXIII-A protein in the fish retina and optic nerve after optic nerve injury.

Keywords Factor XIII-A · Optic nerve regeneration · Neurite outgrowth · Retina · 
Zebrafish · Explant culture · Thrombin · Alternative splicing · Transglutaminase · 
Wound healing

48.1  Introduction

Unlike mammalian retinal ganglion cells (RGCs), fish RGCs have the capacity to 
repair their axons, even after optic nerve transection. A large number of regeneration- 
associated genes (RAGs) are upregulated to restore the visual system after optic 
nerve injury (Kato et al. 2013). RAGs can be classified into cell survival-related 
genes (Koriyama et al. 2007, 2009), dedifferentiation-related genes (e.g., Yamanaka 
factors: Ogai et  al. 2012, 2014), and axonal regeneration-related genes (Sugitani 
et al. 2006; Koriyama et al. 2009). Studies on the regeneration mechanism of the 
fish visual system can provide insights into the activation mechanisms for the 
expression of such RAGs. Factor XIII-A (FXIII-A) has been recognized as one of 
the RAG molecules belonging to the axonal regeneration-related genes in the 
damaged retina (Sugitani et al. 2012).

FXIII-A was originally identified as a plasma transglutaminase that promotes 
clot stabilization in polymerized fibrin as a blood coagulation factor. FXIII exists in 
plasma as A2B2 heterodimers composed of two catalytic A subunits (A2) and two 
carrier B subunits (B2) of the inactive form (Muszbek et al. 1996; Lorand 2001). It 
is well known that activation of plasma FXIII requires cleavage of an activation 
peptide by thrombin enzymatic activity. However, the activation mechanism for 
cellular FXIII-A remains unclear. In the present study, we focused on the activation 
mechanism of FXIII-A existing in various tissues as cellular FXIII-A (Derrick et al. 
1993; Quatresooz et al. 2008). To investigate the mechanism for FXIII-A activation, 
we chose the fish retina as an experimental model, because activation of FXIII-A 
occurs spontaneously in both the retina and optic nerve after fish optic nerve injury 
(Sugitani et al. 2012). In this study, we compared the expression patterns of FXIII-A 
mRNA based on two distinct regions, one containing the exon 1–2 region cleaved 
by thrombin and the other containing the exon 7–8 active site region. To investigate 
the expression patterns of FXIII-A, real-time PCR amplifications were performed. 
In addition, we prepared retinal explant cultures to investigate the effects of 
overexpression of different constructs of the FXIII-A gene.
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48.2  Methods

48.2.1  Animal Experiments

Adult zebrafish (Danio rerio; 3–4  cm in length) were used for the nerve injury 
study. Briefly, the fish were anesthetized by immersion in 0.02% MS222 (Sigma- 
Aldrich, MO, USA) in 10-mM phosphate-buffered saline (pH 7.4). Under anesthesia, 
the optic nerve was carefully crushed at 1  mm posterior to the eyeball using 
microscissors. The fish were then reared in 28  °C water until appropriate time 
points. All animal care was performed according to the guidelines for animal 
experiments of Kanazawa University. We paid specific attention to minimizing the 
number of experimental animals required and their suffering.

48.2.2  Quantitative Real-Time PCR

Total RNA was extracted, and single-stranded cDNAs were synthesized using a 
Transcriptor High Fidelity cDNA Synthesis Kit (Roche, Mannheim, Germany). 
Quantitative real-time PCR was performed with FastStart Essential DNA Probes 
Master (Roche) using a LightCycler 96 (Roche). Based on the zebrafish FXIII-A 
cDNA sequence (GenBank Accession No. BC124320), gene-specific primers were 
created. To investigate the mRNA expression of the two distinct regions of FXIII-A, 
we used two sets of gene-specific primers and probes (Table 48.1) selected from the 
Universal Probe Library (UPL; Roche). The expression levels were analyzed by the 
ΔΔCt method, using GAPDH as a reference gene.

Table 48.1 Gene-specific primers and probes for quantitative real-time PCR

Gene Position
Primer 
name Primer sequence

UPL 
probe

FXIII-A 25–117 
(93 nt)

F13-1 Forward, 5’-AGAAGCCGTCCTGATGTGAT-3′
Reverse, 
5’-CAGCCATGATAGATAAGGGAAGA-3’

#109

FXIII-A 1115–1179 
(65 nt)

F13-2 Forward, 5’-CTACGCCGCTGTCTTCAAC-3′
Reverse, 5’-AGTTGGTCACGACTCTGCTG-3’

#4

GAPDH 18–122 
(105 nt)

GAPDH Forward, 
5’-TCAGTCCACTCACACCAAGTG-3′
Reverse, 5’-CGACCGAATCCGTTAATACC-3′

#110
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48.2.3  Overexpression of FXIII-A in Goldfish Retinal Cultures

Goldfish retinal explants were prepared as previously described (Sugitani et  al. 
2006, 2012). Naïve retinas, without optic nerve crushing, were used for retinal 
explant cultures. Briefly, retinas were isolated under sterile conditions and cut into 
0.5-mm squares using scissors. After washing, the retinal explants were resuspended 
in L-15 medium without fetal calf serum or antibiotics. For overexpression of 
goldfish FXIII-A (DNA Data Bank of Japan, Mishima, Japan; Accession No. 
AB622931), we prepared two types of FXIII-A cDNA, one designated F13-L 
containing the full-length FXIII-A cDNA in the pEGFP-C1 plasmid vector 
(Clontech, CA, USA) and the other designated F13-S containing a short-type cDNA 
partially lacking the 5′ region (1–277) of FXIII-A cDNA in the pEGFP-C1 vector. 
Both vectors were transfected using Lipofectamine 2000 (Invitrogen, CA, USA). 
Following each transfection procedure, the retinal pellets were resuspended in L-15 
medium containing 10% fetal calf serum, 100  U/ml penicillin, and 100  μg/ml 
streptomycin. The retinal explants were then cultured with 0.5 ml of medium per 
dish in polyornithine-coated 35-mm dishes at 28 °C. Neurite outgrowth from the 
retinal explants was assayed by measuring the length and density of neurites in each 
explant for a total of 40–50 explants per 35-mm dish.

48.2.4  Statistical Analysis

To evaluate the expression of the two distinct regions of FXIII-A, the expression 
levels of the mRNAs were expressed as mean ± SEM, and the differences were 
evaluated by one-way ANOVA.  Neurite outgrowth from retinal explants under 
various culture conditions was expressed as a percentage of the number of neurite- 
bearing explants among 40–50 explants per 35-mm dish. Differences among 
conditions in the number of explants producing long neurite outgrowth (>250 μm) 
were analyzed by the chi-square test, followed by Bonferroni’s multiple comparison. 
Statistical significance was set at P < 0.05.

48.3  Results

48.3.1  Real-Time PCR of Zebrafish FXIII-A Gene Expression 
Using Two Primer Sets

To investigate FXIII-A gene expression in the retina after optic nerve injury, we 
compared the expression levels of distinct regions of the FXIII-A gene using two 
pairs of primer sets (Table 48.1). The first, designated F13-1, targeted the exon 1–2 
region of the zebrafish FXIII cDNA.  This region is translated to the noncoding 
region and part of the activation peptide, which is deleted by thrombin during 
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enzymatic activation of plasma FXIII. The second, designated F13-2, amplified the 
exon 7–8 region, the essential coding region for activated FXIII-A enzyme protein. 
As shown in Fig. 48.1, the mRNA amplified by F13-2 was significantly upregulated 
at 24 h after optic nerve injury in the zebrafish retina (F13-2, 24 h) compared with 
the control retina (F13-2, 0  h). However, expression of the exon 1–2 region of 
FXIII-A mRNA was strikingly suppressed in the retina after optic nerve injury 
(F13-1, 24 h) compared with the exon 7–8 region (F13-2, 24 h).

48.3.2  Overexpression Study of the FXIII-A Gene in Goldfish 
Naïve Retinal Cultures

Next, we analyzed the effects of overexpression of the two types of FXIII-A gene 
using goldfish naïve retinal explant cultures. One construct was full-length FXIII-A 
(F13-L), and the other was a modified short-type FXIII-A gene lacking the exon 1–2 
region (F13-S). Successful transfection was confirmed by significant increases in 
the expression of enhanced green fluorescent protein (EGFP) levels in the retinal 
explants. Explants expressing EGFP only (mock) showed no significant neurite 
outgrowth. Meanwhile, both types of FXIII-A-overexpressing explants showed 
induction of neurite outgrowth compared with mock transfection (Fig.  48.2). 
Furthermore, F13-S transfection clearly promoted more long neurite outgrowth 
from retinal explant cultures than F13-L transfection (Fig. 48.2).

Fig. 48.1 Upregulation of 
FXIII-A mRNA in 
zebrafish retina after optic 
nerve injury. Real-time 
PCR analysis showed that 
FXIII-A mRNA was 
significantly upregulated at 
24 h after optic nerve 
injury using the F13-2 
primer set (F13-2, 24 h). 
Analysis with the F13-1 
primer showed that there 
was no significant change 
at 24 h after optic nerve 
injury (F13-1, 24 h) 
compared with the control 
(F13-1, 0 h). *P < 0.001 
(n = 3)
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48.4  Discussion

For enzymatic activation, plasma FXIII requires Ca2+ and thrombin to cleavage the 
residues between Arg37 and Gly38 in the N-terminus and release the activation 
peptide (Lorand 2001). Meanwhile, the activation mechanism for cellular FXIII, 
which exists as dimers of FXIII-A in various tissues or cells, is not fully understood. 
As a first step in this study, we used the zebrafish visual system to examine whether 
or not thrombin was activated in the retina after optic nerve injury. RT-PCR analysis 
showed that the levels of thrombin mRNA expression were undetectable in the 
retina both before and after optic nerve injury (data not shown). Therefore, we 
raised the hypothesis that there is another activation mechanism for conversion of 
FXIII-A to the activated form in the fish retina and optic nerve after optic nerve 
injury. Analysis of FXIII-A mRNA expression by real-time PCR indicated that 
expression of the 5′ region of FXIII-A was clearly suppressed after optic nerve 
injury (Fig. 48.1, F13-1). Specifically, there was no significant difference between 
0 h and 24 h in the analysis using primer F13-1. In contrast, expression of the main 

Fig. 48.2 Overexpression study using two types of FXIII-A cDNA for neurite outgrowth in gold-
fish retinal explant cultures. Overexpression of FXIII-A cDNA increased the length of neurite 
outgrowth compared with mock-transfected cells. Overexpression of full-length FXIII-A (F13-L) 
induced about 40% explants to show >250-μm neurite outgrowth (*P < 0.05, significant increase 
relative to mock). Greater effects were observed for overexpression of short-type FXIII-A 
(**P < 0.005, significant increase relative to mock) after 5 days of culture. The differences among 
conditions in the number of explants producing neurite outgrowth were analyzed by the chi-square 
test, followed by Bonferroni’s multiple comparison. F13-S, short-type FXIII-A gene construct 
(deletion of activation peptide); F13-L, full-length FXIII-A gene construct. The experiments were 
repeated four to five times. Scale bar = 100 μm
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part of FXIII-A was significantly upregulated by about 9 times compared with the 
control (0 h) at 24 h after optic nerve injury (Fig. 48.1, F13-2). As the same samples 
were used in both analyses, this difference in the expression levels of FXIII-A 
suggested the occurrence of alternative splicing in the FXIII-A gene, resulting in 
deletion of the region encoding the activation peptide. Moreover, the overexpression 
study in goldfish retinal explant cultures showed that the short-type FXIII-A gene, 
which lacked the coding region for the activation peptide, was more effective for 
neurite outgrowth and elongation from injured RGCs. If an atypical translation 
mechanism for FXIII-A occurs in the fish retina after optic nerve injury, this would 
allow direct production of activated FXIII-A protein. In addition, the activated 
FXIII-A would act to induce neurite outgrowth from the damaged retina in the 
absence of thrombin.
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Chapter 49
Bisretinoid Photodegradation Is Likely  
Not a Good Thing

Keiko Ueda, Hye Jin Kim, Jin Zhao, and Janet R. Sparrow

Abstract Retinaldehyde adducts (bisretinoids) accumulate in retinal pigment 
epithelial (RPE) cells as lipofuscin. Bisretinoids are implicated in some inherited 
and age-related forms of macular degeneration that lead to the death of RPE cells 
and diminished vision. By comparing albino and black-eyed mice and by rearing 
mice in darkness and in cyclic light, evidence indicates that bisretinoid fluoro-
phores undergo photodegradation in the eye (Ueda et  al. Proc Natl Acad Sci 
113:6904–6909, 2016). Given that the photodegradation products modify and 
impair cellular and extracellular molecules, these processes likely impart cumula-
tive damage to retina.

Keywords Retinal degeneration · Age-related macular degeneration · ABCA4- 
associated disease · Bisretinoid · Visual cycle · Lipofuscin · Retinaldehyde · 
Vitamin E

49.1  Introduction

Adducts of vitamin A aldehyde having bisretinoid structures form in photoreceptor 
cells by non-enzymatic reactions between retinaldehyde and amine moieties 
(Sparrow et al. 2010). These fluorophores are deposited in RPE cells as components 
of phagocytosed outer segments and constitute the lipofuscin of RPE. Various bis-
retinoids of RPE lipofuscin have been isolated and structurally characterized 
(Sparrow et al. 2012).
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Bisretinoids form in particular abundance in recessive Stargardt disease (STGD1) 
caused by mutations in the gene encoding the ATP-binding cassette transporter 
(ABCA4). This accumulation culminates in the death of RPE. Marked bisretinoid 
accumulation is replicated in Abca4 null mutant mice (Weng et al. 1999; Kim et al. 
2004), and the relationship between RPE lipofuscin accumulation and retinal dis-
ease is evidenced in the Abca4 mouse model by Bruch’s membrane changes and by 
a progressive loss of photoreceptor cells (Radu et al. 2008; Wu et al. 2010a; Radu 
et al. 2011; Sparrow et al. 2013; Zhou et al. 2015). Abca4−/− mice burdened by ele-
vated levels of bisretinoid lipofuscin are also more susceptible to light damage than 
are wild-type mice (Wu et al. 2014). Here we review recent work establishing that 
photodegradation of bisretinoid and its adverse consequences are ongoing in the 
eye.

49.2  Bisretinoid Photooxidation and Photodegradation 
in Vitro

Given the adverse consequences of bisretinoid accumulation, efforts have been 
made to elucidate mechanisms by which these fluorophores damage cells. For 
instance, bisretinoids photogenerate reactive oxygen species such as singlet oxygen 
and superoxide anion (Gaillard et al. 1995; Rozanowska et al. 1995; Ben-Shabat 
et al. 2002; Jang et al. 2005; Kim et al. 2007; Yamamoto et al. 2011). By quenching 
these reactive forms of oxygen, bisretinoids are subsequently photooxidized, and 
with photocleavage at these oxidation sites, aldehyde- and dicarbonyl-carrying frag-
ments are released (Wu et al. 2010b). Proteins modified by these dicarbonyls are 
constituents of drusen (Farboud et  al. 1999; Handa et  al. 1999); they cross-link 
protein and promote resistance to the activity of matrix metalloproteinases (Zhou 
et al. 2015).

49.3  Bisretinoid Levels in Albino and Black Mice Housed 
in Cyclic Light or Darkness

The photodegradation of bisretinoid was also demonstrated in mice by comparing 
levels of bisretinoid in mice raised in cyclic light (12 h on/12 h off) as opposed to 
darkness and by comparing albino (C57BL/6Jc2j) and black (C57BL/6 J) mice. In 
the absence of melanin, light entering the eye is substantially increased (LaVail and 
Battelle 1975; van den Berg et al. 1991). The bisretinoid A2E was detected in eyes 
from both cyclic light- and dark-reared mice (Fig. 49.1) (Boyer et al. 2012). Whereas 
it might be expected that the added photon catch in the albino eye would drive the 
formation of these visual cycle adducts (bisretinoids), instead A2E levels were 
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lower in albino C57BL/6Jc2j mice maintained under cyclic light than in albino 
C57BL/6Jc2j mice reared in darkness (p < 0.05) (Fig. 49.1).

Given in vitro evidence of photodegradation (Wu et al. 2010b) and the presence 
of oxidized bisretinoid in human and mouse retina (Jang et  al. 2005; Kim et  al. 
2007), the most parsimonious explanation for the light-related differences is 
photooxidation- associated photodegradative loss of these light-sensitive 
fluorophores.

It is likely that bisretinoid formation under cyclic light is more pronounced than 
the levels observed here; for instance, photodegradative loss could mask even 
greater lipofuscin formation under cyclic light. The comparison of albino versus 
black-eyed mice presumably allowed photodegradative loss of A2E to be detected 

Fig. 49.1 The RPE bisretinoid A2E accumulates in both light- and dark-reared mice, levels are 
reduced in light-reared versus dark-reared albino mice, and levels are modulated by antioxidant 
status. Analysis by reverse-phase HPLC. (a): Quantitation of the bisretinoid A2E in 6-month-old 
black C57BL/6J and albino C57BL/6J–c2j mice that were dark reared or cyclic light reared from 
birth. Means ± SEM of five or seven independent samples six to eight eyes/sample p-values deter-
mined by one-way ANOVA and Tukey’s multiple comparison test and two-tailed t-test. (b, c): 
Reduction in bisretinoid photooxidation by vitamin E supplementation is detected as reduced bis-
retinoid loss and measured as increased quantitative fundus autofluorescence (qAF) (b) and 
increased HPLC-quantified A2E, A2-DHP-PE, and atRAL di-PE (c). Means ± SEM of eight mice, 
p < 0.05, two-tailed t-test. (a); Two samples (six eyes per sample), ANOVA and Sidak’s multiple 
comparison test (b). (d): Reduced bisretinoid photooxidation/photodegradation also protects 
against outer nuclear layer (ONL) thinning. ONL area (microns2) calculated as the sum of the ONL 
thicknesses in the superior and inferior retina (0.2–2.0 mm from optic nerve head) multiplied by 
the measurement interval of 200 microns; means ± SEM, two-tailed t-test

49 Bisretinoid Photodegradation Is Likely Not a Good Thing
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over a relatively short period of time. These photobleaching processes have been 
replicated in cell-based and non-cellular assays (Yamamoto et al. 2012), and exam-
ples of photooxidation and photodegradation of RPE bisretinoids (photobleaching) 
in retinae of human and nonhuman primates are reported (Hunter et  al. 2012; 
Sparrow and Duncker 2014).

49.4  Vitamin E-Treated Mice: Evidence Supporting 
Photooxidative Processes in Modulating Bisretinoid 
Levels

It has been shown previously that the lipid-soluble antioxidant vitamin E can sup-
press bisretinoid oxidation by quenching singlet oxygen (Sparrow et al. 2003b). In 
albino Abca4−/− mice given a vitamin E-supplemented diet (960 mg (IU)/kg vitamin 
E as dl-alpha-tocopheryl acetate) from 1 to 6 months of age, levels of the bisreti-
noids A2E (p  <  0.05 one-way ANOVA and Sidak’s multiple comparison test), 
A2-DHP-PE, and all-trans-retinal dimer-PE were greater than in control mice. 
Quantitation of short-wavelength fundus autofluorescence (quantitative fundus 
autofluorescence, qAF) (Sparrow et al. 2013; Flynn et al. 2014) that originates from 
bisretinoid lipofuscin also revealed higher levels of fundus autofluorescence in the 
vitamin E-treated mice (p < 0.05, two-tailed t-test) (Fig. 49.1). Importantly, the thin-
ning of outer nuclear layer that is indicative of reduced photoreceptor cell viability 
and that has been observed in albino Abca4−/− mice (Wu et al. 2010a; Sparrow et al. 
2013; Wu et al. 2014) was less pronounced in the vitamin E-treated mice (p < 0.05, 
two-tailed t-test) (Fig. 49.1). The greater levels of bisretinoid and qAF in the vita-
min E-treated versus control mice are consistent with a mechanism involving a 
reduction in photooxidation-associated consumption of bisretinoid in the presence 
of the antioxidant vitamin E.

49.5  Implications

The findings discussed here indicate that although light deprivation does not prevent 
the formation of bisretinoids (Boyer et al. 2012; Ueda et al. 2016), limiting light 
exposure can protect against damaging bisretinoid photodegradation. Thus not sur-
prisingly, a black contact lens that blocked >90% of light in one eye of STGD1 
patients was found to reduce the progression of decreased fundus autofluorescence 
(four of five patients) as compared with the patients’ unprotected eyes (Teussink 
et al. 2015). Sunglasses that attenuate light over a broad range of wavelengths or 
yellow lenses that reduce “blue” wavelengths might also be used to advantage.

Several studies, most notably the Age-Related Eye Disease Study (AREDS), 
have demonstrated that dietary antioxidants and intake of antioxidants by 
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 supplementation reduces incidence or progression of AMD (Snodderly 1995; Age-
Related Eye Disease Study Research 2001; SanGiovanni et al. 2007; Sobrin and 
Seddon 2014). Given that antioxidants can protect against AMD and that vitamins 
E and C have also been shown to reduce A2E photooxidation/photodegradation 
(Sparrow et al. 2003; Zhou et al. 2006), the beneficial effects of antioxidant intake 
could be mediated at least in part by intercepting bisretinoid photooxidation and 
degradation. Similarly, a contribution of lifetime light exposure to AMD risk 
(Cruickshanks et al. 2001; Tomany et al. 2004; Fletcher et al. 2008; Sui et al. 2013; 
Huang et al. 2014; Klein et al. 2014; Fritsche et al. 2016) could be mediated in part 
by the cellular damage imposed by bisretinoid photodegradation.
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Chapter 50
Further Characterization  
of the Predominant Inner Retinal 
Degeneration of Aging Cln3Δex7/8  
Knock-In Mice

Cornelia Volz, Myriam Mirza, Thomas Langmann, and Herbert Jägle

Abstract Neuronal ceroid lipofuscinosis (NCL) is the most common group of 
 neurogenetic storage diseases typically beginning in childhood. The juvenile form 
(JNCL), also known as Batten disease, is the most common form. Vision-related prob-
lems are often an early sign, appearing prior to motor and mental deficits. We have previ-
ously investigated disease progression with age in the Cln3Δex7/8 KI mouse model for 
JNCL and showed a decline of visual acuity and a predominant decline of the inner reti-
nal function in mice, similar to human disease. The aim of this study was to further 
characterize this degeneration by means of flicker ERGs. For the scotopic flicker ERG, 
we found a significantly lower magnitude for Cln3Δex7/8 KI mice already at 6 months of 
age for low stimulus frequencies, while the difference declines with increasing fre-
quency. Under photopic conditions there was no magnitude difference at 6 months, but 
a cumulative magnitude reduction with further aging. For both conditions the phases 
were similar for both groups. There was a similar magnitude reduction for the responses 
of both the slow and fast rod pathway in the 15 Hz experiments, and there were no dif-
ferences in response phase. Low- frequency flicker responses seem to be sensitive to very 
early disease manifestations, and while the degeneration is associated with a reduction 
of predominating inner retinal responses in the scotopic flash ERG, this predominance 
seems not to be related to a selective involvement of the slow and fast rod pathways.
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50.1  Introduction

Neurodegenerative diseases are rare in childhood. Neuronal ceroid lipofuscinosis 
(NCL) is the most common group of neurogenetic storage diseases and begins in 
childhood with an estimated frequency of 1  in 100,000 live births worldwide 
(Jalanko and Braulke 2009). The juvenile form (JNCL), also known as Batten dis-
ease, is the most common form. Decreased vision is often an early sign, leading 
parents to consult an ophthalmologist, who can diagnose the disease at an incipient 
stage. Later the disease progresses to blindness and other neurological symptoms 
occur.

Diverse animal models are available for different NCL forms (Ruther 2010). We 
have previously investigated disease progression with age in a mouse model for 
JNCL and showed a decline of visual acuity and amplitudes of scotopic and phot-
opic flash electroretinography. In detail, our results showed a predominant decline 
of the inner retinal function in Cln3Δex7/8 KI mice, similar to human disease. In this 
study we use flicker ERG to extend our understanding of the retinal degeneration in 
this model.

50.2  Materials and Methods

50.2.1  Experiments with Animals

Wild-type (Cln3+/+) and homozygous Cln3Δex7/8 knock-in mice were all on a C57BL/6 
background. All mice tested positive for the Crb1rd8 mutation. Animals were main-
tained in an air-conditioned environment on a 12-h light-dark schedule at 22 °C and 
had free access to food and water. The health of the animals was regularly moni-
tored, and all procedures were approved by the University of Regensburg animal 
rights committee and complied with the German Law on Animal Protection and the 
Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory 
Animals, 2011.

50.2.2  Electroretinography

ERGs were obtained according to the following protocol. Mice were dark adapted 
for at least 12 h before the experiments and subsequently anesthetized by subcuta-
neous injection of ketamine (65 mg/kg bw) and xylazine (13 mg/kg bw). Pupils 
were dilated with tropicamide eye drops (Mydriaticum Stulln; Pharma Stulln, 
Germany). Silver needle electrodes served as reference (forehead) and ground (tail) 
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and gold wire ring electrodes as active electrodes. Corneregel (Bausch & Lomb, 
Berlin, Germany) was applied to keep the eye hydrated and maintain good electrical 
contact. ERGs were recorded using a Ganzfeld bowl (Ganzfeld QC450 SCX, 
Roland Consult, Brandenburg, Germany) and an amplifier and recording unit 
(RETI-Port, Roland Consult, Brandenburg, Germany). ERGs were recorded from 
both eyes simultaneously, band-pass filtered (1–300 Hz) and averaged. ERG mea-
surements were performed at 6, 12, and 18 months of age. After dark adaptation 
scotopic flicker ERGs were recorded to stimuli with an intensity of 0.5 log cds/m2 
and frequencies ranging from 4 to 25 Hz. Next dual rod pathways, comprising rod 
photoreceptors and rod and cone bipolar and amacrine cells, were investigated by 
means of 15 Hz flicker response recordings to increasing intensities ranging from 
−3.5 to 1.0 log cds/m2. After 10 minutes of adaptation to a white background illu-
mination (20 cd/m2), responses to flickering stimuli (intensity 0.5 log cds/m2) with 
frequencies ranging from 4 to 25 Hz were recorded. All flicker response waveforms 
were analyzed by means of a fast Fourier transform to calculate response magnitude 
and phase. All analysis and plotting was carried out with R version 3.2.1 (The R 
Foundation for Statistical Computing, Vienna, Austria) and ggplot2 version 2.1.0.

50.3  Results

50.3.1  Scotopic Flicker ERG

For evaluation of the temporal characteristics of the rod system, responses to flick-
ering stimuli with a fixed intensity (0.5 log cds/m2) were recorded after dark adapta-
tion. Compared to wild type, response waveforms of the Cln3Δex7/8 mice showed 
reduced magnitudes at 6 months of age already. Starting with magnitude reductions 
for low frequencies, with disease duration the magnitude diminishes for all frequen-
cies (Fig. 50.1). Still the waveform is similar, and the response phase is not signifi-
cantly different between Cln3Δex7/8 and wild-type mice.

50.3.2  Photopic Flicker ERG

After adaptation to a white background illumination (20 cd/m2), responses to flick-
ering stimuli with a fixed intensity (0.5 log cds/m2) represent responses of the cone 
system. While the response magnitude of the 18-month-old Cln3Δex7/8 mice was 
significantly smaller for low-frequency stimuli compared to wild-type mice 
(Fig. 50.2), we found no group difference for 6-month-old mice, indicating a pre-
dominant rod degeneration. Again, there was no difference in response phase 
between groups at all ages.

50 Further Characterization of the Predominant Inner Retinal Degeneration of Aging…
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Fig. 50.1 (a) Scotopic flicker ERG waveforms for 6-, 12-, and 18-month-old wild-type Cln3+/+ 
(black trace) and homozygous Cln3Δex7/8 mice (blue trace). (b) Response magnitudes for the three 
age groups show significantly reduced magnitudes for the homozygous Cln3Δex7/8 mice starting at 
lower frequencies and affecting the full frequency range in advanced ages. (c) There is no signifi-
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Fig. 50.2 (a) Photopic flicker ERG waveforms for 6-, 12-, and 18-month-old wild-type 
Cln3+/+(black trace) and homozygous Cln3Δex7/8 mice (blue trace). (b) Response magnitude of 
homozygous Cln3Δex7/8 mice was similar at 6 months of age but declining with age. At 18 months a 
significant reduction of response magnitude for low and middle frequencies, but not for the higher 
frequencies, was seen. (c) There is no significant difference in response phase between groups
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50.3.3  15 Hz ERG

A negative ERG waveform as described in the scotopic single-flash results shown in 
our previous paper may be associated with selective changes in the two rod path-
ways. Thus we recorded responses to a series of scotopic flicker intensities at a 
frequency of 15  Hz (Fig.  50.3). While for low stimulus intensities the response 
waveforms predominantly originate from the slow rod pathway, at a certain inten-
sity a phase shift indicates the transition to predominance of the fast rod pathway 
(Sharpe and Stockman 1999). At 6 and 12 months of age, we found no significant 
difference of the response magnitude for both the slow and fast rod pathway, 
between the groups of homozygous Cln3Δex7/8 and wild-type mice. At 18 months of 
age, the magnitude was significantly lower for Cln3Δex7/8 mice compared to wild- 
type mice. However, there was no significant difference between the magnitude 
reduction of the responses from the slow and fast rod pathway. Again, there is no 
difference in response phase.

50.4  Discussion

In our previous work, we characterized the retinal degeneration in a Cln3Δex7/8 mouse 
model for JNCL. We showed a decline of retinal function noticeable in the photopic 
ERG as early as in the age of 6 months. In our study scotopic ERG responses to a 
series of single flashes showed similar response amplitudes at the age of 6 months 
with a decline of the response amplitudes with age. This amplitude reduction was 
consistent with a predominant degeneration of the inner retinal layers, indicated by 
the decline of the b-wave amplitudes with preservation of the a-wave amplitudes 
(Volz et  al. 2014). While in general our data was consistent with the report of 
Staropoli et al., they did not find a differential degeneration between the rod and 
cone system (Staropoli et al. 2012). However, they also showed a predominance of 
the inner retinal degeneration in Cln3Δex7/8 mice. The flicker data we here present 
would suggest a somewhat earlier or more pronounced rod system degeneration. 
Taking the single flash data into account, it seems more likely that the rod and cone 
system is affected similarly.

While the single-flash ERGs allow distinguishing at least to some extent between 
the outer and inner retinal function, flicker ERGs reflect inner retinal responses 
only. Under scotopic conditions the responses to stimuli with a frequency below 
5 Hz are thought to be dominated by the rod pathways, between 5 and 15 Hz by the 
cone ON-pathway and above 15  Hz by the cone OFF-pathway (Tanimoto et  al. 
2015). Krishna et al. studied the cellular origin of the temporal response function of 
the mouse cone ERG and found that at low temporal frequencies, the mouse cone 
ERG is dominated by depolarizing bipolar cells (DBC), but the relative DBC con-
tribution decreases systematically with increasing temporal frequency (Krishna 
et  al. 2002). Since the responses to stimuli with higher frequencies were largely 
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Fig. 50.3 (a) 15 Hz ERG waveforms are shown for 6-, 12-, and 18-month-old wild-type (Cln3+/+, 
black trace) and homozygous Cln3Δex7/8 mice (blue trace). (b) Response magnitude was reduced for 
both groups as mice age. At 18 months only, the homozygous Cln3Δex7/8 mice showed a significant 
reduction of response magnitude. However, both pathways were affected similarly. (c) The 
response phase did not differ between groups
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preserved in our study under scotopic and photopic conditions, the retinal degenera-
tion in Cln3Δex7/8 mice seems to predominantly affect the rod and cone ON-pathways 
and may preserve the function of the cone OFF-pathway.

In the mammalian retina, there are at least two rod pathways: The first is “slow” 
rod pathway that transmits signals from the rod photoreceptors to the rod ON bipo-
lar cells, to AII amacrine cells, then to cone ON and OFF bipolar cells, and subse-
quently to ganglion cells. A second rod pathway, the “fast” pathway, transmits 
signals from rod to cone photoreceptors via gap junctions and then to cone ON and 
OFF bipolar cells and their ganglion cells (Park et al. 2015). The two pathways dif-
fer in response timing and in the luminance range over which they operate. Only 
older, 18-month-old Cln3Δex7/8 mice had smaller response magnitudes when com-
pared to age-matched controls. The degeneration seems to affect the slow and the 
fast pathway to the same extent. Lei described two different contributions to the two 
peaks in the amplitude-intensity profile of the dark-adapted 10 Hz flicker ERG of 
wild-type mice (Lei 2012). Based on recordings from rod-only and cone-only mice, 
he concluded that the first part including the first peak gets input from the rod sys-
tem, while the second part at higher intensities gets input from the cone system. We 
obtained 15  Hz flicker ERGs under scotopic conditions and observed a similar 
intensity dependency with two peaks likely corresponding to rod-driven and cone- 
driven responses in both Cln3Δex7/8 and wild-type mice at all tested ages.

Weleber et  al. analyzed ERG response from three JNCL patients who had 
severely subnormal scotopic ERG responses with an electronegative configuration. 
He also described the deterioration of responses to 30 Hz flicker stimuli. However, 
the flicker responses were delayed and had subnormal amplitudes (Weleber 1998) 
but were still clearly present. In contrast, in our study the phase of the response 
waveform was not different from that of wild-type mice.

In summary, there was a similar magnitude reduction for the responses of both 
the slow and fast rod pathway in the 15 Hz experiments, and there were no differ-
ences in response phase. Low-frequency flicker responses seem to be sensitive to 
very early disease manifestations, and while the degeneration is associated with a 
reduction of predominating inner retinal responses in the scotopic flash ERG, this 
predominance seems not to be related to a selective involvement of the slow and fast 
rod pathways.
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Chapter 51
Differential Exon Expression in a Large 
Family of Retinal Genes Is Regulated 
by a Single Trans Locus

Jiaxing Wang, Felix L. Struebing, Salma Ferdous, Kevin Donaldson, 
Jeffrey H. Boatright, Eldon E. Geisert, and John M. Nickerson

Abstract Transcription and RNA processing can generate many variant mRNAs 
(isoforms) from a given genomic locus. The more we learn about RNA processing 
the more we realize how complex it can be. Examining the expression profiles of 
individual exons, we observed that specific exons were differentially expressed 
across a large number of genes in mice. We found that each isoform or exon is inde-
pendently expressed compared to other exons from the same gene and regulated 
separately in trans. Each trans locus was identified by mapping using linkage analy-
sis in a large mouse recombinant inbred strain set. We present evidence for a limited 
number of these master regulatory loci in the retina. One major locus controls about 
half the expression of the individual exons and resides on Chromosome 4, between 
133 and 136 Mb.
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Fig. 51.1 (continued) Equimolar amounts of each of the other exons (1, 2, 4, and 5) make up the 
mature mRNA. (c) Normal promoter but an early terminator provides a short primary transcript 
containing only the first three exons. (d) An alternative promoter site at the beginning of Exon 3 
and a normal terminator result in a short primary transcript. When spliced, the mature mRNA 
contains only Exons 3, 4, and 5. (e) An alternative promoter and early terminator produce a very 
short primary transcript. Once matured, the mRNA contains only Exon 3. (f) A normal promoter 
and an early terminator create a short transcript as in panel c, but an aberrant splice process gener-
ates a short mature mRNA containing only Exon 3. Several variants on this theme may be conjec-
tured using nonstandard promoters, terminators, and polymerases or trans-splicing to generate 
other transcripts that contain solely Exon 3 from this gene; these include siRNAs and lncRNAs or 
transcripts from the other strand of DNA within this gene. In net, for Exon 3 to be detected at lower 
levels than its adjacent Exons, Exon 3 is spliced out during maturation. Critically, to observe higher 
expression of Exon 3 compared to the four other exons in B6 mice, isoforms from mechanisms e 
or f or a combination of two or more of the alternatives in panels c–f are proposed. For example, if 
mechanisms in both c and d were to occur equally in a single retina, then Exon 3 would be detected 
at twice the level of the other four exons (1, 2, 4, and 5). Symbols: Gray boxes represent exons. 
Blue V’s represent splicing of a primary transcript. Green arrows indicate transcription start sites. 
Red T’s indicate transcription termination

51.1  Introduction

Genes in eukaryotes are interrupted by introns. Sophisticated RNA transcription 
and processing machinery exists, which provides for differential expression of 
genes and the generation of a great diversity in multiple mRNA isoforms from a 
single gene (Sharp 1994). Differential expression and multiple isoforms can gener-
ate widely varying levels of each exon of a gene, despite the equimolar amounts of 
given exons in a single mature mRNA as illustrated in Fig. 51.1.

This was obvious early in the study of gene expression in the retina. For example, 
there is only one rhodopsin gene (i.e., no copy number variants), yet many bands of RNA 
appear on northern blots, indicating multiple isoforms of mature opsin mRNA (Al-Ubaidi 
et al. 1990). Many genes have alternative promoters, terminators, and splicing patterns.

In this study, we sought to learn how differential expression is controlled in the 
mouse retina. Our central hypothesis is that many exons from different genes change 
their expression patterns in concert in a sweeping, coordinated, and consistent man-
ner in the retina. Here, we established the existence of a small number of master 
regulatory loci responsible for the differential expression of exons, and we were 
able to map these controllers via genetic linkage analysis.

51.2  Materials and Methods

51.2.1  Measurement of Exon Expression Variability

In the present study, we used a publically available microarray database (DoD 
Retina Normal Affy MoGene 2.0 ST (May15) RMA Exon Level) presented on 
GeneNetwork.org. This database is based on 55 BXD recombinant inbred (RI) 
strains and relies heavily on the bioinformatics tools presented on GeneNetwork.

J. Wang et al.
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Fig. 51.1 Hypothetical differential expression of one exon. Here variability in expression of Exon 
3 is determined by the particular isoforms of mature mRNAs and abundance of each that are pro-
duced in the retina. Panels (a–f) each illustrate generation of a different isoform from a 5-exon 
gene. (a) Normal transcription and splicing of the gene illustrates a single mature mRNA with 
equimolar amounts of each exon. (b) Normal transcription and alternative splicing lacking Exon 3. 
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org. We previously observed that individual exons within a single gene were 
 differentially expressed across the database (King et al. 2015). A single exon’s bulk 
expression level by this array analysis is the sum of signals measured from numer-
ous expressed isoforms of mature RNAs of a single gene.

51.2.2  Linkage Analysis of the Variability-In-Expression 
Phenotype

When the expression of individual exons was examined across genes expressed in 
the normal retina of the BXD strains, specific exons were identified with expressed 
levels significantly greater than the other exons within the same gene. The expres-
sion levels of these exons across the BXD RI strains were biphasic, being high in 
some strains and low in others (high-low phenotype). We conducted linkage map-
ping across the BXD strains to identify potential trans-acting loci that drive dif-
ferentially expressed exons. The variation in expression of an exon is a phenotypic 
trait that we used exactly like any other trait used in a linkage analysis, whether a 
disease gene trait (diseased or normal) or any other phenotypic characteristic such 
as eye color (blue or brown) or ability to taste phenylthiocarbamide. We selected 
100 variably expressed exons (with the high-low expressed phenotype), each exon 
from a different gene. The 100 genes were spread throughout the mouse genome 
randomly. We used the high-low phenotype of each exon individually to map a 
trans locus that controlled the phenotype of the given exon. Each exon’s phenotype 
(high or low) was inherited in a Mendelian pattern, and in most cases the high 
expression level was associated with the B6 strain and the low level with the D2 
strain. In total we conducted 100 different linkage analyses. This traditional linkage 
analysis approach identified a trans locus (that is, a locus at least 10 Mb away from 
the variably expressed exon) that contains the regulatory genomic element. This 
was achieved using the bioinformatics tool in GeneNetwork on the “Select and 
Search” page in the “combined” text box by entering the text command “trans-
LRS = (75,999 10).” “Heat maps” were built in GeneNetwork by first collecting the 
top 100 variable exons from the above page, selecting each one, and pressing the 
HeatMap button.

51.3  Results

51.3.1  Exon-Level Expression Patterns from a Single Gene

We found the selective expression of many individual exons was relatively frequent 
across the retina, and the remaining exons were expressed at a lower level. As one 
example, across many strains of BXD RI mice, the expression levels of Exon 3 of 
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the Kap gene segregated into two categories with either high (31 BXD strains and 
B6) or low (22 BXD strains and D2) expression, while the other exons of Kap were 
expressed at approximately the same level.

51.3.2  Linkage Analysis

The linkage analysis reveals that the variation in exon expression is a trans-acting 
element and can be mapped by genetic linkage analysis using the phenotype of 
expression level. A linkage map showing one concordant trans locus is illustrated in 
Fig. 51.2a. The genome-wide map of loci driving the expression phenotype of Exon 
3 in Kap along with exons from a large population of genes is mapped to a single 
trans locus in the mouse genome on Chromosome 4 between roughly 133 and 
136 Mb. The score for this locus was 122 by likelihood ratio statistic (LRS), which 
is equivalent to a logarithm of the odds (LOD) score of +26.5. This single locus was 
by far the largest signal on the interval map. It is important to note that this locus is 
in trans to Exon 3 of Kap, a gene found on Chromosome 6. An expanded view of 
this locus, illustrated in Fig. 51.2b, includes an arrangement of the BXD strain gen-
otypes with alleles in red for B6 and in green for D2. The BXD strains are ordered 
from top to bottom with the upper half indicating the strains that expressed high 
levels of exon expression and the bottom half at low level. At one small location, 
there was a perfect concordance of high expression of Exon 3 of Kap and the B6 
genotype. At the same point, all the strains that express a low level of Exon 3 of Kap 
had the D2 allele. This perfect concordance only occurred at 133–136 Mb, and in 
closer views, the breakpoints were only separated by 1 Mb. This mapped the con-
trolling trans-acting locus quite accurately and established the location of a regula-
tory genomic element.

51.3.3  Heat Map Analyses

Clustered heat maps allowed us to detect other trans loci that control the variability 
of phenotype for many single exons, each exon from a different gene. Each vertical 
lane in the heat map (Fig. 51.3) uses a color intensity gradient to indicate tight, 
loose, or no linkage along the genome. Most of the map is black indicating no link-
age. Intense red or blue indicates tight linkage. The heat map has 100 lanes, one for 
each variable exon. The vertical lanes are ordered by similarity among a group of 
the exons. The results indicated a small number of groups or clusters, each cluster 
being driven by a different trans locus. The leftmost cluster included half the exons 
and contains Exon 3 of Kap. This group is the largest cluster and suggests that half 
the exons are controlled by the predominant locus on Chromosome 4 at 133–
136 Mb. Other clusters were found. One cluster had a locus immediately adjacent to 
the first major controlling locus on Chromosome 4 but distal to the 133–136 Mb 
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Fig. 51.2 Genome-wide map showing tight linkage on Chromosome 4 (133–136 Mb) for varia-
tion in expression of Kap Exon 3. (a) The x-axis is a linear representation of all mouse chromo-
somes (Chr. 1–19 from left to right). The y-axis is a likelihood ratio statistic (LRS, defined as the 
natural logarithm of the odds ratio of linkage versus no linkage). (b) When one expands the peak 
region on Chromosome 4 (125 Mb~150 Mb), the haplotype map for Exon 3 of Kap reveals an 
allelic segregation across the BXD strains. Expression levels of each strain are indicated on the 
right of each line, ranked from highest (top) to lowest (bottom). Notice that the haplotype map at 
the peak region is divided into well-separated green (D2) and red (B6) genotypes. This illustrates 
a near perfect concordance of B6 with high expression and D2 with low expression of Exon 3 only. 
Blue haplotype, heterozygote; gray, unknown haplotype

J. Wang et al.
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locus. This cluster included about 15% of the exons. Other trans-acting loci were 
found on Chromosomes 11, 17, and 2. The specificity of these trans-acting loci is 
demonstrated by examining the pattern observed in the spleen. In the spleen, the 
trans loci (Fig. 51.3) differ from that observed in the retina, with the Chromosome 
4 band being retina-specific. This clear distinction may represent the basis of tissue- 
specific differential expression.

51.4  Discussion

A small number of loci that act in trans were mapped that account for the bulk of 
isoform pattern changes between B6 and D2 mice in the retina. Each of these loci 
controls a different cluster of isoforms from many different genes. This small num-
ber of master regulatory loci in terminally differentiated long-lived cells of the ret-
ina has implications for rapid responses to insults and environmental changes.

The general utility of differential gene expression is that it uses a minimum num-
ber of genes but reuses parts of these genes by transcription and RNA processing to 
generate diverse isoforms. One isoform of a gene may work better in one situation, 

Fig. 51.3 Genome-wide heat maps from the retina and spleen representing tight linkage at trans- 
acting loci driving a phenotype of variable expression in numerous exons. A linkage map is shown 
to the left of two heat maps (one from retina and one from spleen) for reference. Each intense blue 
or red band indicates a trans-acting locus with a high LRS
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and a different isoform might work better in a different circumstance. One great 
advantage of differential gene expression is that it requires no changes in the 
genome, and different terminally differentiated cells can vary isoform patterns to 
accommodate changing needs. A second advantage is that this can occur immedi-
ately, allowing a cell to nimbly respond to rapidly changing circumstances. 
Switching these programs can quickly adapt phenotypes at the subcellular to organ-
ismal, behavioral levels to defend against threats, adapt to changes in environment, 
provide a competitive advantage, and hedge bets against unknowns by increasing 
diversity and change in expression during development. There are five master regu-
latory loci in the retina that may correspond to the regulation of differential expres-
sion of exons in the retina. The type of selective exon expression identified in this 
study may represent a novel form of tissue-specific genomic control.
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Chapter 52
Molecular Chaperone ERp29: A Potential 
Target for Cellular Protection in Retinal 
and Neurodegenerative Diseases

Todd McLaughlin, Marek Falkowski, Joshua J. Wang, and Sarah X. Zhang

Abstract The molecular chaperone endoplasmic reticulum protein 29 (ERp29) 
plays a critical role in protein folding, trafficking, and secretion. Though ubiqui-
tously expressed, ERp29 is upregulated in response to ER stress and is found at 
higher levels in certain cell types such as secretory epithelial cells and neurons. As 
an ER resident protein, ERp29 shares many structural and functional similarities 
with protein disulfide isomerases, but is not regarded as part of this family due to 
several key differences. The broad expression and myriad roles of ERp29 coupled 
with its upregulation via the unfolded protein response (UPR) upon ER stress have 
implicated ERp29 in a range of cellular processes and diseases. We summarize the 
diverse activities of ERp29 in protein trafficking, cell survival and apoptosis, and 
ER homeostasis and highlight a potential role of ERp29 in neuroprotection in reti-
nal and neurodegenerative diseases.

Keywords ERp29 · Retina · Neuroprotection · Neurodegeneration · Protein 
trafficking

52.1  Introduction

Endoplasmic reticulum protein 29 (ERp29) was molecularly described via a pro-
teomic study of rat enamel cells in the late 1990s revealing a hydrophobic signal 
sequence and a variant of endoplasmic reticulum (ER) retention motif KDEL 
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(Lys- Asp- Glu-Leu) (Demmer et al. 1997). Further studies demonstrate that ERp29 
is a reticuloplasmin, i.e., a luminal component of the ER.  Although expressed 
 ubiquitously, ERp29 is highly expressed in secretory tissues, such as the pituitary, 
adrenal, and salivary glands, pancreas, liver, and kidney (Sargsyan et al. 2002a), and 
in neurons throughout the central nervous system (MacLeod et al. 2004). In addi-
tion, ERp29 was identified in the neural retina and retinal pigment epithelium 
(RPE), and the level of ERp29 is reduced in human retina with age-related macular 
degeneration (AMD) (Ethen et al. 2006).

Structurally, ERp29 contains an N-terminal domain that is homologous to 
thioredoxin- like domains in protein disulfide isomerase (PDI). However, unlike the 
PDI family members and some ER chaperones, such as glucose-regulated protein 
78 (GRP78), GRP94, and calnexin, ERp29 lacks the conventional disulfide reduc-
tase/isomerase and calcium-binding activities (Demmer et al. 1997). Functionally, 
ERp29 acts as a putative chaperone that facilitates the processing and transport of 
secretory and membrane proteins from the ER to the Golgi apparatus. Apart from 
direct binding to its protein substrate, ERp29 interacts with other ER chaperones to 
promote the formation of a chaperone-substrate complex (Sargsyan et al. 2002b). In 
addition, ERp29 is believed to be a major chaperone in the trafficking of membrane 
proteins, such as Connexin43, to the plasma membrane (Das et al. 2009).

Like other PDI-like proteins, an important function of ERp29 is to prevent pro-
tein aggregation by keeping unfolded proteins in a folding-competent state and pro-
mote the protein-degrading apparatus to remove denatured proteins from the 
ER. This function is critical for minimizing the level of harmful proteins in ER and 
is vital for protein homeostasis. Additionally, recent studies have discovered some 
new and important roles of ERp29  in regulation of cellular stress response, gap 
junction formation, cell survival, and neuroprotection, though the molecular mecha-
nisms underlying these diverse actions are not fully understood. We briefly sum-
marize recent advances in ERp29 research in the areas related to cellular stress 
response, highlighting the evidence and perspective of this protein as a potential 
target for neuroprotection in retinal and neurodegenerative diseases.

52.2  ERp29 and Cellular Stress Response

The ability of a cell to respond and adapt to stress conditions is critical to main-
taining its normal function and structure and ultimately determines its fate. The 
unfolded protein response (UPR) is a cellular stress response activated by ER 
stress, an accumulation of unfolded or misfolded proteins in the ER lumen, 
resulting from imbalances between protein synthesis, folding, trafficking, and 
degradation. The UPR consists of three sophisticated signaling pathways initi-
ated by ER membrane proteins inositol-requiring enzyme 1 (IRE1), PKR-like ER 
kinase (PERK), and activating transcription factor 6 (ATF6). In most physiologi-
cal conditions, activation of these pathways restores ER homeostasis through 
well-orchestrated programs, including promoting protein folding and accelerating 
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protein degradation while simultaneously slowing down protein synthesis (Zhang 
et al. 2014). However, in some extreme scenarios when the UPR fails to eliminate 
the accumulation of unfolded/misfolded protein in the ER, the UPR will switch 
from a cell-adaptive and cell-protective mode into a cell-destructive mode by 
induction of apoptotic pathways of C/EBP homologous protein (CHOP), JNK, 
NF-kB, and caspase-4, promoting apoptosis and inflammation and eventually 
leading to cell death (Zhang et al. 2014).

Although it is well established that ERp29 is critical in maintaining ER homeo-
stasis, the promoter region of the ERp29 gene lacks an ER-stress response element, 
the DNA motif characteristic for the UPR target genes. On the contrary, it possesses 
characteristics (e.g., GC-rich sequence, lack of a TATA box, multiple transcription 
start sites) of a constitutively expressed housekeeping gene (Sargsyan et al. 2002a). 
Furthermore, recent evidence shows that ERp29 interacts with, and regulates, PERK 
(Farmaki et al. 2011) and ATF6 (Hirsch et al. 2014), two important branches of the 
UPR pathways. Overexpression of ERp29 increases total PERK protein level with-
out altering PERK phosphorylation (Farmaki et al. 2011). Deletion of ERp29 selec-
tively impairs the activation of ATF6 and CHOP, but has no effect on other UPR 
branches, such as the PERK downstream activating transcription factor 4 (ATF4) 
and eukaryotic initiation factor 2 alpha (eIF2α), and the X-box binding protein 1 
(XBP1) pathways (Hirsch et  al. 2014). Additional studies suggest that ERp29 
upregulates the chaperones involved in stress response pathways, such as p58IPK, 
p-eIF2α, p38, or Hsp27, promoting cell survival under stress conditions. For 
instance, ERp29 increases the level of ER chaperone p58IPK (Gao et al. 2012), which 
in turn inhibits ER stress-associated proapoptotic cascades (Huber et  al. 2013) 
through downregulation of the CHOP pathway (Boriushkin et al. 2014). Additionally, 
ERp29 regulates MAPK activity by increasing P38 phosphorylation (Gao et  al. 
2012) but downregulating ERK activity by changing the ratio of p-ERK1 to p-ERK2 
(Bambang et al. 2009).

52.3  ERp29, Connexin43 Trafficking, and Gap Junctions

Connexins (Cx) are a family of integral transmembrane proteins that form gap junc-
tions between cells. Approximately 20 members (in higher vertebrates) of the con-
nexin family are assembled in groups of six to form homo- and heteromeric 
connexons; connexons from adjacent cells form a gap junction (Laird 2006). Gap 
junctions are critical for the intercellular exchange of ions, small molecule metabo-
lites, and electrical signals, though each combination has variable pore conduc-
tance, size selectivity, charge selectivity, voltage gating, and chemical gating. Gap 
junctions enable chemical and electrical coupling between cells throughout the 
organism and are found on dozens of cells types. In the retina alone, gap junctions 
are found between every major cell type (i.e., bipolar cells, horizontal cells, ama-
crine cells, RGCs, photoreceptors, and glia; Danesh-Meyer et al. 2016). Though the 
specific functional consequences of many of these distinct couplings are unknown, 
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the gap junctions enabling electrical coupling among bipolar cells have recently 
been discovered to affect the release of glutamate in the inner plexiform layer in a 
manner that laterally spreads bipolar cell signaling and specifically enhances RGC 
sensitivity to motion (Kuo et al. 2016).

Connexin43 (Cx43) is the most common gap junction protein in the organism 
and is present in multiple retinal cell types, including the RPE. The appropriate traf-
ficking of Cx43 through the ER to the Golgi complex is dependent on ERp29 (Das 
et al. 2009). Cx43 must leave the ER as a monomer and oligomerize in the Golgi 
complex. To this end, ERp29 forms a complex with Cx43 in the ER which stabilizes 
Cx43 monomers, likely by stopping the formation of disulfide bonds through block-
ing cysteine oxidases in an extracellular loop domain (Das et al. 2009).

In addition, Cx43 is downregulated in Müller glia in high glucose conditions, 
which leads to decreased gap junctions with pericytes and increased apoptosis in 
Müller glia and retinal microvascular endothelial cells (Li and Roy 2009; Muto 
et  al. 2014). Furthermore, retinas from diabetic or Cx43 heterozygous knockout 
mice develop retinal vascular lesions associated with diabetic retinopathies (Bobbie 
et al. 2010). Though neither ERp29 nor protein trafficking has been directly impli-
cated in these results, it is straightforward to suggest that increased ER stress under 
disease conditions results in the compromised ability of ERp29 to appropriately 
chaperone Cx43 through the ER. The continual synthesis of connexins due to their 
remarkably short half-life of just a few hours only magnifies the potential conse-
quences of impaired protein trafficking in the ER and the potential that this dysfunc-
tion underlies, in part, these retinal lesions (Laird 2006).

52.4  ERp29, Neuroprotection, and Neurodegenerative 
Disease

ERp29 is a probable neuroprotectant and can potentially facilitate axonal regenera-
tion. ERp29, normally present at high levels in the brain, is downregulated in rat 
motor cortex following spinal cord injury (SCI; Liu et al. 2014). Intriguingly, lenti-
viral expression of ERp29  in the cortex increases motor neuron survival and 
decreases apoptosis after SCI, while virally mediated suppression of ERp29 
increases cortical neuron death (Liu et al. 2014). Remarkably, viral-mediated over-
expression of ERp29 after SCI also results in marked improvement in motor func-
tion within weeks, suggesting a potential role for ERp29 in axon regeneration as 
well, potentially via its regulation of ERK pathways (Liu et al. 2014).

ERp29 has been implicated in models of retinal disease where it may also act as 
a neuroprotectant. Proteomic and immunohistochemical analyses of human donor 
eyes with AMD and a mouse model of AMD reveal that ERp29 is significantly 
downregulated in the retina (Ethen et al. 2006; Tuo et al. 2007). The role of the ER 
chaperone ERp29 in AMD is intriguing given that drusen (accumulations of protein 
and lipid) are an early sign of AMD. Additionally, a primary risk factor for AMD is 
smoking, and cultured RPE cells exposed long-term (3 weeks) to cigarette smoke 
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extract (CSE) have a decrease in ERp29 level (Huang et al. 2015). Furthermore, 
overexpression of ERp29 protects RPE cells in vitro from CSE exposure by increas-
ing chaperones such as GRP78 and p58IPK and decreasing levels of proapoptotic 
proteins such as CHOP (Huang et al. 2015).

In parallel with the role of ERp29 in gap junction formation described above, 
overexpression of ERp29 in CSE-treated RPE cells in vitro attenuated the decreases 
in ZO-1, a tight junction protein, and cadherin levels and the corresponding damage 
to tight junctions (Huang et al. 2015). Thus, ERp29 may generally be critical to cell- 
cell contact and barrier integrity. Indeed, ERp29 has been implicated in cancer pro-
gression, in part through an effect on epithelial-mesenchymal transition (Chen and 
Zhang 2015).

Collectively, these results indicate a role for ERp29 in attenuating ER stress in 
disease and promoting retinal cell survival and cell membrane integrity in vivo 
and suggest a potential path to a preventative therapeutic regimen in at-risk or 
diseased patients.

52.5  Conclusions/Summary

The ubiquitous ER chaperone, ERp29, is critical to protein trafficking through the 
ER in a variety of cells, notably secretory cells and neurons. Recent work has 
demonstrated a wide variety of functions for ERp29 in many different pathways 
(Fig. 52.1), including a protective role for ERp29 in various diseases and injury 
models. These results are intriguing and correlate well with the reduction in 
ERp29 in AMD in human. The idea of expression of ERp29 as protective against 
cell death pathways in some circumstances including retinal degeneration is 

Fig. 52.1 Schematic summary of potential roles of ERp29 in cell survival and homeostasis. The 
ubiquitous ER chaperone, ERp29, has myriad functions, some of which are illustrated here. ERp29 
appears to play a prominent role in protein trafficking and participate in a wide range of pathways 
of cell survival pertinent to ER stress, oxidative stress, and DNA repair. In addition, ERp29 is 
implicated critically in maintaining the integrity of cell membrane and cell-cell contact through 
regulation of the epithelial-mesenchymal transition (EMT), tight junction formation, gap junction 
formation, and extracellular matrix (ECM) homeostasis. These functions suggest a potentially 
strong premise of ERp29 as a therapeutic target for human diseases including retinal 
degeneration
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promising. In addition, the key role of ERp29  in coordinating the appropriate 
 trafficking of membrane proteins such as Cx43 is intriguing but has not been 
investigated in the retina. Potential implications of ERp29 in maintaining protein 
homeostasis thus reducing or delaying the proteinopathy and its consequent cata-
strophic disruption of retinal neurons in various degenerative diseases are also 
worth pursuing.
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Chapter 53
The Role of Microbiota in Retinal Disease

Sheldon Rowan and Allen Taylor

Abstract The ten years since the first publications on the human microbiome 
project have brought enormous attention and insight into the role of the human 
microbiome in health and disease. Connections between populations of microbiota 
and ocular disease are now being established, and increased accessibility to micro-
biome research and insights into other diseases is expected to yield enormous 
information in the coming years. With the characterization of the ocular microbi-
ome, important insights have already been made regarding corneal and conjuncti-
val tissues. Roles for non-ocular microbiomes in complex retinal diseases are now 
being evaluated. For example, the gut microbiome has been implicated in the 
pathogenesis of uveitis. This short review will summarize the few studies linking 
gut or oral microbiota to diabetic retinopathy (DR), glaucoma, and age-related 
macular degeneration (AMD). We will also conjecture where the most significant 
findings still remain to be elucidated. Finally, we will propose the gut-retina axis, 
related but distinct from the gut- brain axis.
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53.1  Introduction

There are diverse and continually changing populations of microbiota throughout 
our bodies, and the composition and function of our microbiota have important 
roles in health and disease (Clemente et al. 2012). The ocular microbiome has now 
been carefully characterized and shown to have important functions in the cornea 
and conjunctiva, particularly for regulation of ocular immunity and prevention of 
proliferation of pathogens (Kugadas and Gadjeva 2016; Lu and Liu 2016). However, 
it is more likely that other microbiota populations, particularly those of the gut and 
the oral cavity, will impact on retinal disease. Gut dysbiosis has been linked to 
diverse diseases at proximal and distal sites in the human, and a theme of this review 
is that mechanisms of disease pathogenesis will be shared in common with the 
major human eye diseases. Such themes include compromised barrier function, 
alterations in the adaptive and innate immune system, vascular dysfunction, and 
metabolic reprogramming.

53.2  Uveitis and the Gut Microbiome

One of the most convincing demonstrations for the importance of the gut microbi-
ome in ocular disease comes from studies of autoimmune uveitis, a major cause of 
human blindness. Using a transgenic mouse model of uveitis, it was demonstrated 
that gut microbiota are responsible for priming autoreactive IL-17 expressing T-cells 
that then directly trigger uveitis in the retina (Horai et al. 2015). This direct connec-
tion between the gut and the eye was confirmed by administration of antibiotics to 
the mice, which reduced both uveitis and retinal antigen-specific T-cells in the gut, 
or by evaluation in germ-free mice (Horai et  al. 2015). A complementary study 
using a different mouse model of uveitis showed that broad-spectrum antibiotic 
administration led to increased numbers of regulatory T-cells in the lamina propria 
concomitant with decreased numbers of effector CD4+ T-cells (Nakamura et  al. 
2016). In humans, uveitis and associated autoimmune diseases are associated with 
the human leukocyte antigen-B27, which itself is associated with gut dysbiosis in 
humans and animal models, leading to increased gut permeability and associated 
innate and adaptive immune responses, locally and distally (Rosenbaum et al. 2016).

53.3  Diabetic Retinopathy and the Gut Microbiome

A large and growing literature informs us that type 2 diabetes is associated with 
an altered gut microbiota and some degree of gut dysbiosis (Qin et  al. 2012; 
Karlsson et al. 2013). Mechanisms for this association include increased inflam-
mation, increased oxidative stress, increased vascular permeability, increased obe-
sity and insulin resistance, and altered glycemic control (Allin et al. 2015; Arora 
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and Backhed 2016). These factors influence development and progression of DR, 
and although alterations in the gut microbiome have not been directly linked to 
DR, each of the intermediary processes has. Diabetes itself impacts microbiota 
populations and has been shown to influence the conjunctival microbiome (Yang 
et  al. 2015). Therefore, multiple tissues and microbiota populations need to be 
considered in DR.

A further connection between the gut microbiota and DR may exist in the inter-
action of antihyperglycemic drugs and the microbiome. Metformin is one of the 
most commonly prescribed medications for treatment of diabetes and is a frontline 
treatment for diabetic complications. Studies in mice and preliminary studies in 
humans indicate that metformin can partially reduce DR (Munie et al. 2014; Yi et al. 
2016). However, the mechanisms of metformin action are unclear, as metformin 
appears to simultaneously target glycemic, lipid, and vascular pathways (McCreight 
et al. 2016). Recent work has shown that metformin exerts a strong effect on the gut 
microbiome, forming a treatment signature that is independent of the glycemic 
effect (Lee and Ko 2014; Forslund et al. 2015). We predict that some of the variation 
in treatment response to metformin and several of its protective effects in diabetic 
complications will be related to differential effects on the gut microbiome and that 
new treatment modalities for diabetic retinopathy will directly target the gut micro-
biome to ameliorate undesirable side effects while maximizing efficacy.

53.4  Glaucoma and the Oral Microbiome

In contrast to DR and AMD, where systemic inflammation clearly play a role in dis-
ease pathogenesis, glaucoma has been more associated with sources of local inflam-
mation, and therefore distal microbiota, like those in the gut, are less likely to 
contribute. The oral microbiome has been queried for association with neurodegen-
eration in glaucoma. One study found that the number of oral microbiota was increased 
in patients with glaucoma relative to healthy controls (Astafurov et al. 2014). Using 
two different mouse models of glaucoma, they showed that administration of lipo-
polysaccharide, a bacterial toxin, could activate Toll-like receptor 4 (TLR4) and its 
target genes associated with local inflammation and complement activation in the 
retina, but not the brain. TLR4 activation was associated with worse glaucomatous 
degeneration, whereas oral administration of a TLR4 inhibitor, naloxone, protected 
retinal ganglion cells and optic nerve axons from degeneration. Administration of 
lipopolysaccharide did not affect the number of macrophage/microglial cells in the 
eye; however, CD11, a marker of microglial activation, was increased in lipopolysac-
charide-treated mice, as were other morphological microglial characteristics.

The above study emphasized the total burden of oral microbiota on glaucoma, 
but other studies have pointed to one specific bacterial species, Helicobacter pylori, 
as being potentially pathogenic in glaucoma. Antibodies to H. pylori were assessed 
in the serum and aqueous humor of patients with primary open-angle glaucoma or 
exfoliation glaucoma and were more prevalent in glaucoma than control patients. 
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The association of H. pylori with glaucoma has been inconsistent between studies, 
and a causal relationship has not yet been demonstrated (Kountouras et al. 2003; 
Kim et al. 2011; Zullo et al. 2012). Nevertheless, a recent meta-analysis supported 
the associations between H. pylori infection and open-angle glaucoma (Zeng et al. 
2015). Pertinent to the topic of this mini-review, H. pylori infection has also been 
associated with central serous chorioretinopathy, potentially via endothelial dys-
function and systemic and vascular inflammation, a common link between bacterial 
dysbiosis and multiple retinal diseases (Sacca et al. 2014).

53.5  AMD and the Gut Microbiome

At the time of writing, no studies linking the gut microbiome to AMD development 
or progression have been published, but there are several compelling reasons to 
think that such an association exists and can be exploited therapeutically: (i) Chronic 
inflammation plays an important role in AMD, and there is ample evidence that gut 
dysbiosis causes increased inflammation via alteration of pro-inflammatory and 
regulatory T-cell numbers. (ii) Gut microbiota have important roles in metabolic 
disease, including glycemic control and adiposity  – factors important in AMD 
(Weikel et al. 2012a). (iii) Gut microbiota affect host- and bacterial-derived metabo-
lites, which signal distally to the brain and the eye. (iv) Gut microbiota affect lipid 
metabolism systemically and have been shown to affect the lipid composition of the 
retina (Oresic et al. 2009), which has important roles in pathogenesis of AMD.

A recent National Eye Institute symposium on the role of immunity in AMD 
included a closed-panel discussion on the microbiome and AMD. In this discussion, 
it was agreed that the microbiome, particularly the gut microbiome, should be 
assessed in a case-control study comparing AMD patients to age-matched controls 
and should be assessed longitudinally during the course of disease. As a second 
step, it was suggested that preliminary investigations be performed examining the 
effect of the microbiome on mouse models of AMD, which could then be aug-
mented with gnotobiotic mouse models or antibiotic modifications to the microbi-
ome. A review of ongoing clinical trials indicates that a number of investigators are 
undertaking human observational studies, evaluating the composition of the gut 
microbiome in AMD versus non-AMD patients, and further stratifying by genetic 
risk factors. It is expected that specific bacterial taxa will be enriched or depleted in 
AMD patients and that different classes of genetic susceptibility factors (in particu-
lar those that may modify the innate immune system like CFH variants) will have 
distinct microbiota associations.

We have taken on this second step utilizing a mouse model of AMD based on 
modification of the diet. In this model, mice fed high glycemic index diets (HG) 
develop AMD features with aging, while mice fed matched low glycemic index 
diets (LG) do not (Uchiki et al. 2012; Weikel et al. 2012b). By querying the gut 
microbiota over the course of such diet/aging studies, we have identified microbiota 
that change with diet and microbiota that are significantly associated with AMD 
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phenotypes (Fig. 53.1). We have further evaluated the importance of gut microbiota- 
associated metabolites in AMD development to determine the mechanism by which 
gut microbiota impact AMD.

53.6  The Gut-Retina Axis and Future Directions

Evidence from germ-free mice and antibiotic-treated mice indicate a range of cog-
nitive and neurodevelopmental deficits in the absence of a gut microbiome (Mayer 
et al. 2015). It is now appreciated that neurodegenerative diseases like Alzheimer’s 
disease and Parkinson’s disease are linked to alterations in the gut microbiome as 
part of the gut-brain axis (Ghaisas et al. 2016). The pathological mechanisms impli-
cated in Alzheimer’s disease pathogenesis like impaired blood-brain barrier func-
tion, increased inflammation, metabolic disease, and vascular dysfunction are 
shared in common with AMD (Kaarniranta et al. 2011). Mechanistic studies of the 
communication between this two-way axis indicate that tryptophan metabolites 
such as serotonin and kynurenine have important functions in the brain and in the 
gut (O'Mahony et al. 2015). Based on the evidence presented here linking the gut 
microbiome to retinal diseases like diabetic retinopathy and AMD, we propose that 
a gut-retina axis also exists and that the modulation of the gut microbiome via diet, 
probiotics, or antibiotics will impact development of retinal disease. The gut-retina 
axis may yield insights into other retinal diseases like retinopathy of prematurity, 
which may be impacted by an immature gut microbiome and chronic antibiotic 
usage (Neu 2013). The interplay between the ocular, oral, and gut microbiomes and 
the eye will be a rich field for new discoveries and new treatments.

-1

0

1

-1 0 1

M
ea

n 
sc

al
ed

 L
G

 c
oe

ffi
ci

en
t

Mean scaled HG coefficient

No association
Diet association
AMD association

Favors HG
Fa

vo
rs

 L
G

Fig. 53.1 Microbiota can 
be identified that have diet 
association, AMD 
association, or both. Each 
point represents a bacterial 
OTU. Coefficients were 
calculated from 
ANOVA. Not shown are 
coefficients associated with 
dietary change of HG to 
LG diet

53 The Role of Microbiota in Retinal Disease



434

References

Allin KH, Nielsen T, Pedersen O (2015) Mechanisms in endocrinology: gut microbiota in patients 
with type 2 diabetes mellitus. Eur J Endocrinol 172:R167–R177

Arora T, Backhed F (2016) The gut microbiota and metabolic disease: current understanding and 
future perspectives. J Intern Med 280:339–349

Astafurov K, Elhawy E, Ren L et al (2014) Oral microbiome link to neurodegeneration in glau-
coma. PLoS One 9:e104416

Clemente JC, Ursell LK, Parfrey LW et al (2012) The impact of the gut microbiota on human 
health: an integrative view. Cell 148:1258–1270

Forslund K, Hildebrand F, Nielsen T et al (2015) Disentangling type 2 diabetes and metformin 
treatment signatures in the human gut microbiota. Nature 528:262–266

Ghaisas S, Maher J, Kanthasamy A (2016) Gut microbiome in health and disease: linking the 
microbiome-gut-brain axis and environmental factors in the pathogenesis of systemic and neu-
rodegenerative diseases. Pharmacol Ther 158:52–62

Horai R, Zarate-Blades CR, Dillenburg-Pilla P et al (2015) Microbiota-dependent activation of 
an autoreactive T cell receptor provokes autoimmunity in an immunologically privileged site. 
Immunity 43:343–353

Kaarniranta K, Salminen A, Haapasalo A et al (2011) Age-related macular degeneration (AMD): 
Alzheimer’s disease in the eye? J Alzheimers Dis 24:615–631

Karlsson FH, Tremaroli V, Nookaew I et al (2013) Gut metagenome in European women with 
normal, impaired and diabetic glucose control. Nature 498:99–103

Kim JM, Kim SH, Park KH et al (2011) Investigation of the association between Helicobacter 
pylori infection and normal tension glaucoma. Invest Ophthalmol Vis Sci 52:665–668

Kountouras J, Mylopoulos N, Konstas AG et al (2003) Increased levels of Helicobacter pylori IgG 
antibodies in aqueous humor of patients with primary open-angle and exfoliation glaucoma. 
Graefes Arch Clin Exp Ophthalmol 241:884–890

Kugadas A, Gadjeva M (2016) Impact of microbiome on ocular health. Ocul Surf 14:342–349
Lee H, Ko G (2014) Effect of metformin on metabolic improvement and gut microbiota. Appl 

Environ Microbiol 80:5935–5943
Lu LJ, Liu J (2016) Human microbiota and ophthalmic disease. Yale J Biol Med 89:325–330
Mayer EA, Tillisch K, Gupta A (2015) Gut/brain axis and the microbiota. J Clin Invest 125:926–938
McCreight LJ, Bailey CJ, Pearson ER (2016) Metformin and the gastrointestinal tract. Diabetologia 

59:426–435
Munie M, Ryu C, Noorulla S et al (2014) Effect of metformin on the development and severity of 

diabetic retinopathy. Invest Ophthalmol Vis Sci 55:ARVO e-abstract 1069
Nakamura YK, Metea C, Karstens L et al (2016) Gut microbial alterations associated with protec-

tion from autoimmune uveitis. Invest Ophthalmol Vis Sci 57:3747–3758
Neu J (2013) The microbiome and its impact on disease in the preterm patient. Curr Pediatr Rep 

1:215–221
O’Mahony SM, Clarke G, Borre YE et al (2015) Serotonin, tryptophan metabolism and the brain- 

gut- microbiome axis. Behav Brain Res 277:32–48
Oresic M, Seppanen-Laakso T, Yetukuri L et al (2009) Gut microbiota affects lens and retinal lipid 

composition. Exp Eye Res 89:604–607
Qin J, Li Y, Cai Z et al (2012) A metagenome-wide association study of gut microbiota in type 2 

diabetes. Nature 490:55–60
Rosenbaum JT, Lin P, Asquith M (2016) The microbiome, HLA, and the pathogenesis of uveitis. 

Jpn J Ophthalmol 60:1–6
Sacca SC, Vagge A, Pulliero A et al (2014) Helicobacter pylori infection and eye diseases: a sys-

tematic review. Medicine (Baltimore) 93:e216
Uchiki T, Weikel KA, Jiao W et al (2012) Glycation-altered proteolysis as a pathobiologic mecha-

nism that links dietary glycemic index, aging, and age-related disease (in non diabetics). Aging 
Cell 11:1–13

S. Rowan and A. Taylor



435

Weikel KA, Chiu CJ, Taylor A (2012a) Nutritional modulation of age-related macular degenera-
tion. Mol Asp Med 33:318–375

Weikel KA, Fitzgerald P, Shang F et  al (2012b) Natural history of age-related retinal lesions 
that precede AMD in mice fed high or low glycemic index diets. Invest Ophthalmol Vis Sci 
53:622–632

Yang C, Fei Y, Qin Y et al (2015) Bacterial flora changes in conjunctiva of rats with streptozotocin- 
induced type I diabetes. PLoS One 10:e0133021

Yi QY, Deng G, Chen N et  al (2016) Metformin inhibits development of diabetic retinopathy 
through inducing alternative splicing of VEGF-A. Am J Transl Res 8:3947–3954

Zeng J, Liu H, Liu X et al (2015) The relationship between Helicobacter pylori infection and open- 
angle glaucoma: a meta-analysis. Invest Ophthalmol Vis Sci 56:5238–5245

Zullo A, Ridola L, Hassan C et al (2012) Glaucoma and Helicobacter pylori: eyes wide shut? Dig 
Liver Dis 44:627–628

53 The Role of Microbiota in Retinal Disease



Part VII
Neuroprotection



439© Springer International Publishing AG, part of Springer Nature 2018
J. D. Ash et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 
Medicine and Biology 891, https://doi.org/10.1007/978-3-319-75402-4_54

Chapter 54
Current Pharmacological Concepts 
in the Treatment of the Retinitis Pigmentosa

Xiu-Feng Huang

Abstract Retinitis pigmentosa (RP) encompasses a heterogeneous group of inher-
ited retinal disorders characterized by progressive photoreceptor and/or retinal pig-
ment epithelial (RPE) degenerations with a prevalence approximately 1 in 4000 in 
the general population. Over 70 causative genes have been defined in RP families, 
and a number of animal models have been identified so far. However there have 
been no widely recognized treatments able to recover or reverse the degenerating 
retina, to prevent the disease deterioration, ultimately to restore the remaining 
vision. Therapeutics advancements have been achieved including gene therapy, 
pharmacotherapy, cell replacement, neurotrophic factors, and retinal prosthesis. In 
this review, we focus on the pharmaceutical drugs for RP with emphases on the 
context of drug discovery, development, and clinical translation.

Keywords Retinitis pigmentosa · Pharmacotherapy · Treatment · Vitamin A · 
Lutein · Docosahexaenoic acid · Valproic acid · Neurotrophic factor and growth 
factor

54.1  Introduction

Retinitis pigmentosa (RP) encompasses a heterogeneous group of inherited retinal 
disorders characterized by progressive photoreceptor and/or retinal pigment epithe-
lial (RPE) degenerations with a prevalence approximately 1 in 4000 in the general 
population (Hartong et  al. 2006). Great efforts have been paid to understand the 
disease etiology. Over 70 causative genes have been defined in RP families (Hamel 
2006), and a number of animal models have been identified so far. However there 
have been no widely recognized treatments able to recover or reverse the degenerat-
ing retina, to prevent the disease deterioration, ultimately to restore the remaining 
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vision. Therapeutics advancements have been achieved including gene therapy, 
pharmacotherapy, cell replacement, neurotrophic factors, and retinal prosthesis 
(Shintani et al. 2009). In this review, we focus on the pharmaceutical drugs for RP 
with emphases on the context of drug discovery, development, and clinical 
translation.

To date, the pharmacological agents include food supplementation (vitamin A, 
lutein, and docosahexaenoic acid) and neuroprotective agents (valproic acid, ciliary 
neurotrophic factor, glial cell-derived neurotrophic factor, basic fibroblast growth 
factor). This review summarizes briefly the current clinical management of RP.

54.2  Vitamin A

Vitamin A has been found to be related to retinitis pigmentosa since the 1960s and 
has been indicated for almost 30 years as a possible way to slow down the retinal 
degeneration (Berson 1982). The first clinical trial with randomized, controlled, 
double-masked protocol by Berson et al. extensively demonstrated that vitamin A 
may protect the photoreceptors by trophic. Long-term vitamin A supplementation in 
doses of 15,000 IU per day slowed down the loss of ERG amplitudes, while vitamin 
E supplementation at 4000 IU per day had an adverse effect (Berson et al. 1993). A 
further investigation reported that prolonged daily consumption of <25,000 IU vita-
min A/d can be considered safe in the aged 18–54 group (Sibulesky et al. 1999). 
However, vitamin A could be toxic and should be avoided in patients with RP 
caused by mutations in the ABCA4 gene and women planning to conceive or with 
severe osteoporosis (Radu et al. 2008; Sahni et al. 2011), while this study and its 
recommendation were controversial on the significance of this work on clinical 
practice. Recently, an oral treatment with 9-cis-retinal led to reversal of a human 
retinal dystrophy (Rotenstreich et al. 2010), based on the study of a mouse model of 
fundus albipunctatus treated with 9-cis-retinal, which demonstrated structural and 
electroretinographic evidence of significant improvement in visual function (Maeda 
et al. 2006).

There is no consensus about the utility of vitamin A treatment yet. Although no 
serious problems of safety in the recommended dose were encountered, the long- 
term safety of taking high-dose vitamin A supplements for many decades is uncer-
tain. The view is adopted by ophthalmologists in many parts of the world that 
vitamin A may be of marginal benefit, at best, in patients with RP and this must be 
weighed against the somewhat uncertain risks associated with its use (Marmor 
1993). One more issue is vitamin A slowed the rate of decline of retinal function 
(ERG or visual field) without toxic adverse effects, but no significant effects on 
decline in distance or visual acuity (VA) were reported. Therefore, other clinical 
trials have been conducted in combination with vitamin A and other synthetic 
vitamins.
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54.3  Lutein

Lutein has also been presumed as a potential therapeutic modality in preserving the 
visual function of patients with RP (Semba and Dagnelie 2003). Bahrami et al. com-
pleted a randomized placebo-controlled double-masked clinical trial of lutein sup-
plementation (10 mg/d for 12 weeks followed by 30 mg/d) and suggested lutein 
supplementation improves visual field and also might improve visual acuity slightly, 
although these results should be interpreted cautiously (Bahrami et al. 2006). Then, 
Berson et al. reported another clinical trial on patients taking vitamin A randomly 
assigned to either lutein supplementation (12  mg/day) or placebo over a 4-year 
interval. Lutein appeared to slow loss of midperipheral visual field on average 
among nonsmoking adults with retinitis pigmentosa taking vitamin A by the 
Humphrey Field Analyzer (HFA) 60–4 program (Berson et al. 2010), while Massof 
et al. argued the evidence is not very strong (Massof and Fishman 2010).

Lutein is proved as an antioxidant and a neuroprotective treatment, and no sig-
nificant adverse effects were seen in participants while they were taking lutein sup-
plementation. However, mechanistic evidence for their effects at the molecular level 
has been very limited. Lutein had a statistically significant effect on VF but without 
a significant effect on VA.

54.4  Docosahexaenoic Acid

Researches have investigated the role of docosahexaenoic acid (DHA) as a neuro-
protective factor against oxidative stress in photoreceptors (German et al. 2006) and 
important in the retinal development (Rotstein et al. 1997). It has been demonstrated 
that DHA supplementation reduces the cell loss in the inner nuclear layer and gan-
glion cell layer induced in rats (Mizota et al. 2001), and increasing dietary ω-3 fatty 
acids has beneficial effects across the retina, improvement occurring in ganglion 
cell function (Nguyen et al. 2008).

A trial of oral supplementation with 400 mg/day DHA for 4 years in the patients 
with X-linked RP demonstrated a correlation of preservation of cone ERG with red 
blood cell DHA level suggesting that DHA may be of possible benefit for patients 
(Hoffman et al. 2004). Further studies from Berson et al. have shown that supple-
mentation with 1200 mg/day of DHA in addition to vitamin A initially slowed down 
the progress of the disease; however, this beneficial effect did not go beyond over 
2  years (Berson et  al. 2004b). Moreover, results have shown the benefits to RP 
patients of a diet rich in omega-3 fatty acids (equivalent to eating salmon, tuna, 
mackerel, herring, or sardines, once to two times a week), with taking vitamin A, 
but not DHA capsules (Berson et al. 2004a). The most recent study made by Berson 
et al. reported that mean annual rates of decline in distance and retinal visual acu-
ities in adults with retinitis pigmentosa receiving vitamin A (15 000 IU/d) are slower 
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over 4–6 years among those consuming a diet rich (≥0.20 g/d) in ω-3 fatty acids 
(Berson et al. 2012).

54.5  Valproic Acid

The study made by Gottlicher et al. suggested VPA has the ability to reverse photo-
receptor damage by inducing cells to differentiate in culture (Gottlicher et al. 2001). 
And VPA has also been shown to stimulate glial cells to differentiate into 
photoreceptor- like cells (Kubota et al. 2006), provided neuroprotection and axonal 
regrowth after optic nerve crush (ONC) (Biermann et  al. 2010). Recently, the 
research made by Clemson et al. showed a therapeutic benefit to patients with RP. In 
total 13 eyes examined, 9 had improved visual fields with treatment, 2 had decreased 
visual fields, and 2 eyes experienced no change, with an overall average increase of 
11% (Clemson et al. 2011). However, there are three comments arguing the study 
with the scientific rationale, the design of experiments, and the side effects (Sandberg 
et al. 2011; van Schooneveld et al. 2011; Sisk 2012). Taken together, a placebo- 
controlled clinical trial should be necessary to assess the efficacy and safety 
rigorously.

54.6  Neurotrophic Factor and Growth Factor

Several neurotrophic factors or growth factors have been proved to protect photore-
ceptors from degeneration, including ciliary neurotrophic factor (CNTF), glial cell- 
derived neurotrophic factor (GDNF), and basic fibroblast growth factor (bFGF).

CNTF was shown to delay photoreceptor degeneration in several animal models 
of retinal degeneration (Liang et al. 2001; Sieving et al. 2006). The use of encapsu-
lated cell therapy (ECT) secreting CNTF into the vitreous has shown preservation 
of retinal integrity in PDE6B-deficient rcd1 canine model (Tao et al. 2002). A phase 
1 study of CNTF delivered by intravitreal implantation of a device (NT-501, 
Neurotech USA) containing encapsulated cells transfected with the human CNTF 
gene showed positive results in ten patients with inherited retinal degeneration 
(Sieving et al. 2006). Two phase 2 studies were initiated in patients with earlier- 
stage (NCT00447980) and later-stage (NCT00447993) inherited retinal degenera-
tion. However, a longitudinal study of cone photoreceptor structure and function in 
three patients with inherited retinal degenerations treated with sustained-release 
CNTF showed no significant changes in visual acuity (VA), visual field sensitivity, 
or ERG responses, suggesting larger studies urgently needed (Talcott et al. 2011).

GDNF has also been shown to have a neuroprotective effect on degenerating 
photoreceptors by slowing down the degeneration of rods while preserving visual 
function (Frasson et  al. 1999). Prior studies showed the increased expression of 
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GDNF in the retina slows the death of rod photoreceptors in retinal degeneration 
models (Del Rio et al. 2011).

Injection of bFGF in RP rat models showed to delay degeneration of photorecep-
tors for at least 2 months after a single injection (Faktorovich et al. 1990). Then the 
encapsulated cells producing bFGF have been transplanted to the vitreous cavity of 
rats, showing delay of photoreceptor cell degeneration (Uteza et al. 1999). However, 
further clinical researches are needed to show the safety of treatment with bFGF.

54.7  Conclusions

The future for treating retinitis pigmentosa is still a serious situation for both oph-
thalmologists and scientists. However, there is no satisfied effective treatment that 
can prevent or reverse the devastating vision loss in present. Although previous 
studies demonstrated stem cell transplantation and gene therapy with enormous 
potential in treating the patients with RP, there remain several hurdles. The biggest 
challenges are the safety and the limited patients because of the enormous genetic 
and clinical heterogeneous of RP, suggesting further researches and clinical studies 
needed which will take a long period. Therefore, the effective pharmacologic treat-
ment will benefit a part of RP patients’ vision, maybe also in the psychology. The 
current pharmacologic treatment of RP is not effective enough, as different muta-
tions causing rod cell death by different mechanisms requiring mutation-specific 
treatments are needed. As the induced pluripotent stem cells (iPSC) are developing 
rapidly, drug screening models using iPSC derived from patients are showing the 
reliability, robustness, and rapidity leading a much brighter future for the patients 
with RP.
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Chapter 55
Valproic Acid Inhibits Human Retinal 
Pigment Epithelial (hRPE) Cell Proliferation 
Via a P38 MAPK Signaling Mechanism

Rohit Anand, Piyush C. Kothary, and Monte A. Del Monte

Abstract Valproic acid (VPA) has been reported to inhibit cancer cell growth and 
has therapeutic use in retinal diseases. However, the mechanism of this action 
remains unclear. In order to explore this mechanism, primary human retinal pig-
ment epithelial (hRPE) cell cultures were established. Cell viability was assessed by 
the trypan blue exclusion method (T), and the cell proliferation was measured by 
3H–thymidine incorporation (3H–thy). P38 synthesis was quantitated by using 
14C-methionine-labeled P38 (14C-P38) by using P38-specific antibody. SB203580 
(SB), a selective inhibitor of p38 MAPK, was also used to test the specificity of P38 
stimulation. Antinuclear staining (NS) studies were performed by DAPI. Statistical 
significance was established by student’s t-test. We observed that VPA (1  mM) 
inhibited 10% fetal bovine serum (FBS)-stimulated cell proliferation (1.75 ± 0.37 
vs. 3.25 ± 0.68 cells per 1 μl ± SEM, p < 0.05, n = 4). VPA also stimulated 14C-P38 
synthesis in a dose-dependent manner. SB (30 μM) inhibited VPA (4 mM)-stimu-
lated 14C-P38 synthesis (197.74 ± 41.17 vs. 425.89 ± 59.17, CPM ± SEM, p < 0.05, 
n = 4) and increased hRPE cell proliferation (1.79 ± 0.45 vs. 4.93 ± 1.12 cells per 
1 μl ± SEM, p < 0.05, n = 4); NS demonstrated VPA-induced cell damage. We con-
clude that VPA inhibits hRPE cell growth via P38 MAP mechanism and may be of 
therapeutic value in treating or preventing proliferative eye diseases.
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55.1  Introduction

The human retinal pigment epithelium (hRPE) is a mitotically inactive monolayer 
of cells in the adult eye located under the sensory retina which plays a critical role 
in proper visual function (Boulton and Dayhaw-Barker 2001). Derangements in the 
hRPE cell morphology and function are involved in the pathogenesis of several eye 
conditions. Central among these impairments is pathological RPE cell proliferation 
and metaplasia, a phenomenon which is present in diseases such as proliferative 
vitreoretinopathy and in tumors of the choroid and inner retina (Stern and Temple 
2015). Currently, the leading treatment strategy for pathological RPE proliferation 
in these settings includes surgery, anti-inflammatory agents, and anti-growth factor 
therapies (Sadaka and Giuliari 2012). However the prognosis for diseases involving 
RPE cell proliferation remains unsatisfactory. Therefore, it is necessary to identify 
novel molecular targets and therapies to improve outcomes for patients suffering 
from these sight-threatening conditions.

Valproic acid (VPA) is an epigenetic factor that can readily cross the blood-brain 
barrier and has been used clinically to treat epilepsy (Monti et al. 2009). Recently, 
VPA has been reported to inhibit cellular proliferation in cancer cells and has also 
shown potential for use in some retinal diseases. However, the mechanistic role of 
VPA in treating proliferative eye disorders in the hRPE is not yet well understood. 
This led us to examine the mechanism of VPA action on the proliferation of hRPE 
cells in vitro to improve our understanding of the possible role of VPA in treating 
vitreoretinal diseases.

55.2  Materials and Methods

55.2.1  Establishment and Maintenance of hRPE Cell Culture

Primary hRPE cell cultures were established and maintained using techniques 
developed in our laboratory as previously described (Weng et al. 2009). Specimens 
were obtained from disease-free eyes that were obtained from Eversight Michigan 
within 24 h of patient death. Posterior segments of eyes were preserved and rinsed 
with Hank’s balanced salt solution and plated with Ham’s F-12 nutrient medium 
containing 16% FBS, 100 U/ml penicillin, 100 microgram/ml streptomycin, and 
0.075% (wt/vol) sodium bicarbonate. HRPE cells were detached under direct obser-
vation with a dissecting microscope and then placed in 16 mm Primaria plates and 
incubated at 37C in a 95% humidified air/5% CO2 incubator. Medium was replaced 
every 72 h until confluent. Primary cultures were washed with Hank’s balanced salt 
solution and then subcultured with 0.5 g/100 mL trypsin and 0.2 g/100 mL EDTA 
in Hank’s solution (Sigma T-3924) at 37C for 10 min as previously described.
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55.2.2  Cellular Proliferation Assays

Human RPE cells were trypsinized and plated at 2 × 104 cells/well in 16-mm 
wells of 24-well plates containing growth medium. In order to measure a dose-
response effect of FBS, 0.1–10% FBS in serum-free Ham’s F12 nutrient medium 
was added for 24 h. To examine the effect of FBS on cellular proliferation, cells 
were combined with either F-12 alone, FBS 0.1% in F12, FBS 1% in F-12, FBS 
5% in F-12, or FBS 10% in F-12; cells were then pulsed with 1uCi/100ul of [H]
thymidine and incubated at 37C for 48 h. Cells were washed with 0.5 mL ice-
cold phosphate-buffered saline (PBS, pH 7.4) and 0.5 mL ice-cold 5% trichloro-
acetic acid, and 0.5 mL of 0.1 M NaOH was then added to each well. Cell lysate 
was added to 10 mL of scintillation fluid (EcoLite™) and counted in a Beckman 
scintillation counter. In a separate experiment, the effect of VPA on cellular pro-
liferation was determined by adding VPA to 10% FBS-stimulated hRPE cell cul-
ture. This was compared to a hRPE cells in F-12 and with hRPE cell culture 
treated with 10% FBS in F-12 medium. The number of cells was determined as 
mentioned above. Last, 30  mM of SB203580, a known MAPK inhibitor, was 
added to cell culture with 1 mM VPA and 10% FBS to determine the mechanism 
of action of VPA.

55.2.3  14C Immunoprecipitation Assay

Human RPE cells were trypsinized and plated at 2 × 104 cells/well in 16-mm wells 
of 24-well plates containing growth medium and grown to confluence. To measure 
a dose-response effect of VPA, 0–4 mM VPA in serum-free Ham’s F-12 nutrient 
medium was added for 2 days. To examine the effect of VPA on P38 synthesis, cells 
were incubated with either F-12 alone, VPA at 0.1  mM, VPA at 1  mM, VPA at 
2 mM, or VPA at 4 mM or VPA (1 or 4 mM) + SB203580 (SB) (30 μM); cells were 
then pulsed with 1 microCi/100 micro L of [14C] methionine and incubated at 37C 
for 48 h. Cells were washed with 0.5 mL ice-cold phosphate-buffered saline (PBS, 
pH 7.4), and then 200 microL of Zwittergent in 0.2% bovine serum albumin (BSA) 
was added to each well for 5 min. Cell lysate was transferred to microfuge tubes and 
precipitated using 10 microL of anti-P38 antibody (diluted to 1:500 with PBS). 
Cells were then refrigerated for 24 h at 4C. 10ul of protein A was then added to each 
tube and allowed to incubate for 1 h at room temperature. Cell lysate in the microfuge 
tubes was then centrifuged and the supernatant was discarded, and 0.5 ml of NaOH 
was added to each tube to dissolve the invisible precipitate. Cell lysate was then 
transferred to 10  mL of scintillation fluid (EcoLite™) and counted in Beckman 
scintillation counter.
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55.2.4  Nuclear Staining

Human RPE cells were grown to confluence on glass coverslips placed in 6-well 
plates. Forty-eight hours later, F12, FBS 1% in F-12, or VPA 1–4 mM in F-12 was 
added to each well. Plates were incubated at 37C for another 24  h. Cells were 
washed twice with ice-cold phosphate-buffered saline (PBS, pH 7.4) and then fixed 
with formaldehyde in PBS for 20 min at room temperature. After two additional 
10 min washes with ice-cold PBS to prevent nonspecific binding, 2 mL of Zwittergent 
in 0.2% BSA was added for 1 h. Coverslips were subsequently washed twice with 
Zwittergent in 0.2% BSA and twice with PBS before incubating with rhodamine- 
conjugated anti-rabbit IgG (diluted 1:100 in Zwittergent) for 1 h at room tempera-
ture. Cells were then treated 1:100 concentration of anti-P38 antibody (this data not 
shown). Coverslips were washed twice with Zwittergent and twice with PBS before 
being mounted and then viewed on a Nikon Eclipse E800 epifluorescence micro-
scope in TRITC setting, captured with a Nikon DXM1200 digital camera, and digi-
tized to jpg format using ACT-1 Version 2.62. All images were captured at 20× or 
40× magnification with a 3-second shutter speed.

55.2.5  Statistical Analysis

The results are expressed as mean +/− the standard error of the mean (SEM). A 
p-value was determined by student t-test. A p-value of less than or equal to 0.05 was 
considered significant. *, ** = significantly different from each other as determined 
by student t-test.

55.3  Results

55.3.1  Effect of FBS on hRPE Cell Proliferation

To create a model of HRPE cell proliferation in vitro for study, we treated hRPE 
cell cultures with FBS in a dose-dependent manner as previously described 
(Weng et al. 2009). FBS stimulated hRPE cell proliferation in a dose-dependent 
manner which became statistically significant at 10% FBS.  In separate experi-
ments FBS also stimulated 3H–thymidine incorporation in hRPE cells (data not 
shown) (Fig. 55.1).
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55.3.2  Effect of VPA on hRPE Cell Proliferation

We sought to determine the effect of valproic acid in this FBS-stimulated hRPE cel-
lular proliferation model. HRPE cells treated with 10% FBS in F-12 medium were 
also exposed to 1 mM VPA. VPA statistically and significantly inhibited hRPE cell 
proliferation in this FBS-stimulated hRPE cell model (Fig. 55.2).
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Fig. 55.1 Effect of FBS on hRPE cell proliferation

Fig. 55.2 Effect of VPA on hRPE cell proliferation
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55.3.3  Effect of VPA and SB on hRPE Cell Proliferation

SB203580, a known inhibitor of MAPK, was added to FBS-stimulated hRPE cells 
treated with VPA.  VPA-stimulated inhibition of hRPE cellular proliferation was 
significantly reversed in cells treated with 30 μM SB203580. This suggests that the 
mechanism by which VPA inhibits FBS-stimulated hRPE cell proliferation involves 
the MAPK signaling pathway (Fig. 55.3).
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55.3.4  Effect of VPA on Synthesis of p38 Protein

In order to ascertain the effect of VPA on p38 synthesis in hRPE cells, we treated 
hRPE cells with the increasing concentrations of VPA. Increasing concentrations of 
VPA increased immunoprecipitated p38 synthesis in hRPE cells in a dose- dependent 
manner (Fig. 55.4).
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Fig. 55.6 ab Effect of VPA on hRPE cell nuclear morphology (b) when compared with control (a) 
using DAPI (blue). Coverslips in Fig. a were incubated with serum-free F-12 medium and in Fig. 
b with F-12 medium and VPA
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55.3.5  Effect of SB on Synthesis of Immunoprecipitated p38 
Protein

To determine if MAPK p38 signaling was involved in the VPA stimulation of hRPE 
proliferation, we evaluated the effect of exposure to 30 μM SB203580, an inhibitor 
of MAPK p38 synthesis. SB decreased p38 immunoprecipitation in a statistically 
significant manner in hRPE cells (Fig. 55.5).

55.3.6  VPA Effect on the hRPE Cell Nucleus

To visualize the effect of VPA on hRPE cell morphology, nuclear staining studies 
were performed. In FBS-treated hRPE cells, hRPE cells remain intact, and there 
were very few damaged cells (Fig.55.6a). However, addition of VPA decreased the 
number of intact hRPE cells resulting in greater numbers of cells with damaged 
nuclei (Fig.55.6b).

55.4  Discussion

The therapeutic value of VPA in retinal disease is in a state of evolution. VPA has 
been shown to halt and reverse vision loss in patients with retinitis pigmentosa 
(Kumar et al. 2014; Iraha et al. 2016). The action and mechanism of VPA in treating 
atypical hRPE cellular proliferation however has not yet been fully understood.

Our experiments demonstrated that FBS-stimulated hRPE cell proliferation is 
significantly decreased with the addition of VPA, and fluorescence microscopy con-
firmed that cells treated with FBS alone proliferated in number and in viability in 
comparison to cells treated with VPA. In order to explore the mechanism of this 
action, we conducted several experiments using SB203580, a known inhibitor of 
MAPK. We demonstrate that the administration of SB203580 significantly reversed 
the antiproliferative effects of VPA in hRPE. Additionally, we observed that with 
VPA alone, hRPE cells produced increased p38 synthesis. These experiments sug-
gest that the mechanism by which VPA acts to reduce proliferation and induce 
apoptosis in hRPE cells involves stimulation of the MAPK signaling pathway with 
synthesis of p38 protein. Our results are supported by Xie et al. (2010) who demon-
strate that VPA promotes p38 MAPK-mediated apoptosis in microglia.

Previously, our research group and others identified that VPA stimulates caspase-
 3, another known marker of apoptosis, in hRPE cells (Berner and Kleinman 2016). 
Our current study adds further evidence to the theory that VPA induces programmed 
cell death in RPE via several different mechanisms.

Conversely, our research group also previously demonstrated that VPA has a 
protective effect by downregulating P38 in hRPE cells exposed to oxidative dam-
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age, such as H2O2 (Kothary et al. 2016). These previous findings combined with our 
current study show that VPA may be acting by several different mechanisms to 
protect hRPE cell form and function, depending on the cellular environment.

These studies further support the possibility that VPA may be useful as a thera-
peutic agent to treat and/or even prevent the blinding complications in multiple 
vitreoretinal proliferative or neoplastic eye diseases. VPA has already been proven 
safe and useful as an anticonvulsant and in the treatment of cancer; however, 
studies like ours now highlight its potential future use in treating blinding retinal 
diseases as well.
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Chapter 56
Pigment Epithelium-derived Factor  
Protects Retinal Pigment Epithelial Cells 
Against Cytotoxicity “In Vitro”

Francisco M. Nadal-Nicolas and S. Patricia Becerra

Abstract Oxidative stress has been implicated in neurodegenerative diseases, such 
as age-related macular degeneration. Hydrogen peroxide and sodium iodate can 
mediate oxidative injury. Sodium iodate induces a selective retinal degeneration 
targeting the RPE. We describe a method of chronic sodium iodate-mediated injury 
on RPE cells that may serve to evaluate protective factors against oxidative stress. 
Cytotoxicity and cell viability curves of ARPE-19 cells with sodium iodate were 
generated. The antioxidant pigment epithelium-derived factor decreased sodium 
iodate-mediated cytotoxicity without affecting ARPE-19 cell viability. A cell cul-
ture system to evaluate protection against oxidative stress injury with PEDF is 
discussed.

Keywords Pigment epithelium-derived factor (PEDF) · Retinal pigment epithelium 
(RPE) · ARPE-19 cells · Toxicity · Oxidative stress · Sodium iodate (NaIO3) · 
Viability · Age-related macular degeneration

56.1  Introduction

The retinal pigment epithelium (RPE), a monolayer located at the back of the eye, 
plays a critical role in the development and maintenance of photoreceptors in the 
vertebrate retina. The importance of the RPE resides in the nearby relationship with 
the light-sensitive photoreceptors, which allows transmission of information, trans-
fer of nutrients to photoreceptors, and phagocytosis of metabolic waste (Bok 1993; 
Rizzolo 1997). Thus, structural or functional injury of RPE can trigger pathologic 
events in retinal diseases. In fact, age-related macular degeneration (AMD), the 
most common cause of vision loss in patients over 60 years old, is characterized by 
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RPE degeneration that eventually leads to blindness (VanNewkirk et  al. 2000; 
Friedman et al. 2004). Although the pathophysiology of AMD is not well under-
stood, one of the risk factors associated with it is oxidative stress injury of the RPE 
(Cai and McGinnis 2012). Thereby, cumulative and prolonged oxidative damage of 
the RPE may contribute to development of AMD. Administration of sodium iodate 
(NaIO3) in rabbit and mouse eyes causes specific and selective RPE cell damage 
resulting in a reproducible AMD model (Sorsby 1941; Wang et al. 2014; Obata et al. 
2004; Hariri 2013; Bonilha et al. 2015). NaIO3 retinal toxicity has also been studied 
in cultured RPE cells (Wang et al. 2014; Balmer et al. 2015; Hanus et al. 2016).

The RPE secretes PEDF into the interphotoreceptor matrix (Wu et  al. 1995; 
Becerra et al. 2004) to act in neuronal differentiation, survival, inhibition of angio-
genesis, tumorigenesis, and metastasis in retinal cells (Becerra 1997; Becerra and 
Notario 2013; Barnstable and Tombran-Tink 2004; Bouck 2002; Bullock and 
Becerra 2015; Polato and Becerra 2016). Of more interest to this study are the 
reported antioxidant effects of PEDF on retinal pericytes, granulosa cells, and car-
diomyocytes (Amano et al. 2005; Bar-Joseph et al. 2014; Zhuang et al. 2016). Tsao 
et al. (2006) have reported that PEDF attenuates oxidative stress-induced cell death 
in ARPE-19 cells using hydrogen peroxide (H2O2) as an oxidative agent. However, 
it is not known whether PEDF can protect RPE cells against other oxidative agents.

The aim of this study is to investigate the effects of PEDF on ARPE-19 cells after 
exposure to prolonged nonlethal oxidative damage. Toxicity and viability of the 
RPE cells subjected to treatments with oxidative agents were determined.

56.2  Material and Methods

56.2.1  Materials

Freshly prepared stock solutions of NaIO3 (90 mg/ml, Sigma, St. Louis, MO) in 
deionized water were filter-sterilized and was diluted in media for the assays. Stock 
solution of H2O2 (30%; Sigma, St. Louis, MO) was diluted in media for assays.

56.2.2  Cell Culture

Human ARPE-19 cells, obtained from the American Type Culture Collection 
(Manassas, VA, USA), were cultured in Dulbecco’s modified eagle medium (F:12, 
cat.11330–032) supplemented with 10% fetal bovine serum (FBS, cat.26140–079) 
and 1% penicillin/streptomycin (cat.15070–063) at 37 °C with 5% CO2. All reagents 
were purchased from Gibco, Grand Island, NY.  Assays were performed with 
ARPE- 19 cultures between passages 30 and 38.
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56.2.3  Cell Toxicity Assay

Cells were seeded in 96-well plates (1.3 × 104 cells/well) and incubated at 37 °C 
for 50  h to allow them to reach confluence. Culture media were replaced with 
serum- free media containing NaIO3 or H2O2 at indicated concentrations and 
incubated at 37 °C for 16 h. Toxicity was determined by measuring the cytoplasmic 
lactate dehydrogenase enzyme (LDH cytotoxicity assay, Pierce™, Life Technologies, 
Carlsbad, CA) in conditioned media following the instructions of the manufacturer. 
The absorbance was measured using a microplate reader (SpectraMax5, Molecular 
Devices, Downingtown, PA).

56.2.4  Cell Viability Assay

Intracellular ATP levels, as an indicator of metabolically active cells, determined 
cell viability using CellTiter-Glo® Luminescent Cell Viability Assay (Promega, 
Madison, WI) following the instructions of the manufacturer. Medium was 
removed from cells plated in opaque 96-well plates, and 100 μl of each PBS and 
CellTiter- Glo® Reagent were added, mixed, and incubated at 25 °C for 10 min 
before measuring luminescence using an automated plate reader (Envision, Perkin 
Elmer, MA).

56.2.5  Recombinant PEDF

Full-length human PEDF purified from conditioned medium of baby hamster 
kidney cells stably transfected with pBK-PEDF vectors was as previously described 
(Stratikos et al. 1996).

56.2.6  Statistical Analysis

Data are expressed as the average ± SD. The one-way ANOVA and Tukey post hoc 
test were used to determine the statistically significant differences, and p < 0.05 was 
considered significant (*).
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56.3  Results

56.3.1  Toxicity and Viability of ARPE-19 Cells Treated 
with NaIO3 and H2O2

ARPE-19 cells were exposed to toxic agents to examine concentration-response 
curves after chronic damage. Increasing concentrations of NaIO3 or H2O2 in media 
without serum for 16 h were added before cell toxicity and viability were deter-
mined (Fig. 56.1a). Both toxicity and viability curves with NaIO3 concentrations 
ranging between 0 and 15 mM were sigmoidal and inverse (Fig. 56.1b). The curves 
revealed a similar estimated concentration value for half-maximal effect 
(EC50 = 6.5 mM) at which both curves seemed to intersect. While detectable levels 
of toxicity were observed with >6 mM NaIO3, cell viability decreased with ≥5 mM 
NaIO3 (≤70%). Cytotoxicity reached 80% with >9 mM NaIO3. We compared these 
results with those obtained with H2O2 treatments. Curves for toxicity and viability 
were also sigmoidal and inverse to each other (Fig. 56.1c). The estimated EC50 for 
toxicity and viability were ~450 μM H2O2 and ~600 μM H2O2, respectively. H2O2 at 
200–600 μΜ increased toxicity and was maximum at ≥600 μM H2O2. The cell 
viability curve had a minimum decrease in values between 0 and 500 μΜ H2O2, 
which decreased drastically with ≥700 μΜ H2O2, i.e., there were an estimated 85% 
viable ARPE-19 cells with 500 μM and only 8% with 700 μM H2O2. Similar results 
were obtained with at least two independent experiments.

Fig. 56.1 Cytotoxicity and viability of ARPE-19 cells with NaIO3 and H2O2. (a) Timeline of 
experimental design on ARPE-19 cells. (b–c) The cells were incubated with NaIO3 or H2O2 at 
indicated concentrations (x-axis) for 16  h. After treatment, the cytotoxicity and viability were 
determined by the LDH and CellTiter-Glo® assays, respectively. Plots show cytotoxicity values 
(right y-axis) and viability values (left y-axis) as a function of agent concentration. The dotted lines 
correspond to the estimated value for EC50 for each activity: viability NaIO3, 6.5 mM; cytotoxicity 
NaIO3, 6.5 mM; viability H2O2, 600 μM; and cytotoxicity H2O2, 450 μM. Each data point is the 
average of four replicate assays ± SD. LU luminescence units
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56.3.2  Protection of ARPE-19 Cells Against NaIO3-induced 
Cytotoxicity

PEDF protects ARPE-19 cells against acute H2O2 injury (Tsao et  al. 2006). To 
 evaluate its potential protective effect against chronic NaIO3-induced cytotoxicity, 
we exposed ARPE-19 cells to PEDF (10 nM) during treatments with 6–8 mM NaIO3 
before determining cell toxicity and viability (Fig. 56.2a). PEDF decreased ARPE- 
19 cytotoxicity with 6 mM and 7 mM NaIO3, while there was insignificant change 
with 8  mM NaIO3 (Fig.  56.2b). PEDF protection efficacy against cytotoxicity 
decreased significantly with NaIO3 concentration from 75% to 12% for 6 to 8 mM 
NaIO3 (Fig. 56.2c). PEDF did not increase the cell viability in response to 6–8 mM 
NaIO3 (Fig.  56.2d). Similar results were obtained with at least two independent 
experiments.

To determine the concentration curve of PEDF protection against NaIO3- 
mediated injury, we treated ARPE-19 cells with 6 mM NaIO3 in combination with 
PEDF ranging 0–10  nM, as above. The cytotoxicity curve shows a well-defined 
decrease in injury with increasing concentrations of PEDF (Fig. 56.3a). Additions 
of PEDF at 5 nM and 10 nM decreased 50% the levels of LDH cytotoxicity. PEDF 
had minor effects on viability at the concentrations tested. Similar results were 
obtained with at least two independent experiments.

Fig. 56.2 PEDF effects on NaIO3-induced injury of ARPE-19 cell. (a) Timeline showing the 
experimental design. (b) Cytotoxicity of ARPE-19 cells treated with the indicated concentrations 
of NaIO3 and PEDF (x-axis). Toxicity values (y-axis) are expressed as percentage being 100% the 
maximum LDH in lysed cells with Triton-X100. (c) Efficacy of PEDF protection is plotted as 
percentage of protection at each NaIO3 concentration (x-axis), being 100% the toxicity value of 
cells not treated with PEDF. (d) Cell viability of ARPE-19 exposed to NaIO3 (x-axis) with and 
without PEDF. Each bar is the average of four replicate assays ± SD. LU luminescence units, n.s. 
not significant
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56.4  Discussion

The study establishes an in vitro model system to induce cytotoxicity injury to 
ARPE-19 cells with NaIO3, an oxidative toxic agent that can be applied to evaluate 
protective effects of PEDF against RPE cell injury. We chose agents known to gen-
erate oxidative stress and found that cell toxicity and viability occurred in a 
concentration- dependent fashion for both H2O2 and NaIO3. Moreover, PEDF can 
protect against cytotoxicity from NaIO3 and H2O2 (Fig. 56.3; Tsao et al. 2006). This 
model system may be useful in studies to elucidate mechanisms that attenuate 
NaIO3-mediated injury of RPE cells. The results are of interest given that oxidative 
stress is an important mediator of neuronal cell death that contributes to the patho-
genesis of retinal degeneration (Cai et al. 2000; Cai and McGinnis 2012; Bonet- 
Ponce et al. 2016).

The addition of H2O2 to cultured RPE cells is a classic model to study oxidative 
stress (Geiger et  al. 2005; Kaczara et  al. 2010). NaIO3 toxicity of retinal cells 
appears to be dependent on serum level, as serum-free media condition elicited a 
much higher and reliable LDH release (Wang et al. 2014). Our results indicate that 
ARPE-19 cells are vulnerable to chronic NaIO3- and H2O2-mediated cell injury, in 
agreement with previous reports (Fig. 56.1; Wang et al. 2014; Balmer et al. 2015).

We chose PEDF for protection against NaIO3-mediated injury because it is a 
naturally occurring protein of the interphotoreceptor matrix that has demonstrable 
antioxidant properties in ARPE-19, specifically against H2O2-mediated apoptosis 
(Wu et al. 1995; Becerra et al. 2004; Reinoso et al. 2008; Mukherjee et al. 2007; 
Tsao et al. 2006). The PEDF-mediated protection against cytotoxicity contrasts 
with its lack of cell viability increase, which may be due to differences in mecha-
nisms of action of PEDF to protect against NaIO3-mediated injury. In this regard, 
ARPE-19 cells exposed to H2O2 concentrations between 400 and 600 μM die by 
apoptosis, whereas necrosis is triggered at higher concentrations (Kim et al. 2003). 
Cell viability may require that the cells recover after the acute H2O2 damage (2 h), 
as Tsao et al. (2006) observed that PEDF decreases apoptotic nuclei numbers with 
an increase in cell viability after a recovery time of 16  h in media with 10% 
FBS. In contrast, our model system uses a chronic induction of injury in which the 

Fig. 56.3 PEDF 
concentration curve. Plot 
showing concentration- 
response of PEDF (x-axis) 
on cytotoxicity (right 
y-axis) and viability (left 
y-axis) of ARPE-19 cells 
treated with 6 mM NaIO3. 
Each bar is the average of 
four replicate assays ± 
SD. LU luminescence units
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cells are exposed to NaIO3 for more than 16 h with no serum. Although PEDF may 
not be protective when NaIO3-mediated injury of ARPE-19 is devastating (e.g., at 
8 mM NaIO3), PEDF protection efficacy with NaIO3 at concentrations around the 
EC50 (e.g., 6 mM) clearly suggests that cell toxicity or death can be overcome 
with this factor.

In summary, the NaIO3-mediated injury of ARPE-19 cell model can serve to 
study RPE degeneration and protection by relevant survival and antioxidant factors.
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Chapter 57
Brain-Derived Neurotrophic Factor 
as a Treatment Option for Retinal 
Degeneration

Conor Daly, Rebecca Ward, Alison L. Reynolds, Orla Galvin,  
Ross F. Collery, and Breandán N. Kennedy

Abstract This review discusses the therapeutic potential of brain-derived neuro-
trophic factor (BDNF) for retinal degeneration. BDNF, nerve growth factor (NGF), 
neurotrophin 3 (NT-3) and NT-4/NT-5 belong to the neurotrophin family. These 
neuronal modulators activate a common receptor and a specific tropomyosin-related 
kinase (Trk) receptor. BDNF was identified as a photoreceptor protectant in models 
of retinal degeneration as early as 1992. However, development of effective thera-
peutics that exploit this pathway has been difficult due to challenges in sustaining 
therapeutic levels in the retina.

Keywords Brain-Derived Neurotrophic Factor · BDNF · Neuroprotection · 
Retinal degeneration · Photoreceptor
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MAPK Mitogen-activated protein kinase
NGF Nerve growth factor
ONL Outer nuclear layer
PI3K Phosphoinositide 3-kinase
Trk Tropomyosin-related kinase

57.1  Localisation and Expression

In vertebrate retinae, BDNF protein localises to the inner and outer plexiform layers 
and outer nuclear layer (ONL) (Ghazi-Nouri et al. 2008; Germana et al. 2010). TrkB 
expression is reported in the inner plexiform layer (Vecino et al. 2002) and photore-
ceptor outer segments (Di Polo et al. 2000). Originally considered biologically inac-
tive, neurotrophin pro-isoforms preferentially bind a p75 neurotrophin receptor and 
sortilin heterodimer to initiate apoptosis (Koshimizu et al. 2009). In contrast, mature 
neurotrophins bind cognate Trk receptors promoting neuronal differentiation, sur-
vival and synaptic plasticity (Lee et al. 2001). NGF is a ligand for TrkA, BDNF and 
NT-4/NT-5 ligands for TrkB and NT-3 for TrkC (Lu 2003). BDNF binding to TrkB 
requires proteolytic release of mature 14  kDa BDNF from a 32  kDa precursor 
(Numakawa et al. 2010).

57.2  BDNF/TrkB Signalling

BDNF can mediate retinal neuroprotection (Vecino et al. 2002; Okoye et al. 2003). 
Mechanistically, BDNF activation of TrkB receptors on Müller glia leads to 
increased expression of neurotrophic factors, including BDNF (Harada et al. 2002). 
Intracellularly, neuroprotection is mediated by pro-survival pathways. TrkB auto-
phosphorylation leads to conjugation with Shc and phospholipase Cγ1 (PLCɣ1). 
These adaptors activate phosphoinositide 3-kinase (PI3K), mitogen-activated pro-
tein kinase (MAPK) and PLCγ–Ca2+ pathways (Kaplan and Miller 2000; Nakazawa 
et al. 2002). The PI3K and MAPK pathways downstream of Shc enhance transcrip-
tion of pro-survival B-cell lymphoma 2 (BCL-2) family member genes (BCL-XL 
and BCL-2) (Almeida et  al. 2005; Nguyen et  al. 2009). Akt phosphorylation of 
mouse double minute 2 (MDM2) homolog inhibits p53 activity and phosphatase 
and tensin homolog (PTEN) expression (Abraham and O'Neill 2014); additional 
pro-apoptotic signals are inhibited by phosphorylation of BCL-2-associated agonist 
of cell death (BAD) (Wu et al. 2014). Inhibition of p53 activity blocks cytochrome 
C release and mitochondrial cell death.
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57.3  Photoreceptor Protection

BDNF-mediated photoreceptor protection in vivo is variable. In light exposure (LE) 
models, BDNF provides photoreceptor protection (two to three additional nuclear 
rows), but in inherited models, partial rescue was observed only in one of seven 
models (LaVail et al. 1992; LaVail et al. 1998). Similarly, in cone-rod dystrophy, 
BDNF failed to prevent photoreceptor degeneration (Chong et al. 1999). Notably, 
BDNF was administered prior to neurodegeneration in LE models but typically 
administered after onset of degeneration in inherited models. Table 57.1 summarises 
studies evaluating BDNF neuroprotection. Retinal neuroprotection is generally 
reported as structural and functional, e.g. reduced apoptosis and increased ONL, 
photoreceptor outer segments and electroretinographic responses. Variability may 
reflect timing of BDNF delivery, duration of action, retinal concentration, differ-
ences in homology between mouse and human BDNF protein (3%; source 
UniProtKB) or the underlying neurodegenerative pathways.

57.4  Clinical Development

Collectively, recombinant BDNF is a promising neuroprotective agent. However, 
clinical development is impeded by challenges to effectively deliver BDNF to the 
posterior eye. For oral administration, absorption from the gastrointestinal tract is 
anticipated to be poor, and the blood-retinal barrier (BRB) limits BDNF bioavail-
ability in the retina. The 9.7 min half-life (Sakane and Pardridge 1997) of recombi-
nant BDNF requires repeat dosing which may attenuate efficacy due to feedback 
downregulation of TrkB (Frank et al. 1997; Chen and Weber 2004). Other concerns 
are enhanced neuronal excitability by BDNF leading to seizures (Scharfman et al. 
2002) and increased free radical formation, promoting cell death (Klocker et  al. 
1998). Approaches to overcome these challenges exploit local eye administration. 
Direct intravitreal injection of recombinant BDNF can temporarily rescue retinal 
ganglion cells; however, continued delivery is required for long-term recovery 
(Mansour-Robaey et  al. 1994). Unfortunately, multiple intravitreal injections are 
burdensome for patients and clinics and increase risk of cataracts, ischaemia and 
endophthalmitis (Marticorena et al. 2012). In a cell-based approach, Schwann cells 
expressing BDNF preserved photoreceptor structure and function for at least 
4  months when transplanted into the subretinal space (Lawrence et  al. 2004). 
Similarly, transplanted BDNF-expressing bone marrow stem cells protected light- 
damaged retinas for 14 days (Zhang and Wang 2010).

Alternatively, localised BDNF gene therapy with adeno-associated virus (AAV) 
was safe and sustained recombinant BDNF expression (Guy et al. 1999). Indeed, 
BDNF gene transfer to Müller cells protects photoreceptors from LE-induced reti-
nal degeneration (Gauthier et al. 2005). Delayed onset of gene expression is a limi-
tation of viral vectors (Ferrari et al. 1996), but this can be overcome by combination 

57 Brain-Derived Neurotrophic Factor as a Treatment Option for Retinal Degeneration



468

Table 57.1 Summary of BDNF efficacy in retinal degeneration models

Drug Type Model Effect Reference

BDNF 
(intravitreal)

Human 
recombinant

LE (rat) Photoreceptor survival LaVail et al. 
(1992)

BDNF 
(intravitreal)

Human 
recombinant

rd mouse
rds mouse
nr mouse
pcd mouse
aP23H 
(mouse)
aQ344Ter 
(mouse)
aVPP 
(mouse)
LE 
(mouse)
LE (rat)

No protection
No protection
PR protection in 3/31 mice
No protection
No protection
No protection
No protection
PR protection
PR protection

LaVail et al. 
(1998)

BDNF 
(intravitreal)

Human 
recombinant

Cone-rod 
iRD (cat)

No rescue Chong et al. 
(1999)

BDNF knock-in 
(tet)

DOX-induced 
expression

Rod iRD 
(mouse)

Photoreceptor survival, 
functional rescue (ERG)

Okoye et al. 
(2003)

AAV2-BDNF- 
IPE

Viral transduced 
cell transplantation

LE (rat) Photoreceptor survival Hojo et al. 
(2004)

Ad-BDNF- 
Müller glia

Viral LE (rat) Photoreceptor survival, 
functional rescue

Gauthier 
et al. (2005)

BDNF- 
transduced RPE 
cells

Cell transplantation LE (rat) Photoreceptor survival Abe et al. 
(2005)

Knockdown Transgenic 
BDNF+/− mouse

LE 
(mouse)

More PR survival in mice 
with reduced BDNF levels

Wilson et al. 
(2007)

BDNF-treated 
retinal progenitor 
sheets

BDNF cell 
transplantation

Rod iRD 
(rat)

Improved function 
RPC-BDNF microspheres, 
but not BDNF 
microspheres alone

Seiler et al. 
(2008)

BDNF- 
transduced RPE 
cells (tet)

Dox-induced 
BDNF cell 
transplantation

LE (rat) Photoreceptor survival, 
functional rescue (ERG)

Abe et al. 
(2008)

BDNF- 
expressing 
plasmid

Subretinal 
injection, 
electroporation

RCS rat Photoreceptor survival Zhang et al. 
(2009)

BDNF 
(intravitreal)

Human 
recombinant

Blue LE 
(rat)

Cone survival Ortín- 
Martínez 
et al. (2014)

BDNF
(i/o or topical)

Human 
recombinant

LE (rat) Photoreceptor survival, 
functional rescue (ERG)

Cerri et al. 
(2015)

aRhodopsin mutant mouse model
iRD inherited retinal degeneration, LE light exposure
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with initial intravitreal injection of recombinant BDNF (Ren et al. 2012). However, 
viral vector and cell-based therapy via subretinal injection technique are not without 
complications including retinal folding and splitting, rejection, tumour growth, 
 proliferative vitreoretinopathy and choroidal neovascularisation (Johnson et  al. 
2011). An alternative strategy for long-term ocular delivery applies sustained-
release BDNF microparticles, as exemplified by a combination therapy where sub-
retinal transplantation of retinal progenitor cells (RPC) with recombinant BDNF 
microspheres improved their functional efficacy in a rat model of retinal degenera-
tion (Seiler et al. 2008). In terms of patient independence and compliance, topical 
administration is desirable. Encouraging results in a murine glaucoma model with 
eye drop BDNF increased retinal BDNF ~10-fold and rescued visual responses 
(Domenici et al. 2014; Cerri et al. 2015).

An alternative to recombinant BDNF is small-molecule BDNF mimetics (e.g. 
7,8-dihydroxyflavone) proposed as therapies for Alzheimer’s disease (Liu et  al. 
2016) and amyotrophic lateral sclerosis (Ochs et al. 2000). The histone deacetylase 
inhibitor (HDACi) valproic acid has efficacy in retinitis pigmentosa patients (Iraha 
et al. 2016), and BDNF is induced by HDACi treatment (Wu et al. 2008; Yasuda 
et al. 2009). BDNF agonists also increased ganglion cell survival in models of optic 
nerve injury and N-methyl-D-aspartate (NMDA)-induced cell death (Chen and 
Weber 2001; Kimura et al. 2014).

57.5  Conclusion

BDNF is of clinical interest in retinal degenerations. Challenges in clinical develop-
ment may be overcome with improved delivery methods and identification of alter-
native BDNF/TrkB pathway modulators.
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Chapter 58
VEGF as a Trophic Factor for Müller  
Glia in Hypoxic Retinal Diseases

Shuhua Fu, Shuqian Dong, Meili Zhu, and Yun-Zheng Le

Abstract Age-related macular degeneration (AMD) and diabetic retinopathy (DR), 
leading causes of blindness, share a common retinal environment: hypoxia which is 
a major stimulator for the upregulation of vascular endothelial growth factor 
(VEGF), a cardinal pathogenic factor for the breakdown of blood-retina barrier 
(BRB). As a result of intensive studies on VEGF pathobiology, anti-VEGF strategy 
has become a major therapeutics for wet AMD and DR. To investigate the potential 
impact of anti-VEGF strategy on major retinal supporting cells, Müller glia (MG), 
we disrupted VEGF receptor-2 (VEGFR2) in MG with conditional knockout (CKO) 
and examined the effect of VEGFR2-null on MG viability and neuronal integrity in 
mice. VEGFR2 CKO mice demonstrated a significant loss of MG density in diabe-
tes/hypoxia, which in turn resulted in accelerated retinal degeneration. These defects 
appear similar to the clinical characteristics in a significant portion of wet-AMD 
patients with long-term anti-VEGF therapies. In this article, we will discuss the 
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potential relevance of these clinical characteristics to the critical role of VEGF 
 signaling in MG viability and neuronal integrity in hypoxia.

Keywords VEGF · AMD · DR · Hypoxia · Müller glia

58.1  Introduction

The discovery of hypoxia-induced upregulation of vascular endothelial growth fac-
tor (VEGF) during the breakdown of blood-retina barrier (BRB) in diabetic reti-
nopathy (DR), wet age-related macular degeneration (AMD), retinopathy of 
prematurity (ROP), and other BRB diseases (Aiello et al. 1994; Miller et al. 1994; 
Alon et al. 1995; Kvanta et al. 1996; Lopez et al. 1996) has led to the intensive stud-
ies of VEGF pathobiology for the past two decades. As a result, FDA-approved and 
off-label anti-VEGF drugs are now widely used for the treatment of wet AMD, DR, 
diabetic macular edema (DME), and other hypoxic BRB diseases. To investigate the 
potential impact of anti-VEGF strategy on the retina and the effect of VEGFR2-null 
on major retinal supporting cells, Müller glia (MG), we disrupted VEGF receptor-2 
(VEGFR2) in MG with conditional knockout (CKO) and characterized the VEGFR2 
CKO mice. In this article, we will discuss the significance of VEGF signaling in 
MG viability and neuronal integrity and their relevance to potential adverse effects 
of anti-VEGF therapies and to neuroprotection in hypoxic BRB diseases.

58.2  Function of VEGF in Müller Glia

MG are present in close proximity to all retinal neurons, which is ideal for them to serve 
as major retinal supporting cells and to play many essential roles in retinal metabolism, 
function, maintenance, stress response, and protection. To determine the role of 
MG-derived VEGF in DR and retinopathy of prematurity (ROP), we generated 
MG-specific VEGF KO mice. Although VEGF CKO mice exhibited a significant reduc-
tion in retinal VEGF, inflammation, neovascularization, and vascular leakage and lesion 
in hypoxic/ischemic ROP model and streptozotocin (STZ)-induced diabetic model (Bai 
et al. 2009; Wang et al. 2010), we did not observe any detectable alteration in retinal 
morphology under diabetic/ischemic conditions. As VEGF is a secreted protein, a 
reduction of overall retinal VEGF could be compensated by other cell types; we there-
fore disrupted VEGFR2 in mouse MG using our MG Cre-drive line (Ueki et al. 2009). 
While VEGFR2 CKO mice did not have any detectable morphological and functional 
changes normally, there was a near 50% loss of MG viability in STZ- induced diabetic 
model when the retina became hypoxic (late stage of DR, Fig 58.1a), which in turn 
resulted in accelerated retinal neuronal degeneration (Fig 58.1b) and a substantial reduc-
tion of two neurotrophins: retinal brain-derived neurotrophic factor (BDNF) and glial 
cell line-derived neurotrophic factor (GDNF) (Fig 58.1d; for detail, see Fu et al. (2015)). 
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To ascertain if hypoxia was a major inducing factor for the loss of MG viability in 
VEGFR2 CKO mice, we used a chemical hypoxic model (Dong et al. 2014) and reca-
pitulated the loss of MG viability and neurons in the animals (data not shown).

58.3  Potential Adverse Effect of Anti-VEGF Drugs 
on Retinal Integrity

Although the goal of using anti-VEGF drugs, namely, VEGF-neutralizing antibodies, is 
to reduce the level of VEGF below pathological thresholds, anti-VEGF drugs are anti-
bodies by nature and may interfere with VEGFRs in physiological process. While there 
is a significant amount of literatures on the pathological role of VEGF, surprisingly little 
is known about the physiological function of VEGF in adult retinas, except a handful of 
studies suggesting that VEGF is a trophic factor for MG, ganglion layer neurons, and the 
retinal pigment epithelium (Kilic et al. 2006; Saint- Geniez et al. 2008; Saint-Geniez 
et  al. 2009). However, the lessons learned from the brain suggest that VEGF could 
potentially serve as a modulator for neuronal function (McCloskey et al. 2005). Recent 
publications on anti-VEGF clinical trials have reached a consensus that, while the drugs 

Fig. 58.1 Supporting data and working hypothesis. (a–b) Representative images of 
immunohistochemical- stained retinal sections for MG marker glutamine synthetase (GS, (a)) and 
hematoxylin- and eosin-stained retinal sections (b) showing a significant loss of MG and neuronal 
densities and retinal thickness in 10-month-old diabetic/hypoxic VEGFR2 CKO mice. Ctrl control, 
ONL outer nuclear layer, INL inner nuclear layer. * loss of cells. Arrows, MG (GS-positive). (c–d) 
Representative Western blot images showing a significant loss of phosphorylated AKT (pAKT) in 
primary VEGFR2-null Müller cells cultured under diabetes-like conditions (c) and a significant 
loss of BDNF and GDNF in retinal extracts of 10-month-old diabetic/hypoxic VEGFR2 CKO 
mice (d), respectively. (e): Relative density of live rMC1 cells grown in normal and hypoxic 
(CoCl2 (100 mM)) media supplemented with VEGF, BDNF, or/and GDNF for 22 h. Growth factor 
supplement, 0.24 ng/mL. ***p < 0.001; **p < 0.01; *p < 0.05. Error bar, SD. p-values, represent 
pairwise comparison with vehicle by t-test. (f): Putative mechanism of VEGF signaling-mediated 
MG viability and its role in neuroprotection in hypoxic retinal diseases. Solid arrows, with sup-
porting data. Broken arrows, unproven
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may be effective in reducing BRB breakdown and in improving visual acuity in some 
patients, average gain of visual acuities has not been maintained for wet-AMD patients 
after 5-year anti-VEGF treatment (Arevalo et  al. 2016a; Comparison of Age-related 
Macular Degeneration Treatments Trials Research et al. 2016), which also occurred in a 
5-year DME clinical trial (Arevalo et al. 2016b). Geographic atrophy-like pathology and 
retinal, choroidal, and scleral thinning, clinical characteristics that are most likely caused 
by altered VEGF signaling, occur frequently in anti-VEGF trial patients (Arevalo et al. 
2016a; Grunwald et  al. 2015). Moreover, a significant portion (36%) of wet-AMD 
patients appears to have very thin retinas, thinning in all retinal layers, after 5-year anti-
VEGF treatment (Comparison of Age-related Macular Degeneration Treatments Trials 
Research et al. 2016), suggesting potential neuronal degeneration in the whole retina. 
This clinical characteristic bears striking resemblance to the accelerated degeneration of 
all retinal neurons in hypoxic/diabetic MG-specific VEGFR2 KO mice (Fig 58.1b left), 
which supports the notion that VEGF signaling in MG is critical in protecting them-
selves and neurons in hypoxic retinal diseases. While longer- term anti-VEGF clinical 
trial data for DR are not available, the observation that a VEGF-neutralizing antibody 
causes retinal degeneration in experimental diabetes (Hombrebueno et al. 2015) and 
short hairpin (sh)RNA targeting VEGF in MG results in retinal thinning in a ROP model 
(Jiang et al. 2014) strongly suggests a similar outcome.

58.4  Mechanism to Support MG Viability and Its Effect 
on Neuroprotection in Hypoxia

Primary VEGFR2-null Müller cells (MCs) grown under diabetes-like condition had 
a substantial elevation of apoptotic retinal cells (Fu et al. 2015) and a significant 
reduction of activated AKT survival signal (Fig 58.1c), suggesting that VEGFR2- 
AKT survival mechanism is at least partially responsible for MG viability in diabe-
tes/hypoxia (Fig 58.1f). MG are considered as a source for BDNF, GDNF, and other 
trophic factors (Reichenbach and Bringmann 2013). Many translational studies 
have shown the efficacies of these trophic factors in rescuing retinal degeneration 
under various stress conditions (LaVail et al. 1992). Among a few trophic factors 
tested, only the levels of BDNF and GDNF were altered in diabetic/hypoxic 
VEGFR2 CKO mice (Fu et al. 2015). This observation suggests that MG may be the 
major cellular source for BDNF/GDNF in the retina and VEGF signaling in MG is 
important in maintaining a proper level of BDNF and GDNF in diabetic/hypoxic 
retinas, either by supporting MG viability, BDNF/GDNF production/secretion, or 
both. In rat MC line rMC1 (Sarthy et al. 1998), BDNF or GDNF did not appear to 
have an apparent effect on viability under normal conditions; however, BDNF and 
GDNF promoted MC viability under hypoxia (Fig 58.1e). Moreover, the effects of 
BDNF, GDNF, and VEGF on MC viability appeared to be synergistic in hypoxia. 
This observation suggests that, in addition to VEGFR2-AKT survival pathway-
mediated MG viability, VEGF singling may interact with BDNF- or/and GDNF-
specific pathways and promote MG survival and proliferation, as sketched in our 
working hypothesis (Fig 58.1f). This is not unprecedented as these trophic factors 
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can act synergistically on motor neurons in familial amyotrophic lateral sclerosis 
and Parkinson disease (Herran et al. 2013; Krakora et al. 2013).

In summary, VEGF signaling-mediated MG viability is likely through a number 
of alternative pathways that could work synergistically in hypoxia, which is likely a 
major stress response for MG to protect themselves and neurons in hypoxia. 
Therefore, VEGF signaling in MG is critical to MG viability and neuroprotection in 
wet AMD, DR, and other hypoxic BRB diseases. Identifying alternative mecha-
nisms that bypass VEGF/VEGFR2 signaling but promote MG viability in hypoxia 
is an urgent task to the design of safer anti-VEGF therapies for patients with wet 
AMD, DR, and other hypoxic BRB diseases.
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Chapter 59
Müller Cell Biological Processes  
Associated with Leukemia Inhibitory  
Factor Expression

Marcus J. Hooper and John D. Ash

Abstract Müller cells provide support to photoreceptors under many conditions of 
stress and degeneration. Leukemia inhibitory factor is known to be expressed in 
Müller cells, which is necessary to promote photoreceptor survival in stress. We 
hypothesize that Müller cells that express LIF are undergoing other biological pro-
cesses or functions which may benefit photoreceptors in disease. In this study, we 
analyze an existing single Müller cell microarray dataset to determine which pro-
cesses are upregulated in Müller cells that express LIF, by correlating LIF expression 
to the expression of other genes using a robust correlation method. Some enriched 
processes include divalent inorganic cation homeostasis, negative regulation of stem 
cell proliferation, and gamma-glutamyl transferase activity.

Keywords Leukemia inhibitory factor · Retinal degeneration · Neuroprotection · 
Müller cell · Glia · Stress · Gene expression · Photoreceptor degeneration

59.1  Introduction

Müller cells provide support, trophic factors and contribute to the survival of retinal 
neurons under conditions of stress (Joly et al. 2008; Burgi et al. 2009; Rhee et al. 
2013). Additionally, Müller cells are known to express leukemia inhibitory factor 
(LIF), a cytokine that is required for protection of retinal photoreceptors under 
inducible and inherited models of degeneration (Joly et al. 2008; Ueki et al. 2009). 
Müller cells that express LIF have been suggested to be a subset of a heterogeneous 
population of Müller cells, a population which may be static or dynamic. Müller 
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cells that express LIF may be displaying a phenotype that is generally protective for 
photoreceptors. Thus, it would be of interest to determine which other biological 
processes LIF-expressing Müller cells are undergoing.

As Müller cells make up a small fraction of the retina, gene expression in Müller 
cells may be hidden by the rest of the cells in the retina (Jeon et al. 1998). Thus, it 
is difficult to study Müller cell gene expression using whole retina. Roesch et al. 
have isolated single Müller cells from mice under multiple models of retinitis pig-
mentosa, at multiple time points. These included rhodopsin knockout (KO) mice at 
8 weeks and 25 weeks of age, rd1 mice at 13 days and 5 weeks of age, as well as 
control mice. These time points were chosen according to the time course of degen-
eration in each model (Punzo et al. 2009). These single Müller cells were used to 
measure Müller cell-specific gene expression using microarrays (Roesch et  al. 
2012). This dataset may provide the means to ask and answer some important ques-
tions about the Müller cell biology in disease.

We accessed this dataset using the gene expression omnibus (GEO, accession number: 
GSE35386) (Edgar et al. 2002; Roesch et al. 2012; Barrett et al. 2013). Our strategy was 
to find genes and processes in Müller cells that correlate strongly with expression of 
LIF. This dataset is rather noisy, which should be expected of a dataset derived from indi-
vidual cells in a complex environment such as the retina in disease (Roesch et al. 2012). 
Because of this, there are influential outliers in the data, which will affect the performance 
of a Pearson correlation. Hardin et  al. published a manuscript describing the use of 
Tukey’s biweight function for correlating genes in microarray data (Hardin et al. 2007). 
This is important, because Tukey’s biweight function is robust and much less susceptible 
to outliers than Pearson’s correlation, and thus should perform better when correlating 
expression between two genes. We sorted genes following correlation with LIF, with the 
goal of identifying additional, potentially protective processes that may be enriched for in 
LIF-expressing Müller cells.

59.2  Results

Using this strategy, we correlated LIF expression to the expression of all other genes 
across 28 single Müller cells using the BIWT function in R (Hardin et al. 2007). 
Often, but not always, genes that correlated well with LIF using the Pearson correla-
tion coefficient also correlated well with LIF using the biweight function. We 
wanted to avoid filtering interesting genes from our analysis. As such, the expres-
sion patterns (fold changes) of all genes were correlated with the expression of LIF, 
prior to any other manipulation of the data. Only those genes with >0.8 correlation 
with LIF and >100 average raw expression intensity in the highest-expressing group 
were included in our analysis.

In this dataset, there are two probe sets for detection of LIF transcripts. One (1450160) 
binds mostly to the latter part of the protein-coding region and partly to the proximal 
part of the 3’UTR. The other (1421207) binds to the distal 3’UTR of LIF and LIF has a 
very large 3’UTR, which suggests additional regulatory  mechanisms may apply to the 

M. J. Hooper and J. D. Ash



481

complete transcript. We used both regions for correlation with other genes. Table 59.1 
shows some of the more enriched biological processes that were co-regulated with LIF 
expression. We plotted the genes that made up these processes in heatmaps. Shown in 
Fig. 59.1a is a legend that shows raw expression intensity for each gene. Figure 59.1b 
shows genes that are in the categories in Table 59.1 that also correlate strongly with LIF 
(1,450,160, gene body). Figure 59.1c, as in Fig. 59.1b, but for LIF (1,421,207, distal 
3’UTR). The expression patterns of both regions of LIF were very similar, but not iden-
tical (top row in Fig. 59.1b, c). Both regions of LIF showed upregulation primarily in 
Müller cells of the rhodopsin KO mice at the 8-week time point, which is consistent 
with our understanding of LIF’s role in the retina. LIF has been reported to be induced 
at time points just prior to the onset and during early stages of degeneration. All genes 
which correlated with either probe set for LIF showed a very similar expression pattern 
(Fig. 59.1b, c). However, enriched processes were not the same, which may be due to 
the threshold for correlation that we set (Tukey’s biweight correlation of >0.8), or alter-
natively, regulation of LIF 3’UTR length.

Cell differentiation was another category that was correlated with LIF expres-
sion, shown in Table 59.1. Supplemental Fig. 59.1 shows the large group of genes 
in this process that co-regulate with LIF.

59.3  Discussion

The large 3’UTR of LIF implies that LIF may be highly regulated. The data in 
Fig. 59.1 suggest that expression patterns of the distal 3’UTR of LIF and the gene 
body are largely similar but may be slightly different. This could be a result of RNA 
splicing, polyadenylation, or simply due to error in detection. We used a robust cor-
relation strategy to find processes that are enriched in Müller cells in inherited reti-
nal degeneration, with the goal of identifying additional big picture processes that 
may impact photoreceptor survival.

Table 59.1 Biological processes in Müller cells that correlate with LIF expression. Genes that 
had a >0.8 correlation with LIF were set as the target genes, using GOrilla. Biological processes 
that were enriched are shown. The FDR p-value is the corrected value for multiple hypothesis 
testing (Benjamini)

LIF gene body, proximal 3’UTR (1,450,160_at) LIF, distal 3’UTR (1,421,207_at)

Process or function Enrichment p-value Process or function Enrichment p-value

Regulation of stem 
cell proliferation

6.68 3.49E-2 Gamma-glutamyl 
transferase activity

13.14 2.89E- 2

Upregulation of 
cytosolic [Ca2+]

1.98 5.83E-2 (n.s.) Glutathione 
hydrolase activity

13.14 3.61E- 2

Divalent inorganic 
cation homeostasis

1.82 2.57E-2 Transmembrane 
receptor activity

1.54 1.35E- 2

Cell differentiation 1.31 3.47E-2
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Fig. 59.1 (a) Legend which maps expression intensity to each gene. To the left of each heatmap is 
an image showing for each gene, the average intensity of expression in the highest-expressing group. 
(b, c) Heatmaps showing genes that are in processes that were enriched for in Table 59.1, following 
correlation with LIF (b) is following correlation with 1,450,160, (c) as in b, but for 1,421,207
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The strongest enrichment of gene function that we observed was of gamma- glutamyl 
transferase (GGT) activity, which was enriched for following correlation with the distal 
3’UTR of LIF.  All were relatively highly expressed. Muller cells are known to be 
important for maintaining glutathione (GSH) levels in the retina. Elevated GSH levels 
confer protection in oxidative stress. Gamma-glutamyl transferase (GGT) is known to 
be upregulated in stress and is involved in the biosynthesis of GSH. GGT is the only 
enzyme in production of glutathione on the outer surface of the plasma membrane. 
GGT functions to break down extracellular GSH, GSSG, and glutathione S-conjugates 
into components. These can then be taken up by adjacent cells to produce intracellular 
GSH (Zhang et al. 2005). It may be that as part of a protective response, Muller cells 
are upregulating GGT to produce the components needed for photoreceptors to synthe-
size GSH de novo. Interestingly, GGTs are known to be increased in oxidative stress 
and are targets of NRF2, a well- known factor in retinal neuroprotection.

Additionally, we observed an enrichment of transmembrane receptor activity. 
Within this group are many receptors and proteins involved in signaling. The high-
est expressing of which include ionotropic glutamate receptors, potassium voltage- 
gated channels, epidermal growth factor receptor (EGFR), and G protein-coupled 
receptors (GPCRs), including endothelin receptor A (EdnrA).

The processes associated with detection of the protein-coding region of LIF were 
negative regulation of stem cell proliferation, cell differentiation, and divalent inor-
ganic cation homeostasis; a large subset of this category is involved in regulating 
calcium ion concentration, although not a statistically significant observation on its 
own. It is clear that glial cells play an important role in regulating ion homeostasis 
in the retina and brain, and this may be an activity that is upregulated in Müller cells 
that are protecting photoreceptors. Interestingly, ednrA is also part of this latter 
group, as is ednrB. Our work (currently unpublished) and the work of others have 
suggested that endothelin signaling may be part of the same pathway as LIF. This is 
additional validation for our current study and further may suggest calcium signal-
ing as an important downstream pathway for endothelin receptors in the retina.
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Chapter 60
Retbindin Is Capable of Protecting 
Photoreceptors from Flavin-Sensitized  
Light- Mediated Cell Death In Vitro

Ryan A. Kelley, Muayyad R. Al-Ubaidi, and Muna I. Naash

Abstract Retbindin (Rtbdn) is a novel protein of unknown function found 
 exclusively in the retina. Recently, our group has suggested, from in silico analysis 
of the peptide sequence and in vitro binding data, that Rtbdn could function to bind 
riboflavin (RF) and its derivatives flavin adenine dinucleotide (FAD) and flavin 
mononucleotide (FMN), collectively known as flavins. Here we confirm that Rtbdn 
is capable of flavin binding and that this characteristic can protect photoreceptors 
from flavin-sensitized light damage.

Keywords Retbindin · Flavin · Flavoprotein · Retina · Photoreceptor

60.1  Introduction

Through in silico analysis, our group found that Rtbdn (NCBI Protein Database, 
accession number _659178.1) is a 744-nucleotide message translated into a 247- 
amino acid protein and that residues 1–31 constitute a potential secretory signal. 
The sequence contains no transmembrane domains, amphipathic loops, or 
membrane- anchoring domains. In a previous publication (Kelley et al. 2015), our 
group found that Rtbdn is a mammalian-specific homologue of the avian riboflavin- 
binding protein (RBP). Experimental analysis of the Rtbdn protein found that it 
was expressed as a ~27  kDa protein in the murine, bovine, and human retinas. 
While these immunoblots (IB) showed only one band in murine and bovine neural 
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retina samples, two bands were observed in human retinal extracts suggesting that 
 alternative splicing, alternate promoter utilization, or different posttranslational 
modifications are at play. However, the band observed in murine retina was absent 
when P30 Rd./Rd. (no rod photoreceptors) (Carter-Dawson et al. 1978) neural ret-
ina samples were analyzed, suggesting that Rtbdn was a rod photoreceptor-specific 
protein. In contrast, IB of P21 Rho−/− neural retinas (without rod outer segments) 
(Lem et al. 1999) showed no change in protein levels compared to wild-type (WT), 
suggesting that photoreceptor expression of Rtbdn was not dependent on outer seg-
ment formation.

Immunohistochemistry (IHC) confirmed that Rtbdn was localized specifically 
to the photoreceptor cell layer. Interestingly, this specific localization was further 
confined to the tips of the rod outer segments and to a much lesser extent to the 
inner segments. IHC of P21 Rho−/− retinas showed Rtbdn signal above the photo-
receptor cell bodies, suggesting that it is present in the inter-photoreceptor matrix 
(IPM). Fractionation of IPM to soluble and insoluble components showed that 
Rtbdn is not part of the soluble IPM, while sodium carbonate treatment revealed 
that it is part of the insoluble IPM as a peripheral membrane protein (Kelley et al. 
2015). IHC co- localization studies with wheat germ agglutinin (rod IPM marker) 
and ezrin (basal RPE marker) revealed that Rtbdn is expressed specifically at 
the interface between the photoreceptor outer segments and the basal microvilli 
of the retinal pigment epithelium (Kelley et al. 2015). This places Rtbdn at the 
precise location where metabolite exchange occurs between the photoreceptors 
and RPE (Hollyfield 1999; Strauss 2005). Since in silico analysis showed that 
Rtbdn shares the highest degree of homology with chick oviduct RBP, we tested 
its capacity to bind flavins, in vitro. It was found that Rtbdn bound riboflavin as 
efficiently as RBP (Kelley et  al. 2015). These findings support the hypothesis 
that Rtbdn functions as a mammalian riboflavin- binding protein in the retina and 
that it may potentially play a role in flavin acquisition, protection from light, and/
or transport.

Flavin binding and transport are of great importance to the retina as photorecep-
tors are highly metabolically active (Alder et al. 1990; Braun et al. 1995) and FAD/
FMN are heavily involved as redox molecules in the citric acid cycle and beta oxi-
dation (Kim and Winge 2013). These metabolites are acquired from the choroidal 
blood supply by way of the RPE. Paradoxically, flavins can photosensitize cells to 
light via a process known as “photoreduction” by which light reduces the flavin 
molecules by addition of an electron from surrounding aqueous medium, gener-
ally oxygen (Treadwell et al. 1968; Song and Metzler 1967; McBride and Metzler 
1967). In turn these oxygen molecules “steal” electrons from nearby membrane 
lipids and start a runaway process known as “lipid peroxidation,” which can result 
in cell death (Huvaere et al. 2010). This is very pertinent to photoreceptor cells as 
their outer segments are particularly sensitive to this type of damage because they 
contain large amounts of polyunsaturated fatty acids, which are particularly sus-
ceptible to lipid peroxidation (Cardoso et al. 2013; Eckhert et al. 1993). However, 
protein binding to flavins protects the molecules from light and prevents “photo-
reduction.” Given this information it is logical to hypothesize that photoreceptors 
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produce a flavin-binding molecule responsible for safeguarding themselves from 
flavin-sensitized  light- mediated damage. In this short chapter, we present experi-
mental data showing that Rtbdn is capable of protecting 661 W cells (derived from 
a cone cell lineage (Tan et al. 2004), from flavin-sensitized light damage, using cell 
death as the readout.

60.2  Materials and Methods

Ten million COS-7 cells were grown overnight in 150  cm2 flasks in complete 
DMEM media supplemented with 10% fetal bovine serum. The following morning 
(~90% confluency), cells were transfected with 1.8 μg of either pK-Rtbdn, pK-RBP, 
or pK vector alone (mock) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA). Twenty-four hours later, cells were incubated with 1200  μl of 100  mM 
sodium carbonate for 30 minutes at room temperature to release peripheral mem-
brane proteins from the cells (Kelley et al. 2015). The resulting solution was then 
collected and brought to pH 7.0 with HCl. Concomitantly, 1 million 661 W cells 
were grown overnight in 150 cm2 flasks in complete DMEM media supplemented 
with 10% fetal bovine serum. The following morning, the complete media of the 
661 W cells were exchanged with riboflavin-free DMEM media supplemented with 
0.75 μM riboflavin. The 661 W flasks were then incubated on a light box at 12,000 
lux for 1 h at room temperature. Individual 661 W flasks were supplemented with 
100, 200, or 400 ml of Rtbdn solution, RBP solution, or pK alone solution. One 
hundred μl of 100 nM docosahexaenoic acid (DHA) was used as a positive control 
(protectant) and no supplementation as a negative control. Following 1 h incubation, 
cells were processed for viability measurements via the MTT assay as described in 
the manufacturer’s protocol (ATCC, Manassas, Virginia, USA).

60.3  Retbindin Is Protective Against Light Damage

We found that 661  W cells exposed to riboflavin-supplemented media and high 
intensity light exhibited significant cell death: ~70% (Fig.  60.1, black bars). 
However, when Rtbdn or RBP (stripped from transfected COS-7 cells with sodium 
carbonate) was added to this media, an ~3 fold increase was observed in the number 
of viable 661 W cells (Fig.60.1, blue and red bars, respectively). This level of pro-
tection was comparable to 100 nM added DHA (Fig.60.1, green bar), which has 
been previously shown to protect cells from light damage (Kanan et al. 2007). To 
corroborate this observation, we increased the concentration of Rtbdn and RBP pro-
tein in the media and found an increase in the number of surviving cells; however, 
this increase was not significant compared to the original concentration. This data 
confirms that Rtbdn is capable of binding riboflavin and in doing so is capable of 
protecting 661 W cells from riboflavin-sensitized light damage.
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60.4  Discussion

As shown in Fig. 60.1, Rtbdn and RBP are capable of protecting 661 W cells from 
riboflavin-sensitized light-mediated cell death. This is of great importance as it fur-
ther suggests that Rtbdn is a mammalian equivalent of RBP in the retina. Furthermore, 
this data suggests that Rtbdn is capable of protecting RF from light reduction, thereby 
guarding retinal cells from light-mediated cell damage. This data taken together with 
Rtbdn localization in the retina potentially carves out a role for Rtbdn in protecting 
photoreceptors from this type of determinantal insult. However, this claim still 
requires in vivo confirmation. It is also equally important to determine whether Rtbdn 
is simply a flavin-binding protein produced to protect flavins from photoreduction or 
if it is also involved in the transport of flavins to the photoreceptor cells. This is logi-
cal due to Rtbdn localization at the outer segment tips (likely where flavin acquisition 
occurs) and to a lesser extent at the inner segments (where flavins are metabolically 
needed in the mitochondria). Concentration of flavins is significantly high in the 
retina compared to other tissues (Batey and Eckhert 1990; Batey and Eckhert 1991; 
Batey et al. 1992); thus it is possible that Rtbdn serves as a sink blocking excess fla-
vin from flooding the light-sensitive outer segments. As needed, Rtbdn could respond 
to flavin/energy levels (or another signal) and transport flavins to the inner segments. 
Experiments analyzing Rtbdn levels and localization in response to dietary riboflavin 
deficiency should help to clarify if Rtbdn is involved in transport or not.

Given its peripheral attachments to membranes (Kelley et al. 2015), Rtbdn may 
actually transport flavins into the cell. It is also likely that Rtbdn works with a yet 
unidentified membrane transporter to get the flavins into the cells. Identifying 

Fig. 60.1 Retb protects 661 W cells from riboflavin photosensitization. Absorbance of cell lysates 
isolated from 661  W cells exposed to 0.75 μM riboflavin and 12,000 lux white light for 1  h. 
Experimental groups were treated with peripheral membrane proteins extracted from mock, Retb, 
and RBP transfected COS cells. DHA was used as a positive control and no added protein was used 
as a negative control. The higher viability in Retb- and RBP-treated cells shows that riboflavin is 
protected from photoreduction by protein binding
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potential Rtbdn interacting partners should aid in determining exactly how Rtbdn 
functions in flavin binding/transport. Given the rod photoreceptor specificity of 
Rtbdn, it is evident that the protein is important for photoreceptor health. However, 
it is evident from the gaps in literature that flavin involvement in photoreceptor 
homeostasis is grossly overlooked. Rtbdn localization and its capability for flavin 
binding make the protein a great target to investigate its role and that of flavins in 
photoreceptor health. Given the roles of flavins in cellular activities, it is not a 
stretch to hypothesize that modulation of flavins could play a major role in photore-
ceptor cell death, through lipid peroxidation and energy production in the cell.
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Chapter 61
Constitutive Activation Mutant mTOR 
Promote Cone Survival in Retinitis 
Pigmentosa Mice

Ammaji Rajala, Yuhong Wang, and Raju V. S. Rajala

Abstract Studies form our laboratory and others show that the oncogenic tyrosine 
kinase and serine threonine kinase signaling pathways are essential for cone photo-
receptor survival. These pathways are downregulated in mouse models of retinal 
degenerative diseases. In the present study, we found that activation mutants of 
mTOR delayed the death of cones in a mouse model of retinal degeneration. These 
studies suggest that oncogenic protein kinases may be useful as therapeutic agents 
to treat retinal degenerations that affect cones.

Keywords Oncogene · Cone photoreceptors · Survival · Retinal degeneration · 
mTOR · Insulin receptor · Retinitis pigmentosa · Protein kinases

A. Rajala · Y. Wang 
Department of Ophthalmology, University of Oklahoma Health Sciences Center,  
Oklahoma City, OK, USA 

Dean McGee Eye Institute, Oklahoma City, OK, USA 

R. V. S. Rajala (*) 
Department of Ophthalmology, University of Oklahoma Health Sciences Center,  
Oklahoma City, OK, USA 

Department of Physiology, University of Oklahoma Health Sciences Center,  
Oklahoma City, OK, USA 

Department of Cell Biology, University of Oklahoma Health Sciences Center,  
Oklahoma City, OK, USA

Dean McGee Eye Institute, Oklahoma City, OK, USA 
e-mail: raju-rajala@ouhsc.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75402-4_61&domain=pdf
mailto:raju-rajala@ouhsc.edu


492

61.1  Introduction

Studies from our laboratory clearly suggest that insulin receptor (IR) is functionally 
important for cone photoreceptor survival. Deletion of IR from cones resulted in 
age-related cone degeneration. We found a ligand-independent IR activation in both 
rod and cone photoreceptor cells (Rajala et al. 2016, 2002). This activation occurs 
through inhibition of a protein tyrosine phosphatase by phosphorylated Grb14. 
Cone opsin bleaching promotes phosphorylation of a non-receptor tyrosine kinase, 
Src, which in turn phosphorylates Grb14 (Rajala et al. 2007, 2016). Thus, activated 
IR further activates the downstream signaling cascade, which includes mammalian 
target of rapamycin (mTOR) signaling. Our studies also suggest that mice deficient 
in photobleaching of opsins and with mutations in the rhodopsin gene fail to pro-
mote Src activation and subsequent Grb14 phosphorylation (Rajala et  al. 2007, 
2016). This failure results in increased PTP1B activity and thus dephosphorylates 
IR and inactivates its signaling. It has also been shown that stimulation of insulin/
mTOR pathway promotes cone survival in animal models of retinitis pigmentosa 
(RP; (Punzo et al. 2009). Insulin receptor, Src, and mTOR are protein tyrosine or 
serine/threonine kinases; their overexpression in cancer cells indicates a poor prog-
nosis. Interestingly, these oncogenic proteins promote cone survival. Photoreceptors 
are highly metabolic, and their energy demands are equivalent to those of cancer 
cells (Rajala and Gardner 2016; Warburg 1956).

mTOR is the downstream effector of IR/PI3K/Akt signaling (Schmelzle and Hall 
2000), which was shown to be reduced in cones of rd1 mice after the rods had died 
but could be rescued by insulin injections (Punzo et al. 2009). mTOR integrates the 
input, including insulin, growth factors, and amino acids, from upstream pathways 
and senses cellular nutrient, oxygen, and energy levels (Kim et al. 2013; Reiling and 
Sabatini 2006; Sabatini 2006; Sarbassov et al. 2005). mTOR exists in two distinct 
protein complexes: (1) mTORC1, which is rapamycin-sensitive and consists of 
mTOR, Raptor, and mLST8 (Sato et al. 2010; Urano et al. 2007), and (2) mTORC2, 
which is rapamycin-insensitive and consists of mTOR, Rictor, mLST8, and mSin 
(Urano et al. 2007). Complex 1 phosphorylates S6K and 4E–BP1 and thereby regu-
lates protein synthesis (Urano et al. 2007). Complex 2 phosphorylates Akt and regu-
lates the actin cytoskeleton (Sabatini 2006).

Cepko’s lab proposed that cone cell death in RP mouse models is due to starva-
tion that occurs through a downregulation of the insulin/mTOR signaling pathway 
in cones (Punzo et  al. 2009). If so, nutrition-independent constitutive activation 
mutants of mTOR should rescue cone cell death due to starvation in rd1 mice 
(Punzo et al. 2009). Two different point mutations in mTOR, S2215Y and R2505P, 
each of which confers constitutive activation of mTOR signaling even under nutri-
ent starvation conditions, have been identified in the human cancer genome data-
base (Sato et al. 2010). In the mammalian system, two additional point mutations in 
mTOR, L1460P and E2419K, have also been identified and are constitutively acti-
vated in nutrient-starved cells (Urano et al. 2007). These point mutants have been 
shown to form functional complexes with mTORC1 and mTORC2 in the activation 
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(phosphorylation) of their respective substrates, Akt, S6K, and 4E–BP1 (Sato et al. 
2010). In the present study, we examined whether the mutant mTOR-E2419K is 
able to rescue the cone degeneration in rd1 mice.

61.2  Materials and Methods

61.2.1  Plasmids and Vectors

The pcDNA3-Au1-mTOR-wild-type (Addgene plasmid # 26036) and pcDNA3- 
AU1- mTOR-E2419K (Addgene plasmid # 19994) were gifts from Dr. Fuyuhiko 
Tamanoi (Urano et al. 2007). A breeding colony of Balb/C, rd1, Nrl−/−, and LacZ 
mice under the control of human red/green cone opsin promoter (provided by Dr. 
Jeremy Nathans, Johns Hopkins School of Medicine) was maintained in our vivar-
ium on cyclic light (5 lux; 12 h on/12 h off). Experiments were carried out with 
postnatal day 5 (P5) male and female pups.

61.2.2  Subretinal Injection

The subretinal injections were performed via the transscleral route. Mice were anes-
thetized by intramuscular injection of a ketamine (80–100  mg/kg) and xylazine 
(5 mg/kg) mixture of approximately 0.1 ml, until mice did not display a blink reflex 
to a touch on the corneal surface. Eyes were dilated with 1% cyclopentolate hydro-
chloride ophthalmic solution applied to the cornea (Akron, Lake Forest, IL). The 
mice were kept on a 37 °C regulated heating pad under a surgical microscope (Carl 
Zeiss Surgical, NY). An insulin syringe with a beveled 30-gauge needle was used to 
puncture a hole in the cornea. Next, a 33-gauge blunt-end needle attached to a 10-μl 
Nanofil® syringe controlled by a UMP3 pump controller (World Precision 
Instruments, Sarasota, FL) was positioned toward the superior nasal portion of the 
retina. Then, 1 μl of LPD nanoparticles (~85 ng of DNA) were injected into the 
subretinal space. The needle was retracted 10–15 s after injection, when a bleb of 
retinal detachment was visible. Following complete removal of the injection needle, 
the eye was carefully observed for any indication of postsurgical complications, 
such as iris and subretinal bleeding, pronounced retinal detachment or damage, or 
excessive vitreous loss. Saline and GenTeal lubricant eye gel (Alcon, Fort Worth, 
TX) were applied topically to the eye 3–4 times daily for 3–4 days after injection, 
to keep the eye continually moist. The severity of acute postsurgical complications 
and subsequent long-term complications, including eye infection, loss of visual 
function, and atrophy, were carefully evaluated. In the absence of any severe com-
plications, the procedure was deemed successful, and the animal remained in the 
study.
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61.2.3   X-Gal Staining

Two months later, flat mounts were prepared and stained with X-gal to examine 
cone cell density, according to the method described earlier (Punzo and Cepko 
2007). Retinal whole-mounts were imaged using a Nikon Eclipse E800 (Tokyo, 
Japan) microscope.

61.3  Results

61.3.1  Expression of mTOR Signaling Proteins in Wild-Type 
and Cone-Dominant Nrl Knockout Mouse Retinas

We examined the expression of mTOR signaling proteins on immunoblots in both 
wild-type Balb/c and cone-dominant Nrl knockout mouse retinas (Mears et  al. 
2001). Our results revealed the expression of mTOR, p70S6K, and 4E-BP.  It is 
interesting to note that the levels of these proteins are much higher in cone- dominant 
retina than in rod-dominant retina (Fig. 61.1). We also found that these proteins 
undergo phosphorylation on specific residues. The rod and cone cell-specific mark-
ers show that rhodopsin is absent from Nrl knockout mice, whereas M-opsin was 
higher in Nrl knockout mice than in wild-type mice (Fig. 61.1).

Fig. 61.1 Expression of 
mTOR signaling proteins 
in wild-type and cone- 
dominant Nrl knockout 
mice. Retinal proteins from 
rod-dominant wild-type 
and cone-dominant Nrl 
knockout mouse retinas (in 
duplicate) were subjected 
to immunoblot analysis 
with mTOR (b), phospho- 
mTOR (S2448) (a), 
phospho-70S6K (S371) 
(c), phospho-70S6K 
(T389) (d), p70S6K (e), 
phospho-4E- BP (f), 
4E-BP1 (g), M-opsin (h), 
and opsin (i) antibodies
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61.3.2  Mutant mTOR Promotes Cone Survival in rd1 Mice

We have a mouse model that expresses β-galactosidase (LacZ) under the control of 
human red and green cone pigment promoter (Fig. 61.2a; Wang et al. 1992) and has 
expressed an rd1 mutation in LacZ mice (Fig. 61.2c). We used lipid nanoparticles to 
deliver wild-type and mutant mTOR to P5 rd1/rd1-LacZ mice and examined cone 
density after 2 months. Flat mounts stained with X-gal (LacZ converts colorless 
X-gal substrate to a blue dye) showed that cone density is well preserved in wild- 
type LacZ mice (Fig. 61.2b), but not in rd1/rd1-LacZ mice (Fig. 61.2c). Cone cell 
loss could be delayed by subretinal injection of mutant mTOR-E2419K (Fig. 61.2e), 
but not wild-type mTOR (Fig. 61.2d).

61.4  Discussion

The insulin/mTOR pathway is active and promotes cone survival. In degenerative 
mouse models, this pathway is downregulated. It has been recently reported that 
conditional ablation of negative regulators of mTOR pathway promotes cone sur-
vival in mouse models of retinal degeneration (Venkatesh et al. 2015). Very recently, 
we reported that activation of Src, which signals in the activation of insulin receptor, 
promotes cone survival in a mouse model of cone degeneration (Rajala et al. 2016). 
In the present study, we found that activated mutant of mTOR promotes cone sur-
vival in rd1 mice. We used pcDNA3 vector carrying wild-type mTOR and mutant 
mTOR under the control of cytomegalovirus promoter (CMV), a strong promoter 

Fig. 61.2 Effect of mutant 
mTOR on cone cell death 
in an RP mouse model. 
Schematic diagram of 
HRGP (COP)-LacZ mice 
(a). Wild-type mTOR (d) 
and mutant mTOR 
E2419K (e) were 
subretinally injected into 
P5 rd1/rd1-LacZ mice 
under the control of CMV 
promoter. Two months 
later, flat mounts were 
prepared and stained with 
X-gal to examine cone cell 
density (b–e). Controls for 
this experiment include 
wild-type-LacZ mice (b) 
and untreated rd1/
rd1-LacZ mice (c). Scale 
bar, 1 mm
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used to obtain expression of exogenous genes in mammalian and other higher 
eukaryotic cells. Our results with mutant mTOR construct showed that cone cell 
density was much weaker in rd1/rd1 mice than in wild-type mice (Fig. 61.2e vs 
61.2b). This finding could be due to the nature of the general promoter without cell 
specificity. As a proof of principle, we could delay the death of cones with activated 
mutants of mTOR. In the future, we will target the expression specifically to cone 
photoreceptor cells and will also study cone function. These findings set the stage 
for future studies examining the idea that oncogenic proteins may be useful as thera-
peutic agents to treat retinal degenerations that affect cones.
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Chapter 62
Maintaining Cone Function in Rod-Cone 
Dystrophies

José-Alain Sahel and Thierry Léveillard

Abstract Retinal degenerative diseases are a major cause of untreatable blindness 
due to a loss of photoreceptors. Recent advances in genetics and gene therapy for 
inherited retinal dystrophies (IRDs) showed that therapeutic gene transfer holds a 
great promise for vision restoration in people with currently incurable blinding dis-
eases. Due to the huge genetic heterogeneity of IRDs that represents a major obsta-
cle for gene therapy development, alternative therapeutic approaches are needed. 
This review focuses on the rescue of cone function as a therapeutic option for main-
taining central vision in rod-cone dystrophies. It highlights recent developments in 
better understanding the mechanisms of action of the trophic factor RdCVF and its 
potential as a sight-saving therapeutic strategy.

Keywords Retinal degeneration · Photoreceptors · Rod-derived cone viability 
factor · Aerobic glycolysis · Neuroprotective gene therapy · Nucleoredoxin-like-1

62.1  Introduction

Retinal degenerative diseases are a major cause of untreatable blindness due to a 
loss of photoreceptors and their function. For inherited retinal dystrophies (IRDs) 
caused by specific gene defects, replacing the defective gene with its functional 
copy represents a promising therapeutic avenue. Recent achievements in gene 
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therapy for monogenic recessive diseases strongly support the validity of this 
approach. Today, the RPE65 gene replacement is the most notable example of suc-
cessful gene therapy for retinal degenerative disorders (Acland et al. 2005; Maguire 
et al. 2008; Hauswirth et al. 2008; Bainbridge et al. 2008; Bennett et al. 2012), and 
clinical trials of gene therapy for Leber congenital amaurosis (LCA) are currently 
ongoing in Philadelphia, Iowa, London, Nantes, and Jerusalem. Based on encourag-
ing preclinical results, clinical safety and efficacy proof-of-concept studies were 
undertaken to treat choroideremia, retinoschisis, Stargardt disease, Usher syndrome, 
achromatopsia, and Leber hereditary optic neuropathy (LHON). The large number 
of genes involved in the pathogenesis of IRDs and the dominant toxic gain-of-func-
tion mutations, however, are major challenges for gene therapy development, in 
addition to cost and efficiency concerns. Alternative approaches are therefore 
needed to treat the currently incurable IRD.

62.2  Saving Cone Photoreceptors

Paul Sieving “50% cone loss compatible with acuity of 20/20… 95% cone loss compatible 
with a correct orientation and discrimination performance" Geller and Sieving (1993)

Alan F.  Wright “Keep the cones alive and some 1,5 million people worldwide will 
see…” Wright (1997)

62.2.1  Cones Need the Rods to Survive

In retinitis pigmentosa (RP), one of the most common IRDs, mutations selectively 
affect rod photoreceptors. Intriguingly, secondarily to the death of rods, cones 
slowly (years to decades) degenerate leading to central vision loss and potentially 
complete blindness. In all conditions where the rods are destroyed, the cones degen-
erate secondarily (McCall et al. 1996), and this was established not only in rod- 
dominated mammalian retina but also in the retina with an equal proportion of rods 
and cones (Choi et al. 2011). This cascade of retinal degenerative events points on 
the crucial importance of saving cones for saving human vision and opens horizons 
for cone-directed therapeutic strategies.

62.2.2  Rod-Derived Cone Viability Factor (RdCVF) Rescues 
Cone Photoreceptors

Our group (with Saddek Mohand-Said and Thierry Léveillard) was first to hypoth-
esize that rods produce a factor that helps the cone cells to survive, and that this 
factor may preserve vision in human RP. In experimental models of RP, we pro-
vided strong evidence for cone protection by selective transplantation of rods 
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(Mohand-Said et  al. 2000) and also showed that cone viability depends on the 
 presence of viable rod photoreceptors (Mohand-Said et  al. 1998, 2001). Using 
cone- enriched primary cultures from chicken embryos and screening an expression 
library from mouse neural retinas corresponding to 210,000 individual clones, we 
identified a protein that increased the number of cone cells in culture and rescued 
cones in the rd1 mouse retina both in vitro and in vivo (Léveillard et al. 2004). We 
named this trophic factor rod-derived cone viability factor (RdCVF) (Léveillard 
et  al. 2004) and identified it as a truncated thioredoxin-like protein encoded by 
the Nxnl1 gene specifically expressed by photoreceptors (Fig.  62.1) (Léveillard 
et al. 2004; Reichman et al. 2010). This discovery provided a biochemical basis 
for paracrine interaction between rods and cones suggested by our previous works 
(Mohand- Said et al. 1998). We focused on the mechanisms of action of RdCVF 
and showed that the protective effect of RdCVF on cones is independent of the 
causative gene, as demonstrated in rd1 mouse (a model of autosomal recessive RP) 
(Leveillard et  al. 2004) and P23H rat (a model of autosomal dominant RP). We 
further showed that injection of RdCVF in animal models of RP prevents the short-
ening of cone outer segments which precedes the cone loss (Yang et  al. 2009). 
Functional studies revealed the exciting property of RdCVF not only to maintain 
the morphology and viability of cones but also to prevent the loss of function of 
cone photoreceptors in RP models, inducing orders of magnitude higher electroreti-
nography (ERG) responses (Yang et al. 2009).

The Nxnl1 gene also encodes by alternative splicing a long form of RdCVF, 
RdCVFL (Fig. 62.1), a protein with thioredoxin enzymatic activity that interacts 
with TAU (Wang et al. 2007; Fridlich et al. 2009). The known role of thioredoxins 
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in the defense mechanism against oxidative damage led us to examine the retinal 
phenotype of the Nxnl1−/− mice exposed to photooxidative stress. We have shown 
that in the Nxnl1−/− mice, both cones and rods degenerate with age and that rods are 
more susceptible to photooxidative damage due to the absence of RdCVFL (Cronin 
et al. 2010; Elachouri et al. 2015). Our next research revealed that cones express 
only one of the two Nxnl1 gene products, the thioredoxin RdCVFL (Mei et  al. 
2016), while rods produce the thioredoxin RdCVFL and the trophic factor RdCVF 
by alternative splicing (Fig. 62.2). Silencing the expression of RdCVFL in cone- 
enriched culture reduces cell viability, suggesting that RdCVFL is a cell- autonomous 
mechanism of protection (Mei et al. 2016). Using AAV2/8 vectors that target photo-
receptors cells, we demonstrated that RdCVFL is able to protect rod photoreceptors 
of the Nxnl1−/− mouse against light damage (Elachouri et al. 2015). RdCVFL also 
reduces the oxidation of polyunsaturated fatty acids induced by photoreceptor 
degeneration in the rd10 mouse (Byrne et al. 2015). Our results show that the Nxnl1 
gene, through the thioredoxin RdCVFL, is part of an endogenous defense mecha-
nism against photooxidative stress that is likely of great importance for human 
vision (Elachouri et al. 2015). We have thus elucidated that the thioredoxin RdCVFL 
is normally expressed by both cones and rods in mouse retina, while the trophic 
factor RdCVF is specifically expressed by rods (Mei et al. 2016). Our findings high-
light not only the duality of the Nxnl1 gene, but also its biological role to protect 
cone photoreceptors by two distinct mechanisms.

Our genomic investigations further uncovered a second trophic factor belonging 
to the RdCVF family, RdCVF2 (encoded by the Nxnl2 gene) (Chalmel et al. 2007). 
Similarly to RdCVF, the RdCVF2 short isoform exhibits cone rescue activity that is 
independent of its putative thiol-oxidoreductase activity. Interestingly, the RdCVF2L 
protein is able to reduce TAU phosphorylation, as does RdCVFL, but is significantly 

Fig. 62.2 Genomic 
organization of the 
bifunctional gene NXNL1 
(From Léveillard and Sahel 
2016)
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less effective than RdCVFL in protecting rods from light damage (Elachouri et al. 
2015). This finding suggests that preventing TAU phosphorylation is not sufficient 
to prevent rod loss and that other yet unidentified target(s) of the thioredoxin 
RdCVFL remain to be discovered.

Our recent investigations provided evidence that RdCVFL is involved in the 
defense mechanism against light-induced oxidative injury on rod and cone photore-
ceptors, while RdCVF protects cones. The relative absence of protection from light 
damage by RdCVF2L provides important insight into the absence of redundancy 
between the two genes.

62.2.3  RdCVF Promotes Cone Survival by Stimulating Aerobic 
Glycolysis

In mouse models of rod-cone degeneration, it was proposed that glucose uptake by 
cones and/or glucose intracellular concentration in cones may be compromised 
(Punzo et al. 2009). Over the years, we accumulated a large body of evidence about 
the cone-saving properties of RdCVF. How these effects occurred, however, was not 
completely understood until very recently, when we discovered that the mechanism 
by which RdCVF promotes cone survival is facilitating the flow of glucose into the 
cell (Ait-Ali et al. 2015). Specifically, we showed that RdCVF binds to Basigin-1 
(BSG1), which in turn binds to the glucose transporter GLUT1 creating the com-
plex RdCVF/BSG1/GLUT1 that is formed at the cone surface. This key complex 
improves (enhances, facilitates) the glucose entry into the cone photoreceptors 
(Fig.  62.3). Glucose is metabolized by cones via aerobic glycolysis to produce 
metabolites necessary for the daily renewal of 10% of the cone outer segments. The 
importance of glucose and nutrients in the survival of photoreceptors is due to the 
fact that they are among the highest metabolically active and energetically demand-
ing cells in the body. Cone survival relies on the ability of RdCVF to stimulate aero-
bic glycolysis (Ait-Ali et al. 2015; Cepko and Punzo 2015).

62.3  Translating Cone Rescue to the Clinic

Cones underlie all visual functions in lighted environment: this is why cone rescue 
is a clinically relevant target (Léveillard and Sahel 2010). Preventing the secondary 
loss of cones by administration of RdCVF is medically rational, since most of the 
patients with retinal degenerative disease that consult an ophthalmologist have 
already lost most of the rods, while visual acuity is only reduced when 50% of the 
cones become nonfunctional (Geller and Sieving 1993). Accordingly, supporting 
the survival of cones by RdCVF clearly becomes an important goal of translational 
retinal research.
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62.3.1  RdCVF Delivery Using an Adeno-Associated Viral 
Vector: Phase IB-IIA in Preparation

As previously emphasized, the alternative splicing of Nxnl1 results in two protein 
isoforms: the truncated form RdCVF which is secreted by rods and promotes cone 
survival and the full-length isoform RdCVFL which is involved in oxidative signal-
ing and protection against hyperoxia. Our recent investigations explored the effects 
of these different isoforms in murine models of rod-cone dystrophy and demon-
strated that the increased expression of RdCVF via systemic and intravitreal injec-
tions led to structural and functional rescue of cone photoreceptors in both rd10 
and P23H models, but had little effect on rods (Byrne et al. 2015). RdCVFL on its 

Fig. 62.3 Metabolic and redox signaling of the NXNL1 gene products (From Léveillard and Sahel 
2016)

J. -A. Sahel and T. Léveillard



505

own did not significantly rescue cones, although coexpression of RdCVF and 
RdCVFL increased the observed rescue effect in rd10 mice. In contrast, the expres-
sion of RdCVFL early in the course of the disease prolonged rod function, increased 
levels of rhodopsin, and decreased the by-products of cellular oxidative stress. 
These results provide key evidence that RdCVF and RdCVFL protect photorecep-
tors through separate but complementary mechanisms and show proof of concept 
for a widely applicable viral vector-mediated gene therapy that may prolong vision 
in patients suffering from rod-cone dystrophies in a mutation-independent way. A 
therapy aimed at preventing secondary cone degeneration should thus be pursued 
using both RdCVF and RdCVFL (Léveillard and Sahel 2016). With the long-stand-
ing support of the Foundation Fighting Blindness, a neuroprotective gene therapy 
aiming to provide sustained release of the vision-saving RdCVF protein to the 
retina is currently under development. Expressed through an AAV vector, the 
RdCVF mutation-independent treatment has potential to become a widely appli-
cable gene therapeutic option for treatment of various retinal degenerative diseases 
(Dalkara et al. 2015).

62.3.2  Therapeutic Strategy for Each Patient

The best suited therapeutic strategy for vision preservation and restoration will 
largely depend on the careful evaluation of the status of the remaining cells in each 
patient. The power of most advanced in vivo noninvasive high-resolution imaging 
technologies is currently used for this purpose, as visualizing retinal morphology in 
details is of crucial importance not only to diagnose early stages of retinal degenera-
tion and determine the progression rate of the disease but also to choose the most 
appropriate therapeutic option and monitor therapeutic effects. The adaptive optics 
infrared reflectance imaging takes a particularly important role in this evaluation, as 
it allows visualization at cellular level of microstructures such as photoreceptor 
outer segments, capillaries or vascular wall, and nerve fiber bundles. The research-
ers from Institut de la Vision and Institut Langevin are currently developing state- 
of- the-art imaging technologies for gaining a better understanding of retinal diseases 
and developing sight-saving therapies. These include holographic laser Doppler 
ophthalmoscopy, which uses infrared light to obtain detailed real-time 3-D images 
of blood flow through retinal vessels, as well as two-photon imaging to investigate 
the highly intricate circuitry of the retina. Major enhancements will be made to opti-
cal coherence tomography (OCT), an approach that employs near-infrared light to 
capture images of retinal structure. All these technologies are expected to provide 
new insights into pathological processes leading to visual impairment, to identify 
and assign eligible patients to future clinical trials, and to optimize neuroprotective 
and regenerative therapies in retinal dystrophies.

62 Maintaining Cone Function in Rod-Cone Dystrophies
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62.3.3  Measuring Outcomes in Patients

IRDs comprise a large number of genetically and phenotypically highly heteroge-
neous disorders due to mutations in more than 250 different causative genes (RetNet: 
https://sph.uth.edu/retnet/sum-dis.htm, accessed November 16, 2016). This huge 
heterogeneity requires special consideration when selecting patients for clinical tri-
als and choosing outcome measures. Ideally, the outcome measures should be non-
invasive, safe, and easy and quick to perform, both for patients and staff (Thompson 
et al. 2015). Visual acuity is a classical outcome measure used in treatment trials for 
retinal diseases, but only a change of ≥15 letter score (equivalent to ≥3 lines on a 
standardized visual acuity chart) is considered significant (Beck et al. 2007). Highly 
standardized and powerful methods for characterizing patients (e.g., proteomics, 
metabolomics, genomics, genotype-phenotype correlations, real-time noninvasive 
high-resolution imaging techniques), as well as patient-reported outcomes (e.g., 
questionnaires) and performance-based tests, should address the challenging needs 
of clinical trials for IRDs. Objective behavioral measurements need to be imple-
mented into the battery of outcome measures, including movement patterns, kine-
matics and kinetics, forces produced by movements, gaze behavior (head + eye 
orientation), saccade amplitude, eye-head coordination, etc.

62.4  Concluding Remarks

In advanced stages of IRD when cone photoreceptor integrity is affected to the point 
that they do not express anymore the cell surface of RdCVF, the administration of 
RdCVF will be without benefit. In these cases, optogenetics can make possible the 
conversion of different retinal cells into “artificial photoreceptors,” offering per-
spectives for vision restoration in a mutation-independent manner, for a wide range 
of IRDs (Lagali et al. 2008; Zhang et al. 2009; Busskamp et al. 2010; Cronin et al. 
2014; Mace et al. 2015). Ophthalmology is a good example of precision medicine. 
In this context, patient-specific clinical decisions based on new diagnostic and mon-
itoring approaches have crucial importance. Developing living labs for testing of 
innovative treatments and devices and for evaluation and education of patients in 
user-centered ecosystems is mandatory. We are convinced that close collaboration 
between academia, industry, policy makers, and patient associations may signifi-
cantly contribute to the development of neuroprotective mutation-independent ther-
apy aimed at saving sight by preventing secondary cone degeneration.
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Chapter 63
PKG-Dependent Cell Death in 661W Cone 
Photoreceptor-like Cell Cultures 
(Experimental Study)

Stine Mencl, Dragana Trifunović, Eberhart Zrenner, 
and François Paquet-Durand

Abstract In humans cone photoreceptors are responsible for high-resolution 
colour vision. A variety of retinal diseases can compromise cone viability, and, at 
present, no satisfactory treatment options are available. Here, we present data 
towards establishing a reliable, high-throughput assay system that will facilitate the 
search for cone neuroprotective compounds using the murine-photoreceptor cell 
line 661 W. To further characterize 661 W cells, a retinal marker study was per-
formed, followed by the induction of cell death using paradigms over-activating 
cGMP-dependent protein kinase G (PKG). We found that 661 W cells may be used 
to mimic specific aspects of cone degeneration and may thus be valuable for future 
compound screening studies.
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63.1  Introduction

Human vision is strongly depending on the function of cone photoreceptors. 
Neurodegenerative diseases affecting cones occur in many eye diseases, including 
in age-related macular degeneration, diabetic retinopathy, retinitis pigmentosa, and 
achromatopsia. At present no satisfactory treatment options are available for these 
diseases. To identify neuroprotective compounds that could potentially preserve 
cone viability, a reliable, high-throughput test system is needed (Ekstrom et  al. 
2014).

The cone-photoreceptor-function-loss-1 (cpfl1) mouse is an animal model for 
cone degeneration carrying a mutation in the cone-specific phosphodiesterase 6 
(Pde6) (Trifunovic et al. 2010). This causes PDE6 enzyme dysfunction and a sub-
sequent rise of intracellular cGMP (Trifunovic et al. 2010). cGMP in turn may act 
on cyclic nucleotide-gated ion channels (CNGCs) raising intracellular Ca2+ levels 
(Kulkarni et al. 2016) and on cGMP-dependent protein kinase G (PKG) (Paquet- 
Durand et al. 2009). Here, we show that murine cone-like 661 W cells (Al-Ubaidi 
et al. 1992) can be used to emulate certain aspects of cpfl1 cone degeneration and 
may thus be useful for the development of a high-throughput screening system for 
cone protective compounds.

63.2  Materials and Methods

63.2.1  Cell Culture and Cell Viability Testing

Murine cone-like 661 W cells were maintained in DMEM and kept at 37 °C in a 
humidified atmosphere and 5% of CO2. Cells were seeded into 24-well plates, 4000 
cells/well for short treatment and 2000 cells/well for long treatment. To stop treat-
ment, cells were rinsed in phosphate-buffered saline (PBS) and then stained for 
45 min using LIVE/DEAD® Viability/Cytotoxicity Kit (Thermo Fisher Scientific).

63.2.2  Immunohistochemistry

Cells were grown on inserted poly-L-lysine-covered glass plates. Cells were fixed 
with 4% PFA and stained with primary antibodies (Table  63.1) overnight at 
4 °C. DAPI was used as nuclear counterstain.

S. Mencl et al.
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63.2.3  Microscopy, Cell Counting, and Statistical Analysis

Light and fluorescence microscopy was performed with an Axio Imager Z1 
ApoTome Microscope using Zeiss AxioVision 4.7 software. Pictures of LIVE/
DEAD® Viability/Cytotoxicity assay were obtained with an Axiovert 35  M 
Microscope.

For image processing, the Adobe Creative Suite CS5 Standard was used. Live 
and dead cells were counted manually using ImageJ software. The percentage of 
dead cells was calculated, normalized to DMSO control, and analysed for signifi-
cant differences using an unpaired, two-tailed Student’s t-test.

63.3  Results

63.3.1  Expression of Retinal Cell-Type-Specific Markers 
in 661 W Cells

Previous studies found that 661 W cells were cone-like and expressed blue and red/
green cone opsins, as well as cone transducin and arrestin, but not rhodopsin or rod 
arrestin (Tan et al. 2004). To confirm and further assess the nature of these cells, we 
tested a variety of retinal cell markers using immunofluorescence.

While 661 W cells did not express rhodopsin, they showed abundant expression 
of rod and cone PDE6 (Fig.  63.1a–d and e–h), as well as S- and M-opsin (cf. 
Table 63.2). Furthermore, the cone-specific markers, neuron-specific enolase (NSE), 
and glycogen phosphorylase (GlyPhos) (Nihira et al. 1995) were strongly expressed 

Table 63.1 Antibodies used for immunofluorescence

Antigen Host Source/Cat. number Dilution

Calbindin Mouse Swant, 300 1:500
Ca2+−/calmodulin-dependent kinase 1 
(CAMK1)

Rabbit Acris, AP13883PU-N 1:100

Calretinin Mouse Chemicon, MAB 1568 1:300
cGMP Sheep Gift from Prof. Jan de Vente 1:500
Glutamine synthetase Mouse Chemicon, MAB 302 1:1000
Glycogen phosphorylase (GlyPhos) Guinea 

pig
Gift from Prof. 
B. Pfeiffer-Guglielmi

1:500

JH 455 (blue opsin) Rabbit Gift from Prof. P. Humphries 1:1000
Neuron-specific enolase (NSE) Rabbit Polyscience, 16,625 1:3000
Opsin red/green Rabbit Millipore/Chemicon, AB 5405 1:200
Parvalbumin Mouse Sigma, P 3088 1:300
PDE6B Rabbit ABR, PA1–722 1:400
PDE6H Rabbit Gift from Prof. P. Ruth 1:1000
Rhodopsin Mouse Chemicon, MAB 5316 1:400
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(Fig. 63.1i–l and m–p). Also, connexin-36, a gap junction protein involved in rod 
and cone photoreceptor coupling, was expressed in 661 W cells, as were cGMP- 
dependent PKG-1 and PKG-2 (cf. Table 63.2).

Calbindin, a marker for horizontal cells, amacrine cells, and certain ganglion cell 
types, was not expressed in 661 W cells (Table 63.2). However, Ca2+−/calmodulin- 
dependent kinase I (CaMK1), a marker for bipolar and amacrine cells in mouse 
retina, was expressed in the cytoplasm of 661 W cells (Table 63.2).

In summary, the rod-specific phosphodiesterase, CaMK1, PKG1, and PKG2 
were expressed in this cell line, as well as six cone-specific proteins, while  rhodopsin 

Fig. 63.1 Retinal cell marker expression in 661 W cells. Marker staining (red) as indicated on the 
left of each row; DAPI (blue) was used as nuclear counterstain. Columns as indicated in top row; 
left most column is negative (neg.) control; right most column shows a corresponding staining on 
wild-type retina, for comparison. (a–d) Rod PDE6B expression. (e–h) Cone PDE6H expression. 
(i–l) NSE expression. (m–p) GlyPhos expression. Scale bars = 10 μm. Abbreviations: GCL gan-
glion cell layer, INL inner nuclear layer, ONL outer nuclear layer, OS/IS outer and inner 
segments
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and calbindin were not expressed (Table 63.2). Thus, the 661 W cell line appeared 
cone-like and suitable for studies into cone-degeneration mechanisms.

63.3.2  Induction of Cell Death in 661 W Cells Using 
a Selective PKG Activator

In cpfl1 cones PDE6 is nonfunctional leading to an accumulation of cGMP 
(Trifunovic et  al. 2010). As described earlier for the rd1 mouse, this leads to an 
over-activation of cGMP-dependent PKG (Sahaboglu et al. 2013), likely combined 
with a permanent opening of CNGC (Paquet-Durand et al. 2011), and eventually 
cell death.

To emulate a cpfl1-like situation in 661 W cells, we blocked PDE6 activity with 
the highly selective inhibitor, zaprinast (Zhang et al. 2005). Remarkably, 24 h treat-
ment with 500 μm zaprinast did not produce any significant differences between 
treated (5.4% ± 1.1 SEM) and control group (6.1% ± 1.0, p = 0.656) (Fig. 63.2a). In 
view of the confirmed expression of rod and cone PDE6 in 661 W cells (Fig.63.2a–d 
and e–h), this was surprising. However, 661 W cells may not be producing sufficient 
amounts of cGMP so as to activate PKG- and/or CNGC-dependent cell death. In 
addition, 661 W cells do not express the CNGA3 subunit of the CNGCs (Fitzgerald 
et al. 2008) rendering CNGCs nonfunctional.

As an alternative to PDE6 inhibition, we treated 661 W cells with a selective 
PKG activator, the cGMP analogue 8-pCPT-PET-cGMP (Fig. 63.2b). A 24 h treat-
ment with 50 μM PKG activator resulted in a significantly higher percentage of 
dead cells (6.5% ± 0.3) when compared to control (2.3% ± 0.8, p < 0.001), confirm-
ing that 661 W cells are vulnerable to PKG over-activation, similar to what was seen 
in cpfl1 cones (Trifunovic et al. 2010).

Table 63.2 Expression of retinal cell markers in 661 W cells

Protein/enzyme Rod marker Cone marker Other markers

Rhodopsin Negative
Rod PDE6B Positive
Cone PDE6H Positive
Neuron-specific enolase Positive
Glycogen phosphorylase Positive
S-opsin Positive
M-opsin Positive
Connexin-36 Positive
PKG-1 Positive
PKG-2 Positive
Calbindin Negative
Ca2+−/calmodulin-dependent kinase 1 Positive

63 PKG-Dependent Cell Death in 661W Cone Photoreceptor-like Cell Cultures…



516

63.4  Discussion

The 661  W cell line was obtained from an immortalized murine retinoblastoma 
(Al-Ubaidi et al. 1992). These cells display the spindle-like morphology of neuronal 
cells and express several cone photoreceptor-specific genes and proteins (Tan et al. 
2004). Our retinal marker study found six cone-specific proteins expressed in 661 W 
cells. We thus confirmed previous studies and concluded that these cells are more 
cone- than rod-like and do resemble photoreceptors more than any other retinal cell 
type.

We wanted to use 661 W cells as model system for cone degeneration. To induce 
cell death that would correspond to cpfl1 mouse cone degeneration (Trifunovic et al. 
2010, 2016), we first used the PDE6 inhibitor zaprinast. In organotypic retinal 
explant cultures, 100 μM zaprinast treatment was sufficient to cause selective pho-
toreceptor cell death (Sahaboglu et  al. 2013). While this approach did not cause 
significant 661 W cell death, the direct activation of PKG with a cGMP analogue 
did result in strong cell death induction. This finding confirmed the functional 
expression of PKG1 and PKG2 in 661 W cells, in line with previous studies on rd1 
rod and cpfl1 cone degeneration (Paquet-Durand et al. 2009; Trifunovic et al. 2010).

Taken together, 661 W cell cultures can be used to emulate PKG-dependent cell 
death and may thus be used as to establish a rapid and high-throughput screening 
system for cone protective compounds. After identification of a 661 W protective 
substance, effects may be further validated in a more complex in vitro system, such 
as organotypic retinal explant cultures, and subsequently in an in vivo animal model, 
such as the cpfl1 mouse.
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Fig. 63.2 Induction of cpfl1-like cell death in 661 W cells. (a) PDE inhibition with zaprinast (zap) 
did not increase 661 W cell death. (b) After PKG activation with 8-pCPT-PET-cGMP, cell death 
was significantly increased. Error bars represent SEM
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Chapter 64
More Than Meets the Eye: Current 
Understanding of RPGR Function

Hemant Khanna

Abstract This article summarizes the recent advances in our understanding of a 
major retinal disease gene RPGR (retinitis pigmentosa GTPase regulator), muta-
tions in which are associated with majority of X-linked forms of retinal degenera-
tions. A great deal of work has been done to uncover the ciliary localization of 
RPGR and its interacting proteins in the retina. However, the molecular mecha-
nisms of action of RPGR in the photoreceptors are still unclear. Recent studies 
have begun to shed light on the intracellular pathways in which RPGR is likely 
involved. The deregulation of such pathways may underlie the pathogenesis of 
severe retinal degeneration associated with RPGR. With the recent advances in the 
gene augmentation therapy for RPGR-associated disease, there is a lot of excite-
ment in the field. Patients with RPGR mutations, however, present with clinically 
heterogeneous manifestations. It is therefore imperative to examine the function of 
RPGR in detail, so that we can design patient-oriented therapeutic strategies for 
this disease.

Keywords RPGR · Cilia · Photoreceptor · Ciliopathies · RCC1 · GTPase · GEF · 
Retinal degeneration · X-linked retinitis pigmentosa · Retinitis pigmentosa · 
INPP5E · PDE6δ · Glutamylation · Prenylation

64.1  Introduction

Retinal degenerative diseases are a group of clinically and genetically heteroge-
neous group of blindness disorders. Retinitis pigmentosa (RP) is one of the most 
severe forms of retinal degeneration, which affects 1  in 3000–3500 individuals 
(Fishman 1978; Haim 2002). RP is characterized by progressive loss of rod and 
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cone photoreceptors (PRs), resulting in diminished to nonrecordable electroreti-
nography responses and blindness (Heckenlively et al. 1988). RP is also observed 
in  syndromic disorders, including Bardet-Biedl syndrome, Senior-Loken syndrome, 
and Usher syndrome (Otto et al. 2005; Daiger et al. 2007).

Mutations in more than 60 genes are associated with the non-syndromic forms of 
RP (http://www.sph.uth.tmc.edu/RetNet/) (Daiger 1996). Among these, mutations in 
the RPGR (retinitis pigmentosa GTPase regulator) gene, located on the X chromo-
some, are one of the most common causes of RP. RPGR males usually show signs of 
visual dysfunction starting as early as 9–10 years of age (Breuer et al. 2002; Branham 
et al. 2012; Churchill et al. 2013). On the other hand, majority of RPGR-carrier females 
exhibit mild to moderately reduced visual function. Cases of severe visual impairment 
in carrier females comparable to that of affected males have also been reported (Souied 
et al. 1997; Mears et al. 2000; Rozet et al. 2002; Wu et al. 2010; Branham et al. 2012).

Extensive studies done both in patients and animal models of RPGR mutations 
have revealed insights into the natural history of the disease (Hong et  al. 2000; 
Zhang et al. 2002; Rao et al. 2015, 2016b, c), which have paved way to designing 
therapeutic strategies. Recent gene augmentation therapy studies have generated a 
great deal of excitement by showing a delay in PR degeneration in canine and mouse 
models of RPGR (Beltran et al. 2012; Deng et al. 2015; Pawlyk et al. 2015; Wu et al. 
2015). However, the RPGR gene exhibits immense heterogeneity in clinical presen-
tation of the phenotype and in the expression of its mRNA and protein products. We 
still do not completely understand the role of the major RPGR isoforms and the 
effect of disease-causing mutations on these isoforms. Such knowledge is crucial 
for understanding the molecular mechanisms of phenotypic variability observed in 
RPGR patients. Recent studies on RPGR function have identified a unifying theme 
of its involvement in regulating ciliary trafficking in PRs. Moreover, RPGR cooper-
ates with other ciliary disease proteins, thus indicating a functional overlap between 
RPGR and other diseases of the cilia. In this article, I will present this unifying 
theme and propose models of isoform-specific role of RPGR in PRs.

64.2  Cilia, PRs, and Disease

Cilia are evolutionarily conserved extensions of the plasma membrane. These 
extensions are formed by the nucleation of a microtubule cytoskeleton at the 
mother centriole (also called basal body) in a nondividing cell. Cilia act as anten-
nae to relay external signals to the cell interior. They regulate several indispens-
able functions, such as photoreception, breaking the left-right symmetry during 
embryonic development, and olfaction. The ciliary membrane retains a unique 
protein and membrane signature, and it is this signature that is believed to impart 
the ability to detect specific signals (Singla and Reiter 2006; Eggenschwiler and 
Anderson 2007). For example, PRs develop a primary cilium in the form of a 
light-sensing outer segment (Fig. 64.1). Also see Anand and Khanna (2002) and 
Khanna (2015). The outer segment is loaded with the proteins involved in the 
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phototransduction cascade (such as rhodopsin, cone opsin, transducin, and arres-
tin), fatty acids, and phospholipids (specific  phosphoinositides). This unique 
composition imparts fluidity to the outer segment membrane and allows efficient 
capture and processing of light signals (Besharse et al. 2003; Eggenschwiler and 
Anderson 2007; Boesze-Battaglia et al. 2008; Khanna 2015; Albert et al. 2016).

The PR sensory cilium is nucleated from the basal body at the apical surface of 
the inner segment. As the microtubules extend, they form a doublet microtubule 
structure called the connecting cilium (CC) (Fig. 64.1). The CC is analogous to the 
transition zone of a prototypic cilium and extends into the OS. The CC acts as a con-
duit for unidirectional or bidirectional transport of cargo moieties between the inner 
and the outer segments. The CC also acts as a “gatekeeper” to regulate the entry or 
exit of the cargo, which aids in the maintenance of its unique composition (Besharse 
et al. 2003; Khanna 2015). The PR outer segments lack the ability to synthesize the 
resident proteins and thus, rely on their synthesis and transport from the inner seg-
ment across the CC. As such, even slight perturbations in the structure or function of 
the CC result in PR dysfunction and degeneration (Deretic et al. 1995; Hong et al. 
2000; Pazour et al. 2002; Li et al. 2013; Pearring et al. 2013; Rao et al. 2015).

Fig. 64.1 Schematic representation of a rod photoreceptor cell. The outer segment is loaded with 
membranous discs that are arranged in a coinstack-like fashion. The inner segment houses the 
Golgi apparatus (G), mitochondria (M), and the rest of the machinery involved in protein synthesis 
and trafficking to the outer segment. The trafficking takes place via the bridge-like connecting 
cilium (CC). N nucleus
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Ciliary dysfunction leads to severe diseases, collectively termed ciliopathies. 
Ciliopathies are genetic disorders that range from earlier-onset developmental anom-
alies (Meckel-Gruber syndrome and Joubert syndrome) to relatively later- onset dis-
eases (Bardet-Biedl syndrome, Senior-Loken syndrome, and Usher syndrome). 
These syndromes share blindness due to retinal degeneration as a common clinical 
manifestation (Badano et al. 2006; Hildebrandt et al. 2011). However, retinal dystro-
phies are more commonly presented in a non-syndromic manner. About a third of 
genetic retinal dystrophies that affect the structure and function of the PR cilium lead 
to RP (Estrada-Cuzcano et al. 2012). Cilia-dependent RP is one of the most severe 
clinically and genetically heterogeneous forms of retinal dystrophies, and RPGR 
mutations are frequent causes of RP due to ciliary dysfunction (Churchill et al. 2013).

64.3  RPGR and Disease

Human genetic and mass spectrometry-based studies have identified several 
RP-associated genes that localize to the CC (Gherman et  al. 2006; Arnaiz et  al. 
2009). Among these, RPGR is a major ciliary disease protein. RPGR mutations 
account for >80% of X-linked RP (XLRP) cases and 15–20% of simplex (isolated) 
RP males (Meindl et  al. 1996; Roepman et  al. 1996; Churchill et  al. 2013). 
Expression analysis of RPGR identified two major isoforms: the constitutive (or 
default) isoform RPGRconst, encoded by exons 1–19, and the RPGRORF15 isoform, 
which retains part of intron 15 as the terminal exon (exons 1–15 + part of intron 15) 
(Vervoort et al. 2000; He et al. 2008; Churchill et al. 2013) (Fig. 64.2). Both iso-
forms share a common N-terminal domain (exons 1–15) but differ in their C-termini: 
exon 19 of RPGRconst encodes a putative prenylation domain, while the terminal 
exon (called ORF15) of RPGRORF15 is a mutational hotspot (accounting for ~60% of 
RPGR patients) (Vervoort et al. 2000; Churchill et al. 2013). Within the common 
N-terminal region, exons 1–11 encode a domain homologous to regulator of chro-
mosome condensation 1 (RCC1); thus, this region is named RCC1-like domain 
(RLD) (Meindl et al. 1996; Roepman et al. 1996).

Mutation analysis of RPGR-XLRP patients revealed that mutations in exon 
ORF15 (thus affecting the RPGRORF15 isoform) are associated with clinically hetero-

Fig. 64.2 Schematic representation of the major human RPGR isoforms. The numbers in boxes 
indicate exons. The location of the protein domains and their posttranslational modifications (in 
bold) are also indicated
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geneous disease, ranging from RP to cone-rod degeneration and macular degenera-
tion (Vervoort et al. 2000; Ayyagari et al. 2002; Breuer et al. 2002; Demirci et al. 
2002; Sharon et al. 2003; Ebenezer et al. 2005; Walia et al. 2008). Moreover, it was 
also postulated that mutations toward the 3′ end of exon ORF15 tend to associate 
with cone-rod degeneration, although RP patients carrying 3’-ORF15 mutations 
have also been reported (Vervoort et al. 2000; Ayyagari et al. 2002; Breuer et al. 
2002; Demirci et al. 2002; Sharon et al. 2003; Ebenezer et al. 2005; Walia et al. 
2008; Zahid et  al. 2013; Bassuk et  al. 2014). This was puzzling because the 
RPGRORF15 isoform expression can be detected in both rods and cones. A recent 
study showed that discrepancies in the genotype-phenotype correlation of RPGRORF15 
patients might in part arise from a spatially restricted effect of the exon ORF15 
mutations on the retina (Charng et al. 2016). Although both rod and cone photore-
ceptors may be affected by the ORF15 mutations, wide spatial distribution of the 
affected photoreceptors was observed, and the degree of effect of the ORF15 muta-
tions on rods versus cones was variable yet bilaterally consistent in both patients 
and mouse models. Another major observation was the presentation of macular 
degeneration in all patients examined in this study. Importantly, no correlation with 
the position of the mutation in exon ORF15 was detected in these patients.

It is possible that modifier effect underlies the variable presentation of exon 
ORF15 mutations. Previous studies have identified potential RPGR-interacting pro-
teins that can act as modifiers of retinal diseases in ciliopathies: RPGRIP1L (RPGR- 
interacting protein 1-like) (Khanna et al. 2009) and CEP290 (centrosomal protein of 
290 kDa) (Chang et  al. 2006; Rao et  al. 2016d). In fact, mouse genetic studies 
showed that Cep290 alters the severity of retinal degeneration in the Rpgrko mice 
(Rao et al. 2016d). Interestingly, analysis of RPGRIP1L in RPGR patients revealed 
two variants that are associated with the severity of the disease (Fahim et al. 2011). 
However, given the considerable phenotypic heterogeneity in RPGR-XLRP, it 
would be important to perform large-scale analyses for modifier genes that can alter 
the phenotypic presentation of RPGR mutations (Appelbaum et al. 2016).

Further validation of a differential effect of the loss of RPGR on rods and cones 
was obtained using RNAseq analysis of the eyes from the Rpgrko mice in the rod- 
enriched or cone-only mouse backgrounds. Deregulation of actin cytoskeletal 
dynamics was one of the major altered pathways in the rod-dominant background. 
Interestingly, the Rpgrko photoreceptors revealed overexpression of Rhotekin 2 
(RTKN2), which modulates actin polymerization. Additional analysis revealed a 
twofold increase in the polymerized actin levels as compared to globular actin. 
Furthermore, RTKN2 is an effector of RhoA GTPase, which is also involved in 
actin polymerization. Effectors of small GTPases bind to its GTP-bound active 
state. Consistently, increased levels of RhoA-GTP were associated with RTKN2 in 
the Rpgrko retina as compared to the wild-type counterpart (Rao et al. 2016c).

Loss of Rpgr in the all-cone retina of Nrl−/− mice (Rpgrko-double knockout; 
Rpgr-DKO) revealed unexpected effect on the retina. The Rpgr-DKO mice exhib-
ited supranormal cone response by electroretinography (ERG) and substantially 
retained retinal morphology. Moreover, transcriptomic analysis revealed predomi-
nant alterations in the levels of RPE-specific genes involved in visual cycle. 
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Furthermore, reduced docosahexaenoic acid levels were observed in the double 
mutant retinas. Combinatorial effect of alterations in the levels of visual cycle gene 
expression and fatty acid content may underlie the supranormal cone response in the 
Rpgr-DKO mice (Rao et al. 2016c).

64.4  RPGR Function

RPGR as a GTPase Regulator: RCC1, to which the RLD of RPGR exhibits 
 homology, is a guanine exchange factor (GEF) of small GTPases (Renault et al. 
2001). GEFs catalyze the conversion of inactive GDP-bound GTPases to active 
GTP- bound forms (Deretic 2013; Barr 2010 #962; Rao and Khanna 2015). Using 
different N-terminal RPGR regions, it was found that RPGR preferentially inter-
acts with the GDP-bound form of the small GTPase RAB8A (Murga-Zamalloa 
et al. 2010c). RAB8A plays crucial roles in rhodopsin trafficking in primary cilia 
(Deretic et al. 1995; Moritz et al. 2001; Wang and Deretic 2014). In addition, acti-
vated RAB8A is critical for the generation and maintenance of cilia in cultured 
cells (Nachury et al. 2007). Given RPGR-RAB8A interaction and the homology 
of RPGR to RCC1, the next logical step was to test whether or not RPGR can act 
as a GEF for RAB8A. To this end, using an in vitro GEF assay, it was found that 
the N-terminal region of RPGR encompassing the RLD, but not RLD alone, could 
catalyze the conversion of RAB8A-GDP to RAB8A-GTP (Murga-Zamalloa et al. 
2010c). Moreover, shRNA- mediated knockdown of RPGR in hTERT-RPE1 cells 
resulted in the reduced retention of RAB8A at the cilia and shortening of the cilia 
length. Although the physiological relevance of RAB8A in mouse photoreceptor 
protein trafficking and of the GEF activity of RPGR toward RAB8A or another 
GTPase remains to be established, there is clear evidence for a role of RPGR in 
facilitating RAB8A localization at the cilia. This is corroborated by the interaction 
of RPGR with CEP290 and PCM1 (pericentriolar material 1), which regulate the 
ciliary localization of RAB8A (Kim et al. 2008).

Remarkable studies on the crystallization of the RLD of RPGR (residues 
1–392) revealed the presence of RCC1-like seven-bladed β-propeller structure 
(Watzlich et al. 2013). However, significant differences between the structures of 
the GEF domain of RCC1 and RPGR-RLD were also observed. The RPGR-RLD 
revealed an unstructured loop at the homologous position of a β-hairpin extension 
that is involved in the GEF activity of RCC1. Such difference could suggest that 
RPGR- RLD does not possess active GEF activity. This assumption is not entirely 
true. Firstly, the GEF activity of RPGR is exhibited by the full-length RPGRconst or 
residues 1–635 (RPGR1–635, encoded by exons 1–15), indicating that the residues 
outside of the RLD are also involved in its activity. Secondly, the solved structure 
was of residues 1–392, and such domain might assume a different conformation 
as compared to the full-length protein or RPGR1–635. Although crystal structure 
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analysis provides valuable and critical insights into the structure-function rela-
tionships in proteins and assists in understanding the effect of disease mutations, 
the results of such analyses should be interpreted in the physiological context.

Consistent with the RPGR knockdown results in cultured RPE cells, rpgr- 
morpholino (MO)-treated zebra fish embryos or Rpgrko mouse PRs and fibroblasts 
did not exhibit cilia formation defects but formed shorter cilia (Ghosh et al. 2010; 
Rao et  al. 2016b) (and HK, unpublished observations). Moreover, both models 
revealed normal retinal and PR development. Although the Rpgrko mice undergo 
PR degeneration starting around 6–7 months of age (Hong et al. 2000; Rao et al. 
2016d), the rpgr-MO-treated zebra fish embryos did not exhibit any detectable 
effect on PR health within the time span of the experiment (5 days post fertiliza-
tion). This is likely because morpholinos usually remain effective until 5–6 days 
post fertilization; hence, only developmental defects can be readily detected in 
such experiments. The subtle ciliary defects due to the loss of RPGR are also 
consistent with the role of cilia in disease. Loss of cilia results in systemic cili-
ary defects, leading to severe ciliopathies and, in some cases, embryonic lethality. 
Although extraocular phenotypes, including sensorineural hearing loss, respiratory 
tract infections, and respiratory ciliary defects, result in primary cilia dyskinesia 
(Koenekoop et al. 2003; Zito et al. 2003; Iannaccone et al. 2004; Bukowy-Bieryllo 
et al. 2013), no systemic ciliary abnormalities in RPGR patients and animal models 
have been reported. Notably, RPGR has been localized to mouse sperm flagella 
(Khanna et al. 2005), and overexpression of RPGR resulted in male infertility in 
mice (Brunner et al. 2008). Nonetheless, clinical cases with such manifestations 
have not been reported. Overall, the loss of RPGR moderately affects cilia func-
tion but spares cilia formation, and RPGR’s role as a GEF for small GTPases may 
play a secondary yet significant role in the trafficking of the cargo destined to PR 
outer segments.

64.4.1  RPGR-Containing Protein Complexes

The N-terminal region of RPGR also mediates majority of its interactions with other 
proteins. This domain interacts directly with RPGRIP1 (Boylan and Wright 2000; 
Roepman et al. 2000; Zhao et al. 2003), RPGRIP1L (Khanna et al. 2009), and struc-
tural maintenance of chromosomes 1 and 3 (SMC1 and SMC3) (Khanna et  al. 
2005). Moreover, RPGR exists as distinct multiprotein complexes with other ciliary 
proteins, including nephrocystin-1 (NPHP1), NPHP2, NPHP4, NPHP5, and 
CEP290/NPHP6, microtubule-based motor proteins, and intraflagellar transport 
protein (IFT88) in mammalian retina (Khanna et al. 2005; Otto et al. 2005; Chang 
et al. 2006; Murga-Zamalloa et al. 2010a, b; Anand and Khanna 2012; Rao et al. 
2016d). The C-terminal domain of RPGRORF15 was also found to associate with 
whirlin (Wright et  al. 2012), another ciliary protein mutated in Usher syndrome 
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(characterized by congenital deafness and RP) (Ebermann et al. 2007), although the 
physiological relevance of this interaction remains to be established.

All RPGR-associated proteins identified to date are mutated in ciliary diseases 
that include PR degeneration as a common manifestation. These findings indicate 
that RPGR plays a wider role in regulating the function of cilia, likely by facilitating 
the assembly of ciliary protein complexes at the PR connecting cilium.

64.4.2  RPGR as a “Gatekeeper”

The localization of RPGR at the connecting cilium (presumed “gate” to the outer 
segments) of the PRs and its involvement in modulating cargo trafficking begged 
the question: does the loss of RPGR affect the composition of the photoreceptor 
outer segments? To answer this, proteomic analysis of the isolated PR outer seg-
ment (or PR sensory cilium) of the Rpgrko mice was performed and compared to the 
wild-type proteome (Rao et al. 2015). Furthermore, two different stages prior to the 
onset of any detectable functional or structural deficit were selected. The analysis 
revealed that RPGR loss does not affect the abundance of key structural and photo-
transduction proteins in the outer segments. However, major alterations in the levels 
of proteasomal components, small GTPases involved in vesicular trafficking, and 
high-molecular-weight soluble proteins in the outer segments were detected in the 
Rpgrko outer segments. The small GTPases whose levels were most affected in the 
Rpgrko sensory cilium were IQGAPs (IQ-domain containing GTPase-activating pro-
teins), which are involved, among other pathways, in actin cytoskeletal dynamics. 
Although the molecular mechanisms underlying these observations need to be fur-
ther investigated, it is becoming increasingly clear that loss of RPGR results in 
subtle yet significant defects that accumulate the insult over time in the PRs, leading 
to their dysfunction and degeneration.

64.5  RPGR Isoforms

We are now beginning to understand the pathways in which RPGR may function. 
However, the precise role of its distinct isoforms is still unclear. Since the cloning 
of the RPGR gene in 1996 (Meindl et al. 1996; Roepman et al. 1996), a vast amount 
of evidence has been uncovered showing the complex patterns of its alternative 
splicing. Although there are more than 20 mRNA isoforms associated with RPGR, 
relatively fewer protein isoforms are detected in the retina (Kirschner et al. 1999; He 
et al. 2008). After further investigations into the expression of the two major iso-
forms, RPGRconst and RPGRORF15, it was postulated that RPGRORF15 shows a retina- 
restricted expression. This led to the hypothesis that the retina-restricted clinical 
manifestation due to RPGR mutations is because of the differential expression pat-
tern of RPGRORF15. However, subsequent studies have shown that the expression of 
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RPGRORF15 RNA and protein can be detected in the vertebrate kidneys, brain, as well 
as fibroblasts (Ghosh et  al. 2010) (HK, unpublished observations). Thus, further 
investigations into the function of RPGR isoforms and their tissue-specific roles are 
needed.

Although the expression of both RPGRconst and RPGRORF15 isoforms has been 
examined in detail, the differences in their function and their involvement in regu-
lating photoreceptor health are not completely understood. All known RPGR muta-
tions have been identified in exons 1–15 or in exon ORF15. No mutations in exons 
16–19 (specific to RPGRconst) have been identified. These observations suggest that 
mutations in RPGR exons 16–19 are critical for the survival of the organism. An 
alternate hypothesis is that mutations in these exons are indispensable for RPGR 
function. However, evolutionary conservation and continued expression of the 
RPGRconst isoform from early developmental stages to adults (Hong et  al. 2000; 
Hong et al. 2003; He et al. 2008; Rao et al. 2016b, c, d), argue against such hypoth-
esis. The reported Rpgr mutant mice (Hong et al. 2000; Huang et al. 2012) affect 
both isoforms, and the naturally occurring mouse and canine models carry muta-
tions in exon ORF15 (Zhang et al. 2002). Thus, the specific effect of the loss of 
RPGRconst could not be delineated in vivo. Nonetheless, biochemical analyses of the 
RPGR isoforms revealed interesting clues to the role of RPGR in photoreceptors. 
The next section discusses such studies.

64.5.1  RPGRCONST Isoform (1–815 Amino Acids)

The C-terminal four amino acids of RPGRconst (812CTIL815) resemble the CaaX 
motif, where C is cysteine, A is any aliphatic amino acid, and X is usually leucine 
(L), methionine (M), or phenylalanine (F). This motif is involved in the prenylation 
of the protein, which is a posttranslational modification that allows membrane asso-
ciation and protein trafficking (Glomset and Farnsworth 1994).

The first evidence for the prenylation of mouse RPGRconst was obtained in 1998 
when Anand Swaroop and colleagues used metabolic labeling in COS cells. They 
went on to show that CTIL motif is involved in the Golgi localization of mouse 
RPGRconst in COS cells (Yan et al. 1998). Recent studies have independently vali-
dated that the 812CTIL815 motif is indeed a site for isoprenylation. In addition, the 
CTIL motif is involved in the ciliary localization of RPGRconst (Lee and Seo 2015; 
Rao et  al. 2016b). Furthermore, protein-protein interaction analyses using mass 
spectrometry revealed that the RPGR-CTIL motif recruits prenyl-binding protein 
PDE6δ (delta subunit of phosphodiesterase 6) (Rao et al. 2016b), which shuttles 
prenylated cargo and assists in its release from the membrane at the target sites 
(Christiansen et al. 2011; Baehr 2014). Binding to PDE6δ ensures ciliary localiza-
tion of RPGRconst (Lee and Seo 2015; Rao et al. 2016b). Previous studies using puri-
fied proteins reported that PDE6δ binds to the N-terminus of RPGR (Watzlich et al. 
2013). However, later studies using the cell culture platform led to the proposal that 
both N- and C-termini of RPGR could bind PDE6δ. This phenomenon was further 
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clarified when it was found that the N-terminus of RPGR interacts with a PDE6δ- 
interacting protein INPP5E (inositol polyphosphatase 5E) (Rao et al. 2016b). Taken 
together, although both N- and C-termini of RPGRconst can bind to PDE6δ in vitro, 
the N-terminal site is unavailable to bind due to the binding of INPP5E in 
 physiological conditions. A previous study showed that the knockdown of PDE6δ 
partly alters the ciliary localization of INPP5E (Humbert et al. 2012). Given RPGR- 
INPP5E- PDE6δ interaction, it is possible that INPP5E is potentially a cargo for the 
RPGR-PDE6δ complex and that both RPGR and PDE6δ assist in the ciliary 
 trafficking of INPP5E in cells and PRs. As the N-terminus of RPGRORF15 can also 
bind INPP5E, it is possible that RPGRconst hand over INPP5E to RPGRORF15 for 
delivery to the outer segment (Fig. 64.3).

What is the physiological relevance of RPGR-INPP5E interaction? 
Phosphoinositides are a class of membrane phospholipids that participate in diverse 
biological processes. These are generated from phosphatidylinositol (PtdIns) by 

Fig. 64.3 Schematic representation of the working model of RPGR-INPP5E interaction and the 
involvement of the major RPGR isoforms. The prenylated RPGRconst-INPP5E-PDE6D complex is 
trafficked to the cilium by an as-yet-unknown GTPase. At the cilium, the INPP5E cargo is handed 
over to the glutamylated RPGRORF15 isoform (by binding top TTLL5). The mechanism of this 
handover is still being investigated. The INPP5E cargo is then unloaded at the outer segment, 
where it modulates phosphoinositide metabolism
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reversible phosphorylation of the inositol headgroup at positions 3, 4, and 5 and 
interconversion to different phospholipid species, which act as second messengers 
to mediate cellular responses (Di Paolo and De Camilli 2006). The bulk of PtdIns 
are represented by three lipids: PtdIns(4)P (PI4P), PtdIns(4,5)P2 (PI45P2), and 
PtdIns(3,4,5)P3 (PI345P3). The interconversions among these lipids and their local-
ization are spatially regulated by PtdIns kinases and phosphatases (Vicinanza et al. 
2008). For example, PI45P2 is found in the plasma membrane and is preferentially 
dephosphorylated by the 5-phosphatase INPP5E (inositol  polyphosphatase 5E) 
or other phosphatases to PI4P as the membrane carrier translocates to the next 
compartment (Di Paolo and De Camilli 2006; Conduit et al. 2012; George et al. 
2016). INPP5E can also act on PI345P3 to form PI34P2, which in turn regulates 
membrane protein content (Chavez et al. 2015; Garcia-Gonzalo et al. 2015). The 
deregulation of phosphoinositide metabolism is associated with ciliary dysfunc-
tion, as demonstrated by the association of INPP5E with ciliopathies such as 
Joubert syndrome and polycystic kidney disease (Bielas et al. 2009; Jacoby et al. 
2009; Haim 2002). Moreover, loss of INPP5E modulates the lipid phosphoinositide 
levels of the ciliary membrane, which leads to ciliary dysfunction. (Conduit et al. 
2012; Chavez et al. 2015; Garcia-Gonzalo et al. 2015). RPGR is involved in the 
ciliary trafficking of INPP5E in PRs, and that INPP5E levels are diminished in 
PR cilia in the absence of both isoforms of RPGR (Rao et al. 2016b). As INPP5E 
regulates phosphoinositide metabolism and is involved in facilitating ciliary func-
tion in PRs (Rajala et al. 2014; He et al. 2016), RPGR may assist in modulating the 
phosphoinositide content of the PRs.

64.5.2  RPGRORF15 Isoform (1–1152 Amino Acids)

Although the RPGRORF15 isoform contains less number of exons as compared to the 
RPGRconst, exon ORF15 is longer than the combined length of exons 16–19. This 
exon also has an unusual composition of purine-rich repeats, which encompass 
~1.5 kb and encode for a protein domain of ~560 amino acids (rich in glutamic 
acids and glycines, Glu-Gly domain, EG domain). This domain is followed by a 
short stretch of basic amino acids, also called RPGRC2 domain (1071–1152 amino 
acids) (Vervoort et  al. 2000). Exon ORF15 of RPGR is a mutational hotspot. 
Majority of disease-causing mutations in this exon are predicted frameshift or 
nonsense changes (Vervoort et al. 2000). As discussed above, ORF15 mutations 
exhibit immense phenotypic variability. Studies using two canine models of 
RPGRORF15 mutations postulated that the mutations in exon ORF15 that increase 
the acidity of the EG domain alter its solubility and are likely associated with a 
relatively severe phenotype (Zhang et al. 2002). Further studies are needed to vali-
date this attractive hypothesis.

Due to the highly acidic nature of RPGRORF15, it has been very difficult to express 
recombinant RPGRORF15 for protein biochemistry experiments. Nonetheless, it was 
noted that the Glu-Gly domain of RPGR exhibits sequences like those of the poly-
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glutamate regions of α-tubulin. Further investigations showed that RPGRORF15 is 
recognized by GT335, an antibody against the polyglutamated regions of α-tubulin 
(Rao et al. 2016a; Sun et al. 2016). Moreover, it was found that most of the GT335- 
associated staining of the PR connecting cilium was the result of GT335’s reac-
tivity to RPGR; the GT335-specific staining of the cilium was diminished in the 
Rpgrko photoreceptors. Notably, human disease mutations in exon ORF15, which 
alter the polyglutamate content of the Glu-Gly domain exhibited, reduced to no 
recognition by GT335.

Although this study provided strong evidence that RPGRORF15 is glutamylated at 
the C-terminus, the mechanism by which RPGRORF15 is glutamylated was not clear. 
The scientific community did not have to wait for long for this answer. Around the 
same time, Antonina Roll-Mecak, Tiansen Li, and colleagues reported that 
RPGRORF15 glutamylation is regulated by tubulin-tyrosine ligase-like 5 (TTLL5) 
enzyme (Sun et al. 2016), which is mutated in human retinal degenerative diseases 
(Sergouniotis et al. 2014; Bedoni et al. 2016). Using human disease mutation analy-
ses, they showed that TTLL5 specifically glutamylates RPGRORF15 and that the loss 
of TTLL5 mimics the loss of Rpgr in the mouse retina.

64.6  Concluding Remarks

Photoreceptors possess a unique sensory cilium in the form of light-sensing outer 
segments. The periodic shedding of the outer segment discs and renewal of the 
membranes and protein components demand stringent yet massive trafficking of the 
cargo via the connecting cilium. This involvement underscores the importance of 
the ciliary components that regulate the function of the connecting cilium (Young 
1967, 1968; Besharse et al. 1977, 1985, 2003). Although we have significant under-
standing of the cilia assembly program, little is known about the maintenance of the 
cilium. Majority of the PR-associated diseases are due to the degeneration of PRs, 
in which the initial development of the PRs, the connecting cilium, and the outer 
segment is not affected. Subtle insults build up with age and lead to the dysfunction 
and degeneration of the PRs.

RPGR provides a unique opportunity to understand the degenerative processes 
of the PR sensory cilium. Evaluation of RPGR’s association with other ciliary pro-
teins and its involvement in regulating the trafficking of INPP5E to the outer seg-
ments will provide new information on the pathways that are deregulated during 
disease. Given that phosphoinositide metabolism is linked to actin cytoskeletal 
dynamics and autophagy in the PRs (Di Paolo and De Camilli 2006; George et al. 
2016; He et al. 2016) and that the loss of RPGR alters the actin network in the retina, 
future investigations into these pathways will provide novel clues to the mecha-
nisms of regulation of PR ciliary function and development of therapeutic interme-
diates. For developing early-stage therapeutic interventions, we still need to 
understand the molecular underpinnings of the disease and examine the mecha-
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nisms underlying variable progression and severity of the disease in patients harbor-
ing RPGR mutations. Thus, we require a clearer understanding of the regulation of 
RPGRconst and RPGRORF15 expression and function in the rod and cone PRs.
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Chapter 65
Polarized Exosome Release  
from the Retinal Pigmented Epithelium

Mikael Klingeborn, W. Daniel Stamer, and Catherine Bowes Rickman

Abstract The retinal pigmented epithelium (RPE) forms the outer blood-retinal 
barrier and provides nutrients and recycling of visual pigment to the photoreceptors, 
among many other functions. The RPE is also a key site of pathophysiological 
changes in age-related macular degeneration, making it an important focus of study 
in both visual health and disease. Exosomes are nanometer-sized vesicles that are 
released by cells in a controlled fashion and mediate a range of extra- and intercel-
lular activities. Some key exosome actions include cell-cell communication, 
immune modulation, extracellular matrix turnover, stem cell division/differentia-
tion, neovascularization, and cellular waste removal. While much is known about 
their role in cancer and cardiovascular disease, exosome function in the many spe-
cialized tissues of the eye is just beginning to undergo rigorous study. Here we 
review current knowledge of the functions and roles of exosomes and other small 
extracellular vesicles released from the RPE. In particular, we discuss the potential 
role and importance of polarized exosome release from the RPE.
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65.1  Introduction

Exosomes are formed inside a specialized endosome called a multivesicular endo-
some (MVE) and are released into the extracellular milieu upon MVE fusion with 
the plasma membrane (Lo Cicero et al. 2015). For a more detailed description of 
exosome biogenesis and an overview of the diversity of different cargoes (e.g., lip-
ids, proteins, DNA, RNA) found in exosomes, we refer you to the excellent recent 
review by Colombo and colleagues (Colombo et al. 2014). It has become increas-
ingly clear that exosomes have specialized functions and play a key role in intercel-
lular signaling and cellular waste management (van der Pol et al. 2012). Exosomes 
and other extracellular vesicles (EVs) released from the retinal pigmented epithe-
lium (RPE) are likely involved in similar pathways. However, presently very little is 
known about these vesicles released from RPE. Exosomes make up the smallest- 
sized subset (ø ≈  30–150 nm) of EVs (ø ≈  30–1000 nm). Their biogenesis and 
extracellular release are distinct from other EVs such as larger microvesicles 
(ø  ≈  150–500  nm) that bud directly from the plasma membrane (Raposo and 
Stoorvogel 2013), blebs (ø ≈ 400–800 nm) (Marin-Castano et al. 2005), and apop-
totic bodies (ø ≈ 800–5000 nm) (Hristov et al. 2004).

The cancer field, in particular, has taken the lead investigating exosomes and 
other EVs for novel approaches to therapy, new mechanistic understanding of 
tumorigenesis, tumor signaling, novel biomarkers, and modulation of metastasis 
(Dhondt et al. 2016; Lopatina et al. 2016; Srivastava et al. 2016). For example, mod-
ulation of extracellular matrix (ECM) by matrix metalloproteinases (MMPs), 
annexins, and proteoglycans on exosomes has been shown to increase metastasis 
(Hakulinen et al. 2008; Sakwe et al. 2011; Stepp et al. 2015; You et al. 2015). This 
ECM-modulating exosomal activity may also play an important role in eye diseases 
where pathological ECM remodeling of Bruch’s membrane is an integral part of the 
disease mechanism, such as in age-related macular degeneration (AMD) (see Bowes 
Rickman et al. 2013).

65.2  Potential Role of Exosomes in Drusen and Sub-RPE 
Deposit Formation

Bruch’s membrane (BrM) is a pentalaminar basement membrane complex abutting 
the basal side of the RPE and includes its basolateral cell membrane. It separates the 
RPE cell monolayer from a capillary bed of the systemic blood circulation (chorio-
capillaris) and thus plays a crucial role in mediating influx of oxygen, electrolytes, 
nutrients, and cytokines destined for the RPE and photoreceptors and efflux of 
waste products and signaling molecules (Curcio and Johnson 2013). The pathogen-
esis of early AMD is characterized by thickening of BrM due to lipid and protein 
buildup that leads to formation of sub-RPE deposits that occur as discrete accumu-
lations, called drusen, which can be hard or soft, or as continuous accumulations of 
basal linear deposits. The lipid buildup is thought to primarily interfere with the 
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fluid efflux from the RPE across BrM, thereby inflicting stress on the RPE (Curcio 
and Johnson 2013). Cells under stress are known to increase the release of membra-
nous vesicles including exosomes (King et al. 2012), and this has also been sug-
gested to be the case in RPE cells (Atienzar-Aroca et al. 2016). Thus, it is possible 
that this process is in part responsible for the deposits in the sub-RPE region.

Interestingly, several proteins found in drusen and sub-RPE deposits, such as 
annexins, CD63, enolase, and ATP synthase, are known features of exosomes and 
other EVs (Hageman and Mullins 1999; Hageman et al. 1999; Mullins et al. 2000; 
Olver and Vidal 2007; Wang et al. 2009a, b, 2010), supporting an exosomal origin 
for some drusen components. Furthermore, a recent study revealed an interesting 
role for apolipoprotein E (ApoE) and exosomes in regulating pigment granule for-
mation and processing in pigmented cells (van Niel et al. 2015). Perturbation of this 
pathway in RPE cells may be relevant for AMD since ApoE is one of the major 
components found in drusen and sub-RPE deposits (Anderson et al. 2001).

A recent ex vivo study in porcine eyecups studied apical exosome release from 
the RPE and showed that it could be modulated by L-dopa stimulation (Locke et al. 
2014). This drug-mediated modulation of exosome release supports the potential for 
therapeutic intervention in targeting the release of exosomes and other small EVs 
from the RPE.  Furthermore, this study established that RPE-derived exosome 
release occurs in the eye and is not a cell culture artifact. However, the ex vivo and 
in situ models of exosome release from the RPE are not amenable to study basolat-
erally secreted exosomes. Thus, in the next section, we will discuss RPE cell culture 
models which can be used to study basolateral exosome release.

65.3  The Importance of Polarized Exosome Release 
from the RPE

Exosomes released from RPE cells under normal conditions are likely involved in 
cell-cell communication (on both the apical and basal sides) and lipid homeostasis. 
Studies have shown that exosomes released by stressed RPE exhibit changes in 
signaling phosphoproteins (Biasutto et al. 2013) and are coated with complement 
components (Wang et al. 2009a, b), including C5b-9 (Pilzer et al. 2005), suggesting 
exosomes play a role in modulating complement activation in the immediate extra-
cellular milieu of the RPE cells. Although these studies support a role for RPE- 
derived exosomes in the AMD disease process, they were limited by several factors: 
the lack of bona fide RPE cell cultures (e.g. the use of ARPE-19 which is an RPE- 
like cell line, lacking many important hallmarks of RPE cells (Beebe 2013; Rizzolo 
2014)), superficial exosome characterization, and most important, they did not use 
polarized RPE cultures grown on cell culture permeable supports (i.e. Transwell, 
ThinCert, Millicell, etc.). Culture of primary RPE cells on permeable supports is 
essential to study basolaterally released exosomes, which could be involved in basal 
deposit formation and intercellular and systemic signaling. A comprehensive char-
acterization of EVs released basolaterally from RPE cells under normal and 
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pathophysiological conditions is critical to elucidating the potential role of exo-
somes in the AMD disease process. Ongoing studies in our laboratory are aimed at 
addressing this current gap in the field by clarifying changes in the biology of EVs 
released both apically and basolaterally under conditions of RPE stress relevant to 
AMD pathophysiology. We performed a mass spectrometry-based proteomic analy-
sis of apically and basolaterally RPE-derived EVs by quantitatively profiling hun-
dreds of proteins in EV preparations of increasing purity. This approach, termed 
protein correlation profiling (PCP) (Andersen et al. 2003; Skiba et al. 2013), per-
mits the analysis of any sub- or extracellular components/complexes that can be 
enriched by fractionation but not purified to homogeneity. PCP provides a powerful 
approach both to identify bona fide resident proteins and to exclude contaminating 
proteins from a proteomic dataset. To our surprise, we found that the vast majority 
of RPE- derived exosomal proteins differed between the apical and basolateral side 
(Klingeborn et al. 2016; see Fig. 65.1). We used co-enrichment with the exosome- 
specific marker Syntenin-1 as a benchmark for comparisons. In fact, only three 
proteins (Syntenin-1, CD81, and ST13) are found in both apical and basolateral 
proteomes; two of these, Syntenin-1 and CD81, are known exosome markers. 
Additional support for the importance of studying the polarized exosome release 
from RPE cells comes from a study showing that human RPE cells release the chap-
erone protein αB-crystallin in exosomes from their apical side but not on the basal 
side (Sreekumar et al. 2010).

These results emphasize the importance of studying exosomes released from 
both sides of polarized cell types since an apical-only approach risks missing impor-
tant basolaterally released exosomal proteins. Perhaps even more troubling is the 
risk of mistakenly using findings in the apical RPE exosome proteome to guide 
research into basolateral-specific biological processes such as lipoprotein particle 
flux, waste disposal, and nutrient transport, all of which may play a role in sub-RPE 
deposit and drusen formation under pathological conditions (Curcio and Johnson 

Fig. 65.1 A Venn diagram showing that exosomal proteins highly co-enriched (within twofold 
order of magnitude) with the exosome-specific marker Syntenin-1 differ markedly between api-
cally and basolaterally released exosomes in a polarized RPE cell culture model. Note that in these 
highly stringent exosome-specific proteome datasets, only three proteins (Syntenin-1, CD81, and 
ST13) are released in exosomes from both sides, emphasizing the exceptional directionality in EV 
release from polarized RPE monolayers (Klingeborn et al. 2016)
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2013). The next step will be to study potential changes in the exosome protein cargo 
derived from RPE cells under conditions of stress relevant to the AMD disease pro-
cess, such as photooxidative stress and dysregulation of lipid metabolism, to men-
tion a few. Identified proteomic changes may result in novel targets for therapy.

65.4  Conclusions and Future Considerations

The source/process of protein and lipid deposition in the sub-RPE region in BrM 
and subsequent pathognomonic drusen formation in AMD remain unclear. Progress 
toward understanding deposit formation, accumulation, and biophysical properties 
of protein plus lipid aggregates should provide novel targets for therapeutic inter-
vention. Using exosomes as biomarkers, therapeutic vehicles, or to modulate their 
function, release and uptake; holds the potential to lead to treatments for patients 
with AMD and other diseases of the outer retina.
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Chapter 66
The Impact of Adherens and Tight  
Junctions on Physiological Function 
and Pathological Changes in the Retina

Yang Kong, Jürgen K. Naggert, and Patsy M. Nishina

Abstract The formation of solid tissues is not a simple aggregation of individual 
cells but rather an ordered assembly of cells connected by junctions. These junc-
tions provide a diffusion barrier as well as mechanical support and a conduit for 
signalling changes in the environment to the cells. Cell junctions are functionally 
categorized as occluding (e.g. tight junctions, TJs), anchoring (e.g. adherens junc-
tions, AJs) and communicating junctions (e.g. gap junctions). Each type of the cell 
junction is formed by protein complexes with extracellular domains and/or intracel-
lular domains, which bind partners that provide scaffolding and signalling compo-
nents. Cell junctions are ubiquitously expressed in multiple tissues and organs, 
including the retina. In the retina, their biological impact is not limited to regulating 
tissue growth and development. Disruption of the complexes mediates both con-
genital and postnatal pathogenesis. In this review, we will focus on cell junctions, 
specifically AJs and TJs in the external limiting membrane, in order to articulate 
their influence on pathophysiology of the retina.

Keywords Cell junction · Adherens junction · Tight junction · ELM · Retinal 
disorders · Therapeutic applications

Y. Kong 
The Jackson Laboratory, Bar Harbor, ME, USA 

The Graduate School of Biomedical Science and Engineering, University of Maine,  
Orono, ME, USA 

J. K. Naggert · P. M. Nishina (*) 
The Jackson Laboratory, Bar Harbor, ME, USA
e-mail: patsy.nishina@jax.org

© Springer International Publishing AG, part of Springer Nature 2018
J. D. Ash et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 
Medicine and Biology 891, https://doi.org/10.1007/978-3-319-75402-4_66

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75402-4_66&domain=pdf
mailto:patsy.nishina@jax.org


546

66.1  Introduction

The growth and development of solid tissues and organs, as well as execution of 
their biological functions, rely on the precise coordination among individual cells. 
This coordination is mediated by contact and communication between cells and the 
microenvironment. Cell junctions, consisting of multiple protein complexes, govern 
the cell-cell contact, the communication and the interplay between cells and extra-
cellular matrix. Specifically, cell junctions are extensively involved in a number of 
biological processes among cells within tissues, ranging from proliferation and 
migration, establishing polarity, and orchestration of solid tissue formation to diffu-
sion of substances as well as signal transduction.

Cell junctions are functionally categorized as occluding (e.g. tight junctions, 
TJs), anchoring (e.g. adherens junctions, AJs) and communicating junctions (e.g. 
gap junctions) (Alberts et al. 2002). AJs, situated basally below TJs, provide a phys-
ical bridge between cells and stabilize them for forming tissues. TJs are predomi-
nantly located at the most apical domain between epithelial cells, which seal the 
paracellular space to form a selective barrier for diffusion of fluids and solutes 
(Niessen 2007). Gap junctions are a crucial channel for coupling the transduction of 
electrical and chemical signals between cells (Pereda 2014). All three types of cell 
junctions are known to be involved not only in tissue morphogenesis but also associ-
ated with multiple pathological changes, such as inflammation, autoimmune distur-
bances and cancer (Berx and van Roy 2009; El-Amraoui and Petit 2010). A classic 
example is the role of cell junction remodelling and subsequent loss of cell polarity 
in cells undergoing epithelial-mesenchymal transition, implicated in tissue develop-
ment and oncogenesis (Lamouille et al. 2014).

This review will primarily focus on the contributions of AJs and TJs to retinal 
growth and development as well as the pathogenesis of retinopathies.

66.2  AJs and TJs in the Retina

TJs consist of two major structural units: the transmembrane and the intracellular 
scaffolding components. The transmembrane component contains claudin, occludin 
and junctional adhesion molecules, which span across the plasma membrane and link 
two adjacent cells via extracellular adhesion domains. Intracellular scaffolding com-
ponents, the tight junction proteins, TJP1, TJP-2 and TJP-3, are required to tether 
additional transmembrane proteins (Anderson and Van Itallie 2009; Furuse 2010). 
Although AJs may vary in morphologic appearance across tissues, they usually con-
tain two major categories of protein complexes, cadherin-catenin complexes and nec-
tin-afadin complexes, which provide a physical intercellular association by connecting 
the cytoskeleton and cytoplasmic actin filaments of two neighbouring cells (Meng and 
Takeichi 2009). Both AJs and TJs are dynamically regulated (Green et al. 2010).

AJs and TJs are implicated in tissue morphogenesis as they both mediate intra-
cellular signal transduction cascades necessary for normal development (Gumbiner 
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1996). For example, besides being a component of AJs, β-catenin is well known as 
a core component in the Wnt/β-catenin signalling pathway. Release of β-catenin 
from the AJs activates Wnt target genes (Brembeck et  al. 2006; Heuberger and 
Birchmeier 2010). The crosstalk of TJ components with multiple signalling path-
ways has been extensively documented too (Matter and Balda 2003). TJP1, for 
instance, is capable of regulating tissue development and cell junction dynamics by 
its intracellular translocation (Gottardi et al. 1996; Sourisseau et al. 2006).

Furthermore, it has been reported that AJs play a profound role in regulating reti-
nal growth and development in drosophila, from initiation of retinal development 
from neuroepithelium to determination of basal-apical polarity of retinal cells, con-
trolling shape of photoreceptors, etc. (Tepass and Harris 2007). In terms of the func-
tion of TJs in the retina, previous studies showed that TJP1, acting as an intracellular 
signalling molecule, is critical to maintaining homeostasis of retinal pigment epi-
thelial (RPE) cells and retinal morphology (Georgiadis et al. 2010). More impor-
tantly, disruptions of both AJs and TJs have been linked to various retinopathies. For 
instance, aberrant expression of AJ and TJ proteins was found to be associated with 
autosomal dominant retinitis pigmentosa in adult mice lacking rhodopsin (Campbell 
et al. 2006). Additionally, altered expressions of AJ- and TJ-associated molecules 
may undermine the retinal barriers, such as blood-retina barrier, disruption of which 
facilitates initiation and progression of diabetic retinopathy (Davidson et al. 2000; 
Forster 2008).

66.3  Cell Junctions and External Limiting Membrane 
(ELM) in Healthy and Sick Retinas

Conventionally, AJs and TJs are regarded as a “fence” that separates the basal and 
apical portions of the cell. Apart from the RPE, the ELM is a major site in the retina 
where both AJs and TJs are identifiable. Although the ELM appears as a distinct 
“membrane” observable by light microscopy or spectral domain optical coherence 
tomography (SD-OCT), it is actually comprised of continuous zonula adherens 
(ZA) and occludens junctional complexes between photoreceptor inner segments 
and the surrounding apical processes of the Müller glial cells or between Müller 
glial cells (Omri et al. 2010). The ELM functions to maintain retinal structural sta-
bility and serves as a permeable barrier to control diffusion of substances. It is 
reported that impairment of ELM integrity causes subretinal fluid accumulation, 
which may lead to macula oedema (Omri et al. 2010).

Further evidence that ELM morphology is correlated with certain inherited reti-
nal disorders comes from studies of Stargardt disease, one of the most common 
forms of macular degeneration in juvenile patients. Stargardt disease is character-
ized by progressive vision loss due to death of photoreceptor cells. Clinical 
 investigation revealed a thickened ELM as a notable SD-OCT feature in young 
patients (Burke et al. 2013; Lee et al. 2014).
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Crumbs protein, another ELM-associated molecule, was initially identified as a 
determinant of cell polarity in drosophila (Tepass et al. 1990). Its role in regulating 
ZA junctions in the neuroretina has been established (Izaddoost et  al. 2002). 
Molecular studies of patients with vision impairment identified mutations in the 
Crumbs homologue 1 (CRB1) gene in human populations. CRB1 variants cause 
autosomal recessive retinitis pigmentosa and Leber congenital amaurosis (Richard 
et al. 2006), a heterogeneous group of diseases characterized by severe loss of pho-
toreceptor cells and retinal dystrophies. The mouse model, Crb1rd8/rd8, which lacks 
functional CRB1, recapitulates clinical manifestations observed in human patients. 
Careful characterization of homozygous Crb1rd8 mice revealed a loss of ELM integ-
rity, which leads to displacement of photoreceptors and aberrant retinal morphology 
as focal adhesive support is lost (Mehalow et al. 2003).

Another noteworthy study showed that a defective ELM is also a major contribu-
tor to retinal dysplasia (rosette-like structure) in neural retinal leucine zipper (Nrl) 
knockout mice (Stuck et al. 2012). Interestingly, compared to CRB1, which acts as a 
cell junction-associated molecule, NRL is a critical transcription factor, governing 
the development of photoreceptors and determining their cell fate. Understanding 
how NRL and other proteins, which cause ELM fragmentation, affect phenotypic 
presentation and progression of retinal disorders will be important in defining patho-
logic mechanisms which can then in turn serve as therapeutic targets.

66.4  Manipulation of AJs and TJs on ELM for Clinical 
Applications

Given the great impact of AJs and TJs on retinal growth and development as well as 
the correlation of pathological changes at junctions with a variety of retinal disor-
ders, a growing number of researchers have begun to explore clinical implications 
of AJ and TJ defects and approaches for therapeutic and diagnostic purposes. For 
instance, some clinical investigations suggest that ELM integrity is directly associ-
ated with visual function. Based on the SD-OCT observations, ELM integrity is 
considered a useful indicator for evaluating the efficacy of surgical procedures 
(Landa et  al. 2012) and serves as a prognostic indicator to assess restoration of 
visual function post-treatment in a spectrum of retinal diseases, such as diabetic 
macular oedema, age-related macular degeneration, etc. (Shin et al. 2012; Chhablani 
et al. 2013).

From the therapeutic perspective, with the advent of cell-based therapies, stem 
cell-derived cell transplantation appears to provide a promising avenue for curing 
retinal degenerative diseases. However, a major issue for this type of treatment is the 
in situ integration of the grafts into recipients, that is, how to guarantee viability of 
the transplanted cells and optimize their functionality in hosts. For photoreceptor 
transplantation in the retina, it was found that disrupting ELM integrity either by 
pharmacological intervention or by genetic modification enhanced the integration 
of transplanted photoreceptor cells (West et al. 2008; Pearson et al. 2010), suggest-
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ing that loss of ELM barrier promotes graft incorporation into recipient retinas. 
However, engraftment success depended strongly on the disease phenotype, and 
ELM integrity after transplantation was associated with better engraftment (Barber 
et al. 2013).

Taken together, it is evident that cell junctions, especially those located on the 
ELM, are a key element in influencing the course of both inherited and acquired 
retinal diseases. Modulating biological functions of cell adhesion molecules may 
have a potential value for clinical applications.

66.5  Conclusions and Future Directions

Cell junctions such as AJs and TJs play an indispensable role in growth and devel-
opment of tissue and organs, including the retina. Disruption of junctional compo-
nents may drive pathological changes, or alternatively, junctional components may 
respond to disease phenotypes, which amplify the pathogenesis of the diseases. 
Currently, the ELM provides the clearest example where abnormalities in cell junc-
tions can be associated with or cause retinal diseases. Probing molecular features of 
cell junctions in the retina becomes both biologically and clinically informative as 
evidenced by the findings that ELM abnormalities by SD-OCT in retinal diseases 
can be used as diagnostic and prognostic indicators. In this regard, more investiga-
tions are needed to delineate the regulatory pathways that affect the formation and 
maturation of cell junctions in the retina and to unveil interacting molecules that act 
on cell junctions to influence retinal homeostasis and functions. Regulation of such 
cell adhesion molecules may provide an alternative approach to treating retinal dis-
orders in which disruption of cell junctions contributes to disease. However, deter-
mining whether modification of morphological anomalies in the retina by controlling 
aberrant cell junctions will be accompanied by improvement of retinal functionality 
also requires additional investigations. Regardless, research on biological features 
and function of cell junctions in the retina and their pathology will expand our 
knowledge about these important structures in the retina, knowledge that is critical 
for rational design of therapeutic interventions.
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Chapter 67
TRPV4 Does Not Regulate the Distal  
Retinal Light Response

Oleg Yarishkin, Tam T. T. Phuong, Monika Lakk, and David Križaj

Abstract The transient receptor potential vanilloid isoform 4 (TRPV4) functions 
as  polymodal transducer of swelling, heat, stretch, and lipid metabolites, is widely 
expressed across sensory tissues, and has been implicated in pressure sensing in 
vertebrate retinas. Although TRPV4 knockout mice exhibit a variety of mechano-
sensory, nociceptive, and thermo- and osmoregulatory phenotypes, it is not known 
whether the transmission of light-induced signals in the eye is affected by the loss 
of TRPV4. We utilized field potentials, a measure of rod and cone signaling, to 
determine whether TRPV4 impacts on the generation and/or transmission of the 
photoreceptor light response and neurotransmission. Luminance intensity-response 
relationships were acquired in anesthetized wild-type and TRPV4−/− mice and eval-
uated for peak amplitude and implicit time under scotopic and photopic conditions. 
We found that the morphology of the outer retina is unaffected by the ablation of 
the Trpv4 gene. Calcium imaging of dissociated Müller glia showed that selective 
TRPV4 stimulation induces oscillatory calcium signals in adjacent rods. However, 
no differences in scotopic or photopic light-evoked signaling in the distal retina 
were observed in TRPV4-/- eyes, suggesting that TRPV4 signaling in  healthy 
Müller cells does not modulate the transmission of light-evoked signals at rod and 
cone synapses.
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67.1  Introduction

TRPV4 is a polymodal channel widely expressed across the vertebrate bone,  cartilage, 
muscle, skin and internal organs (lung, bladder, heart, kidney, oviduct), and the brain 
where it functions as a dominant neuronal and glial volume sensor (White et al. 2016). 
Its prominent expression across auditory, nociceptive, thermosensitive, mechanosensi-
tive, and visual pathways (White et al. 2016; Redmon et al. 2017) is suggestive of 
important functional roles in sensory signaling. The strong expression levels of TRPV4 
mRNA/protein in the cornea (Mergler et al. 2012), ciliary body (Jo et al. 2016), tra-
becular meshwork (Ryskamp et al. 2016), lens (Shahidullah et al. 2012), and retina 
(Ryskamp et al. 2011) predict that this polymodal nonselective cation channel contrib-
utes to the regulation of aqueous fluid transport, accommodation, ocular pressure sens-
ing, endocannabinoid signaling, and/or volume regulation in the eye (Krizaj et al. 2014; 
Krizaj 2016); however whether and what roles TRPV4 plays in visual signaling is 
unknown. Here, we show that TRPV4 activation in Müller cells, radial glia that play a 
key role in retinal volume regulation and transretinal propagation of calcium waves 
(Jo et al. 2015; Phuong et al. 2016), induces a calcium response in adjacent photorecep-
tors. Moreover, we tested the hypothesis that TRPV4 activation modulates the light 
response in the outer retina by recording field potentials in wild-type and TRPV4−/− 
mice under scotopic and photopic conditions.

67.2  Materials and Methods

67.2.1  Animals

C57BL/6 J and TRPV4−/− mice were maintained in the university animal vivarium 
on a 12 h:12 h light-dark cycle and fed lab chow and water ad libitum. Animal han-
dling and anesthetic procedures were approved by the University Institutional 
Animal Care committees and conform to National Institutes of Health guidelines. 
Intraocular pressure was elevated through injection of polystyrene microbeads, as 
described (Ryskamp et al. 2016).

67.2.2  Histology

Immunohistochemical experiments were conducted as described (Renteria et  al. 
2005; Jo et  al. 2015). The primary antibodies were LS-C94498 anti-TRPV4 
(Lifespan Biosciences) which showed appropriate immunoblot molecular weight 
and did not label TRPV4−/− sections (Ryskamp et al. 2011, 2016; Jo et al. 2015, 
2016) and glial fibrillary acidic protein (GFAP) (Sigma), a well established marker 
of retinal gliosis.
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67.2.3  Electroretinographic Analysis

Full-field ERGs were recorded as described (Duncan et al. 2006; Barabas et al. 
2013). Briefly, 2–3-month-old C57BL/6 and TRPV4−/− mice were dark-adapted 
and anesthetized with ketamine/xylazine (90 mg/10 mg per kg body weight). 
The animals were placed on a heating pad, and a golden ERG electrode was 
placed on the cornea surface. Stimuli were in order of increasing luminance 
from 0.00025 to 79 cd.s/m2 (scotopic) and from 2.5 to 79 cd.s/m2 (photopic), 
and 2–12 traces were averaged. The photoflash unit was calibrated to deliver 
2.5 cd.s/m2 at 0 dB.

67.2.4 Calcium Imaging

Calcium imaging followed the protocols described in Ryskamp et al. (2011; 2016).

67.3  Results

67.3.1  TRPV4 Is Localized to RGCs and Müller Glia

To better visualize the radial Müller processes, we double-labeled retinal sections 
from hypertensive eyes in which IOP was elevated with microbead injections, for 
TRPV4 and the gliotic marker GFAP. Expression of the TRPV4 channel was promi-
nent in retinal ganglion cell layer (RGCs; somata in Fig. 67.1a marked by arrows) 
and Müller perikarya in the inner nuclear layer (INL). TRPV4 was also expressed in 
the transverse processes of Müller cells within the IPL and ONL (marked by yellow 
arrowheads in Fig. 67.1a, b). Its expression in the ONL and OPL suggests a poten-
tial role in the modulation of photoreceptor function.

67.3.2  TRPV4 Activation of Müller Cells Elevates [Ca2+]i in 
Adjacent Rod Photoreceptors

Stimulation of dissociated Müller glia with the selective TRPV4 agonist 
GSK1016790A triggered Ca2+ waves together with large sustained [Ca2+]i eleva-
tions across the endfoot, cell body and the apical process (Fig. 67.2; also Ryskamp 
et al. 2014). Occasionally, a rod soma was located close to the glial processes, and 
we observed that passage of the glial Ca2+ wave often correlated with [Ca2+]i eleva-
tions within the photoreceptor (Fig. 67.2c, arrowhead). TRPV4-dependent calcium 
signals were never observed in rods that were apart from  Müller cells. They were 
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Fig. 67.1 (A) TRPV4 in the hypertensive retina colocalizes with the gliotic marker GFAP. The 
TRPV4 antibody labels RGC somata (white arrows) and radial processes of Müller cells (yellow 
arrowheads). Scale bar = 20 um. (B) A higher-resolution image from another section

Fig. 67.2 TRPV4-mediated calcium signals in Müller cell induced by the selective agonist 
GSK1016790A (GSK101) correlate with oscillatory increase in [Ca2+]i in the nearby rod soma 
(white arrowhead). (A) Dissociated Müller cell (MC) and rod photoreceptor in control saline show 
low [Ca2+]i levels. (B) GSK101 induces calcium wave propagation across Müller processes. (C) 
The [Ca2+]i increase in the endfoot process correlates with transient oscillatory [Ca2+]i elevations in 
the rod perikaryon (arrow). (D) Washout

typically transient and oscillatory, and disappeared upon agonist washout. We thus 
hypothesized that TRPV4-induced Ca2+ signals drive the release of a neuroactive 
substance from Müller processes (e.g., Seminario-Vidal et al. 2011), which led us to 
test whether the channel plays a modulatory role in light- induced signaling.
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67.3.3  Ablation of TRPV4 Has No Effect on the Amplitude 
and Kinetics of the Distal Light Response

Transmission of rod- and cone-mediated signals across the outer retina was  evaluated 
with electroretinograms (ERGs) which represent the summed activity of photore-
ceptors and downstream bipolar cells (Masu et al. 1995; Barabas et al. 2013). We 
found that neither the kinetics nor sensitivity of ERG signals was altered in mice 
lacking TRPV4. Representative ERG traces of the scotopic light response are illus-
trated in Fig. 67.3a, and the cumulative average intensity-response data for a-wave 
and b-wave response components is shown in Fig. 67.1b, c. No obvious alterations 
in the amplitude and time course of a-wave, b-wave, and oscillatory potential com-
ponents could be discerned in TRPV4 KO eyes. Photopic responses were induced 
by single flashes that followed 30 min light (30 cd s m−2) adaptation. Signals con-
sisted of a low-amplitude a-wave (at 15 dB; generated from the small number of 
mouse cones) that was followed by the fast, cone-driven photopic b-wave with time-
to-peak latencies and peak amplitudes that were indistinguishable between control 
and TRPV4−/− animals. These results demonstrate that TRPV4 channels do not 
modulate the light response in the outer retina, neither directly through the hypoth-
esized Müller glial “light response” (Rillich et al. 2009) nor indirectly via putative 
gliotransmitters, released by light from apical Müller cell processes.

Fig. 67.3 Ablation of TRPV4 has no effect on the onset kinetics, waveform, and amplitude of (a) 
scotopic and (b) photopic a- and b-waves. Wild-type (WT) traces are shown in black; TRPV4−/− 
traces are shown in red
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67.4  Discussion

Although the phenotype of TRPV4−/− mice is mild compared to human mutations 
which may result in debilitating dysplasias and sensorimotor neuropathies (Nilius 
and Voets 2013), TRPV4−/− animals do show defective osmoregulation (White et al. 
2016; Redmon et al. 2017), compromised mechanical and thermal hyperalgesia 
(Alessandri-Haber et  al. 2004), nociception (Chen et  al. 2007), visceral sensing 
(Brierley et  al. 2008), and auditory transduction (Tabuchi et  al. 2005). Here, we 
report that analysis of outer retinal light responses does not show any obvious visual 
signaling phenotypes in mouse retinas that lack TRPV4 channels. While this result 
might be anticipated given previous immunocytochemical localization of the chan-
nel to proximal retinal cell types that include RGCs and Müller glia (Ryskamp et al. 
2015), photoreceptors could be influenced by TRPV4-induced Ca2+-dependent glio-
transmitter release from radial glial processes: (i) Müller cells were reported to 
sustain both vesicular and nonvesicular release of gliotransmitters ATP and gluta-
mate (Slezak et al. 2012; Newman 2015); (ii) TRPV4 activation drives ATP release 
in other cell types (Seminario-Vidal et  al. 2011); and (iii) preliminary evidence 
shown in Fig. 67.2 suggests that pharmacological activation of TRPV4 elicits small 
oscillatory [Ca2+]i responses in adjacent, non-TRPV4-expressing photoreceptor 
cells. Nonetheless, the absence of observable ERG phenotype in TRPV4−/− eyes 
argues against a role for Müller glial TRPV4 channels in modulation of scotopic 
and photopic light responses in the healthy outer retina. The sensitivity, amplitude, 
and kinetics profiles of light-evoked ERG signals in TRPV4−/− eyes were indistin-
guishable from wild-type responses. We conclude that photoreceptor responses are 
not influenced by TRPV4- mediated gliotransmitter release under conditions that 
prevail in healthy retinas. However, recent reports suggest that TRPV4 activation in  
Müller glia could play more significant roles under pathological circumstances 
associated with retinal detachment, photoreceptor degeneration, ischemia, and 
increased intraocular pressure (Ryskamp et al. 2014; Taylor et al. 2016). Moreover, 
TRPV4 is likely to play important functions in pressure, stretch, temperature, and 
volume sensing in the inner retina, including modulation of the blood- retina barrier 
permeability, responsiveness of RGC dendrites to intraocular pressure, and force-
dependent remodeling of the optic nerve head in diseases such as diabetic retinopa-
thy, ischemia, and glaucoma (Ryskamp et al. 2011; Jo et al. 2015; Phuong et al. 
2017; Krizaj 2016).
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Chapter 68
Role of Sirtuins in Retinal Function  
Under Basal Conditions

Jonathan B. Lin, Shunsuke Kubota, Raul Mostoslavsky, 
and Rajendra S. Apte

Abstract Sirtuins are NAD+-dependent enzymes that govern cellular homeostasis 
by regulating the acylation status of their diverse target proteins. We recently dem-
onstrated that both rod and cone photoreceptors rely on NAMPT-mediated NAD+ 
biosynthesis to meet their energetic requirements. Moreover, we found that this 
NAD+-dependent retinal homeostasis relies, in part, on maintenance of optimal 
activity of the mitochondrial sirtuins and of SIRT3 in particular. Nonetheless, it is 
unknown whether other sirtuin family members also play important roles in retinal 
homeostasis. Our results suggest that SIRT1, SIRT2, SIRT4, and SIRT6 are dis-
pensable for retinal survival at baseline, as individual deletion of each of these sir-
tuins does not cause retinal degeneration by fundus biomicroscopy or retinal 
dysfunction by ERG. These findings have significant implications and inform future 
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studies investigating the mechanisms underlying the central role of NAD+ biosyn-
thesis in retinal survival and function.

Keywords Sirtuins · NAD+ · Retinal degeneration · Neurodegeneration · 
Photoreceptors · Retina

68.1  Introduction

Sirtuins are NAD+-dependent enzymes that are critically important for maintaining 
cellular homeostasis, especially under conditions of metabolic and nutritional stress. 
Mechanistically, sirtuins regulate cellular homeostasis by modifying the acylation 
status of their diverse target proteins. Since sirtuins require NAD+ as a cosubstrate, 
their function is exquisitely dependent on NAD+ availability (Imai et  al. 2000; 
Verdin 2015). The sirtuin family includes numerous members, which localize to 
unique subcellular compartments: SIRT1 and SIRT2 are present in the nucleus and 
the cytoplasm (North and Verdin 2007; Tanno et al. 2007); SIRT6 is exclusively 
nuclear (Liszt et al. 2005); and SIRT3, SIRT4, and SIRT5 are present in the mito-
chondria (Schwer et al. 2002; Michishita et al. 2005). We recently demonstrated that 
NAMPT-mediated NAD+ biosynthesis is essential for photoreceptor survival and 
vision and that SIRT3 and SIRT5 play important roles in retinal homeostasis (Lin 
et  al. 2016). However, whether the other mitochondrial sirtuin SIRT4 and the 
nuclear/cytoplasmic sirtuins, SIRT1, SIRT2, and SIRT6, play important roles in 
retinal function under baseline conditions has not been adequately explored. 
Therefore, we examined the effect of deleting these individual sirtuins on retinal 
survival and function.

68.2  Materials and Methods

68.2.1  Animals

All animal experiments were approved by the Animal Studies Committee and 
performed in accordance with the Washington University School of Medicine 
Animal Care and Use guidelines. We purchased floxed SIRT1 mice (Sirt1F/F), 
Sirt2−/− mice, and Sirt4−/− mice, along with strain-matched controls, from Jackson 
Laboratory (Bar Harbor, ME). We received floxed SIRT6 mice (Sirt6F/F) from Dr. 
Raul Mostoslavsky (Sebastian et  al. 2012), rhodopsin-iCre75 transgenic mice 
from Dr. Ching-Kang Jason Chen (Li et al. 2005), and human red/green pigment-
Cre (HRGP- Cre) transgenic mice from Dr. Yun Le (Le et al. 2004). We tested all 
mice by fundus biomicroscopy and electroretinography at roughly 2–3 months of 
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age. Whenever possible, we compared mice to littermate controls. We confirmed 
that all mice were negative for the rd8 mutation of the Crb1 gene (Mattapallil 
et al. 2012) by PCR.

68.2.2  Assessment of Retinal Structure and Function

To assess retinal structure, we performed fundus biomicroscopy with the Micron 
III™ animal fundus camera (Phoenix Research Laboratories, Pleasanton, CA), as 
described previously (Lin et al. 2016). We examined multiple mice per genotype 
and present representative images. To assess retinal function, we performed elec-
troretinography (ERG) with the UTAS-E3000 Visual Electrodiagnostic System 
running EM for Windows (LKC Technologies, Gaithersburg, MD), as described 
previously (Lin et al. 2016), testing at least three mice per genotype. For statisti-
cal analysis of the ERG data, we used GraphPad Prism version 5.0f (La Jolla, CA) 
to perform a mixed two-way ANOVA (within-subjects factor, flash intensity; 
between- subjects factor, genotype). We defined statistical significance as a p 
value <0.05.

68.3  Results

68.3.1  Deletion of Sirt1, Sirt2, Sirt4, or Sirt6 Does Not Cause 
Retinal Degeneration

To determine whether deletion of individual sirtuins causes retinal degeneration, we 
assessed the fundus appearance of mice lacking various individual sirtuins, includ-
ing rod photoreceptor-specific SIRT1 conditional knockout (Sirt1−rod/−rod), cone pho-
toreceptor-specific SIRT1 conditional knockout (Sirt1−cone/−cone), SIRT2 germline 
knockout (Sirt2−/−), SIRT4 germline knockout (Sirt4−/−), rod  photoreceptor- specific 
SIRT6 conditional knockout (Sirt6−rod/−rod), and cone photoreceptor-specific SIRT6 
conditional knockout (Sirt6−cone/−cone) mice. We tested photoreceptor-specific condi-
tional knockouts for SIRT1 and SIRT6 because SIRT1 germline knockouts on our 
desired inbred background die shortly after birth (McBurney et al. 2003) and SIRT6 
germline knockouts have a severe neurodegenerative phenotype, dying around 
4 weeks of age (Mostoslavsky et al. 2006). At 2–3 months of age, none of the mice 
we tested had any evidence of retinal degeneration from their fundus appearances 
(Fig. 68.1a–d). These findings suggest that SIRT1, SIRT2, SIRT4, and SIRT6 are 
dispensable for retinal survival at baseline.

68 Role of Sirtuins in Retinal Function Under Basal Conditions
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68.3.2  Deletion of Sirt1, Sirt2, Sirt4, or Sirt6 Does Not Cause 
Retinal Dysfunction

To determine whether deletion of individual sirtuins causes baseline retinal 
 dysfunction, we also tested these mice with ERG. Consistent with the normal retinal 
appearances on fundus biomicroscopy, Sirt1−rod/−rod, Sirt1−cone/−cone, Sirt2−/−, Sirt4−/−, 
Sirt6−rod/−rod, and Sirt6−cone/−cone mice all had normal retinal function at baseline at 
2–3 months of age (Fig.  68.2a–d). Once again, these findings suggest that these 
sirtuins are not essential for retinal function under basal conditions.

68.4  Discussion

Sirtuins have been reported to play important functions in various mouse models of 
retinal disease (Shindler et al. 2007; Jaliffa et al. 2009; Chen et al. 2013; Zuo et al. 
2013; Zeng and Yang 2015). However, we found that individual deletion of Sirt1, 
Sirt2, Sirt4, or Sirt6 did not cause retinal degeneration as assessed by fundus biomi-
croscopy nor did it cause retinal dysfunction by ERG. These findings suggest that 
these sirtuins are individually dispensable under basal conditions. These findings 
are important, as we previously demonstrated that NAMPT-mediated NAD+ biosyn-
thesis is essential for retinal function and that SIRT3/SIRT5 may play important 
roles in NAD+-dependent retinal homeostasis under conditions of stress (Lin et al. 
2016). These results expand on our previous findings and clarify the role of various 
sirtuin family members in retinal survival and function.

Further studies are necessary to determine whether these sirtuins become essen-
tial under conditions of stress, such as in light-induced degeneration or in other 
models of retinal dysfunction or retinal disease, since sirtuin-deficient mice tend 
not to show severe phenotypes until challenged by metabolic perturbations such as 

Fig. 68.1 Sirt1−rod/−rod (a), Sirt1−cone/−cone (a), Sirt2−/− (b), Sirt4−/− (c), Sirt6−rod/−rod (d), and Sirt6−

cone/−cone (d) mice all have normal-appearing fundi on retinal imaging at 2–3 months of age
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Fig. 68.2 Sirt1−rod/−rod (a), Sirt1−cone/−cone (a), Sirt2−/− (b), Sirt4−/− (c), Sirt6−rod/−rod (d), and Sirt6−

cone/−cone (d) mice all have normal scotopic and photopic retinal function by ERG at 2–3 months of 
age (N.S. by two-way mixed ANOVA). Graphs depict mean ± S.E.M (a–d)

fasting (Hirschey et al. 2011). Moreover, our experiments in rod- and cone-specific 
conditional knockouts do not rule out the possibility that SIRT1 and SIRT6 play 
important roles in  non-photoreceptor retinal cells. Indeed, SIRT6 germline knock-
out mice exhibit retinal dysfunction on ERG by 3 weeks of age, which has been 
hypothesized to be related to an important role for SIRT6 in inner retinal cells, such 
as bipolar cells, Müller cells, or perhaps both (Silberman et al. 2014). Cumulatively, 
our results suggest that SIRT1, SIRT2, SIRT4, and SIRT6 are individually dispens-
able for retinal survival and function under basal conditions, although further 
 studies are necessary to explore how they interact with one another and whether 
they become essential under disease conditions.
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Chapter 69
The Retinol-Binding Protein Receptor 2 
(Rbpr2) Is Required for Photoreceptor 
Survival and Visual Function in the Zebrafish

Glenn P. Lobo, Gayle Pauer, Joshua H. Lipschutz, 
and Stephanie A. Hagstrom

Abstract Vitamin A/retinol (ROL) and its metabolites (retinoids) play critical roles 
in eye development and photoreception. Short-term dietary vitamin A deficiency 
(VAD) manifests clinically as night blindness, while prolonged VAD is known to 
cause retinal pigment epithelium (RPE) and photoreceptor degeneration. Therefore, 
sustained uptake of dietary vitamin A, for ocular retinoid production, is essential for 
photoreceptor health and visual function. The mechanisms influencing the uptake, 
storage, and supply of dietary vitamin A, for ocular retinoid production, however, 
are not fully understood. We investigated, in zebrafish, the physiological role of the 
retinol-binding protein receptor 2 (Rbpr2), for the uptake of dietary ROL, which is 
necessary for vision. NIH3T3 cells expressing zebrafish Rbpr2 showed plasma 
membrane localization patterns and were capable of ROL uptake from its bound 
form. Using whole-mount in situ hybridization, Rbpr2 was found to be expressed 
exclusively in the liver, intestine, and pancreas, of staged zebrafish larvae. At 
5.5 days post fertilization, TALEN-generated rbpr2 mutants (rbpr2−/−) had smaller 
eyes and shorter OS lengths and showed loss of PNA (cones) and rhodopsin (rods) 
by immunofluorescence staining. Finally, tests for visual function using optokinetic 
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response (OKR) showed no consistent OKR in rbpr2−/− larval zebrafish. Our analy-
sis, therefore, suggests that Rbpr2 is capable of ROL uptake and loss of this mem-
brane receptor in zebrafish results in photoreceptor defects that adversely affect 
visual function.

Keywords Vitamin A · Retinol · Rbpr2 · Photoreceptor · Vision

Abbreviations

(11-cis-RAL) 11-cis-retinaldehyde
PRL Photoreceptor cell layer
RBP4 Retinol-binding protein 4
Rbpr2 Retinol-binding protein receptor 2
ROL All-trans retinol
RPE Retinal pigmented epithelium
SR-B1 Scavenger receptor class B type 1
STRA6 Stimulated by retinoic acid 6
VAD Vitamin A deficiency

69.1  Introduction

For more than 60 years, dietary vitamin A deficiency (VAD) has been known to 
cause night blindness and retinal degeneration (Dowling and Wald 1958, 1960). 
Prolonged VAD can cause a significant interruption in the sequence of reactions 
needed for vision, including damage to the overall health of the photoreceptors and 
the quality of color vision and dark adaptation (Perusek and Maeda 2013). Therefore, 
mechanisms influencing the uptake, storage, and supply of dietary vitamin A for 
chromophore production play a significant and direct role in visual function (Ross 
et al. 2001; During and Harrison 2007; Harrison 2012; Lobo et al. 2012a; Kelly and 
von Lintig 2015). Vertebrates are unable to synthesize vitamin A de novo and must 
obtain vitamin A from the diet, either as preformed vitamin A (retinol/ROL) or as a 
provitamin A carotenoid, such as β-carotene (During and Harrison 2007; Harrison 
2012; von Lintig 2010). While the scavenger receptor class B type 1 (SR-B1) facili-
tates dietary carotenoid absorption in the intestine, it is not involved in dietary ROL 
absorption; therefore the molecular mechanisms regulating uptake of dietary ROL 
remain unknown (Dew and Ong 1994, 1997; Lobo et al. 2012a; Lobo et al. 2013; 
Alapatt et al. 2013; Kiefer et al. 2002). This project focuses on elucidating the phys-
iological role of the proposed ROL receptor, rbpr2 in zebrafish, in support of vision. 
We hypothesized that the Rbpr2 receptor facilitates ROL uptake and that loss of 
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rbpr2 would result in reduced ocular retinoid concentrations, consequently, affect-
ing photoreceptor health and vision.

69.2  Materials and Methods

69.2.1  Cloning of the Zebrafish Rbpr2 cDNA

Total RNA from zebrafish larvae was reverse transcribed using the SuperScript 
One-Step RT-PCR system (Invitrogen), and full-length Rbpr2 cDNA was amplified 
using forward primer (5′-ATGTTTCTGCTCTCATTAGTGCAGCGGCGA-3′) 
with reverse primer (5′-TCA GATGTCTAGCGGTGCTGGTTCTGTCTCAGC-3′) 
using the Expand High Fidelity PCR system (Roche). The Rbpr2 cDNA was cloned 
in frame into the pCDNA3.1 V5/His TOPO vector (Invitrogen) to obtain full-length 
Rbpr2-V5-tagged plasmid (pRbpr2-V5).

69.2.2  Cell Lines, Cell Culture, and Plasmid Transfections

For Rbpr2 subcellular localization, NIH3T3 cells were seeded at 40–50% conflu-
ence and transfected with ~ 3  μg of purified pRbpr2-V5 plasmid DNA using 
X-tremeGENE HP transfection reagent (Roche) essentially as previously outlined 
(Lobo et al. 2016). Post 72 h, cells were subjected to indirect immunofluorescence 
analysis, by exposure to the anti-V5 primary antibody (which detects the V5-tagged 
Rbpr2 protein) followed by the anti-rabbit conjugated Alexa 488 secondary anti-
body (Invitrogen), as previously outlined (Lobo et al. 2012b).

69.2.3  Expression and Purification of Human Holo-RBP4

Human RBP4 cDNA cloned into the pET3a bacterial expression vector was used to 
express RBP4 in E.Coli. RBP4 was refolded in the presence of molar excess of all- 
trans retinol and finally eluted on a DE3 ion exchange column. Collected protein 
fractions (holo-hRBP4) were examined by UV-visible spectroscopy, and holo- 
hRBP4 expression was confirmed by SDS-PAGE using an anti-Rbp4 antibody. 
Fractions containing at least 90% holo-hRBP were pooled together and concen-
trated in a Centricon centrifugal filter device (cutoff 10,000  kDa) (Millipore) to 
5 mg/ml.
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69.2.4  RBP4 Binding and Retinol Uptake Studies

NIH3T3 cells expressing Rbpr2 were cultured in six-well cell culture plates with 
serum-free medium (SFM) containing holo-hRBP4 (2 μM). After 16 h of incubation 
in SFM media, cells were washed twice with 1X PBS, pH 7.4, harvested, and resus-
pended in 200 μL of 1X PBS, pH 7.4. Retinoids were then extracted with 1 volume 
of methanol and 1 volume of acetone followed by 2 volumes of hexane and sub-
jected to HPLC analysis, as described previously (Golczak et al. 2010).

69.2.5  Zebrafish Experiments

Whole-mount in situ hybridization in staged zebrafish larvae was performed accord-
ing to published protocols and as previously described (Lobo et al. 2012b). Danio 
rerio Rbpr2 cDNA (ZGC, 162946) was cloned into the vector pCRII-TOPO 
(Invitrogen), and antisense RNA probes were synthesized using T7 polymerase fol-
lowing protocols as outlined by the manufacturer (Roche). The measurements of 
OKR were made with the oculomotor analysis system (VisioTracker; TSE Systems) 
using 5.5 dpf larvae as previously described (Daniele et al. 2016).

69.3  Results

69.3.1  Zebrafish Rbpr2-Mediated Uptake from Holo-RBP4

The intestinal uptake of dietary lipids, including vitamin A (retinol/ROL), was 
hypothesized to be facilitated by plasma membrane receptors (Dew and Ong 1994, 
1997; Harrison 2012). Therefore, to determine localization patterns of zebrafish 
Rbpr2, we transfected the full-length zebrafish pRbpr2-V5 plasmid, in parental 
NIH3T3 cells. Expression of Rbpr2 was confirmed by immunoblotting and immu-
nohistochemistry (Fig. 69.1a, b). Cells were fixed and stained, and, using indirect 
immunofluorescence and confocal imaging, we observed Rbpr2 to be localized pri-
marily to the plasma membrane (Fig. 69.1b). In order to determine whether Rbpr2 
shares the retinol/ROL transport function of Stra6, we studied uptake of ROL-bound 
RBP4 (holo-RBP4) in NIH3T3/Rbpr2-expressing cells. Cells expressing Rbpr2 
exhibited increased ROL uptake in comparison with cells transfected with the empty 
vector control, values were comparable with those reported by others in similar 
experiments (Fig. 69.1c) (Isken et al. 2008; Alapatt et al. 2013; Li et al. 2007). Thus 
plasma membrane localization patterns of zebrafish Rbpr2, and the ability to bind 
and transport ROL, like that of human STRA6 and mouse Rbpr2, suggest a potential 
role for this receptor in the uptake of dietary retinol.
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69.3.2  Rbpr2 Is Expressed in Tissues Responsible for ROL 
Uptake and Storage

We next used zebrafish to analyze Rbpr2 function in vivo. We tested rbpr2 mRNA 
expression patterns with antisense RNA probes using whole-mount in situ hybrid-
ization (WISH). Starting from 1-day post fertilization (dpf), Rbpr2 expression was 
evident in the intestine, liver, and pancreas and was maintained in these organs to 
5.5 dpf (Fig. 69.2a). Interestingly, unlike zebrafish Stra6, Rbpr2 was not expressed 

Fig. 69.1 Zebrafish Rbpr2 localizes to the plasma membrane and is capable of retinol uptake. 
(a–b) Expression of V5-tagged Rbpr2 (pRbpr2-V5) in NIH3T3 cells was confirmed by western 
blotting and immunofluorescence. Zebrafish Rbpr2 showed predominant plasma membrane local-
ization patterns (arrow). (c) Retinol/ROL uptake assays followed by HPLC analysis showed 
Rbpr2-expressing NIH3T3 cells were capable of ROL uptake, compared to vector-only transfected 
NIH3T3 cells

Fig. 69.2 Rbpr2 is expressed in tissues mediating retinol uptake and storage. (a) Whole-mount in 
situ hybridization (WISH) at 5.5 dpf using antisense Rbpr2 probe and (b) sagittal cross sections of 
5.5 dpf Rbpr2-WISH stained larvae showed specific intestinal, liver, and pancreas expression 
patterns
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in the larval eye (Isken et al. 2008) (Fig. 69.2a). To determine specific subcellular 
distribution patterns of Rbpr2, we embedded 5.5 dpf WISH stained larvae in JB-4 
plastic resin and performed sagittal cross sections. Our analysis confirmed that 
Rbpr2 was expressed primarily within the intestinal enterocytes, liver hepatocytes, 
and pancreas (Fig. 69.2b). Because these tissues mediate uptake, storage, and distri-
bution of retinol, our findings suggest that Rbpr2 could play a physiologically rele-
vant role in whole-body ROL homeostasis (Alapatt et al. 2013; Sun 2012; Harrison 
2012).

69.3.3  Rbpr2 Mutants Show Photoreceptor Degeneration 
and Loss of Visual Function

We then used a TALEN approach to perform a Rbpr2 loss-of-function study. In reti-
nal cross sections, rbpr2−/− larvae showed slightly smaller eyes, retinal lamination 
layer disruption, and thinner RPE layer, as compared to wild-type sibling controls 
(Fig. 69.3a, b). Immunostaining for cones (PNA-568) and rods (Rho-488) at 5.5 dpf 
showed shorter OS lengths and loss of cone and rod staining in rbpr2−/− larvae, 
when compared to wild-type siblings (Fig. 69.3c–f). For larval zebrafish, the OKR 
has been used to measure parameters ranging from saccade frequency to more 
sophisticated measures, such as optokinetic gain, in the evaluation of visual func-
tion (Daniele et al. 2016). The contrast-response function was measured for 5.5 dpf 
wild-type control and rbpr2−/− larvae. For wild-type larvae, OKR increased linearly 
with the log of contrast, while no consistent OKR was detected in rbpr2−/− larvae, 
which resulted in a flat contrast-response function (Fig. 69.3g). Thus loss of cone 
and rod photoreceptors in rbpr2−/− zebrafish larvae resulted in significantly rbpr2−/− 
impaired visual function (Fig. 69.3g).

69.4  Discussion

Continuous uptake, storage, and supply of dietary vitamin A/retinol (ROL) are criti-
cal for generating optimal levels of ocular retinoids, for eye development and RPE 
health and in sustaining photoreception. Absorption of dietary ROL by the small 
intestine is a necessary first step in the metabolism of vitamin A. Previous studies 
had suggested that intestinal absorption and liver storage of retinol might be recep-
tor mediated. We therefore investigated, in zebrafish, the physiological role of the 
retinol-binding protein receptor 2 (rbpr2), in the uptake of dietary ROL, which is 
required for vision. Membrane-localized Rbpr2 was capable of ROL uptake from its 
bound form, indicating that this receptor could act as a ROL transporter. Expression 
of Rbpr2  in staged zebrafish larvae showed predominant liver and intestinal pat-
terns, the very tissues implicated in the storage and absorption of ROL.  Mutant 
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rbpr2−/− zebrafish larvae showed significant eye phenotypes and loss of visual func-
tion by OKR. The loss of visual function correlated with the observed cone and rod 
photoreceptor degeneration, likely due to low ocular retinoid levels. Therefore, 
based on our in vitro and in vivo analysis, Rbpr2 likely functions as a transporter for 
dietary ROL, and loss of this receptor significantly impacts photoreceptor health 
and visual function, in a zebrafish vertebrate model.
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Fig. 69.3 rbpr2 mutants show photoreceptor defects and loss of visual function. Compared to 
wild-type larvae controls, (a) retinal sections of rbpr2 mutant larvae (b) showed thinner RPE cell 
layer and disruption of retinal lamination layers. rbpr2 mutants (d, f) showed shorter OS lengths, 
loss of PNA (cone), and rhodopsin (rod) staining, as compared to wild-type siblings (c, e). (g) 
Contrast-response function measured from smooth-pursuit eye movements showed significantly 
lower OKR gain in rbpr2 mutants as compared to wild-type and heterozygote larvae at 5.5 dpf
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Chapter 70
Opposite Roles of MerTK Ligands Gas6 
and Protein S During Retinal Phagocytosis

Emeline F. Nandrot

Abstract MerTK is required for photoreceptor outer segment (POS) phagocytosis 
by retinal pigment epithelial (RPE) cells, a diurnal function essential for vision 
maintenance. In vivo, MerTK is stimulated at the time of the phagocytic peak 
through an intracellular signaling pathway. However, MerTK ligands Gas6 and 
Protein S are expressed in both RPE cells and photoreceptors, and at least one of 
them required for phagocytosis to occur. Still, their exact role in the retina was not 
clear until recently. This review combines results from different studies to shed the 
light on a tissue-specific regulation of MerTK function by its ligands. Indeed, with 
opposite effects on RPE phagocytosis and changes in their expression levels around 
the time of POS uptake, Gas6 and Protein S may contribute to the tight control of 
the acute phagocytic peak in the retina.

Keywords Retinal pigment epithelium · Phagocytosis · Photoreceptor outer 
segments · MerTK · Ligands · Gas6 · Protein S · Circadian rhythm

70.1  Introduction

MerTK is the internalization receptor necessary for phagocytosis of apoptotic cells 
by macrophages (Scott et  al. 2001), as well as of photoreceptor outer segments 
(POS) by RPE cells (D’Cruz et al. 2000; Nandrot et al. 2000; Feng et al. 2003). In 
the retina, this task allows the elimination of aged POS tips on a daily basis follow-
ing a circadian rhythm peaking 2 h after light onset (Young and Bok 1969; LaVail 
1976). Phagocytosis is crucial to alleviate the oxidative stress linked to constant 
light exposure of photoreceptors and to allow the renewal of POS membranes 
(Strauss 2005). When deregulated or absent, retinal pathologies ensue with an either 
early or late onset – such as rod-cone dystrophies with early macular involvement 
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(atypical retinitis pigmentosa) or age-related macular degeneration (AMD) – in ani-
mal models and patients (Dowling and Sidman 1962; Gal et al. 2000; Tschernutter 
et al. 2006; Nandrot et al. 2004).

Until recently, the role of MerTK ligands in the retina was not clear because 
MerTK is directly activated in vivo at the time of the phagocytic peak via an intra-
cellular signaling pathway initiated by the alphavbeta5 integrin–Mfg-E8 receptor–
ligand couple (Nandrot et al. 2004; Nandrot et al. 2007). In addition, single-knockout 
models for each ligand do not develop any phenotype (Hall et al. 2005; Prasad et al. 
2006; Burstyn-Cohen et al. 2012), while RCS rats lacking MerTK are affected by a 
severe retinal degeneration rendering them blind by the age of 3 months (Dowling 
and Sidman 1962). The interest in studying MerTK ligands during POS phagocyto-
sis was sparked again when a study showed that double-knockout mice present a 
degenerative phenotype similar to RCS rats (Burstyn-Cohen et al. 2012).

70.2  Presentation of MerTK and Related Ligands Gas6 
and Protein S

70.2.1  The TAM Receptor Family and Apoptotic Cell 
Recognition

MerTK belongs to the TAM – Tyro3, Axl, and MerTK – family of tyrosine kinase 
receptors (Hafizi and Dahlbäck 2006a). TAM receptors are composed of an extra-
cellular domain – two immunoglobulin-like domains and two type III fibronectin 
repeats –, a transmembrane domain and a cytoplasmic domain mainly comprising 
the tyrosine kinase domain. TAMs are not necessary during development but carry 
a role in general tissue homeostasis through the elimination of various kinds of 
apoptotic cells (AC) and the control of innate immune system responses (Lemke 
2013). However, in the retina only MerTK and Tyro3 are expressed in RPE micro-
villi, and absence of Tyro3 does not lead to any retinal degeneration (Prasad et al. 
2006).

Specific recognition of ACs and POS extremities requires exposure of phospha-
tidylserines (PtdSer) on their surface (Fadok et  al. 1992; Ruggiero et  al. 2012). 
PtdSer are normally found on the inner leaflet of the plasma membrane but flip to 
the outer leaflet when cells become apoptotic for immediate recognition and clear-
ance by macrophages. In the retina, only the outmost tip of POS to be tethered and 
engulfed by RPE cells exposes PtdSer in a timely fashion (Ruggiero et al. 2012). 
PtdSer are recognized either directly by receptors on the phagocyte surface such as 
CD36 (Ryeom et al. 1996) or indirectly via bridge molecules such as Mfg-E8 and 
Gas6/Protein S (Hanayama et al. 2002; Nandrot et al. 2007; Nakano et al. 1997; 
Anderson et al. 2003; Hall et al. 2002).

E. F. Nandrot
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70.2.2  Gas6 and Protein S: Two Shared Ligands with Similar 
Structures

Two cognate ligands have been described for TAM receptors, Gas6 and Protein S 
(Stitt et al. 1995; Varnum et al. 1995). These vitamin K-dependent ligands share a 
similar molecular structure: a Gla domain (PtdSer binding), four EGF-like domains, 
and a sex-hormone-binding globulin domain (receptor binding) (Hafizi and 
Dahlbäck 2006b). However, they can be used in distinct functions. Protein S has a 
prominent role in the anticoagulation cascade and has been shown to be implicated 
in atherosclerosis and angiogenesis though its participation in phagocytosis (Walker 
1980; Liao et al. 2009; Burstyn-Cohen et al. 2009). The Gas6–Axl complex has also 
been linked to angiogenesis inhibition (Gallicchio et  al. 2005) and is in general 
associated with cell survival and/or proliferation (Melaragno et al. 2004; Stenhoff 
et al. 2004), as well as cell migration and adhesion (McCloskey et al. 1997).

Importantly, Gas6 and Protein S are implicated in AC clearance by macrophages 
(Nakano et al. 1997; Anderson et al. 2003). First linked to PtdSer, Protein S mole-
cules bind to TAM receptors and mediate their activation by inducing receptor 
dimerization and autophosphorylation (Uehara and Shacter 2008). Gas6 has the 
capability to bind PtdSer and stimulates receptor activation (Nakano et al. 1997; 
Hall et al. 2002), but its precise role in apoptotic cell clearance is not clear. Gas6 
absence does not lead to any phenotype in mice, thus Protein S is sufficient to elicit 
phagocytosis (Prasad et al. 2006; Lew et al. 2014).

70.2.3  What About the Retina?

Since the identification of MerTK in RCS rats, studies have been testing the impli-
cation of Gas6 and Protein S in POS elimination. In vitro, both have been shown to 
stimulate POS phagocytosis by primary RPE cells and retinal explants, with a 
prominent role for Protein S (Hall et  al. 2001, 2002, 2005; Prasad et  al. 2006). 
Surprisingly, Gas6 and Protein S are both expressed by the retina and RPE cells 
(Hall et al. 2001; Prasad et al. 2006). This raises the following question: do both 
RPE and photoreceptors contribute to POS phagocytosis?

As well, in absence of a phenotype in single-knockout mice, their in vivo contri-
bution was debated, until the creation of a mouse model inactivated for both Gas6 
and Protein S that develops a blindness similarly to MerTK-deficient rats or mice 
(Burstyn-Cohen et al. 2012). This phenotype made it clear that at least one of these 
ligands is required in the retina, potentially because of their role in MerTK dimer-
ization itself necessary for  further  intracellular receptor activation (Uehara and 
Shacter 2008; Lew et al. 2014). However, no other participation in the phagocytic 
process had been investigated.

70 Opposite Roles of MerTK Ligands Gas6 and Protein S During Retinal Phagocytosis
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70.3  Role of MerTK Ligands During Retinal Phagocytosis

70.3.1  Opposite Roles During in Vitro Phagocytosis

We recently investigated the effect of increasing doses of Gas6 and Protein S, either 
alone or in combination, on POS phagocytosis by RPE-J cells in comparison with 
J774 macrophages (Law et al. 2015). As expected, both ligands stimulated macro-
phages at all doses with an additive effect  at some doses when combined. 
Surprisingly, increasing doses of Gas6 appear to inhibit RPE-J cell phagocytosis, 
while Protein S has a dose-dependent stimulatory effect, and they compensate each 
other when combined (Fig. 70.1). This suggests that, in the retina, changes in Gas6 
and Protein S amounts could contribute to the regulation of MerTK activity.

70.3.2  In Vivo Variation of Expression Levels Along  
the Light/Dark Cycle

In order to assess respective levels of each ligand, we analyzed their mRNA expres-
sion profiles along the light/dark cycle by qPCR on isolated retina and RPE/choroid 
(RPE/Ch) (Parinot et al. under revision). Overall Gas6 was more expressed than 
Pros1 (Protein S), and more present in the retina than RPE/Ch as previously sug-
gested (Hall et  al. 2005). Gas6 expression in RPE/Ch decreased just before the 
phagocytic peak and increased just after (Fig. 70.2), while in the retina it was quite 
stable with a slight increase just before the peak (data not shown). Pros1 expression 
followed a bimodal rhythm: it increased markedly just before and at phagocytic 

Fig. 70.1 Antagonistic role of MerTK ligands Gas6 and Protein S on POS phagocytosis by RPE-J 
cells. POS internalization (FITC/DAPI ratio) was quantified after cells were challenged for 3 h 
with FITC-POS alone (/) or with the addition of various doses of Gas6 (G6) and/or Protein S (PS) 
as indicated (μg/mL). *P < 0.05, **P < 0.01, ***P < 0.001 (Modified from © Law et al. 2015. 
Originally published in The Journal of Biological Chemistry, https://doi.org/10.1074/jbc.
M114.628297)
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peak time in RPE/Ch (Fig. 70.2)  and retina, respectively, and a second peak occurs 
at light offset (retina) and right after (RPE/Ch). This suggests that higher amounts 
of stimulatory Protein S may be available in the interphotoreceptor matrix (IPM) in 
time for POS phagocytosis while inhibitory Gas6 levels decrease.

70.4  Perspectives

Activity of MerTK can be regulated by many ways mostly through intracellular 
activation via alphavbeta5 integrin signaling (Nandrot et al. 2004) and by the cleav-
age of its extracellular domain both in vitro and in vivo (Law et  al. 2015). This 
cleavage is augmented by Gas6 and diminished by Protein S, which could explain 
their respective inhibitory and stimulatory roles on RPE phagocytosis. Thus, bio-
available levels of each ligand in the IPM at different times of the light/dark cycle 
might help control the height and the duration of MerTK activation, hence contrib-
uting on a daily basis to the tight control of the sharp peak of POS phagocytosis. In 
addition, these results suggest a potential competition for ligand binding on MerTK.
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Chapter 71
Redundant and Nonredundant Functions 
of Akt Isoforms in the Retina

Raju V. S. Rajala and Ammaji Rajala

Abstract Serine/threonine kinase Akt is a downstream effector of the phos-
phoinositide 3-kinase pathway that is involved in many processes, including provid-
ing neuroprotection to stressed photoreceptor cells. Akt exists in three isoforms 
designated as Akt1, Akt2, and Akt3. All of these isoforms are expressed in the ret-
ina. We previously reported that Akt2 knockout mice were susceptible to light 
stress-induced photoreceptor degeneration, whereas Akt1 deletion had no effect on 
the retina. We hypothesized that the phenotype of Akt2 knockout mice may be due 
to the inactivation of specific substrate(s) in the retina. Yeast two-hybrid screening 
of a bovine retinal cDNA library with Akt2 identified a multidomain protein, POSH 
(plenty of SH3s), that acts as a scaffold for the JNK pathway of neuronal death. Our 
results suggest a stable interaction between Akt2 and POSH. Previous studies show 
that overexpression of POSH leads to cell death. The cell death that we observed in 
Akt2 knockout mice could be due to the absence of inactivation of POSH-mediated 
JNK signaling in the retina.
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71.1  Introduction

Blindness and visual impairment are characteristic features of retinal degeneration, 
and apoptosis is the most common pathological phenotype. Survival factors sup-
press apoptosis in a transcription-independent manner by activating the serine/thre-
onine kinase Akt, which then phosphorylates and inactivates components of the 
apoptotic machinery. Akt, the downstream effector of phosphoinositide 3-kinase 
(PI3K) and its activation, has been shown to promote cell survival. Akt exists in 
three isoforms designated as Akt1, Akt2, and Akt3. These isoforms share more than 
80% amino acid sequence homology but respond differently to growth factor stimu-
lation. Studies from our laboratory and others have shown the expression of all three 
isoforms in the retina and in photoreceptor cells (Li et al. 2008; Reiter et al. 2003). 
However, we demonstrated that Akt2 knockout mice exhibited a greater sensitivity 
to light stress-induced photoreceptor degeneration, whereas Akt1deletion had no 
effect on the retina (Li et al. 2007). The retinal degeneration phenotype of Akt2 was 
not rescued by the functional Akt1 and Akt3 in the retina, suggesting a nonredun-
dant role of Akt2 in the retina. These observations led to the hypothesis that unique 
substrates of Akt2 in the retina may not be regulated by Akt1 and Akt3 or the phe-
notype of Akt2 knockout mice may be due to the inactivation of specific substrate(s). 
In the present study, we identified a specific Akt2-specific substrate in the retina.

71.2  Materials and Methods

71.2.1  Plasmids and Vectors

The bovine retinal cDNA library was kindly provided by Dr. Wolfgang Behr, 
University of Utah, Salt Lake City. The pLexA-∆PH-Akt1, pLexA-∆PH-Akt2, and 
pLexA-lamin were kindly provided by Dr. Anne Vojtek, University of Michigan, 
Ann Arbor. The mammalian expression constructs of hemagglutinin (HA)-tagged 
Akt1, Akt2, and Akt3 were kindly provided by Dr. Morris Birnbaum, University of 
Pennsylvania, Philadelphia.

71.2.2  Yeast Two-Hybrid Screen of the Bovine Retinal cDNA 
Library

The yeast two-hybrid screen was performed in the L40 yeast strain using pLexA-
∆PH-Akt2 against a bovine retinal cDNA library (3.6 × 106) cloned in frame fusion 
with the GAL4 activation domain in the pGAD10. After transformation by the lith-
ium acetate procedure (Rajala et al. 2004; Rajala and Chan 2005), yeast were plated 
on a tryptophan-leucine-histidine-deficient medium plus 5  mM aminotriazole. 
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Colonies growing in the absence of histidine were subsequently tested for 
β-galactosidase activity (Rajala et al. 2004). The plasmids of the library producing 
yeast colonies of a His+/LacZ+ phenotypes were isolated, and the cDNA inserts of 
these positive plasmids were sequenced.

71.2.3  Cell Lines and Culture Conditions

HEK 293 T cells were maintained in DMEM medium containing 10% (v/v) FBS at 
37°C.  Approximately 2.5  ×  105 cells were seeded in each 60  mm culture dish 
12–18 h prior to transfection. Calcium phosphate-mediated DNA transfection was 
performed using each of the Akt1, Akt2, and Akt3 plasmids. Cells were harvested 
for experiments ~48 h post-transfection.

71.2.4  GST Pull-Down Assay

The cDNA encoding POSH encompassing the amino acids 447–550 was cloned 
into a pGEX bacterial expression vector, which contains a protein tag of glutathione 
S-transferase (GST). The pGEX-POSH construct or GST control vector was trans-
formed into BL21 (DE3) cells, and the GST-POSH or GST was purified as described 
(Rajala et al. 2004). Pull-down experiments were carried out as described (Rajala 
et al. 2004), using 5 μg of GST-POSH fusion or GST protein that had been adsorbed 
onto a GST-Sepharose 4B matrix. HEK-293  T cells expressing Akt1, Akt2, and 
Akt3 lysates were incubated with GST/GST-POSH proteins at 4 °C for 1.5 h, with 
continuous stirring. The Sepharose beads were washed three times in 500 μl HNTG 
buffer [20 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% Triton X-100, and 10% glyc-
erol] and centrifuged at 5000 rpm for 30–60 s at 4 °C. Bound proteins were eluted 
by boiling in 2X SDS sample buffer 5 min before 10% SDS-PAGE. After SDS- 
PAGE, the gels were subjected to immunoblot analysis with anti-HA and anti-GST 
antibodies.

71.3  Results

71.3.1  Identification of POSH as a Substrate of Akt2

The bovine retinal cDNA library was screened against Akt2 and identified POSH as 
one of the interacting proteins. We isolated HIS3 and LacZ-positive clones, and the 
majority of the clones represent the protein POSH. The multidomain protein POSH 
acts as a scaffold for the JNK pathway of neuronal death (Xu et al. 2003).
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71.3.2  POSH Interacts Specifically with Akt2

Yeast transformations were performed by the lithium acetate method, as described 
elsewhere (Rajala and Chan 2005). Briefly, 0.5 μg of each plasmid of pLexA-∆PH- 
Akt1, pLexA-∆PH-Akt2, or pLexA-lamin and VP16-POSH (amino acids 447–550) 
was used to simultaneously transform the L40 yeast strain that harbors both His and 
LacZ reporters under the control of LexA-binding sites. Transformants were plated 
on media lacking tryptophan and leucine, or tryptophan, leucine, and histidine plus 
5 mM aminotriazole. Growth on media lacking tryptophan and leucine secured the 
presence of both plasmids independently of protein-protein interactions and further 
eliminated the possibility of false negatives. Selection on media lacking tryptophan, 
leucine, and histidine plus 5 mM aminotriazole was used to detect potential interac-
tions. Cells surviving on these plates were further screened for the LacZ phenotype 
by filter assay (Rajala et al. 2004). Lifted colonies were scored for LacZ phenotypes 
by detection of a blue color in the presence of 5-bromo-4-chloro-3-indolyl β-D- 
galactosidase after incubation at room temperature for 4 h. Our results showed spe-
cific interaction between Akt2 and POSH (Fig.  71.1). In this assay, we did not 
observe any interaction between Akt1 and POSH or laminin and POSH.

Fig. 71.1 Interactions of Akt2 with POSH in the yeast two-hybrid assay. Yeast plasmid of pLexA-
∆PH-Akt1, pLexA-∆PH-Akt2, or pLexA-lamin and VP16-POSH was used to simultaneously 
transform the L40 yeast strain that harbors both His and LacZ reporters under the control of LexA- 
binding sites. Transformants were plated on media lacking tryptophan and leucine (a), or trypto-
phan, leucine, and histidine plus 5 mM aminotriazole (b). Cells surviving on these plates were 
further screened for the LacZ phenotype by filter assay (c, d). Lifted colonies were scored for LacZ 
phenotypes by detection of a blue color in the presence of 5-bromo-4-chloro-3-indolyl β-D- 
galactosidase after incubation at room temperature for 2–4 h
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We further examined the specific interaction between Akt2 and POSH in vitro 
using GST pull-down assays. The results clearly suggest a stable interaction between 
Akt2 and POSH. We observed no interaction of POSH with Akt1 or Akt3 (Fig. 71.2).

71.3.3  Localization of Mixed-Lineage Protein Kinase 3 
(MLK3) in the Retina

Immunolocalization studies suggest that MLK3 is predominantly localized to rod 
inner segments, ganglion cell layers, and outer and inner plexiform layers of the 
retina (Fig. 71.3a). The results indicate the expression of MLK3 in the retina.

71.4  Discussion

Our earlier studies showed that Akt2 has nonredundant functions in the retina. We 
hypothesize that this may be mediated through specific downstream target of Akt2. 
In the present study, we identified POSH as an Akt2 substrate. The interaction 
between POSH and Akt2 has also been observed outside the retina (Figueroa et al. 
2003; Xu et  al. 2003). POSH is an adapter protein with no catalytic function. 
Previous studies have demonstrated that POSH is involved in the JNK signaling 
pathway (Xu et  al. 2003). Overexpression of POSH in cells has been shown to 
induce cell death (Lyons et al. 2007). A complex containing POSH, mixed-lineage 
protein kinase 3 (MLK3), and JNK was reported to trigger cell death. Activated 
Akt2 has been shown to phosphorylate MLK3, which results in the dissociation of 
MLK3 from the POSH and JNK complex and results in cell survival. The same 
signaling pathway might be occurring in the retina, as Akt2 knockout mice have 
increased susceptibility to light-induced photoreceptor degeneration. We found the 
expression of MLK3 (Fig. 71.3) and POSH (data not shown) in the retina. Further 

Fig. 71.2 GST pull-down experiments. Individual HA-tagged Akt isoforms were expressed in 
HEK-293 T mammalian cells. Expressed proteins were incubated with GST or GST-POSH, and 
then GST pull-down assays were carried out. The bound proteins were washed and subjected to 
immunoblot analysis with anti-HA (a) and anti-GST (b, c) antibodies

71 Redundant and Nonredundant Functions of Akt Isoforms in the Retina



590

studies are required to examine the regulation of POSH by Akt2 and to understand 
the functional roles of JNK, MLK3, and POSH in the retina.
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Chapter 72
Photoreceptor Outer Segment Isolation 
from a Single Canine Retina for RPE 
Phagocytosis Assay

Raghavi Sudharsan, Michael H. Elliott, Natalia Dolgova,  
Gustavo D. Aguirre, and William A. Beltran

Abstract Protocols for photoreceptor outer segment (POS) isolation that can be 
used in phagocytosis assays of retinal pigment epithelium (RPE) cells have rou-
tinely used a large number of cow or pig eyes. However, when working with large 
animal models (e.g., dog, cats, transgenic pigs) of inherited retinal degenerative 
diseases, access to retinal tissues may be limited. An optimized protocol is pre-
sented in this paper to isolate sufficient POS from a single canine retina for use in 
RPE phagocytosis assays.

Keywords Inherited retinal degeneration · Photoreceptor outer segment isolation · 
Retinal pigment epithelium · Phagocytosis · Canine

72.1  Introduction

The RPE has a number of important functions in the retina including transport of 
nutrients, secretion of neurotrophic factors, recycling of 11-cis retinal in the visual 
cycle, and phagocytosis and degradation of outer segment discs shed from the pho-
toreceptors (Strauss 2005). Since RPE cells interact closely with the photoreceptors, 
mutations that affect RPE cells compromise photoreceptor function and vice versa. 
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In recent years, there has been increased interest in characterizing RPE function and 
assessing RPE health in large animal models of diseases that either directly affect 
the RPE, such as in the RPE65 form of Leber congenital amaurosis (LCA) (Gu et al. 
1997; Marlhens et  al. 1997; Aguirre et  al. 1998), bestrophinopathies (Guziewicz 
et al. 2007; Xiao et al. 2010), or in diseases with mutations that affect primarily the 
photoreceptors with a secondary impact on RPE health and viability.

Phagocytosis of POS by either RPE primary cultures or cell lines is often used as 
a measure of RPE function in vitro. Current published protocols utilize a large num-
ber of rodent, cattle, or pig eyes to isolate the necessary amounts of POS for phago-
cytosis assays. Such protocols frequently require >20 cattle or pig eyes (Martin 
et al. 2005; Mao and Finnemann 2013) and are not optimal for use with large animal 
models of inherited retinal diseases for which retinal tissue resources are usually 
limited. In this paper, we present an optimized protocol for isolation of POS from a 
single retina of an adult dog. In addition, we present a simple protocol for primary 
canine RPE cell culture and show that these can be combined for use in RPE phago-
cytosis assays.

72.2  Isolation of POS from a Single Canine Retina

This protocol has been modified from the POS preparation protocol presented in 
Martin et al. (2005) and scaled down for preparation of POS from a single neuro-
retina of a large animal such as that of a dog.

72.2.1  Materials Required for POS Isolation

 1. Phosphate-buffered saline (PBS) (Thermo Scientific, catalog no. 
28372)—500 ml.

 2. Sucrose solutions prepared in PBS: 47%, 37%, 32%, and 10%—up to 10 ml per 
retina.

 3. 2 ml tissue grinder (Wheaton, catalog no. 358003).
 4. Beckman polyallomer tubes (9/16 × 31/2 in., catalog no. 331372).
 5. Beckman Coulter Optima L-90 K Ultracentrifuge.
 6. Beckman SW 41 TI swinging-bucket rotor.
 7. Disposable transfer pipettes (7.5  ml capacity) (Samco Scientific Corporation, 

catalog no. 225).
 8. 5 and 10 ml disposable serological pipettes (Fisherbrand).
 9. Neubauer hemocytometer.

Chill all solutions to 4 °C. Rotor should be pre-cooled to 4 °C.
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72.2.2  Protocol for POS Isolation

 1. Place a single, fresh or frozen (stored at −80 °C) canine neuroretina in a tissue 
grinder. Place the grinding chamber on ice. Add 1 ml of cold 47% sucrose-PBS 
solution. Use eight passes of the pestle to completely homogenize the tissue.

 2. Transfer homogenized retinal extract to a Beckman polyallomer tube 
(9/16 × 31/2 in.) using a disposable transfer pipette.

 3. Add 1.5 ml of cold 47% sucrose-PBS solution and mix well using the transfer 
pipette.

 4. Carefully layer 6 ml of cold 37% sucrose-PBS solution on top. Slowly release 
the solution along the wall of the tube using a 10 ml serological pipette.

 5. Next, layer 1.5 ml of cold 32% sucrose-PBS solution on top of the 37% sucrose- 
PBS solution layer.

 6. Transfer the tube to a pre-cooled SW 41 TI rotor, taking care not to disturb the 
sucrose layers. Balance the rotor carefully.

 7. Centrifuge in a Beckman Ultracentrifuge at 25,000 rpm for 90 min at 4 °C.
 8. After centrifugation, POS layer will be formed at the junction of the 37% and 

32% sucrose-PBS layer. Carefully remove the 32% sucrose-PBS solution using 
a disposable transfer pipette.

 9. Use a new disposable transfer pipette to aspirate the isolated POS and transfer 
to a new Beckman polyallomer tube. Add 10 ml of 10% sucrose-PBS solution. 
Mix gently by pipetting.

 10. Balance the rotor carefully and spin at 25,000 rpm in the ultracentrifuge for 
20 min at 4 °C.

 11. Remove the supernatant and resuspend the POS pellet in 0.5 ml of 10% sucrose- 
PBS solution.

 12. POS yield can be calculated by counting the number of POS using a Neubauer 
hemocytometer.

 13. Store POS at −80 °C.

Note For experiments where unbleached POS are required, or when working with 
light-sensitive mutant retinas, collection and all steps in the POS isolation protocol 
must be carried out under dim-red illumination.

Using this protocol, yield from a single canine retina ranged from 10,000 to 
50,000 full-length POS and between 10 and 25 million full-length and fragmented 
POS (n = 4) (Fig. 72.1).

72.3  Primary RPE Cell Culture

The protocol for primary RPE cell culture was modified slightly from Stramm et al. 
(1983, 1990).
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72.3.1  Materials Required for Primary RPE Cell Culture

All reagents, media, instruments, and containers used for cell culture should be 
appropriately sterilized.

 1. Transportation media: CO2-independent medium (Gibco, catalog no. 18045- 088) 
containing 2% penicillin/streptomycin (Lonza, catalog no. 17-602E).

 2. 0.25% Trypsin-EDTA (Gibco, catalog no. 25200–056).
 3. Growth medium: 20% FBS (Sigma, catalog no. F2442), 1% penicillin/strepto-

mycin, 1% L-glutamine (Lonza, catalog no. 17-605E), 1% sodium pyruvate 
(Gibco, catalog no. 11360–070), 1% Eagle’s minimum essential medium 
(MEM), nonessential amino acids (Sigma, catalog no. M7145), 
DMEM/F-12(1:1) medium (Gibco, catalog no. 11320-033).

 4. Dulbecco’s phosphate-buffered saline without Ca+2 and Mg+2 (DPBS) 
(Mediatech, catalog no. MT21-031-CV).

 5. Transwell tissue culture plate (Corning Costar, catalog no. 3470).
 6. 70% ethanol.
 7. 50 ml specimen container.
 8. Dissection tools: surgical prep blade, Noyes micro-scissors, microdissection 

tweezers, gauze.
 9. Custom-made aluminum supports (see Fig. 72.2).
 10. Sterile 15 ml disposable centrifuge tubes (Falcon, catalog no. 352196).

Fig. 72.1 POS isolated from a single canine retina. POS were isolated from single canine retinas 
(n = 4). Image was acquired using a Zeiss Axioplan microscope
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72.3.2  Protocol for RPE Cell Culture

 1. Enucleate eye from a dog immediately following euthanasia and store in trans-
portation medium in a specimen container for 8–10 h at 4 °C.

 2. All following steps should be performed in the cell culture hood. Dip the eye in 
70% ethanol for a couple of minutes, and then rinse twice with DPBS contain-
ing 2% penicillin/streptomycin.

 3. Dissect eyes by cutting the sclera 3–5 mm away from the limbus. Make a nick 
using a surgical prep blade and cut using micro-scissors and a microdissecting 
tweezer.

 4. Separate the anterior segment/lens and gently remove the vitreous completely 
by slowly dragging the posterior cup over a dry sterile gauze.

 5. Place the posterior cup on a sterile aluminum support. Fill the eyecup with 
DPBS and gently remove the detached retina.

 6. Rinse the RPE layer thoroughly with DPBS.
 7. Fill the eyecup with 0.25% trypsin-EDTA and incubate at 37 °C in a 5% CO2 

tissue culture incubator for 30 mins.
 8. Collect detached RPE cells in trypsin-EDTA using a 1 ml pipette, transfer to a 

sterile 15 ml tube, and store at 37 °C in a 5% CO2 tissue culture incubator.
 9. Refill the eyecup with trypsin-EDTA. Repeat incubation and collection four to 

five times.
 10. Pellet cells by centrifugation (1000 rpm, 5 min) and resuspend in the growth 

medium.
 11. Seed RPE cells on Transwell tissue culture plates at a density of 105 cells/cm2.
 12. Incubate cells at 37 °C in a 5% CO2 tissue culture incubator for 2–3 weeks to 

form a confluent monolayer. Change medium 2–3 times a week during this 
period.

Fig. 72.2 Eyecup holders. Custom-made aluminum supports of different diameters (indicated on 
the sides) to fit eyes of various sizes. The supports are sterilized by autoclaving before use
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72.4  RPE Phagocytosis Assay

POS isolated from a single canine retina and RPE cells obtained from canine eyes 
can be used for RPE phagocytosis assay. In typical experiments, POS isolated from 
a single canine retina were used for feeding confluent RPE cells grown on six out of 
eight wells of an eight-chambered glass slide. Results from RPE phagocytosis assay 
are shown in Figs. 72.3 and 72.4.

Fig. 72.3 Phagocytosis of canine POS by ARPE-19 cells. Confluent polarized ARPE-19 cells 
were stained with DAPI nuclear stain, Alexa Fluor 488 phalloidin, and anti-rhodopsin antibody 
after POS phagocytosis. Images were acquired using a Leica DMI 4000 inverted microscope 
equipped with a Yokogawa spinning disk confocal head and a Hamamatsu EMCCD 510 camera. 
Over 50 fields each containing ~50 cells were counted to evaluate the percentage of cells showing 
ROS phagocytosis. 65 ± 5% of the ARPE-19 cells were found to phagocytize ROS

Fig. 72.4 Phagocytosis of canine POS by primary canine RPE cells. Confluent polarized canine 
primary RPE cells were stained with anti-rhodopsin and anti-ZO-1 antibody after POS phagocyto-
sis. Images were acquired using a Zeiss Axioplan epifluorescence microscope
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72.4.1  Materials Required for RPE Phagocytosis Assay

 1. Primary RPE monolayer or ARPE-19 cells (ATCC, catalog no. CRL-2302) 
grown on 8-chambered glass slide (Lab-Tek, catalog no. 155411) in growth 
medium.

 2. Polarization medium: Dulbecco’s MEM (DMEM) (Mediatech, catalog no. 
MT10-013-CV) with 1% FBS.

 3. POS.
 4. Neubauer hemocytometer.

72.4.2  Materials Required for Antibody Staining 
After Phagocytosis

 1. Phosphate-buffered saline (PBS) (Thermo Scientific, catalog no. 28372).
 2. Fixative: 4% paraformaldehyde prepared in PBS.
 3. Permeabilization: 0.2% Triton X-100 (Fisher Scientific, catalog no. BP151-100) 

in PBS.
 4. Blocking buffer: 5% BSA and 4.5% fish gelatin (Sigma, catalog no. G7765- 

250ML) in PBS.
 5. Dilution buffer for Alexa Fluor 488 phalloidin: 1% BSA in PBS.
 6. Antibodies:

 (a) Mouse anti-rhodopsin antibody (Millipore, catalog no. MAB5356).
 (b) Rabbit anti-ZO-1 antibody (Invitrogen, catalog no. 402200).
 (c) Alexa labeled anti-mouse and anti-rabbit secondary antibodies (Invitrogen).

 7. Alexa Fluor 488 phalloidin (Molecular probes, catalog no. A12379).
 8. DAPI (4′,6-Diamidino-2-Phenylindole, Dihydrochloride) (ThermoFisher 

Scientific, catalog no. D1306).

72.4.3  Protocol for RPE Phagocytosis Assay

 1. Day 1: Seed primary RPE cells or ARPE-19 cells in growth medium on 
8- chambered glass slides for next-day confluence. Incubate at 37 °C in 5% CO2 
tissue culture incubator for 24 h.

 2. Day 2: Change cell growth medium to polarization medium. Incubate overnight 
at 37 °C in the 5% CO2 tissue culture incubator.

 3. Day 3: Thaw POS; calculate POS density using a hemocytometer. Centrifuge to 
pellet POS, and then resuspend in polarization medium.

 4. Overlay POS suspension on the RPE cells in each chamber at an approximate 
density of 10 POS per cell.
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 5. Incubate in the cell culture incubator for 5 h.
 6. Remove medium and wash cells three times with DPBS.
 7. Fix cells with 4% paraformaldehyde at room temperature for 20 min. Wash three 

times with DPBS.  Store at 4  °C or proceed with antibody and phalloidin- 
alexa- 488 labeling.

72.4.4  Labeling POS with Anti-rhodopsin Antibody 
and Counterlabeling with ZO-1 Antibody or Alexa 
Fluor 488 phalloidin

 1. Permeabilize cells in the 8-chambered glass slide with 0.2% Triton X-100 in 
PBS for 5 min. Wash three times with PBS.

 2. Incubate cells in blocking buffer for 30 min at room temperature.
 3. Incubate with anti-rhodopsin antibody alone or along with anti-ZO-1 antibody 

diluted in blocking buffer (mouse-anti-rhodopsin 1:400, rabbit-anti-ZO-1 anti-
body 1:100) for 1 h at 37 °C.

 4. Wash three times with PBS.
 5. Incubate with appropriate alexa-labeled secondary antibodies diluted 1:400 in 

blocking buffer for 1 h at room temperature.
 6. Wash three times with PBS.
 7. If performing phalloidin staining, incubate with Alexa Fluor 488 phalloidin 

diluted 1:50 in 1% BSA-PBS for 30 min at room temperature.
 8. Wash three times with PBS.
 9. Counterstain nuclei with DAPI stain. Wash once with PBS.
 10. Detach media chamber from the slide. Apply appropriate mounting medium 

and coverslip and image using widefield epifluorescence or confocal 
microscopy.
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Chapter 73
Preservation of Photoreceptor  
Nanostructure for Electron Tomography  
Using Transcardiac Perfusion Followed  
by High-Pressure Freezing 
and Freeze-Substitution

Stefanie Volland and David S. Williams

Abstract The phototransductive membrane disks of a vertebrate photoreceptor 
outer segment (OS) are highly susceptible to perturbations during preservation for 
electron microscopy. To optimize their preservation for nanostructural studies, such 
as with electron tomography (ET), we developed a protocol, using a combination of 
chemical and physical fixation approaches, including transcardiac perfusion, high-
pressure freezing, and freeze-substitution.

Keywords Photoreceptor · Electron tomography · High-pressure freezing · 
Freeze-substitution · Disk membrane morphogenesis

73.1  Introduction

Phototransduction takes place in stacked membrane disks contained within the OS 
of the vertebrate photoreceptor. These disks are turned over by the shedding of older 
disks at the OS tip and the formation of new disks at the base of the OS (Young 
1967). Because disk morphogenesis involves complex membrane-shaping 
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mechanisms, it is necessary to first define the membrane organization at the base of 
the OS. To achieve this goal, we studied the disk membrane nanostructure by using 
ET (Volland et al. 2015). For these studies tissue preservation is paramount, but also 
challenging. The disk membranes, especially the nascent disk membranes, seem to 
be particularly susceptible to anoxia and mechanical damage, which readily leads to 
artifacts during tissue preparation.

Chemical fixation methods, such as those involving transcardiac perfusion, allow 
quick and effective delivery of fixative to target organs in situ and can help stabilize 
delicate tissue, prior to dissection (Sosinsky et al. 2008). On the other hand, high- 
pressure freezing (HPF) and other physical fixation approaches (e.g., slam freezing) 
are preferable to chemical fixation as they allow fixation within milliseconds, rather 
than seconds to minutes for chemical fixation. But they pose their own set of limita-
tions (Studer et al. 2001). Only small tissue samples of about 300 μm in thickness 
can be frozen without ice crystal damage (McDonald and Auer 2006), which means 
that tissues like the retina need to be exposed by ocular enucleation and dissection 
prior to HPF. Previous reports have shown that a combination of chemical and phys-
ical fixation methods can yield superior results when sensitive tissues are being 
processed (Murk et  al. 2003; Sosinsky et  al. 2008). Here, we provide a detailed 
description of a combination protocol that was optimized for the preservation of 
photoreceptor disk membranes. This protocol was used to study the nanostructure 
of these membranes by ET.

73.2  Transcardiac Perfusion

Wild-type mice of the strain C57BL/6J were treated in accordance with the appro-
priate institutional guidelines. Animals were kept under a 12 h light/12 h dark cycle 
and used at an age of 4–8 weeks. The mice were deeply anesthetized before an 
abdominal incision and thoracotomy were performed to expose the heart. A G20 
needle, attached to a catheter, was inserted into the left ventricle, and the right 
atrium was cut open. Chilled (4  °C) 0.1  M phosphate buffered saline was then 
passed through the catheter, using gravity to drive the perfusion. After 1 min, the 
perfusate was switched to chilled (4 °C) Karnovsky fixative (2% paraformaldehyde 
and 2.5% glutaraldehyde in 0.1 M phosphate buffer). Each mouse was then perfused 
with ~20 ml fixative before the eyes were enucleated and dissected quickly. Small 
pieces of retinal tissue (~1 mm × 1 mm) were kept in fixative solution on ice until 
they were frozen under high pressure within 1 h of initial fixation.

73.3  High-Pressure Freezing and Freeze-substitution

Each piece of retinal tissue was placed in a Leica flat specimen carrier (diameter, 
1.5 mm; depth, 200 μm), with additional 0.1 M phosphate buffer, and transferred to 
a freezer holder where the specimen chamber was sealed with a diamond screw. 
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The holder was attached to a handle and placed in an EMPACT2 high-pressure 
freezer (Leica Microsystems, Wetzlar, Germany). The tissue was then frozen within 
milliseconds under high pressure of >2000 bar, allowing samples of up to 300 μm 
in thickness to be frozen without the perturbation of cellular ultrastructure from ice 
crystal formation. After freezing, samples were collected and transferred in liquid 
nitrogen to an EM AFS2 automatic freeze-substitution unit (Leica Microsystems, 
Wetzlar, Germany). The specimen carriers containing the tissue were quickly 
placed in 1.5 ml Eppendorf tubes filled with 1% osmium tetroxide and 0.1% uranyl 
acetate in acetone at −90 °C, within the freeze-substitution unit. Over the course of 
88  h, the temperature was gradually raised from −90  °C to room temperature 
(20 °C) while the fixative slowly replaced the water in the samples. After freeze- 
substitution, samples were washed 3× for 5 min in acetone and propylene oxide 
consecutively, before they were infiltrated with 1:2 and 2:1 parts Araldite 502 resin 
(Electron Microscopy Sciences, Hatfield, USA) to propylene oxide, respectively, 
for 30 min each. Finally, samples were transferred to pure Araldite 502 resin for 
another 30 min and then placed in flat molds and polymerized at 60 °C for 48 h. 
Sections, 300 nm thick, were collected on formvar-coated, copper, slot grids and 
stained for contrast with 10% uranyl acetate in methanol and 0.4% lead citrate in 
0.4% sodium hydroxide for 10 min each. Gold fiducials (Ted Pella, Redding, USA) 
of 15 and 20 nm diameters were then placed on opposite sides (top and bottom) of 
the slot grids. At this stage grids can be carbon coated to stabilize the sections in the 
electron beam during image acquisition, but we usually didn’t find this to be 
necessary.

73.4  Electron Tomography and Data Processing

ET is an extension of conventional transmission electron microscopy, with the dif-
ference that the sections are thicker and imaged at higher acceleration voltages. We 
performed ET on mouse retinal sections, using an FEI Tecnai TF20, operated at 
200  kV, and FEI’s “batch tomography” software (Hillsboro, USA). A series of 
images were recorded as the section was tilted from −70° to +70°, with 2° incre-
ments at the lower tilt angles (range  ±  40°) and 1° increments above +40° and 
below - 40°. The images were collected with a 16-megapixel CCD camera (TVIPS) 
at magnifications between 14,500× and 19,000× and with an under-focus of approx-
imately −1 to 3 μm. To obtain dual-tilt data sets, the grids were rotated by 90° on 
the x-y axis after the acquisition of a first tilt series, and a second tilt axis was 
recorded, centered on the same point.

We used “eTomo” in the IMOD software package (Boulder, USA) to generate 
tomographic reconstructions of the acquired double-tilt series through fiducial- 
based alignment (Fig.  73.1a, b). A median filter of n4 was used to improve the 
reconstruction appearance if deemed necessary (Fig. 73.1a). After tomogram recon-
struction, segmentation and subsequent image processing were conducted using 
“3dmod” (IMOD, Boulder, USA). Every 3–10 z-slices of the tomographic 
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 reconstruction were traced manually to create a 3-D model of the membrane disks 
at the photoreceptor OS base (Fig. 73.1c). The photoreceptors OS plasma mem-
brane and membranes continuous with it were modeled in light green, in contrast to 
mature disks, modeled in dark blue (Fig.  73.1b, c). Videos of 3-D models were 
generated using Chimera (UCSF, San Francisco, USA), while videos of tomogram 
reconstructions were generated using 3dmod (IMOD, Boulder, USA) and Fiji 
(NIH), an open-source processing package (e.g., Suppl. Movies in Volland et  al. 
2015).

73.5  Conclusions

ET is a powerful tool to visualize the 3-D ultrastructure of cells and, in particular, 
allows insight into complex membrane organization (McDonald and Auer 2006). In 
order to obtain optimal images from mouse photoreceptors, we used a combination 
of chemical and physical fixation approaches, including transcardiac perfusion, 
high-pressure freezing, and freeze-substitution. These samples were well suited for 
ET and enabled us to study the formation of nascent disks using 3-D visualization. 
Overall, we were able to show that a combination of different fixation methods 
allows for better preservation than either method can on its own.

Acknowledgments This study was supported by NIH grants R01EY24667, R01EY13408, and 
P30EY00331. We thank Ivo Atanasov for technical assistance and acknowledge the use of instru-
ments at the Electron Imaging Center for Nanomachines, supported by UCLA and NIH grant 
S10RR23057.

Fig. 73.1 Photoreceptor morphology after the combined fixation approach, using transcardiac 
perfusion and HPF (modified from Volland et al. 2015). (a) Z-slice from a tomographic reconstruc-
tion of the basal area of a mouse rod OS (median filter n4). (b) Z-slice from the same tomogram 
(no filter), with 3-D renderings, tracing the connecting cilium, nascent disks and the OS plasma 
membrane in light green, and mature disks in dark blue. (c) Overview of a 3-D model of the rod 
OS basal area, based on the tomogram shown in (a) and (b). Scale bar 300 μm
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Chapter 74
Microtubule-Associated Protein 1 Light  
Chain 3 (LC3) Isoforms in RPE and Retina

Anuradha Dhingra, Desiree Alexander, Juan Reyes-Reveles,  
Rachel Sharp, and Kathleen Boesze-Battaglia

Abstract Microtubule-associated protein 1 light chain 3 (MAP1LC3), a human 
homologue of yeast Atg8, is an essential component of autophagy. LC3 plays a criti-
cal role in hybrid degradation pathways in which some but not all components of 
autophagy are coupled with phagocytosis in a process known as LC3-associated 
phagocytosis (LAP). LC3 exists as three highly homologous isoforms in human 
(LC3A, LC3B, and LC3C) with two of these (LC3A and LC3B) in mouse. LC3B 
predominated in both fetal and adult human retinal pigment epithelium (RPE) rela-
tive to LC3A and LC3C, while in mouse RPE and neural retina, LC3A and LC3B 
were expressed at approximately equivalent levels. In situ hybridization studies 
localized LC3A and LC3B transcripts in the retina and RPE. LC3B protein was 
detected in C57Bl6/J RPE and retinal lysates and was absent in the LC3BKO mouse.

Keywords LC3 isoforms · Phagocytosis · Retinal pigment epithelium

74.1  Introduction

Autophagy proteins are strongly expressed in the retina and in the RPE, with accu-
mulation of proteins and damaged organelles a common characteristic of the aging 
RPE as well as of age-related macular degeneration (Mitter et al. 2012; Rodriguez- 
Muela et al. 2013; Boya et al. 2016; Kauppinen et al. 2016; Szatmari-Toth et al. 
2016). In addition to macroautophagy, the catabolic cell survival mechanism, nor-
mal vision is also dependent on a hybrid autophagy-phagocytosis degradative path-
way termed LC3-associated phagocytosis (LAP) (Kim et al. 2013; Frost et al. 2015; 
Martinez et al. 2015). LAP plays a critical role in visual pigment regeneration (Kim 
et al. 2013) as well as the complete degradation of phagosomes (Frost et al. 2015). 
LAP and autophagy both rely on the lipidation of LC3 to LC3II which enables its 
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membrane association to either double-membrane autophagosomes or single 
 membrane phagosome. The three isoforms of human MAP1LC3, LC3A, LC3B, 
and LC3C, differ in their posttranslational modifications (He et  al. 2003), with 
mouse orthologs corresponding to LC3A and LC3B. These isoforms share a high 
degree of sequence similarity and have a conserved C terminal glycine site for PE 
conjugation (Schaaf et al. 2016). Herein, we have characterized LC3 isoforms in 
human and mouse RPE.

74.2  Materials and Methods

74.2.1  Animals

C57Bl6/J (WT) mice and the LC3BKO mouse line (strain name: B6;129P2- 
Map1Lc3btm1Mrab/J; stock # 009336) (Cann et  al. 2008) were purchased from 
Jackson Laboratory (Bar Harbor, ME). GFP-LC3 mice expressing a cDNA encod-
ing EGFP fused at its C-terminus to rat LC3B under control of the CAG promoter 
as described (Mizushima et al. 2004) were obtained from RIKEN BioResource 
Center (RBRC00806; GFP-LC3#53). Mice were backcrossed to C57BL/6 J for 22 
generations at RIKEN (personal communication). Maintenance of mouse colo-
nies and all experiments involving animals were performed as described previ-
ously (Frost et al. 2015).

74.2.2  Antibodies

Primary antibodies used were mouse anti-actin (A2228; Sigma-Aldrich, St. Louis, 
MO); rabbit anti-LC3 (ab48394), anti-LC3A (ab62720), and anti-GFP (ab290) 
from Abcam; rabbit and mouse anti-LC3B (2775S and D11, respectively) from Cell 
Signaling Technology; and rabbit anti-LC3C (18726–1-AP) from Proteintech.

74.2.3  Immunoblotting and Immunostaining

ARPE19 and hfRPE and hRPE (human fetal and adult RPE cells, respectively) were 
maintained as described (Frost et al. 2015). Immunostaining and immunoblotting 
were performed as described (Frost et al. 2015). For westerns, primary antibody 
concentrations were anti-LC3B (1:1500), anti-LC3A (1:1000), anti-LC3C 
(1:1,1000), anti-β-actin (1:5000), or anti-GFP (1:1000).

A. Dhingra et al.
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74.2.4  In Situ Hybridization

RNA in situ hybridization was performed using RNAscope Fluorescent Multiplex 
reagent kit as per the manufacturer’s instructions (Advanced Cell Diagnostics). 
Probes included LC3A and LC3B (18ZZ Mm-Map1lc3a targeting 38-1006 of 
NM_025735.3 and 20ZZ Mm-Map1lc3b targeting 43-1081 of NM_026160.4).

74.2.5  RT-PCR

Quantitative real-time RT-PCR was performed using total RNA from mouse retina 
and RPE as described previously (Nikonov et al. 2013). The mouse PCR primers 
used were based on sequences available from Harvard PrimerBank. The following 
human PCR primers were used:

LC3A (NM_032514):

CGTCCTGGACAAGACCAAGT (forward), CTCGTCTTTCTCCTGCTCGT 
(reverse).

LC3B (NM_022818.4):

AGCAGCATCCAACCAAAATC (forward), CTGTGTCCGTTCACCAACAG 
(reverse).

LC3C (NM_001004343.2):

CGGAAGCCTTTTACTTGCTG (forward), GTCTGTCCTCAAGGCTGCTC 
(reverse).

74.3  Results

74.3.1  LC3B Is the Predominant Splice Variant  
in Human RPE

The relative expression levels of the three LC3 isoforms were determined in hfRPE 
and ARPE19 cells by qRT-PCR with primers specific for each isoform. In both cell 
types, LC3B is expressed at significantly higher levels than LC3A, and LC3C was 
undetectable (Fig. 74.1a). The protein expression of LC3 isoforms was confirmed 
by immunoblotting; however due to a high degree of sequence homology across the 
isoforms, many of the commercially available antibodies show cross-reactivity as 
described (Klionsky et al. 2016). Figure 74.1b shows protein sequence alignments 
of the three isoforms, with invariant residues in red and similar residues in yellow 
boxes; regions corresponding to antibody epitopes are indicated (Fig. 74.1b). When 
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anti-LC3A or anti-LC3B antibody (D11) was used for immunoblotting, ARPE19, 
hRPE, and hfRPE cell lysates gave the expected size bands corresponding to unlipi-
dated and lipidated forms of LC3A and LC3B (Fig. 74.1c); anti-LC3C did not show 
any specific band (data not shown).

74.3.2  LC3A and LC3B Transcripts Are Expressed 
in the Mouse Retina and RPE

In mouse RPE and retina, the transcript levels of the two isoforms LC3A and LC3B 
were comparable in both WT retina and WT RPE (Fig. 74.2a). As expected, LC3B 
transcript was absent in the LC3BKO mouse; moreover, there was no significant 
upregulation of LC3A. In situ hybridization indicated LC3A (green) and B (red) 
transcripts are both present in the RPE and retina (Fig. 74.2b, left). As expected, the 
levels of LC3B were higher in the GFP-LC3tg/tg, and only LC3A was detectable in 
the LC3BKO (Fig. 74.2b).

Fig. 74.1 LC3A and LC3B mRNA and protein expression in human RPE. (a) LC3A, LC3B, and 
LC3C transcript levels by qRT-PCR in human RPE cells. Results are mean (±SD) of three indi-
vidual experiments. ND: not detectable. (b) Amino acid alignment (using T-coffee algorithms 
interfaced with ESPRIPT for visual representation) of the three LC3 isoforms with identical resi-
dues highlighted in red and similar residues highlighted in yellow. Locations of epitopes for anti- 
LC3A and anti-LC3C are indicated by green rectangles; both anti-LC3B antibodies used were 
raised against synthetic peptides corresponding to an N-terminal region of LC3B; and lipidation 
sites are indicated by green arrow. (c) Western blot showing LC3A and LC3B proteins in ARPE19, 
hRPE, and hfRPE cells.
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74.3.3  Absence of LC3B Does Not Result in Compensatory 
Upregulation of LC3A Protein

LC3 isoform protein expression was confirmed in the WT, GFP-LC3tg/tg, GFP-LC3tg/

wt, and LC3BKO by immunoblot. Given that the LC3 isoforms have significant 
homology (Fig. 74.3a), using different genotypes allowed us to further define speci-
ficity of the anti-LC3A and anti-LC3B antibodies. When probed with the anti-LC3B 
antibody (D11), LC3 doublets were detected in all genotypes except for LC3BKO 
(Fig. 74.3b); GFP-LC3tg/tg and GFP-LC3tg/wt also showed higher bands (correspond-
ing to GFP-LC3 fusion protein with both D11 and anti-GFP antibodies). The LC3 
doublet was observed in both LC3BKO and WT retina with the anti-LC3A antibody. 
The expression levels in the WT and LC3BKO RPE are comparable, suggesting no 
compensatory upregulation of LC3A in the LC3BKO.

Expression of LC3B in the mouse RPE was further evaluated by immunostaining 
of WT and LC3BKO retinal sections. Because the D11 antibody is not optimal for 
immunostaining applications, we used another LC3B antibody (anti-rabbit LC3 
from Cell Signaling). Numerous LC3-positive structures are observed in WT RPE 
(Fig.  74.3c), with almost negligible levels in the LC3BKO.  Interestingly, there 
appears to be more rhodopsin-positive puncta in the LC3B KO RPE, suggesting 
phagosomal accumulation. Mice used in immunostaining experiments were 

Fig. 74.2 Expression of LC3A and LC3B transcripts in the mouse retina and RPE. (a) LC3A and 
B transcript levels examined by qRT-PCR on mouse retina (left) and RPE (right) for WT and 
LC3BKO as indicated. Results are mean (±SD) of three individual experiments. NS, nonsignifi-
cant. (b) Confocal micrographs from RNA scope in situ hybridization for LC3A (green) and LC3B 
(red) in WT, GFP-LC3, and LC3BKO mouse retinal sections (left) and transmitted light image for 
orientation (right). ONL, outer nuclear layer; INL, inner nuclear layer
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 sacrificed at 6 h after light onset, past the burst of phagocytosis in WT. Delayed 
phagosome uptake or maturation was also inferred from EM analysis. Figure 74.3d 
shows the uptake of outer segments and accumulation of the phagosomes in EM 
images from LC3BKO retina isolated at 2 pm. The RPE phagocytic machinery and 
retinal phenotype in the LC3BKO mouse are currently under investigation.

Fig. 74.3 Expression of LC3A and LC3B in the mouse RPE. (a) Amino acid alignment of mouse 
LC3 isoforms. (b) Representative immunoblots showing expression of LC3B (with antibodies 
D11, left, and ab48394, right) and LC3A proteins in RPE from different genotypes. (c) Confocal 
micrographs of WT and LC3BKO mouse RPE immunostained for LC3B and opsin. (d) Electron 
micrographs obtained as described (Frost et al. 2015) from LC3KO retina 7 h after light onset, 
showing outer segment uptake (thick arrows) and phagosome accumulation (thin arrow)
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74.4  Discussion

Given the critical role of LAP in RPE function and retinal homeostasis (Frost 
et al. 2015; Kim et al. 2013), it is important to establish the expression profile of 
the LC3 isoforms. The studies herein show that LC3B transcripts represent the 
predominant isoform in mouse RPE and retina; LC3B protein is the most abun-
dant LC3 isoform in human and mouse RPE; and in the absence of LC3B, there is 
no compensatory increase in the levels of LC3A.  However, compensatory 
increases in the level of other LC3-like proteins (GABARAPs) cannot be ruled 
out. Our results also point to altered phagocytic processing in the absence of 
LC3B. Our current studies are focused on understanding the role played by LC3B 
in RPE and to further characterize the structural/functional defects in the absence 
of this protein.
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Chapter 75
The iPSc-Derived Retinal Tissue  
as a Tool to Study Growth Factor  
Production in the Eye

Maryam Alavi and Petr Baranov

Abstract Traumatic, inherited, and age-related degenerative diseases of the retina, 
such as retinal detachment, glaucoma, retinitis pigmentosa, and age-related macular 
degeneration, are characterized by the irreversible loss of retinal neurons. Several 
growth factors, including glial cell-derived neurotrophic factor and pigment 
epithelium- derived factor, have been shown to rescue retinal neurons in animal 
models of retinal disease. Here we describe a scalable and robust system to study 
the growth factor induction in the retina: retinal organoids derived from the induced 
pluripotent stem cells. We have demonstrated that they secrete GDNF and PEDF at 
the levels tenfold above detection limit for ELISA. We also have shown that growth 
factor production in this system may be upregulated by specific trigger, demonstrat-
ing the feasibility of this approach for drug discovery.

Keywords Retina · Growth factors · Neuroprotection · Glial cell line-derived 
neurotrophic factors · Pigment epithelium-derived neurotrophic factor · Induced 
pluripotent stem cells

75.1  Introduction

Retinal degenerative disorders, such as retinitis pigmentosa and age-related macular 
degeneration, are characterized by the progressive and irreversible loss of light- 
sensitive cells – photoreceptors. A number of large molecules, such as growth fac-
tors (GF) and cytokines, have been used to rescue neurons from death and delay or 
even prevent vision deterioration in a variety of animal models. However, the clini-
cal translation of these treatments is complicated by the challenges associated with 
GF delivery and bioavailability. Small molecules, on other hand, can be easily 
administered into the eye and have better tissue distribution profiles. The critical 
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question is how to identify a potent compound among millions of chemicals avail-
able. For the classic “direct neuroprotection” approach, the major readout for drug 
screening is cell survival in culture – the ability of the compound to prevent cell 
death, caused by specific stress (Fuller et al. 2014). While this strategy has already 
identified potent antioxidants and neuroprotectants, the selection of the small mol-
ecule for further development is limited by the cell system and stress factors used 
for the screening.

Alternative approach, namely, “indirect neuroprotection” (or endogenous neuro-
protection), suggests that the small molecules are used to induce the production of 
endogenous growth factors in the retina. With this method the selection of the small 
molecules is based on their capacity to induce growth factor expression in the retina. 
One of the requirements for the successful implementation of our strategy is the 
availability of cell-based assays to investigate the upregulation of neuroprotective 
factors. This system has to be representative of retinal tissue and therefore contain 
multiple cell types, including neurons and glia. It has been demonstrated that retinal 
eyecups – tissue-like structures, containing major retinal cell types – can be obtained 
using three-dimensional differentiation protocol (Eiraku and Sasai 2012). Here we 
show that these eyecups can be used to study growth factor expression and induc-
tion. To demonstrate the feasibility of this approach, we have profiled the time-
course ciliary neurotrophic factor (CNTF) and glial cell line-derived neurotrophic 
factor (GDNF) expression during the retinal differentiation. We also have studied 
the GDNF induction by bFGF in these cultures.

75.2  Materials and Methods

75.2.1  The Differentiation of Retinal Tissue from Induced 
Pluripotent Stem Cells

Retinal tissue was differentiated according to protocols developed by Sasai (Eiraku 
and Sasai 2012) and modified by Arsenjevic (Decembrini et  al. 2014). Briefly, 
mouse-induced pluripotent stem cells (Ng et al. 2011) were plated into low- adhesion 
polypropylene 96-well plates (10,000 cells per well 50 microliters of optic vesicle 
medium). On the second day, 50 microliters of 2% Matrigel solution was added to 
induce neuroepithelium formation. On day 9, optic vesicle medium was replaced 
with optic cup medium (supplemented with 1% knockout serum, N2, and B27), and 
aggregates were transferred to 40% oxygen environment (Fig. 75.1).
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75.2.2  Characterization of iPSc-Derived Eyecups by Flow 
Cytometry

For flow cytometry analysis, cell aggregates were collected at day 26 of differentia-
tion and then dissociated with papain. Cells were fixed with 4% PFA, incubated 
with primary antibodies overnight at +4  °C (all at 1:200 dilution), followed by 
washing and staining with isotype-specific PE-conjugated secondary antibodies for 
1 h at room temperature (1:400 dilution).

75.2.3  Growth Factor Assessment in iPSc-Derived Eyecups

To assess growth factor production, the supernatant was collected at several stages 
of differentiation (days 0, 5, 11, 16, 20, 25, 30, and 35). The growth factor content 
(PEDF, GDNF) was analyzed using ELISA (R&D Systems) according to the manu-
facturer’s instructions. To increase the sensitivity of the assay, samples were incu-
bated with capture antibodies at +37 °C. For the GDNF induction, eyecups at day 
26 of differentiation were treated with recombinant bFGF (dose range up to 1 
microgram per ml) for 24 h and GDNF production was assessed by ELISA.

Fig. 75.1 An outline of eyecup differentiation from mouse-induced pluripotent stem cells. iPSc 
are derived from fibroblasts, isolated from Crx-GFP mouse. The iPSc are dissociated and re-plated 
into low-adhesion plate (96 wells) to form embryoid bodies, which are forced into forebrain and 
retina formation by adding 1% Matrigel. Eyecups are transferred into T75 flasks and cultured in 
media, supplemented with N2 and B27. This highly efficient protocol allows us to establish cul-
tures, containing >80% of photoreceptors. The EB and eyecups at day 18 of differentiation are 
shown above. Scale bar 500 um
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75.3  Results

75.3.1  The Differentiation of Retinal Tissue from Induced 
Pluripotent Stem Cells and Characterization of iPSc- 
Derived Eyecups by Flow Cytometry

This differentiation protocol led to retinal development in more than 80% of the 
aggregates (as determined by using Crx-Gfp transgenic mouse iPSc line). The flow 
cytometry analysis showed the presence of multiple retinal cell types, with the per-
centage similar to the native retina (Fig.  75.2): the majority of cells in three- 
dimensional culture were photoreceptors (up to 80%).

75.3.2  Growth Factor Assessment in iPSc-Derived Eyecups

PEDF concentration increased from 80 pg/ml to 160 pg/ml in the supernatant of the 
developing eyecups from day 0 to day 35. GDNF content in the supernatant 
increased from non-detectable levels to 8 pg/ml. This level was sufficient to study 
the upregulation of GF in culture. When treated with the bFGF, GDNF was upregu-
lated in a dose-dependent manner from 25 pg/ml to 50 pg/ml (Fig. 75.3).

Fig. 75.2 Cell content in differentiating retinal tissue. At day 26 of differentiation, the iPSc- 
derived eyecups contain most of the retinal cell types as detected by flow cytometry: ganglion cells 
(Thy1), Muller glia (CRAL-BP), retinal pigment epithelium clusters (RPE 65), bipolar cells 
(PKCa), amacrine cells (Syntaxin1), rod (Recoverin, Crx), and cone (Opsin Blue, Crx) photore-
ceptors. We did not detect significant number of pluripotent cells (Sox2, Oct4); however some of 
the cells continued to proliferate (Ki67)
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75.4  Discussion

Treatment of animal models of retinal degeneration with different cytokines or 
growth factors can delay or prevent retinal neuron loss; at least six classes of growth 
factors show promise in various animal models of retinal degeneration and photore-
ceptor loss: ciliary neurotrophic factor (Wen et al. 2012), nerve growth factor (Sun 
et al. 2007), brain-derived neurotrophic factor (Caffé et al. 2001), basic fibroblast 
growth factor (LaVail et  al. 1992), pigment-epithelium-derived growth factor 
(LaVail et al. 1992), and glial cell-derived neurotrophic factor (Dalkara et al. 2011). 
In this study we have developed a system to study GF induction to implement an 
indirect neuroprotection strategy. In indirect neuroprotection, small molecule trig-
gers are used to induce the expression of endogenous growth factors (GF) by host 
retinal cells. This approach has been explored for GDNF (Saavedra et al. 2008) and 
leukemia-inhibitory factor (Vela et  al. 2016) in the central nervous system with 
neurons and astrocytes. Due to the variability of the potential molecular targets for 
such induction, the effects vary between the cell types, and thus retinal-specific 
assay, inclusive of multiple cell types, is needed. While isolating primary tissue is 
an option, it significantly limits the throughput capacity of the screen.

The recent establishment of a protocol for differentiation of three-dimensional 
retinal cells from mouse and human pluripotent stem cell allows cost-efficient and 
reproducible generation of bona fide retinal tissue. Here we have demonstrated that 
these eyecups can be cost-effectively differentiated at high numbers; they contain 
several cell types (retinal ganglion cells, rod and cone photoreceptors, amacrine and 
bipolar cells, Muller glia). Our ELISA studies have demonstrated that growth fac-
tors of interest (PEDF, GDNF) are produced at the levels exceeding detection limit.

We also have shown that GF production increases with time in culture from day 
1 to day 35. The lack of plateau and continuous increase in GF production may be 
related to the ongoing cell proliferation. In our attempt to demonstrate the utility of 
that system for GF induction, we have treated mechanically dissociated eyecups 
with known GDNF inducer – bFGF. The resulting dose-response curve (GDNF con-
centration measured by ELISA vs. bFGF concentration in culture) confirmed the 
specificity of the induction.

Fig. 75.3 The timecourse profile of growth factor production in the iPSc-derived eyecups. The 
production of PEDF and GDNF increased with time (a, b). The RT-PCR confirmed the ELISA 
findings. The treatment of these eyecups with high concentrations of bFGF at day 26 of differentia-
tion (c) led to the upregulation of GDNF production at 2 ng/ml of bFGF and above (p=0.04, t-test)

75 The iPSc-Derived Retinal Tissue as a Tool to Study Growth Factor Production…



624

In summary, our findings demonstrate that iPSc-derived eyecups are an effective 
tool to study growth factor induction in the retina. This system may be used to 
 identify novel neuroprotective small molecules as well as to study the mechanisms 
of GF production and secretion in the retina.
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Chapter 76
Stem Cell-Based RPE Therapy for Retinal 
Diseases: Engineering 3D Tissues Amenable 
for Regenerative Medicine

Karim Ben M’Barek, Walter Habeler, and Christelle Monville

Abstract Recent clinical trials based on human pluripotent stem cell-derived reti-
nal pigment epithelium cells (hPSC-RPE cells) were clearly a success regarding 
safety outcomes. However the delivery strategy of a cell suspension, while being a 
smart implementation of a cell therapy, might not be sufficient to achieve the best 
results. More complex reconstructed tissue formulations are required, both to 
improve functionality and to target pathological conditions with altered Bruch’s 
membrane like age-related macular degeneration (AMD). Herein, we describe the 
various options regarding the stem cell source choices and the different strategies 
elaborated in the recent years to develop engineered RPE sheets amenable for 
regenerative therapies.
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76.1  Introduction

The retinal pigment epithelium (RPE) has a pivotal role in maintaining photorecep-
tor survival, integrity, and functionality (Strauss 2005; da Cruz et  al. 2007; Ben 
M’Barek et al. 2015). RPE cells organize as monolayered epithelium in tight con-
tact with the outer segment of photoreceptors (Strauss 2005). Dysfunctions or 
degeneration of RPE cells is associated with AMD and retinitis pigmentosa (RP). 
These diseases that might ultimately lead to blindness are estimated to affect about 
30 millions of people worldwide (Gehrs et  al. 2006). In addition, AMD disease 
burden will dramatically increase with a projection of 288 millions of people to be 
affected by 2040, due to prolonged life expectancies (Wong et al. 2014).

RP is a heterogeneous group of rare diseases caused by diverse genetic mutations 
(https://sph.uth.edu/retnet/disease.htm). Some of these mutations affect specifically 
RPE functions like the mutations in MERTK, RPE65, CRALBP, BEST1, or LRAT 
genes (Sparrow et al. 2010). MERTK, RPE65, CRALBP, and LRAT mutations cor-
respond to about 5% of autosomal recessive RP (Hartong et al. 2006), and a preva-
lence of 1.5 case in 100,000 births for BEST1 gene mutations was estimated (Bitner 
et al. 2012). At the opposite, AMD is a complex pathology caused by the combina-
tion of genetic and environmental factors (Ambati et al. 2003). Two forms of AMD 
are typically described: a dry form (atrophic) that account for 90% of all cases and 
a wet form (neovascular). RPE degeneration and damages of the Bruch’s membrane 
associated with the formation of protein and lipid deposits, called drusen, are char-
acteristics of the dry form. Wet AMD involves choroidal neovascularization with 
potential hemorrhages that are susceptible to damage the macula (Ambati et  al. 
2003).

Treatment options for AMD and RP are extremely limited (Gehrs et al. 2006). 
Only wet AMD benefits from the recent advance of anti-angiogenic treatments 
(anti-VEGF therapy). In light of this unmet medical need, regenerative medicine 
appears as an attractive therapeutic alternative to cure patients.

76.2  Stem Cell-Based RPE Production

Replacement of dead/dysfunctional RPE cells by new ones is a strategy that was 
first proposed in early 1980s (Gouras et al. 1985). Initially, RPE sources consisted 
of autologous RPE from the periphery, allogeneic RPE from cadavers, or fetal RPE 
(Binder et al. 2007; Radtke et al. 2008). These sources have a lot of limitations in 
terms of supply chain, donor to donor variability, and scale-up (limited cell amplifi-
cation). With the emergence of hPSCs, efforts are now directed to stem cells sources 
(Thomson et al. 1998; Takahashi et al. 2007).
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76.2.1  Sources

Three main sources for stem cell therapy are preferred regarding the following cri-
teria: ability to differentiate into RPE cells, ease of culturing, and suitability for a 
clinical application.

The first one is the recently described human adult RPE stem cells (RPESCs) 
(Salero et al. 2012). About 2–3% of human RPE cells, harvested from human eye 
cadavers, could self-renew in vitro, a prominent characteristic of stem cells. Besides 
their capacity to differentiate into other lineages, they are able to generate new RPE 
cells that keep their epithelial morphology after transplantation (Stanzel et al. 2014). 
This source remains an option that will be tested in clinical trials but amplification 
and isolation remain difficult.

The second stem cell source is based on human embryonic stem cells (hESCs), 
which were first derived in 1998 (Thomson et al. 1998). These cells retain pluripo-
tency, meaning that they can be differentiated in any cell type of the adult body 
(including RPE cells) if the required signaling cues are provided. In addition, they 
can be amplified for a virtually unlimited number of passages, allowing the possibil-
ity of industrialized manufacturing processes.

Human-induced pluripotent stem cells (hiPSCs) represent the third stem cell 
source (Takahashi et al. 2007). While not being completely identical, hiPSCs share 
the same pluripotency and self-renewal potentials than hESCs (Wu et  al. 2016). 
hiPSCs differentiated into RPE cells are functional in vivo and restore visual func-
tions of rodents with dystrophic retinas (Kamao et al. 2014) to a similar level than 
hESC-RPE (Riera et al. 2016).

76.2.2  Protocols for the Generation of RPE from hPSCs

hPSCs (hESC and hiPSC) are able to spontaneously differentiate into RPE cells in 
adherent cultures after FGF2 withdrawal (Klimanskaya et  al. 2004; Lustremant 
et  al. 2013; Leach and Clegg 2015). Protocol improvements were undertaken to 
reduce the culture duration or to improve the yield. Purity of RPE cells can be 
achieved by manual selection or using growth factors/small molecules (Bharti et al. 
2011; Leach and Clegg 2015). These hPSC-RPE cells display characteristics similar 
to primary fetal RPE cells. In addition, hPSC-RPE cells could also be obtained 
concomitantly with the formation of self-forming neural retinas in  vitro (Meyer 
et al. 2011; Reichman et al. 2014).
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76.2.3  Manufacturing Strategy

From an industrial perspective, clinical hPSCs should be manufactured in a good 
manufacturing practice (GMP) and compliant establishment and preserved as fro-
zen cell banks (either a unique master cell bank (MCB) or a MCB and derived work-
ing cell banks). This MCB has to be characterized based on regulatory standards 
that include safety analysis (virology, fungi, mycoplasma, bacteria, and endotox-
ins), purity, potency (embryonic body formation and alkaline phosphatase activity), 
and stability. From this MCB of hPSCs, a bank of hPSCs-RPE is derived and banked 
according to GMP principles. Cryovials of this qualified hPSC-RPE bank could be 
sent straight to the surgical rooms in order to be thawed and transplanted as a cell 
suspension without prior additional culture in vitro (Schwartz et al. 2012, 2015). 
This formulation represents the most practical implementation for the handling and 
delivery to the surgical site with a simplified logistic. A formulation as a recon-
structed epithelial sheet might require an additional culture period of hPSC-RPE 
cells from the bank in order to organize them as an epithelium. The graft should then 
be transferred in a closed and sterile packaging to the surgical room. The stability of 
the graft is therefore limited in time, and scheduling should be carefully prepared to 
have the graft ready for the day of the surgery. To overcome this limitation, freezing 
steps might be necessary.

76.3  Cell Delivery Strategy: Cell Suspension 
Versus Reconstructed Tissue

The formulation remains a crucial aspect depending on the nature of the pathology 
in particular when the Bruch’s membrane is altered. First approaches were based on 
cell suspension, but the field has moved to a more elaborated tissue formulation. 
The idea is that safety and clinical outcomes might be better as RPE functions 
depend also on their polarized epithelial organization (Stanzel et al. 2014; Hsiung 
et al. 2015; Nazari et al. 2015). In addition, the survival of the transplanted cells was 
improved when transplanted as a cell sheet (Diniz et al. 2013). This paradigm was 
recently demonstrated to improve the functionality of the graft in vivo in animal 
models (Ben M'Barek et al. 2017).

76.4  Types of Support for Tissue Reconstruction

The delivery of an already formed epithelium requires the use of a supportive matrix 
allowing the sheet to be safely removed from the culture plate to be then loaded on 
the transplantation device. In addition, this support might replace damaged Bruch’s 
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membrane in patients. Thus specific qualities are required to support hPSC-RPE 
functions and survival: thickness, mechanical properties (flexibility, ease of han-
dling), permeability, and eventually biodegradation (nontoxic by-products) (Hynes 
and Lavik 2010; Kador and Goldberg 2012; Nazari et al. 2015).

76.4.1  Synthetic Polymers

Synthetic polymers have the main advantage of being structurally and chemically 
precisely defined, with consistency, homogeneous properties, and a high potential 
for industrial processing (Diniz et  al. 2013; Stanzel et  al. 2014; Ilmarinen et  al. 
2015). Among others, ultrathin parylene substrates have proven their safety and 
efficacy (Hu et al. 2012; Diniz et al. 2013; Pennington and Clegg 2016). They will 
be tested in phase I/II clinical trial for dry AMD in the USA (clinical trial reference: 
NCT02590692). Poly-lactic-co-glycolic acid or PLGA is also an attractive substrate 
that is biodegradable (Song and Bharti 2016). hPSC-RPE can be cultured on such 
substrate and form an epithelium that can be transplanted (Bharti et al. 2014; Song 
and Bharti 2016). This combination will also be tested in a USA-based clinical trial 
(Song and Bharti 2016). Finally, a porous polyester scaffold is currently tested in 
the UK (NCT01691261) (Ramsden et al. 2013).

76.4.2  Biological Materials

Various biological scaffolds have been proposed like Descemet’s membranes 
(Thumann et  al. 1997) or human amniotic membranes (hAMs) (Kiilgaard et  al. 
2012). hAMs, obtained from cesarean sections of normal births (Capeans et  al. 
2003), are well-tolerated in the subretinal space (Kiilgaard et al. 2012). Our group, 
in collaboration with the Institut de la Vision and St Louis Hospital (France), is 
developing the use of this scaffold for a phase I/II clinical trial targeting RP caused 
by a RPE dysfunction.

76.4.3  No Support

A Japanese group developed a strategy without additional scaffold (Kamao et al. 
2014). RPE are allowed to form an epithelium on a collagen coating. Then the col-
lagen coating is digested to liberate the sheet. So far, one patient has been trans-
planted using this strategy (Mandai et al. 2017).
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76.5  Conclusion

First clinical trials have demonstrated the safety of hESC-RPE implantation and 
have paved the way for optimized systems. Future clinical trials with engineered 
tissue based on the various scaffolds described herein will give clues about the for-
mulations that provide the best results to patients.
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Chapter 77
Validation of iPS Cell-Derived RPE Tissue 
in Animal Models

Vladimir Khristov, Arvydas Maminishkis, Juan Amaral, Aaron Rising, 
Kapil Bharti, and Sheldon Miller

Abstract Previous work suggests that replacing diseased Retinal Pigment 
Epithelium (RPE) with a healthy autologous RPE sheet can provide vision rescue 
for AMD patients. We differentiated iPSCs into RPE using a directed differentiation 
protocol. RPE cells at the immature RPE stage were purified and seeded onto either 
electrospun poly(lactic- co- glycolic acid) (PLGA) scaffolds or non-biodegradable 
polyester cell culture inserts and compared the two tissues. In vitro, PLGA and 
polyester substrates produced functionally similar results. Following in vitro evalu-
ation, we tested RPE tissue in animal models for safety and function. Safety studies 
were conducted in RNU rats using an injection composed of intact cells and homog-
enized scaffolds. To assess function and develop surgical procedures, the tissues 
were implanted into an acute RPE injury model pig eye and evaluated using optical 
coherence tomography (OCT), multifocal ERG (mfERG), and histology. Subretinal 
injection studies in rats demonstrated safety of the implant. Biodegradability and 
biocompatibility data from a pig model demonstrated that PLGA scaffold is safe, 
with the added benefit of being resorbed by the body over time, leaving no foreign 
material in the eye. We confirmed that biodegradable substrates provide suitable 
support for RPE maturation and transplantation.
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77.1  Introduction

Age-related macular degeneration (AMD) is a leading cause of vision loss in the 
United States among the elderly. The disease is thought to originate from a malfunc-
tioning retinal pigment epithelium (RPE) a monolayer of cells that performs multiple 
roles required for survival and proper functionality of the photoreceptors, including 
fluid level regulation, visual pigment recycling, nutrient replenishment, and phagocy-
tosis of photoreceptor outer segments (Tang et al. 2013; Edelman and Miller 1991; 
Mazzoni et al. 2014). RPE dysfunctions therefore lead to photoreceptor cell death 
(Longbottom et al. 2009). One potential personalized cell-based therapy for AMD 
consists of replacing the diseased RPE layer with RPE derived from induced pluripo-
tent stem cells (iPSCs). iPS cells were differentiated into RPE using a directed dif-
ferentiation protocol that generates RPE in three phases: neuroectoderm/RPE 
progenitors, committed RPE, and immature RPE (Buchholz et al. 2013). RPE cells at 
the immature stage were purified and seeded onto either electrospun poly(lactic-co-
glycolic acid) (PLGA) scaffolds or on non-biodegradable polyester cell culture 
inserts. The RPE tissues were evaluated in vitro during the maturation stage for mor-
phology, function, and biodegradability. Next, toxicity and tumorigenicity studies 
were conducted in RNU rats using a combination of intact cells and homogenized 
scaffolds. To assess therapeutic benefit, the tissues were implanted into an acute RPE 
injury model pig eye and evaluated using optical coherence tomography (OCT), mul-
tifocal ERG (mfERG), and histology. Our data suggests that the scaffold-RPE con-
struct is safe and efficacious and can be reliably implanted into the subretinal space 
in a manner analogous to human surgery.

77.2  Materials and Methods

77.2.1  Manufacturing RPE Implants

iPS cells are differentiated into RPE using a directed differentiation protocol that 
generates RPE in three phases: neuroectoderm/RPE progenitors, committed RPE, 
and immature RPE. RPE cells at the immature RPE stage are purified and seeded 
onto either electrospun poly(lactic-co-glycolic acid) (PLGA) scaffolds or non- 
biodegradable polyester cell culture inserts and maintained in RPE-specific media 
for 5 weeks prior to implantation.

77.2.2  Validation of Implants In Vitro

To assess overall morphology, implants were fixed in 2.5% glutaraldehyde/2.5% 
formaldehyde fixative for 24 h, postfixed with osmium tetroxide, and critical point 
dried before being imaged via scanning electron microscopy. To assess intracellular 
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structures, tissue was double-fixed in PBS-buffered glutaraldehyde (2.5%) and 
osmium tetroxide (0.5%), dehydrated, and embedded into Spurr’s epoxy resin. 
Ultrathin sections (90 nm) were double-stained with uranyl acetate and lead citrate 
and viewed in a JEOL JEM 1010 transmission electron microscope (TEM). Implants 
were also assayed via intracellular microelectrode recordings (Üssing chamber) that 
measured transepithelial potential (TEP) and total epithelial resistance (Rt). The 
responses to the perfusion of apical 1 mM K+, ATP were recorded.

77.2.3  Subretinal Studies in Rats

77.2.3.1  Implantation Surgery

Rowett nude (RNU) Crl:NIH-FOXn1mu immunocompromised rats were used to 
study toxicity and tumorigenicity of implanted constructs. The implantation proce-
dure was done under direct visualization of a surgical microscope. An initial scle-
rotomy was performed posterior to the limbus. Human-equivalent doses of 
dissociated RPE cells mixed with the corresponding amount of homogenized scaf-
fold material were delivered as a 5 μL injection to the rat subretinal space through a 
33 Ga curved tip Hamilton syringe. As a positive control for tumorigenicity, rats 
received 1 × 105 subretinal dose of iPSC cells.

77.2.3.2  Assessment

Animal eyes were injected with 4% paraformaldehyde until turgid, immersion fixed 
in 4% paraformaldehyde for 18–24 h, and processed to paraffin block. Sections con-
taining cells in the subretinal space were immunolabeled for the detection of PMEL17.

77.2.4  Subretinal Studies in Pigs

77.2.4.1  Implantation Surgery

The pig model was used to develop our transplantation tool and test the safety and 
efficacy of RPE patches derived from AMD patients’ iPS cells. A standard 25 gauge 
pars plana vitrectomy was followed by induction of a posterior vitreous detachment. 
The retina at the site of implantation was separated from the native RPE by creating 
a subretinal fluid bleb. A retinotomy was performed to allow the delivery of the 
4 × 2 mm implant to the subretinal space. The implant was delivered to the subreti-
nal space through a flattened cannula, with the delivery controlled by the viscous 
fluid injection (VFI) mode of the vitrectomy machine. Intraoperative optical coher-
ence tomography (OCT) was used to assess implant placement in the subretinal 
space and to guide retina flattening using fluid-air exchange.
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77.2.4.2  Postsurgical Evaluation

We utilized OCT to perform morphological assessments of the retina prior to and 
after all surgical manipulations of the eye. These longitudinal measurements help to 
monitor for regeneration of the photoreceptor nuclear layer and the photoreceptor 
outer segments in addition to evaluating the degradation of the PLGA patch. We 
also compared healthy, lasered, and implant-overlying retinal regions through mul-
tifocal electroretinograms (mfERG).

77.3  Results

77.3.1  In Vitro RPE Tissue Assessment

Following maturation of RPE cells on either biodegradable PLGA scaffolds or 
non- biodegradable polyester membranes, iPSC-derived RPE cells showed classi-
cal RPE morphology. Figure  77.1a, b shows SEM and TEM images of iPSC-
derived RPE on polyester membranes. Figure  77.1d, e shows analogous 
iPSC-derived RPE on a biodegradable PLGA scaffold. Both substrates demon-
strated ability to support the formation and maintenance of a structurally mature 
RPE monolayer at the 5-week time point. This included abundant apical processes, 
apically localized melanosomes, basally localized nuclei, tight junctions, and 
basal infoldings.

Fig. 77.1 In vitro assessment of iPSC-derived RPE on polyester and PLGA membranes. iPSC- 
derived RPE grown on polyester membranes were imaged using SEM (a) and TEM (b). iPSC- 
derived RPE grown on PLGA scaffolds were imaged using SEM (d) and TEM (e). Implants were 
assayed via intracellular microelectrode recordings (Üssing chamber) that measured transepithe-
lial potential (TEP) and total epithelial resistance (Rt). The responses to the perfusion of apical 
1 mM K+, ATP were recorded for iPSC-derived RPE on polyester (c) and PLGA (f) scaffolds
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To assess cell function, electrophysiology recordings were performed on iPSC- 
derived RPE cells grown on polyester and biodegradable PLGA scaffold as shown 
in Fig.  77.1c, f, respectively. iPSC-RPE cells in both conditions demonstrated a 
transepithelial potential of >1  mV, a transepithelial resistance of >200 Ω.cm2, a 
depolarization in response to perfusion of 1  mM K+, and a hyperpolarization in 
response to perfusion of 100 μM ATP.

77.3.2  Toxicity and Tumorigenicity in RNU Rats

Figure 77.2a shows a representative section of the rat subretinal space and the pres-
ence of implanted RPE cells. iPSC-RPE cells were generally well-tolerated as 
assessed by ophthalmic examination and had no effects on general health of the rats. 
Histologically, eyes receiving iPSC-derived RPE had PMEL17-stained pigmented 
cells free within the subretinal space in H & E stained sections with variable degrees 
of localization the native RPE cell layer (Fig. 77.2b, c). While rats receiving subreti-
nal injections of pure iPS cells developed teratomas, none of the animals receiving 
iPSC-derived RPE cells had tumors.

77.3.3  Safety and Efficacy in Pigs

Studies in pigs established a reliable and reproducible approach for delivering the 
4  ×  2  mm implant to the subretinal space through the trans-vitreal approach. 
Figure 77.3a shows both the fundus and intraoperative OCT view of implant deliv-
ery to the subretinal space of a pig.

Figure 77.3b, c shows that both a non-biodegradable polyester membrane and 
a biodegradable PLGA scaffold are well-tolerated in the subretinal space 4 weeks 
after surgery. OCT evaluations were used to reveal details about retina structure, 
as well as scaffold integration and degradation over time. In contrast to an empty 
scaffold (not shown), retinal structures overlying a scaffold carrying RPE cells 
were generally well preserved. OCT was also used to confirm the gradual degra-
dation of the PLGA scaffold in the subretinal space in the weeks following 
implantation.

Multifocal electroretinograms (mfERG) were used to monitor retina health and 
were correlated to the structural findings observed via OCT. The retina overlying a 
scaffold without cells showed an initial decrease in electrical response, followed by 
stable low-level activity.

When scaffolds carrying an RPE monolayer were implanted, improved indica-
tors of retina health were observed. Biodegradable scaffolds carrying a monolayer 
of RPE cells resulted in gradual recovery of the retina function toward healthy levels 
as assessed by mfERG. In contrast, non-biodegradable scaffolds carrying RPE cells 
did not show a trend toward recovery (Fig. 77.3d).
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Fig. 77.2 In vivo assessment of iPSC-derived RPE delivered as subretinal injection in RNU rats. 
A 5 μL dose of iPSC-derived RPE cells was delivered subretinally in immunocompromised RNU 
rats (a). Four weeks later, PMEL17 (pink) staining shows the presence of RPE cells in the subreti-
nal space either clumped (b) or alongside native RPE (c)

Fig. 77.3 In vivo assessment of implantability and function of iPSC-derived RPE delivered as a 
monolayer implant to the subretinal space. A 4 × 2 mm implant is seen via intraoperative OCT in 
the subretinal space prior to flattening of the retina (a). Four weeks postimplantation, a polyester 
implant carrying RPE cells is observed in the subretinal space (b). Four weeks postimplantation, a 
PLGA implant carrying RPE cells is observed in the subretinal space (c). Multifocal electroretino-
grams were used to assess retina function over heathy, laser-ablated, and implanted RPE cells (d)
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77.4  Discussion

It is important to ensure that iPSC-RPE function closely matches that of native 
 tissue in advance in developing a cell therapy. Functionally, iPSC-RPE cells grown 
resemble native RPE (Maminishkis et al. 2006). This was determined by measuring 
the cell properties using several informative assays. A transepithelial potential of 
>1 mV demonstrates polarization of the monolayer. Additionally, a transepithelial 
resistance of >200 Ω.cm2 is telling of an intact layer of cells with established tight 
junctions. The cells depolarize in response of perfusion to 1 mM K+ which is repre-
sentative of a dark-to-light transition in the eye. The cells hyperpolarize in response 
to 100 μM ATP, a multichannel response to the light-peak substrate (Peterson et al. 
1997). In vitro assays demonstrated that the iPSC-RPE monolayer on a biodegrad-
able scaffold behaves functionally similar to native RPE.

Any time iPSC-derived tissue is considered for therapy, there is concern for the 
possibility of tumor formation. This concern is mitigated by tight control of the cell 
differentiation and purification processes, yielding highly differentiated, pure cell 
populations. It was no surprise that subretinal injections of iPSC-derived RPE cells 
in immunocompromised rats resulted in no tumor formation. Additionally, the 
human cells remained viable in the rat subretinal space due to an immune system 
lacking lymphocytes. No adverse dose-related ophthalmic findings were observed in 
the study. In contrast, when injected with at least 1 × 105 iPSC cells, teratomas devel-
oped in the rat subretinal space after several weeks. This pilot study demonstrates 
that iPSC-derived RPE should not pose a threat through the formation of teratomas, 
and remain viable provided there is no immune rejection. Further extensive studies 
are needed to fully evaluate the tumorigenic potential of the iPSC-derived RPE cells.

Subretinal implantation of RPE cells as a monolayer is the preferred delivery 
method because of better control of implant position in the subretinal space. 
Additionally, the implant is not altered after in vitro validation, leading to a high 
degree of confidence that the implanted cells will perform in a predictable manner. 
We chose the pig model to test RPE patch transplantation and efficacy because of 
similarities in anatomy to the human eye (Middleton 2010). This implies that surgi-
cal tools and procedures used to deliver the RPE implant can be directly transferred 
to human surgeries. Likewise, methods of evaluating retina health such as OCT and 
mfERG can be used in human patients. Here, we have developed such a model and 
demonstrate that we can assess structure and function of the retina for extended 
periods after implantation.

Our results in pig studies demonstrate the possibility of reliable surgical delivery of 
a 4 × 2 mm implant to the pig subretinal space as well as the ability to follow the over-
lying retina in terms of both structure (OCT) and function (mfERG). When RPE cells 
on a biodegradable scaffold are delivered to the subretinal space, the retina shows a 
trend toward recovery to healthy levels in contrast to the retina overlying an empty 
scaffold. This indicates that the RPE cells are capable of providing a therapeutic rescue 
effect after native RPE are damaged by a laser. It must be stated that in order to allow 
for testing of human cells in a pig model, the pigs are heavily immunosuppressed.
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In conclusion, we confirmed that biodegradable substrates provide suitable sup-
port for RPE transplantation to counteract degenerative eye disease outcomes. We 
found that in vitro RPE cells behave similarly on biodegradable and non-biodegrad-
able substrates, forming a tissue which is similar to native RPE in its structural and 
functional properties. Studies in rats confirmed the safety of the implanted material. 
Biodegradability and biocompatibility results from a pig model demonstrated that 
PLGA scaffold is safe with the added benefit of being resorbed by the body over 
time, leaving no foreign material in the eye. These studies establish animal testing 
models for validation of subretinal RPE implants and will be used to demonstrate 
the suitability of our implant for a Phase I clinical trial.
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Chapter 78
Cell Transplantation for Retinal  
Degeneration: Transition from Rodent 
to Nonhuman Primate Models

Trevor J. McGill, David J. Wilson, Jonathan Stoddard, Lauren M. Renner, 
and Martha Neuringer

Abstract Transplantation of potentially therapeutic cells into the subretinal space 
is a promising prospective therapy for the treatment of retinal degenerative diseases 
including age-related macular degeneration (AMD). In rodent models with photore-
ceptor degeneration, subretinal transplantation of cell suspensions has repeatedly 
been demonstrated to rescue behaviorally measured vision, maintain electrophysi-
ological responses from the retina and the brain, and slow the degeneration of rod 
and cone photoreceptors for extended periods. These studies have led to the initia-
tion of a number of FDA-approved clinical trials for application of cell-based ther-
apy for AMD and other retinal degenerative diseases. However, translation from 
rodent models directly into human clinical trials skips an important intermediary 
preclinical step that is needed to address critical issues for intraocular cell transplan-
tation. These include determination of the most appropriate and least problematic 
surgical approach, the application of treatment in an eye with similar size and struc-
ture including the presence of a macula, and a thorough understanding of the immu-
nological considerations regarding graft survival and the consequences of grafted 
cell rejection. This chapter will review these and related issues and will document 
current efforts to address these concerns.
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78.1  Introduction

Age-related macular degeneration (AMD) is the leading cause of blindness in the 
developed world, affecting over 10 million individuals in the United States alone 
(Friedman et al. 2004). Evaluations of therapeutic cell types have utilized rodent 
models with RPE dysfunction and subsequent photoreceptor degeneration to test 
safety and efficacy prior to translation into clinical application. Transplantation of 
suspensions of potentially therapeutic human cells (including retinal pigment epi-
thelial (RPE) cells) into the subretinal space of the Royal College of Surgeons 
(RCS) rat has repeatedly been demonstrated to limit photoreceptor death, reduce the 
secondary inner retinal changes that subsequently occur, minimize secondary vas-
cular abnormalities, minimize the deterioration of electrophysiological responses 
recorded from the retina and in the brain, and limit the loss of at least two forms of 
vision, reflexive optokinetic tracking thresholds and perceptual visual acuity 
(McGill et al. 2004, 2007a, b, 2017; Lu et al. 2010; McGill et al. 2012; Cuenca et al. 
2013; Lund et al. 2001; Wang et al. 2005; Sauve et al. 2006; Gamm et al. 2007; 
Lund et al. 2007). In nearly all these studies, the cells were delivered to the subreti-
nal space through a transchoroidal surgical approach into peripheral retina – an area 
with a relatively constant distribution of rods and cones, unlike the human macula/
fovea. In addition, survival of the transplanted human cells has generally been aided 
through the use of immunosuppressive medication, particularly because of the 
xenogeneic nature of the transplants. While these studies have provided positive 
proof of principle for cell therapy, multiple aspects of translating this therapy into 
human eyes have yet to be thoroughly evaluated in models with comparable eye size 
and immune systems to those of humans. Thus, we will discuss the current status of 
efforts made to address these critical issues.

78.2  Surgical Considerations and Approaches

Treatment of AMD or other retinal degenerations using cell-based therapy requires 
delivery of cells into the subretinal space through a cannula. The surgical approach 
to delivering these cells could be a substantial factor in the success of the procedure 
and the type of complications that might occur. Currently, the typical surgical 
method for delivery of cells into the subretinal space in clinical trials is via a tran-
sretinal approach through the vitreous (Schwartz et al. 2012; Kamao et al. 2014). To 
minimize damage to the retina, surgeons often elect to use the smallest cannula pos-
sible; however, passage of cells through too small a cannula leads to cell death and 
poor cell recovery (Wilson et al. 2017), so that the actual number of live, intact cells 
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delivered to the subretinal space may be less than intended. Additionally, this surgi-
cal approach, together with the use of a cannula large enough to accommodate the 
safe passages of cells, results in a retinotomy large enough to allow leakage of cells 
from the injection site (Kundu et al. 2014). This leakage of cells into the vitreous 
reduces the number of therapeutic cells in the subretinal space and could potentially 
lead to membrane formation on the surface of the retina, which may increase the 
possibility of retinal detachment and proliferative vitreoretinopathy.

Recently, we developed in nonhuman primates a novel method for the delivery 
of therapeutic cell suspensions into the subretinal space (Wilson et al. 2017). Briefly, 
a subretinal bleb first was created by injection of balanced salt solution with a small 
gauge (41 g) cannula. Therapeutic cells were then injected into the previously cre-
ated bleb via a transscleral approach using a larger (30 g) cannula to allow safe 
passage of the cells. This approach minimizes the invasiveness of the procedure by 
(1) eliminating the need for vitrectomy and (2) minimizing the size of retinotomy 
and therefore reducing cell escape into the subretinal space, while at the same time 
the use of a larger cannula allows maximal delivery of healthy living cells.

While the above approaches may work for delivery of cells in suspension, they 
will not work for the delivery of RPE cells on a scaffold. Delivery of a scaffold 
requires a larger retinal incision and a relatively large device to hold the scaffold 
while maintaining its orientation, both of which can increase risks of surgical com-
plication (Bharti et al. 2014; Kamao et al. 2014; Shirai et al. 2016; Sugita et al. 
2016a). Ultimately, the appropriate surgical approach will depend upon the cell type 
and the format of the therapeutic cells being delivered, and the consequences of 
these approaches in human patients are yet to be determined.

78.3  Immunological Consequences in Large-Eyed Models

Due to the increase in clinical trials evaluating the safety of cell-based therapy, there 
has been increased focus placed on the immunological consequences of subretinal 
cell transplantation (Ingulli 2010; Xian and Huang 2015). One recent study evaluated 
the survival of allogeneic induced pluripotent stem cell (iPSC)-derived RPE cells fol-
lowing transplantation into the subretinal space of nonimmune suppressed, immune 
competent pigs (Sohn et al. 2015). In five of six eyes, allogeneic RPE cells survived 
in the subretinal space for up to ~3 weeks of age, although indicators of immune sys-
tem reaction were observed. This study did not extend survival past 3 weeks, which 
limits the interpretation of how allogeneic cells may survive long- term. However, the 
study did describe a clear immunological response, which suggests that the subretinal 
space is not completely immune privileged. This would be expected to be particularly 
true after surgical manipulation and in diseases such as AMD where immune-medi-
ated processes are elevated in the retina (Edwards et al. 2005; Haines et al. 2005).

Other studies have explored long-term survival of allogeneic RPE cells transplanted 
into the nonhuman primate eye (Kamao et al. 2014). While no histological evidence was 
provided to support the in vivo data, the investigators concluded that allogeneic RPE 
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cells were rejected. Follow-up studies by the same group included histological analysis 
that supports their previous conclusions (Sugita et al. 2016a). However, the histological 
analysis was conducted at 8 weeks after transplantation; since this is 5 weeks after previ-
ous reports in pigs had observed a clear immunological response, 8 weeks’ posttrans-
plantation may be too late to visualize an active immune response in the retina.

We have performed a series of subretinal transplantation experiments using 
GFP-labeled, allogeneic embryonic stem cell-derived RPE delivered into the sub-
retinal space of one or both eyes of non-immunosuppressed, immune competent 
nonhuman primates. In some cases, cells were delivered into the contralateral eye 
4 weeks later. In vivo ophthalmic imaging revealed successful delivery of the cells 
in all eyes. However, GFP fluorescence of the transplanted cells faded to nonvisible 
levels by ~3 weeks posttransplantation in the initially injected eye and by ~2 weeks 
posttransplantation in the second eye. Histological and immunohistochemical anal-
ysis revealed an infiltration of mononuclear cells (T-cell, Cd4 positive; B-cell, Cd20 
positive) into the choroid and subretinal space that resulted in ablation of grafted 
cells, disruption of host RPE and choroid in the immediate vicinity of the graft, and 
the formation of a subretinal scar in the location of the immunological response 
(Fig.  78.1). Microglial cell activation (Iba1 positive) was evident in all cell- 
transplanted eyes. Collectively, these results suggest that delivery of allogeneic RPE 
cells into the subretinal space will result in a swift immunological ablation of the 
graft within a few weeks of implantation, further prompting the use of immune 
system modulating drugs or the development of autologous or otherwise immuno-
logical matched cell types (Sugita et al. 2016b).

78.4  Discussion

Cell transplantation is a promising prospective therapy for retinal degenerative dis-
eases including AMD. While clinical trials are currently underway to test the safety 
of this therapeutic approach, a number of important issues remain unresolved 
regarding how best to apply this treatment and ensure its success. Studies are espe-
cially needed in large-eyed models with high translational value to application in 
human patients. Delivery methods and minimization of damage to an already dis-
eased retina continue to be a primary concern in applying this therapy, and no single 
surgical approach is going to be appropriate for all applications. We and others are 
developing novel surgical techniques to maximize effectiveness of cell-based ther-
apy while minimizing potential complications, and these approaches are likely to 
continue to evolve with continued interest in translating cell therapy into clinic. The 
current literature suggests that transplantation of allogeneic RPE cells into the sub-
retinal space without immune suppressive medications induces an immune response 
that compromises survival of the cells, and this response is primed by injection in 
the first eye such that the response is more rapid in the subsequently injected eye of 
the same animal. These findings have important implications for clinical application 
of cell-based therapy, underscoring the need for evaluation of autologous cell 
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Fig. 78.1 Rejection of embryonic stem cell-derived RPE cells transplanted into nonhuman pri-
mates. Color fundus photos and fundus autofluorescence images (a–d) illustrate changes in pig-
ment and a loss of GFP fluorescence through time (a, 3 days; b, 2 weeks; c, 4 weeks; d, 6 weeks). 
Histological analysis of graft rejection was performed at ~6 weeks posttransplantation (panels e–
h). Panel (e) illustrates a fibrotic scar formation in the subretinal space and mononuclear cells in 
the choroid (black arrows). Panel (f) illustrates a few remaining cd-3-positive (red) T-cells (white 
arrow; T-cell infiltration occurs from 3 days through 3 weeks post transplantation, not shown). 
Panel (g) illustrates the large number of cd-20-positive B-cells (red) in the choroid (red; white 
arrow). Panel (h) shows activated Iba-1 microglial cells (red) in the area of the rejection (white 
arrow)
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sources, adequate T- and B-cell immune suppression, or novel approaches for cir-
cumventing immune rejection. Significant work remains to be done, and a number 
of important questions need to be answered before cell transplantation for retinal 
degenerative disease can become the standard of care.
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Chapter 79
Talaumidin Promotes Neurite Outgrowth 
of Staurosporine-Differentiated RGC-5 Cells 
Through PI3K/Akt-Dependent Pathways

Yoshiki Koriyama, Ayako Furukawa, Kayo Sugitani, Miwa Kubo, 
Kenichi Harada, and Yoshiyasu Fukuyama

Abstract Talaumidin, a tetrahydrofuran neolignan isolated from the root of 
Aristolochia arcuata, was an interesting small molecule with neurotrophic activity 
in the cultured neuron. Talaumidin can promote neurite outgrowth from neurons. 
However, the mechanism by which talaumidin exerts its neurotrophic actions on 
retinal neurons has not been elucidated to date. In this study, we describe that talau-
midin has neurotrophic properties such as neurite outgrowth in neuroretinal cell 
line, RGC-5. Talaumidin promotes staurosporine-induced neurite outgrowth in 
RGC-5 cells. The neurite outgrowth effect of talaumidin was inhibited by phospha-
tidylinositol 3-kinase (PI3K) inhibitor, LY294002, but not by Erk inhibitor, 
PD98059. These data suggest that talaumidin promotes neurite outgrowth through 
PI3K/Akt pathway and that the potential of talaumidin serves as a promising lead 
compound for the treatment of retinal degenerative disorders.

Keywords Retinal ganglion cell · Axon outgrowth · Erk · Akt · Talaumidin · 
Glaucoma · Survival

Y. Koriyama (*) · A. Furukawa 
Graduate School and Faculty of Pharmaceutical Sciences, Suzuka University of Medical 
Science, Suzuka, Japan
e-mail: koriyama@suzuka-u.ac.jp 

K. Sugitani 
Division of Health Sciences, Graduate School of Medicine, Kanazawa University,  
Kanazawa, Japan 

M. Kubo · K. Harada · Y. Fukuyama 
Faculty of Pharmaceutical Sciences, Tokushima Bunri University, Tokushima, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75402-4_79&domain=pdf
mailto:koriyama@suzuka-u.ac.jp


650

79.1  Introduction

Talaumidin is a 2,5-biaryl-3,4-dimethyltetrahydrofuran lignan (Fig. 79.1) initially 
isolated from the bark of Talauma hodgsonii Hook. f. and Thoms (Luis et al. 1998). 
We identified it as an intriguing neurotrophic compound from the root of Aristolochia 
arcuata Masters (Aristolochiaceae), which is used as a stimulant sudorific and 
diuretic in Brazil. We have reported its biological characters of neurotrophic effects 
in the cultured rat cortical neurons (Zhai et al. 2004, 2005). However, the mecha-
nism of talaumidin-induced neurite outgrowth is unknown. Furthermore, there are 
no reports on neurotrophic effects of talaumidin in retinal neurons. In this paper, we 
report the neurite outgrowth effect of talaumidin in staurosporine-differentiated 
RGC-5 cells.

79.2  Materials and Methods

79.2.1  Chemicals

Talaumidin was synthesized as previously described (Fukuyama et al. 2008). The 
purity of the compound was determined by nuclear magnetic resonance (NMR).

79.2.2  Cell Culture

RGC-5 cells were produced by Dr. N. Agarwal of the University of North Texas 
Health Science Center and were received from a line maintained by Dr. H. Hara, at 
Gifu Pharmaceutical University. RGC-5 cells were cultured in low-glucose 
Dulbecco’s-modified Eagle’s medium (DMEM) containing 10% of fetal bovine 
serum (FBS). The cells were passaged by trypsinization every 3–4 days. RGC-5 
cells were cultured overnight prior to use. After washing with DMEM, cells were 
cultured in medium containing 1% FBS and 400 nM staurosporine to prevent over- 
proliferation and to promote differentiation (Zhai et al. 2005). RGC-5 cells were 
originally reported to derive from rat retinal ganglion cells showing expression of 
RGC’s marker proteins (Aoun et  al. 2003). Recently, VanBergen et  al. (2009) 
reported the re-characterization of RGC-5 cells. Cells were identified to be of mouse 
origin, and they do not have retinal ganglion cell’s properties by themselves. 

Fig. 79.1 The chemical 
structure of talaumidin
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However, staurosporine-differentiated RGC-5 can be used for neurite outgrowth 
assay (Koriyama et al. 2011, 2013).

79.2.3  Neurite Outgrowth Assay

Neurite outgrowth of RGC-5 cells was observed by phase-contrast microscopy and 
assessed by NeuronJ imaging software (http://imagej.net/NeuronJ). To quantify 
neurite outgrowth, 20 random images were obtained per plate, and cell-bearing 
processes two-fold longer than the cell body were considered as positive (Koriyama 
et al. 2011). Over 100 cells were quantified and each data point corresponded to the 
average of 5 independent dishes. The average neurite length from three independent 
experiments was expressed as the mean ± SEM.

79.3  Results

79.3.1  Talaumidin-Induced Neurite Outgrowth 
from Differentiated RGC-5 Cells

At 1–10 μM, talaumidin dose-dependently increased neurite outgrowth in differen-
tiated RGC-5 cells (Fig. 79.2). Over 30 μM talaumidin did not show the neurite 
outgrowth effect because of its toxicity (data not shown).

79.3.2  PI3K-Mediated Neurite Outgrowth by Talaumidin

Firstly, we investigated whether talaumidin promotes neurite outgrowth in differen-
tiated RGC-5 cells. At 10 μM, talaumidin significantly enhanced neurite outgrowth 
from differentiated RGC-5 cells within 24 h (Fig. 79.3b) compared with no treated 
control cells (Fig. 79.3a). An extracellular signal-regulated kinase (Erk) inhibitor, 
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PD98059, did not change talaumidin-induced neurite outgrowth (Fig.  79.3c). 
However, a PI3K inhibitor LY29002 significantly suppressed talaumidin-induced 
neurite outgrowth (Fig. 79.3d). Quantification of neurite outgrowth from RGC-5 
cells is shown in Fig. 79.3e.

79.4  Discussion

It is reported that RGC-5 cells were identified to be of mouse origin and their expres-
sion of RGC characteristics was questioned (VanBergen et al. 2009). They reported 
that RGC-5 cells, cultured in succinyl concanavalin A, no longer express RGC 
markers. However, when differentiated by staurosporine, RGC-5 cells express the 
RGCs markers, Thy1 and the NMDA receptor (Frassetto et al. 2006; Hironaka et al. 
2011). In addition, the neuritogenic action in staurosporine-differentiated RGC-5 is 
parallel with the results of axon outgrowth assay in both retinal explant culture and 
optic nerve regeneration (Koriyama et al. 2011, 2013). Thus, we analyzed neurito-
genic actions using staurosporine-differentiation RGC-5 in this study.

We previously reported the neuroprotective effects of talaumidin using two 
in  vitro models of neurodegenerative diseases. Talaumidin showed protection 
against Aβ 25–35-induced hippocampal neuronal death. MPP+, a mitochondria 
complex I inhibitor inducing Parkinson’s syndromes in vivo, is known to induce 

0

50

100

150
N

eu
rit

e 
ou

tg
ro

w
th

 
(%

 o
f c

on
tro

l)
* *

Talaumidin 
PD98059

LY294002

- - - 
- 
- - 

- + 
+ 

- 
- - 

- + 
+ 

+ + + 

a b c d 

e

Fig. 79.3 Morphology of cultured RGC-5 cells differentiated by staurosporine (400 nM). RGC-5 
cells in the presence of DMSO as vehicle control (a). Scale = 100 μm. RGC-5 cells in the presence 
of 10 μM talaumidin (b). 10 μM talaumidin and 20 μM PD98059, an Erk inhibitor (c). 10 μM 
talaumidin and 20 μM LY294002, PI3K inhibitor (d). Quantification of neurite outgrowth (e). 
*P < 0.01 vs vehicle control (n = 100)

Y. Koriyama et al.



653

apoptosis in neurons and thus can be used to make an in vitro model of Parkinson’s 
disease. Talaumidin also showed protection against MPP+-induced hippocampal 
neuronal death (Zhai et  al. 2005). In recent years, talaumidin shows significant 
neurite outgrowth promotion and neuroprotection in primary cultured rat cortical 
neurons and in NGF-differentiated PC12 cells (Harada et al. 2015). However, the 
details of the intracellular mechanisms by which talaumidin exerts neurotrophic 
actions have not yet been established. Tyrosine phosphorylation of growth factor 
receptors on ligand binding and the subsequent phosphorylation of the Erk members 
of the MAPK family have been reported to be essential for mediating cell 
differentiation. In addition, recent reports suggest that phosphatidylinositol 3-kinase 
(PI3K) functions in the survival and/or neurite outgrowth pathway (Park et al. 2008; 
Koriyama et al. 2014). In this study, phosphatidylinositol 3-kinase (PI3K) inhibitor 
significantly suppressed talaumidin-induced neurite outgrowth in differentiated 
RGC-5 cells. Our study suggests that PI3K-Akt pathway is the downstream signaling 
in talaumidin-mediated neurite outgrowth action in differentiated RGC-5 cells. In 
the future, neurite outgrowth action of talaumidin may be shown to have 
neuroregenerative activity for the treatment of retinal degeneration disorders.
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