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         Michael Danciger, Ph.D. 
 1943–2010 

    

 Michael Danciger was a pioneer in the identifi cation of modifi er genes of complex 
genetic disorders that lead to blindness. The impact of his research and collabora-
tions continues to be felt and expanded. Equally important was his delightful 
personal quality of leaving an indelible mark on everyone he met and with whom he 
worked. Michael was a long-time supporter of the RD Symposia. He is missed, and 
we are honored to dedicate this proceedings volume to him.    



    

 Robert B. Barlow, Jr., Ph.D. 
 1939–2009 

 Robert “Bob” Barlow was an extremely energetic man who contributed to many 
areas of research in vision and neurobiological science and held many responsible 
positions that infl uenced numerous investigators. He was a long-time supporter of 
the RD Symposia, as was his wife, Pat, pictured here together at the RD2004 meet-
ing in Australia. He is missed, and we are honored to dedicate this proceedings 
volume to him.  
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     The International Symposia on Retinal Degeneration have been held in conjunction 
with the biennial International Congress of Eye Research (ICER) since 1984. These 
RD Symposia have allowed basic and clinician scientists from around the world to 
convene and present their new research fi ndings. They have been organized to allow 
suffi cient time for discussions and one-on-one interactions in a relaxed atmosphere, 
where international friendships and collaborations can be fostered. 

 The XIV International Symposium on Retinal Degeneration (also known as 
RD2010) was held from July 13–17, 2010 at the Fairmont Tremblant Hotel in the 
resort village of Mont-Tremblant, Quebec, Canada. The meeting brought together 
232 basic and clinician scientists, retinal specialists in ophthalmology, and trainees 
in the fi eld from all parts of the world. In the course of the meeting, 38 platform and 
134 poster presentations were given, and a majority of these are presented in this 
proceedings volume. New discoveries and state-of-the art fi ndings from most research 
areas in the fi eld of retinal degenerations were presented. This was the largest of all 
of the RD Symposia, with the greatest number of attendees and presentations. 

 The RD2010 meeting was highlighted by three special plenary lectures. The fi rst 
was given by  Elise Héon , MD, of the University of Toronto Hospital for Sick 
Children, Toronto, Ontario, Canada. Dr. Heon discussed “What Bardet-Biedl 
Syndrome teaches us about ciliopathies.” The second was given by  Gregory 
Hageman , PhD, of the John Moran Eye Center, University of Utah, Salt Lake City, 
UT. Dr. Hageman described a “New era in the understanding of age-related macular 
degeneration.” The third plenary lecture was given by  Jayakrishna Ambati , MD, of 
the University of Kentucky, Lexington, KY. Dr. Ambati discussed “Age-related 
macular degeneration and the other double helix.” 

 We thank the outstanding management and staff of the beautiful Fairmont 
Tremblant Hotel for all of their assistance in making this an exceptionally smooth-
running conference and a truly memorable experience for all of the attendees. These 
included, in particular,  Isabelle Gilbert ,  Émilie Normandeau,  and  Patrick Skelly . We 
also thank  Jonathan Marier  of AVW-TELAV for providing audio/visual equipment 
and services that resulted in a fl awless fl ow of platform presentations. Lastly, we 
thank  Steven LeFort  and, particularly,  Marie - Chantal Thibault  of JPdL Tremblant 
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for their planning and implementing transportation of most of the attendees to and 
from Montreal and the meeting venue in Mont-Tremblant, as well as all aspects of 
the end-of-meeting Gala at the beautiful “Summit” overlooking Mont-Tremblant 
and the majestic Laurentian mountains, with a truly Canadian meal, music, and 
festivities. 

 The Symposium received international fi nancial support from a number of orga-
nizations. We are particularly pleased to thank The Foundation Fighting Blindness, 
Columbia, Maryland, for its continuing support of this and all previous biennial 
Symposia, without which we could not have held these important meetings. In addi-
tion, for the fi fth time, the National Eye Institute of the National Institutes of Health 
contributed in a major way to the meeting. In the past, funds from these two organi-
zations allowed us to provide 25–35 Travel Awards to young investigators and train-
ees working in the fi eld of retinal degenerations. However, the response to the Travel 
Awards program was extraordinary, with 94 applicants, many more than in the past. 
For this reason, we sought additional support for the Travel Awards program. The 
Foundation Fighting Blindness-Canada/Institute of Genetics was a major contribu-
tor, and for the fi rst time, we turned to industry sponsors and received generous 
contributions from Novartis Pharma AG, Alcon, Genentech, Inspire Pharmaceuticals, 
Pfi zer, Inc., Genzyme and Bioptigen, Inc. In total, we were able to fund 42 Travel 
Awards, the largest number ever for these Symposia. Many of the contributing foun-
dations and industry sponsors sent one to several members of their organization to 
attend the meeting. Their participation and comments in the scientifi c sessions 
were instructive to many, offering new perspectives to some of the problems being 
discussed. 

 There were two additional “fi rsts” for the RD Symposia at RD2010. For the fi rst 
time, there was a commercial exhibitor at the Symposium, Bioptigen, which dem-
onstrated its Spectral Domain Ophthalmic Imaging System (OCT) for small labora-
tory animals; this was highly instructive for many of the attendees. Second, the 
world-famous Tremblant International Blues Festival (17th Edition) was held dur-
ing the RD2010 meeting, immediately adjacent to the Fairmont Tremblant venue. 
With almost continuous free performances every evening of the Symposium, many 
groups of attendees enjoyed these together after dinner. 

 We also acknowledge the diligent and outstanding efforts of Ms.  Holly Whiteside , 
who carried out most of the administrative aspects of the RD2010 Symposium, 
designed and maintained the meeting website, and participated in the production of 
this volume. Holly is the Administrative Manager of Dr. Anderson’s laboratory at 
the University of Oklahoma Health Sciences Center, and she has become the perma-
nent Coordinator for the Retinal Degeneration Symposia. Her dedicated efforts with 
the Symposia since RD2000 have provided continuity not available previously, and 
we are deeply indebted to her. Also, Dr.  Michael Matthes  in Dr. LaVail’s laboratory 
played a major role in all aspects in the production of this volume, along with the 
assistance of Ms.  Kelly Ahern , in Dr. LaVail’s laboratory. 

 Recognizing the need to bring younger individuals into the organizational struc-
ture of the RD Symposia, at the RD2008 meeting, we invited Drs.  John Ash  and 
 Christian Grimm  to become members of the organizing committee. Thus, instead of 
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the rotating head organizer working mostly with Holly Whiteside to organize the 
meeting and prepare the proceedings volume, Dr. Ash assumed equal responsibility 
with Dr. LaVail for both efforts for RD2010. Dr.  Anderson  continued in his role as 
fi nancial administrator for each of the Symposia, working through the Dean McGee 
Eye Institute, which generously provides the fi nancial responsibility for the meet-
ings and the mechanism for registration of participants. We were pleased to announce 
at the Gala at RD2010 that our third new member of the organizing committee is Dr. 
 Cathy Bowes Rickman . Dr. Grimm will work closely with Dr. Hollyfi eld for the 
RD2012 meeting to be held in Germany. 

 Finally, we honor the memory of two colleagues who died during the preparation 
of the RD2010 meeting in 2009 and 2010.  Michael Danciger  was a great friend to 
most who attend our RD meetings.  Robert Barlow , likewise, was a long-time 
attendee of the RD Symposia. Both were outstanding scientists and are missed. We 
dedicate this volume to Michael and Bob.

San Francisco, CA, USA Matthew M. LaVail
Oklahoma City, OK, USA John D. Ash
Oklahoma City, OK, USA Robert E. Anderson
Cleveland, OH, USA Joe G. Hollyfi eld
Zurich, Switzerland Christian Grimm   
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Matthew M. LaVail, PhD, is Professor of Anatomy and Ophthalmology at the 
University of California, San Francisco School of Medicine. He received his Ph.D. 
degree in Anatomy (1969) from the University of Texas Medical Branch in Galveston 
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Associate Professor of Anatomy. He was appointed to his current position in 1982, 
and in 1988, he also became Director of the Retinitis Pigmentosa Research Center 
at UCSF, later named the Kearn Family Center for the Study of Retinal Degeneration. 
Dr. LaVail has published extensively in the research areas of photoreceptor-retinal 
pigment epithelial cell interactions, retinal development, circadian events in the 
retina, genetics of pigmentation and ocular abnormalities, inherited retinal degen-
erations, light-induced retinal degeneration, and neuroprotective and gene therapy 
for retinal degenerative diseases. He has identifi ed several naturally occurring 
murine models of human retinal degenerations and has developed transgenic mouse 
and rat models of others. He is the author of more than 160 research publications 
and has edited 14 books on inherited and environmentally induced retinal degenera-
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College of Medicine in 1975. In 1968, he was a postdoctoral fellow at Oak Ridge 
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     1.1   Introduction 

 Since the controversial yet groundbreaking experiments by John Olney on gluta-
mate-induced excitotoxicity, the retina has prevailed as a useful model to address 
signifi cant questions in neurobiology. The retina which is derived from neural ecto-
derm, and its surrounding structures which are derived from the neural crest, are 
essential for vision. Given the vital nature of these specialized tissues, a multi-
checkpoint blood-barrier has evolved to prohibit the entry of proinfl ammatory 
immune cells into the parenchyma. However, like the central nervous system, the 
retina remains under constant immune surveillance by its resident cells, including 
microglia, astrocytes, ganglion cells, pigmented epithelium, and endothelium capa-
ble of triggering innate immune response via Toll-like receptors (TLRs).  

    1.2   TLRs and Neuroimmunity 

 TLRs are type I transmembrane proteins that recognize pathogen-associated molecular 
patterns (PAMP) resulting in the initiation of the innate immune response pathways 
(Medzhitov and Janeway  2000  ) . To date, 13 TLRs have been identifi ed in humans 
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and mice that bind with specifi c PAMP (Oda and Kitano  2006  ) . TLRs are critical 
signal transducers for PAMP detection and are required to activate the intracellular 
interferon (IFN) mediated immune pathways. Viral double-stranded RNA (dsRNA) 
has long been known to induce type I IFN genes, although it is only recently that 
this mechanism was shown to be partly mediated by specifi c recognition of dsRNA 
through TLR3 (Alexopoulou et al.  2001  ) . Signal translation is achieved via cou-
pling with various cytosolic adaptor molecules that contain a Toll/IL-1 receptor 
(TIR) domain. One such adaptor, myeloid differentiation factor 88 (MyD88) was 
thought to be ubiquitous among TLRs, but data on TLR3 activation by dsRNA sug-
gested the critical involvement of another adaptor called Toll/IL-1 domain-containing 
adapter inducing IFN- b  (TRIF) (Yamamoto et al.  2003  ) . TRIF relays TLR3 signal-
ing through a kinase cascade resulting in nuclear translocation of NF- k B and IFN 
regulatory factor-3 (IRF-3), induction of IFN-related genes, and subsequent expres-
sion of infl ammatory cytokines and pro-apoptotic mediators (Hoebe et al.  2003 ; 
Meylan et al.  2004  ) . In addition to TLR3, known dsRNA receptors include the 
RNA-binding protein kinase (PKR) and retinoic acid inducible gene I (RIG-I) 
(Sledz et al.  2003  ) . 

 In many neurodegenerative pathologies including Parkinson’s, Alzheimer’s, and 
age-related macular degeneration (AMD), viruses have been speculated to play a 
key role in disease onset and progression (Margolis et al.  2004 ; Ringheim and 
Conant  2004  ) . Several TLRs, including TLR 2–9, are expressed on microglia and 
astrocytes (Jack et al.  2005  ) , and a multitude of neurocytotoxic effects have been 
observed with TLR3 activation including neurite growth cone collapse (Cameron 
et al.  2007  ) , exacerbation of chronic neurodegeneration (Field et al.  2010  ) , and neg-
ative regulation of neural progenitor cell proliferation (Lathia et al.  2008  ) . In our 
studies, we observed TLR3 induced neurodegeneration in the retina which has gen-
erated considerable interest in targeting this pathway for the treatment of AMD.  

    1.3   TLRs and Age-Related Macular Degeneration 

 The natural history of the AMD is uniquely characterized by advancement to either 
geographic atrophy (GA) of the macula or choroidal neovascularization (CNV). 
While the pathogenesis of CNV has been well studied in a surrogate laser injury 
animal model leading to the development of clinically proven therapeutics, there is 
a paucity of data on the cellular events leading to GA due to the lack of a suitable 
animal model. In a world-wide collaboration, a genetic association between GA and 
a hypomorphic single nucleotide polymorphism in the TLR3 gene called L412F 
was recently identifi ed (Yang et al.  2008  ) . The study suggested that carriers of the 
mutation are protected from the development of GA suggesting that TLR3 activa-
tion may be deleterious to the macula. In order to evaluate the functionality pathway 
in vivo, intraocular injections of a potent TLR3 agonist, poly (I:C), were performed 
in wild-type and TLR3-defi cient mice. Serial retinal imaging over a 2-week period 
demonstrated a progressive accumulation of discrete areas of hypopigmentation in 



51 A Window to Innate Neuroimmunity…

wild-type mice similar to the appearance of retinal pigment epithelium (RPE) loss 
associated with GA (Fig.  1.1 ). In agreement with a previous study (Kumar et al. 
 2004  ) , we found abundant TLR3 expression in RPE cells in both human and mouse 
suggesting that this cell may be directly activated by dsRNA. Moreover, in our most 
recent unpublished studies, we observed increased concentrations of dsRNA in GA 
eyes compared to age-matched controls and are currently performing sequencing 
studies to determine its origin.  

 On histologic and ultrastructural analyses, photoreceptor arrays and the RPE 
monolayer were severely disrupted. RPE cell analyses over a 72-h period after poly 
(I:C) injection revealed a precipitous drop in viable cell numbers in wild-type mice 
compared to TLR3-defi cient mice. Given that TLR3 activation may act through 
Fas-associated death domains (FADD) to induce caspase-dependent apoptosis 
(Balachandran et al.  2004  ) , we evaluated the extent of TLR3-induced apoptosis in 

  Fig. 1.1    Dilated fundoscopic examination of wild-type mice ( a ) 2 weeks after treatment with 
intraocular poly (I:C) (2  m g) revealed confl uent areas of hypo- and complete depigmentation 
( arrows ) suggestive of RPE loss whereas TLR3-defi cient mice did not ( b ). Ultrastructural analysis 
showed disorganized photoreceptor segments (PRS) and vacuolization of the RPE layer, a sign of 
autophagy that occurs during cell death ( c ) (scale bar = 2  m m). Forty-eight hours after treatment, 
severe disturbances in retinal morphology are evident along with signifi cantly increased apoptotic 
nuclei (TUNEL + blue, nuclei in red) in the RPE ( arrowheads ) and nuclear layers (INL, ONL) 
( arrows ) of wild-type treated retinas ( d ) (scale bar = 10  m m)       
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our model. At 48 h after treatment in wild-type mice, almost 40% of cells in the 
RPE and neural retina were undergoing apoptosis as measured by TUNEL, and a 
fraction of those were also positive for cleaved caspase-3 signifying some level of 
dependence on this pathway. In vitro, primary human RPE isolates exhibited over a 
fi vefold reduction in survival in the treated cells at 48 h, whereas RPE cells geno-
typed for the hypomorphic TLR3 variant, L412F, were protected from this cytotox-
icity. However, we were surprised that subsequent genetic association studies were 
unable to corroborate the initial data demonstrating a protective effect of L412F on 
GA (Cho et al.  2009b ; Klein et al.  2010  ) . Nonetheless, we have pursued TLR3 as a 
potentially critical signaling pathway in dry AMD progression given that functional 
biology often contradicts hypotheses generated with genetic association data as has 
occurred with sequencing investigations into VEGF-A polymorphisms and CNV 
(Richardson et al.  2007  ) . Our functional in vivo and correlate in situ data suggest 
that TLR3 activation is an important factor in retinal cell health and may provide a 
critical pathway for the development of targeted therapeutics for GA.  

    1.4   Short Interfering RNA-Based Drugs 
Activate TLR3 Pathways 

 While potent TLR3 activation occurs with long dsRNA of 30 nucleotides (nt) or 
more, short interfering RNAs (siRNA), commonly designed as 19-nt RNA duplexes 
with 2-nt overhangs, may also serve as ligands for this highly evolved dsRNA rec-
ognition system at concentrations currently used in molecular biology protocols 
(Kariko et al.  2004  ) . While this initial fi nding was concerning, we were fascinated 
that 21-nt siRNAs were being used nearly ubiquitously in molecular biology inves-
tigations and that several siRNA-based drugs were undergoing rapid development 
for clinical deployment with no evidence of unanticipated side effects. In fact, the 
pioneering clinical trials utilizing siRNA-based therapeutics were designed to test 
compounds targeting  Vegfa  and  Vegfr1  for the treatment of neovascular AMD. While 
these initial trials were ongoing, we began studies evaluating siRNAs targeting criti-
cal angiogenic factors in the laser injury mouse model of CNV. We were surprised 
to fi nd that nontargeted control siRNAs equally suppressed vascular growth when 
compared to siRNAs targeting  Vegfa  in this model. Furthermore, siRNA that was 
chemically modifi ed to prevent incorporation into the RNAi silencing complex, 
RISC, also inhibited CNV strongly suggesting that this vascular effect was not due 
to RNAi but likely linked to an innate immune activation pathway. 

 In all of these studies, we employed unmodifi ed “naked” siRNAs that cannot 
cross cell membranes due to their large molecular weight (~14 kDa) and poly-
anionic structure; therefore, we hypothesized that interaction with an extracellular 
receptor may be required for this angio-inhibitory effect. Our studies revealed that 
cell surface TLR3, which is expressed on human and mouse choroidal endothelial 
cells, is activated by 21-nt siRNA in a sequence- and target-independent fashion 
leading to downstream IFN-related gene expression and subsequent neovascular 
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suppression (Kleinman et al.  2008  )  (Fig.  1.2 ). Similar angio-inhibition in the laser-
injury CNV model was observed with the synthetic TLR3 agonist, poly I:C. Our 
initial data have been reproduced with control and targeted siRNAs synthesized by 
several different commercial sources and in two separate reports from independent 
laboratories (Ashikari et al.  2010 ; Gu et al.  2010  ) . In further support of our fi ndings, 
another laboratory recently observed parallel results of angiogenic suppression with 
control siRNAs in mouse hepatocellular carcinoma tumor models via IFN- g  upregu-
lation and endothelial cell apoptosis (Berge et al.  2010  ) .  

 Importantly, TLR3 was expressed on the surface of endothelial cells from all 
human peripheral tissues tested including lung, aorta, and lymphatics (Cho et al. 
 2009a  )  suggesting that this innate response is likely global. These fi ndings are a 
cause for alarm given that many other diseases are currently being approached with 
pharmacologic intentions of systemically delivering siRNA-based drugs. Future 
directions for the development of siRNA therapies should include rational chemical 
engineering of siRNA molecules that evade TLR3 detection. A Korean group has 
already reported that an asymmetric 16-nt siRNA design is able to achieve effi cient 
gene-targeted suppression without TLR3 activation (Chang et al.  2009  ) . Collectively, 
these studies signal a paradigm shift in understanding the role of the innate immune 
system in the pathogenesis of neurodegenerative diseases, directly address unantici-
pated immune side effects of siRNA-based drugs, and open new avenues of research 
into TLR-mediated cellular effects in the retina and brain.      
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  Fig. 1.2    RNA interference may occur through the traditional intracellular pathway mediated by 
RISC. However, siRNA ( ³ 21 nt) bind to and activate TLR3 leading to an angio-inhibitory class 
effect that is mediated through the upregulation of IFN- g , interleukin-12, and apoptosis       
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     2.1   Introduction 

 Protein modifi cations have the potential to alter the function and immunogenicity of 
proteins. The immune system learns to ignore self-proteins through tolerance. 
However, covalent modifi cations of proteins alter recognition by the adaptive 
immune system causing a protein to break tolerance and induce active immunity. 
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Repair of damaged proteins may become less effi cient in aging, causing accumulation 
of altered proteins in tissues, thus leading to autoimmunity. Evidence suggests that 
one example of such a process may be age-related macular degeneration (AMD). 

 AMD is a multifactorial, polygenic complex disease, in which drusen accumulate 
between the Bruch’s membrane (BM) and the RPE (Hageman et al.  2001  ) , and retinal 
pigment epithelium (RPE) changes occur. Early AMD affects 14% of people 75–79-
year old and 23.6% of people  ³ 80-year old, with minimal vision loss. Advanced 
AMD affects 3.2% of 75–79-year-old people and 11.8% of people  ³ 80-year old 
(Hawkins et al.  1999 ; Friedman et al.  2004  ) , leading to vision loss. Identifi cation of 
factors and mechanisms that favor the progression from early to advanced AMD 
would prove invaluable in mitigating the impact of AMD on the elderly. 

 It is now accepted that infl ammation and the immune system play a direct role in 
AMD. Here, we briefl y review over 30 years of literature highlighting the impor-
tance of infl ammatory and autoimmune phenomena in the pathogenesis of AMD 
and one of its hallmarks, drusen deposition, we summarize some of our previous 
and ongoing research in the fi eld, and we illustrate our overall working hypothesis.  

    2.2   Evidence in Favor of a Role for Autoimmunity 
in AMD Pathogenesis 

 Histopathologic evidence of the involvement of leukocytes, macrophages, and giant 
cells in association with AMD was found since the late 1970s (Grindle and Marshall 
 1978  )  and confi rmed subsequently (Killingsworth and Sarks  1982 ; Penfold et al. 
 1985,   1986 ; Killingsworth et al.  1990  ) . There is also evidence that the RPE suffer 
Ab-mediated complement attack, accumulate immune complexes, degenerate, and 
contribute to drusen formation (Johnson et al.  2000 ; Hageman et al.  2001  ) . Dendritic 
cells (DCs) infi ltrate the BM, project processes inside drusen cores, and break the 
blood–retinal barrier (Hageman et al.  2001  ) , which exposes the RPE to direct 
infl ammatory load, damage, and loss. Drusen may act as a reservoir of autoantigens 
that may be presented by DCs and drive an autoimmune attack to the macula. 

 Consistent with these fi ndings, SNPs in genes that play a role in infl ammation 
have emerged as clearly associated with greatly increased (or decreased) odds of 
having AMD (as reviewed in (Gehrs et al.  2006 ; Swaroop et al.  2007 ; Anderson 
et al.  2010  ) ), whereby AMD can be now largely thought of as a congenital predis-
position to defective modulation of infl ammatory phenomena. 

 The hypothesis that autoimmunity may play a role in AMD was put forth by 
Penfold et al.  (  1985,   1986  ) , who found anti-retinal auto-Abs in AMD patient sera 
(Penfold et al.  1990 ; Gurne et al.  1991  ) . These fi ndings have recently been reap-
praised (Gu et al.  2003b,   2009,   2010 ; Patel et al.  2005 ; Cherepanoff et al.  2006  ) . 
Studies on murine tissues (Patel et al.  2005  )  indicate that, in AMD, auto-Abs develop 
not only against the neuroretina (nRet), but also RPE and choroid/Bruch’s membrane 



132 Autoimmune Biomarkers in Age-Related Macular Degeneration…

(Ch/BM). The identity of most of the auto-Ab targets is not yet known, and these 
studies have not been replicated on human tissues. 

 Highly specifi c and sensitive auto-Abs against carboxy-ethyl-pyrrole (CEP)-
modifi ed adducts have been found in AMD sera (Gu et al.  2003b,   2009,   2010  ) . CEP 
is pro-angiogenic (Ebrahem et al.  2006  )  and CEP-modifi ed adducts develop from 
oxidation of DHA, which is very abundant in photoreceptor outer segments. 
Immunization of mice against CEP leads to the development of AMD-like lesions 
(Hollyfi eld et al.  2008  ) , and CEP serum levels and genetic markers together are 
highly predictive of the likelihood of having exudative AMD (Gu et al.  2009,   2010  ) . 
We propose that further studies aimed at discovering additional markers can prove 
useful in understanding other AMD manifestations. In addition, since free CEP is 
highly unstable (Gu et al.  2003a  )  and the identity of CEP-binding proteins in AMD 
is not yet known, identifying them is likely to reveal other molecular targets that 
incite autoreactivity in AMD or that could be modifi ed to prevent CEP binding.  

    2.3   Preliminary Results from Our Research Support 
the Role of Autoimmunity in AMD 

 We are analyzing a repository of serum samples from subjects  ³ 70-year old with 
and without AMD. Sera are being screened for auto-Abs against nRet, RPE, and 
BM/Ch human donor tissue homogenates. Multiple auto-Abs occur more commonly/
intensely or uniquely in AMD samples than in control samples against various 
macular tissues (Fig.  2.1 ). We have also tentatively identifi ed a candidate protein 
that is approximately fi vefold more common in AMD than in controls. Studies 
are in progress to ascertain in full the identity of this protein, confi rm its more com-
mon reactivity in AMD samples, and test the possibility that it may act as a CEP-
binding protein.  

 In addition, we have shown that vasoactive intestinal polypeptide (VIP)-positive 
submacular choroidal nerve fi bers from human donor eyes decline with age 
(Jablonski et al.  2007  )  and that, while donor eyes age 70–94 have, on average, 8.8% 
blood vessel VIP fi ber coverage, early AMD has 1.6% coverage, and advanced 
AMD has about 0.5% fi ber coverage (unpublished observation). VIP is both a potent 
vasodilator and a key local anti-infl ammatory and immunomodulatory agent 
(Gonzalez-Rey and Delgado  2005 ; Pozo et al.  2007 ; Smalley et al.  2009  ) . These 
fi ndings help explain choroidal blood fl ow loss in AMD (Grunwald et al.  1998, 
  2005  ) , which could result in poor macular nutrition and impaired clearance of 
infl ammatory debris. In addition, VIP fi ber loss may compromise anti-infl ammatory 
and immunomodulatory activity in the submacular choroid, thereby facilitating 
AMD pathogenesis further.  
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    2.4   Experimental Framework and Future Directions 

 The role of infl ammation and of the immune system in the pathogenesis of AMD is 
no longer seen simply as a secondary, “after-the-fact” phenomenon. In this proin-
fl ammatory context that underlies AMD (that is largely but by no means exclusively 
genetically driven) we hypothesize that the following chain of events (Fig.  2.2 ) 
leads to the formation of auto-Abs that contribute to AMD pathogenesis: 
Proinfl ammatory factors (1) known to be AMD risk factors are depicted as inciting 
agents leading to (2) a build-up in oxidative stress and chronic, low-grade infl am-
mation in the submacular microenvironment. This self-reinforcing cycle leads to (3) 
progressive infl ammatory damage to the choroid, the BM, and the RPE, which in 
turn (4) recruits to the site of infl ammatory damage resident immunocompetent 
cells (DCs and monocytes, MC). The activation of these cells leads to (5) deposition 
of immune-mediated and infl ammatory effectors. At this stage, drusen begin to 
develop and infi ltration of DCs in drusen cores is seen. This step reinforces step 3 
and leads to progressive exposure of Ch, BM, RPE, and nRet antigens (6). Auto-
antigens are processed and (7) presented to T-helper lymphocytes (T 

H
 ), which in 

turn leads to (8) activation of B lymphocytes, their differentiation into plasma cells 
(PCs), and production of auto-Abs (9). These auto-Abs can promote step 3 further 
and likely feed also back into step 2.  

 Characterization of proteins involved in this secondary autoreactivity can allow 
the identifi cation of novel therapeutic targets and prognostic biomarkers for AMD. 

  Fig. 2.1    Examples of western blots (control sample, three early and three advanced AMD). Note 
the recurrent presence of some specifi c bands for BM/Ch and RPE homogenates ( red ellipses ) and 
anti-nRet reactivity ( blue ellipses ) in AMD samples not present in the control sample. Note also 
the marked anti-nRet poly-reactivity in most advanced AMD samples typically not seen in controls 
and less prominent in early AMD       
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One can envision a not too distant future in which AMD diagnostics and care may 
be approached via high-throughput AMD “immunomics.” Much like in the seminal 
studies by Gu et al. (Gu et al.  2003b,   2009  ) , panels of auto-Abs could be developed 
to measure levels of autoimmune reaction toward macular antigens in AMD patients 
and used together with molecular genetics to gauge the “proinfl ammatory status” of 
individual AMD patients, counsel them and treat them better either through earlier 
intervention/more aggressive management in subjects with greater risk profi les, or 
via treatments that interfered actively with the autoreactivity of AMD patients.      
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     3.1   Introduction 

 Age-related macular degeneration (AMD) is the most common cause of vision loss 
in the elderly of industrialized countries. The early clinical hallmark of AMD is 
drusen which are extracellular lipid and protein deposits between the basal lamina 
of the retinal pigment epithelium (RPE) and Bruch’s membrane (BM). AMD slowly 
progresses towards two advanced stages that are responsible for vision loss. 
Geographic atrophy (“dry” AMD) is characterized by a loss of choriocapillaris and 
adjacent RPE and photoreceptor cells, while exudative (“wet”) AMD is character-
ized by choroidal neovascularisation (CNV) with subsequent haemorrhages and 
acute photoreceptor and RPE cell loss. Over the last 2 decades, it has become clear 
that age, smoking and family history are the major risk factors for the onset of 
AMD. The recent identifi cation of several complement genes ( CFH, C3, C2/CFB ), 
the  ARMS2/HTRA1  locus and the CX3C chemokine receptor 1 ( CX3CR1 ) as genetic 
risk factors for AMD suggests that innate immunity and local chronic infl ammation 
in combination with environmental factors play major roles in pathogenesis of 
AMD (de Jong  2006  ) .  
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    3.2   Mononuclear Phagocytes Comprise a Heterogeneous 
Population of Systemic and Local Innate Immune Cells 

 Monocytes, dendritic cells, macrophages and microglia are all effector cells of the 
innate immune system and represent heterogeneous cells of the mononuclear phago-
cytic system that is capable to adapt to certain challenges in specifi c microenviron-
ments of the body. Peripheral blood monocytes consist fi rst of infl ammatory 
monocytes that migrate to injured and infected sites and second of “resting” mono-
cytes that show surveillance and patrolling behaviour of normal tissue and are 
recruited to sites of infl ammation to participate in the resolution of infl ammatory 
processes (Geissmann et al.  2003  ) . Resident dendritic cells, macrophages and 
microglia are differentiated tissue mononuclear phagocytes within the tissues and 
are important for local immune surveillance and tissue homeostasis. Retinal micro-
glia are located throughout the neural parenchyma (parenchymal microglia cells) or 
surrounding blood vessels (perivascular microglia cells) and are normally located in 
the inner retina, while the outer retina is free of myeloid cells. After focal injury 
microglia polarise and change from ramifi ed into an amoeboid morphology and 
may start migrating towards the insult (Liang et al.  2009  ) . Such myeloid cell activa-
tion has been observed, e.g. during physiological ageing, in models of retinal degen-
erations and during chronic light exposure (Xu et al.  2009  ) . But it remains unclear 
to which extent local activation of microglia and/or recruitment of blood-derived 
macrophages contribute to disease or are protective.  

    3.3   Activation of Mononuclear Phagocytes Is Controlled 
by Signals from the Microenvironment 

 Dependent on the infl ammatory stimulus in the microenvironment, the tissue 
responds to the damage with the local production of specifi c cytokines, chemokines 
and adhesion molecules. The thereby initiated cellular response and effector func-
tions of these cells are classifi ed as either classical or alternative activation. They 
represent extremes of a continuum of heterogeneous and plastic responses that 
range from the pro-infl ammatory, classical activation state to the two alternative 
activation states with either tissue repair and anti-infl ammatory or immune suppres-
sive and phagocytic effector functions. Dependent on activation state of the cells 
they regulated innate and subsequent adaptive immune functions by secretion of 
specifi c cytokines (Colton  2009  ) . The chemokines are a very important superfamily 
of structurally related chemotactic cytokines that are classifi ed based on their amino 
acid sequence and are subdivided into four subfamilies, the C-, the CC-, the CXC- 
and the CX3C-chemokines. They bind to members of the corresponding class of 
G-protein-coupled receptors, which are differentially expressed on the surface of 
target cells (Mantovani et al.  2004  ) . This chemokine signalling system regulates 
innate immune responses under homeostatic and diseased conditions and thus will 
also coordinate innate immunity in AMD.  
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    3.4   Evidence of the Involvement of Myeloid Cells 
in the Pathophysiology of AMD 

 A role of myeloid cells in AMD has been suggested previously by the identifi cation 
of macrophage chemoattractant molecules and elevated levels of infl ammatory 
mediators in drusen isolated from AMD patients (Mullins et al.  2000  ) . Ultrastructural 
examination of specimens from patients with early, intermediate and late stage of 
AMD also showed an increasing numbers of immune cells in the choroidal stroma 
(Penfold et al.  1985  ) . These choroidal mononuclear phagocytes are associated with 
the outer surface of Bruch’s membrane and are particularly common in areas of 
drusen and basal laminar deposits. In geographic atrophy, myeloid cells surround 
atrophic lesions, but are much higher in number in eyes with CNV. In CNV, the cells 
are particularly associated with breaks in Bruch’s membrane or are found in close 
vicinity to newly formed vessels. Interestingly, while the Bruch’s membrane mac-
rophages from exudative AMD eyes do not express iNOS, a marker of classical 
activation, the vessel-associated activated macrophages do, suggesting that different 
activation states of mononuclear phagocytes have distinct roles in the disease pro-
cess (Cherepanoff et al.  2009  ) . Also in the retina, local microglia become activated 
and are found to be associated with early RPE lesions and dying photoreceptors in 
the subretinal space (Gupta et al.  2003  ) . Furthermore, systemic activation of mac-
rophages has also been suggested in AMD as patients with exudative AMD seem to 
be more likely to have activated macrophages in their circulation that produce high 
amounts of the pro-infl ammatory cytokine TNF a  than patients with dry AMD 
(Cousins et al.  2004  ) .  

    3.5   The Identifi cation of the Chemokine Receptor 
CX3CR1 as a Risk Factor for AMD 

 These described fi ndings so far have not clarifi ed, whether myeloid cells are  primarily 
involved in disease pathology of AMD or respond secondarily to the disease process. 
But the recent identifi cation of CX3CR1 as a genetic risk factor for AMD and the 
functional effect of the M280 risk variant of CX3CR1 on monocyte migration sup-
port the hypothesis of a more primary role of this chemokine signalling pathway in 
the pathogenesis of AMD (Tuo et al.  2004 ; Combadiere et al.  2007  ) .  

    3.6   CCR2 and CX3CR1 Signalling Contribute Differentially 
to the Recruitment of Monocyte Subsets to the Retina 
and Also Control Local Microglia Responses 

 Both the CX3CL1–CX3CR1 pathway and the CCL2–CCR2 pathway control and 
coordinate the recruitment, migration and emigration of specifi c monocyte subsets 
from the circulation to infl amed tissue. While CCL2–CCR2 signalling recruits 
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pro-infl ammatory monocytes, CX3CL1–CX3CR1 signalling affects “resident” 
monocyte traffi cking and limits microglia-mediated neurotoxicity (Boring et al. 
 1997 ; Cardona et al.  2006  ) . Both chemokine pathways become activated by the 
inducible expression of the two chemokine ligands CCL2 or CX3CL1 in several cell 
types including retinal and choroidal endothelial cells, Muller glia, microglia and 
RPE. There are distinct differences in the expression of the two receptors on differ-
ent mononuclear phagocytes. Systemically, pro-infl ammatory monocytes express 
low level of CX3CR1, but high level of CCR2, while “resident” monocytes express 
high level of CX3CR1 but no CCR2 (Tacke and Randolph  2006  ) . Locally, CCR2 
shows a very limited degree of expression on perivascular microglia and is absent 
on parenchymal, quiescent microglia, while CX3CR1 is expressed on tissue mac-
rophages, dendritic cells and microglia (Jung et al.  2000  ) . Recent work in the model 
of endotoxin-induced autoimmune uveitis (EAU) suggested that recruitment of pro-
infl ammatory (CCR2 high, CX3CR1 low) monocytes to the infl ammed outer retina 
induces local photorecptor loss at the peak of the disease, which is attenuated in 
CCR2-defi cient but unaffected in Cx3cr1-defi cient mice (Xu et al.  2005 ; Kezic and 
McMenamin  2010  ) . By contrast, in the context of ageing,  Ccl2  defi ciency and 
 Cx3cr1  defi ciency both lead to a slow age-related accumulation of subretinal mac-
rophages/microglia, but only the  Cx3cr1 -defi cient mice show an additional marked, 
progressive age-related retinal degeneration. While there is still some debate about 
the degree of age-related retinal degeneration associated with the lack of Ccl2 or 
Ccr2 in different mouse lines (Ambati et al.  2003 ; Luhmann et al.  2009  ) , it is clear 
that lack of either of the genes results in a reduced response to laser-induced CNV, 
while Cx3cr1 defi ciency increases this response (Luhmann et al.  2009 ; Combadiere 
et al.  2007 ; Tsutsumi et al.  2003  ) . These fi ndings suggest that Cx3cl1–Cx3cr1 and 
Ccl2–Ccr2 chemokine signalling both affect activation and migration of mononu-
clear phagocytes in almost opposite ways and that defects in this fi ne signalling 
balance might cause defective activation of local and systemic innate immune cells 
which in turn might contribute to AMD pathology in early and in both late stages, 
geographic atrophy and CNV.  

    3.7   Future Directions 

 Further studies using the different chemokine mouse models are needed to address 
how the two signalling pathways are coordinated during the different phases of 
infl ammation and how this correlates with local and systemic myeloid cell activa-
tion and recruitment to the eye in the context of ageing, environmental stress (e.g. 
photooxidative stress) or other AMD-related factors. Interestingly, a synergistic 
interaction of defects in both signalling pathways has been suggested by the much 
accelerated and more severe, early onset phenotype in mice lacking both,  Ccl2  and 
 Cx3cr1 , although this phenotype was initially of variable penetrance and thus requires 
further investigation (Tuo et al.  2007  ) . However, all the mentioned chemokine 
knockout mouse models show with age an increased subretinal accumulation of 
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bloated macrophages and thus raise the question, whether the recently discovered 
drusenoid deposits in the subretinal space of AMD eyes (also called reticular drusen) 
(Arnold et al.  1995  )  might be a consequence of an analogous chemokine signalling 
defect in AMD patients that might lead to subretinal accumulation of microglia/
macrophages in the human disease or whether a similar process occurs in the chor-
oid and might contribute to drusen development as an early pathogenic event in 
AMD. Analysing the contribution of aberrant chemokine signalling and defective 
myeloid cell activation to early pathogenesis of AMD and its contribution to the 
transition from early to late stage disease might in the future help to develop more 
targeted therapeutic approaches that focus on the cellular innate immune system 
and might attenuate disease progression of AMD.      
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     4.1   Introduction 

 Age-related macular degeneration (AMD) is characterized by progressive loss of 
central vision resulting from damage to the photoreceptor cells in the central area of 
the retina, the macula. AMD occurs in two forms: wet and dry; with the dry form 
making up 80–90% of total cases (Pangburn  2000 ; Brown et al.  2005  ) . Both forms 
are associated with pathology at the RPE/choroid interface, which leads to subse-
quent loss of photoreceptors. 

 AMD is a complex multifactorial disease and may actually represent a family of 
diseases that affect the macula (see   http://Retnet.org     for genes associated with auto-
somal dominant, autosomal recessive, or X-linked macular degeneration). The dis-
ease process appears to be infl uenced by a number of environmental insults making 
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it  diffi cult to identify one central cause. Indeed, the genetics of macular degenera-
tion and other forms of retinal degeneration point to multiple targets and multiple 
causes, each of which may be involved in a subset of patients, and ultimately lead to 
the common endpoint of failed central vision. The primary risk factor for AMD is 
aging. The only environmental agent unequivocally linked to AMD is nicotine 
(Schmidt et al.  2006  ) , presumably by generating oxidative stress. Overall, oxidative 
stress is thought to be an important risk factor, presumably impacting RPE function 
(Snodderly  1995  ) . Additional agents thought to be associated with AMD include 
A2E, a major component of lipofuscin formed as a byproduct of the bleached chro-
mophore 11- cis  retinal (Sparrow et al.  2003  )  and iron (Wong et al.  2007  ) . Both nico-
tine and oxidative stress enhance choroidal neovascularization (CNV) in mice 
(Suner et al.  2004 ; Dong et al.  2009  ) ; A2E accumulation is associated with Stargardt-
like disease pathology in the ABCR4 +/−  mouse (Mata et al.  2001  ) ; and impairment 
of iron homeostasis leads to retinal degeneration (Hadziahmetovic et al.  2008  ) . 
Finally, genetic studies have demonstrated that polymorphisms in different comple-
ment proteins each increase the risk for developing AMD (Hageman et al.  2005 ; 
Haines et al.  2005 ; Klein et al.  2005 ; Edwards et al.  2008 ; McKay et al.  2009 ; Lee 
et al.  2010  ) . There are three pathways of complement activation (classical (CP), 
alternative (AP), and lectin (LP)), which all activate a fi nal common pathway. The 
proteins encoded by the risk genes participate in the AP, CP/LP, or in the fi nal com-
mon pathway. Overall, it has been hypothesized that inadequate control of comple-
ment-driven infl ammation may be a major factor in disease pathogenesis in AMD. 
While no effective treatment is available for dry AMD, therapies blocking VEGF 
ameliorate wet AMD (e.g., van Wijngaarden and Qureshi  2008  ) . 

 We have used RPE monolayers to elucidate the mechanism of RPE injury caused 
by the complement- and VEGF-mediated pathways. Results from these studies have 
led us to propose a central role for the alternative pathway of complement in mediat-
ing the pathological increase in VEGF secretion in AMD.  

    4.2   Results 

 To examine the effects of complement activation on RPE cells, we used RPE mono-
layers. For this purpose, we have established RPE cell monolayer systems (ARPE-19 
cells; and primary human embryonic and adult RPE cells). RPE cells were initially 
plated on permeable membrane inserts in the presence of 10% serum; after the cells 
attached, serum was reduced to 1%. Under these conditions, RPE cells form tight 
monolayers, which are polarized and stained for markers of tight and    adherens junc-
tions (Bailey et al.  2004  ) . These monolayers exhibit stable transepithelial resistance 
(TER), which can be monitored with an epithelial volt-ohm meter equipped with an 
STX2 electrode. Absolute TER values are dependent upon the type of RPE culture, 
but reach maximum levels within 2–3 weeks after reaching confl uency (ARPE-19 
cells: 40–45  W cm 2 ; primary human embryonic and adult RPE: 300–350  W cm 2 ). 

 ARPE-19 cells when grown as monolayers are resistant to oxidative damage. 
Importantly, while ARPE-19 (or primary RPE cells) grown in monolayers show no 
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sign of damage up to 0.5 mM of H 
2
 O 

2
  ((Bailey et al.  2004 ; Thurman et al.  2009  )  and 

data not shown), subconfl uent ARPE-19 cells exposed to concentrations  ³ 0.1 mM 
undergo apoptosis (Choudhary et al.  2005  ) . One of the earliest signs of damage 
occurring with H 

2
 O 

2
  concentrations  ³ 1 mM is a loss of barrier function or a reduction 

of TER. Since the RPE in vivo is continuously exposed to low levels of oxidative 
stress, we asked whether a concentration that did not affect the epithelial integrity 
(0.5 mM H 

2
 O 

2
 ) sensitized the cells to complement attack (Thurman et al.  2009  ) . 

Oxidative stress was found to decrease the level of alternative pathway inhibition in 
RPE cells by two known mechanisms: fi rst, expression of the membrane-bound 
complement inhibitors CD55 and CD59 was signifi cantly reduced upon exposure to 
H 

2
 O 

2
 ; and second, AP inhibition at the cell surface by Factor H present within the 

serum was impaired. Together, these changes sensitized the RPE to complement 
attack; while exposure of control cells to 25% complement-suffi cient normal human 
serum (NHS) had no effect on TER, oxidatively stressed monolayers exhibited a 
rapid reduction in TER by ~50% in ARPE-19 cells (Thurman et al.  2009  )  and ~25% 
in primary human RPE cells (unpublished data). TER reduction by H 

2
 O 

2
  and NHS 

was MAC-dependent (i.e., it could be eliminated by removing an essential component 
of MAC assembly, C7, from the serum) and required AP activation (i.e., the addition 
of an AP inhibitor, such as CR2-fH, to the stimulated cells prevented TER reduction). 
Finally, the reduction in TER involved VEGF secretion from the apical and basolat-
eral surfaces of the RPE, and could be inhibited by blocking VEGF type 2 receptors 
localized on the apical side of the RPE cells (Ablonczy and Crosson  2007  ) . 

 Here, we asked whether other factors known to be associated with AMD, such as 
smoking, iron, and A2E, similarly sensitize the RPE to complement attack (i.e., result in 
loss of TER in response to NHS). We used published methods to expose ARPE-19 cell 
monolayers to these compounds. At the onset of treatment, all the media was replaced 
with fresh media containing the compound of choice. If longer treatments were required 
(i.e., for A2E and smoke exposure), media with agents was replaced daily. Specifi cally, 
ARPE-19 cells were exposed to 2% smoke extract for 5 days (Mulligan et al.  2009  ) , 
treated with 100     m M ferric ammonium citrate (FAC) for 24 h (Voloboueva et al.  2007  ) , 
preloaded with 10  m M of A2E for 5 days (Finnemann et al.  2002  ) , or exposed to 0.5 mM 
H 

2
 O 

2
  for 4 h (Thurman et al.  2009  )  at which time  the cells were challenged with 25% 

NHS. All four treatments alone, prior to NHS challenge, resulted in signifi cant increase 
in oxidative stress as shown by reactive oxygen species and superoxide measurements 
(Fig.  4.1a ). However, NHS challenge only resulted in a decrease in TER in H 

2
 O 

2
 -

exposed, but not smoke-extract-, FAC-, or A2E-treated cells (Fig.  4.1b ). Concomitantly, 
only H 

2
 O 

2
 -exposed cells showed a signifi cant increase in VEGF secretion into the apical 

(Fig.  4.1c ) or basal compartment (data not shown) upon NHS challenge.   

    4.3   Discussion 

 We have previously reported in both the animal model of wet AMD and in RPE 
monolayers that complement activation is upstream of vascular endothelial cell 
expression (Rohrer et al.  2009 ; Thurman et al.  2009  ) . In particular, we have argued 
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that oxidative stress reduces the levels of membrane-bound complement inhibitors 
CD55 and CD59 and reduces the inhibitory effect of the soluble  inhibitor CFH, 
which sensitizes the RPE to complement attack. Sublytic MAC activation then 
results in VEGF release, whereby VEGF, acting through VEGF-R2 receptors, 
impairs RPE function resulting in TER breakdown. The impairment of the RPE bar-
rier function in the presence of continued VEGF secretion then facilitates CNV. 

 In the current study, we report that oxidative stress induced by other AMD-
associated compounds of the ARPE-19 cells does not have a similar effect. Indeed, 

  Fig. 4.1    Smoke-extract, 
ferric ammonium citrate, 
A2E, and H 

2
 O 

2
  were 

compared for their ability 
to result in oxidative stress 
( a ), to sensitize cells to 
complement attack ( b ), and 
to result in VEGF secretion 
( c ). While all agents resulted 
in oxidative stress, only H 

2
 O 

2
  

resulted in loss of TER and 
increased VEGF secretion. 
Results in ( a ) were 
normalized to untreated 
controls; in ( b ) and ( c ) to 
their respective controls (i.e., 
smoke + NHS normalized 
to smoke, etc.)       
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exposure to A2E, FAC, and smoke-extract did not result in loss of TER or a release 
of VEGF. We initially hypothesized that all forms of oxidative stress might sensitize 
epithelial cells to complement attack, resulting in the release of VEGF. Our current 
results, however, suggest that RPE cells respond differently to specifi c cellular stres-
sors. A2E at the concentration used (10  m M) has been shown by others to affect RPE 
cell physiology in monolayers (Finnemann et al.  2002 ; Lakkaraju et al.  2007 ; Vives-
Bauza et al.  2008  ) , and induce apoptosis in subconfl uent cells (Suter et al.  2000  ) . In 
a model of dry AMD (the Rdh8 −/−  Abca4 −/−  mouse) which shows a signifi cant 
increase in A2E, spontaneous CNV, and elevated VEGF levels, rapamycin (an 
immunosuppressive agent with anti-VEGF activity) was found to reduce A2E accu-
mulation and prevent CNV without affecting VEGF levels. Similarly, exposure of 
subconfl uent ARPE-19 cells to iron impaired their phagocytosis activity (Chen et al. 
 2009  )  while iron overload in vivo resulted in oxidative stress, and complement acti-
vation and morphological changes in the RPE (Hadziahmetovic et al.  2008  ) . 
However, no relationship between iron overload and VEGF has yet been estab-
lished. Finally, components of smoke have been shown to affect RPE cells. 
Hydroquinone (HQ), which is a pro-oxidant in cigarette smoke, has been shown to 
produce membrane blebbing in RPE cells, resulting in sub-RPE deposits in mice 
(Espinosa-Heidmann et al.  2006  ) . Similarly, Benzo(a)Pyrene (B(a)P) impairs RPE 
physiology in cultured subconfl uent RPE cells (Wang et al.  2009  ) . In vivo smoke 
exposure resulted in mitochondrial defects and complement deposition in mice 
(Wang et al.  2009  ) , and both nicotine (Suner et al.  2004  )  and dioxin increased CNV 
in mice (Takeuchi et al.  2009  ) . While dioxin increased VEGF expression, it has not 
yet been confi rmed that the dioxin effect on CNV is mediated through VEGF. In our 
original study, we have shown that oxidative stress induced by H 

2
 O 

2
  reduces the 

ability of RPE cells to regulate complement on their cell surface (Thurman et al. 
 2009  ) . We will examine in future experiments the surface levels of CD55 and CD59, 
as well as the ability of CFH to function as a complement inhibitor in smoke-
extract-, FAC-, or A2E-treated cells. However, it appears that RPE cells respond 
differently to stressors. Similar to these fi ndings here, we reported previously that 
chemical hypoxia, generated by Antimycin A treatment of the ARPE-19 cells, did 
not reduce surface levels of CD55, whereas H 

2
 O 

2
  did (Thurman et al.  2010  ) . In 

future experiments, it will be essential to examine phagocytic function, mitochon-
drial metabolism, and other readouts that have been shown to be affected by A2E, 
FAC, and smoke-extract, in the context of complement activation. 

 Current therapy for dry AMD is directed at reducing oxidative stress. Subjects at 
risk for AMD and those with early AMD benefi ted from supplements containing 
high levels of antioxidants and zinc (Bartlett and Eperjesi  2003  ) . However, no further 
treatments targeting the pathology of early AMD (e.g., drusen accumulation, RPE 
damage, complement activation, etc) are currently available. Also, no treatment is 
available for the late form of AMD, geographic atrophy. The only pathological target 
that can be treated is neovascularization of the choroid. To this end, therapies have 
focused on either physically or pharmacologically interrupting blood vessel growth 
(summarized in Augustin et al.  2009  ) . Since blood vessel growth is dependent upon 
the presence of angiogenic factors such as VEGF, the fi eld borrowed from the 
cancer therapies, starving blood vessels for VEGF. Currently, three anti-angiogenic 
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drugs (VEGF-inhibitors) are available to treat CNV: Pegaptanib sodium, a 28-base 
anti-VEGF aptamer; Ranibizumab, a Fab fragment; and Bevacizumab, a full-length 
monoclonal antibody against VEGF. While the effects are promising (i.e., resulting 
in regression of CNV, including halting of vision loss or signifi cant improvement of 
vision (van Wijngaarden and Qureshi  2008  ) ), one must proceed with care. VEGF is 
an important trophic factor for retina (Saint-Geniez et al.  2008  ) , RPE (Saint-Geniez 
et al.  2008  ) , and choroidal health (Alon et al.  1995  ) . Thus, depriving these tissues of 
normal levels of growth factor long-term might lead to complications. 

 In summary, we have found that RPE cells respond differently to stressors known 
to be associated with AMD. Overall, no correlation between oxidative stress and 
susceptibility to complement attack has been established. However, a direct correla-
tion exists between loss of TER and VEGF secretion; stressors that resulted in little 
VEGF secretion showed little change in TER and vice versa. Since complement 
activation has been found to be upstream of VEGF in both the CNV model of wet 
AMD and in RPE monolayers; since complement deposition has been found to be 
associated with all forms of AMD; and since many stressors have been shown to be 
associated with complement deposition in cell culture and animal models of AMD, 
targeting excessive complement activation might be a logical target.      
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     5.1   Introduction 

 The complement system is a component of the innate arm of the immune response 
which provides a rapid host defence against a range of immunological challenges. 
Through a cascade of enzymatic cleavages culminating chiefl y in the deposition of 
complement component 3 (C3) on activating surfaces, the activity of complement 
enhances the ability of the host to initiate defence against infection, and clear 
immune complexes, apoptotic cells and other noxious substances (Gasque  2004  ) . 
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 If activated in an exaggerated and inappropriate manner, however, complement 
also has the capacity to destroy host tissue. Indeed, pathogenic complement activa-
tion is directly implicated in neuronal damage following intracerebral haemorrhage 
(Yang et al.  2006  ) , and post-ischemic cerebral injury (Figueroa et al.  2005  ) . Recently, 
complement activation has been found to play a role in age-related macular degen-
eration (AMD), a retinal disease affecting central vision and a leading cause of 
blindness in the western world. Gene association studies have identifi ed a number 
of polymorphisms in complement genes, including CFH (Klein et al.  2005  ) , CFB 
(Jakobsdottir et al.  2008  ) , C2 (Jakobsdottir et al.  2008  )  and C3 (Yates et al.  2007 ; 
Despriet et al.  2009  ) , which are strongly associated with the incidence of AMD. 

 We aimed to investigate whether a common role of complement in retinal dys-
trophy exists, by comparing the expression of the central component C3 in con-
junction with cell death in a range of mechanistically distinct degenerative models. 
These include acute degeneration induced through either excessive light or hyper-
oxia, and chronic degeneration using the retinitis pigmentosa-mimicking P23H-3 
rodent strain.  

    5.2   Methods 

 In the light damage model, young adult albino Sprague Dawley (SD) rats were 
exposed to a light intensity of 1,000 lx for a period of up to 24 h, after which some 
animals were kept in dim light (5 lx) to recover. At specifi c time points during (1, 3, 
6, 12, 17 and 24 h) and after exposure (3, and 7 days), animals were euthanized and 
retinas extracted for analysis of C3 mRNA expression, and for counts of apoptotic 
cells in the outer nuclear layer (ONL) using the TUNEL technique. In the hyperoxia 
model, adult C57 mice were subjected to 75% oxygen for up to 14 days. Animals 
were euthanized after 3, 7 and 14 days, whereby retinas were dissected for the 
analysis of C3 mRNA expression, and TUNEL. In the P23H model, animals from 
line 3 of this transgenic strain were born and reared until postnatal day 50–130. 
Age-matched, non-degenerative SD rodents served as the control tissue. At this 
time, animals were euthanized and retinas extracted for analysis of C3 mRNA 
expression and TUNEL. C3 mRNA expression levels were determined by quantita-
tive PCR (qPCR), where the assessment of the relative fold change was determined 
using the  D  D C q , with GAPDH serving as the reference gene.  

    5.3   Results 

 In light-induced degeneration, qPCR results show that expression levels of comple-
ment C3 in the retina (Fig.  5.1 ) increased signifi cantly over the course of 24 h bright 
light and continued to increase robustly into the post-exposure period to reach a 
peak differential expression of 1,038% compared to dim-reared animals. 
Photoreceptor death (TUNEL) dramatically increased by 24 h bright light exposure, 
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consistent with the onset of C3 upregulation over the same period (Fig.  5.1 ). During 
exposure to hyperoxia, the expression of C3 did not increase after 3 and 7 days 
(Fig.  5.2 ). By 14 days, however, C3 expression increased to 180% compared to 
control animals. The number of TUNEL-positive photoreceptors increased moder-
ately after 7 days hyperoxia, followed by a dramatic increase by 14 days (Fig.  5.2 ); 
coinciding with the upregulation of C3. In the retinas of P23H rats, an increase of 
80% in C3 expression compared to SD rats was observed, while photoreceptor death 
was found to be higher in the P23H strain than the SD (Fig.  5.3 ).     

    5.4   Discussion 

 Our results indicate that while the degenerative stimuli in these models differ, an 
increased expression of C3 mRNA – which fuels the complement cascade – occurs 
in close association with substantial increases in photoreceptor cell death. 
Correspondingly, we provide evidence for a common pathway in retinal degenera-
tion involving the activation of complement in response to the induction of photore-
ceptor injury and death. Our data are consistent with the implication of the 

  Fig. 5.1    C3 mRNA expression and TUNEL frequency during and following exposure to 1000 lx 
light. C3 expression during light damage showed a marked up-regulation by 24 h of exposure, 
which increased further in the ensuing post-exposure period. The number of TUNEL positive 
nuclei increased dramatically after 24 h of exposure, coinciding with the increase in C3 expression. 
In the post exposure period, cell death tapered off rapidly though persisted at a relatively low level 
after 7 days       
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complement system in the clearance of noxious substances, such as apoptotic cells 
(Gasque  2004 ; Trouw et al.  2008  ) ; which suggests that complement activation is 
geared toward a benefi cial role in the maintenance of retinal homeostasis. This is at 
odds, however, with the association of complement with the incidence of AMD 
(Anderson et al.  2010  ) . One explanation is that while complement may be activated 
to necessitate the effi cient clearance of noxious substances, its exaggerated activa-
tion in the injured retina – aided by an abundance of apoptotic cells and other acti-
vating surfaces – induces further retinal degeneration through propagating an 
inappropriate infl ammatory response (Walport  2001  ) . Indeed, a recent investigation 
by Rohrer and colleagues has shown that complement activation exacerbates photo-
receptor death in light-induced retinal degeneration (Rohrer et al.  2007  ) . While 
direct evidence for complement-induced pathology in hyperoxia and the degenera-
tive P23H strain are currently lacking, increased synthesis in C3 expression in both 
models following degeneration – consistent with light damage – supports the exis-
tence of a common detrimental role of complement activation in retinal degenera-
tion. Consequently, anticomplement strategies may have a broad therapeutic 
potential in the treatment of various forms of retinal degeneration.      

  Fig. 5.2    C3 mRNA expression and TUNEL frequency in retinas during exposure to hyperoxia. 
No increase in C3 expression was evident during the early phases of hyperoxia, although this 
progressed to a substantial up-regulation by 14 days. A steady increase in TUNEL positive cells 
was apparent over the 14-day time course, reaching a peak at 14 days hyperoxia       
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     6.1   Introduction 

 Age-related macular degeneration (AMD), the leading cause of legal blindness in 
the elderly in the industrialized world (Klein et al .   1997 ; Friedman et al .   2004  ) , is a 
disease whose pathogenesis remains unclear (Zarbin  2004  ) . Although multiple 
mechanisms are likely to contribute to the onset and progression of AMD, the role 
of infl ammation has been given much consideration in the etiology of AMD (Donoso 
et al.  2006 ; Augustin and Kirchhof  2009  ) . However, the nature of the immune cell 
interactions that drive cellular and tissue changes in AMD remain incompletely 
understood. 

 Retinal microglia are the primary immune cell type in the retina and comprise a 
population of resident cells normally present in the retina (Provis et al.  1996  ) . 
Distributed in a regular array throughout the inner retina, retinal microglia, through 
their dynamic process movements, carry out constant and dynamic immune surveil-
lance of the extracellular environment (Lee et al.  2008  ) , and can respond rapidly to 
tissue injury by altering their activation state, acquiring capabilities of migration 
and proliferation, and secreting infl ammatory mediators and neurotrophic agents 
(Hanisch and Kettenmann  2007  ) . Found throughout the CNS, microglia are capable 
of carrying out diverse sets of housekeeping functions under normal conditions and 
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also executing adaptive functions under conditions of tissue injury (Ransohoff and 
Perry  2009  ) . However, maladaptive infl ammatory responses of microglia have been 
implicated in the progression of various chronic neurodegenerative diseases including 
Alzheimer’s disease and Parkinson’s disease (Brown  2009 ; Lucin and Wyss-Coray 
 2009  ) . In the retina, how microglia may contribute to the pathogenesis of AMD is a 
subject of interest and an area of investigation in our laboratory.  

    6.2   AMD Pathology in the Retinochoroidal Interface 

 It has been well established that the locus of AMD is situated in the outer retina, in 
particular the retinochoroidal interface. The hallmarks of early and intermediate 
AMD include drusen, which are located between Bruch’s membrane and the retinal 
pigment epithelial (RPE) layer (Green and Key  1977  ) , and pigmentary changes, 
which are composed of RPE hyperplasia and atrophy (Green  1999  ) . The lesions of 
advanced AMD are also in the same locus; the atrophic form of advanced AMD (or 
geographic atrophy) is defi ned by photoreceptor and RPE atrophy (Sarks et al. 
 1988  ) , while the exudative (or “wet”) form involves choroidal neovascularization 
(CNV) which extends through Bruch’s membrane into the sub-RPE and subretinal 
space (Green  1999  ) . Recent studies have also highlighted the presence of drusenoid 
deposits located within the subretinal space adjacent to the apical surface of RPE 
cells (Rudolf et al.  2008  ) . These deposits, which form part of early/intermediate 
AMD, are clinically visible as reticular drusen (Zweifel et al.  2010a  )  and may be 
associated with advancement of AMD (Cohen et al.  2007 ; Zweifel et al.  2010b  ) . 
The location of these AMD-associated lesions indicates that cellular interactions 
that drive their formation and progression are also likely to be located in the region 
of the RPE, subretinal space, and sub-RPE space. 

 In the young healthy retina, microglia are found distributed in regular horizontal 
arrays in the inner retina, with their ramifi ed processes concentrated in the inner 
plexiform layer (IPL) and the outer plexiform layer (OPL) (Provis et al.  1996 ; Santos 
et al.  2008  ) . Interestingly, retinal microglia are notably excluded from the outer 
nuclear layer and subretinal space, indicating that the outer retina may be distin-
guished as a specialized zone of particular immune privilege (Streilein et al.  2002  ) . 
Under normal conditions, the outer retina, for reasons that are unclear, appears to be 
exempt from direct immune surveillance by resident microglia, which occupy the 
inner retina and much of the entire CNS. How this peculiar microglia-free zone is 
maintained in the outer retina, and what functional implication this entails are 
unknown but are likely to be important in the processes of neuroimmune regulation 
required by the specialized environment of the retinochoroidal interface. 

 The normal distribution of retinal microglia is, however, perturbed under condi-
tions of advanced age and pathology. In the aged retina, microglia are found to be 
displaced in increasing numbers into the subretinal space, acquiring morphological 
and immunohistochemical features of activation (Xu et al.  2008,   2009  ) . In histo-
pathological specimens of AMD, retinal microglia have also been found in contact 
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with drusenoid deposits (unpublished data) and in association with advanced AMD 
lesions (Gupta et al.  2003  ) . Also, in genetic mouse models of AMD, in which 
chemokine ligands/receptors, CX3CR1 and/or CCL2 have been genetically ablated, 
activated microglia have also been found to accumulate in the subretinal space and 
become associated with drusen-like accumulations, RPE degeneration, photorecep-
tor atrophy, and CNV (Combadiere et al.  2007 ; Tuo et al.  2007  ) . The age-related 
accumulation of microglia in the outer retina and the association between AMD-
associated lesions and displaced microglia in both mouse models and human dis-
ease give rise to the hypothesis that altered microglial distribution in the outer retina 
perturbs tissue homeostasis and promotes chronic neuroinfl ammation, leading even-
tually to alterations that constitute AMD advancement.  

    6.3   Microglia–RPE Interactions in the Outer Retina 

 We hypothesize that the presence of displaced and activated microglia in the outer 
retina results in altered cellular interactions that help drive AMD pathogenesis and 
progression. In addressing this hypothesis, we have investigated in particular the 
nature of microglia–RPE cell interactions in this context. RPE cells and microglia 
are normally found in anatomically disparate locations but become uniquely juxta-
posed in senescent and pathological situations. Although epithelial in nature, RPE 
cells play signifi cant immune regulatory roles (Holtkamp et al.  2001  )  and altera-
tions in RPE structure constitute hallmark lesions in both early and advanced AMD. 
Thus, contact between microglia and RPE cells in pathological situations may result 
in cell–cell interactions relevant to the infl ammatory etiology of AMD. 

 We explored the nature of microglia-induced effects on RPE cells by using: (1) 
an in vitro co-culture model in which cultured murine retinal microglia, before and 
after activation with lipopolysaccharide (LPS), were co-cultured with primary 
murine RPE cells, and (2) an in vivo model of microglia transplantation in which 
cultured activated murine retinal microglia were transplanted into the subretinal 
space, adjacent to the RPE layer. We found that activated retinal microglia induced 
multiple structural and functional alterations in primary RPE cells. RPE cells upon 
exposure to activated microglia decreased their expression levels of the visual cycle 
protein, RPE65, and also tight-junctional proteins (ZO-1 and claudin-1) (Ma et al. 
 2009  ) . In both in vitro and in vivo models, RPE cells, under the infl uence of acti-
vated microglia, also exhibited a loss of tight-junction contacts, becoming more 
disorganized and haphazard in distribution. These RPE changes may be analogous 
to alterations seen in early/intermediate AMD, where RPE hypertrophy and disor-
ganization in the form of pigment clumping are described, and constitute a separate 
risk factor for AMD advancement (Ferris et al.  2005  ) . 

 We observed that on exposure to activated microglia, RPE cells in vitro altered 
their gene expression in signifi cant ways (Ma et al.  2009  ) . RPE cell expression levels 
of chemotactic cytokines (CCL2, CCL5, SDF-1), which are capable of attracting 
immune cells, and adhesion molecules (VCAM-1 and ICAM-1), which are capable 
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of retaining immune cells, were both increased. Functionally, supernatants from 
exposed RPE cultures were capable of inducing increased microglia migration in 
in vitro assays compared to controls. In vivo, activated microglia transplanted into 
the subretinal space were also associated with the displacement of endogenous 
microglia from the inner retina to the outer retina. These data suggested the possi-
bility of a positive feedback mechanism in which subretinal microglia induces 
changes in RPE cell gene expression which in turn produces a more chemoattractive 
environment in the outer retina for the attraction and retention of additional micro-
glia that can further infl uence RPE cells. This progressive accumulation of subreti-
nal microglia may incrementally abrogate the immune privileged environment of 
the outer retina, promoting processes of chronic neuroinfl ammation relevant for 
AMD pathogenesis. 

 Lastly, RPE cells under the infl uence of activated microglia also expressed higher 
levels of proinfl ammatory cytokines (IL-1 b , TNF- a , IL-6) and pro-angiogenic mol-
ecules such as VEGF and metalloproteinases (MMP-1, -2, -9). Supernatants from 
exposed RPE cultures were found to promote higher levels of angiogenesis in sev-
eral in vitro assays (endothelial proliferation assay, endothelial migration assay, and 
aortic ring assay) compared to controls. Signifi cantly, transplantation of activated 
microglia into the subretinal space also markedly promoted the growth of choroidal 
vessels into the area of subretinal microglial transplantation in the form of CNV. 
These results indicated that RPE cells, under the inductive infl uence of subretinal 
microglia, may be altered signifi cantly in both function and structure so as to pro-
mote a more pro-infl ammatory, pro-angiogenic environment in the outer retina that 
encourages that formation of CNV, a hallmark lesion of advanced “wet” AMD.  

    6.4   Therapeutic Perspectives 

 Advancements in the treatment of AMD have occurred in recent years but many 
therapeutic challenges remain. Comprehensive prevention measures for early and 
advanced AMD are lacking, and there is still no proven treatment for advanced 
atrophic AMD. Current anti-VEGF therapies for advanced “wet” AMD have mark-
edly improved visual outcomes but are not without their limitations (   Mousa and 
Mousa  2010a,   b  ) . While multiple molecules and mechanisms have been implicated 
in AMD pathogenesis (Zarbin and Rosenfeld  2010  ) , the cellular mechanisms at 
play in the locus of AMD disease are still incompletely understood. We posit that 
microglia-induced infl uences in the retinochoroidal interface may be of pathogenic 
signifi cance and the inhibition of these infl uences represents a potential therapeutic 
strategy. A more comprehensive understanding of the factors that infl uence (1) the 
initial displacement of microglia into the outer retina, (2) the activation of microglia 
in the outer retina, (3) the increasing recruitment of microglia with age and disease, 
and (4) the cellular interactions that microglia have with photoreceptors and RPE 
cells, will be helpful in elucidation of the retinal cell biology underlying AMD and 
in the design of future treatments.      
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     7.1   Introduction 

 Age-related macular degeneration (AMD) is a multifactorial disease and the leading 
cause of blindness in industrialized countries. In addition to aging, genetic back-
ground and cigarette smoking, dietary factors also contribute to the onset and pro-
gression of AMD (Bernstein  2009  ) . A growing number of studies indicate that 
dietary lutein and zeaxanthin play signifi cant protective roles against visual loss 
from AMD. The epidemiological evidence for the protective effect of lutein and 
zeaxanthin was fi rst obtained from a large case-control study, which showed that 
individuals with high dietary intakes and high serum levels of lutein and zeaxanthin 
have a much lower rate of exudative AMD (Seddon et al.  1994  ) . Results from many, 
but not all, subsequent epidemiologic and case-control studies support the conclu-
sion that the risk for onset and progression of AMD is inversely related to lutein and 
zeaxanthin concentrations in the diet, plasma, and macular pigment. In typical 
American diets, the content of lutein is ~5 times that of zeaxanthin. The ratio of 
lutein to zeaxanthin in human blood is similar to that found in typical American 
diets, indicating that lutein and zeaxanthin are equally absorbed by humans. 
However, it appears that zeaxanthin preferentially accumulates in the retina, par-
ticularly in the macular region (Snodderly  1995  ) . 

 Oxidative stress, particularly lipofuscin-mediated photooxidative damage, con-
tributes to the onset and progress of AMD (Sparrow and Boulton  2005  ) . It is thought 
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that lutein and zeaxanthin in the retina may protect against AMD by two different 
mechanisms, as a blue light blocker and antioxidant. Both lutein and zeaxanthin 
absorb blue light, the most phototoxic light to which the retina is routinely exposed. 
Studies in quail provide direct evidence that long-term zeaxanthin supplementation 
results in an increase in retinal zeaxanthin concentrations and provides a protective 
effect against light-induced photoreceptor death (Thomson et al.  2002a,   b  ) . Lutein and 
zeaxanthin are also effi cient quenchers of singlet oxygen and related reactive oxygen 
species (Yeum et al.  2003 ; Li et al.  2010  ) . The high concentration of lutein and zeax-
anthin in the retina may protect retina and RPE against photooxidative damage by 
blocking blue light and/or by quenching singlet oxygen produced by photoreactions. 

 Recent studies indicate that innate immunity and infl ammation play a role in 
AMD pathogenesis (Anderson et al.  2010 ; Patel and Chan  2008  ) . The evidence for 
the involvement of innate immunity and infl ammation in AMD pathogenesis includes 
accumulation of immunoglobulin and complement components in drusen, the asso-
ciation between genetic variants of complement factor H, factor B, C2, C3, factor 
I and risk for AMD, and elevated serum CRP levels in AMD patients. Emerging 
evidence indicates dietary lutein plays a role in controlling infl ammatory responses, 
including a reduction of serum levels of CRP and SICAM (van Herpen-Broekmans 
et al.  2004 ; Koutsos et al.  2006 ; Seddon et al.  2006 ; Hozawa et al.  2007  ) . Based on 
this information, we propose that lutein and zeaxanthin may reduce the risk for AMD 
via suppression of ocular or systemic infl ammation. To begin to test this hypothesis, 
we investigated the effects of lutein and zeaxanthin supplementation on expression 
of pro-infl ammatory cytokines in cultured RPE and macrophages.  

    7.2   Materials and Methods 

    7.2.1   Materials 

 Lutein for dietary supplementation (5% lutein beadlet) was obtained from Kemin (Des 
Moines, IA, USA). Zeaxanthin for dietary supplementation (5% zeaxanthin beadlet) 
was obtained from ZeaVision (Chesterfi eld, MO, USA). Pure lutein and zeaxanthin for 
cell culture experiments were obtained from kemin or purchased from Sigma Aldrich 
(St. Louis, MO, USA), respectively. Cell culture supplies were obtained from Invitrogen 
(Carlsbad, CA, USA). The DuoSet ELISA kits for human IL-6, human IL-8, mouse 
IL-6, and mouse TNF a  were obtained from R&D Systems (Minneapolis, MN, USA).  

    7.2.2   Experiments with Animals 

 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 Committee. C57BL mice at 
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3 months of age, the mice were divided into fi ve groups, six mice in each group. 
Group 1 was fed a semi-purifi ed diet (AIN-93M) which contains no detectable 
amount of lutein or zeaxanthin but with the same amounts of beadlets. Groups 2 and 
3 were fed the AIN-93M diet containing 0.02 and 0.1% lutein, respectively. Groups 
4 and 5 were fed the AIN-93M diet containing 0.02 and 0.1% zeaxanthin, respec-
tively. After 3 months on these diets, the mice were killed and macrophages were 
isolated by peritoneal lavage as described previously (Wu et al.  2003  ) .  

    7.2.3   Cell Culture and Treatments 

 Confl uent ARPE-19 cells were fi rst incubated with 0, 1, and 10  m M lutein or zeax-
anthin for 3 days. Then the cells were stimulated with 0.5  m g/mL LPS for 8 h in 
fresh DMEM supplemented with 10% FBS. The media were collected to measure 
levels of IL-6 and IL-8. Primary mouse macrophages were cultured in the presence 
or absence of the indicated concentrations of lutein or zeaxanthin in RPMI 1640 
medium overnight and then stimulated with 5  m g/mL LPS in fresh medium for 8 h, 
and the medium was collected to measure levels of IL-6 and TNF a . Levels of IL-6, 
IL-8, and TNF a  in the medium were determined by ELISA using the DuoSet ELISA 
kits obtained from R&D Systems. All ELISA were performed according to the 
manufacturer’s instructions.   

    7.3   Results 

    7.3.1   Supplementation with Lutein or Zeaxanthin to RPE 
Reduces Basal Level and LPS-Induced Secretion 
of IL-6 and IL-8 

 Recent studies indicate that ocular or systemic infl ammation may play a role in the 
pathogenesis of AMD. To explore the potential mechanism by which dietary lutein 
and zeaxanthin may protect the retina and RPE via modulating ocular infl ammation, 
we evaluated the effects of lutein or zeaxanthin supplementation on secretion of 
pro-infl ammatory cytokines in cultured RPE. As shown in Fig.  7.1 , cultured RPE 
secrete signifi cant levels of IL-6 and IL-8 even under resting conditions. Stimulation 
with LPS increased the production of IL-6 and IL-8 tenfold. Supplementation with 
lutein to cultured RPE cells reduced the basal and LPS-induced production of IL-6 
and IL-8 in a dose-dependent manner (Fig.  7.1 ). In contrast, supplementation with 
zeaxanthin to cultured RPE did not suppress the production of IL-6 (Fig.  7.2a ). In 
fact, supplementation with lower levels of zeaxanthin (1  m M) to RPE enhanced the 
production of IL-6 under experimental condition. However, supplementation with 
zeaxanthin to cultured RPE reduced the secretion of IL-8 (Fig.  7.2b ). These data 
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indicate that both lutein and zeaxanthin suppress the production of IL-8 by cultured 
RPE, but only lutein suppressed the expression of IL-6, indicating that the produc-
tion of IL-6 and IL-8 by RPE is differentially regulated.    

    7.3.2   Lutein Supplementation to Primary Macrophage Cultures 
Suppresses LPS-Induced Secretion of IL-6 and TNF a  

 To explore role of lutein and zeaxanthin in modulating systemic infl ammation, we 
investigated the effects of lutein and zeaxanthin supplementation on the production 
of IL-6 and TNF a  by primary murine macrophages. Primary macrophages pro-
duced very low levels of IL-6 and TNF a  in the absence of stimuli. Supplementation 
with lutein and zeaxanthin had no detectable effects on IL-6 and TNF a  secretion by 
resting macrophages (data not shown). After stimulation with LPS for 8 h, a large 
quantity of IL-6 and TNF a  were produced. Similar to that observed in cultured 
RPE, supplementation of macrophages with lutein reduced LPS-induced production 

  Fig. 7.1       Supplementation of lutein to cultured RPE reduces the production of IL-6 and IL-8. 
panel  a : IL-6; panel  b : IL-8; Data presented are means ± SD of 3 independent experiments.* p  < 0.05; 
** p  < 0.01 as compared to controls       

  Fig. 7.2    Supplementation of zeaxanthin to cultured RPE reduces the production of IL-8 but not 
IL-6. panel  a : IL-6;  panel  b : IL-8; Data presented are means ± SD of 3 independent experiments. 
* p  < 0.05; ** p  < 0.01 as compared to controls       
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of IL-6, but the reduction was not statistically signifi cant (Fig.  7.3a ). Supplementation 
with lutein suppressed the LPS-induced production of TNF a  in a dose-dependent 
manner (Fig.  7.3b ). However, supplementation of macrophages with zeaxanthin had 
no detectable effects on LPS-induced secretion of IL-6 and TNF a  (Fig.  7.4 ).    

    7.3.3   Macrophages Isolated from Lutein or Zeaxanthin 
Supplemented Mice Produce Less IL-6 and TNF a  
upon LPS Stimulation 

 To test the effects of dietary lutein and zeaxanthin supplementation on systemic 
infl ammation in vivo, C57BL mice were fed diets containing 0, 0.02, and 0.1% of 
lutein or zeaxanthin for 3 months. Macrophages were isolated by peritoneal lavage 
and cultured in the presence of 5  m g/mL LPS for 16 h. Levels of IL-6 and TNF a  in 

  Fig. 7.3    Supplementation of lutein to primary murine macrophages reduces LPS-induced produc-
tion of IL-6 and TNF a . panel  a : IL-6;  panel  b : TNF a . Data presented are means ± SD of six inde-
pendent experiments. * p  < 0.05 as compared to controls       

  Fig. 7.4    Supplementation of zeaxanthin to primary murine macrophages has no effects on LPS-
induced production of IL-6 and TNF a  . Panel  a : IL-6;  panel  b : TNF a . Data presented are means ± SD 
of six independent experiments       
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the medium were determined. As shown in Fig.  7.5 , macrophages isolated from 
control mice secreted the highest amount of IL-6 and TNF a . Macrophages isolated 
from lutein supplemented mice secreted signifi cantly less IL-6 (Fig.  7.5a ) and TNF a  
(Fig.  7.5b ) as compared to the controls. Similar to the results of the in vitro supple-
mentation experiments, the effects of lutein on IL-6 and TNF a  secretion were dose 
dependent (Fig.  7.5 ). Although dietary zeaxanthin had no detectable effect on IL-6 
secretion by macrophages (Fig.  7.5a ), the levels of TNF a  secreted by macrophages 
were reduced by dietary zeaxanthin supplementation (Fig.  7.5b ).    

    7.4   Discussion 

 As in many other age-related diseases, the pathogenesis of AMD is closely related to 
systemic or local infl ammation. Our previous study showed that RPE Secrets various 
pro-infl ammatory cytokines in response to infl ammatory stimuli or oxidative stress 
(Fernandes et al.  2006 ;  2008,   2009  ) , suggesting that RPE is a source of infl amma-
tion mediators. It is known that macrophage is a major source of pro-infl ammatory 
cytokines. Data from this study suggest that lutein or zeaxanthin supplementation 
suppress ocular or systemic infl ammation via reducing the production of pro-
infl ammatory cytokines by RPE and macrophages. We found that supplementation 
of lutein to cultured RPE suppressed the secretion of both IL-6 and IL-8 (Fig.  7.1 ). 
However, supplementation of zeaxanthin to cultured RPE only suppressed the secre-
tion of IL-8, but not IL-6 (Fig.  7.2 ). Supplementation of the lutein to primary cul-
tured macrophages also reduced the secretion of IL-6 and TNF a  (Fig.  7.3 ), but 
supplementation of the same levels of zeaxanthin to macrophages had no detectable 
effects on IL-6 and TNF a  secretion. Dietary supplementation of the lutein also 
reduced the production of IL-6 and TNF a  by macrophages upon LPS-stimulation 
(Fig.  7.5 ). However, dietary zeaxanthin supplementation only suppressed the pro-
duction of TNF a , not IL-6, by macrophages. Together, these data suggest that both 

  Fig. 7.5    Dietary lutein and zeaxanthin supplementation reduces LPS-induced expression of IL-6 
and TNF a  by macrophages. Panel  a : IL-6;  panel  b : TNF a   The data are mean ± SD of the results 
from fi ve mice in each group. * p  < 0.05; ** p  < 0.01 as compared the control       
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lutein and zeaxanthin suppress secretion of pro-infl ammatory cytokines by RPE or 
macrophages in response to infl ammatory stimuli although their effects on different 
cytokine are not the same.      
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     8.1   Introduction 

 Age-related macular degeneration (AMD) is the leading cause of central vision loss 
in the elderly population in industrialized nations (Ambati et al.  2003  ) . The fun-
damental abnormalities occurring in the retinal pigment epithelial (RPE) cells 
leading to their progressive dysfunction and eventually atrophy in AMD is not 
known. Approximately 90% of patients with AMD have the early or dry subtype for 
which, currently, there are no treatment options available (Friedman et al.  2004 ; 
Klein et al.  2007 ; Ciulla and Rosenfeld  2009  ) . Successful future treatments are 
dependent, in part, on understanding the molecular and biological mechanisms that 
contribute to RPE dysfunction. 

 AMD is a complex disease and much of what we know regarding its pathogen-
esis stems from morphological analysis of human tissue, genetic and epidemio-
logic studies highlighting risk factors associated with the disease. Morphologically, 
in early AMD lipid- and protein-rich extracellular deposits accumulate under the 
RPE, while geographic atrophy is characterized by large areas of RPE atrophy, and 
wet or exudative AMD is typifi ed by endothelial invasion and pathological neovas-
cularization under the retina (Bird et al.  1995  ) . Genetic linkage and genome-wide 
association studies have identifi ed polymorphisms in complement, mitochondrial 
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and apolipoprotein E genes associated with AMD, just to name a few (Schmidt 
et al.  2002 ; Edwards et al.  2005 ; Fiotti et al.  2005 ; Hageman et al.  2005 ; Haines 
et al.  2005 ; Klein et al.  2005 ; Dewan et al.  2006 ; Yang et al.  2006 ; Ross et al.  2007 ; 
Canter et al.  2008  ) . Most strikingly, among environmental risk factors, smoking is 
the single greatest environmental risk factor most consistently associated with 
incidence and prevalence of AMD (Coleman et al.  2008 ; Jager et al.  2008 ; Klein 
et al.  2008  ) .  

    8.2   Oxidant Injury of RPE Cells Due to Cigarette Smoke 

 Cigarette smoke contains numerous cytotoxic substances including 2,3,7,8- 
tetrachlorodibenzo-p-dioxin (TCDD) and hydroquinone (Pryor  1997  ) . Quinones, 
of which hydroquinone is the most abundant, are derivatives of (poly)aromatic phe-
nols another major source of oxidants in cigarette smoke (Niki et al.  1993 ; Winston 
et al.  1993 ; Bolton et al.  2000  ) . They are detectable in blood of smokers and are 
prominent chemical contaminants in automobile exhaust, industrial pollution, and 
the production of plastics. They have been identifi ed as factors associated with and 
responsible for oxidative injury to the liver, blood vessels, and other target organs, 
and as such are reasonable surrogates for the actions of cigarette oxidants. In fact 
experimental studies investigating the effect of hydroquinone treatment of RPE 
cells have shown induction of cell blebbing (microvesicles containing actin, oxida-
tive phosphorylation, and extracellular matrix regulating proteins (Alcazar et al. 
 2009  ) ) and dysregulation of extracellular matrix production in vitro and sub-RPE 
deposit formation in vivo (Espinosa-Heidmann et al.  2006 ; Marin-Castano et al. 
 2006  ) . Further evidence for the potential pathogenic role of cigarette smoking and 
oxidative stress in onset, progression, and severity of AMD stems from substantiat-
ing evidence in several epidemiological cohorts and animal model studies (Schmidt 
et al.  2005 ; Seddon et al.  2006 ; Jia et al.  2007  ) . Though the pathogenic mechanisms 
through which oxidants compromise RPE function, contribute to deposit forma-
tion, and eventually result in RPE atrophy, are not fully elucidated, the effects of 
oxidant injury at the cellular level have been under investigation and points to a 
key role for mitochondrial dysfunction and reactive oxygen species (ROS) genera-
tion in RPE cells.  

    8.3   RPE Cellular Response to Oxidant Injury 

 The “response to injury hypothesis,” one pathogenic paradigm put forth for AMD 
biology, proposes that RPE cells are targets for specifi c injury stimuli, resulting in 
cellular responses including RPE mitochondrial damage and structural alterations 
implicated in deposit accumulation such as extracellular matrix dysregulation 
(Jarrett et al.  2008  ) . That injury of mitochondria may create a vicious cycle promoting 
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disease is not surprising as they are the major source of endogenous ROS, converted 
from an estimated 1–2% of oxygen consumed (Chomyn and Attardi  2003 ; Cadenas 
and Davies  2000  ) , causing oxidative damage to proteins, nucleic acids, and lipids 
in cells (Jarrett et al.  2008  ) . The resulting superoxide and hydrogen peroxide can 
damage mitochondrial protein resulting in nuclear and mitochondrial genotoxicity 
and ultimately apoptosis (Lenaz  1998 ; Polster and Fiskum  2004  ) . TCDD has been 
shown to damage mouse liver mitochondria and cause oxidative stress (Senft et al. 
 2002  ) . The dioxin-mediated oxidative stress response includes increased ROS and 
hydrogen peroxide production, decreased mitochondrial membrane potential and 
activities of the antioxidant enzymes superoxide dismutase, catalase, glutathione 
peroxidase, and reductase, as well as a decrease in mitochondrial respiratory chain 
complexes II and IV activities (Aly and Domenech  2009  ) , further supporting mito-
chondria as source of the oxidative stress response. 

 Evidence for mitochondrial dysfunction in AMD comes from genetic studies 
identifying a strong association between ARMS2 (AMD susceptibility 2), expressed 
in mitochondria, and AMD (Fritsche et al.  2008  ) . Also, morphological studies show 
decreased mitochondrial density, loss of cristae, and changes in matrix density of 
RPE mitochondria in AMD samples (Feher et al.  2006  ) . These mitochondrial altera-
tions correlate with changes in redox proteins, proteins involved in mitochondrial 
traffi cking and respiration, increased DNA damage, and decreased repair (Liang 
and Godley  2003 ; Godley et al.  2005  ) . Finally, in vivo mitochondrial superoxide 
dismutase-2 knockdown results in focal sub-RPE deposits (Kasahara et al.  2005 ; 
Imamura et al.  2006  )  while overexpression protects against oxygen-induced apop-
tosis in RPE and retinal cells. 

 In our search for oxidant-activating signaling pathways that may drive dysregu-
lation of mitochondrial function and cell metabolic pathways resulting in RPE 
injury, we identifi ed the aryl hydrocarbon receptor (AhR) also referred to as the 
dioxin (TCDD) receptor.  

    8.4   Aryl Hydrocarbon Receptor 

 Nuclear receptors and transcription factors are important mediators of many sys-
temic and age-related diseases (Landreth et al.  2008 ; Wang and Wan  2008 ; 
Robinson and Grieve  2009  ) . The AhR is a ligand-activated member of the basic 
helix-loop-helix family of transcription factors that binds with high affi nity to 
environmental toxins such as polycyclic aromatic hydrocarbons (PAH) including 
TCDD (Hankinson  1995  ) . Most of the diverse biochemical, biological, and toxico-
logical responses caused by exposure to PAHs are mediated, in part by AhRs. 
Upon binding and activation, AhR translocates from the cytoplasm to the nucleus, 
heterodimerizes with AhR nuclear translocator (ARNT), and activates the tran-
scription of carcinogen- and estrogen-metabolism target genes such as members of 
the cytochrome P450s 1 family (CYP1), through xenobiotic response elements 
(Hankinson  1995  ) . The CYP1 family including CYP1A and CYP1B is highly 
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active epoxygenases for oxidants as well as membrane lipids such as arachidonic 
acid and oxLDL, indicating that they may exert their biologic effects via the 
metabolism of both endogenous and foreign chemicals (Diani-Moore et al.  2006 ; 
Rifkind  2006  ) . AhR activation has been shown to increase oxidative stress, mito-
chondrial respiration-dependent ROS (Senft et al.  2002  ) . Furthermore, its activity 
is coupled with infl ammation and apoptosis, matrix metabolism, and CD36 fatty 
acid metabolism, mechanisms also active in AMD biology. Overall, AhR functions 
can be classifi ed into: (1) an  adaptive response  which results in the detoxifi cation 
of toxicants by increased expression of toxin metabolizing enzymes which cata-
lyze biotransformation and elimination of toxins within cells and (2) a  toxic 
response  through the induction of genes involved in metabolic activation of toxi-
cants, resulting in formation of toxic metabolites and aberrant global changes in 
gene transcription within the cell. 

    8.4.1   AhR Regulates Cellular Oxidative Stress Response 

 AhR activation shifts the cellular redox state of cells toward oxidizing conditions, 
mediated in part by the induction of cytochrome P450 that exhibit loose coupling 
between oxygen and NADPH utilization and substrate oxidation (Dalton et al.  2002 ; 
Aly and Domenech  2009  ) . Mitochondrial ROS production has been shown to be 
dependent on the AhR. AhR ligands such as TCDD can induce hepatic and extrahe-
patic oxidative stress and increase mitochondrial respiration-dependent ROS pro-
duction. In AhR, CYP1A1 and CYP1B1 knockout mice following intraperitoneal 
treatment with dioxin, the level of H 

2
 O 

2
  production was decreased by 75% com-

pared to wild-type mice, independent of decreased levels of Mn 2 + superoxide dis-
mutase-2 or high levels of glutathione peroxidase, supporting that the supposition 
that induced mitochondrial reactive oxygen production is associated with a function 
of the AhR. Additionally, overexpression of superoxide dismutase and/or catalase in 
in vitro cultures exposed to BAP results in an increase in AhR protein, increase in 
AhR binding to the cytochrome p450 promoter, and decrease in BAP reactive inter-
mediates (Wang et al.  2009  ) .  

    8.4.2   AhR Regulates Proteosomal Degradation 

 The transcriptional regulatory system and the ubiquitin-proteasome system are 
two major target-selective systems that control intracellular protein levels. This 
target selectivity depends on the recognition of specifi c DNA elements by 
sequence- specifi c transcription factors and the recognition of degradation sub-
strates by E3 ubiquitin ligases (Hershko and Ciechanover  1998  ) . Recent reports 
have demonstrated that the AhR protein is rapidly downregulated (degraded) 
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 following ligand binding. This downregulation is ubiquitin mediated and occurs 
via the 26S proteasome pathway following nuclear export of AhR (Pollenz  2002  ) , 
further demonstrating that the proteolytic degradation of AhR is an important and 
established mechanism of regulating signal transduction pathways (Ohtake et al. 
 2007  ) . A consequence of blocking AhR degradation in cell culture appears to be 
an increase in both the magnitude and duration of gene regulation by the AhR–
ARNT complex. Therefore, it is plausible that part of the upregulation of AhR and 
its activity during the  toxic response  occurs due to impaired proteasomal degrada-
tion of the receptor. Furthermore, alterations in AhR’s ability to target proteins for 
proteosomal degradation through its ubiquitin ligase activity may be another 
mechanism by which AhR activation regulates lipid and protein deposit accumula-
tion characteristic of dry AMD.   

    8.5   Potential Role for AhR in AMD Pathogenesis? 

 We have begun to investigate the AhR signaling pathway in ARPE19 cells. Recently, 
we showed that the AhR and its partner ARNT are expressed at high levels in three 
commonly used models for RPE including RPE isolated from adult human donor 
eyes (older than 65 years), primary RPE cells cultured from donor eyes, and ARPE19 
cells (Fig.  8.1 ). Using a luciferase-based reporter assay (AhR.TR.luc and pCMV-
pCMV-    b -galactosidase normalization plasmids) (Karchner et al.  2009  ) , we mea-
sured transcriptional activity of AhR following a 24-h treatment with toxicants 
found in cigarette smoke including TCDD, hydroquinone, nicotine, BAP, as well as 
 b -naphthofl avone ( b NF) a known pharmacological ligand for AhR. We found that 
cigarette toxicants increased activity of AhR signifi cantly (Fig.  8.2a ).  b NF is an 
AhR antagonist and decreased AhR activity. We also saw signifi cant upregulation of 

  Fig. 8.1    ARPE19 cells express both AhR and its binding partner ARNT ( a , protein,  b , mRNA)       
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AhR target genes, toxin-metabolizing enzymes including CYP1A1, CYP1B1 
(Fig.  8.2b, c ), CYP2S1, and IL8 (not shown) supporting cigarette toxins as a rele-
vant AhR ligands in RPE cells. Finally, silencing of AhR confi rmed that treatment 
with toxins decreased target gene expression (not shown). Concentrations of 
 oxidants used in our studies were sublethal and determined based on initial dose–
response experiments. Selected doses did not change morphology or membrane 
permeability of RPE cells as determined by evaluating the tight junction marker, 
zonula occuldens-1 immunocytochemistry and using lactate dehydrogenase assay 
(not shown). Although AhR is most well known for initiating the detoxifying 
response to dioxin and other environmental pollutants, this receptor regulates many 
other processes relevant to the biology of AMD. Our future studies will tease out the 
role of AhR in processes including matrix metabolism, energy metabolism, and 
fatty acid metabolism.        
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     9.1   Introduction 

 The macula lutea is the most specialized and central part of the primate eye respon-
sible for high acuity vision (Provis et al.  2005  ) . It is characterized by high density of 
cone photoreceptors, reaching a peak concentration in the very center of the visual 
axis (foveola). The distinctive yellow coloration observed within this region is due to 
the presence of carotenoid pigments, which are thought to specifi cally provide protec-
tion to macular photoreceptors against high energy radiation (blue and UV light) and 
reactive oxygen species. In spite of high metabolic activity, retinal blood supply is 
restricted in the macular region, which implies that neurons populating this area rely 
on oxygen and nutrients delivered from remote choriocapillaris. Thus, the permea-
bility of the blood-retinal barrier (including the capillaries) is a key factor ensuring 
proper metabolic support of the macula. The blockade of these conduits leads to star-
vation of photoreceptors and compromised clearance of waste products. Conversely, 
abnormal high fl ow rates can result in leaky capillaries that manifest as macular 
edema. Hence, the unique anatomical construction of the macula (i.e., the absence of 
capillaries on the visual axis) represents a tradeoff between outstanding performance 
and extreme vulnerability. Continuous perturbations in membrane permeability, 
protein and lipid turnover, and metabolic balance can lead to abnormal accumula-
tion of extracellular debris, atrophy of retinal pigment epithelium (RPE) and photo-
receptor cells, and gradual loss of central vision which hallmark maculopathies.  
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    9.2   Shared Protein Networks in Common 
and Rare Maculopathies 

 Recent results indicate the existence of a common underlying etiology connecting 
sporadic and familial (Mendelian) maculopathies (Kortvely et al.  2010  ) . The result-
ing hypothesis of overlapping associated pathways and mechanisms was recently 
substantiated with the discovery that  TIMP-3  gene variants associate with AMD 
(Chen et al.  2010  ) . Mutations in     TIMP-3  genes had previously been identifi ed as 
causal for a rare autosomal dominant maculopathy called Sorsby’s fundus dystro-
phy (Weber et al.  1994  ) , demonstrating a clear connection between rare and fre-
quent maculopathies. Understanding the context specifi c function of genes and 
pathways involved in rare macular disorders may thus provide clues to the molecu-
lar pathology of the far more common AMD. The aim here is to hypothesize and 
discuss putative common molecular mechanisms of diverse maculopathies, in order 
to improve and refi ne the current terminology and classifi cation (Table  9.1 ).  

 Genetic analyses of maculopathies implicate more than 20 genes in the underlying 
pathomechanisms (Fig.  9.1 ). Strikingly, almost all of these proteins enter the secretory 
pathway, either as genuine-secreted proteins or as transmembrane proteins. Based on 
their functions, these proteins can be roughly divided into three major categories: 
(1) proteins involved in lipid metabolism, (2) extracellular matrix (ECM) proteins, 
and (3) components of the complement system. Accordingly, these fi ndings suggest 
that three major pathways featuring extracellular elements contribute to the etiology 
of maculopathies.   

   Table 9.1    Different maculopathies may have overlapping pathogenesis. Some characteristic 
features are listed here   

 Macular deposition  CNV  Onset  Inheritance 

 AMD  Large soft drusen (dry, wet)  present (wet)  >60  GP 
 PCV  Drusen may occur  peculiar  >50 (more women)  GP 
 SD  Drusen similar to AMD  scarring  >6 (may differ)  AR, AD 
 HJMD  Dystrophic drusen  absent  >20  AR 
 VMD  “Egg yolk” and “scrambled 

egg” drusen 
 may occur  varies  AD 

 SFD  Drusen, lipofuscin  may occur  >40  AD 
 DHRD  Drusen (honeycomb pattern)  may occur  >40  AD 
 L-ORMD  Drusen-like dots  may occur  >40  AD 

  AMD is often categorized into dry and wet forms based on the presence of choroidal neovascular-
ization (CNV). The dry form is more prevalent among Caucasians, and it can be transformed to the 
more severe wet form. Interestingly, affected individuals in Asian populations often develop the 
wet form directly, without having the dry form fi rst (Dewan et al.  2006  ) . This manifestation is simi-
lar to that of “drusenless” PCV, and PCV and AMD were indeed found to share risk alleles 
(Imamura et al.  2010  )  
  AMD  age-related macular degeneration;  PCV  polypoidal choroidal vasculopathy;  SD  Stargardt 
disease;  HJMD  hypotrichosis with juvenile macular dystrophy;  VMD  vitelliform macular dystro-
phy (including Best disease);  SFD  Sorsby’s fundus dystrophy;  DHRD  Doyne honeycomb retinal 
dystrophy;  L-ORMD  late-onset retinal macular degeneration;  GP  genetic predisposition;  AR  auto-
somal recessive;  AD  autosomal dominant  
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ECM
Lipid

metabolism

Complement

  Fig. 9.1    Proteins implicated in maculopathies are in rounded corner boxes. Protein–protein inter-
actions were analyzed using the POINeT tool (  http://poinet.bioinformatics.tw    ).  Dashed lines  
delineate three major functional categories.  ABCA1  and  4  ATP-binding cassette, subfamily A, 
member 1 and 4;  ALB  albumin;  APOA1  apolipoprotein A-I;  APOE  apolipoprotein E;  ARMS2  age-
related maculopathy susceptibility 2;  BEST1  bestrophin 1;  C1QTNF5  C1q and tumor necrosis 
factor-related protein 5;  C2, C3, C4B, C5  complement components 2, 3, 4B, 5, respectively;  CDH3  
cadherin 3, type 1, P-cadherin (placental);  CETP  cholesteryl ester transfer protein, plasma;  CFB, 
CFH, CFI  complement factor B, H, and I;  CFP  complement factor properdin;  CNGB1  cyclic 
nucleotide gated channel beta 1;  EFEMP1  (FBLN3) EGF-containing fi bulin-like extracellular 
matrix protein 1;  ELOVL4  elongation of very long chain fatty acids (FEN1/Elo2, SUR4/Elo3, 
yeast)-like 4;  EMILIN1, 2  elastin microfi bril interfacer 1 and 2;  FADS1  fatty acid desaturase 1; 
 FBLN5  fi bulin 5;  LIPC  lipase, hepatic;  HMCN1 (FBLN6)  hemicentin 1;  HTRA1  HtrA serine pep-
tidase 1;  ITGAM  integrin, alpha M (complement component 3 receptor 3 subunit);  LPL  lipoprotein 
lipase;  LRP1  and  2  low-density lipoprotein receptor-related protein 1 and 2;  PLTP  phospholipid 
transfer protein;  PROM1  prominin 1;  PRPH2  peripherin 2 (retinal degeneration, slow);  TIMP3  
TIMP metallopeptidase inhibitor 3;  VLDLR  very low-density lipoprotein receptor       

 

http://poinet.bioinformatics.tw
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    9.3   Pathomechanisms of Maculopathies, 
Modifi able Risk Factors 

 Although penetrance can be complete in certain Mendelian maculopathies (e.g., in 
L-ORMD, (Shu et al.  2006  ) ), symptom development typically varies signifi cantly 
among individuals carrying the same mutation or risk variant. Furthermore, the two 
eyes of the same person may be affected differentially, as is often seen in Best dis-
ease (Nordstrom and Thorburn  1980  ) . This variability can be explained, at least in 
part, by different exposure to environmental risk factors. High body mass index (or 
serum cholesterol level) is a well-established modifi able risk factor for AMD 
(Reynolds et al.  2010  ) . This observation can be easily fi t into the “lipid branch” of 
the risk factors, as can the fact that drusen are very rich in lipids – further emphasizing 
the importance of lipid metabolism in the pathomechanism of various maculopa-
thies (Curcio et al.  2010  ) . 

 The best-studied environmental risk factor of AMD, however, is smoking, which 
is regarded as a general accelerator of aging (Bernhard et al.  2007  ) . As elastic fi bers 
seem to be the major target of smoke components (Just et al.  2007  ) , smoking could 
be hypothesized as feeding into the “ECM branch.” In addition, smoking may exert 
its deleterious effects through an elevated level of oxidative stress. While oxidative 
stress is considered of primary importance in driving the aging process, recent 
results showed that antioxidant treatment does not result in extended lifespan (Perez 
et al.  2009  ) . Specifi c vulnerability of the macula to reactive oxygen species would 
suggest that dysfunction of the corresponding radical scavenger system would prin-
cipally damage this area. Instead, mutations in superoxide dismutase, an enzyme 
responsible for the elimination of reactive oxygen species, cause familial amyo-
trophic lateral sclerosis without affecting the macula. Furthermore, loss of function 
mutation of catalase (acatalasia), an enzyme catalyzing the decomposition of hydro-
gen peroxide, increases the prevalence of periodontal infection, but does not affect 
the visual system. 

 Are genetic and environmental risks interrelated? If any environmental risk 
would target or effect a sensitive and at the same time important physiological con-
text, this combination of risks may multiply the impact of a single risk factor. In 
fact, proteins found to be associated with maculopathies can hint to the detrimental 
action of tobacco smoking as an agent accelerating elastolysis. Elastolysis caused 
by smoking affects tissue integrity also by reducing the elastic scaffold of the ECM. 
Looking at skin elasticity, continuous smoking can be seen with the naked eye. With 
Bruch’s membrane, the resultant wear and tear of the elastic components would lead 
to more subtle alterations in its microstructure and cause its physiological decay 
over time. This hypothesis is supported by two primary observations. First, smoking 
was found to promote the generation of elastin fragments (also called elastokines) 
in lung (Antonicelli et al.  2007  ) . These fragments (1) display proangiogenic activity 
as potent as VEGF, and (2) initiate chronic infl ammation through monocytes recruit-
ment. Second, a large proportion of proteins implicated in maculopathies are known 
to associate with basement membranes and elastic fi bers (Fig.  9.1 ). Taken together, 
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our hypothesis would associate the risk of smoking primarily to the “ECM branch” 
of maculopathy risk factors.  

    9.4   The Role of the Extracellular Matrix 
in the Pathomechanism of Maculopathies 

 We propose here a prominent role of ECM in the etiology of maculopathies. This 
hypothesis is supported by the following observations: (1) drusen, being a hallmark 
for many maculopathies, are extracellular structures, and (2) the Bruch’s membrane 
has a peculiar composition within the macular region, missing the middle elastic 
layer (Chong et al.  2005  ) , and this thinning may pose yet unknown additional risks/
benefi ts. The three fi bulins found to be associated with different familial macular 
disorders (Fig.  9.1 ) suggest that this protein family is tightly linked to a joined path-
omechanism of maculopathies. Fibulins contain nine members (Segade  2010  ) . They 
are primarily known for their association with basement membranes and elastic 
fi bers and play a role in elastogenesis and matrix–cell interaction (Yanagisawa and 
Davis  2010  ) . In addition, compromised elastic fi ber function becomes increasingly 
prevalent with age and contributes signifi cantly to the burden of human morbidity 
and mortality (Robert et al.  2008  ) . 

 ECM architecture and composition can determine the sites where lipid deposi-
tion can occur. Local concentrations of unstructured “amyloidogenic” monomers on 
membrane lattices are of primary importance for the initiation of cerebral neurode-
generative diseases (e.g., Alzheimer’s and Parkinson’s diseases, Fantini and Yahi 
 2010  ) . Once disease progresses, membrane-bound monomers undergo a series of 
lipid-dependent conformational changes, leading to the formation of toxic oligom-
ers. In age-related cerebral neurodegenerative diseases, compromised lipid metabo-
lism contributes to disease. This is also true for several maculopathies. In fact, 
mutations in the  ABCA1  gene coding for the major cholesterol transporter are asso-
ciated both with Alzheimer’s disease (Koldamova et al.  2010  )  and AMD (Chen 
et al.  2010  ) . Deposited complement factors are present in drusen, as well as in senile 
plaques (Timmer et al.  2010  ) , and CFH implicated in AMD (see below) is simulta-
neously a plasma biomarker for Alzheimer’s disease (Le Fur et al.  2010  ) . 

 In fact, the association of CFH was the fi rst genetic risk factor linked to sporadic 
AMD (Edwards et al.  2005  ) . Under normal conditions, CFH is primarily involved 
in preventing complement activation, wherever endogenous membrane-bound com-
plement regulators are absent (Kavanagh et al.  2008  ) . Accordingly, cell-sparse 
structures (like the back of the retina) rely on the protection against complement 
cascade damage provided solely by CFH. This mechanism may establish a functional 
link between ECM and the complement system. 

 In summary, we hypothesize that compromised ECM at the macular region is the 
common denominator for various maculopathies: as a highly sensitive membrane for 
nutrient fl ow affected by aging and smoking, as a critical matrix site for lipid and pro-
tein turnover and deposition, and as a prime effector site of the complement system.      
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    10.1   Physiopathology of Age-Related Macular Degeneration 

 Age-related macular degeneration (AMD) is a retinal degenerative disease and the 
leading cause of irreversible vision loss in western countries (Klein et al.  2004  ) . 
AMD is characterized by the increased formation of drusen, which are extracellular 
deposits located between the retinal pigment epithelium (RPE) and Bruch’s membrane, 
subsequent disruption of the choroidal blood-eye barrier, and degeneration of photo-
receptors. As AMD progresses, drusen typically increase in number and size, even-
tually compromising function of the RPE monolayer, which is considered to be the 
prime target of early-stage AMD. Late AMD has dry (atrophic) and wet (neovascu-
lar) forms. It has been hypothesized that the progressive loss of vision associated 
with the dry form is attributable to drusen accumulation (Green  1999  ) . The fi rst sign 
of wet AMD is serous or hemorrhagic fl uid that causes the neuroretina or the RPE 
to detach from Bruch’s membrane. AMD is a complex disease involving many 
genetic and environmental factors that may confound one another. Although the 
mechanisms of AMD are not yet clearly understood, several pathogenic pathways 
have been proposed, including RPE cell dysfunction, infl ammatory processes, 
and oxidative stress (Ding et al.  2009  ) . Though drusen are associated with the 
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 disorganization of the RPE and the reduction in photoreceptor cell densities, the 
relationship between drusen and retina degeneration remains elusive (Johnson 
et al.  2003  ) .  

    10.2   Amyloid- b  Is a Component of Drusen 

 Amyloid-beta (A b ) peptides are formed after sequential cleavage of the amyloid 
precursor protein (APP). A b  is the main constituent of amyloid plaques in the brains 
of Alzheimer’s disease (AD) patients, the most common form of dementia in the 
elderly and a progressive neurodegenerative disorder characterized by a decline in 
cognitive function (Selkoe  2001  ) . 

 Several lines of evidence suggest that A b  is a potential trigger peptide for retinal 
degeneration. The observation of A b  within RPE cells and drusen in AMD patients 
is consistent with the hypothesis that the disease is mediated by oxidative/infl amma-
tory stress (Mullins et al.   2000 ). A b  is associated with vesicular structures within 
drusen and the presence of A b  seems to be specifi c of drusen from retina of AMD 
patients (Johnson et al.  2002 ; Dentchev et al.  2003  ) . Additionally, the number of 
amyloid assemblies within drusen seems to be positively correlated with confl uence 
of these deposits in retina of AMD patients (Anderson et al.  2004  ) . Nevertheless, 
these data are controversial since recent works by Luibl et al. albeit using a smaller 
sample of human donor eyes showed that A b  was found in the retina of AMD 
patients and healthy older people (Luibl et al.  2006  ) . In that study, the authors also 
identifi ed the drusen-associated amyloidogenic proteins as oligomers. Soluble amy-
loid oligomers may be the primary pathogenic structure in many age-related degen-
erative diseases (   Glabe and Kayed  2006  ) , yet the amyloid hypothesis of AD states 
that a build-up of A b  oligomers in the central nervous system is toxic and that A b  
deposition contributes to neuronal apoptosis (Lambert et al.  1998  ) . However, another 
recent study identifi ed the drusen-associated amyloidogenic proteins as part of a 
wide spectrum of amyloid structures, including soluble mature fi brils (Isas et al. 
 2010  ) . Importantly, the nature and the form of A b  in drusen have not been charac-
terized in either the retina of healthy elderly or in the retina of patients with AMD.  

    10.3   Amyloid- b  Impairs RPE Cell Structure and Function 

 Neprilysin (NEP) is the dominant Abeta peptide-degrading enzyme in the brain 
(Iwata et al.  2000  ) . In NEP gene-disrupted mice, the accumulation beneath the RPE 
layer of A b -containing subepithelial deposits that resemble drusen accompanies 
some characteristic features of AMD, including RPE atrophy and disruption of RPE 
cell tight junctions. This suggests that A b  may be responsible for these features 
(Yoshida et al.  2005  ) . In this study, the authors showed that the A b (1–40) upregu-
lates the expression of the proangiogenic vascular endothelial growth factor (VEGF) 
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and decreases the expression of the anti-angiogenic pigment epithelium-derived 
factor (PEDF) and the visual cycle protein cellular retinaldehyde-binding protein 
(CRALBP) in RPE cultures. That increase in VEGF expression is to compare with 
increased expression of VEGF-immunoreactivity after intravitreal injection of 
A b (1–42) in rat retina (Anderson et al.  2008  ) . Moreover, ER (endoplasmic reticu-
lum) stress induced by calcium disruption in RPE cells leads to an increased pro-
duction of A b , which is associated to an increased production of VEGF, PEDF, and 
the proinfl ammatory cytokine TNF a  (Koyama et al.  2008  ) . These fi ndings suggest 
that A b  plays a role in the pathogenesis of AMD, a hypothesis reinforced by the 
study of Luibl et al.  (  2006  ) , which showed that the soluble oligomeric form of 
A b (1–40) reduces the viability of RPE cells in cultures. Recently, we demonstrated 
that oxidative stress-induced premature senescence of RPE cells produces these fea-
tures (Glotin et al.  2008  ) . A particularly striking one is amyloidogenesis, which 
involves overexpression of APP and  b -secretase 1, and oversecretion of A b (1–42). 
More recently, we showed that the oligomeric form of A b (1–42) increased the pro-
duction of reactive oxygen species in RPE cells, induced a disorganization of the 
actin cytoskeleton, and abolished the selective transepithelial permeability of RPE 
cell cultures (Bruban et al.  2009  ) . Moreover, subretinal injection of the oligomeric 
form of A b (1–42) induces RPE atrophy and disorganization of actin cytoskeleton in 
mice, accompanied by decreased expression of the tight junction proteins occludin 
and zonula occludens 1 and of the visual cycle proteins CRALBP and RPE65 
(Bruban et al.  2009  ) . Altogether, these studies show that A b  alters the structure and 
functions of RPE cells and thus strongly suggest that A b  present in drusen may play 
an important role in retinal degeneration through impairment of RPE cells.  

    10.4   Amyloid- b  Is Cytotoxic for the Neural Retina 

 As AMD progresses, drusen typically increase in number and size and drusen width 
is associated with a reduction in photoreceptor cell densities, suggesting that these 
deposits may exert degenerative effects on photoreceptors (Anderson et al.  2004  ) . 
The presence of TUNEL-positive rods near the edges of RPE atrophy is consistent 
with rod death involving an apoptotic process (Dunaief et al.  2002  ) . Interestingly, 
intravitreal injection of the oligomeric form of A b (1–42) induced apoptosis in cells 
throughout the inner nuclear layer as well as the outer nuclear layers (Guo et al. 
 2007 ; Walsh et al.  2002,   2005  ) . Moreover, intravitreal injection of A b (1–42) induces 
a pronounced reduction in the number of large retinal ganglion cells (RGC) (Walsh 
et al.  2002,   2005 , Anderson et al.  2008  ) . In contrast, subretinal injection of the oligo-
meric form of A b (1–42) induced a loss of photoreceptor cells (Bruban et al.  2009  ) , 
indicating a site-of-injection polarity in the response of retinal cells to A b . Altogether, 
these studies suggest that A b  has direct cytotoxic effects on retinal neurons. 

 Recently, the presence of A b  plaques was reported in retinas of postmortem eyes 
from AD patients (Koronyo-Hamaoui et al.  2010  ) . AD patients commonly exhibit 
visual abnormalities including retinal dysfunctions and loss of RGC (Blanks et al.  1991  ) . 
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A b  deposits in the nerve fi ber layer associated with apoptosis in the ganglion cells 
were observed in a mouse model of AD (Ning et al.  2008  ) . Moreover, electroretino-
gram (ERG) recordings revealed visual dysfunction and suggest that A b  deposition 
disrupts retinal structure and may contribute to the visual defi cit in another study 
using a mouse model of AD (Perez et al.  2009  ) . Therefore, these studies using 
mouse models of AD demonstrate that endogenous production of A b  may lead to 
morphological and functional impairment or neuronal degeneration in the retina. 

 There is accumulative evidence that increased A b  deposits are implicated in 
other ocular pathologies, including glaucoma. In the DBA/2J glaucomatous mouse 
model, an age-dependent immunoreactivity against A b  is observed in RGC, likely 
being a contributing factor of apoptotic ganglion cell loss (Goldblum et al.  2007  ) . 
Moreover, in an experimental rat model of glaucoma, A b  was shown to colocalize 
with apoptotic cells in the RGC layer and targeting the production of endogenous 
A b  signifi cantly reduced the level of retinal ganglion cell loss (Guo et al.  2007  ) . 
Treatment with A b (25–35) induces cell death of human RGC in cultures (Tsuruma 
et al.  2010  ) , confi rming the direct lethal effects of A b  on these cells. Altogether, 
these studies show that both exogenous and endogenous A b  induce retinal cell death 
and confi rm the potential implication of the A b  in the degeneration of the retina. 

 A study based on A b -immunotherapy in ApoE e 4-overexpressing mice exposed 
to a high-fat, cholesterol-enriched diet strengthens the potential role of the peptide 
in AMD pathogenesis. In that study, the intraperitoneal injection of anti-A b (33–40) 
antibody induces a decrease in A b  levels within subepithelial deposits and a reduc-
tion in visual defi cits detected by ERG (Ding et al.  2008  ) . Unfortunately, the interest 
of this promising immunotherapy against A b  in retinal degeneration is reduced by 
the recent study of Liu et al. These authors show that A b -immunization induces a 
marked increase in retinal microvascular A b  deposition as well as local neuroin-
fl ammation in the Tg2576 mouse model of AD (Liu et al.  2009  ) .  

    10.5   Amyloid- b  Is Proinfl ammatory in the Retina 

 Many lines of evidence support a role for infl ammation in the development of AMD. 
Drusen composition exhibits several infl ammatory proteins, such as complement 
cascade components, immunoglobulins, and major histocompatibility class (MHC) 
antigens (Crabb et al.  2002 ; Seth et al.  2008  ) . Moreover, although AMD is not an 
infl ammatory pathology, macrophages/microglial cells were detected in areas of 
Bruch’s membrane thinning, RPE atrophy, and choroidal neovascularization in 
AMD eyes (Coleman et al.  2008  ) . However, the role of these infl ammatory cells in 
AMD remains to be determined. 

 A b  within drusen colocalizes with activated complement components C3 and 
C5, thereby identifi ed as potential primary sites of complement activation (Johnson 
et al.  2000  ) . Their presence has fueled speculation that drusen biogenesis involves 
chronic infl ammatory processes that can trigger complement activation (Johnson 
et al.  2001  ) . High expression levels of complement factor H (CFH), a regulatory 
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protein of the complement alternative pathway, have been also detected in drusen 
(Hageman et al.  2005  ) . Several studies underlined that the Y402H single nucleotide 
polymorphism in the gene encoding for CFH was associated with an enhanced risk 
to develop AMD (Edwards et al.  2005 ; Hageman et al.  2005 ; Klein et al.  2005 ; 
Haines et al.  2005  ) . This is consistent with the accumulation of C3 in the neural 
retina and subretinal deposits in CFH-defi cient mice, associated with alterations of 
photoreceptors and RPE cells (Coffey et al.  2007  ) . In that context, polymorphisms 
of complement factor B (CFB), C2, and C3 are likely to be associated with AMD 
(Gold et al.  2006 ; Yates et al.  2007  ) . Altogether, these data support the hypothesis 
of an infl ammatory process in the pathogenesis of AMD, bringing into play the 
complement alternative pathway. A recent report showed that A b (1–40) can indi-
rectly modulate expression of CFB in RPE cells through an increased production of 
chemokine monocyte chemotactic protein-1 (MCP-1) and production of the proin-
fl ammatory cytokines IL-1 b  and TNF- a  in macrophages. Subsequently, that cytok-
ines production correlates with the overexpression of CFB in RPE cells (Wang et al. 
 2009  ) . Moreover, A b (1–40) binds CFI in human primary RPE cells to prevent the 
cleavage of C3b in inactive C3b (iC3b) (Wang et al.  2008  ) . The hypothesis of a 
proinfl ammatory role of A b  through the overexpression of proinfl ammatory cytok-
ines and components of the complement cascade in the retina is reinforced by recent 
data showing that A b (1–40) upregulates the expression of IL-1 b  and IL-8 and CFI 
in RPE cells (Kurji et al.  2010  ) . Besides, an age-dependent increase within the RPE 
of healthy elderly retinas in both APP expression and the number of CD11b-positive 
macrophages is associated at the Bruch’s membrane level with that of C5b-9, a 
protein of the membrane attack complex (Seth et al.  2008  ) . 

 In addition, several studies suggested that intravitreal or subretinal injection of A b  
induces a cytotoxic effect on retinal neurons and an activation of microglial cells 
(Walsh et al.  2005 ; Anderson et al.  2008 ; Bruban et al.  2011  ) . Moreover, recent reports 
showed A b  deposition associated with activation of resident microglial cells in retinas 
of APP-overexpressing mouse models of AD (Ning et al.  2008 ; Perez et al.  2009  ) . 
Altogether, these studies strongly suggest that A b  induces infl ammation in the retina 
by regulating the complement pathway and stimulating proinfl ammatory cytokines 
and chemokines.  

    10.6   Conclusions 

 The mechanisms leading to AMD remain poorly understood. In particular, our 
understanding of the critical steps in the clinical evolution of the pathology and the 
role of oxidative stress and infl ammation in its development remains elusive. 
However, several studies over the past decade indicate that A b  could participate in 
the pathogenesis of AMD. First, A b  production/accumulation in the retina is common 
to different degenerative retinal pathologies in human and in murine models, and 
second, A b  induces in vitro and in vivo characteristic features resembling to those 
observed in these retinal degenerative pathologies. 
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 Although there is a need to further explore the role of A b  in retinal degeneration, 
the current evidence available provides exciting ways of research outlining retinal 
dysfunctions, cell death pathways, or retinal infl ammation.      

      References 

    Anderson DH, Talaga KC, Rivest AJ et al (2004) Characterization of beta amyloid assemblies in 
drusen: the deposits associated with aging and age-related macular degeneration. Exp Eye Res 
78:243–256  

    Anderson PJ, Watts H, Hille C et al (2008) Glial and endothelial blood-retinal barrier responses to 
amyloid-beta in the neural retina of the rat. Clin Ophthalmol. 2:801–816  

    Blanks JC, Torigoe Y, Hinton DR et al (1991). Retinal degeneration in the macula of patients with 
Alzheimer’s disease. Ann N Y Acad Sci. 640:44–46  

    Bruban J, Glotin AL, Dinet V et al (2009) Amyloid-beta(1–42) alters structure and function of reti-
nal pigmented epithelial cells. Aging Cell. 8:162–177  

   Bruban J, Maoui A, Chalour N et al (2011) CCR2/CCL2-mediated infl ammation protects photo-
receptor cells from amyloid-β-induced apoptosis. Neurobiol Dis. 42:55–72  

    Coffey PJ, Gias C, McDermott et al (2007) Complement factor H defi ciency in aged mice causes 
retinal abnormalities and visual dysfunction. Proc Natl Acad Sci U S A. 104:16651–16656  

    Coleman HR, Chan CC, Ferris FL et al (2008) Age-related macular degeneration. Lancet. 
372:1835–1845  

    Crabb JW, Miyagi M, Gu X et al (2002) Drusen proteome analysis: an approach to the etiology of 
age-related macular degeneration. Proc Natl Acad Sci U S A. 99:14682–14687  

    Dentchev T, Milam AH, Lee VM et al (2003) Amyloid-beta is found in drusen from some age-related 
macular degeneration retinas, but not in drusen from normal retinas. Mol Vis 9:184–190  

    Ding JD, Lin J, Mace BE et al (2008) Targeting age-related macular degeneration with Alzheimer’s 
disease based immunotherapies: anti-amyloid-beta antibody attenuates pathologies in an age-
related macular degeneration mouse model. Vision Res. 48:339–345  

    Ding X, Patel M and Chan CC (2009) Molecular pathology of age-related macular degeneration. 
Prog Retin Eye Res. 28:1–18  

    Dunaief JL, Dentchev T, Ying GS et al (2002) The role of apoptosis in age-related macular degen-
eration. Arch Ophthalmol 120:1435–1442  

    Edwards AO, Ritter R 3 rd Abel KJ et al (2005) Complement factor H polymorphism and age-
related macular degeneration. Science. 308:421–424  

    Green WR (1999) Histopathology of age-related macular degeneration. Mol Vis. 5:27  
    Glabe CG an Kayed R (2006) Common structure and toxic function of amyloid oligomers implies 

a common mechanism of pathogenesis. Neurology. 66:S74-78  
    Glotin AL, Debacq-Chainiaux F, Brossas Y et al (2008) Prematurely senescent ARPE-19 cells 

display features of age-related macular degeneration. Free Radic Biol Med. 44:1348–1361  
    Gold B, Merriam JE, Zernant J et al (2006) Variation in factor B (BF) and complement component 

2 (C2) genes is associated with age-related macular degeneration. Nat Genet. 38:458–462  
    Goldblum D, Kipfer-Kauer A, Sarra GM et al (2007) Distribution of amyloid precursor protein and 

amyloid-beta immunoreactivity in DBA/2 J glaucomatous mouse retinas. Invest Ophthalmol 
Vis Sci. 48:5085–5090  

    Guo L, Salt TE, Luong V et al (2007) Targeting amyloid-beta in glaucoma treatment. Proc Natl 
Acad Sci U S A. 104:13444–13449  

    Hageman GS, Anderson DH, Johnson LV et al (2005) A common haplotype in the complement 
regulatory gene factor H (HF1/CFH) predisposes individuals to age-related macular degenera-
tion. Proc Natl Acad Sci U S A 102:7227–7232  

    Haines JL, Hauser MA, Schmidt S et al (2005) Complement factor H variant increases the risk of 
age-related macular degeneration. Science. 308:419–421  



7310 The Role of Amyloid- b  in Retinal Degeneration

    Isas JM, Luibl V, Johnson LV et al (2010) Soluble and mature amyloid fi brils in drusen deposits. 
Invest Ophthalmol Vis Sci. 51:1304–1310  

    Iwata N, Tsubuki S, Takaki Y et al (2000) Identifi cation of the major Abeta1-42-degrading catabolic 
pathway in brain parenchyma: suppression leads to biochemical and pathological deposition. 
Nat Med. 6:143–150  

    Johnson LV, Leitner WP, Rivest AJ et al (2002) The Alzheimer’s Abeta peptide is deposited at sites 
of complement activation in pathologic deposits associated with aging and age-related macular 
degeneration. Proc Natl Acad Sci U S A. 99:11830–11835  

    Johnson LV, Leitner WP, Staples MK et al (2001) Complement activation and infl ammatory pro-
cesses in Drusen formation and age related macular degeneration. Exp Eye Res. 73:887–896  

    Johnson LV, Ozaki S, Staples MK et al (2000) A potential role for immune complex pathogenesis 
in drusen formation. Exp Eye Res. 70:441–449  

    Johnson PT, Lewis GP, Talaga KC et al (2003) Drusen-associated degeneration in the retina. Invest 
Ophthalmol Vis Sci. 44:4481–4488  

    Klein R, Peto T, Bird A et al (2004) The epidemiology of age-related macular degeneration Am J 
Ophthalmol. 137:486–495  

    Klein RJ, Zeiss C, Chew EY et al (2005) Complement factor H polymorphism in age-related 
macular degeneration. Science. 308:385–389  

   Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV et al (2010) Identifi cation of amyloid plaques in 
retinas from Alzheimer’s patients and noninvasive in vivo optical imaging of retinal plaques in 
a mouse model. Neuroimage  

    Koyama Y, Matsuzaki S, Gomi F et al (2008) Induction of amyloid beta accumulation by ER cal-
cium disruption and resultant upregulation of angiogenic factors in ARPE19 cells. Invest 
Ophthalmol Vis Sci. 49:2376–2383  

    Kurji KH, Cui JZ, Lin T et al (2010) Microarray analysis identifi es changes in infl ammatory gene 
expression in response to amyloid-beta stimulation of cultured human retinal pigment epithe-
lial cells. Invest Ophthalmol Vis Sci. 51:1151–1163  

    Lambert MP, Barlow AK, Chromy BA et al (1998) Diffusible, nonfi brillar ligands derived from 
Abeta1-42 are potent central nervous system neurotoxins. Proc Natl Acad Sci U S A. 
95:6448–6453  

    Liu B, Rasool S, Yang Z et al (2009) Amyloid-peptide vaccinations reduce {beta}-amyloid plaques 
but exacerbate vascular deposition and infl ammation in the retina of Alzheimer’s transgenic 
mice. Am J Pathol. 175:2099–2110  

    Luibl V, Isas JM, Kayed R et al (2006) Drusen deposits associated with aging and age-related 
macular degeneration contain nonfi brillar amyloid oligomers. J Clin Invest. 116:378–385  

    Mullins RF, Russell SR, Anderson, DH et al (2000) Drusen associated with aging and age-related 
macular degeneration contain proteins common to extracellular deposits associated with ath-
erosclerosis, elastosis, amyloidosis, and dense deposit disease. Faseb J 14:835–846  

    Ning A, Cui J, To E et al (2008). Amyloid-beta deposits lead to retinal degeneration in a mouse 
model of Alzheimer disease. Invest Ophthalmol Vis Sci. 49:5136–5143  

    Perez SE, Lumayag S, Kovacs B et al (2009) Beta-amyloid deposition and functional impairment 
in the retina of the APPswe/PS1DeltaE9 transgenic mouse model of Alzheimer’s disease. 
Invest Ophthalmol Vis Sci. 50:793–800  

    Selkoe DJ (2001) Alzheimer’s disease: genes, proteins, and therapy. Physiol Rev. 81:741–766  
    Seth A, Cui J, To E, et al (2008) Complement-associated deposits in the human retina. Invest 

Ophthalmol Vis Sci. 49:743–750  
    Tsuruma K, Tanaka Y, Shimazawa M et al (2010) Induction of amyloid precursor protein by the 

neurotoxic peptide, amyloid-beta 25–35, causes retinal ganglion cell death. Neurochem. 
113:1545–1554  

    Walsh DT, Bresciani L, Saunders D et al (2005) Amyloid beta peptide causes chronic glial cell 
activation and neuro-degeneration after intravitreal injection. Neuropathol Appl Neurobiol. 
31:491–502  

    Walsh DT, Montero RM, Bresciani LG et al (2002) Amyloïd-beta peptide is toxic to neurons 
in vivo via indirect mechanisms. Neurobiol Dis. 10:20–27  



74 J. Bruban et al.

    Wang J, Ohno-Matsui K, Yoshida T et al (2009) Amyloid-beta up-regulates complement factor B 
in retinal pigment epithelial cells through cytokines released from recruited macrophages/
microglia. J Cell Physiol. 220:119–128  

    Wang, J, Ohno-Matsui K., Yoshida T et al (2008) Altered function of factor I caused by amyloid 
beta: implication for pathogenesis of age-related macular degeneration from Drusen. J Immunol. 
181:712–720.  

    Yates JR, Sepp T, Matharu BK et al (2007) Complement C3 variant and the risk of age-related 
macular degeneration. N Engl J Med. 357:553–561  

    Yoshida T, Ohno-Matsui K, Ichinose, S et al (2005) The potential role of amyloid beta in the patho-
genesis of age-related macular degeneration. J Clin Invest 115:2793–2800      



75
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•  MALDI imaging  •  Quantitation  •  Stargardt disease  •  Age-related macular 
degeneration     

     11.1   Introduction 

 Lipofuscin accumulates with age in the lysosomal storage bodies of the RPE and 
has been implicated in progressive RPE toxicity, which can eventually lead to reti-
nal degeneration (Winkler et al.  1999  ) . Chemically, lipofuscin is a complex mixture 
of partially degraded molecules characterized by orange fl uorescence (Delori et al. 
 1995  ) . The  bis -retinoid A2E was identifi ed from organic extracts of lipofuscin 
(Sakai et al.  1996  ) . In vivo,  bis -retinoid precursors form in the photoreceptor outer 
segments when the all- trans  retinal to retinol conversion is delayed. A2E is gener-
ated from these precursors in the RPE after outer segment phagocytosis. The  bis -
retinoids have received considerable attention, as A2E (and especially its oxides) 
has been shown to produce RPE damage (Eldred and Lasky  1993  )  .  
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 However, a direct correlation of A2E with lipofuscin has not been possible 
because fl uorescence is not specifi c enough, and immunolocalization techniques are 
not applicable for  bis -retinoids. To understand the spatial localization of lipofuscin 
components, we utilized matrix-assisted laser desorption/ionization (MALDI) 
imaging (Caprioli et al.  1997  ) . In this technique, mass information is collected sys-
tematically over the surface of a matrix-coated tissue section, and the resulting 
images represent intensity distributions of molecular signals across the observed 
surface. With this technique, we analyzed  Abca4   −/−   (a model for Stargardt disease 
with high levels of both A2E and lipofuscin),  Rpe65   −/−   (a model for blocked visual 
cycle, where A2E is not formed), and  wt  mice. The collected MALDI imaging data 
were utilized to identify  bis -retinoid components of lipofuscin and to determine 
their spatial distributions. To further understand the accumulation of A2E, we 
employed an LC-MS/MS method for the highly sensitive (femtomoles) absolute 
quantitation of  bis -retinoids from RPE extracts (Gutierrez et al.  2010  ) . Taken 
together, these experiments provide a new, molecule-specifi c understanding of  bis -
retinoids and potentially other retinoid metabolites of the visual cycle.  

    11.2   Materials and Methods 

    11.2.1   RPE Tissue Preparation 

  Abca4   −/−   and  Rpe65   −/−   mice were bred from pairs generously provided by Gabriel 
Travis (UCLA) and Michael Redmond (NEI).  C57bl6  ( wt ) mice were obtained 
commercially (Harlan, Indianapolis, IN). Six-month-old mice ( n  = 4 each strain, 
maintained under regular cyclic light) were used. RPE tissue was prepared as 
described previously for MALDI imaging (Grey et al.  2010  )  and for absolute quan-
titation (Gutierrez et al.  2010  ) .  

    11.2.2   MALDI Imaging 

 Imaging samples were coated using a thin-layer-chromatography sprayer with 10 mg/
mL 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-enoic acid (Sigma, St Louis, MO) in 
10 mL 70:30 ethanol:water (Thermo Fisher, Fair Lawn, NJ). Data were collected in 
a MALDI-TOF mass spectrometer (Autofl ex III; Bruker Daltonics, Billerica, MA). 
Further details are described elsewhere (Grey et al.  2010  ) .  

    11.2.3   Quantitation of A2E 

 For quantitative analysis, dried RPE extracts were diluted to obtain approximately 
10 fmol/ m L solutions in 85% MeOH, 0.1% TFA and injected for LC-MS/MS analysis. 
Further details followed previous procedures (Gutierrez et al.  2010  ) .   
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    11.3   Results 

    11.3.1   Spatial Localization of A2E in Murine RPE 

 The MALDI mass spectra from  Abca4   −/−   RPE tissues were dominated by an abun-
dant mass signal at  m/z  592. The identity of this signal as A2E was confi rmed by 
tandem mass spectrometry (MS/MS): the observed fragmentation pattern collected 
from the tissue was consistent with expected A2E fragmentation. In addition to 
A2E, numerous less abundant components were present in the spectra. In this work, 
we focused our attention to A2E and its oxides. 

 MALDI images of A2E were generated by plotting the relative intensities of the  m/z  
592 signal over the entire RPE surface (Fig.  11.1 ). A2E distributions were determined 
in  wt  (Fig.  11.1a ) and  Abca4   −/−   (Fig.  11.1b ) mice (no A2E was present in the  Rpe65   −/−   
model, not shown). In both  Abca4   −/−   and  wt  mice, A2E accumulated uniformly and in 
a concentric manner. However, the abundance of A2E was much higher in the  Abca4   −/−   
model, where A2E occupied a larger concentric area. In the same MALDI imaging 
datasets, up to three oxidations on A2E were also detected. Figure  11.1 c shows the 
distribution of singly oxidized A2E ( m/z  608) in a 6-month-old  Abca4   −/−   RPE. 
The distributions of the three oxidized products closely followed A2E.   

    11.3.2   Quantitation of A2E 

 The primary information displayed in the MALDI images is qualitative. To quanti-
tate A2E, an LC-MS/MS-based approach was utilized, which (in comparison with 
traditional absorption spectroscopic quantitation) is molecularly specifi c (Gutierrez 
et al.  2010  ) . This method relies on a standard curve calculated from various amounts 

  Fig. 11.1    Spatial localization of A2E from murine eyecups. MALDI images of A2E ( m/z  592) are 
shown in RPE tissue from a 6-month-old  wt  ( a ) and  Abca4   −/−   ( b ) animal. ( c ) MALDI image of 
singly oxidized A2E ( m/z  608) from a 6-month-old  Abca4   −/−   animal. Bar = 1 mm       
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of synthetic A2E. With this method, low femtomole quantities of A2E can be detected, 
and amounts of A2E from a single  wt  mouse RPE can routinely be quantitated. 

 Figure  11.2  summarizes the results of A2E quantitation in  Rpe65   −/−  ,  wt , and 
 Abca4   −/−   mice. The inset shows two selected ion chromatograms for A2E from a 
6-month-old  Abca4   −/−   animal representing 30 min of the elution gradient. The upper 
trace is based on the intact molecular weight ( m/z  592), while the lower trace indi-
cates the most prominent MS/MS ion ( m/z  418). The quantitation is based on the 
area under the lower trace (shaded), as the instrument is more sensitive in MS/MS 
mode. As seen in the bar graph, there was no A2E in  Rpe65   −/−   animals, while com-
pared to  wt  controls (5 ±3 pmol) the quantity of A2E was elevated in the  Abca4   −/−   
mice (41 ± 7 pmol).   

    11.3.3   A2E Oxidation Sites 

 A major advantage of MALDI imaging is that tracing any molecule within the tar-
geted range does not require a separate experiment. However, the identifi cation of 
these molecules requires a second MS/MS experiment. The signals of singly ( m/z  
608) and doubly ( m/z  624) oxidized A2E were confi rmed by MS/MS. Figure  11.3 a 
shows a MS/MS spectrum of singly oxidized A2E from an  Abca4   −/−   animal. To see 
whether the detected oxidation site depends on the utilized sample preparation/
instrumentation technique, we also collected MS/MS spectra of oxidized A2E from 
organic extracts of the RPE (Fig.  11.3b ).  

 There was remarkable agreement between the spectra collected by the two 
analytical methods. However, they both differed slightly from the published frag-
mentation patterns for extracted A2E from human eyecups (Avalle et al.  2004  ) , 

  Fig. 11.2    Quantitative 
analysis of A2E via mass 
spectrometry. Quantitation 
of A2E is shown for  Rpe65   −/−  , 
 wt , and  Abca4   −/−   mice, all of 
age 6 months. The inset 
illustrates the method of 
quantitation. AUC (shown 
 shaded ) was determined for 
the most intense fragment ion 
( m/z  418,  inset bottom ), of the 
intact A2E ( m/z  592,  inset 
top ) in an  Abca4   −/−   animal       
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indicating a possible additional site of oxidation in  Abca4   −/−   mice. The oxygen 
can be localized either to the 7, 8/7 ¢ , 8 ¢ -epoxide position (Fig.  11.3c , left) or to 
the 9, 10/9 ¢ , 10 ¢ -epoxide position (Fig.  11.3c , right).   

  Fig. 11.3    Oxidation of A2E. 
MS/MS spectra of singly 
oxidized A2E ( m/z  608) 
obtained directly from tissue 
used for MALDI imaging 
( a ) and from organic extracts 
used for LC-MS/MS analysis 
( b ). ( c ) The MS/MS spectra 
support a mixture of one 
oxygen in either the 7, 8/7 ¢ , 8 ¢  
position ( left ) or 9, 10/9 ¢ , 10 ¢  
position ( right )       
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    11.4   Discussion 

 Lipofuscin accumulation in the RPE is implicated in the development of age-related 
retino- and maculopathies. The analysis of its components typically requires organic 
extraction, HPLC separation, and subsequent analysis, which completely preclude 
spatial localization. A2E is a major component of the chloroform–methanol extract 
of the RPE. However, without the ability to spatially identify A2E, it is not possible 
to justify that lipofuscin toxicity is indeed due to A2E accumulation. Because 
immunohistochemistry cannot be used, it is highly advantageous to utilize the 
molecularly selective and sensitive MALDI imaging method. With this technique, 
many compounds can be imaged in a single experiment. In this report, we have 
focused on A2E and its oxides, but the technique is easily amenable to other  bis -
retinoids and retinoid metabolites. 

 We have detected A2E and its oxides at 50  m m resolution in 6-month-old native 
murine RPE tissue. As expected, there was no A2E present in  Rpe65   −/−   animals 
(which do not produce 11- cis  retinal), confi rming that the visual cycle is required 
for A2E generation (Katz and Redmond  2001  ) . In the  wt  retina, A2E was mainly 
localized to the center of the RPE, while in the  Abca4   −/−   RPE the distribution became 
more uniform across the entire RPE. These observations reinforce the rapid accu-
mulation of A2E in the  Abca4   −/−   model, and that A2E becomes uniform across the 
RPE as it accumulates. Thus, the data agree with the hypothesis that A2E and lipo-
fuscin correlate spatially. 

 Although with an internal standard MALDI data can be utilized for relative 
quantitation, comparing images between different tissues and strains is rather quali-
tative. On the other hand, our LC-MS/MS-based method allows absolute quantita-
tion of subfemtomole amounts of synthetic A2E. The information obtained through 
our quantitative analysis reinforced the semiquantitative imaging observations (that 
is, no A2E in the  Rpe65   −/−   animals and higher A2E in  Abca4   −/−   animals, than in  wt  
mice). Moreover, these experiments provided quantitative data not possible by other 
current methodologies (such as, the level of A2E in 6-month-old  Abca4   −/−   mouse 
RPE is 8-fold over that in the same age  wt  RPE) .  

 In vitro, up to nine oxygens have been identifi ed on A2E; however, we could 
detect only two oxidation states in most tissues, and no more than three oxidations in 
all tissues with two fundamentally different analytical methods. The spatial distribu-
tion of oxidized A2E followed closely that of A2E, indicating that oxidized forms of 
A2E remain in the vicinity of their parent molecule. The sites of oxidation detected 
with the two techniques were identical. In the literature, A2E mono-oxidation has 
been reported on the 7, 8/7 ¢ , 8 ¢ -epoxide or the 5, 8/5 ¢ , 8 ¢ -furanoid position (Avalle 
et al.  2004 ; Jang et al.  2005  ) . However, in the  Abca4   −/−   strain, we found that A2E 
can be mono-oxidized on a mixture of the 7, 8/7 ¢ , 8 ¢ -, and the 9, 10/9 ¢ , 10 ¢ -epoxide 
positions, indicating the possibility of two native mono-oxidation sites in vivo. 

 In conclusion, we have recently developed two new methods for the analysis of 
A2E and other  bis -retinoids in RPE tissue from models of retinal degenerations: a 
MALDI-based technique for multiplex and molecularly specifi c imaging; and an 
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LC-MS/MS-based technique for sensitive quantitation. Each method has its own 
advantages, therefore utilizing both approaches has a great potential for addressing 
disease pathogenesis in models of retinal degenerations. Together, they will provide 
valuable new information on distinct spatial regions in normal and diseased tissues.      
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       12.1   Introduction 

 The signifi cance of autophagy in health and disease has only become fully appreciated 
in the last decade. Under normal conditions, autophagy operates constitutively and 
serves as a housekeeping process through which cytoplasmic proteins and damaged 
cellular organelles, such as dysfunctional mitochondria, are removed (Marino et al. 
 2010  ) . Of the three autophagic pathways (chaperone-mediated, micro-, and mac-
roautophagy) that deliver cellular components of varying sizes to lysosomes, 
 macroautophagy is the primary route for sequestration of organelles or large aggre-
gates and their delivery to the lysosome (Cuervo  2008 ; Lieberthal  2008  ) . It is evident 
that autophagy plays a key role in cellular homeostasis and that this process can 
be stimulated to cope with excessive organelle damage, aggregate removal, and 
pathogen defense (Cuervo  2008  ) .  
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    12.2   Molecular Events in the Autophagy Process 

 Since accumulation of proteins and damaged organelles are a general observation in 
the aging RPE as well as in AMD, it is postulated that a breakdown in the recycling 
capacity of autophagy may have a strong association. The process of autophagy is 
outlined in Fig.  12.1  and involves over 30 autophagy-related proteins (Atg) which 
regulate different stages of the autophagic pathway. The autophagic process begins 
with the formation of an isolation membrane, also referred to as the phagophore 

  Fig. 12.1    A schematic showing the basic steps of mammalian macroautophagy, the common 
autophagic molecules involved, and pharmacological inhibitors used to block autophagy at 
 different steps       
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(Yorimitsu and Klionsky  2005  )  that is shown to originate primarily from the 
 endoplasmic reticulum (Dunn  1990 ; Hamasaki and Yoshimori  2010  ) . The phago-
phore gradually expands to engulf the cargo (e.g., mitochondria) to form a closed 
double-membrane structure termed an early autophagosome. Autophagosome mat-
uration depends on two ubiquitin-like-conjugation systems namely the Atg12–
Atg5–Atg16 complex and the LC3 conjugation system. Both the systems are 
regulated by the Atg7 molecule (Geng and Klionsky  2008  ) . The mature autophag-
some fuses with either the lysosome, late endosome, or the multivesicular body to 
form the amphisome or late autophagosome which subsequently matures into the 
autolysosome. Lysosomes contain potent hydrolytic enzymes which then degrade 
the engulfed contents and the indigestible residual body, formed as an endpoint of 
lysosomal digestion, may subsequently be removed by exocytosis or may contribute 
to lipofuscin (Luzio et al.  2007 ; Settembre et al.  2008  ) . A critical property of the 
lysosome that facilitates the fusion of the autophagosome to the lysosome and the 
digestive activity of the lysosomal enzymes is its pH which typically is acidic at 
around 4.5 (Kawai et al.  2007  ) .   

    12.3   Signaling Mechanisms in Autophagy 

 The mTOR kinase complexes have been widely studied as the central signaling mol-
ecules of autophagy and can sense regulating conditions such as nutrient abundance, 
energy state, and growth factor levels (Ravikumar et al.  2004 ; Nobukuni et al.  2005  ) . 
Interaction of Beclin1 with the antiapoptotic BH3 proteins such as Bcl-X 

L
  and Bcl-2 

is also a critical aspect of autophagy regulation and could infl uence autophagy even 
independent of mTOR (Pattingre et al.  2005  ) . However, it is likely that several other 
mTOR-independent mechanisms of autophagy activation may also exist. 

 While starvation has been used as an inducer of autophagy in most studies, oxi-
dative stress has also been acknowledged as a positive regulator of autophagy, at 
least in acute phases (Kiffi n et al.  2006  ) . However, it is now becoming evident that 
the pathways regulating baseline autophagy, starvation-induced autophagy, and 
stress-induced autophagy have fundamental differences. It has been observed that 
autophagic-defi cient cells tend to accumulate p62-rich aggregates, which in turn 
cause Nrf2 to be activated after separation from its interacting partner Keap1 which 
allows Nrf2 to mount an antioxidant response (Komatsu et al.  2010  ) .  

    12.4   Autophagy in the Neural Retina 

 We have demonstrated by immunohistochemistry that the autophagy proteins Atg9 
and LC3 are strongly expressed in the ganglion cell layer, a subpopulation of cells 
in the inner nuclear layer, the outer nuclear layer, and the RPE in normal mouse 
retina (Fig.  12.2 ). Interestingly, these represent cell layers with high metabolic 
demand and a propensity for mitochondrial damage (Jarrett et al.  2010  ) .  
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 Autophagy in photoreceptor cells was fi rst documented in 1977 (Reme and Young 
 1977  ) . Autophagy in photoreceptor inner segments shows circadian rhythmicity (Reme 
and Wirz-Justice  1985  )  and is associated with lipofuscin accumulation in rod and cone 
photoreceptors (Iwasaki and Inomata  1988  ) . Autophagic cell death in the retina has 
been reported to occur in a variety of retinal cells under oxidative stress 
(Kunchithapautham and Rohrer  2007  )  and autophagy occurs prior to programmed 
necrotic cell death of retinal neurons following ischemia (Rosenbaum et al.  2010  ) . 
However, it has yet to be shown whether the autophagic response to ischemia is protec-
tive or detrimental to the neurons. Autophagy has been shown to induce axonal degen-
eration of retinal ganglion cells after crush lesion (Knoferle et al.  2010  ) , while it can be 
protective to retinal ganglion cells following optic nerve transection (Kim et al.  2008  ) . 
Stimulation of the insulin/mTOR pathway protects cone photoreceptors in a mouse 
model of retinitis pigmentosa (Punzo et al.  2009  )  and upregulation of the autophagy 
protein Apg3 guards the retina from severe ischemic injury (Wu et al.  2006  ) .  

    12.5   Autophagy in the RPE 

 There is now considerable evidence that the RPE, like most other cells, maintains a 
basal autophagy for cellular homeostasis and that this changes with both age and 
disease. We and others have shown that autophagy proteins are strongly expressed 
in the RPE (Fig.  12.2 ) (Wang et al.  2009a,   b ; Krohne et al.  2010 ; Viiri et al.  2010  ) . 
Furthermore, RPE cells can accumulate lipofuscin even in the absence of a photore-
ceptor substrate strongly suggesting that autophagy is involved (Boulton et al.  1989 ; 
Burke and Skumatz  1998 ; Kurz et al.  2009  ) . The autophagy and phagocytic pathways 
are interdependent and both culminate in lysosomal degradation of the substrate 
(Fig.  12.3 ). Thus, autophagy fl ux in the RPE is likely to be highly susceptible to 
changes in lysosomal pH or the accumulation of lipofuscin as both will impede 
the fusion of autophagosomes with lysosomes. Despite the paucity of corroborative 
data, it does appear that autophagy proteins and fl ux show an age-related increase 
within mouse and human RPE (Wang et al.  2009c  ) .   

  Fig. 12.2    Immunolocalization of autophagy proteins ( green ) in normal mouse retina. Atg9 and 
LC3 were strongly expressed in the ganglion cell layer, retinal vessels, a subpopulation of the inner 
nuclear layer, the outer nuclear layer of rods and cones, and the RPE       
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    12.6   The Association Between Autophagy and AMD 

 Many of the important pathogenic features of the RPE in AMD, e.g., lipofuscin 
accumulation, susceptibility to oxidative stress, mitochondrial damage, and lyso-
somal dysregulation, have an association with autophagy. However, it remains to 
be determined whether changes in autophagy fl ux are a cause or consequence 
of disease and whether autophagy changes refl ect alterations in the formation or 

  Fig. 12.3    Hypothetical schematic showing possible outcomes for aging and AMD on autophagy 
in RPE cells.  Young : Autophagy will occur at a basal level and remove dysfunctional organelles 
and aggregates. Formation of autophagosomes, fusion of these with lysosomes and clearance are 
all balanced. Lipofuscin in residual bodies is minimally present. Sub-RPE drusen is absent.  Old : 
Autophagy is increased in the old RPE cells compared to young, in line with the increased accu-
mulation of aggregates and damaged organelles with age that need to be cleared. Levels of lipofus-
cin in residual bodies are increased and drusen are present.  AMD : autophagy is dysfunctional in the 
RPE of AMD patients. Although autophagosome formation may be equivalent to an old RPE cell, 
fusion with the lysosomes and degradation of the engulfed material may be greatly impaired 
 leading to an accumulation of autophagosomes. The cell is laden with secondary lysosomes 
 containing partially degraded material, there are high levels of lipofuscin, and sub-RPE drusen are 
prominent       
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 elimination of autophagosomes. A recent study by Wang et al suggest that drusen, 
a feature of early AMD, may refl ect an increase in both mitochondrial damage and 
autophagy (Wang et al.  2009a  ) . Using cultured RPE cells and ex vivo AMD donor 
tissue, they observed that (a) under conditions of increased mtDNA damage, 
autophagy markers and exosome markers were upregulated and (b) that drusen in 
AMD donor eyes contain markers for autophagy and exosomes. They speculated 
that increased autophagy and the release of intracellular proteins via exosomes by 
the aged RPE may contribute to the formation of drusen. The occupation of lyso-
somal volume by lipofuscin may alone be suffi cient to impair autophagosome–
lysosome fusion, while alternatively an increase in lysosomal pH may be 
responsible. A2E, a component of lipofuscin, (Boulton  2009  )  has been reported to 
inhibit the lysosomal ATP-driven proton pump resulting in an increase of the lyso-
somal pH (Bergmann et al.  2004  ) . Furthermore, lipid peroxidation products reduce 
autophagy fl ux and increase lipofuscin accumulation in the RPE (Krohne et al. 
 2010  ) . Interestingly, the effect of A2E on lysosomal pH can be reversed through 
reacidifi cation (Liu et al.  2008  ) . 

 There is substantial cross-talk between autophagy and proteasomal degradation 
pathways (Kaarniranta et al.  2009 ; Ryhanen et al.  2009 ; Kaarniranta  2010  ) . HSP70, 
proteasomes, and macroautophagy combine to regulate protein turnover in human 
RPE cells (Ryhanen et al.  2009  ) . The p62/sequestosome 1 links the proteasomal 
and lysosomal clearance systems (Korolchuk et al.  2009  )  and, via association with 
LC3, directs aggregates to the lysosome for autophagic degradation (Seibenhener 
et al.  2007 ; Kirkin et al.  2009  ) . Proteasome inhibition in RPE cells evoked the accu-
mulation of perinuclear aggregates that strongly colocalized with p62 and HSP70 
and the silencing of p62, rather than HSP70, evoked suppression of autophagy 
(Viiri et al.  2010  ) .  

    12.7   Conclusion 

 It is evident that autophagy plays a signifi cant role as a housekeeping pathway in the 
retina and that autophagy fl ux is less effective with aging. Figure  12.3  provides a 
hypothetical schematic showing possible outcomes for aging and AMD on autophagy 
in RPE cells. Furthermore, the interactive role between autophagy, phagocytosis, 
lysosomal function, and the proteosomal system, all of which are dysregulated in 
AMD, requires further study. Autophagy modulation may offer a treatment regime 
for various ocular diseases including AMD.      
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     13.1   Introduction 

 Hereditary retinal degenerations are a major cause of blindness and effective 
 treatments are still being sought (Hartong et al.  2006  ) . Among these conditions, the 
worldwide prevalence of retinitis pigmentosa, a group of inherited retinal degenera-
tions, is about 1 in 4,000 for a total of more than 1 million affected individuals with 
well over 100 genes implicated. Although most mutations responsible for RP only 
affect rod photoreceptors directly, cones undergo a secondary degeneration (Delyfer 
et al.  2004 ; Hartong et al.  2006  ) . Since cones are responsible for our central and 
color vision, rescue of the cones has become a major research challenge for thera-
peutic discovery and development. 
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 We investigated the secondary cone degeneration in a retinal degeneration 
model, the S334ter-3 rats. In these rats, rod degeneration starts at postnatal day 
(PD) 8, peaks at PD 12–13, and most rods are degenerated by PD 20 (Liu et al. 
 1999  ) . Cone degeneration starts with an early sign of COS loss, which in these 
animals occurs in many round or irregular areas across the retina (Li et al.  2010  ) . 
When treated with CNTF, degenerating cones regenerate COS (Li et al.  2010  ) . 
These results provide evidence that in early stages, CNTF reverses secondary cone 
degeneration. Sustained delivery of CNTF helps cones to maintain COS and their 
functions.  

    13.2   Materials and Methods 

 Homozygous S334ter rats and Sprague-Dawley rats were used. Intravitreal injec-
tions were carried out with 33-gauge needles. The left eyes were injected with 
recombinant human CNTF protein (10  m g/5  m L), and the right ones with phosphate-
buffered saline (PBS) (5  m L) and served as control. CNTF was injected intravitre-
ally at a given time point and retinas were collected 10 days later. CNTF-secreting 
microdevices were implanted in the vitreous at postnatal day (PD) 20 and eyes were 
collected 140 days later. Flat-mounted retinas were stained with fl uorescent- 
conjugated peanut agglutinin (PNA) or antibodies against cone arrestin (CAR) and 
examined by confocal microscopy. Photopic ERG responses were elicited by 1 ms 
white fl ashes of 2.5 log cd s/m 2  in the Ganzfeld sphere with white background 
 illumination of 30 cd s/m 2 .  

    13.3   Results 

    13.3.1   Loss of COS in Early Stages of Cone Degeneration 

 At PD 10, PNA staining is evenly distributed across the retina (Fig.  13.1a ). Loss of 
PNA staining is detected at PD12 when rod degeneration is at its peak (not shown). 
By PD 20, loss of COS appears in many small round or irregularly shaped PNA-
negative areas (Fig.  13.1a ). PNA staining outside those areas is similar to that of PD 
10. Loss of COS progresses with age (Fig.  13.1a–f ).  

 Since PNA only stains COS, antibodies against CAR were used as a marker to 
identify cone cells (Zhu et al.  2002  ) . At PD 20, cells inside PNA-negative areas are 
positive of CAR, indicating they are cones (Fig.  13.2a ). By PD 90, however, only a 
few CAR-positive cells remained in the PNA-negative areas (Fig.  13.2b ). Thus, by 
PD 90, most of the cones in the PNA-negative areas were degenerated.   
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  Fig. 13.1    Loss of COS. Flat-mounted retinas of different ages were stained with PNA. Loss of 
PNA staining is concentrated in small round or irregularly shaped areas and progressive with age. 
Scale bar: 200  m m (Modifi ed from Li et al.  2010  )        

  Fig. 13.2    Loss of cones. Flat-mounted retinas of S334ter-3 rats were double-stained with PNA 
and antibodies against cone arrestin (CAR). Many CAR-positive cells were found in the PNA-
negative areas at PD 20 ( a ), but only a few remained in the PNA-negative areas at PD 90 ( b ). Scale 
bars: 100  m m (Modifi ed from Li et al.  2010  )        
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    13.3.2   CNTF Promotes COS Regeneration 

 Retinas treated with CNTF at PD 10 (endpoint PD 20) had no obvious PNA-negative 
areas (Fig.  13.3a ), unlike PBS-treated ones in which many PNA-negative areas 
appeared (Fig.  13.3e ). In most cases, PNA-negative areas completely disappeared in 
CNTF-treated retinas between PD 20 and 50 (endpoints PD 30–60) (Fig.  13.3b, c ). 
In contrast, PBS-treated fellow retinas had many PNA-negative areas (Fig.  13.3f, g ). 
This effect became less dramatic at PD 80 (endpoint PD 90, Fig.  13.3d ) and almost 
disappeared in retinas of PD 170 (endpoint PD 180, not shown).  

 CNTF-induced reappearance of PNA-positive cells (Fig.  13.3a, b ) suggests COS 
regeneration. To confi rm this observation, eyes were treated with CNTF at PD 35 
and retinas were examined at PD 45. Indeed, the density of PNA-positive cells in 
CNTF-treated retinas of PD 45 was signifi cantly more than in the PD 35 controls 
before the treatment started (Fig.  13.4a ).  

 Long-term effect of CNTF was achieved by using CNTF-secreting microdevices 
(Tao  2006 ; Tao et al.  2006 ; Tao and Wen  2007  ) , which were implanted in the left 
eyes and control devices in the right eyes at PD 20, and retinas were collected at 
PD160. The densities of PNA-positive cells in CNTF-treated retinas are signifi -
cantly more than in the control retinas (Fig.  13.4b ). In another experiment, CNTF-
secreting devices were implanted in the left eyes and control devices in the right 
eyes at PD 30. Cone ERGs were recorded at PD 135. The cone b-wave amplitude in 
CNTF-treated eyes is signifi cantly higher than in control eyes (Fig.  13.4c, d ).   

     Fig. 13.3    Effect of CNTF on PNA-positive cells. Flat-mounted retinas of different ages were 
stained with PNA. After CNTF treatment, no PNA-negative areas were seen at PD 20 ( a ), whereas 
many PNA-negative areas appeared in PBS-treated retinas ( e ). The PNA-negative areas completely 
disappeared in PD 30 and 60 CNTF-treated retinas ( b ,  c ), as compared to the PBS-treated fellow 
eyes ( f ,  g ). This effect became less dramatic in PD 60 retinas ( d ), compared to PBS-treated retinas 
( h ). Scale bar: 200  m m (Modifi ed from Li et al.  2010  )        
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    13.4   Discussion 

 Loss of COS constitutes a prelude to cone degeneration, followed by cone cell 
death with a delay. In the S334ter-3 rats, the delay of cone death is about 2 months. 
PNA-negative patches are readily observable at PD20, but the cones in the PNA-
negative areas are visibly alive. In contrast, cones are scarce to nonexistent in the 
PNA-negative areas in retinas by PD 90. This is also refl ected in the CNTF-induced 
COS regeneration. Although partially responsive up to PD 60, regenerative poten-
tial has dramatically decreased in retinas by PD 80. A 2-month window is rather 
large considering the rapid rate of rod degeneration (10 days) in these animals. 
Although the time frame shifts, a strong parallel exists in patients with RP. In most 
clinical cases, rod degeneration in RP patients is much slower, and cone death 
should occur much later. 

 It is rather surprising that degenerating cones remain capable of regenerating 
COS, indicating that to a certain degree cone degeneration is reversible. COS are 
functional organelles that initiate the conversion of photons into neuronal signals. 
Regeneration COS should restore the light-sensing function of cones. This is very 
signifi cant since it is possible that, in RP patients, degenerating cones may also be 
capable of regenerating COS. In that case, it is possible to stimulate those cones to 
regenerate COS and to restore vision to some extent. 

 Reports from CNTF clinical trials in patients with RP are consistent with our 
preclinical observations. In a Phase I clinical trial, three patients with late-stage RP 

  Fig. 13.4    Regeneration of COS and long-term effects. To demonstrate regeneration of COS, 
 retinas were treated with either PBS or CNTF at PD 35 and collected by PD45 ( a ). PNA-positive 
cell counts in CNTF-treated retinas are 657 ± 76 ( n  = 4), signifi cantly more than in PBS treated 
(334 ± 33,  n  = 3), or untreated at PD 35 before the treatment (467 ± 73,  n  = 3) ( a , ANOVA and 
Bonferroni test). To see the long-term effects of CNTF, CNTF-secreting microdevices were 
implanted at PD 20 and retinas were collected by PD 160 ( b ). PNA-positive cells are signifi cantly 
more in CNTF-treated retinas (446 ± 80) than the controls (141 ± 40) ( b , mean ± SD,  n  = 3, 
Student’s  t  test). Cone ERGs were recorded at PD 135 from eyes implanted at PD 30. Representative 
cone b-waves are shown in panel C ( arrowhead  indicates the onset of fl ash,  c ). The amplitude of 
cone b-wave in CNTF-treated eyes (32.46 ± 10.02  m V, mean ± SD,  n  = 3) is signifi cantly higher 
than the control (17.70 ± 4.78  m V,  n  = 3) ( d , Student’s  t  test).  *P  < 0.05; ** P  < 0.01 (Modifi ed from 
Li et al.  2010  )           
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had signifi cant improvement of vision after implantation of a device that delivers 
CNTF to the retina (Sieving et al.  2006  ) . Recently, adaptive optics scanning laser 
ophthalmoscopy was used to observe three patients with retinal degeneration over a 
two-year interval (Talcott et al.  2010  ) . While cone density signifi cantly decreased in 
the sham-treated eyes, no decrease in cone density occurred in the CNTF-treated 
eye (Talcott et al.  2010  ) . Together, these fi ndings challenge us to rethink our goals 
in treating retinal degenerations. As a useful fi rst step, we may want to emphasize 
early cone protection while continuing efforts to fi nd ways to restore vision in late-
stage RP patients. 

 CNTF has been shown to protect rod photoreceptors in different animal models 
(LaVail et al.  1992,   1998 ; Cayouette and Gravel  1997 ; Cayouette et al.  1998 ; Chong 
et al.  1999 ; Caffe et al.  2001 ; Liang et al.  2001 ; Bok et al.  2002 ; Tao et al.  2002  ) . 
Our data support long-term sustained delivery CNTF as a therapy to benefi t RP 
patients by preserving cone function and useful vision.      
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      14.1   Introduction 

 Glucocorticoids (GCs) act directly on photoreceptors (PRs), as shown by immediate 
ERG changes in normal rats receiving intravenous GCs (Abraham et al.  1998  ) . 
These changes are blocked by mifepristone (MFP), an antagonist of the GC receptor 
(GR). Endogenous GCs or exogenous dexamethasone (DEX) prevent light-induced 
degeneration (Wenzel et al.  2001  ) , whereas intravitreal fl uocinolone acetonide pre-
serves PRs in RCS rats (Glybina et al.  2009  ) . 

 A single GR gene can be translated into several different proteins. GR a  is a 
ligand-dependent transcription factor regulating most GC effects, whereas GR b  
does not bind GCs but suppresses GR a  activity (Cidlowski  2009  ) . The GR a  can 
positively or negatively regulate gene expression and interacts directly with other 
transcription factors (Jacques et al.  2010  ) . 

 Continuous light triggers PR cell death by excessive activation of the transduc-
tion cascade (Fain  2006  ) . Death results from activation of several signaling path-
ways, including caspase-3 cleavage (Organisciak and Vaughan  2010  ) . GR ligands 
are increasingly used in different retinal diseases (Edelman  2010  ) , and antagonists 
have been advocated for treatment of serous chorioretinopathy (Gemenetzi et al. 
 2010  ) , therefore we need a deeper understanding of GC pathways involved in PR 

    M.  A.   Cubilla   •     M.  M.   Castañeda   •     T.  P.   Bachor   •     A.  M.   Suburo   (*)
     Facultad de Ciencias Biomédicas ,  Universidad Austral , 
  Pilar   1629AHJ ,  Buenos Aires ,  Argentina    
e-mail:  amsuburo@cas.austral.edu.ar   

    Chapter 14   
 Glucocorticoid-Dependent Mechanisms 
in Photoreceptor Survival       

       Marisa   A.   Cubilla   ,    Mauricio   M.   Castañeda   ,    Tomás   P.   Bachor   , 
and    Angela   M.   Suburo         



102 M.A. Cubilla et al.

survival. We report here the effects of DEX and MFP on rhodopsin (RHO) levels 
and caspase-3 activation in a model of low-level and continuous light.  

    14.2   Materials and Methods 

 Balb-c male mice (35–45 days of age) were bred and cared in accordance with the 
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 
Standard illumination was 12-h light:12-h dark,  £ 60 lx. Animals were left in com-
plete darkness during 24 h. The next day, at noon, mice were randomly separated. 
The control group returned to standard illumination and experimental groups were 
housed for 2 or 4 days under 1,500 lx. The latter received DEX (10 mg/kg/day, sc, 
Sidus, Buenos Aires), MFP (30 mg/kg/2 days, sc, Sigma-Aldrich, St Louis, MO), 
and MFP and DEX in consecutive but separate injections (M + D), or similar vol-
umes of propylene glycol, the vehicle (VHC). Mice were given 1 mL of 5% dex-
trose ip as required. They were euthanatized at noon, after 1 h of complete darkness 
to allow full separation of the retinal pigment epithelium (RPE). 

 Immunohistochemistry, immunofl uorescence, and Western blots were done as 
described (Torbidoni et al.  2005,   2006 ; Iribarne et al.  2008  ) , using the following 
primary antibodies: GR a  (N499, a gift from M. Garabedian, New York University 
School of Medicine, NY), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 
Santa Cruz Biotechnology), RHO (antibody B6-30, a gift from J. Nathans, Johns 
Hopkins University School of Medicine, MD), and cleaved caspase-3 (CC-3, 9661, 
Cell Signaling Technology Inc, MA). Three samples were studied for each marker 
and each experimental condition.  

    14.3   Results 

    14.3.1   GRs in Control and Light-Exposed Retinas 

 In control retinas, GR a  immunoreactivity appeared in all nuclear retinal layers, but 
staining was lowest in the outer nuclear layer (ONL) and RPE (Fig.  14.1a ). Cells 
of the ganglion cell layer (GCL) always showed high immunoreactivity. After 
exposure to 1,500 lx during 2 days, structural damage was limited to the dorsolat-
eral quadrant, which showed shorter PR outer segments (OS) and a slight reduction 
in ONL rows. However, all PR nuclei now displayed strong GR a  immunoreactiv-
ity. After 4 days of light exposure, OS damage appeared in every region of the 
retina, but was more severe in the dorsotemporal quadrant, where only a few ONL 
rows remained. Every retinal nuclear layer showed intense GR a  immunostaining, 
higher than in 2-day-exposed retinas. No increase was detected in the RPE 
(Fig.  14.1b, c ).   
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    14.3.2   Rhodopsin 

 In VHC mice exposed during 2 days, RHO decreased to about 70% of nonexposed 
and nontreated control levels. MFP mice showed a greater decrease, to 40% of con-
trols. DEX treatment blocked the effects of light, even in mice receiving MFP 
(Fig.  14.2a ).  

 After a 4-day exposure, RHO in VHC mice dropped to less than 20% of controls. 
In MFP mice, RHO could not be detected even after developing blots beyond the 
saturation point for other groups. RHO was only slightly decreased in M + D mice 
(Fig.  14.2b ). VHC mice exposed during 4 days and returned to standard illumina-
tion for another 6 days showed partial recovery of control RHO levels, but this 
protein remained barely detectable in mice receiving MFP during exposure (not 
shown).  

    14.3.3   Activation of Caspase-3 

 CC-3 is not detected in control retinas (Torbidoni et al.  2006  ) . After a 2-day expo-
sure, a few CC-3 +  cells appeared in the ONL of the dorsotemporal quadrant (<1 per 
40× fi eld). More CC-3 +  cells (2–5 per 40× fi eld) appeared in every ONL region of 
MFP mice exposed during the same period (Fig.  14.3a, b ). A similar pattern was 
observed after 4 days of 1,500 lx. CC-3 +  cells were always restricted to the ONL.  

  Fig. 14.1    GR immunostaining in retinal cryosections through the dorsolateral quadrant. ( a ) Under 
standard illumination conditions, GR immunoreactivity appeared in every nuclear layer, being 
stronger in the GCL than in the INL and ONL. The RPE displayed nuclear and cytoplasmic stain-
ing. ( b ) In a mouse exposed during 2 days, the retina showed a reduced ONL with short outer 
segments. PR nuclei immunoreactivity was stronger than in the unexposed retinas. ( c ) After a 
4-day exposure, OS were absent and the ONL only retained a few nuclear rows. Remaining PR 
nuclei showed strong GR immunostaining. Bar, 50  m m.  Insets . PR nuclei are enlarged to show 
immunoreactivity changes in exposed retinas. The same bar equals to 15  m m       
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 Western blots also showed higher levels of CC-3 in MFP than in VHC mice. 
Large amounts of the activated caspase could still be detected after 4 days of light 
exposure in MFP and M + D mice. By contrast, no CC-3 could be detected in exposed 
mice treated with DEX (Fig.  14.3c ).   

    14.4   Discussion 

 We explored the distribution of GR a  immunoreactivity during the early phases of a 
1,500 lx-induced retinal degeneration model (Torbidoni et al.  2005  ) . Changes of 
GR a  in retinas subjected to 1,500 lx indicated that glucocorticoid nuclear signaling 

  Fig. 14.3    ( a ,  b ) Wholemounts showing immunofl uorescent CC-3 +  nuclei in the ONL of retinas 
exposed during 2 days after VHC or MFP injection. Bar, 20  m m. ( c ) Levels of CC-3 protein in mice 
exposed during 4 days. Means with the same letter are signifi cantly different from each other 
(ANOVA and Tukey’s test);  a  and  b ,  P  < 0.01       

  Fig. 14.2    Levels of RHO protein in control and light-exposed mice. Bars represent mean ± SE of 
three different experiments. Means with the same letter are signifi cantly different from each other 
(ANOVA and Tukey’s test). ( a ) Two-day exposure;  a  and  b ,  P  < 0.05;  c ,  P  < 0.01. ( b ) Four-day 
exposure;  a – c ,  P  < 0.01       
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contributed to the PR damage response. Nuclear translocation of GR has also been 
described in another model of light damage (Wenzel et al.  2001  ) . Strong nuclear 
immunoreactivity suggested a build-up of endogenous ligands in light-exposed reti-
nas, since hormone activation leads to the translocation of GR a  from the cytoplasm 
to the nucleus (Nishi  2010  ) . GR transcription and translation might also be upregu-
lated. Further studies should clarify involvement of the different GR splicing vari-
ants (Hinds et al.  2010  ) . 

 Light-induced PR degeneration is initiated by OS damage (Organisciak and 
Vaughan  2010  ) . Consistent with that phenomenon, a 30% of RHO protein was lost 
after 2 days of light exposure. Mice receiving MFP showed even lower RHO levels. 
However, in mice receiving DEX, or both MFP and DEX, light exposure during 
2 days did not affect RHO levels. MFP effects on RHO levels were completely 
reversed by DEX, indicating that they were mediated by GR a . Little RHO recovery 
was found in MFP mice returned to standard illumination, suggesting that PR death 
would be increased. This was confi rmed by amounts of CC-3 in the different experi-
mental groups. CC-3 enzymatic activity, protein, and immunoreactivity gradually 
increase after 2 and 4 days of light exposure (Torbidoni et al.  2006  ) . VHC mice 
displayed a similar pattern, whereas higher numbers of CC-3 immunoreactive ONL 
nuclei and larger amounts of CC-3 protein appeared in MFP mice. DEX administra-
tion lessened the MFP-dependent CC-3 increase, but M + D mice still showed higher 
CC-3 levels than VHC mice. The different effects of DEX on MFP-induced changes 
of RHO and CC-3 would imply that cell death mechanisms were still active in spite 
of RHO preservation. DEX could block caspase-3 cleavage and preserve RHO by 
different mechanisms. Larger amounts of DEX might be required to prevent cell 
death than to preserve RHO. For example, downregulation of AP-1 activity after 
52 mg/kg DEX is associated to survival of light-damaged PRs (Wenzel et al.  2001  ) , 
whereas downregulation of AP-1 after 1.8 mg/kg DEX did not protect PRs in a 
RHO mutant dog model (Gu et al.  2009  ) . Other mechanisms are possible. Activation 
of calpain, a protease involved in light-induced retinal degeneration (Imai et al. 
 2010  ) , is prevented by DEX and probably exacerbated by MFP (Shuto et al.  2009  ) . 
In addition, we have shown that the antiapoptotic molecule Bcl-X 

L
  disappears dur-

ing light exposure, but remains at normal levels when DEX is given (Cubilla et al. 
 2010  ) . Other steroid hormones and receptors might be involved in PR survival, 
since endogenous GCs but not DEX can bind to the mineralocorticoid receptor 
(Nishi  2010  ) . This receptor is expressed by PRs and seems to be actively involved 
in retinal maintenance (Wilkinson-Berka et al.  2009  ) . MFP can also block the pro-
gesterone receptor, but this seems an unlikely protection mechanism, since proges-
terone has been found ineffective in a rat light-induced retinal degeneration model 
(Kaldi and Berta  2004  ) .      
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      15.1   Introduction 

 Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal diseases. In 
the most typical progression, mutation-induced rod photoreceptor death precedes 
mutation-independent cone cell death. The progressive loss of photoreceptors leads 
to typical clinical symptoms, such as night blindness, tunnel vision, and accumula-
tion of pigment deposits. 

 The  rd1  mouse is a well-known animal model for studies on RP (Sancho-Pelluz 
et al.  2008  ) . It carries a mutation in the gene encoding for the b   -subunit of rod pho-
toreceptor cGMP phosphodiesterase-6 (Bowes et al.  1990  ) , causing cGMP accumu-
lation and leading to different alterations, such as overactivation of PARP 
(Paquet-Durand et al.  2007  ) , and eventually to photoreceptor cell death. 

 Histone modifi cations, such as acetylation, may infl uence chromatin structure, 
DNA packaging, and ultimately transcription (Wade  2001  ) . The enzymes directly 
regulating acetylation balance are histone acetyltransferases (HATs), which add 
acetyl groups to lysine residues, and histone deacetylases (HDACs), which remove 
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acetyl groups. Generally, an increase of histone acetylation levels is accompanied 
by increased transcription, while low levels are associated with silencing of gene 
transcription (Kruszewski and Szumiel  2005  ) . 

 We analyzed the expression of HDACs in retinas of wild-type and  rd1  animals 
and studied their enzymatic activity in vivo and in vitro. Photoreceptor cell death 
was preceded by activation of HDACs and, importantly, HDAC inhibition was 
strongly neuroprotective, proposing a pivotal position for HDACs within the meta-
bolic pathways leading to cell death.  

    15.2   Materials and Methods 

    15.2.1   Animals 

 Animals were housed under standard white cyclic lighting and had  ad   libitum  access 
to food and water. C3H  rd1 / rd1  ( rd1 ) and control C3H wild-type ( wt ) mice were 
used. All procedures were performed in accordance with the ARVO statement for 
the use of animals in ophthalmic and visual research. Because of the critical changes 
at postnatal day (P) 11 (Sancho-Pelluz et al.  2008  ) , most comparisons between  rd1  
and  wt  were carried out at this age.  

    15.2.2   In Vitro Retinal Explant Cultures 

 Retinas from P5  rd1  and  wt  animals were used to generate retinal explants as 
described before (Paquet-Durand et al.  2009  ) . The fi rst 2 days, the retina was left in 
R16 culture medium (Invitrogen Ltd, Paisley, UK) without treatment. At P7, cul-
tures were exposed to Trichostatin A (TSA, 1  m M), an HDAC inhibitor (HDACi), or 
kept as untreated control. Explants were cultured until P11 for short-term cultures 
(P5 + 2 + 4), or until P28, for long-term cultures (P5 + 2 + 21).  

    15.2.3   HDAC Assay 

 Fluor de Lys Fluorescent Assay System Assay (Biomol, Hamburg, Germany) was 
originally intended to measure HDAC activity in tissue homogenates. It was adapted 
for use on 4% PFA fi xed retinal cryosections and performed as described in (Sancho-
Pelluz et al.  2010  ) .  
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    15.2.4   TUNEL and Immunostaining 

 The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 
(Roche Diagnostics, Mannheim, Germany) and immunostaining were performed on 
retinal cryosections from  wt , TSA-treated and -untreated  rd1  retinas. Primary anti-
bodies were from Cell Signaling (Danvers, MA, USA; acetylated lysine, Sirt2; 
HDAC2, HDAC5, Rhodopsin) and Alexis Biochemicals (Lörrach, Germany; PAR). 
Corresponding secondary antibodies, Alexa 488, were from Molecular Probes 
(Eugene, OR, USA). Sections were mounted in Vectashield with DAPI (Vector 
Labs, Burlingame, CA, USA).   

    15.3   Results 

    15.3.1   Study of Expression and Activity of HDACs 
in wt and rd1 Retina 

 Immunohistology revealed no changes in expression of the two major HDAC classes 
at P11. Class I HDAC2 (Fig.  15.1a, b ) and class II HDAC5 (Fig.  15.1b, c ) were 
expressed in nuclei of the outer nuclear layer (ONL), inner nuclear layer (INL), and 
ganglion cell layer (GCL).  

 While the ONL of  wt  P11 animals seems to be devoid of visible HDAC activity 
(Fig.  15.1e ),  rd1  presented some ONL cell bodies with elevated HDAC activity 
( arrowheads  in Fig.  15.1f ). In  wt  mouse ONL, an antibody detecting acetylation of 
lysine residues showed uniform staining of the photoreceptor population (Fig.  15.1g ). 
In contrast to this, the  rd1  ONL presented conspicuous “gaps” in the staining 
( arrowheads  in Fig.  15.1h ), which indicated nonacetylated nuclei. These colocal-
ized with positive TUNEL staining ( arrow  in Fig.  15.1i, j ), suggesting that 
hypoacetylation was related to the degenerative process. HDAC activity positive 
cells did not colocalize with TUNEL staining (Fig.  15.1l ), implying that HDAC 
overactivation preceded the fi nal stages of cell death.  

    15.3.2   HDAC I/II Inhibitors Protect rd1 Photoreceptors 
Regulating PARP Activity 

 After short-term culture (P5 + 2 + 4) with/without TSA, HDAC activity assay was 
used to ascertain successful HDAC inhibition. Nontreated retinal cultures still pre-
sented HDAC activity ( arrowheads  in Fig.  15.1m ), whereas TSA-treated retinas did 
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not show positive cells in the ONL (Fig.  15.1n ). Photoreceptor viability was evalu-
ated using the TUNEL assay. In  rd1  retina, 1  m M of TSA signifi cantly decreased the 
rate of cell death compared to untreated retina (Fig.  15.1o, p ). 

 We had previously found strong activation of PARP to be causally related to 
photoreceptor cell death in  rd1  retina (Paquet-Durand et al.  2007  ) . Immunostaining 
for poly-ADP-ribosylated proteins (PAR), the product of PARP, was performed to 
identify a possible relation between HDACs and PARP. In  rd1  explants, the number 
of PAR positive cells was reduced by TSA treatment (Fig.  15.1q, r ), implying that 
activation of PARP in  rd1  photoreceptors took place downstream of HDAC 
activity. 

 Since short-term TSA treatment (until P11) had reduced photoreceptor cell death 
as evidenced by the TUNEL assay, we used long-term cultures (until P28) to test for 
prosurvival effects of TSA. Here, TSA treatment almost doubled the number of 

  Fig. 15.1    HDACs in  rd1  and  wt  retinas. Antibodies labeling different HDAC classes were used in 
retinal sections showing no difference in expression between  wt  and  rd1  mice ( a – d ). HDACs are 
overactivated in  rd1  when compared to  wt  ( e ,  f ). Level of acetylation is lower in the ONL of  rd1  
animals ( arrowheads  in  h ) compared to the  wt  ( g ). Those hypoacetilated cells matched with 
TUNEL assay ( arrow  in  j ). HDAC overactivated cells ( arrowheads  in  l ) do not correlate with 
TUNEL-positive cells ( arrow  in  l ). TSA treated  rd1  retinal explants do not present HDAC-activity-
positive cells ( n ) compared to the untreated situation ( arrowheads  in  m ). TSA seemed to reduce 
the number of TUNEL-positive cells in short-term cultures ( o ,  p ). PAR expression was also reduced 
in ONL of treated animals, therefore PARP activity decreased ( q ,  r ). The rescue of cells was obvi-
ous when the treatment was prolonged until 28 days ( s ,  t ). Most remaining cells seemed to be rods 
according to the rhodopsin expression ( green  in  t )       
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surviving  rd1  photoreceptor rows (Fig.  15.1s, t ) with the majority of surviving  rd1  
photoreceptors showing rhodopsin expression (green). In  rd1- cultured retina, since 
outer segments do not develop properly, rhodopsin aggregates predominantly in the 
cytoplasm of photoreceptors (Bowes et al.  1988  ) .   

    15.4   Discussion 

 HDAC activity has been linked to diverse cellular processes, such as gene expres-
sion, cytoskeletal modifi cations, cell division, and differentiation (Haberland et al. 
 2009  ) . HDAC inhibition can have opposite effects in different paradigms, promot-
ing cell death in carcinogenic tissue while supporting rescue in some neurological 
disorders (Morrison et al.  2007  ) . Any modifi cation of HDAC activity, and thereby 
of histone acetylation and transcription, may have critical effects on the viability of 
the cell. 

 When the HDAC class I/II inhibitor TSA was applied in short-term retinal 
explants from  rd1  animals, a reduction in dying cells was noted. This decrease 
transformed into a signifi cant prosurvival effect in the long-term treatment, with an 
ONL thickness that was roughly doubled. At that age (P28), in untreated  rd1  mouse, 
rods are almost completely gone. The remaining ONL contains one or two rows of 
photoreceptors, mainly cones. Furthermore, rhodopsin was expressed in most of the 
surviving  rd1  photoreceptors in treated retinas (Bowes et al.  1988  ) , whereas in the 
nontreated most of the ONL cells were rhodopsin negative, indicating that in this 
case the surviving cells were mostly cones. The rescue promoted by the inhibition 
of HDAC suggests that HDAC overactivation was a cause and not a consequence of 
photoreceptor cell death. 

 In degenerating  rd1  retina, PARP is overactivated and promoting cell death 
(Paquet-Durand et al.  2007 ; Sahaboglu et al.  2010  ) . Since PARP activity may be 
regulated by acetylation on specifi c lysine residues (Haenni et al.  2008  ) , HDACs 
might directly control PARP activity. Our results showing reduced accumulation of 
PAR after HDAC I/II inhibition also suggest a link, direct or indirect, between high 
HDAC activity and overactivation of PARP. Furthermore, PARP activity colocalizes 
to a large extent with TUNEL-positive cells (Paquet-Durand et al.  2007  ) , while 
HDAC activity correlation with TUNEL is only minor. Therefore, HDAC activity 
appears to temporally precede PARP in  rd1  photoreceptor cell death mechanisms 
(Fig.  15.2 ).  

 Taken together, increased HDAC activity in degenerating  rd1  photoreceptors 
was found to be causally involved in cell death and possibly connected to down-
steam activation of PARP. This highlights HDACs as novel targets for the pharma-
cological treatment of RP and related neurodegenerative diseases.      
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  Fig. 15.2    Role of HDACs in the molecular cell death pathways during  rd1  photoreceptor degen-
eration. A mutation in PDE6 induces deregulation of cGMP, which causes PKG activation and 
possibly Ca 2+ -ion infl ux via CNG ion channels. CREB expression and activity is lower in the  rd1  
mouse retina. Overactivation of HDACs might be involved in CREB downregulation. Since CREB 
regulates a number of genes protecting against oxidative stress, its downregulation may cause 
DNA damage and therefore activation of PARP. Excessive activity of HDAC might further contrib-
ute to PARP overactivation. This may lead to energy depletion and translocation of apoptosis-
inducing factor (AIF) from mitochondria to the nucleus. Eventually, AIF activates endonucleases 
which cause DNA fragmentation and precipitate cell death.  Arrows : activating interaction.  Dotted 
lines : unclear interaction. (Diagram modifi ed after Sancho-Pelluz et al.  2008  )        
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        16.1   Introduction 

 Implantation of a subretinal MPA has been shown to preserve retinal function and 
structure in RCS rats (Pardue et al.  2005a,   b  ) . In these studies, RCS rats were 
implanted at 21 days of age and then followed for 8 or 17 weeks. All animals were 
housed in a normal 12:12 light cycle (~100 lx) and then exposed to ERG fl ash stimuli 
such that the 8-week group received weekly testing with a long protocol (17 steps) 
and the 17-week group received biweekly testing with a short protocol (nine steps). 
The implanted RCS rats with 8 weeks of weekly ERG testing showed signifi cantly 
greater ERG b-wave amplitudes and greater photoreceptor counts, whereas the 
implanted RCS rats from the 17 weeks group did not show any functional or morpho-
logical benefi ts. Since microphotodiodes produce electrical currents in proportion to 
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the intensity of incident light, we hypothesize that this difference in neuroprotection 
is due to the increased current output from the MPA device in the 8-week group 
undergoing weekly ERG with a long protocol. Furthermore, exposing the eye to 
greater light levels and therefore increased electrical current may produce greater 
neuroprotective effects. Here, we examined the dose response of subretinal electrical 
stimulation by exposing RCS rats implanted with electrically active MPAs to vari-
able durations and combinations of two different light regimens: pulsing incandes-
cent bulbs and fl ashes from xenon bulbs of an ERG Ganzfeld.  

    16.2   Materials and Methods 

    16.2.1   Implantation of RCS Rats with MPAs 

 Dystrophic RCS rats, originally obtained from Matthew LaVail of the University of 
California, San Francisco were used in this study. RCS rats ( n  = 28) were implanted 
monocularly at 21 days of age with an MPA device, as previously described (Ball 
et al.  2001  ) . Briefl y, the rats were anesthetized with ketamine (60 mg/kg)/xylazine 
(7.5 mg/kg) and the pupils dilated with 1% tropicamide. After preparing a sterile 
fi eld, the eye was rotated inferiorly and a 1.5 mm incision made through all layers 
of the orbit, approximately 2 mm from the superior limbus. Saline was placed on the 
eye and a localized retinal detachment formed over the course of 5 min. The implant 
was then gently inserted into the subretinal space and confi rmation of the implant 
location made by fundus examination. 

 The MPA device was a 1.0 mm diameter, 25- m m thick silicon disc that contained 
a series of photodiodes with iridium oxide surface electrodes (9 × 9  m m), as previ-
ously described (Chow et al.  2001,   2002  ) . The spectral responsivity of the MPA 
device ranged from 300 to 1,400 nm, peaking at ~840 nm (Chow et al.  2001 ; DeMarco 
et al.  2007  ) . For the stimuli used here, the current output varied depending on the light 
stimuli from environmental to incandescent to xenon fl ash stimuli (see Table  16.1 ).   

    16.2.2   Light Dosing 

 Implanted RCS rats ( n  = 24) were divided into three different groups to received 
incandescent light exposure (350 cd/m 2  at 0.25 Hz) on a customized rack. Rats were 
exposed to chronic (12 h/day, 7 days/week;  n  = 5), daily (1 h/day, 7 days/week; 
 n  = 8), or weekly (1 h/week;  n  = 11) treatments. The “light rack” consisted of 4 in. 
elongated incandescent bulbs hung 6 in. apart around the circumference of the nor-
mal rodent shoebox caging. The bulbs were placed to optimize exposure to the rats 
inside the cage. All animals were exposed to the incandescent lighting at the same 
time of the day using an automatic timer. Rats were provided with food and water 
and could roam freely in the cages. For animals with hourly light exposure, their 
behavior was monitored and recorded by an observer every 10–15 min.  
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    16.2.3   Retinal Function Testing 

 ERGs were recorded from each rat to measure retinal function. All incandescent 
light exposure groups had biweekly ERGs. However, six rats that were exposed to 
1 h/week incandescent lighting had ERG testing weekly. ERG recordings were per-
formed as previously described (Pardue et al.  2005b  ) . Briefl y, rats were dark-adapted 
overnight, anesthetized with ketamine (60 mg/kg)/xylazine (7.5 mg/kg), and pupils 
dilated (1% tropicamide, 1% cyclopentolate). Dark and light-adapted ERGs were 
recorded using a nine step intensity series (biweekly ERGs) or a 17 step intensity 
series (weekly ERGs). Scotopic stimuli ranged from 3.9 × 10 −4  to 137 cd s/m 2 , while 
photopic stimuli ranged from 0.15 to 75 cd s/m 2 .  

    16.2.4   Morphological Assessment of Photoreceptor Numbers 

 After 8 weeks of follow-up, all RCS rats were euthanized (anesthetic overdose) and 
both eyes were enucleated and fi xed in 2% paraformaldehyde/2.5% glutaraldehyde. 
Following dehydration in a graded alcohol series and embedding in plastic resin 
(Embed 812/DER 736; Electron Microscopy, Fort Washington, PA), vertical sec-
tions were cut at 0.5  m m and stained with toluidine blue. Sections through the center 
of the implant were photographed such that eight locations across the retina were 
imaged (Pardue et al.  2005b  ) . Photoreceptor nuclei counts were made in each loca-
tion based on fi ve separate measurements.   

    16.3   Results 

    16.3.1   Effects of Light Exposure on Retinal 
Function in Implanted RCS Rats 

 ERG responses in rats exposed to variable incandescent lighting regimens were not 
signifi cantly different. Figure  16.1 a shows representative ERG waveforms from rats 
at 2 and 8-weeks post-op. As seen previously, retinal function in the RCS rats 
decreased rapidly from 2 to 8 weeks postimplantation and was nearly unrecordable 
at 8 weeks postimplantation (11 weeks of age) (Pardue et al.  2005b  ) . At 2 weeks 

   Table 16.1    Current output from the MPA device in response to different light stimuli   

 Environmental light  Incandescent light  Xenon fl ash 

 Wavelength (nm)  500–650  400–1,000  400–1,400 
 Light intensity (cd/m 2  or *cd s/m 2 )  4.5–86  350  3.9 × 10 −4 –137 “*” 
 Stimulus current ( m A/cm 2 )  3.0 × 10 −3 –0.3  5.5  0.01–1,680 
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after implantation, the chronic exposure group had signifi cantly larger ERGs; 
 however, this difference was diminished by 8 weeks post-op. Figure  16.1 b shows 
the maximum b-wave amplitude in response to the brightest fl ash for each time-
point. No statistical differences were found.  

 In contrast, frequency of exposure to the xenon fl ash affected retinal function. 
Figure  16.1 c shows that implanted RCS rats undergoing weekly ERG testing had 
larger ERG waveforms at 2 and 8 weeks post-op. Examination of the max b-wave 
response (Fig.  16.1d ) shows that the weekly ERG response were greater throughout 
the testing period (main effect of two-way repeated ANOVA,  F (1, 43) = 7.33, 
 p  = 0.024).  

  Fig. 16.1    ERGs recorded from implanted RCS rats while exposed to different lighting conditions. 
( a ) Representative waveforms to bright fl ashes (137 cd s/m 2 ) from implanted RCS rats exposed to 
chronic, daily or weekly incandescent light exposure. ( b ) Average max dark-adapted b-wave across 
time to a bright fl ash from implanted RCS rats exposed to incandescent lights. No signifi cant dif-
ferences were seen between groups. ( c ) Representative waveforms to bright fl ashes (137 cd s/m 2 ) 
from implanted RCS rats that received ERG testing every 2 weeks or weekly. ( d ) Average max 
dark-adapted b-wave amplitude across weeks of implantation in implanted RCS rats exposed to 
different frequencies of xenon fl ashes. RCS rats receiving weekly ERGs had signifi cantly larger 
b-wave amplitudes across the testing period ( p  = 0.024)       
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    16.3.2   Effect of Light Exposure on Photoreceptor 
Survival in Implanted RCS Rats 

 Exposure of the implanted RCS rats to different light regimens did not affect the 
number of photoreceptors present at 8 weeks after implantation. The average num-
ber of photoreceptors present in rats exposed to chronic incandescent lighting was 
91.66 ± 74.64 (average ±SD) vs. daily with 117.33 ± 33.67 and weekly with 
86.08 ± 28.92. Implanted RCS rats that received weekly ERGs also did not have 
signifi cant more photoreceptors 156.14 ± 60.82 compared to biweekly ERGs 
86.08 ± 28.92, although there was a trend for greater numbers of photoreceptors.   

    16.4   Discussion 

 The current output estimated from the MPA device in response to different lighting 
conditions increased from sub-microamp with environmental lighting to 1,800× 
larger with incandescent lights to as much as 560,000× greater with xenon fl ashes. 
While current output changes greatly over these lighting conditions, our fi ndings 
show that increasing the incandescent lighting exposure did not result in greater 
preservation of retinal function. However, increasing exposure to xenon fl ashes 
from biweekly to weekly signifi cantly increased retinal preservation in the implanted 
RCS rats. 

 While we have calculated the current output from the MPA device based on 
in vitro recordings in a chamber (see Table  16.1 ), these measurements do not neces-
sarily accurately predict the current output in the cage environment. The light inten-
sity varies within the cage depending on how far the animal is from the light source. 
Additionally, since there is a gradient current output from the MPA in response to 
light and animals were free to roam around the cage during the light exposure, it is 
unknown if the MPA received full light exposure during periods of light dosing. 
During the light exposure period, particularly with chronic incandescent light expo-
sure, rats slept greater than 50% of the time. The dose of incident light reaching the 
subretinal implant during the exposure time is likely to be less than the actual output 
of the light source. 

 Xenon fl ashes presented with the ERG testing ranged from 3.9 × 10 −4  to 137 cd s/m 2  
and potentially increased current to the implant from 0.01 to 1,680  m A/cm 2 . The 
increased preservation of retinal function with weekly ERGs may be due to the pulses 
of very high current (3–5 per intensity) or may be due to the increasing current output 
in a stepwise fashion that was produced from the MPA device as increasing intensi-
ties were presented. It should also be noted that the weekly ERG recording provided 
a higher “dose” of current earlier (1-week postimplantation) in the course of degen-
eration. It is possible that this exposure to high levels of current at 1-week postim-
plantation upregulated growth factors, such as fi broblast growth factor 2 (Ciavatta 
et al.  2009  )  that could increase the survival of photoreceptors. It does appear that the 
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preservation of retinal function in the weekly ERG group is due to current output 
from the subretinal device since prior studies have shown that naïve rats or rats with 
inactive devices receiving weekly ERGs did not have preserved photoreceptor 
 function (Pardue et al.  2005a,   b  ) . 

 While prior studies have shown that subretinal electrical stimulation preserves 
photoreceptor at 8 weeks after implantation with an MPA device (Pardue et al. 
 2005b  ) , our experiments did not show any increased survival of photoreceptors with 
weekly vs. biweekly xenon fl ash exposure. This may indicate that neurotrophic fac-
tors upregulated by the subretinal current may enhance function in to surviving 
cells, but not stop apoptotic pathways. 

 One complication of this study is that white light was used to increase current 
output from the MPA device. White light can have detrimental effects on photore-
ceptor survival. While the light levels used here were below those used to induce 
light damage models of retinal degenerations, it may have confounded our results 
by increasing photoreceptor death in the degenerating retina (Reme  2005  ) . Future 
studies will use infrared light to stimulate MPA devices since the MPA is sensitive 
at these wavelengths and infrared has not been reported to be damaging to the 
retina.      
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      17.1   Introduction 

 Photoreceptor cell death and the loss of functional vision are common pathological 
features of retinal degenerative diseases such as age macular degeneration (AMD) 
and retinitis pigmentosa (RP) (Remé et al.  1998 ). Exposure to excessive light has 
been shown to lead to tissue damage, similar to those observable in AMD (Rutar 
et al.  2010  ) . Thus, the light damage model may be a suitable tool in exploring thera-
peutic strategies to slow the progression of retinal dystrophies. In this model, pho-
toreceptors are the most susceptible to severe damage, especially, in an area 2-mm 
supero-temporal to the optic disk known as the “hotspot”. In this area, extensive cell 
death, erosion of the blood retina barrier and an obliteration of the choroidal vessels 
are evident, while in the surrounding zone, the retina shows signs of long-term 
instability. Moreover, the structural changes of the retina are paralleled with global 
loss of  retinal function. 

 Irradiation with 670-nm light is a new emerging therapy that has been shown to 
be benefi cial in treating a variety of disease conditions both in the laboratory and the 
clinic. This is also synonymous to near-infrared (NIR) treatment, low level light 
therapy (LLLT) and photobiomodulation (PBM). We recently demonstrated that 
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 pre-treatment with 670-nm light in retinas damaged by white light has downregulated 
the expression of cytokine  ccl2  and muted the stress response of the retina, as seen by 
the expression levels of  gfap  and  fgf  genes (Natoli et al.  2010  ) . In the current study, 
we investigated the effects of treatment with 670-nm light on cone photoreceptor 
function and structure in light-induced damage in SD albino rats, using three treat-
ment paradigms, prior to, during or post-BL exposure.  

    17.2   Materials and Methods 

 All experimental procedures were conducted in accordance with the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research and the pro-
tocols approved by The Australian National University Animal Ethics Committee. 
Sprague-Dawley (SD) rats were born and reared in dim (<5 lx) cyclic light 
(12 h/12 h on/off) conditions prior to experimentation, food pellets and water were 
provided ad libitum. Animals were used when aged P80–100. Animals were divided 
into six groups ( n  = 8/groups). In the fi rst group, animals were not exposed to either 
670-nm light or damaging white light (control). Animals in the second group were 
exposed to damaging white light only (LD) and in the third group they were exposed 
to 670-nm light only for 5 consecutive days (670-nm control). In the remaining 
groups, animals were exposed to damaging bright white light (BL) as well as treated 
with 670-nm light following one of three paradigms. Light damage was induced by 
exposure to 1,000 lx white light for 24 h, as described earlier (Rutar et al.  2010  ) . 
Light treatment was performed using 670-nm LED array (Quantum Devices, WI, 
USA) held at 1 in. (2.5 cm) distance from the animals’ eyes, for 3 min. The energy 
fl uence achieved was 9 J/cm 2  at eye level. In one group, treatment was given 
1× daily on 5 consecutive days prior to BL (pre-conditioned). In the second group, 
animals were treated 1 day prior to BL, then 2× daily during and immediately after 
BL (mid-conditioned). The third group received treatment immediately after the 
cessation of BL once a day for 5 days (post-conditioned). From here onwards, the 
three treatment paradigms will be referred to as Precon, Midcon and Postcon, 
respectively. 

 Cone photoreceptor function was assessed by full-fi eld electroretinogram (ERG), 
using a double-fl ash paradigm (Chrysostomou et al.  2009  ) . Apoptotic cell death was 
assessed by TdT-mediated dUTP nick end labelling (TUNEL). Immunolabeling 
using antibodies against rabbit polyclonal rhodopsin and mouse monoclonal L/M 
opsins was used to assess protein expression and localisation. Real-time quantita-
tive PCR (RT-qPCR) was performed to examine changes in  opn1mw  gene expres-
sion using StepOne Plus qPCR machine and software. Data were analysed using a 
two-tailed Student’s  t  test with  P  < 0.05 considered to represent a statistically 
 signifi cant difference. All values are mean ±1 SEM.  
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    17.3   Results 

    17.3.1   Effects of 670-nm Light on Bright Light-Induced 
Photoreceptor Cell Death 

 Compared to normal control, the sustained exposure of the retina to BL induced a 
signifi cant amount of TUNEL + profi les (Fig.  17.1a, b ). The average TUNEL + pro-
fi les in LD group ranged from 300 to 400 cells/mm in the ONL, mostly localised 
in the hotspot area. In 670 nm-treated retinas, TUNEL + profi les were signifi cantly 
reduced compared to LD control. The amount of TUNEL + cell count for the 
Precon group was 16 cells/mm (Fig.  17.1a ), while Midcon animals produced 
75 cells/mm (Fig.  17.1b ). The rate of cell death in both treated groups decreased 
signifi cantly compared to controls ( P  < 0.05). Animals from Postcon group were 
excluded from the TUNEL analysis because, in this treatment group, retinas were 
analysed 1 week after BL, when the presence of TUNEL + profi les is decreased 
considerably owing to the transitory nature of DNA fragmentation during 
 apoptosis. In this model, apoptosis has been shown to peak after 24 h of exposure 
to damaging light and prevails for up to 3 days of recovery followed by a rapid 
drop in numbers.   

    17.3.2   670-nm Light Mitigates Loss of Outer 
Segments Following Photic Injury 

 Immunohistochemistry, using antibodies against rhodopsin and L/M opsins, was 
performed to identify the outer segments (OS) of the rod and cone photoreceptors. 
Figure  17.2  depicts a segment of the superior retina, where the hotspot is usually 
present. In control animals, high density of rhodopsin and L/M opsins are evenly 
distributed across the outer retina (Fig.  17.2a ). By contrast, exposure to damaging 
light caused a focal loss of OS, most signifi cantly in this area (Fig.  17.2b ), and to a 
lesser extent in the surrounding penumbra (not shown). Following 670-nm light 
treatment, the damaging effects of BL on the OS were less severe in comparison to 
the non-treated retinas as indicated in Fig.  17.2d–f . Only a shortening of OSs was 
observed in retinas from Precon and Midcon groups (Fig.  17.2d, e ). Postcon retinas 
revealed more prominent shortening and disorganisation of OSs, but these changes 
did not reach the severity found in LD controls (Fig.  17.2b, f ). Treatment with 
670 nm-treated only did not cause any signifi cant changes in immunoreactivity 
(Fig.  17.2c ).   
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  Fig. 17.2    Immunohistochemical labelling of photoreceptor outer segments with antibodies against 
rhodopsin ( green ) and L/M opsins ( red ). Scale bar represents 25  m M       

  Fig. 17.1    Distribution and frequency of TUNEL + profi les in retinal sections from Precon and 
Midcon groups ( a ,  b ). *Statistically signifi cant differences ( P  < 0.05)       
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    17.3.3   Regulation of Cone Opsin Gene by 670-nm Light 

 To validate the expression of outer segment proteins described in the previous sec-
tion, the regulatory effect of 670 nm in o pn1mw  gene was examined 1-week post-
BL exposure using RT-qPCR. The  opn1mw  gene encodes the medium-wavelength 
cone opsin. Changes in gene expression were compared to control levels that were 
normalised to 1. As shown in Fig.  17.3 , exposure to BL caused a 60% decrease in 
the expression of o pn1mw  compared to normal control that was statistically signifi -
cant ( P  < 0.05). Treatment with 670-nm light alone did not cause signifi cant change 
in  opn1mw  gene expression. In Precon and Midcon-treated groups,  opn1mw  expres-
sion was slightly downregulated only by 10–20%, though in the latter group, greater 
variability of the data was found .  These changes are not statistically signifi cant 
compared to the control ( P  < 0.05). By contrast,  opn1mw  expression in Postcon 
group was down to 70%, which was similar to the LD retina.   

    17.3.4   670-nm Light Maintains Retinal 
Function Following Photic Injury 

 The effects of damaging light on the physiological status of treated and non-treated 
retinas were examined using double-fl ash full-fi eld ERG paradigm. Figure  17.4  
illustrates the average cone b-wave amplitudes analysed from eight animals in each 
group. Changes in functional response were expressed as ratio of amplitudes analy-
sed 1 week after exposure to BL or treatment and amplitudes measured on the same 

  Fig. 17.3    Quantitative real-time PCR analysis of  opn1mw  gene in BL-exposed SD retinas treated 
with 670 nm light. The  dashed line  indicates fold ratio of 1. *Statistically signifi cant differences 
( P  < 0.05)       
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animal prior to experimentation. The value of 1 indicates no change. A signifi cant, 
approximately 50% decrease in cone b-wave amplitude was observed in the non-
treated BL-exposed retinas compared to controls ( P  < 0.05). Treatment with 670 nm 
light, in the Precon and Midcon groups, produced a 30 and a 25% loss, respectively, 
which represent a signifi cant protection of function in these treatment groups com-
pared to control. No signifi cant difference was observed in Postcon retinas when 
compared to the non-treated BL-exposed animals. Treatment with 670-nm light 
alone did not cause change in cone b-wave amplitudes.    

    17.4   Discussion 

 In our present study, we evaluated the potential protective benefi ts of 670-nm light 
using the established light-induced damage model in rodent retina. Firstly, our 
results are consistent with previous fi ndings that exposure to damaging levels of 
light induces major structural damage and histopathological changes predominantly 
in the photoreceptor and retinal pigment epithelial cells (Noell et al.  1966  ) . 

 Treatment with 670-nm light is an emerging therapeutic modality; it has been 
shown to rescue cell death, promotes wound healing and provides anti-infl ammatory 
relief in various diseases in humans and animal models (Whelan et al.  2001 ; Liang 
et al.  2006 ; Natoli et al.  2010  ) . In the current study, we observed that 670-nm light 
produced a remarkable level of protection to photoreceptors damaged by bright light. 
Preconditioning the retina proved to be suffi cient in ameliorating retinal damage 
from light exposure. Similarly, treating the retina during the BL exposure promotes 
protection of photoreceptors. As a result, the observed prevention of cell death leads 

  Fig. 17.4    Analysis of the relative cone b-wave ERG responses in treated and non-treated retinas 
7 days after BL exposure. *Statistically signifi cant differences ( P  < 0.05)       
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to maintenance of retinal integrity and recovery of functional vision. Our fi ndings 
seem to suggest that 670-nm light possibly acts on broad cell signalling pathways 
common to tissues. Recently, our group has demonstrated that pre-treatment with 
670 nm in light-exposed retina caused signifi cant reduction in the expression of pro-
infl ammatory cytokine  ccl2 , and stress factors  GFAP  and   fgf-2  (Natoli et al.  2010  ) . 
This implicates the possible involvement of pathways modulating cellular stress, 
apoptosis and infl ammation. 

 The level of functional preservation observed between the three paradigms var-
ies. The results from Precon and Midcon groups showed better preservation cones 
responses and structures compared to Postcon retinas. Quantitative assessment in 
Postcon animals revealed no signifi cant functional recovery at all which is further 
supported with a signifi cant downregulation of  opn1mw  gene expression and the 
more extensive structural damage in this group. Considering, however, that there 
was a morphological preservation of photoreceptors and OS density present in 
Postcon retinas when compared to controls, its functional outcome came as a sur-
prise. We believe that the functional loss is only temporary as the retina attempts to 
repair the damage. One important aspect in resolving tissue injuries and stress is the 
production growth factors within the damaged tissues. The involvement of 670-nm 
light in enhancing production of growth factors in wounded tissues was previously 
presented by Whelan and colleagues in 2001. In our current model, 670-nm light 
may have stimulated the production of the neuroprotective CNTF and growth factor 
 fgf-2.  These factors have been associated to the reduction of retinal function that 
may explain the reduction of photoreceptor ERG response observed in this series 
(Valter et al.  2005  ) . 

 The outer segments of the photoreceptors have been suggested to display regen-
erative properties in various animal models as supported by a recent study that cone 
outer segments have the capacity to regrow in retinas treated with CNTF (Li et al. 
 2010  ) . The ability of the outer segments to regenerate proves to be an attractive 
therapeutic target for rescue strategies in animal models for retinal degeneration. In 
the current study, the severe damage or loss of photoreceptors was stalled by the 
treatment of 670-nm light. In Precon and Midcon groups, the damage was limited 
mainly to the shortening of OS, while in the Postcon group a more severe, but still 
potentially reversible damage occurred. Early investigation from our group revealed 
a gradient of CNTF upregulation in all treated groups where Postcon showed the 
most immunoreactivity. Taken together, 670-nm light has the potential to slow the 
process of retinal degeneration. Considering its direct effects on apoptosis, this 
treatment may be extended to clinical studies on therapeutic interventions for human 
degenerative diseases such as AMD and RP. Although the functional responses did 
not recover to the level of the normal retina, given ample time to recover, 670-nm 
light may have the capacity to promote better functional outcome as the outer seg-
ments regenerate. Thus, 670-nm light represents a novel therapeutic modality to 
stabilise the retina against photoreceptor degeneration.      
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      18.1   Introduction 

 Gene-based, pharmacological, and prosthetic therapies have been investigated for 
the prevention or reversal of photoreceptor cell death in retinal degeneration (RD). 
Retinitis pigmentosa (RP) and allied forms of RD can be triggered by a wide range 
of deleterious mutations, over 170 identifi ed thus far: in the retina it seems “any-
thing that can go wrong will go wrong.” This calls for several therapeutic approaches, 
which in the absence of alternatives have to be tested in mouse models. The effi -
ciency of the test depends on the model; it should neither degenerate too fast nor too 
slow. In the extensively studied  rd1  mouse (Bowes et al.  1990 ; Punzo and Cepko 
 2007  ) , the effects of the phosphodiesterase 6b ( PDE6 b  ) mutation are so severe, aris-
ing between PN5 and PN14, that several layers of photoreceptor cells are lost before 
the retinal circuitry has reached full maturation. By contrast, the relatively recently 
characterized  rd10  mouse shows the fi rst signs of degeneration at PN18 (Chang 
et al.  2002  ) . For this reason, the  rd10  model is of great value for early-stage thera-
peutic testing, balancing a signifi cant retinal pathology with a slower rate of pro-
gression and thus the opportunity to achieve rescue. Such a rescue strategy should 
depend on the nature of the mutation, whether it precipitates a null, leaky, gain-of-
function, or dominant-negative phenotype. In the case of the  rd10  mouse, the  PDE6 b   
point mutation changes codon 560 of exon 13 from an arginine to a cysteine. 
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Although the pathophysiological mechanism of this  rd10  mutation has yet to be 
elucidated, the gradual degeneration of the  rd10  phenotype is characteristic of a 
leaky, haplo-insuffi cient state, as further implied by complementarity mating with 
wild-type (WT) and  rd1  mice (Chang et al.  2007  ) . This suggests that a  PDE6 b   gene 
replacement approach should achieve rescue. The therapeutic window available 
may be extended by dark-rearing the mouse from birth, a unique feature of the  rd10  
retina that was originally reported by Chang and colleagues  (  2007  )  (Pang et al. 
 2008  ) . This protective effect of dark-rearing has yet to be explained and may result 
from at least three possible mechanisms, (1) a gain-of-function in the  rd10 PDE6 b   
molecule may cause light-evoked activity to be toxic to the cell, (2) altered synaptic 
development, as may occur by dark-rearing (Vistamehr and Tian  2004  ) , may mask 
the retinal phenotype, (3) secondary cues for cell death may be accelerated by light 
and delayed by dark-rearing. In this preliminary study, the ERG, histology, and 
transcript levels of crucial retinal genes are compared between cyclic-light-reared 
and dark-reared mice, termed LR- rd10  and DR- rd10,  respectively. The data show 
that the ONL of the DR- rd10  mouse is protected from cell death with some ONL 
function preserved until at least PNM2.5. Furthermore, the downstream circuitry of 
the rod ON-bipolar cells (RBCs) is maintained in the DR- rd10  mice. The protective 
effect of light restriction in the  rd10  mouse may provide insight into disease man-
agement and treatment strategies for patients with retinal degeneration caused by 
recessive photoreceptor mutations.  

    18.2   Methods 

    18.2.1   Mice 

 All procedures were approved by the Institutional Animal Care and Use Committee 
of the University of Pennsylvania and complied with the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research. C57Bl/6J and  PDE6 b    rd10  /J 
mice were obtained from Jackson laboratories (ME).  

    18.2.2   Electroretinography 

 ERG recordings followed procedures described previously (Lyubarsky et al.  2002  ) . 
Wild-type C57Bl/6J mice were dark-adapted overnight;  rd10  mice have been raised 
in dark from birth. Animals were anesthetized with a cocktail containing (in mg/g 
body weight): 25 ketamine, 10 xylazine, and 1000 urethane. The pupil was dilated 
with 1% tropicamide saline solution (Mydriacil; Alconox, New York, NY), and the 
mouse was placed on a custom-made thermo-stabilized stage maintained at 37°C. 
Two miniature cups with embedded platinum wires made of UV-transparent plastic 
serving as recording electrodes were placed in electrical contact with the corneas. 
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A platinum wire loop placed in the mouth served as a reference and a ground 
 electrode. Full-fi eld ERG were recorded with Espion Electrophysiology System 
(Diagnosys LLC, Lowell, MA) modifi ed by the manufacturer for experiments with 
mice by substituting LEDs with emission maximum at 365 nm for standard blue 
cones. Intensities of green and white stimuli were defi ned in scotopic units accord-
ing to the manufacturer’s instruction, and they were converted into the units of pho-
ton fl ux and number of photoisomerizations/photoreceptor as described by 
Lyubarsky et al.  (  2004  ) .  

    18.2.3   Immunolabeling and Imaging 

 Immunolabeling of retinal cryosections was carried out according to previously 
described protocols (Sherry et al.  2006 ; Phillips et al.  2010  ) . Antibodies used were 
rabbit PKC a  (1/1000, Sigma, St. Louis, MO), rabbit VAMP-2 (1/500, ab3347 
Abcam, MA), rabbit synapsin-1 (1/500, ab8), all raised in rabbit and detected using 
alexafl uor-labeled secondary anti-rabbit antibodies (1/500, Molecular Probes, OR). 
Specifi city of labeling methods was confi rmed by omitting primary antibody. 
Confocal microscopy was performed using a Leica confocal microscope. Images 
were captured using a 40× oil immersion objective and stacked images processed 
using Image J.  

    18.2.4   Quantitative Real-Time PCR 

 RNA samples were harvested from whole eyes using RNeasy kit (Qiagen) and used 
for single-strand cDNA synthesis from oligoDT primers. Primers amplifying a 150–
200 bp amplicon of genes in enriched sets were designed using the Whitehead 
Institute Primer3 program. Thermal cycler conditions for the RTPCR system 
(Applied Biosystems 7500) were 50°C for 2 min, 95°C for 10 min, 40 cycles of 15 s 
at 95°C followed by 1 min at 60°C. PCRs were performed in triplicate for each 
sample and relative quantitation was calculated using the Pfaffl  formula with 18S 
rRNA as reference.   

    18.3   Results 

    18.3.1   Preservation of Function Until PNM3 
in the DR-rd10 Mouse 

 The retinal function of DR- rd10  was compared to that of LR- rd10  mice using fl ash 
ERG at a range of ages from postnatal day (P) 21 to postnatal month (PNM) 3. The 
saturating a-wave response from dark-adapted mice is reduced compared to WTs for 
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both DR- rd10 s and LR- rd10 s, from P21; however, the DR response amplitude is twice 
that of the LR response and is maintained until at least 7 weeks long after the a-wave of 
LR- rd10 s is lost. Even more striking is a dark-adapted b-wave response close to that of 
the WT, suggesting that not only is downstream synaptic signaling intact, but may even 
be undergoing a compensatory effect, with a b/a ratio increased compared to WT.  

    18.3.2   Immunohistochemical Analysis of the Effect 
of DR on rd10 Retinal Remodeling 

 There is considerable evidence for anatomical reshaping of inner retinal neurons 
during retinal degeneration. Early disorganization and alteration in size of rod bipo-
lar cell (RBC) terminals has been reported in  rd10  mice at PN30 (Puthussery et al .  
 2009  ) . In both DR- rd10  as well as LR-rd10 mice, we observe remodeling of the 
RBC dendrites. At this advanced stage, cone outer segments are evident only in 
DR- rd10  mice (Fig.  18.2a ). It was of interest to examine the extent to which synap-
tic connections of the inner retina may be infl uencing the rate of degeneration in the 
DR- rd10  mouse. Antibody against VAMP-2, the principal SNARE protein of retinal 
synapses, stains both ribbon and conventional synapses in the outer and inner plexi-
form layers (OPL and IPL), (Phillips et al.  2010  ) . While VAMP-2 staining is com-
pletely diminished in the OPL of the  rd10  mouse reared under cyclic light, staining 
is maintained in the dark-reared  rd10  (Fig.  18.2b ). Antibody against synapsin-1 
labels the conventional synapses of amacrine cells in the IPL, previously synapsin-1 
labeling had been observed ectopically in puncta of the INL and GCL of  rd10  reti-
nas (Phillips et al.  2010  ) . Spread of this synaptic marker into the OPL is observed in 
LR- rd10  mice. By contrast, a more intense and confi ned labeling of conventional 
synapses is evident in DR- rd10  compared to LR- rd10  (Fig.  18.2c ).     

    18.3.3   QrtPCR Analysis of Candidate Retinal Genes 

 While rhodopsin expression is lost by PNM2.5 in LR- rd10  mice, the expression in 
DR- rd10  is maintained at 79% of WT levels. DR- rd10 PDE6 b   expression levels are 
also close to WT. GS expression in Müller glia, possibly indicative of a continued 
retinal response to glutamate, is found to be maintained in both LR- rd10  and 
DR- rd10  mice.   

    18.4   Discussion 

 Light restriction has been shown to slow degenerations in 15 of 20 rodent strains 
surveyed (reviewed by Paskowitz et al.  2006 ; Valter et al.  2009  ) . Particularly robust 
fi ndings have been documented in the RCS rat (Dowling and Sidman  1962 ; Kaitz 
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and Auerbach  1979  ) , the P23H-3 transgenic mouse (Naash et al.  1996  )  and rat 
(Bicknell et al.  2002  ) , and in the rhodopsin-mutant dog (Cideciyan et al.  2005  ) . 
However, it is in the  rd10  mouse that the protective effect of dark-rearing is most 
evident (Chang et al .   2007  ) . An effort is made in this preliminary study to character-
ize this effect and improve our understanding of the nature of the  rd10  mutation. 
A therapeutic strategy that takes advantage of this protective effect may be trans-
lated to human patients with photoreceptor-based RD mutations. Recently, it has 
been demonstrated that bipolar cells of the  rd10  retina undergo histochemical and 
morphological changes during the course of degeneration with loss of nearly a quar-
ter of RBCs and a differential loss of responsiveness to glutamate (Gargini et al .  
 2007 ; Puthussery et al .   2009  ) . A survival strategy for those RBCs that remain may 
be observed in the extension of processes to the remaining cones of the ONL 
(Puthussery et al .   2009  ) . Our results imply that the protective effects of dark-rearing 
are a consequence of altered synaptic contacts in the OPL that preserved function of 
both the ONL and INL. Signifi cant preservation of rod photoreceptor and RBC 
function is found in DR- rd10  mice compared to LR- rd10  mice until PNM3 
(Fig.  18.1 ) and OPL synaptic contacts are more prevalent in the DR  rd10  than in the 
age-matched LR- rd10  (Fig.  18.2 ). The normal scotopic b-wave in ERG suggests 
that these RBC-photoreceptor synapses are functional. 

 In the  rd/rd  retina, it has been hypothesized that the RBCs do not receive suffi -
cient input from healthy photoreceptors to enable normal development of glutamate 
signaling pathways (Chua et al.  2009  ) . In the case of the  rd10  model, it may be the 
 maintenance  of glutamate signaling pathway that is compromised, as the inner ret-
ina somehow succumbs to secondary effects of the  PDE6 b   mutation. As the DR- rd10  
is never challenged with light, the undisrupted glutamate fl ow may help maintain 
downstream signaling pathways. This initial investigation offers evidence of the 
extent of this protective effect. It suggests that appropriately timed light restriction 
at the time of accelerated degeneration may help support retinal circuitry prior to 
therapy and maximize the chance of a positive outcome. Alternatively, it may be 
possible to address the primary cause of retinal degeneration in this model – such as 

  Fig. 18.1    Time course of changes in the ERG in  rd10  mice: no decline at least in the fi rst 2 
months       
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alterations in glutamate release/replacement. Evidently, further investigation is 
needed before the exact nature of the dark-rearing protective effect can be under-
stood in the  rd10  mice. 

 Up to 21 mutations have been found within the PDE6  b   catalytic domain in 
patients with recessive RP (  http://www.hgmd.cf.ac.uk/    ). This preliminary study into 
long-term maintenance of rod function in the dark-reared  rd10  mouse suggests that 
approaches to maintain rod function may be extrapolated to human patients.      

  Fig. 18.2    Immunolabelling of LR-rd10 vs. DR- rd10  mice at PNM2.5. ( a ) PNA ( red ) and PKC a  
( green ) expression. ( b ) VAMP-2 and ( c ) Synapsin-1 Scale bar, 50  m M       
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     Keywords   Retinal light damage  •  Erythropoietin  •  Outer nuclear layer thickness  
•  Electroretinogram  

      19.1   Introduction 

 Previous experimental studies using bright light exposure to rodent eyes have shown 
that light stress causes photoreceptor cell damage (Noell et al.  1966  )  and that the 
apoptotic pathway, the common fate of photoreceptors in retinitis pigmentosa and 
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age-related macular degeneration, is the main course of light-induced cell death 
(Wenzel et al.  2005  ) . Thus, light-induced damage in the albino rat is a suitable 
model system to study stress-induced retinal degenerations. The cytokine erythro-
poietin (Epo), a glycoprotein produced by the kidney in adults and by liver in the 
fetus, is responsible for erythropoiesis and is best known for treatment of anemia. 
Recent evidence suggested that Epo has nonhematopoietic biological effects on 
angiogenesis, brain development, wound healing, and neuroprotection (Arcasoy 
 2008  ) . Systemic administration of Epo has been shown to be protective against 
light-induced retinal degenerations (Rex et al.  2004  ) . Aranesp (darbepoetin alfa; 
Amgen, Thousand Oaks, CA) and AMG114 (Amgen), hyperglycosylated forms of 
Epo, are recently developed glycosylation analogs of Epo with an extended circulat-
ing half-life in vivo. In the current study, the effi cacy of two Epo compounds 
(Aranesp and AMG114) was tested in a rat model of light-induced retinal degenera-
tion. The drugs were administered by intravitreal injection.  

    19.2   Materials and Methods 

    19.2.1   Light Exposure 

 All procedures were carried out according to the ARVO Statement for the Use of 
Animals in Ophthalmic and Vision Research and the University of Oklahoma Health 
Sciences Center (OUHSC) Guidelines for Animals in Research. All protocols were 
reviewed and approved by the Institutional Animal Care and Use Committees of the 
OUHSC and the Dean A. McGee Eye Institute. Sprague-Dawley (Harlan Sera-Lab; 
Indianapolis, IN) rats were born and raised in our vivarium and kept under dim 
cyclic light (5 lx, 12 h on/off, 7 a.m.–7 p.m.) prior to experimentation. 

 Unanesthetized rats (6–7 weeks of age) were exposed to 2,700 lx diffuse, cool, 
white fl uorescent light for 6 h (9 a.m.–3 p.m.) as described previously (Tanito et al. 
 2007,   2008  ) . After exposure, the rats were returned to the dim cyclic light environ-
ment for 7 days, after which their electroretinograms (ERG) were recorded; they 
were then euthanized and their eyes enucleated. One-hundred and thirty rats were 
divided into ten groups of 10 or 20 rats each (Table  19.1 ). Groups 1–6 were given 
intravitreal injections in one eye of either Aranesp or AMG114 at three different 
doses, each calculated to be at the levels of 0.2, 2, 20 ng in the eye, 48 h before the 
damaging light exposure. Doses of Epo-analogs injected were decided based on the 
previous study by Rex et al.  (  2004  ) . The contralateral eye was injected with carrier. 
These six groups were exposed to damaging light. Groups 7–8 were injected in one 
eye with 20 ng Aranesp or AMG114 and in the other eye with carrier. These two 
groups were not exposed to light and served as controls for drug toxicity to the ret-
ina. Groups 9–10 were not injected with drug. Group 9 was exposed to light and 
Group 10 served as an unexposed control. The identity and dose levels of the drugs 
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used in this study were masked to the examiners until the experimental results had 
been recorded and the data analyzed.   

    19.2.2   Intravitreal Injection 

 Intravitreal injections were done between 12 p.m. and 1 p.m. 2 days before light 
exposure. This allowed enough time for the animals to recover from anesthesia and 
to determine if there were any untoward effects of the injection, such as injury 
cataract or infection. In addition, the endogenous neuroprotective cytokine response 
that protects against light damage (Faktorovich et al.  1992 ; Wen et al.  1995  )  was 
reduced after two days. After anesthesia with Ketamine (120 mg/kg) and xylazine 
(6 mg/kg), the rat eyes were dilated with 1% tropicamide and topically anesthe-
tized with 0.5% Proparacaine·HCl. The animals were placed on a sterile pad over 
a regulated heating pad and the eyes magnifi ed under an operating microscope. 
Both eyes and surrounding skin and hair were bathed with a 5% solution of beta-
dine followed by sterile saline. Two microliters of drug or vehicle were taken up by 
a microsyringe with a 33-gauge needle and injected into the vitreal space through 
a small incision created by penetration with a 30-gauge beveled needle at the lim-
bus on the superior side of the eye. Subsequent to the injection, an erythromycin 
ophthalmic ointment (E. Fougera & CO, Melville, NY) was applied to the corneal 
surface to reduce the risk of infection and to prevent corneal opacifi cations. Injected 
animals were kept in the operation room for several hours for recovery. We supplied 
Tylenol in the drinking water (1–2 mg/mL drinking water; 15–30 of 32 mg/mL 
pediatric elixir/500 mL bottle), starting 24 h before the surgery and continuing for 
4 days thereafter. Injected rats were monitored carefully for signs of ocular infl am-
mation and cataract formation.  

   Table 19.1    Animal groups   

 Group  Number of rats 

 Treatment 

 Light exposure  Left eye  Right eye 

 1  20  Vehicle  Aranesp (20 mU)  Yes 
 2  20  Aranesp (200 mU)  Vehicle  Yes 
 3  10  Vehicle  Aranesp (2,000 mU)  Yes 
 4  20  AMG114 (20 mU)  Vehicle  Yes 
 5  10  Vehicle  AMG114 (200 mU)  Yes 
 6  10  AMG114 (2,000 mU)  Vehicle  Yes 
 7  10  Vehicle  Aranesp (2,000 mU)  No 
 8  10  AMG114 (2,000 mU)  Vehicle  No 
 9  10  Uninjected  Uninjected  Yes 

 10  10  Uninjected  Uninjected  No 
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    19.2.3   ERG Recording and Outer Nuclear 
Layer Thickness Measurement 

 Seven days after the light exposure, ERGs were recorded to estimate retinal func-
tion and outer nuclear layer (ONL) thickness was measured on retinal sections to 
estimate retinal structure in the animals from groups 1–10 (ERG results are not 
available for Group 8, a nonexposed control group). The methods for ERG record-
ings and ONL thickness measurements were described previously (Tanito et al. 
 2007,   2008  ) . Throughout the experiments, all animals were checked for signs of 
infection and cataract formation. No animals developed infection and three were 
eliminated from the study (one in Group 5 and two in Group 8) because of cataract 
or anesthetic overdose.   

    19.3   Results 

 The ERG a- and b-wave amplitudes (Fig.  19.1 ) and ONL thickness (Fig.   19.2  ) were 
not signifi cantly different between light and left eyes in Groups 9 and 10, indicating 
good reproducibility, and in Groups 7 and 8 (no ERGs), indicating that neither drug 
was toxic to the retina. There were no signifi cant left eye/right eye differences in 
any rats in Groups 1–6, indicating no retinal protection by Epo functionally or 
structurally.    

    19.4   Discussion 

 Previous studies have shown that up-regulation of Epo in the retina by systemic 
hypoxic preconditioning, Epo-expressing transgenic mice, or intraperitoneal injec-
tion of Epo provides retinal protection from light damage (Grimm et al.  2002, 
  2004 ; Ranchon Cole et al.  2007  ) . Rex et al.  (  2004  )  reported that overexpression of 
Epo delivered by adeno-associated vectors is protective against retinal light dam-
age when administered systemically, but not intraocularly. Thus, assuming all of 
these studies are correct, there is a basic difference between Epo delivered to the 
retina from the systemic circulation and Epo delivered intraocularly. Ranchon-Cole 
et al.  (  2007  )  reported that mechanisms such as free radical scavenging or antioxi-
dant facilitating activity are independent of retinal protection mediated by systemic 
Epo, perhaps through an indirect effect of Epo such as increase in hematocrit level 
(Rex et al.  2004  )  or postadministrative modifi cations of Epo by nonretinal tissues. 
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These are possibilities that should be tested. More recently, absence or very low 
levels of Epo receptor expression was reported in nonhematopoietic cells such as 
endothelial, cardiac, neuronal, renal, and tumor cells (Sinclair et al.  2010 ; Swift 
et al.  2010  )  and may explain the discrepancy. 

 In conclusion, Epo glycosylation analogs such as Aranesp and AMG114 injected 
intravitreally do not protect rod photoreceptor cells from light-induced cell death.      

  Fig. 19.1    ERG Amplitudes. The means (±SD) of ERG a-wave amplitudes are shown in ( a ). ( b ) 
b-Wave amplitudes. ERG values for Group 8 are not available; n.s. indicates not signifi cant by 
paired  t  test between right and left eyes       
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  Fig. 19.2    ONL thickness measurements. The means (±SD) of ONL thickness ( m m) are shown on 
the  y  axis. The units on the  x  axis are the distances (mm) from the optic nerve head (ONH) along 
the vertical meridian to the inferior and superior ora serrata       
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      20.1   Introduction 

 Currently, only one nucleic acid drug is approved for human disease by the Food 
and Drug Administration (Vitravene™, fomiversen, ISIS 2922). This singular suc-
cess is testament to the diffi culties that exist in development of PTGS agents over 
the last three decades. We encountered the biocomplexity intrinsic to development 
of PTGS agents in RDD for retina-directed therapeutics. The steps in the process of 
RDD are similar to the development of small molecule drugs except that in RDD, 
the drug is a delivered or expressed macromolecular RNA molecule (Fig.  20.1 ). We 
critically detailed the bottlenecks at each step in RDD that limit the effi ciency and 
success of PTGS agent development (   Sullivan and Taggart  2007  ) . Here, we present 
an overview of established and emerging technologies to address these bottlenecks, 
some of which were established in this lab.   

    20.2   Materials and Methods 

 To demonstrate the complexity of mRNA structure, we folded human peripherin 
mRNA ( RDS, PRPH2 ) into secondary structures with Mfold, which fi rst fi nds the min-
imal free energy structure (Zuker  2003  ) .  RDS  is a disease target mRNA in autosomal 

  Fig. 20.1    Process of RNA 
drug discovery. Steps in 
PTGS development       
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dominant retinitis pigmentosa and macular dystrophies and is expressed in rod and 
cone photoreceptors (Boon et al.  2008  ) .  

    20.3   Variables in RDD 

    20.3.1   Agents of PTGS 

 PTGS agents interact with target mRNAs on the basis of complementary Watson–
Crick base pairing. We focus on ribozymes and shRNA agents that could constitute 
gene-based therapeutics. PTGS agents contain an engineered region that is anti-
sense to an accessible region in the target mRNA (Fig.  20.2 ). The hammerhead 
ribozyme (hhRz) has its catalytic core situated between two antisense fl anks that 
anneal to the target mRNA and position the enzyme to cleave after an NUH↓ triplet 
(N = G, A, U, C; U = U, H = C, A, U). The hhRz catalyzes a transesterifi cation reac-
tion based on RNA chemistry. After cleavage, the release of the target fragments is 
critical to allow enzymatic turnover and avoid product inhibition. The total anti-
sense span of the hhRz should be at least 12 nt which is suffi cient for good specifi c-
ity with respect to the human transcriptome. The hhRz can be expressed within the 
context of a structured (chimeric) RNA that provides stability, appropriate cellular 
traffi cking (to colocalize with target mRNA), and cellular stability (resistance to 
nucleases). The short hairpin RNA (shRNA) is a double-stranded stem loop element 
that contains a guide or antisense strand (complementary to the target mRNA region) 
and its complement separated by a short engineered loop. The cytoplasmic RNase 

  Fig. 20.2    Ribozyme and shRNA Agents. ( a ) Hammerhead ribozyme structure. ( b ) shRNA structure       

 



148 J.M. Sullivan et al.

Dicer cleaves off the loop to generate a short interfering RNA (siRNA). Cellular 
proteins interact with the siRNA, then select and orient the guide strand to form the 
RNA-induced silencing complex (RISC). RISC binds to the target mRNA, and the 
protein components cleave the target RNA. RISC uses a seed sequence of 7–8 nt to 
interact with the target mRNA and within this seed the process is mismatch-tolerant. 
It is not surprising that there are typically many off-target effects with shRNA as 
compared to the hhRz which, relatively, is expected to have higher specifi city for 
cleaving the target mRNA and potentially lower toxicity.   

    20.3.2   Validating Appropriate Disease Target mRNAs 

 The target mRNA expresses a protein, which is expected to contribute to the disease 
process. In an autosomal dominant hereditary retinal degeneration, the mutant 
mRNA encodes a protein that could have gain-of-function toxic properties or domi-
nant negative properties that promote cellular compromise and ultimate cell death 
and vision loss. Also, the loss of the wild type (WT) mRNA and protein may create 
a state of haploinsuffi ciency that may contribute to cellular demise. To solve the 
simultaneous problem of gain-of-function toxicity of mutant gene products and WT 
haploinsuffi ciency, it may be necessary to express both a PTGS agent to knockdown 
the mutant (and WT) proteins and a variant WT allele to reconstitute WT protein 
expression with an mRNA that cannot be cleaved by the PTGS agent. Albeit com-
plex, a knockdown-reconstitute strategy could allow use of a single therapeutic 
PTGS agent for all or most mutant alleles of a dominant disease gene. 

 PTGS agents have therapeutic potential for retinal degenerations, where the tar-
gets are human WT mRNAs and proteins. For example, age-related macular degen-
eration is a multifactorial disease process with pathophysiological contributions 
originating from oxidative stress, accumulation of toxic retinoids (e.g., A2E), and 
local infl ammation. Investigation of cellular disease pathways can validate WT 
mRNA targets and proteins that, if reduced by PTGS agents, could ameliorate dis-
ease states.  

    20.3.3   Target mRNA Structure and Determinations 
of Accessibility 

 Annealing of a PTGS agent to a target mRNA is the rate limiting step in PTGS reac-
tion kinetics. Annealing cannot occur if the targeted region is in a preexisting state 
of stable secondary or tertiary structure, or is protein coated. The PTGS agent must 
colocalize to the cellular compartment with the target mRNA to allow collision-
mediated annealing, and the PTGS agent must be in suffi cient local concentration to 
drive the second-order annealing reaction forward. The capacity of the PTGS to 
anneal will depend upon the local accessibility of the target mRNA. mRNA and 
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viral RNA targets have profoundly limiting secondary structures that constrain the 
number of large and kinetically-stable single stranded platforms able to support 
PTGS annealing. Accessibility is rare in any target mRNA. An example of extensive 
secondary structures present in a disease target (human  RDS ) mRNA is shown 
(Fig.  20.3 ). There are few, if any, large single stranded regions. The primary and 
critical challenge in RDD is to identify those rare regions in the target mRNA which 
are accessible to rapid PTGS ligand annealing. Any perturbing intrinsic RNA struc-
tures or extrinsic structures (e.g., protein coating) that occlude the annealing plat-
form will prevent or delay annealing events at physiological temperatures. The 
conformational folding space of the target mRNA can be sampled by combinatorial 
HTS procedures. Computational HTS approaches are used to assess RNA target 
secondary structures. There are number of algorithms available such as MFold 
(Zuker  2003  ) , SFold (   Ding et al.  2004  ) , and OligoWalk (Mathews et al.  1999  ) . We 
combine the outputs of these algorithms to analyze target mRNA structure in a bio-
informatics approach that we call multiparameter prediction of RNA accessibility 
(Abdelmaksoud et al.  2009  ) .  

 It is also critical to experimentally probe the accessibility of a target mRNA to 
which PTGS agents will be designed. Randomized short oligodeoxynucleotides 
(ODN) can be presented to the folded target mRNA and then RNaseH added to 
promote cleavage within rare regions of annealing. RNA primer extension analysis 
can then be used to identify the region of the probe binding and cleavage (Ho et al. 
 1998  ) . Similar approaches that use reverse transcriptase to initiate cDNA synthesis 
from regions of ODN binding can also be used to identify accessible platforms 
(Allawi et al.  2001  ) . We recently developed a novel approach based on reverse tran-
scription and ODN probes to rapidly identify stable single stranded accessible 
regions that contain hhRz cleavage sites in target mRNAs in their native folding 
state(s) (Sullivan and Taggart  2007  ) .  

  Fig. 20.3    Target mRNA 
structure and accessibility. 
The most stable  PRPH2  
mRNA structure predicted 
by Mfold (−993 kCal/mol)       
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    20.3.4   Screening Large Numbers of PTGS Agents 
to Identify a Lead Candidate 

 In any accessible platform(s) there are typically multiple potential hhRz or shRNA 
cleavage sites. Once rare regions of accessibility are identifi ed, it may be neces-
sary to construct a substantial set of PTGS agents to test effi cacy and identify a 
lead candidate that exerts the greatest knockdown of target mRNA/protein. The 
design of a PTGS expression plasmid should be such that the small RNA is 
expressed to abundance in cultured cells (e.g., an RNA polymerase III promoter). 
The PTGS agent may be inserted within an RNA chimera to provide support, cel-
lular stability, and cell compartment colocalization with target mRNA. The vector 
should be modifi ed such that ligation of adaptors containing the PTGS cDNA is 
effi cient. The cell line chosen should have high transfection effi ciency with com-
mercially available reagents (e.g., HEK293S cells, Lipofectamine). Conventional 
molecular biological tools such as RT/PCR and western analysis are slow, low 
throughput approaches with substantial variability; and do not permit rapid, effi -
cient, and reliable identifi cation of the lead PTGS candidate. A more effi cient 
approach is to identify a means of directly or indirectly coupling the expression of 
the target gene to the expression of a convenient reporter molecule that can be 
rapidly and effi ciently analyzed under HTS assays (Yau and Sullivan  2007 ; Yau 
and Sullivan submitted). Examples of such reporter genes could be secreted alka-
line phosphatase or rapid decay forms of EGFP. The critical factor is that reporter 
expression represents the steady-state accumulation of the target mRNA. The 
PTGS agent and the target-reporter plasmid can be cotransfected into naïve cul-
tured cells or the PTGS expression plasmid can be delivered into a stable cell line 
engineered to express the target-reporter construct. Output reads from the HTS 
reporter screen (e.g., SEAP enzyme assay, EGFP fl uorescence) are then rank-
ordered to identify the lead candidate PTGS plasmid that promotes the greatest 
target knockdown.  

    20.3.5   Optimizing the Lead Candidate 

 If the PTGS agent is an hhRz, the lead candidate may be subject to several rational 
modifi cations to obtain a more effective knockdown agent. The antisense fl anks of 
the hhRz govern both target mRNA molecular recognition and specifi city as well as 
the product leaving rates and enzymatic turnover effi ciency (Stage-Zimmermann and 
Uhlenbeck  1998  ) . The enzymatic core of the ribozyme is evolutionarily optimized 
and changes are typically deleterious, but stem II-loop elements that support the core 
can be altered with potential to enhance knockdown. Addition of upstream (5 ¢ ) ter-
tiary accessory elements can potentially enhance effi cacy by driving the enzyme 
structure into a catalytically active state (Khvorova et al.  2003  ) . The expression of the 
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PTGS agent in a protective RNA chimera (e.g., a tRNA, adenoviral VAI RNA) with 
defi ned structure and cellular traffi cking streams can facilitate colocalization with 
target mRNA and increase the half-life of the PTGS agent in the cell (Lieber and 
Strauss  1995 ; Koseki et al.  1999  ) .  

    20.3.6   The Vector, PTGS Expression Construct, 
and Animal Testing 

 For a gene-based therapy, there must be a vector to deliver the PTGS expression 
construct to appropriate cells. A variety of engineered viruses (e.g., rAAV) (Flannery 
et al.  1997  )  and nanoparticles, which have properties of synthetic viruses (Farjo 
et al.  2006  ) , offer potential for high transduction effi ciency to promote PTGS expres-
sion in as many diseased cells as possible. An optimized surgical approach is needed 
to maximize therapeutic vector delivery and target cell transduction. Visualization 
of surgical delivery of vector insures correct compartmental access in the eye (e.g., 
subretinal space) and allows quantitation of the areal extent of delivery (e.g., frac-
tion of retina coverage by delivered volume). Quantitative measurement of target 
cell transduction (e.g., expression of a nontoxic fl uorescent protein) should be used 
to normalize measured rescue (e.g., ERG). In many mouse-based preclinical stud-
ies, such measures are limited by the imaging technology. The small mouse eye has 
a constrained pupillary aperture (~1 mm dilated) that limits both the input of light 
and the collection of the output specular image. As a facilitating technology, we 
developed a stereo bright-fi eld and fl uorescence microscope that allows real time 
visualization within the neonatal mouse eye during and after subretinal or intraocu-
lar injections (Butler and Sullivan  2010  ) .  

    20.3.7   Appropriate Targets (Human) 

 Many animal models exist for retinal degenerations. In the context of PTGS agents 
under development for potential clinical translation, it is critical to understand that 
an animal mRNA is unlikely to represent the same conformational landscape as a 
PTGS receptor as would a human cognate mRNA target. This results due to sequence 
divergence at the 5 and 3 ¢ UT regions, codon differences, and third position bias. 
RNA folding into secondary structures is a local process, and even when the pri-
mary sequences of an animal and human target are identical over the region of 
PTGS annealing, the secondary structures can indeed be different and this can 
impact effi cacy. Our view for PTGS studies intended toward human clinical transla-
tion is that the mRNA targets expressed in preclinical animal models be true full 
length human mRNAs.   
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    20.4   Conclusions 

 PTGS agents have great therapeutic potential for retinal degenerations. The over-
view presented here will hopefully provide both direction and incentive for other 
motivated groups to share the challenges of RDD. Viral and nanoparticle vector 
technology for retinal or ocular gene therapy is advanced. Gene therapy clinical trial 
for Leber congenital amaurosis due to autosomal recessive ( null ) mutations in the 
 RPE65  gene is demonstrating early safety and effi cacy profi les when the delivered 
genetic construct expresses a WT protein (den Hollander et al.  2010  ) . If fully suc-
cessful, this initial therapeutic trial could establish the eye as an organ for vector 
based gene therapy for other recessive conditions, and ultimately for expressed 
PTGS agents that act to knockdown expression of specifi c validated disease targets 
as a path to cell preservation and sustenance of vision.      
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  Keywords   Blood-retinal barrier  •  Drug delivery  •  Tight junction  •  Claudin-5  
•  Barrier modulation  •  Retinal pigmented epithelium  •  IMPDH1     

     21.1   Introduction 

 The use of the monoclonal antibody Lucentis ®  to treat neovascularization in wet 
AMD has been a huge milestone in the treatment of retinal degeneration. However, 
the blood-retinal barrier (BRB) remains the largest obstacle to the treatment of retinal 
conditions, with up to 98% of low-molecular-weight drugs not crossing the BRB 
(Pardridge  2007  ) . The majority of therapeutics used to treat the retina currently, 
such as Lucentis ® , are delivered via intraocular injection. This requires repeated 
visits to clinics, great discomfort for patients, as well as the risk of endophthalmitis, 
cataract, retinal detachment and toxic vitreitis (Ness et al.  2010  ) . 

 The BRB is made up of two distinct parts – the inner and outer BRB. The iBRB 
is formed by cells of the retinal vascular endothelium, while the oBRB is formed by 
the cells of the retinal pigmented epithelium (RPE). In both cases, the crucial part of 
the barrier is the tight junction, a protein complex that spans the plasma membrane 
at the apical end of contacting endothelial or epithelial cells. These tight junction 
complexes limit paracellular transport between the cells of the iBRB and oBRB. 
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 Tight junctions are made up of at least three different types of membrane-spanning 
proteins – occludin, members of the junctional adhesion molecule family of  proteins 
and claudin proteins (Ben-Yosef et al.  2003  ) , as well as many structural and trans-
port proteins inside the cell, such as zona occludens proteins (Anderson and Van 
Itallie  2008  ) .  

    21.2   Therapeutic Delivery Across the iBRB 

 This lab has recently reported that using systemically injected small interfering 
RNA (siRNA) targeting claudin-5, a tight junction component of the iBRB and not 
of the oBRB, the iBRB was modulated to allow for the selective passive diffusion 
of low-molecular-weight compounds from the blood to the retina, 24 and 48 h post 
injection of siRNA (Campbell et al.  2009  ) . This technique was used to treat a 
number of animal models of retinopathies. 

 One model was a mouse knockout of the IMPDH1 gene, in which animals dem-
onstrate a gradual and age-dependent degeneration of their retinal outer segments 
due to a lack of guanosine triphosphate (GTP), of which IMPDH1 is the rate-limiting 
enzyme in its de novo synthesis (Gu et al.  2003  ) . In these animals, GTP was deliv-
ered systemically following suppression of claudin-5. Electroretinography (ERG) 
readouts were observed to improve in animals that had received claudin-5 siRNA, 
while no improvement was observed in animals administered nontargeting (NT) 
siRNA (Fig.  21.1 ). Claudin-5 siRNA without GTP, meanwhile, resulted in no 
improvement in the ERG, indicating that modulation of the iBRB alone had not 
caused this improvement in the ERG. These results demonstrate that suppression of 
claudin-5 at the iBRB was suffi cient to allow GTP – a 523-Da molecule which is 
normally unable to cross the BRB – to diffuse across the iBRB into the retina where 
it had an effect (Campbell et al.  2009  ) .  

 This technique was demonstrated to be size-selective as well as transient, with 
microperoxidase – molecular weight 1,881 Da – being maintained within retinal 
microvessels even while claudin-5 was suppressed, and levels of claudin-5 expres-
sion and full barrier strength were shown to return to normal 72 h post-siRNA 
injection. Concomitantly, no cell death was observed, and neuronal transcription 
profi les remained largely unchanged as a result of barrier modulation (Campbell 
et al.  2009  ) . 

 Claudin-5 is expressed in the endothelial cells of the iBRB and not in RPE cells 
of the oBRB (Bai et al.  2008 ; Tachikawa et al.  2008  ) , and as such, the delivery of 
therapeutics following claudin-5 suppression results in the delivery of the therapeu-
tic across the iBRB alone. What remains to be investigated is whether there would 
be any advantage in the delivery of low-molecular-weight therapeutics across the 
oBRB alone, or both the iBRB and oBRB.  
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    21.3   The oBRB and Its Potential in Barrier Modulation 

 The RPE that constitutes the oBRB is located at the interface between the photore-
ceptor outer segments on its apical side and Bruch membrane on its basolateral side, 
with the choriocapillaris beyond (Simo et al.  2010  ) . One of the main functions of 
the RPE is the maintenance of the oBRB – important for the homeostatic microen-
vironment of the retina – as well as the transport of nutrients, ions, and water. 
However, unlike the retinal endothelial vasculature, the RPE also protects against 
photo-oxidation, phagocytoses shed photoreceptor outer segments, re-isomerises 
all- trans -retinal into 11- cis -retinal – a molecule necessary for photo-transduction, 
and secretes factors essential to the integrity of the retina, including immunosup-
pressive factors and growth factors (Simo et al.  2010  ) . Indeed, transplanted RPE 
cells have been observed to slow the progression of retinal degeneration in animal 
models without forming a functional BRB (Litchfi eld et al.  1997  ) . 

 Despite these differences in characteristics and anatomy, the oBRB has been 
investigated to a far lesser extent. The barrier selectivity of the RPE appears to be 

  Fig. 21.1    Improvement in ERG results following systemic GTP delivery across the modulated 
iBRB. ( a ) Western blot illustrating decreased levels of claudin-5 in the retinas of IMPDH1−/− 
mice 48 h after systemic injection of claudin-5 siRNA. ( b ) Immunohistochemical analysis of clau-
din-5 levels ( red ) counterstained with DAPI ( blue ), at 40× objective. A decrease in claudin-5 levels 
is apparent after claudin-5 siRNA delivery. ( c ) ERG tracings in IMPDH1−/− mice before and after 
injection with GTP 48 h after claudin-5 siRNA delivery. Well-formed ( a ,  b ) were observed following 
treatment. ( d ) Graph of electrical readout of rod photoreceptors expressed as percentage changes. 
A signifi cant increase (***,  P  < 0.0001) in rod-isolated ERG was observed in mice receiving 
claudin-5 siRNA and GTP compared with mice receiving NT siRNA and GTP (modifi ed from 
Campbell et al.  2009  )        
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very similar to its endothelial counterpart (Steuer et al.  2005  ) , despite an apparent 
difference in transepithelial resistance (Rizzolo  2007  ) , and changes in RPE tight 
junction size selectivity appear to follow alterations in the levels of tight junction 
proteins such as claudins and occludin (Abe et al.  2003  ) . One example where deliv-
ery across the oBRB could potentially be benefi cial would be for the delivery of 
anti-angiogenic substances, such as sunitinib (molecular weight 400 Da), to 
 conditions such as wet AMD where choroidal neovascularization is the central 
pathology. This is because it is the RPE which secretes VEGF across both its apical 
and basolateral membranes (Peng et al.  2010  ) , and so hypothetically delivery of 
anti-angiogenic therapies here could maximise their effect. 

 Another potential benefi t of oBRB modulation is improvement of the therapeutic 
window of a drug. 9-cis-retinyl acetate, for instance, has been demonstrated to par-
tially rescue cone photoreceptor loss in an animal model of Leber’s congenital 
amaurosis, even when delivered by oral gavage or intraperitoneally (Maeda et al. 
 2009  ) . To generate this effect, however, a very high dose of the artifi cial chro-
mophore was required, and side effects of this treatment could be quite negative 
(Palczewski  2010  ) . In this case, and in the case of many other drugs which do man-
age to cross the oBRB, the therapeutic window of these therapeutics, as well as their 
effi cacy, could be greatly improved by their delivery across a modulated oBRB. In 
the case of 11-cis-retinal replacements such as 9-cis-retinyl acetate, delivery across 
the oBRB might be preferable due to 11-cis-retinal’s production being in the RPE, 
therefore delivery across the oBRB would be more akin to its natural delivery pat-
tern, as well as improving the therapeutic window. Delivery across the oBRB as 
well as the iBRB would maximise this improvement, and this could hypothetically 
be done by suppressing the tight junction protein occludin, which is expressed in 
both the iBRB (Leal et al.  2010  )  and the oBRB (Miura et al.  2010  ) . 

 One fi nal strategy behind targeting the oBRB rather than the iBRB for delivery 
of therapeutics is that, by modulating the iBRB by systemic siRNA delivery, the 
blood–brain barrier is also modulated due to the apparent equivalence in tight junc-
tion protein composition (Campbell et al.  2008  ) . For some therapeutics, this would 
be undesirable if they have psychoactive properties or are neuronally damaging. 
One way to circumvent this problem would be to subretinally inject an AAV  carrying 
a claudin-5 shRNA under the control of an inducible promoter. Another option, 
however, would be to target the oBRB and not the iBRB, for instance by suppres-
sion of claudin-1 which does not appear to be prominently expressed in the 
 endothelial barrier (Xu et al.  2005  ) .  

    21.4   Closing Remarks 

 As has been previously demonstrated (Campbell et al.  2009  ) , modulation of the 
iBRB by the suppression of tight junction proteins holds much promise for the 
delivery of therapeutics that could aid in combatting many conditions of the retina. 
Modulation of the oBRB, in conjunction with or in the absence of iBRB modulation, 
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could aid in the effi cient and safe delivery of therapeutics to the retina, as well 
as potentially opening up new therapeutic opportunities unique to delivery across 
the oBRB.      
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     22.1   Introduction 

 In the adult mammalian CNS, axonal injury leads to retrograde neuronal  degeneration 
and death in cell soma. Aguayo et al. reported that optic nerve transection induced 
cell death over 90% of total retinal ganglion cells (RGCs) within 2 weeks in adult 
rat (Villegas-Pérez et al.  1993  ) . However, fi sh optic nerve injury never leads to 
widely spreading cell death of RGCs (Koriyama et al.  2007  ) . Goldfi sh can regrow 
their axons toward the visual center and fi nally restore their visual function after 
optic nerve injury (Stuermer et al.  1992  ) . It takes about a half-year from start of 
axonal regrowth to complete restoration of vision. We classifi ed this fi sh optic nerve 
regeneration process as three stages, early (0–5 days): preparation period, middle 
(1–6 weeks): axon outgrowth and synapse connection period, and late (2–6 months): 
synapse refi nement period (Kato et al.  1999,   2007  ) . We were interested in the key 
molecules involved in the early stage of regeneration process. Especially, we focused 
on the differences of cell death and survival signaling between rat and fi sh. Thus, we 
found two molecules, insulin-like growth factor (IGF-I, Koriyama et al.  2007  )  
and neural nitric oxide synthase (nNOS, Koriyama et al.  2009  ) . In addition, we 
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constructed a cDNA library from axotomized goldfi sh retina. In our study, differential 
screening of the cDNA library was performed to identify the gene of which expression 
is upregulated in fi sh retina 5 days, after optic nerve injury. Following this extension, 
we cloned the CNS regeneration-candidate molecules such as transglutaminase 
(TG, Sugitani et al.  2006  )  and purpurin (Matsukawa et al.  2004  ) . In Table  22.1 , we 
summarize the neurite outgrowth-promoting factors which we cloned from fi sh 
retina by two strategies of cell signaling study and differential hybridization study. 
Further, we attempted to regenerate rat RGCs by using these molecules derived 
from regenerating goldfi sh retina.   

    22.2   IGF-I 

 Many trophic factors, such as nerve growth factor (Turner et al.  1980  )  and brain-
derived neurotrophic factor (Mey and Thanos  1993  ) , have been reported to be useful 
for RGCs survival and regenerating their optic nerve. To characterize the RGC sur-
vival signaling after nerve injury, we evaluated, the survival signal, Akt phosphory-
lation levels in the goldfi sh retina. Amounts of phospho-Akt (p-Akt) in the goldfi sh 
retina rapidly increased 4–5 fold at the protein level by 3–5 days after nerve injury. 
Furthermore, level of IGF-I, which activates the Akt, increased 2 days earlier than 
that of p-Akt in the goldfi sh retina.    The addition of IGF-I to the goldfi sh retinal 
explants dramatically induces axon outgrowth. On the contrary, the levels of rat 
IGF-I were rapidly decreased from RGCs 1–2 days just prior to the inactivation of 
p-Akt by optic nerve injury. The supplementation with IGF-I into the rat retina 
induced upregulation of p-Akt expression and cell survival of RGCs both in vitro 
and in vivo. Furthermore, IGF-I drastically enhanced neurite outgrowth even in rat 
retinal explant cultures. These data suggest that IGF-I is required for axonal regen-
eration in both goldfi sh and rat RGCs.  

   Table 22.1    Regeneration molecules derived from goldfi sh after ON injury   

 Molecules  Days of upregulation after ONI 

 Localization of protein 

 ONL  INL  GCL 

 From cell signaling study 
 IGF-I  2 days  ±  +  +++ 
 nNOS  5 days  +  ++  +++ 

 From differential hybridization study 
 Transglutaminase  5 days  ±  +  +++ 
 Purpurin  2 days  +  ++  +++ 

   ONI  optic nerve injury;  ONL  outer nuclear layer;  INL  inner nuclear layer;  GCL  ganglion 
cell layer  
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    22.3   nNOS 

 Nitric oxide (NO) signaling results in both neurotoxic and neuroprotective effects in 
CNS neurons after nerve lesioning. We investigated the role of NO signaling on 
optic nerve regeneration in the goldfi sh. Levels of nNOS mRNA and protein 
increased in the RGCs 5 days and peaked at 20 days after injury (Koriyama et al. 
 2009  ) . The period corresponds to the axonal elongation stage in the goldfi sh optic 
nerve regeneration process. NO stimulates soluble guanylate cyclase and produces 
cGMP. In retinal explant culture study, cGMP analog and NO donor promoted neu-
rite outgrowth, whereas specifi c nNOS inhibitor and siRNA suppressed it from 
adult fi sh RGCs. Intraocular injection of cGMP analog also promoted the axonal 
regeneration from injured RGCs in vivo (Koriyama et al.  2009  ) . The data all together 
indicate that NO-cGMP system is activated and thereby promotes optic nerve regen-
eration in the goldfi sh retina after injury.  

    22.4   TG 

 TGs are a family of enzymes that catalyze protein cross-linking reactions as 
described before (Sugitani et al.  2006  ) . The retinal TG mRNA increases from 5 
days and peaked at 20 days after injury in goldfi sh. Localization of increased mRNA 
is limited to the ganglion cell layer (GCL). TG inhibitor and siRNA dramatically 
suppressed the axon outgrowth from goldfi sh retinal explants. In contrast, the levels 
of TG protein decreased in rat RGCs within 1–3 days after injury. Furthermore, the 
addition of recombinant TG to retinal explant cultures induced striking axon out-
growth from adult rat RGCs. We expect that TG also acts as a neuroregenerative 
molecule against rat RGCs.  

    22.5   Purpurin 

 A secretory retinol-binding protein, purpurin, was originally discovered as an adhe-
sion-mediating protein from chick retina (Schubert and LaCorbiere  1985  ) . We 
cloned purpurin from the retinal cDNA library with differential hybridization of 
normal and axotomized goldfi sh retinas. The levels of purpurin mRNA peaked at 
2–5 days after injury (Matsukawa et al.  2004  ) . The purpurin proteins were diffusely 
localized in all retinal layers, especially in the GCL after injury (Fig.  22.1b ) com-
pared to intact retina (Fig.  22.1a ). In retinal explant culture study in Fig.  22.2 , retinol 
itself did not affect any changes on the control neurite length (Fig.  22.2d ); however, 
recombinant purpurin signifi cantly induced neurite outgrowth (Fig.  22.2b ). 
Furthermore, the combination of purpurin and retinol (ret) promoted the axon 
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  Fig. 22.2    Neurite outgrowth in adult goldfi sh retinas in culture. Retinal explants were cultured for 
5 days. ( a ) Scrambled siRNA of purpurin. ( b ) Purpurin (1  m g/mL). ( c ) siRNA of purpurin. Scale 
bar = 100  m m. ( d ) Neurite length with the addition of purpurin and retinoids to the 5-day-optic 
nerve-injured retina. Note a drastic enhancement of neurite length with the addition of purpurin 
(Pur). Purpurin plus retinol (ret) and retinoic acid (RA). * P  < 0.01 vs. control, + P  < 0.01 vs. purpu-
rin alone       

  Fig. 22.1    Immunohistochemical study of purpurin in the goldfi sh retina. Retinal sections from 
goldfi sh were incubated with antipurpurin antibody. ( a ) Intact retina ( b ) 5 days after optic nerve 
injury.  INL  inner nuclear layer;  GCL  ganglion cell layer. Scale bar = 100  m m       

 elongation compared to purpurin alone (Fig.  22.2d ). Scrambled siRNA of purpurin 
did not affect any change in neurite outgrowth (Fig.  22.2a ). However, siRNA of 
pupurin signifi cantly inhibited the axon outgrowth of purpurin (Fig.  22.2c ).    
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    22.6   Future Study for Overcoming Mammalian CNS Injury 

 The supplementation of IGF-I or TG certainly induced axon outgrowth in rat retinal 
explant culture. Recently, there is a paper that TG suppresses the upregulation of the 
hypoxia-induced, proapoptotic genes and protects against ischemic-induced neu-
ronal death (Filiano et al.  2008  ) . TG might potentially act as retinal neuroprotectants 
and neurite outgrowing molecules. As an application study of rat optic nerve regen-
eration by NO, we recently demonstrated that NO-producing chemical 
(1R)-isoPropyloxygenipin (IPRG001) exerts RGC neuroprotective action both 
in vitro and in vivo, through the Nrf2/antioxidant response element pathway by 
S-nitrosylation against oxidative stress (Koriyama et al.  2010  ) . Moreover, IPRG001 
also induced axon outgrowth mediated by NO production from rat RGC lines 
(Y. Koriyama, unpublished data). These data strongly suggest that NO must be the 
key molecule which induces optic nerve regeneration. Purpurin signifi cantly 
increases the neurite length compared to the control. These result suggest that pur-
purin itself induces neurite outgrowth mediated by its cell signaling such as adhe-
sion molecules-associated signaling and by increase of intracellular levels of retinoic 
acid because purpurin also acts as a retinol-binding protein. In preliminary data, 
recombinant purpurin protein induced neurite outgrowth from rat RGC lines 
(Koriyama unpublished data). These fi ndings strongly indicate that purpurin is one 
of the high-potential tools for rescuing RGC apoptosis caused by a variety of glau-
comatous conditions. Recently, Harvey’s group reviewed gene therapy studies for 
improving the RGCs survival and regeneration. (Harvey et al.  2009  ) . Gene transfer 
techniques seem to be useful for our application study of mammalian optic nerve 
repair by fi sh-derived genes such as purpurin. Taken together, the goldfi sh regener-
ation-associated genes become a useful therapeutic tool to rescue degenerative neu-
ronal diseases.      
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     23.1   Introduction 

 4-hydroxy(phenyl)retinamide (4-HPR) or fenretinide is a synthetic retinoid  derivative. 
Fenretinide is the most extensively studied retinoid for the chemoprevention and 
treatment of a cancer because it is far less toxic than other retinoids (Veronesi et al. 
 2006  ) . The very common adverse events are diminished dark adaptation (Camerini 
et al.  2001  ) . Symptoms occurring during fenretinide treatment tend to abate with 
termination of treatment. Recently, the benefi cial effects of fenretinide administra-
tion also were demonstrated in a mouse model of Stargardt disease (ABCA4−/−) 
(Radu et al.  2005  )  and in treatment of Stargardt patients. It has been extensively 
demonstrated that fenretinide forms a tight complex with plasma retinol-binding 
protein (RBP4) and thus interferes with the retinol transport (Berni et al.  1993 ; 
Zanotti and Berni  2004  ) . The effects of fenretinide on vision and bisretinoid accu-
mulation in the eye were attributed to its ability to reduce plasma levels of RBP4 
and retinol. However, recently the role of RBP4 in mediating visual fenretinide 
effects was questioned because fenretinide treatment of both wt and RBP4−/− animals 
showed comparable levels of 11-cis retinal regeneration (Golczak et al.  2008  ) . 
Additionally, fenretinide prevention of high fat-induced obesity, insulin resistance, 
and hepatic stenosis was not observed in RBP4−/− animals, and thus the anti-adiposity 
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effects of fenretinide are independent of the RBP4-lowering effect (Motani et al.  2009 ; 
Preitner et al.  2009  ) . 

 On the other hand, all-trans retinal, the aldehyde form of vitamin A, can be synthe-
sized locally in the tissues by the cleavage of ®-carotene and thus ®-carotene 
monooxygenase 1 (BCMO1) might supply all-trans retinal as an accessory source of 
vitamin A for the visual cycle (Chichili et al.  2005  ) . In this report, we describe the 
mechanism of fenretinide inhibition of mouse BCMO1 which may be responsible for 
the visual effects of fenretinide.  

    23.2   Materials and Methods 

    23.2.1   Constructs 

 Recombinant  D 336-345BCMO1 was produced by inserting at the 341 aa codon 
position of BCMO1 the modifi ed transposon cassette Tn5/Kan (Epicentre 
Biotechnologies) with terminal BSG1 sites and then removing this cassette along 
with an additional 15 nucleotides on each side with BSG1 enzyme.  

    23.2.2   Protein Expression and Enzyme Assays 

 Recombinant His-tag mouse BCMO1 and BCMO1⊗336-345 was produced in 
 E . coli  and purifi ed using Talon CellThru resin as described previously (Poliakov 
et al.  2005  ) . B-carotene was delivered in 1% Octylthioglucoside. Activity was mea-
sured in the presence of fenretinide in DMSO or DMSO alone (not more than 5% of 
total volume). All other inhibitors were delivered in aqueous or ethanol solutions.  

    23.2.3   HPLC Analysis of Retinoids and Carotenoids 

 Retinoids were extracted with acetonitrile and separated by RP-HPLC in ace-
tonitrile: 125 mM ammonium acetate (76:24).  

    23.2.4   Synthesis of Fenretinine, 15-[(4-Hydroxyphenyl)Amino]
Retinal (1) 

 Synthesis of fenretinine was done by Alane reduction of amide based on previously 
described synthesis of dopamine-uptake inhibitors (He et al.  1993  )  .  To a fl ame-dried 
15 mL round bottom fl ask was added fenretinide (6 mg, 15.3  m mol) and freshly 
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distilled, dry tetrahydrofuran (2 mL). While stirring at room temperature, a solution 
of aluminum hydride in tetrahydrofuran (200  m L of an approximately 0.7 M AlH 

3
  

solution, 0.14 mmol, prepared as described in Yoon and Brown  1968  )  was added 
dropwise via syringe. Some bubbling occurred, along with the change of the bright 
yellow solution to an orange-red. Stirring was continued for 2 h and monitored by 
TLC (R 

 f 
  of starting material = 0.15, R 

 f 
  of product = 0.28 in 25% ethyl acetate/

hexanes). The reaction mixture was poured into 5 mL of cold (0°C) 15% aqueous 
sodium hydroxide solution and extracted 3 times with chloroform. The organic 
extract was dried over anhydrous sodium sulfate, fi ltered, and concentrated to give 
crude fenretinine, which was purifi ed by fl ash chromatography using ethyl acetate/
hexanes to give product 1 as clear slightly yellow oil (2.8 mg, 93% based on recov-
ered starting material). 

  1 H NMR (400 MHz, CDCl 
3
 )  d  6.70 (d,  J  = 8.8 Hz, 2H), 6.62–6.51 (3H), 6.27 (d, 

 J  = 15.2 Hz, 1H), 6.18–6.03 (3H), 5.61 (t,  J  = 6.7 Hz, 1H), 3.82 (d,  J  = 6.5 Hz, 2H), 
2.00 (t,  J  = 7.6 Hz, 2H), 1.94 (s, 3H), 1.88 (s, 3H), 1.70 (d,  J  = 5.2 Hz, 3H), 1.64–1.54 
(m, 2H), 1.49–1.42 (m, 2H), 1.24 (s, 3H), 1.01 (d,  J  = 4.8 Hz, 3H).  13 C NMR 
(100 MHz, CDCl 

3
 )  d . HRMS (FT-ICR): m/z calculated for C 

26
 H 

35
 NO +  (M + ) 

377.27186, found.  

    23.2.5   Tertiary Structure Modeling and Molecular Docking 

 A model based on the crystal structure of apocarotenoid oxygenase was constructed 
for both wild-type BCMO1 and the truncated form of BCMO1 using the Swiss 
Model repository (Arnold et al.  2006 ; Kiefer et al.  2009  )  as previously described 
(Poliakov et al.  2005,   2009  ) . Docking of fenretinide was modeled using the Autodock 
Vina program (Trott and Olson  2010  )    

    23.3   Results 

    23.3.1   Fenretinide is a Potent Inhibitor of BCMO1 

 We tested fenretinide for its inhibitory potential in our in vitro assay system.  b -carotene 
cleavage activity was monitored by measurement of all-trans retinal concentration 
after 1 h. We performed experiments with increasing concentrations of fenretinide 
(range 0–50 M) without preincubation with the inhibitor. We found that fenretinide 
substantially inhibited BCMO1 activity with no activity detected at 50  m M of fenre-
tinide. In contrast, other retinoids, retinyl acetate and retinyl palmitate, did not 
inhibit BCMO1 catalytic activity at 50  m M. We also tested various biologically 
active aromatic compounds (resveratrol, capsaicin) and demonstrated that they also 
do not affect BCMO1 catalytic activity at 50  m M (Table  23.1 ).   
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    23.3.2   Fenretinide Demonstrates Noncompetitive 
Inhibition Behavior 

 In the presence of the inhibitor,  K  
m
  is not signifi cantly changed; however,  V  

max
  

changed substantially in the presence of varying inhibitor concentrations.  K  
i
  was 

calculated from the formula:

     =i max max,app[ ] /K V I V     

 We determined that the average  K  
i
  is 1.5  m M (Fig.  23.1 ).  

 Noncompetitive inhibition occurs when both inhibitor and substrate bind simul-
taneously to the enzyme, and binding of one does not infl uence the affi nity of either 
species to complex with the enzyme (IC 

50
  for the noncompetitive inhibitor is not 

changed at various substrate concentrations and  K  
i
  = 1.2  m M from Cornish-Bowden 

plot) (Fig.  23.2 ).   

    23.3.3   Fenretinide Does Not Inhibit Catalytic 
Activity of BCMO1Δ337-346 Mutant 

 To study the mechanism of inhibition, we created a mutant BCMO1 with portion of 
the metazoan loop deleted, BCMO1⊗336-345. This mutant had signifi cantly 
impaired activity and exhibited a sigmoidal kinetics which could be explained by 
sigmoidal cooperative substrate binding to a slowly fl uctuating monomeric enzyme 
(Qian  2008  )  (data not shown). This mutant was not signifi cantly inhibited by fenre-
tinide (90% of activity at 50  m M fenretinide). We modeled BCMO1 on the ACO 
crystal structure template in the presence of substrate in the binding cleft (PDB ID: 
2BIW) as the best choice for carotenoid cleavage activity (Kloer et al.  2005  ) . 
However, ACO does not contain a metazoan loop to serve as template for this por-
tion of the enzyme. Modeling attempts with the RPE65 crystal structure as a tem-
plate for the loop were unsuccessful due to the collapsed substrate binding cleft of 
the crystallized protein in the absence of substrate (Kiser et al.  2009  ) . Docking of 
fenretinide was performed using AutodockVina with full-length and truncated pro-
tein modeled on ACO template (Fig.  23.3a, b ). Accordingly, we propose that the 
metazoan loop is allowing this retinoid to bind to BCMO1.   

   Table 23.1    Cleavage activity of BCMO1 in the presence of candidate inhibitors   

 Inhibitor  Activity in the presence of 50  m M inhibitor (% of wt) 

 Retinyl palmitate   98.6 ± 13.4 
 Retinyl acetate   98.7 ± 3.9 
 Capsaicin   94.0 ± 19.9 
 Resveratrol  100.6 ± 10.6 
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  Fig. 23.1    Michaelis-Menten plot of BCMO1 activity at three concentrations of fenretinide. 
 Circles , 0  m M fenretinide;  triangles , 2  m M fenretinide;  squares , 5  m M fenretinide       

  Fig. 23.2    Cornish-Bowden plot of inhibition of BCMO1 by fenretinide at three concentrations of 
 b -carotene       
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    23.3.4   Amine Analog of Fenretinide (Fenretinine) 
Is Not an Inhibitor of BCMO1 

 To determine the structural components of fenretinide-specifi c binding, we synthe-
sized amine analog of fenretinide by selective reductive amination. The compound 
was dissolved in DMSO and used for in vitro assay. Fenretinine at 50  m M concen-
tration did not show any signifi cant inhibition of BCMO1 (data not shown).   

    23.4   Discussion 

 In this report, we describe and analyze a strong specifi c inhibitory effect of fenretin-
ide on BCMO1with  K  

i
  ~ 1.2  m M. In contrast, other retinoids (retinyl esters) or bioac-

tive aromatic compounds with similarities to carotenoids are not effective inhibitors 
of BCMO1. Moreover, even the structural amino analog of fenretinide (fenretinine) 
is not an inhibitor of BCMO1. Thus, the inhibitory effect is unique for fenretinide. 
We found that fenretinide is a noncompetitive inhibitor of BCMO1, which means 
that it and substrate bind simultaneously to the enzyme and that binding of one does 
not infl uence the affi nity of the other. Therefore, fenretinide does not bind in the 
substrate tunnel, as we would intuitively predict for a retinoid. To investigate the 
mechanism of fenretinide binding, we constructed BCMO1Δ337-346 truncated 
protein and found that this mutant protein is not inhibited by fenretinide. The most 
favorable docking position of fenretinide on the full-length BCMO1 structural 
model suggests that fenretinide is not bound in the substrate tunnel. Moreover, 
docking fenretinide on the truncated protein model shows that it could not 

  Fig. 23.3    Docking of fenretinide in models of BCMO1 and BCMO1 D 336-345. ( a ), wt BCMO1; 
( b ), mutant BCMO1 D 336-345. The  b -carotene is shown in orange. Fenretinide is shown in 
magenta       
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accommodate fenretinide without clash with ®-carotene. BCMO1 is considered to 
be a local backup source of vitamin A. While the effect of fenretinide on RBP4 and 
retinol transport is well described (Formelli et al.  1989 ; Lewis et al.  1996  ) , the 
simultaneous inhibition of BCMO1 by fenretinide could provide an additional 
explanation for the visual side effects of this drug.      
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     24.1   Introduction 

 Spontaneous mutations in  RPE65  result in an early-onset retinal dystrophy in 
humans, dogs, and mice. In humans, the resultant condition is classifi ed as Leber 
congenital amaurosis (LCA) type II. LCA affects about 1 in 80,000 people (Stone 
 2007  )  and LCAII (due to  RPE65  mutations) has been estimated to account for 
between 6 and 11% of all LCA cases (Thompson et al.  2000 ; den Hollander et al. 
 2008  ) . 

 Mice with a spontaneously occurring nonsense mutation in  Rpe65  have been 
identifi ed (the  Rd12  mouse) (Pang et al.  2005  )  and an engineered  Rpe65  knockout 
mouse has also been utilized extensively (Redmond et al.  1998  ) . 

 In the 1980s, some dogs of the Briard breed in Sweden were recognized as hav-
ing an early-onset loss of dim-light vision with variable loss of daytime vision. This 
was initially described as a congenital stationary night blindness (Narfström et al. 
 1989  ) . Subsequent molecular studies showed the condition resulted from a four 
base-pair deletion in the  Rpe65  gene resulting in a frame shift and premature stop 
codon (Veske et al.  1999  ) . The same gene mutation was identifi ed in Briard dogs in 
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the USA (Aguirre et al.  1998  ) . The affected dogs have a lack of detectable Rpe65 
protein, disruption of the retinoid cycle, and a lack of 11- cis -retinal supply to the 
photoreceptors from the retinal pigment epithelium (Acland et al.  2005  ) . 11- cis -
retinal is required for the formation of the normal visual pigments. Similarly to 
young LCAII patients, Rpe65-defi cient dogs have residual vision and are able to 
negotiate their way out of a simple four-choice vision testing device under normal 
room lighting conditions (Fig.  24.1a ); however, as lighting is dimmed, their choice 
of exit tunnel becomes random (Gearhart et al.  2008  ) . The loss of dim-light vision 
is refl ected in the markedly raised threshold of rod-mediated ERG responses 
(Fig.  24.1b ).  

 Unlike many other retinal dystrophies, severe visual defi cits of Rpe65-defi cient 
animals and LCAII patients in the early stages of the condition are the result of 
severely reduced photoreceptor function rather than due to photoreceptor cell loss. 
Photoreceptors do eventually degenerate with cones apparently being lost more rap-
idly than rods, although the rate of loss does differ between species. In mice, cones 
are lost rapidly (Znoiko et al.  2005  )  and their function can only be rescued by early 
gene therapy intervention using fast-acting viral vectors (Pang et al.  2010  ) , whereas 
in humans although there is a loss of photoreceptors over the fi rst decade of life, 
some residual responses from severely desensitized rods and cones are detectable in 
older patients (Jacobson et al.  2005,   2009  ) . Unlike mice, Rpe65-defi cient dogs 
maintain cones relatively late into the disease process (Wrigstad et al.  1994  ) . In 
addition to the slow degeneration of photoreceptors, the disruption in the retinoid 
cycle results in the accumulation of lipid droplets in the retinal pigment epithelium 
(Wrigstad et al.  1994  ) . 

  Fig. 24.1    ( a ) Rpe65-defi cient dog successfully exiting a four-choice vision testing device 
(Gearhart et al.  2008  )  following gene augmentation therapy. ( b ) Dark-adapted ERG intensity: 
response series from a Rpe65-defi cient dog prior to gene therapy and ( c ) 4 months following sub-
retinal injection with an  AAV2 / 2 hRPE65p : hRPE65  construct (Annear et al.  2011  ) . Note the dra-
matic improvement in ERG waveforms following therapy. Response threshold is markedly 
improved and waveforms are of a typical shape for a canine. Flash intensities for ( b ,  c ) from  bot-
tom  (brightest) to  top  were 2.38, 1.9, 1.36, 0.85, 0.39, 0.0, −0.39, −0.79, −1.19, −1.6, −2.0, −2.41, 
−2.79, −3.18 log cdS/m 2 . Size bars: vertical = 100  m V; horizontal = 50 ms       
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 Therapeutic intervention to introduce a normal copy of  RPE65  (gene augmentation) 
requires the survival of photoreceptors capable of function and of retinal pigment 
epithelium capable of supporting the retinoid cycle. The relatively slow loss of pho-
toreceptors provides a “window of opportunity” for gene augmentation therapy 
early in the disease process.  

    24.2   Gene Therapy Proof-of-Principle Trials 
in Rpe65-Defi cient Dogs 

 Ground-breaking gene therapy studies using subretinally administered adeno-
associated viral (AAV) vectors to introduce a normal copy of the  Rpe65  gene in the 
Rpe65-defi cient dog model resulted in remarkable improvement in retinal function 
as assessed by ERG (Acland et al.  2001  ) . Subsequently additional studies by the 
same and other groups of investigators showed the safety and effi cacy of this 
approach in the dog. Effi cacy was shown by assessment of improvement in several 
measure of visual function including ability to negotiate an obstacle course; improve-
ment in ERG thresholds, waveform, and amplitudes; improvement in the transient 
pupillary light refl ex; a reduction in nystagmus (a feature of the condition in dogs 
and humans); and increased visual cortical activity in response to visual stimuli as 
assessed by functional MRI (Narfström et al.  2003a,   2003b,   2005 ; Ford et al.  2003 ; 
Acland et al.  2005 ; Le Meur et al.  2007 ; Aguirre et al.  2007 ; Bennicelli et al.  2008  ) .  

    24.3   Phase I/II Clinical Trials in LCAII Patients 

 Following the success of the proof-of-principle studies in the dog, three groups 
enrolled LCAII patients for phase I/II gene therapy clinical trials. All three trials 
utilized subretinally injected AAV vectors to deliver the human  RPE65  cDNA, 
although features of the construct and the dose and volume injected varied between 
the groups. Testing of outcomes was performed by a number of different measures 
as summarized in a recent comprehensive review (Cideciyan  2010  ) . Importantly, all 
three trials showed the safety of the approach, with no serious adverse effects and 
also evidence of effi cacy (Bainbridge et al.  2008 ; Maguire et al.  2008 ; Hauswirth 
et al.  2008  ) . LCAII patients have regional variations in photoreceptor degeneration 
across the retina suggesting that identifi cation of surviving photoreceptors and tar-
geting therapy to the regions containing those photoreceptors may be an important 
part of the therapeutic regime (Jacobson et al.  2005,   2009  ) . 

 Gene augmentation therapy is still in its infancy and further studies are required 
for optimization. The canine Rpe65-defi cient dog which was critical in the develop-
ment of the human gene therapy trials is certain to be utilized for assessment of 
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modifi cation of the treatment regimes. Most recently, the dog has been used to 
investigate whether immunological response to treatment in one eye precludes 
successful treatment in the second eye.  

    24.4   Safety and Effi cacy of Treatment of the Second 
Eye of Rpe65-Defi cient Dogs 

 Immune responses to viral vector capsid following gene therapy have been shown 
in some studies to interfere with expression of the transgene on repeat administra-
tion (Halbert et al.  1997,   1998,   2000 ; Wang et al.  2007  ) . Studies in mice showed that 
previous intravitreal AAV administration interfered with transgene expression in the 
second eye when the second injection was intravitreal (Li et al.  2008  ) , but not when 
it was subretinal (Li et al.  2009  ) . However, Barker et al. showed that previous sub-
retinal AAV delivery in one eye did not interfere with the effi cacy of vector admin-
istration in the second eye at lower doses, but higher doses reduced the effi cacy of 
transgene expression (Barker et al.  2009  ) . 

 In a study using Rpe65-defi cient dogs, we injected subretinally one eye of nine 
dogs with an  AAV2 / 2 - hRpe65p . hRPE65  construct and 85–180 days later applied the 
same treatment to the second eye. Rescue of retinal function was assessed by vision 
testing (Fig.  24.1a ) and ERG (Fig.  24.1c ). Despite the induction of a neutralizing 
antibody response to the AAV2/2 capsid, there was no signifi cant difference in out-
comes in the second treated eyes compared to the fi rst eyes. Functional rescue was 
maintained in all successfully treated eyes for the duration of the study (up to 2 
years). The impact of several variables (including total vector dose and the neutral-
izing antibody response) on the mean rod and cone ERG rescue was investigated. 
Neither vector dose nor neutralizing antibody response correlated with the ERG 
measures of outcome (Annear et al.  2011  ) . 

 In a separate study, Amado et al. reported improvement in pupillary light refl exes 
and abilities to negotiated obstacles following treatment of Rpe65-defi cient dogs in 
both eyes treated about 2 weeks apart (Amado et al.  2010  ) . However, data illustrat-
ing the results of the testing were not provided and assessment of rescue by more 
sensitive measures such as ERG was not performed. Both studies showed that in the 
Rpe65-defi cient dog immune response to the viral capsid occurs and at the doses 
used did not interfere with functional rescue when the second eye was treated. These 
fi ndings support the future gene augmentation treatment of the second eye of human 
LCAII patients.      
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     25.1   Introduction 

 Mutations in the genes CNGA3 and CNGB3 that encode either of the two types of 
cone cyclic nucleotide-gated (CNG) subunits account together for approximately 
75% of all cases of complete achromatopsia (Kohl et al.  2005  ) , a hereditary, auto-
somal recessive disorder characterized by lack of cone photoreceptor function. The 
complete unresponsiveness of cones in achromatopsia has grave consequences for 
vision, particularly with respect to the densely cone-packed human fovea. In addition 
to the lack of color discrimination, achromats suffer from very poor visual acuity, 
pendular nystagmus, and photophobia (Kohl et al.  1998  ) . 
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 We have previously shown that genetic inactivation of CNGA3 in mice – in close 
agreement with the human phenotype – leads to selective loss of cone-mediated 
light responses (Biel et al.  1999  )  accompanied by morphological, structural, and 
molecular changes, and fi nally results in cone cell death (Michalakis et al.  2005  ) . 

 Here, we set out to design a curative gene replacement strategy using recombi-
nant adeno-associated viral vectors (rAAV) to restore cone function in the CNGA3 −/−  
mouse model.  

    25.2   Materials and Methods 

    25.2.1   rAAV Production Vectors and Subretinal rAAV Injections 

 293T cells were cotransfected with a viral vector (pAAV2.1-mBP-CNGA3) that 
expresses mouse CNGA3 under control of a 0.5-kb mouse SWS opsin promoter 
(Akimoto et al.  2004  ) , pAdDeltaF6 (Auricchio et al.  2001  )  and pAAV2/5Y719F 
(Petrs-Silva et al.  2009  )  plasmids followed by iodixanol-gradient (Grieger et al. 
 2006  )  purifi cation, ion exchange chromatography (HiTrap Q ÄKTA Basic FPLC 
system, GE Healthcare, Germany), and by further concentration using Amicon 
Ultra-4 Centrifugal Filter Units (Millipore, Germany). Physical titers were deter-
mined by qPCR (LightCycler 480, Roche Applied Science, Germany). 1–1.5  m L 
rAAV particles were injected into the subretinal space using the NanoFil subretinal 
injection Kit (WPI, Germany) with a 34-gauge beveled needle. The procedure was 
monitored immediately following the injections using scanning laser ophthalmos-
copy (Seeliger et al.  2005  )  and optical coherence tomography (Fischer et al.  2009  ) . 
All procedures concerning animals were approved by local authorities 
(Regierungspräsidium Tübingen and Regierung von Oberbayern).  

    25.2.2   Electrophysiological Analysis 

 ERG analysis was performed 6, 10, and 11 weeks after injection according to pro-
cedures described elsewhere (Seeliger et al.  2001 ; Tanimoto et al.  2009  ) . Spike 
trains of retinal ganglion cells were recorded extracellularly with commercial planar 
multielectrode arrays (Multi Channel Systems, Reutlingen, Germany). During 
recordings, the retina was continuously superfused with Ames medium, buffered 
with 22 mM NaHCO 

3
  and 5% CO 

2
 /95% O 

2
  (pH 7.4), and maintained at 35°C. To 

visually stimulate the retina, the screen of a CRT monitor was focused with standard 
optics onto the photoreceptor layer, covering the recorded piece of retina. Periodic 
fl ashes were produced by switching the monitor display every 1 s between black and 
white, with a contrast (white−black)/(white + black) = 0.97. Overall, light level was 
controlled with neutral density fi lters in the light path.  
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    25.2.3   Immunohistochemistry 

 The immunohistochemical procedure and antibody dilutions were described previ-
ously (Michalakis et al.  2005  ) . Laser scanning confocal micrographs were collected 
using a LSM 510 meta microscope (Carl Zeiss, Germany).  

    25.2.4   Behavior 

 The experiment was performed at 111.0 ± 2.2 lux. The day after habituation to the 
water (21 ± 1°C, made opaque by the addition of nontoxic white dye) mice were 
trained for 6 trials to associate a red rectangle with a stable visible platform that was 
placed in a swimming pool (120 cm in diameter, 70 cm high, white plastic) fi lled 
with water up to a depth of 30 cm. The position of the platform was changed from 
trial to trial in a pseudorandom order to avoid association of the platform with distal 
spatial cues. On the following day, the animals had to discriminate between two 
visible platforms. One platform was stable (marked with the red rectangle; correct 
choice) and the other platform sank when a mouse climbed onto it (marked with a 
green rectangle; incorrect choice). Trials were terminated if the mouse climbed on 
one of the two platforms.   

    25.3   Results 

 We produced viral vector particles that drive expression of the mouse CNGA3 
cDNA under control of a 0.5-kb-fragment of the mouse blue opsin (S-opsin) pro-
moter (Akimoto et al.  2004  )  with a Y719F-modifi ed AAV5 capsid (AAV5-mBP-
CNGA3) that results in higher resistance to proteasomal degradation (Petrs-Silva 
et al.  2009  ) . We delivered 6–9 × 10 9  rAAV genomic particles into the subretinal 
space within the central to ventral part of the retina of 12–14-day-old CNGA3 −/−  
mice and monitored the procedure immediately following the injections using scan-
ning laser ophthalmoscopy (Seeliger et al.  2005  )  and optical coherence tomography 
(Fischer et al.  2009  ) . 

 At 10 weeks posttreatment, clear signs of a functional restoration of cone photo-
receptor function were found in Ganzfeld electroretinograms (ERGs) (Fig.  25.1 ). 
No differences between the treated eyes (TE), untreated eyes (UE), or wild-type 
(wt) eyes were detectable at dim-light levels (Fig.  25.1a , top row), demonstrating 
regular rod function. A prominent rescue effect on cones was found in the light 
adapted (photopic) part of the protocol (Fig.  25.1a , bottom), in which rods are non-
responsive due to desensitization.  
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 Following ERG measurements, eyes were removed, fi xed, cryo-sectioned, and 
processed for immunohistochemistry. We found expression of CNGA3 in cone photo-
receptors within the injected, but not the untreated part of the retina (Fig.  25.1b, c ). 
The CNGA3 protein was specifi cally expressed in cones and localized throughout 
the cone photoreceptor (Fig.  25.1b ). The CNGA3 protein that was produced as a 
result of our therapy was able to restore COS expression and localization of CNGB3 
(not shown) and to reduce the degenerative process in the retina. In line with this, 
high numbers of cones were still present in the ventral retina of treated but not 
untreated (age-matched) CNGA3 −/−  mice (Fig.  25.1d, e ). 

 Having shown by electroretinography that treated cones acquired the ability to 
generate regular light-evoked signals and to activate respective bipolar cells, we 
examined next whether these signals are capable of exciting ganglion cells in a 
regular fashion. To this end, we performed multielectrode array recordings to 

  Fig. 25.1    Restoration of cone-mediated ERG, establishment of cone CNG channel, and delay of 
cone degeneration in treated CNGA3 −/−  cones. ( a ) Single fl ash ERG. Scotopic rod system response 
( top ): no difference between the treated eye (TE), untreated eye (UE), and the wt eye. Mixed rod/
cone system response ( center ): amplitude increase in the TE relative to the UE indicative for cone 
system function improvement. Photopic conditions (traces  bottom left , corresponding box plot 
 bottom right ): substantial restoration of cone system function. ( b – c ) Cone-specifi c expression of 
CNGA3 ( red ) in a treated area of a CNGA3 −/−  retina. ( c ) Colabeling with the cone marker peanut 
agglutinin (PNA) indicates presence of rescued CNGA3 in cone outer segments (COS, PNA, 
 green ; CNGA3,  red ). ( d – e ) The treatment preserves a high number of cones. Retinal slices of age-
matched treated and untreated CNGA3 −/−  mice were stained with the cone marker PNA ( green ) and 
anti-CNGA3 ( red ). Scale bars mark 20  m m in ( a – b ) and 100  m m in ( c – d ). In ( a ,  c – d ), nuclei are 
stained with Hoechst dye ( blue ).  INL  inner nuclear layer;  ONL  outer nuclear layer;  OS  (photore-
ceptor) outer segments       
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measure the spiking activity of ganglion cells from isolated retinas of treated and 
untreated eyes of CNGA3 −/−  mice (Fig.  25.2a ). As expected for a retina limited to 
rod function only, ganglion cells from untreated CNGA3 −/−  mice responded well at 
low light levels, but did not show any light-evoked activity under photopic condi-
tions (Fig.  25.2a ). Much in contrast, many neurons in treated regions displayed 
strong light-evoked activity for both low and high light levels (Fig.  25.2a ). This 
indicates that transmission of cone signals to the inner retina was reestablished in 
the treated retinas.  

 Finally, we aimed at assessing whether the restoration of retinal cone-mediated 
signaling enabled treated CNGA3 −/−  mice to develop cone vision-guided behavior. 
We therefore designed a simple test for vision-guided behavior in mice that highly 
depends on cone-mediated vision under photopic light conditions. The mice were 
trained in a cued water maze to associate a red cue with a stable visible platform 
(day one). On day two, the mice had to discriminate between two randomly arranged 
visible platforms, a stable platform marked with a red cue (correct choice), and a 
platform that sank when a mouse climbed onto it marked with a green cue (incorrect 
choice). Wild-type mice were able to differentiate between the two platforms 
based on the visual cues and performed signifi cantly above chance level (Fig.  25.2b ). 
This indicates that wild-type mice were able to differentiate between the two cues. 

  Fig. 25.2    Gene replacement therapy restores responsiveness of ganglion cells to photopic stimuli 
and enables cone-mediated central vision in CNGA3 − / −  mice. ( a ) Spike trains of different types of 
ON ganglion cells from treated ( top ) and untreated CNGA3 −/−  mice ( bottom ) in response to peri-
odic fl ashes of light at two different intensity levels. Stimulus phase is indicated at the  bottom . The 
spike trains obtained from the treated mice show reliable response patterns for both applied light 
intensities. By contrast, ganglion cells from untreated retinas do not respond to light fl ashes at the 
highest light level, which corresponds to photopic conditions. ( b ) Behavioral test for cone-medi-
ated vision. Mice were trained to associate a red-colored cue with a stable visible platform (acqui-
sition). Subsequently, the mice had to discriminate between two visible platforms (discrimination), 
a stable platform (positioned next to a red cue = correct choice) and a platform that sank when a 
mouse climbed onto it (positioned next to a green cue = incorrect choice). The graph shows the 
mean percentage of correct choices for 6 trials during the discrimination test. Statistical signifi -
cance ( t -test) of differences from comparisons with wild type is shown on top of bars (** p  < 0.01; 
 ns  non signifi cant)       
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Note that the mice may have used differences in the spectral identity, luminous 
intensity, or some combination of the two to discriminate between the two visual 
cues. The fact that cone-mediated vision is essential for stimulus discrimination, 
however, was confi rmed by the fact that CNGA3 −/−  mice were not able to solve this 
task; their performance was not signifi cantly different from the 50% chance level 
(Fig.  25.2b ). Treated CNGA3 −/−  mice, on the other hand, performed signifi cantly 
better than untreated CNGA3 −/−  mice (Fig.  25.2a ).    Moreover, treated CNGA3 −/−  
mice showed no signifi cant difference to the wild-type control mice in this test. This 
confi rms that our gene replacement therapy is suffi cient to restore cone-mediated 
visual behavior.  

    25.4   Discussion 

 Cone vision is the most important visual quality in daytime environment. Inherited 
diseases such as achromatopsia lead to dysfunction and later degeneration of cone 
photoreceptors and are currently untreatable. We here show that the principal sub-
unit of the cone CNG channel (CNGA3) could successfully be produced in 
 congenitally nonfunctional cone photoreceptors of CNGA3 −/−  mice. The electro-
physiological recordings in combination with the behavioral data provide clear evi-
dence that retinas with cones that are completely nonfunctional from birth can 
become capable of generating signals that higher visual centers can process in a way 
that permits the animal to successfully discriminate objects based on cone-mediated 
signals and take respective action. This proof-of-concept in mice is very promising 
and relevant for future human use of this kind of therapeutic strategy. 

 Although it will take some time until the results of long-term follow-up experi-
ments are available, the preserved number of cones suggests that the treatment also 
ameliorates the progressive cone degeneration.      
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     26.1   Introduction 

 Autosomal dominant Retinitis Pigmentosa (ADRP) is an inherited retinal disorder, 
which leads to progressive death of photoreceptor (PR) and signifi cant visual 
impairment. The rhodopsin-linked form of RP affects approximately 1 in 30,000 
people and is associated with over 100 different genetic modifi cations within the 
misfolded rhodopsin ( RHO ) gene (  http://www.sph.uth.tmc.edu/RetNet    ). Progress in 
developing gene therapies for dominant RP has been slower compared to recessive 
forms of this retinopathy, but some advances in this fi eld have been made lately. 
As any dominant disease, the treatment of ADRP correcting the primary genetic 
defect most likely requires a removal of the defective gene product in PR cells. 
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However, alternative therapeutic approaches exist, such as modulation of cellular 
signaling caused by the accumulation of misfolded RHO. In the current study, we 
set out to determine what effects overexpressing wild-type (WT) RHO, the ER resi-
dent chaperone  BiP/GRP78 , and transcriptional activator of heat shock proteins 
(HSPs),  HSF1,  would have on retinal function in P23H transgenic rats, as assessed 
by electroretinography (ERG). 

 The idea of testing the WT RHO in P23H RHO PR was originated from studies 
on transgenic mice, carrying mutated rhodopsin ( RHO ) transgene on different 
genetic backgrounds, suggesting that the increased amount of WT RHO in ADRP 
PRs might be benefi cial for vision of these animals (Frederick et al.  2001  ) . 
Justifi cation of overexpression of BiP protein was based on its chaperoning (Hoshino 
et al.  2007  )  and anti-apoptotic activities  in vivo  and  in vitro  (Miyake et al.  2000  ) . 
The master regulator of chaperone gene transcription,  HSF1,  has also been shown 
to suppress polyglutamine aggregates  in vivo  and cause a therapeutic effect (Fujikake 
et al.  2008  ) . Therefore, we employed a gene delivery approach with a help of adeno-
associated viruses (AAV) to validate these therapeutic genes as candidates for 
ADRP gene therapy in P23H RHO transgenic rats.  

    26.2   Materials and Methods 

    26.2.1   Animals 

 Homozygous transgenic P23H line 3  RHO  rats were used in this experiment. All 
animal procedures were performed according to the guidelines of the ARVO state-
ment for the “Use of Animals in Ophthalmic and Vision Research.” Subretinal 
injection of P23H RHO-3 rats with 2  m L of AAV-expressing mouse  Rho- resistant 
gene 301 (referred to WT), human  GRP78 (BiP),  and  HSF- 1 cDNA with titer of 
10 11 –10 12 /per genome was performed on postnatal day (P) 15 in P23H RHO pups, as 
described before (Gorbatyuk et al.  2010  ) . Control eyes were injected with AAV-GFP.  

    26.2.2   Transient Transfection of HeLa Cells 
and Immunohistochemistry 

 We used Lipofectamine 2000 and pcDNA3.1 plasmids-expressing mouse P23H 
 RHO , WT  RHO , and human  GRP78  under control of the CMV promoter to perform 
transfection in HeLa cells. At 48 h, cells were fi xed with Pen-Fix, and immuno-
histochemistry was performed by using the 1D4 antibody against rhodopsin and 
anti-Flag antibody. Cy-2- and Cy-3-conjugated secondary antibodies were applied 
to detect RHO and the Flag epitope tag, respectively.  
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    26.2.3   ERG 

 The procedure was performed as described before (Gorbatyuk et al.  2010  ) . Scotopic 
ERG responses were measured with 10  m s fl ashes of white light at 2.68 cd-s/m 2  
intensity. Differences in a- and b-wave amplitudes between simultaneously recorded 
test and control eyes were the primary measure of outcome.  

    26.2.4   Histology 

 Rats were intracardially perfused with 2% paraformaldehyde and 2.5% glutarade-
hyde, and eyes were removed from euthanized animals, postfi xed and embedded in 
epoxy resin (Gorbatyuk et al.  2010  ) . Mean outer nuclear layer (ONL) thickness of 
the entire retina or specifi c region of the eye was compared between the AAV- BiP  
and control-injected eyes.   

    26.3   Results 

    26.3.1   Functional Preservation of P23H RHO Photoreceptors 
as a Result of Overexpression of Mouse RHO 301 

 We used the  Rho  301 gene in a “cut-and-replace” experiment as a resistant target for 
siRNA301.  Rho  301 encodes the WT mouse rod opsin protein. In rats, we tested this 
gene independently to validate the therapeutic effect of WT RHO. We injected pups 
at P15 to analyze them by scotopic ERG at 1 and 3 months postinjection. Results of 
this analysis demonstrated that both a- and b-waves responses were elevated in 
Rho301-treated eyes (Fig.  26.1 ) at 1 month posttreatment. A-wave amplitude was 

  Fig. 26.1    Overexpression of mouse RHO301 leads to functional preservation of P23H RHO-3 
photoreceptors       
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increased by 33% and b-wave amplitude by 42%. However, at 3 months following 
injection, the therapeutic effect was only 18 and 34% ( p  < 0.05), respectively, for 
a- and b-wave amplitudes compared to the GFP-treated eye.   

    26.3.2   Functional Preservation of P23H RHO Photoreceptors 
as a Result of Increased Expression of Human BiP/Grp78 

 Following injection, we analyzed animals over 6 months by ERG and then eutha-
nized them for histological analysis. The results of this experiment are shown in 
Fig.  26.2a . AAV5- BiP  treatment led to the rescue of retinal activity in P23H RHO 
rats. In BiP-treated eyes, a- and b-wave response amplitudes were higher than in 
control (GFP-injected) eyes, and this protection was consistent over 6 months. 
A-wave amplitudes were increased from 18 to 78% and b-wave amplitudes were 
amplifi ed by 15–89%. The peak of therapeutic activity occurs at 3 months postin-
jection; the a-wave was increased by 110% and b-wave was increased by 92%, 
 p  < 0.05, relative to the control-injected eyes.   

    26.3.3   Preservation of Retinal Integrity in P23H RHO Rats 
as a Result of Overexpression of Human BiP/GRP78 

 To determine if this therapeutic effect corresponded to preservation of retinal integrity, 
we enucleated euthanized rats and processed the retinas for histological analysis in 
order to measure the thickness of the ONL. Morphometric analysis of individual 
retinas showed small but signifi cant changes in individual sectors of central inferior 
hemisphere in BiP-treated retina (Fig.  26.2b ). The differences in the lengths of 
ONL in three individual sectors in the superior hemisphere were from 25 to 
30%,  p  < 0.05.  

  Fig. 26.2    Overexpression of human BiP/GRP78 protein leads to steady therapeutic effect over 6 
months measured ( a ) by scotopic ERG and ( b ) by histological analysis       
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    26.3.4   Elevation of BiP Protein Level Does Not support 
the Traffi cking of P23H RHO to the Cell Membrane 

 To determine if the increase in the level of BiP would promote opsin folding and 
localization to the cell membrane, we performed cotransfection of HeLa cells with 
plasmids-expressing P23H opsin and BiP-Flag protein. The Flag epitope sequence 
was placed in front of KDEL fragment and served as a tag for detection of exoge-
nous BiP protein. Results of the experiment are presented in Fig.  26.3  and suggest 
that the WT RHO, which served as a control, localized to the plasma membrane and 
the BiP-Flag overexpression did not interfere with this distribution. However, the 
coexpression of P23H RHO and BiP-Flag proteins in cells had no effect on the mis-
localization of P23H RHO in the cytoplasm. This experiment indicated that extra 
BiP protein in the ER did not permit exit of P23H RHO from the ER and delivery to 
the cell membrane.   

    26.3.5   Functional Preservation of P23H RHO Photoreceptors 
as a Result of Overexpression of HSF1 

 To determine if the HSF1 overexpression had a therapeutic effect in P23H RHO 
retina, we injected pups with AAV- HSF1  and then monitored them by ERG 
recording for 3 months (Fig.  26.4 ). We observed an increase of over 35% for both 
a- and b-wave amplitudes ( p  < 0.05) in HSF1-treated eyes relative to the AAV-
GFP-treated eyes.    

  Fig. 26.3    Immunostaining of HeLa cells cotransfected with wild-type RHO, P23H RHO, and 
BiP-Flag. ( a ) Immunostaining analysis demonstrated the localization of wild-type RHO to the cell 
membrane and ( b ) P23H RHO retained within the ER ( green ). ( c ) Overexpression of BiP-Flag 
( red ) did not affect the traffi cking of WT RHO and ( d ) did not promote the distribution of P23H 
RHO to the cytoplasm       
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    26.4   Discussion 

 The P23H mutation of rhodopsin belongs to a class (Class II) that is retained in the 
ER and is later translocated to the cytoplasm for degradation. It causes PR cell death 
by a dominant negative mechanism. The dominant negative effect of misfolded 
RHO is associated with its ability to recruit the WT RHO to form aggresomes, 
therefore keeping the WT RHO from traffi cking to the disk membrane. Therefore, 
we tested the hypothesis that increased expression of WT RHO would lead to 
enhancement of PR function in P23H transgenic rats, assuming that newly synthe-
sized RHO escapes from the ER and tranlocates to the outer segments of PRs. 
Analysis of ERG results demonstrated that the highest therapeutic effect was 
observed at 1 month postinjection and was slightly diminished after that. It suggests 
that the deleterious effect of mutated RHO overcomes the boost normal RHO in 
RPs, fi rst and second, that expression of exogenous RHO has to be optimized by 
manipulations with expression cassette, viral dose, and time of injection. We note, 
however, that in P23H transgenic mice, we have seen a benefi cial effect of overex-
pression of RHO for up to 6 months (Mao et al. submitted for publication.) 

 Gene therapy for PRs expressing P23H RHO can be addressed either by directly 
targeting the mutant protein or by reprogramming different pathways in the cellular 
response to misfolded protein. For example, it has been shown that pharmacological 
chaperones such as geldanamycin, radicicol, and 17-AAG cause the induction of 
HSPs and are able to lessen the deleterious impact of P23H RHO (Mendes and 
Cheetham  2008  ) . Moreover, the impact of misfolded protein can be overcome by 
reducing protein aggregation and promoting degradation of the aggregation-prone 
species. Consequently, we decided to validate new therapeutic targets and to manip-
ulate the level of molecular chaperones in P23H RHO ADRP. 

 Overexpression of ER-resident BiP/Grp78 protein led to sustained elevation of 
ERG a- and b-wave amplitudes by almost twofold compared to control eyes and 

  Fig. 26.4    Overexpression of HSF1 in P23H RHO-3 photoreceptors leads to sustained preservation 
of a- and b-wave amplitudes of the scotopic ERG       
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abolished the retinal degeneration in P23H RHO PR. This therapeutic effect was 
not necessarily linked to promoting the traffi cking of RHO to the cell membrane, 
but likely was associated with modulation of cellular signaling (Gorbatyuk et al. 
 2010  ) . Currently, we are testing this chaperone in other models of neurodegenera-
tive diseases. 

 Another inducer of molecular chaperones, HSF1, has been reported to be involved 
in a prevention of ADRP in RP10 mouse model via inhibition of Hsp90 and an 
induction of Hsp70 (Tam et al.  2010  ) . Therefore, it was not surprising that the gene 
delivery of HSF1 preserved the ERG response in P23H RHO transgenic rats. We 
hypothesize that due to overexpression of HSF1, the levels of HSP70, HSP 40, and 
other chaperones were elevated and that this elevation activates prosurvival cellular 
pathways in P23H RHO RP cells. 

 Thus, our data suggest that it may not be necessary to improve RHO folding to 
improve PR viability. Manipulation of cell death and prosurvival pathways and 
shifting the balance in PR cells toward cell survival could be a reliable therapeutic 
approach for preserving vision in people with ADRP caused by RHO mutations.      
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     27.1   Introduction 

 Retinitis pigmentosa (RP) is a neurodegenerative disease with the prevalence of 
1/4,000 and almost 1.5 million patients globally (Hartong et al.  2006 ; Daiger et al. 
 2007  ) , with autosomal dominant retinitis pigmentosa (ADRP) accounting for 40% 
of clinical cases. The primary symptoms of ADRP are gradual loss of night vision 
followed by loss of peripheral vision, but central vision is diminished late in the 
disease (van Soest et al.  1999 ; Farrar et al.  2002  ) . Currently, there is no cure for the 
disease. Mutations in rhodopsin ( RHO)  are associated with over 25% of ADRP 
cases (Daiger et al.  2007  ) . The fi rst identifi ed  RHO  mutation, P23H (proline 23 
substituted by histidine), is associated with 12% ADRP patients in the U.S. (Dryja 
et al.  1990 ; van Soest et al.  1999 ; Daiger et al.  2007  ) . Several P23H transgenic animal 
models, including mouse, rat, fl y, and frog models, have been developed and used 
to test gene and pharmacological therapies (Olsson et al.  1992 ; Roof et al.  1994 ; 
Bush et al.  2000 ; Organisciak et al.  2003 ; Ranchon et al.  2003 ; Galy et al.  2005 ; 
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Gorbatyuk et al.  2005a,   2007a,   2008 ; Tam and Moritz  2006  ) . Despite the genetic 
heterogeneity of ADRP, our group and others have explored a “resect and replace” 
gene therapy employing RNA interference (RNAi) or catalytic RNA enzymes 
(ribozymes) (Georgiadis et al.  2010 ; Lewin et al.  1998 ; Sullivan et al.  2002 ; 
Gorbatyuk et al.  2005b,   2007b,   2008 ; Kiang et al.  2005  ) . For this allele-independent 
method, expression of both the mutant and wild-type gene is suppressed and a resis-
tant allele is introduced (Sullivan et al.  2002 ; Cashman et al.  2005 ; Kiang et al. 
 2005 ; Tessitore et al.  2006 ; Gorbatyuk et al.  2007a,   b,   2008  ) . This approach should 
be applicable to ADRP genes, like  RHO  which are affected by many different muta-
tions. In present studies, however, we introduced a single gene,  RHO301 , to express 
normal rhodopsin protein. The increased production of normal rhodopsin rescued 
photoreceptor function in P23H mice, suggesting that gene therapy with normal 
gene is possible for treatment of this class of ADRP mutation.  

    27.2   Materials and Methods 

    27.2.1   RHO301 Gene Cloning 

 The mouse  RHO  (Genbank, BC013125) cDNA we employed contained 109 bp 
5 ¢  UTR and 159 bp 3 ¢  UTR. It also contained fi ve silent mutations to eliminate 
siRNA301 recognition site. Expression was driven by a mouse opsin proximal 
 promoter, and the insert was packaged in adeno-associated virus (AAV) serotype 
5 capsids at a titer of 2 × 10 12  vg/mL.  

    27.2.2   Experiment with Animal Models 

 All animal procedures were approved by the University of Florida Institutional 
Animal Care and Use Committee in accordance with the ARVO statement for the 
“Use Animals in Ophthalmic and Vision Research.” P23H mice (line 37) containing 
a human P23H  RHO  transgene (Dryja et al.  1990  )  were bred with C57BL/6J wild-
type mice (Jackson Laboratories) to obtain the transgenic P23H  RHO , mouse  RHO  
+/+ mice. Subretinal AAV injections with 1  m L AAV5  RHO301  (2 × 10 9  viral parti-
cles) were performed as described by Timmers et al. (Dryja et al.  1990 ; Olsson et al. 
 1992 ; Timmers et al.  2001  ) . Only right eyes were injected with virus.  

    27.2.3   Electroretinography (ERG) 

 After subretinal injection, retinal function was measured at 1, 2, 3, and 6 months 
time points postinjection. AAV5- RHO301- injected P23H mice were analyzed by 
simultaneous full-fi eld ERG of a UTAS-E 2000 Visual Electrodiagnostic System 
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(LKC). The a-wave amplitudes were measured from baseline to the peak in the 
cornea-negative direction, and b-wave amplitudes were measured from cornea-
negative peak to major cornea-positive peak. The results from each group of mice 
were averaged and the means were compared statistically by using Student’s  t -test 
for paired data and ANOVA for multiple groups.  

    27.2.4   Histological Analysis for the Outer Nuclear Layer 

 At 6 months postinjection, the mice were euthanized, and the retinas were fi xed and 
prepared for plastic sectioning after perfusion. Dissected tissues were postfi xed in 
1% osmium tetroxide and maintained in 0.1 M cacodylate buffer overnight. Tissues 
were embedded in an epoxy resin and stained with toluidine blue. The thickness of 
the outer nuclear layer (ONL) was measured at ten equally spaced superior and 
inferior loci using the MBF Stereoinvestigator on a Zeiss microscope. Mean read-
ings were averaged from ten measurements. Differences between the ONL thick-
ness of left control eyes and that of right treated eyes were analyzed by using 
Student’s  t -test for paired samples.   

    27.3   Results 

    27.3.1   Expression of AAV-Delivered RHO301 

 The  RHO301  was constructed by introducing fi ve silent mismatches into a normal 
mouse  RHO  cDNA to eliminate the binding site of siRNA301 (Gorbatyuk et al. 
 2007b,   2008  ) . At postnatal day 15,  RHO301  was delivered by subretinal injection. 
We analyzed mRNA and protein levels of  RHO301  1 month postsubretinal injec-
tion. Compared to  RHO  mRNA levels in untreated left eyes, we obtained an almost 
twofold increase of total  RHO  mRNA in treated right eyes indicating successful 
 RHO301  delivery (data not shown). Opsin protein was increased by 50% in right 
injected eyes as detected by immunoblot using mouse antirhodopsin monoclonal 
antibodies (1D4, data not shown).  

    27.3.2   Retinal Structure Integrity in AAV 
Gene-Delivered P23H Mice 

 To analyze the structural integrity of retina, the ONL thickness was measured to 
determine the photoreceptors survival. In eyes expressing  RHO301,  ONL thickness 
was remarkably elevated compared to untreated eyes (Fig.  27.1a, b ). Six months 
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survival of photoreceptors was approximately double in treated eyes when averaged 
over the entire retina (Fig.  27.1c ).   

    27.3.3   Rescued Retinal Function Observed 
in AAV-RHO301-Injected P23H Eyes 

 But were surviving rod cells functional? The full-fi eld electroretinogram (ERG) 
was measured to assess retinal function in P23H transgenic mice.  RHO301  gene 
transfer consistently improved both the a-wave and b-wave responses of P23H mice 
compared to untreated control eyes in a 6-month time-course with different intensi-
ties readings (Fig.  27.2a, b ). At 6 months postinjection, there was an almost three-
fold increase of a-wave amplitude in treated eyes compared with untreated eyes at 

  Fig. 27.1    The structural integrity of P23H retinas via  RHO301  gene transfer. Six months after 
injection, the thickness of ONL was measured in ( a ) AAV- RHO301- injected P23H right retinas 
and compared with ( b ) untreated left retinas. The white caliper bar is 10  m m. ( c ) Signifi cant 
increase of the ONL thickness was detected in the  RHO301- injected ( right ) eyes of P23H mice 
(labeled as R RHO301) compared with the ONL of untreated ( left ) eyes (labeled as L control) in 
the whole retina ( p  < 0.05)       
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the highest light intensity with 2.68 cd-s/m 2  luminance (Fig.  27.2a ). At same time 
point, 80% of the b-wave amplitude was maintained in AAV- RHO301- treated P23H 
eyes (Fig.  27.2b ). Therefore, the retinal degeneration in P23H mice was dramati-
cally slowed by delivery of functional  RHO . These results are consistent with the 
preserved retinal structure in AAV-RHO301-injected P23H eyes.    

  Fig. 27.2     RHO301  gene delivery protects retinas of P23H mice. The scotopic ERG a- and b-wave 
amplitudes measured at 0.18 and 2.68 cd-s/m 2  luminance, from 1 to 6 months following injection 
of  RHO301  ( gray circles ) in right eyes. Untreated left eyes of transgenic mice ( black diamonds ) 
showed retinal degeneration with decreased amplitudes. ( a ) In ERG a-wave response, the ampli-
tudes of right treated eyes were signifi cantly increased compared with that of left untreated eyes at 
different time points (* p  < 0.05, shown as statistical signifi cance). ( b ) At both 0.18 and 2.68 cd-s/m 2  
luminance, the b-wave amplitudes of right injected eyes signifi cantly higher than those of left 
untreated eyes at all four different time points (* p  < 0.05, shown as statistical signifi cance at 1, 2, 
3, and 6 months time points)       
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    27.4   Discussion 

 In this study, we used viral mediated gene transfer in P23H  RHO  transgenic mice 
model to test the hypothesis that supplementation of degenerating retina with func-
tional R HO  would reduce the rate of retinal degeneration in photoreceptors affected 
by a dominant rhodopsin mutation. Since we have already tested its cognate 
siRNA301 in vitro and in vivo, these experiments also validated the resistant cDNA, 
necessary for the replacement step of the “resect and replace” strategy. Our results 
not only confi rmed those of Fredrick et al. that transgenic overexpression of  RHO  
could benefi t mice carrying the P23H RHO gene (Frederick et al.  2001  ) , but also 
demonstrated that viral delivery of normal  RHO  can be benefi cial to reduce the rate 
of retinal degeneration in ADRP photoreceptors. 

 Human clinical trials of gene therapy for a recessive retinal degeneration have 
shown promise in restoring vision (Bainbridge et al.  2008 ; Cideciyan et al.  2009 ; 
Simonelli et al.  2010  )  and suggest that gene transfer to the retina is safe. It is  possible 
that gene transfer of  RHO  may be applicable to other Class II rhodopsin mutations 
that lead to RP by mechanisms similar to the P23H mutation (Mendes et al.  2005  ) . 
Therefore, the increase of rhodopsin expression by wild-type gene delivery using 
AAV is a potential treatment for a large number of people with ADRP.      
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    28.1   Programmed Cell Death Pathways 

 Apoptosis, the most well-documented form of programmed cell death (PCD), is 
characterized by chromatin condensation, cytoplasmic blebbing, and DNA fragmen-
tation. The central mediators of apoptosis are a family of cysteine aspartases 
(Caspases), whose cleavage and activation directly lead to the morphology and DNA 
breakup seen in apoptotic cells (Liston et al.  2003  ) . Apoptosis pathways can be sub-
divided into extrinsic, receiving signals from cell surface receptors, or intrinsic, 
receiving internal signals through the mitochondria. In the extrinsic signaling path-
way, ligand-bound cell surface receptors such as TNF or Fas recruit procaspase 8 to 
form the death-inducing signaling complex (DISC) (see Fig.  28.1 ). Aggregation of 
the DISC    induces the cleavage and release of active caspase 8, which in turn cataly-
ses the cleavage and activation of the effector caspases 3 and 7. Effector caspases 
directly execute the apoptotic program through the destruction of vital proteins and 
the activation of DNases. The intrinsic pathway is initiated by internal signals to the 
mitochondria, which causes leakage of cytochrome c into the cytoplasm. Cytochrome 
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c recruits Apaf-1 and procaspase 9 to form the apoptosome, a complex which can 
directly activate effector caspases (Liston et al.  2003  )  (see Fig.  28.1 ).  

 Autophagy is a self-degradative process by which the cell compartmentalizes 
and recycles internal components through lysosomal degradation. Although consid-
ered a type II form of PCD, autophagy can be self-protective through the removal of 
damaged organelles and protein aggregates, and nutrient recycling (Eisenberg-
Lerner et al.  2009  ) . Three distinct forms of autophagy, macroautophagy, microau-
tophagy, and chaperone-mediated autophagy, have been defi ned based on how the 
target protein or structure enters the lysosome (Massey et al.  2004 ; Klionsky  2005  ) . 
Macroautophagy is a very well-characterized system in yeast and the most well-
studied system in retinal disease models. This process begins with the formation of 
a phagophore, a double membrane vesicle which recognizes and engulfs target pro-
teins and organelles to form an autophagosome. The autophagosome then fuses 
with lysosomes to form an autolysosome, which breaks down and recycles the tar-
get (Glick et al.  2010  ) . In yeast, a family of autophagy-related genes (Atg) regulate 
the induction (Atg 1, 13, 17) and formation (Atg 6, 14 and Vps 34) of the phago-
phore, target recognition (Atg 11, 19) and completion of the autophagosome (Atg 8, 
12). This system is well conserved in higher organisms with the majority of yeast 
Atg proteins having mammalian homologs, including Ulk1/2 (Atg1), Beclin1 (Atg 
6), and LC3 (Atg 8) (Mizushima  2007 ; Glick et al.  2010  )  (see Fig.  28.1 ). 

 Though normally active at a low basal level, autophagy is ramped up during 
periods of low nutrient conditions, loss of growth factor support, and oxidative 
stress. The target of rapamycin (TOR) kinase, normally activated by the amino acid-
dependent or the insulin/PI3K signaling pathways (Hietakangas and Cohen  2009  ) , 
acts as a central regulator by blocking phagophore formation through the phospho-
rylation of Atg13 (Diaz-Troya et al.  2008  ) . Upon loss of proper signaling events or 
repression from internal sensors, TOR activity is abrogated and autophagy allowed 
to proceed (see Fig.  28.1 ). Alternatively, mammalian autophagy is also controlled 
by Bcl2, which binds Beclin1 and prevents phagophore formation (Liang et al.  2006  ) . 

  Fig. 28.1    Interaction between apoptosis and autophagy pathways.  Blue lines  represent the apop-
tosis pathway.  Red lines  represent the autophagy pathway       
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The phosphorylation of Bcl2 through Jnk1 prevents Beclin1 binding and allows 
activation of the autophagic program (Wei et al.  2008  )  (see Fig.  28.1 ). 

 The complex interaction between apoptosis and autophagy are just beginning to 
be elucidated. Depending on the system, both forms of PCD can work in concert or 
in parallel to augment cell death, or autophagy can antagonize apoptosis through the 
removal of cell death-inducing agents such as protein aggregates or damaged organ-
elles. Signifi cant signaling crosstalk exists between these two systems, as seen in 
the inhibition of TOR by the pro-apoptotic p53 (Feng et al.  2005  ) , the aforemen-
tioned interaction between the anti-apoptotic Bcl2 and the pro-autophagic Beclin1, 
and the dual activating role of DAPk in both forms of PCD (Gozuacik et al.  2008  )  
(see Fig.  28.1 ). It is likely that the PCD observed in complex systems will always be 
the combined result of multiple cell death pathways.  

    28.2   Cell Death in Inherited Retinal Dystrophies 

 The progressive loss of vision via photoreceptor cell death is a shared trait of all 
inherited retinal diseases, including Retinitis Pigmentosa (RP) and Leber Congenital 
Amaurosis (LCA). Numerous diverse gene mutations have been linked to this class 
of retinal dystrophies, indicating the sensitivity of the retina to changes in a variety 
of different pathways. The types of cell death within the affected retina are also vari-
able, with different or multiple forms of cell death discovered in different models of 
the same disease. The challenge for researchers is to tease out the initial cause of 
cell death in these diseases from the resulting downstream cell death due to loss of 
trophic support or oxidative stress. 

 In the case of RP, the challenge for researchers is readily apparent, with as many 
as 47 genes linked to the various forms of RP (  http://www.sph.uth.tmc.edu/retnet    ). 
In addition, several syndromes, including Usher’s and Bardet–Biedl, have a RP 
component in addition to other nonocular defi cits, indicating other mutations that 
can cause uncontrolled photoreceptor death in the retina (Hartong et al.  2006  ) . 
Nyctalopia or night blindness is usually the early stage of this disease, caused by the 
initial wave of cell death specifi cally targeting rod photoreceptors. This is followed 
by the loss of peripheral vision and, eventually, the loss of central vision produced 
by progressive cone photoreceptor death. Outer nuclear layer thinning due to pho-
toreceptor loss, and pigment deposits in the retina are hallmarks of the late stages of 
RP (Doonan and Cotter  2004  ) . 

 The morphological characteristics of apoptosis, including chromatin condensa-
tion and DNA fragmentation, have been observed in all human samples and animal 
models of RP (Li and Milam  1995  ) . However, the correlation of caspase activation 
and photoreceptor cell death is less clear. In the  rds  mouse model, which contains a 
functional deletion of peripherin 2, activation of caspase 3 has been correlated with 
peak photoreceptor death (Hughes et al.  2004  ) . This is also true for the S334ter 
mutant of rhodopsin in rats, where both photoreceptor death and caspase 3 activity 
peaks at postnatal day 11–12 and the intraocular injection of the caspase 3 inhibitor 

http://www.sph.uth.tmc.edu/retnet
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z-DEVD-fmk afforded partial protection from cell death (Liu et al.  1999  ) . On the 
other hand, there is contradictory evidence in the  rd1  mouse model, which has a 
mutation in the  Pde6b  gene encoding the  b -subunit of cGMP-PDE (Farber  1995  ) . 
Jomary et al.  (  2001  )  found caspase 8 and 3 activation, as well as cytochrome c 
release, in  rd1  mice, whereas others found neither caspase cleavage nor cytochrome 
c release in the same mouse model (Doonan et al.  2003  ) . Caspase 3 inhibitor or 
caspase 3 deletion delayed the onset of disease, but was unable to block photorecep-
tor cell death entirely (Yoshizawa et al.  2002 ; Zeiss et al.  2004  ) . 

 Some have suggested alternatives to classic apoptosis in the  rd1  mouse model. 
ER stress and elevated calcium can induce the activation of calpain, a calcium-
activated cysteine protease, and trigger a caspase-independent pathway of apoptosis 
through the release of apoptosis-inducing factor (AIF) from the mitochondria 
(Sanges and Marigo  2006  ) . AIF released into the cytosol migrates to the nucleus 
where it can induce the nuclear condensation and DNA fragmentation seen in apop-
tosis. This phenomenon is also seen in Royal College of Surgeons (RCS) rats, a 
model for childhood onset rod–cone dystrophy, which indicates that this form of 
caspase-independent apoptosis may not be rd1 specifi c (Mizukoshi et al.  2010  ) . 

 Lohr et al.  (  2006  )  analyzed several different markers of cell death, including 
apoptosis, autophagy, oxidative stress, and neuroinfl ammation, and attempted to 
correlate their activation with TUNEL positive cells in  rd1 ,  rds , and light damage 
murine models. The study indicated that in rd and light-damaged mice, all markers 
correlated strongly with TUNEL positive cells, indicating multiple cell death path-
ways ran in parallel (Lohr et al.  2006  ) . In rds mice, autophagy markers lagged after 
cell death, suggesting a cleanup role for autophagy in these mice. Autophagy is also 
activated during cone cell death in several RP mouse models and the addition of 
insulin, which blocks autophagy through TOR kinase, prolongs the life of these 
cone photoreceptors (Punzo et al.  2009  ) . It appears that multiple methods of cell 
death can run in parallel and share responsibility for both rod and photoreceptor cell 
death in RP models.  

    28.3   Cell Death in Retinal Damage Models 

 The retina is a highly sensitive organ to direct physical or chemical damage, as well 
as to the oxidative stress and the loss of trophic support that follows. Waves of pho-
toreceptor death occur in damaged retinas days after the initial insult, culminating 
in loss of vision. Several animal models have been developed that mimic human 
disease, including retinal detachments and retinal ischemia. 

 Retinal detachment is a physical separation that occurs between the neural retina 
and the underlying RPE. Photoreceptor cell death through apoptosis is seen within 
24 h and peaks 2–3 days postdetachment. Activation of caspase 3, 7, and 9 precedes 
maximum TUNEL positive cells, implicating the intrinsic pathway of apoptosis 
(Zacks et al.  2003  ) . However, Fas is upregulated before caspase 9 activation, and 
the inhibition of Fas postdetachment decreases levels of activated caspase 9 and 
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TUNEL positive cells, suggesting a role for Fas in the triggering of apoptosis (Zacks 
et al.  2004  ) . 

 In retinal ischemia, blood vessel occlusion and subsequent reperfusion induce 
numerous death signals including hypoxia, glutamate toxicity, and oxidative stress. 
In addition to necrosis, apoptosis is triggered quickly in the retina beginning 2 h 
postischemia in the ganglion cell layer and 9 h postischemia in the inner nuclear 
layer (INL), with peak apoptosis occurring after 24 h (Katai and Yoshimura  1999  ) . 
Apoptosis correlates with caspase 3 upregulation in photoreceptors in the inner and 
outer nuclear layer and amacrine neurons (Singh et al.  2001  ) .  

    28.4   Retina Rescue by Blocking PCD 

 The prevalence and importance of PCD in retinal degenerations makes it an ideal 
target to combat these diseases. By directly blocking PCD pathways, retinal struc-
ture and function can be preserved regardless of the cell death trigger underlying the 
disease. To this end, synthetic peptide caspase inhibitors have been designed to 
specifi cally block effector caspase-3 and 7 (z-DEVD-fmk). In RP animal models, 
z-DEVD-fmk partially protected the retina of the rhodopsin S334ter mutant rat (Liu 
et al.  1999  )  and the tubby mouse, a model of Usher’s Syndrome (Bode and Wolfrum 
 2003  ) . Though effective, peptide inhibitors have limited cell penetration and half-
life (Lamkanfi  et al.  2003  )  and recent studies question the specifi city of peptide 
caspase inhibitors, especially at high concentrations (Berger et al.  2006 ; Pereira and 
Song  2008  ) . 

 Alternatively, targeted gene therapy to block specifi c PCD pathways in retinal 
cells is also an interesting option. In autophagy, a gene target that specifi cally inhib-
its the cell death pathway without blocking basal/prosurvival autophagy has yet to 
be elucidated. However, several protein families are known to play important roles 
in the control of apoptosis. The Bcl-2 family controls mitochondrial potential and 
permeability, including cytochrome c release into the cytoplasm, which plays a piv-
otal role in the activation of the intrinsic apoptotic pathway. In one study, RP model 
 rds  mice crossed with Bcl-2 transgenic mice driven by the rhodopsin promoter had 
a twofold preservation of photoreceptors compared to littermates, as measured by 
ONL thickness and photoreceptor cell counts (Nir et al.  2000  ) . Although Bcl-2 has 
potential as a treatment in RP, the oncogenic potential of this protein likely excludes 
it as a gene therapy candidate in humans. 

 The X-linked inhibitor of apoptosis (XIAP) protein is the most potent member of 
the IAP family of caspase inhibitors. Structurally, XIAP consists of three baculovi-
ral IAP repeat (BIR) domains which are necessary for caspase binding, a ubiquitin 
binding domain (UBA) and a RING zinc fi nger (Galban and Duckett  2010  ) . XIAP 
inhibits both the pro- and active forms of several different caspases, including the 
effector caspases 3 and 7 and the intrinsic pathway apoptosome member caspase 9 
(see Fig.  28.1 ). The E3 ubiquitin ligase activity associated with the carboxy-terminal 
RING domain can target bound caspases for degradation (Suzuki et al.  2001  ) . 
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The ability of XIAP to inhibit vital effector caspases allows it to effectively block 
both the intrinsic and extrinsic apoptosis pathways and protect cells from a wide 
variety of insults. 

 The overexpression of XIAP through an adeno-associated viral vector (AAV-
XIAP) is able to preserve photoreceptors in several models of retinal disease. In rat 
models of RP with rhodopsin mutations P23H and S334ter, we found that a single 
subretinal injection of AAV XIAP at day 14–17 preserved retinal thickness specifi -
cally in the injected region at week 28. In P23H rats, retinal function, as measured 
by electroretinograms (ERGs), was partially maintained in the XIAP-treated eye vs. 
the untreated contralateral eye or GFP-treated animals. Interestingly, no functional 
protection was seen in S334ter rats despite the preservation of retinal structure 
(Leonard et al.  2007  ) . Similarly, pretreatment with subretinal AAV-XIAP provided 
long-term protection in murine models of retinal ischemia (Renwick et al.  2006  ) , 
retinal detachment (Zadro-Lamoureux et al.  2009  ) , and chemical damage by 
 N -methyl- N -nitrosourea (MNU) (Petrin et al.  2003a,   b  ) . 

 The success of AAV-XIAP in these in vivo models highlights the usefulness of 
direct caspase inhibition for the treatment of diverse retinal degenerative diseases. 
Although AAV-XIAP did not infect all cells, it was able to preserve the structure 
and function of the infected region of the retina. The results would be greatly 
improved with a wider spread of virus to maximize the treated area. In addition, 
alternative methods of XIAP delivery, such as protein transduction, need to be 
explored for the treatment of acute disease where pretreatment with AAV-XIAP is 
not possible.  

    28.5   Looking into the Future 

 The simple phenotype of retinal degeneration belies the complexity underlying 
these diseases. The vast array of mutations and complicated interplay between sig-
naling events makes a single gene therapy target diffi cult to fi nd. The prevalence of 
PCD in these dystrophies offers common ground in the effort to preserve vision. 
Inhibition of PCD, particularly apoptosis, not only protects individual cells, but also 
helps maintain the interconnected and inter-reliant web of the retina. Improvements 
in delivery and spread will only enhance the prospects of PCD inhibition as a viable 
treatment for human disease.      
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     29.1   Introduction 

 Autosomal dominant retinitis pigmentosa (ADRP) is a genetically heterogeneous 
disease and the most prevalent hereditary cause of blindness, with more than one 
million individuals affected worldwide (Hartong et al.  2006  ) . Mutations in  rds  (reti-
nal degeneration    slow/peripherin) are one of the most common causes associated 
with ADRP, accounting for approximately 10% of the cases (Fingert et al.  2008  ) . 
RDS is a transmembrane glycoprotein localized to the rim region of outer segment 
(OS) disks in rods and cones (Wrigley et al.  2000  ) . Mice carrying a naturally occur-
ring null mutant fail to form photoreceptor OSs. Heterozygotes have a partial phe-
notype of short, disorganized OSs (Ma et al.  1995  )  suggesting a haploinsuffi ciency. 
Thus far, over 90 human mutations in  rds  have been identifi ed and result in a wide 
spectrum of retinal dystrophies, in which the common feature is the visual loss 
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associated with the gradual death of photoreceptor cells. To date, attempts to achieve 
structural and functional rescue in animal models of  rds -induced retinal degenera-
tion have not been successful. Disease may be caused by reduction in the level of 
wild-type protein (haploinsuffi ciency), by a gain of a deleterious function or by a 
combination of both. 

 Gene therapy may be a promising approach for treating RDS/peripherin disease. 
Upon subretinal injection of recombinant adeno-associated virus (rAAV) vector 
containing  rds , null mice responded with increases in rhodopsin synthesis, correc-
tion of rod OS formation and restoration of visual function over the fi rst 14 weeks 
following treatment (Ali et al.  2000 ; Schlichtenbrede et al.  2003  ) . However, treat-
ment did not result in long-term preservation of photoreceptors (Sarra et al.  2001  ) . 
Because of the dominant nature of this class of disease, simple gene replacement 
therapy is usually insuffi cient to overcome the expression of the mutant allele. 
Rather, the therapeutic approach for dominant negative mutations must be to either 
eliminate the mutated gene or repair its mutation together with gene replacement. 
The critical importance of RDS in photoreceptor OS integrity suggests that a sup-
pression and replacement strategies may be useful. Because there are at least 90 
different disease-causing dominant mutations in  rds , targeted gene elimination or 
repair for each separate mutation becomes problematic. Therefore, gene therapy 
aimed at dominant genes, like  rds , requires either mutation-independent suppres-
sion of mutated allele expression or an increase in the expression of the wild-type 
allele, or both. One approach to suppress expression is with small interfering RNA 
(siRNA). The silencing mechanism is based on ubiquitous cellular processes, in 
which the interference RNA degrades mRNA in a sequence-specifi c manner, upon 
introduction of double-stranded RNA (Hammond et al.  2000  ) . 

 The objective of this work is to develop an effective therapy for genetic retinal 
disease associated with mutations in  rds . For this, we propose the development of 
an siRNA to eliminate the endogenous  rds  mutant and wild-type mRNA, followed 
by a replacement therapy where an siRNA-resistant version of  rds  is supplied simul-
taneously. The siRNA and the resistant  rds  will be delivered to photoreceptor cells 
of diseased mice retinas through rAAV.  

    29.2   Materials and Methods 

    29.2.1   Cell Transfection 

 HEK-293 cells were grown in 24-well plates at 30–50% confl uence for overnight 
and then cotransfected with 10 pmol of synthetic siRNA (Applied Biosystems) and 
200 ng of plasmid using Lipofectamine 2000 (Invitrogen). A scrambled siRNA was 
used as negative control. After 72 h mRNA was collected.  
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    29.2.2   RNA Isolation and Semiquantitative Real-Time PCR 

 Total RNA was extracted    using RNeasy Kit as per manufacturer’s instructions 
(Qiagen). Total RNA (2  m g) was reverse transcribed (RT) using First Strand Kit 
(GE), with the same amount of RNA for each reaction. RT RNA was mixed with 
SYBER Green and applied to 96-well plates for real-time PCR using commercially 
available primer pairs from SA.Biosciences (Qiagen). A two-step cycling program 
was employed (1 cycle 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 
1 min at 60°C). Data analysis was done following SA.Biosciences protocol.  

    29.2.3   AAV Production 

 AAV vectors were produced by plasmid cotransfection of HEK-293 cells as 
described by Zolotukhin et al.  (  2002  ) . Vector titer was determined as DNase-
resistant vector genomes by real-time PCR relative to a standard.  

    29.2.4   Subretinal Injection 

 All procedures in animals were handled according to the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research and the guidelines of the 
Institutional Animal Care and Use Committee at the University of Florida. Eyes 
were injected as described by Timmers et al.  (  2001  ) .  

    29.2.5   Electroretinogram 

 Mice were dark adapted overnight, and all procedures were carried out under dim 
red light. Mice were anesthetized and eyes were dilated. Hydroxypropyl methylcel-
lulose 2.5% was applied to each eye to prevent corneal dehydration and to allow for 
optimal electrical conductivity. Mice were placed onto a platform with their entire 
head inside the Ganzfeld stimulus dome. Electroretinograms (ERGs) were recorded 
using gold loop cornea electrodes. Aluminum hub needles placed subcutaneously 
between the eyes and in a hind leg were used for the reference and ground elec-
trodes, respectively. ERGs were recorded using a PC-based control and recording 
unit (Toennies Multiliner Vision). Scotopic rod ERG luminance response functions 
were elicited through a series of fi ve white fl ashes of high intensity (0.7 log cd s/m 2 ).  
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    29.2.6   Statistical Analysis 

 Differences between groups were evaluated using one-way ANOVA for analysis of 
variance followed by Dunnett’s posttest for group comparison. Differences were 
considered signifi cant at  P  value of less than 0.01.   

    29.3   Results 

    29.3.1   Synthetic siRNAs Targeted to  rds  Reduces Transduction 
In Vitro in HEK-293 Cells 

 Initially two synthetic siRNAs were tested for its specifi city and effi cacy to decrease 
 rds  expression in HEK-293 cells cotransfected with siRNAs and a plasmid express-
ing  rds  from the CMV promoter ,  through semiquantitative real-time PCR. Both 
siRNAs were able to reduce more than 50% of  rds  expression in vitro, when com-
pared with a scrambled siRNA used as a control (Fig.  29.1 ).   

    29.3.2   Effect of siRNA Directed to  rds  In Vivo 
in Photoreceptors by rAAV-5 Vector 

 To determine the effect of these siRNAs targeted to  rds  in vivo, both siRNAs were 
cloned in rAAV vector under the control of the H1 RNA polymerase III promoter. 
As a reporter, we used the green fl uorescent protein (GFP) gene under the control of 
chicken beta-actin (CBA) promoter in the same AAV5 vector. Six-week old C57Bl/6 

  Fig. 29.1    HEK-293 cells 
cotransfected with plasmid 
containing  rds  and synthetic 
siRNA for 72 h followed by 
RNA extraction and real-time 
PCR to analyze  rds  
expression       
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mice were injected subretinally with 1  m L of the vectors (10 9  vg). Right eyes received 
rAAV with siRNA and left eyes were uninjected or received rAAV with only GFP. 
One month after infection, full-fi eld scotopic ERGs were recorded. Both a- and 
b-wave amplitudes were reduced around 30–50% with both siRNAs directed to  rds  
(Fig.  29.2a, b ) .  Control injected or uninjected eyes showed no change in ERG 
response. Reduction in ERG responses was paralleled by a reduction in RDS mRNA 
content in the retinas measured by real-time PCR at the same time point (Fig.  29.2c ). 
In contrast, injection with rAAV containing the  rds  gene led to an increase in  rds  
mRNA levels. The distribution of AAV infection was determined by detection of 
GFP expression through fl uorescence microscopy (Fig.  29.2d ). Since we do not 
transduce the entire retina, RNA knockdown by siRNA must have been very effi -
cient on a per cell basis.   

  Fig. 29.2    Reduction of  rds  in mice by siRNA delivered by rAAV to photoreceptors. Functional 
analysis by ERG: graphics show maximal amplitude of a-wave ( a ) and b-wave ( b ). Analysis of  rds  
expression in the presence of siRNA6 or 7 ( c ): total RNA was extracted and analyzed using real-
time PCR. Transverse section of the retina showing its intact structure thought bright fi eld ( d ) and 
a fl uorescent picture of the same fi eld ( e ) showing GFP expression in approximately 1/2 of the 
retina, corresponding to rAAV transduced area       
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    29.3.3   Construction of  rds  Resistant to siRNA 

 In order to construct an  rds  gene resistant to the action of siRNAs6 and 7, we 
changed all possible nucleotides in each siRNA recognition site without changing 
the amino acid coding and called the modifi ed cDNA,  rds h6-7 . The resistance of 
the  rds-h6-7  to siRNAs6 and 7 was initially analyzed in HEK-293 cells. Cells were 
cotransfected with the  rds-h6-7  under CBA promoter plus each synthetic siRNA. At 
72 h postinfection, total RNA was collected and the amount of  rds  expression was 
analyzed through real-time PCR.  Rds-h6-7  was completely resistant to siRNA7 but 
was only partially resistant to siRNA6 in vitro (Fig.  29.3 ).   

    29.3.4   Proof of Principal for Combination Therapy 
for  rds  Using AAV Vector in Photoreceptors In Vivo 

 To test the feasibility of a combination therapy for  rds -related diseases, an rAAV 
vector containing  rds-h6-7  was constructed. Combination injection was done with 
rAAV2/5 expressing siRNA6 or 7 and the  rds-h6-7  in the subretinal space of C57Bl/6 
mice. A total of 1  m L of the vectors was injected, both at 10 9  vg/ m L. One month after 
injection, simultaneous full-fi eld scotopic ERGs were recorded. There was a slight 
decrease in a-wave amplitude in the presence of siRNA6, confi rming that  rds-h6-7  
is not completely resistant to the action of siRNA6 (Fig.  29.4a ). However, there was 
no signifi cant change in amplitude in the combination  rds-h6-7  and siRNA7 

  Fig. 29.3    HEK-293 cells cotransfected with plasmid containing resistant  rds - h6-7  and siRNA6 or 
7 for 72 h followed by RNA extraction and real-time PCR to analyze  rds-h6-7  expression       
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(Fig.  29.4a ). There was no signifi cant difference in b-wave amplitudes between the 
eyes injected with  rds-h6-7  alone and  rds-h6-7  plus either siRNA. It is important to 
note that siRNA7 was the most effective reducing ERG (Fig.  29.2 ). These results 
suggest that even in the presence of siRNA7 directed to downregulate the expres-
sion of the wild-type  rds  in mouse photoreceptors, the coexpression of an  rds  allele 
resistant to this siRNA is capable of maintaining the function of these cells in vivo.  

 To examine RNA replacement, we analyzed  rds  expression by real-time PCR. 
First, we analyzed the total amount of  rds  expression, including endogenous and 
resistant genes, using a pair of primers that recognize both transcripts. We measured 
a reduction of 50% of the total  rds  with both siRNAs, indicating that some  rds  was 
degraded. We also designed a pair of primers specifi c for the resistant version of the 
 rds  delivered by AAV. There was no reduction of the exogenous  rds  with either 

  Fig. 29.4    Coinfection of photoreceptors in vivo with siRNA6 or 7 plus resistant  rds  delivered by 
rAAV – reposition of  rds  expression by its resistant version. Functional analysis by ERG: graphics 
show maximal amplitude of a-wave ( a ) and b-wave ( b ). Analysis by real-time PCR of total  rds  
expression ( c ) and only of resistant  rds  with a distinct primer ( d ). PCR values for  rds  were normal-
ized to the levels of  b -actin in the same samples       
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siRNA6 or siRNA7. These results confi rm that the resistant version of  rds  is resistant 
to the action of the siRNA7 and partially resistant to siRNA6, that downregulate 
only the endogenous transcript.   

    29.4   Discussion 

 The results showed that siRNA-based small hairpin RNA can effi ciently and specifi -
cally silence RDS in vivo 1 month after AAV2/5-mediated delivery to the photore-
ceptors, leading to a nearly 50% reduction in  rds  expression in the retina, and also 
leading to a reduction in the electrophysiological function of the photoreceptors 
detected by decrease of the electoretinogram a-and b-wave amplitudes. The reduction 
of 50% in  rds  expression might be related with the area of the retina covered by the 
injection that was also around 50%. In this study, we also designed a version of  rds  
resistant to the action of the siRNA, and we showed that the presence of this resis-
tant version together with siRNA prevented the decrease in the ERG response, while 
endogenous  rds  expression was reduced by the siRNA. This result suggests that the 
exogenous-resistant version of  rds  was able to provide the amount of  rds  expression 
necessary to preserve the physiological function of the photoreceptors. 

 These results represent the proof of principle for the effectiveness of a combina-
tion therapy using siRNA to suppress  rds  expression and gene replacement by add-
ing a copy of  rds  resistant to the action of the siRNA. This strategy can be applied 
by gene therapy using rAAV vector to deliver both the siRNA and the resistant gene 
into photoreceptor cells in order to treat retinal diseases caused by mutations in  rds/
peripherin . The strategy of knocking down gene expression with siRNA delivered 
by rAAV vectors could also be adapted to other autosomal dominant eye diseases. 

 The heterogeneity in many dominant disease-causing genes represents a signifi -
cant challenge with respect to development of viable gene therapy. As an example, 
 rds- related retina diseases are caused by over 90 different mutations within the gene, 
each of which could require a unique gene therapy. However, our approach overcomes 
this problem with an siRNA directed to a region in which no mutations have been 
described. This siRNA would be effective for the downregulation of all the mutants 
described so far in  rds  gene and also the normal allele. In order to maintain  rds  
expression, the resistant version of  rds  would complement this RNA knockdown. 
This approach should be applicable for most exon mutations in the  rds/peripherin  
gene leading to autosomal dominant disease. For loss-of-function mutations, how-
ever, using AAV to deliver the wild-type gene might be suffi cient.      
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     30.1   Introduction 

 Inherited retinal degenerations are a group of heterogeneous diseases characterized 
by the progressive loss of photoreceptors and the retinal pigment epithelium (RPE). 
Several genetic mutations which are responsible for the pathology of these retinal 
diseases in both human and animal models have been described. A signifi cant pro-
portion of retinal degenerations are inherited in a dominant manner (RetNet). The 
dominant mutations cause retinal phenotypes either by dominant-negative or haplo-
insuffi ciency mechanisms. Dominant-negative mechanism has been implicated in 
the pathology of two macular degenerations, Stargardt-like macular degeneration 
(STGD3) and late-onset retinal degenerations (L-ORD) (Zhang et al.  2001 ; Hayward 
et al.  2003 ; Ayyagari et al.  2004  ) . STGD3 is an inherited form of early onset auto-
somal dominant macular degeneration caused due to a 5-bp deletion mutation in the 
elongation of very long chain fatty acid-4 ( ELOVL4 ) gene, whereas an S163R 
encoding missense mutation in the C1q tumor necrosis factor-5 ( C1QTNF5 / CTRP5 ) 
gene causes L-ORD (Hayward et al.  2003 ; Maugeri et al.  2004 ; Vasireddy et al. 
 2010  ) . Using  in vitro  and  in vivo  models considerable progress has been made in 
establishing the disease mechanism underlying STGD3 and L-ORD (Vasireddy 
et al.  2005 ; Shu et al.  2006a  ) . The mutant proteins of ELOVL4 and CTRP5 are 
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found to interact with their respective wild-type protein and alter the traffi cking of 
the wild-type protein, making them unavailable for their normal function (Vasireddy 
et al.  2005 ; Shu et al.  2006a  ) . 

 Potential therapies to treat dominant retinal degeneration and neurodegeneration 
are being actively pursued. Silencing the mutant allele and selective removal of the 
mutant protein are two promising strategies to treat dominant diseases due to muta-
tions that exert dominant-negative effect. Ribozyme and RNA interference (RNAi) 
mediated technologies have been proven to be effi cient in either controlling the expres-
sion of mutant allele or complete knockdown of gene expression in several degenera-
tive diseases (Campbell et al.  2009  ) . Here, we describe the effi cacy of siRNA probes 
designed to specifi cally silence the wild-type and mutant  ELOVL4  (human) transcript 
and both wild type and mutant transcripts of mouse and human  CTRP5 / C1QTNF5  
genes. Our studies using transfected cells indicated selective and successful knock-
down of  ELOVL4  and  CTRP5  genes by the siRNA probes we tested.  

    30.2   Materials and Methods 

    30.2.1   siRNA Designing 

 The siRNA targeting human  ELOVL4  (mutant) and both the human  CTRP5  and 
mouse  Ctrp5  (wild type and mutant) are custom designed in our lab and synthesized 
by Applied biosystems-Lifetechnologies, Carlsbad, CA. Predesigned siRNA of 
 ELOVL4 , that can target the wild-type allele were obtained from Applied Biosystems. 
The following siRNAs (represented 5 ¢ -3 ¢ ) were used in our study: 
UGUAGAAGAAAGAGAAAUAtg- ELOVL4 #1 antisense; GUUUUUGACA
AGAUCAAACtg- Ctrp5 #2 siRNA antisense; AGAAAUCCAGAGAAGGUACtg- 
Ctrp5 #3 siRNA antisense; AUUCUUCACCAGAUCAAACtg- CTRP5 #4 siRNA 
antisense; GGCAAUGGAUUCGCCAUUCtt- CTRP5 #5 siRNA antisense. The 
Cy3-labeled Silencer GFP (eGFP) siRNA (Cat#4626, Life-technologies, Carlsbad, 
CA) was used as a positive control for both transfection and as a measure of 
 knockdown effi ciency, and the Silencer negative control siRNA (Cat# 4611, 
Lifetechnologies, Carlsbad, CA) was used as a negative control in our experiments.  

    30.2.2   Cell Culture and Transfection of siRNA 

 Cos-7 cells were cultured in DMEM with 10% fetal bovine serum and antibiotics. For 
immunocytochemistry, cells were seeded on dual chamber slides (Lab-Tek,Nalge 
Nunc, Naperville, IL). For quantitative real-time PCR (qRT-PCR), cells were seeded 
in 10-cm culture dish and grown to a confl uence of 70–80%. After 24 h of seeding, 
cells were transfected with GFP tagged wild type ELOVL4 or mutant ELOVL4;  
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co-transfected with both GFP tagged wild type and mutant ELOVL4 protein expressing 
constructs and the siRNA targeting wild type or mutant ELOVL4 allele. 

 Another set of Cos-7 cells were cotransfected with a wild-type human CTRP5-
GFP or wild-type mouse Ctrp5-GFP fusion protein expression constructs (pEG-
FPC1-hCTRP5-GFP or pEFGPC1-mCtrp5-GFP) and corresponding siRNA that 
targets the human or mouse  CTRP5 / Ctrp5  RNA transcripts. For all the transfection 
experiments involving qRT-PCR, GAPDH siRNA was used as internal control. 
Transfection effi ciency of siRNA was tested by using the Cy3-labeled siRNA. The 
transfection experiments were performed using Lipofectamine 2000 reagent (Life 
technologies, Carlsbad, CA) (Chavali et al.  2010  ) .  

    30.2.3   Quantitative Real-Time PCR 

 In vitro qRT-PCR analysis was performed using Cos-7 cells transfected with 
 ELOVL4 / CTRP5  constructs and siRNA. After 48 h posttransfection, RNA was 
isolated from the cell pellets, and cDNA was prepared as reported earlier 
(Mandal et al.  2006  ) . Comparative Ct method was used to calculate the expres-
sion levels of  CTRP5  and  ELOVL4  (Mandal et al.  2006 ; Raz-Prag et al.  2006  ) .  

    30.2.4   Immunofl uorescence Analysis of Transfected Cos-7 Cells 

 After 48 h of transfection cells expressing the GFP fusion tag constructs were fi xed 
and mounted with mounting medium containing DAPI as reported earlier (Chavali 
et al.  2010  ) . Images were captured using a confocal microscope (LSM 510, Carl 
Zeiss Meditec, Inc., CA).   

    30.3   Results 

 The effi ciency of siRNA in controlling the expression of the  ELOVL4  and  CTRP5  
genes was studied using Cos-7 cells expressing these genes. 

    30.3.1   siRNA-Mediated Suppression of ELOVL4 mRNA 

 To test the effi cacy of siRNA that targets the wild-type  ELOVL4 , Cos-7 cells were 
transfected with a vector containing GFP-tagged wild-type  ELOVL4  and siRNA (50 
and 100 nM) that targets the wild-type  ELOVL4 . Expression of ELOVL4 in the 
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presence of siRNA was evaluated by immunocytochemistry (Fig.  30.1 ). The 
ELOVL4 protein observed by the GFP fl uorescence indicated a decrease in its 
expression in the presence of siRNA in a dose-dependent manner. Maximum silenc-
ing of wild-type  ELOVL4  protein was achieved at a concentration of 100 nM 
(Fig.  30.1a ).  

 Affect of the siRNA that targets the mutant ELOVL4 was also studied at 25 and 
50 nM concentrations in cells expressing mutant  ELOVL4 -GFP fusion protein. 
Substantial decrease in the number of cells showing GFP fl uorescence was observed 

  Fig. 30.1    Knockdown of human ELOVL4 protein expression. Expression of human ELOVL4 
protein after cotransfection of Cos-7 cells with ( a ) vector expressing the wild-type ELOVL4-GFP 
fusion tag protein and an siRNA that targets the wild-type protein, ( b ) vector expressing mutant 
ELOVL4-GFP fusion tag along with siRNA that targets the mutant protein was done using immu-
nocytochemistry analysis. The GFP fl uorescence from GFP fusion protein expression is shown in 
 green . The nuclei are stained using DAPI       
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in the presence of siRNA (#1) at 25 nM concentration, where as very few cells with 
GFP expression were noted when siRNA was present at 50 nM concentration 
(Fig.  30.1b ). Measurement of mutant  ELOVL4  transcript levels in these cells by 
qRT-PCR showed 70–80% reduction in its expression compared to that of control 
cells. These results indicate the specifi city of the siRNA designed to target the 
mutant  ELOVL4  allele (Fig.  30.2a ).  

 As STGD3 is a dominant disease, both the wild type and mutant alleles are coex-
pressed in these patients. Therefore, physiologically it is important to evaluate the 
affect of siRNA targeted to the mutant  ELOVL4  in cells coexpressing the wild type 
and mutant alleles. Cos-7 cells were cotransfected with separate constructs 
 containing wild type or mutant  ELOVL4  and siRNA targeting the mutant allele. 
Evaluation of the expression of wild type and mutant  ELOVL4  mRNA in these cells 
by qRT-PCR showed dose-dependent decrease in the levels of mutant transcript 
while the levels of wild-type ELOVL4 transcript remained unaltered. This demon-
strates that the mutant ELOVL4 siRNA specifi cally targets the mutant allele while 
sparing the wild-type  ELOVL4  allele (Fig.  30.2b ).  

  Fig. 30.2    Expression analysis of human  ELOVL4  transcripts in the presence of siRNA. 
( a ) Quantitative RT-PCR analysis of human mutant  ELOVL4  transcript levels in Cos-7 cells, 48 h 
after cotransfection with vector expressing the human mutant  ELOVL4 -GFP fusion tag protein and 
different concentrations of siRNA that targets the mutant protein. ( b ) Quantitative expression lev-
els of the wild type and mutant  ELOVL4  transcript when measured in cells transfected with vectors 
expressing wild-type ELOVL4-GFP tag and mutant ELOVL4-GFP tag protein and siRNA that 
targets the mutant  ELOVL4  at different concentrations       
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    30.3.2   siRNA Mediated Knockdown of CTRP5/Ctrp5 

 Independent siRNA probes that target human or mouse  CTRP5  were designed and 
their affect was tested at 75 and 150 nM concentrations in Cos-7 cells expressing the 
CTRP5 protein. Transfection effi ciency of siRNA probes was monitored by using 
Cy3-tagged siRNA probes. Expression of  CTRP5  were studied by qRT-PCR    and 
immunocytochemistry. 

 Immunofl uorescence analysis of Cos-7 cells transfected with  CTRP5 -GFP fusion 
protein expressing construct and two siRNA probes (#4 and #5 in Fig. 30.3.1   ) 
showed  dramatic decrease in the number of cells expressing CTRP5 protein in pres-
ence of both the siRNA tested (Fig.  30.3a ). The two siRNA probes that target the 
human wild-type  CTRP5  showed effective silencing (25–85%) of the wild-type 
transcript when measured by qRT-PCR (Fig.  30.3b ). The nonspecifi c negative con-
trol siRNA did not affect the expression of CTRP5 even at the highest concentration 
tested (150 nM (Fig.  30.3b )).  

 Another set of two siRNA probes (#2 and #3 in Fig. 30.4.1   ) designed to target the 
mouse wild-type  Ctrp5  showed near complete knockdown of the expression of 
Ctrp5-GFP fusion protein in Cos-7 cells at a concentration of 150 nM (Fig.  30.4a ). 
Consistent with these observations, expression levels of  Ctrp5  transcript were found 

  Fig. 30.3    Knockdown of human  CTRP5  mRNA and protein expression by small interfering RNA 
(CTRP5#4, CTRP5#5). ( a ) Expression of human CTRP5 protein after cotransfection of both 
siRNA and  CTRP5 -GFP fusion tag constructs using immunocytochemistry analysis. The GFP 
fl uorescence resulting from CTRP5 expression is shown in  green . The nuclei are stained using 
DAPI. ( b ) Quantitative RT-PCR analysis of human CTRP5 mRNA levels in Cos-7 cells, 48 h after 
cotransfection of human  CTRP5 -GFP fusion tag expressing constructs with 75 and 150 nM con-
centrations of both the siRNA or a silence negative control siRNA (Ambion) (error bars,  n  = 3)       
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to be signifi cantly low (~5%) compared to that in control cells ( n ). The negative 
control siRNA did not have any effect on the expression of the Ctrp5 in the Cos7 
cells. The siRNA    probes designed to selectively knockdown the mutant  CTRP5/
Ctrp5  alleles with S163R mutation were found to be ineffective (data not shown).    

    30.4   Discussion 

 Over the past decade, the development of genomic technologies enabled to effectively 
knockdown the expression of specifi c genes to understand their function. RNAi has 
been found to be a valuable tool for achieving gene silencing (Devi  2006  ) . In this 
study, the siRNA probes that can effectively silence the expression of wild type 
and mutant  ELOVL4  and the wild-type  CTRP5/Ctrp5  genes, which are involved in 
causing two different forms of dominant macular degenerations (STGD3 and 
L-ORD) in humans, have been studied (Zhang et al.  2001 ; Hayward et al.  2003 ; 
Ayyagari et al.  2004  ) . 

 Studies on  CTRP5  and  ELOVL4  genes demonstrated that the underlying mecha-
nism of STGD3 and L-ORD due to mutations in these genes is likely to be due to 

  Fig. 30.4    Knockdown of mouse  Ctrp5  mRNA and protein expression by siRNA (Ctrp5#2, 
Ctrp5#3) in Cos-7 cells. ( a ) Expression analysis of mouse  Ctrp5  protein, 48 h after cotransfection 
of both siRNA (150 nM concentration) and  Ctrp5 -GFP fusion tag constructs using immunocy-
tochemistry analysis. The GFP fl uorescence resulting from Ctrp5 expression is shown in  green  and 
Cy3 tag showing the localization of the siRNA in cells is shown in  red . The nuclei are stained using 
DAPI. ( b ) Quantitative RT-PCR analysis of mouse  Ctrp5  mRNA levels in Cos-7 cells cotrans-
fected with mouse Ctrp5-GFP fusion tag expressing constructs and siRNA with 75 and 150 nM 
concentrations of both the siRNA or a 150-nM concentration of silence negative control siRNA 
(Ambion) (error bars,  n  = 3)       
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the dominant-negative effect exerted by the mutant proteins (Hayward et al.  2003 ; 
Vasireddy et al.  2005 ; Shu et al.  2006a, 2006b  ) . The S163R mutant CTRP5 protein 
is reported to be secretion defi cient, misfolded, retained within the endoplasmic 
reticulum (ER) causing ER stress (Mandal et al.  2006 ; Shu et al.  2006a  ) . Impaired 
secretion of the mutant CTRP5 protein may underlie the pathophysiology of L-ORD 
(Mandal et al.  2006  ) . Characterization of siRNA probes that selectively knockdown 
the expression of the  CTRP5  and  ELOVL4  genes have potential implications in 
developing new therapeutic strategies to treat L-ORD and STGD3. 

 To evaluate the therapeutic potential of the designed siRNA, it is important to 
experimentally test the effi cacy of the siRNA in silencing the mutant transcript 
using in vivo models. A few mouse models showing STGD3 phenotype are known 
(Karan et al.  2005 ; Vasireddy et al.  2006,   2007  ) . A knockin mouse model for STGD3 
mouse with the 5 bp-deletion mutation in the heterozygous state developed late-
onset retinal degeneration similar to the phenotype observed in STGD3 patients 
whereas the homozygous mice with 5 bp-mutation die within hours after their birth 
(Vasireddy et al.  2007  ) . The ELOVL4 has been shown to catalyze the steps involved 
in the elongation of long chain fatty acids (Agbaga et al.  2008  ) . Mutations in this 
gene are predicted to affect its function in fatty acid chain elongation. The siRNA 
that targets the mutant ELOVL4 may rescue the retinal phenotype by selective 
silencing of the expression of the mutant protein. Similarly, the siRNA that target the 
wild-type CTRP5 protein can thus be used to evaluate the function of CTRP5/ Ctrp5. 

 Both STGD3 and L-ORD are late-onset progressive degenerations that cause 
irreversible loss of vision. Genetic testing enables the presymptomatic diagnosis of 
individuals at risk to develop these diseases for administering therapies to delay or 
prevent the onset of disease. Ability to selectively silence the mutant transcript may 
facilitate development of effective therapies for these conditions. Our current studies 
demonstrating the effi cacy of siRNA probes in silencing the expression of the 
 ELOVL4  and  CTRP5  genes are the fi rst and important steps to establish such therapies. 
Additional evaluation of these probes and achieving stable silencing of these mutant 
proteins in vivo may offer promise in treating these conditions.      
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     31.1   Introduction 

 Usher syndrome type 1 is characterized by profound congenital deafness, followed 
by progressive retinal degeneration. Usher syndrome type 1B (Usher 1B) accounts 
for about half of all cases of Usher 1 (Astuto et al.  2000 ; Bharadwaj et al.  2000 ; 
Ouyang et al.  2005  ) , and is caused by mutations in the  MYO7A  gene, which encodes 
an unconventional myosin (Weil et al.  1995  ) . 

 Use of cochlear implants to treat the deafness of Usher 1 patients is now quite 
common. Infants who receive these implants become well integrated into the speak-
ing community and most are able to attend mainstream schools (Blanchet et al. 
 2007 ; Liu et al.  2008  ) . There is currently no treatment for their ensuing retinal 
degeneration; however, Usher 1B appears to be quite suitable for gene therapy, 
involving the addition of a wild-type gene. First, inheritance of Usher 1B is reces-
sive, suggesting that it results from loss of MYO7A function. Studies on  Myo7a -
mutant mice support this conclusion. Second, because of their congenital deafness, 
Usher 1 patients are often identifi ed genetically early in life, before the onset of any 
retinal degeneration. In addition to the loss of photoreceptor cells, many cases of 
retinal degenerations involve remodeling of the inner retina, which may be irrevers-
ible (Jones and Marc  2005  ) , so early application of gene therapy is important. In this 
short review, we discuss gene therapy strategies that use different viruses for deliv-
ering  MYO7A  to the retina in order to prevent blindness.  
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    31.2    MYO7A  Gene 

 The  MYO7A  gene is over 100 kb, with a coding region of just under 7 kb (Chen et al. 
 1996 ; Weil et al.  1996 ; Kelley et al.  1997 ; Levy et al.  1997  ) . It encodes a protein that 
contains a myosin motor head, a lever arm, a putative coiled coil, and a tail 
(Fig.  31.1 ). The lever arm binds light chains, including calmodulin (Udovichenko 
et al.  2002  ) , and the tail domain contains a repeat of MyTH4 and FERM domains 
(Chen et al.  1996 ; Weil et al.  1996  ) . Mutations causing Usher 1 have been identifi ed 
all along the  MYO7A  sequence. They include missense mutations in the motor 
domain (Weston et al.  1996  ) , the fi rst MyTH4 domain (Cuevas et al.  1999 ; Bharadwaj 
et al.  2000  ) , the fi rst FERM domain (Janecke et al.  1999  ) , the second MyTH4 
domain (Bharadwaj et al.  2000  ) , and the second FERM domain (Bharadwaj et al. 
 2000 ; Jacobson et al.  2009  ) , suggesting that the entire cDNA (and not a “minigene” 
version) is required for successful therapy.  

 Most of retinal MYO7A is present in the retinal pigment epithelium (RPE), as 
fi rst shown by immunofl uorescence studies of rat retina (Hasson et al.  1995  ) . 
El-Amraoui reported the protein to be present also in the photoreceptor cells of 
amphibians, birds, and primates, although they failed to detect it in rodent retinas 
(El-Amraoui et al.  1996  ) . Subsequent immunoelectron microscopy (Liu et al.  1997  )  
and phenotype studies of  Myo7a- mutant mice (see below) (Liu et al.  1999  )  indi-
cated that MYO7A is located and functions in the region of the photoreceptor con-
necting cilium (Williams  2008  ) . 

 Two main isoforms of MYO7A were detected in a human retinal cDNA library. 
They differed by the presence or absence of a 114-bp segment corresponding to the 
5 ¢  end of exon 34 (Weil et al.  1996  ) . However, quantitative analysis of the expres-
sion of these two isoforms has determined that a signifi cant level of only the shorter 
isoform is expressed in both the photoreceptor and RPE cells (unpublished results), 
indicating that delivery of a cDNA encoding just the shorter isoform should be suf-
fi cient for gene therapy.  

  Fig. 31.1    Schematic representation of the domain structure MYO7A.  IQ  isoleucine-glutamine 
motif;  MyTH4  myosin tail homology 4;  FERM  band4.1, ezrin, radixin, and moesin;  SH3  Scr 
homology 3 domain       

 



23731 Gene Therapy Strategies for Usher Syndrome Type 1B

    31.3    Myo7a -Mutant Mice 

 Mice possessing mutations in  Myo7a , the orthologue of the Usher 1B gene, have 
been described (Gibson et al.  1995  ) . There are a variety of alleles, at least one of 
which, the shaker1 4626SB , is a null allele (Hasson et al.  1997 ; Liu et al.  1999  ) .  Myo7a -
mutant mice are deaf and have vestibular dysfunction (Holme and Steel  2002  ) , like 
Usher 1B patients, but none of the alleles appears to undergo retinal degeneration 
(Lillo et al.  2003  ) . Nevertheless, mutant phenotypes have been identifi ed in both the 
RPE and photoreceptor cells (Fig.  31.2 ). In the RPE, melanosomes are mislocalized 
and possess aberrant motility (Liu et al.  1998 ; Gibbs et al.  2004 ; Lopes et al.  2007  ) . 
Phagosomes are also mislocalized and digested more slowly (Gibbs et al.  2003  ) . In 
the photoreceptor cells, the concentration of opsin is increased in the connecting 
cilium, suggesting defective transport to the base of the outer segment and/or a 
breakdown in a distal ciliary diffusion barrier (Liu et al.  1999  ) . These mutant phe-
notypes represent amenable assays to test for the presence of functional protein, and 
so can be used in experiments testing the effi cacy of gene therapy with  Myo7a-
 mutant mice.  

 The localization of MYO7A in the RPE and photoreceptor cells, together with 
the presence of phenotypes in the RPE and photoreceptor cells of  Myo7a -mutant 
mice, suggests that both the RPE and photoreceptor cells would need to be trans-
duced with wild-type  MYO7A  for successful retinal gene therapy. This suggestion is 
supported by a study of mice that contained mosaics of MYO7A-positive and 
MYO7A-null cells in their tissues. In these mice, the photoreceptor phenotype was 
demonstrated to be cell autonomous and not secondary to lack of MYO7A in the 
adjacent RPE (Jacobson et al.  2008  ) .  

    31.4   Lentivirus-Mediated Gene Therapy 

 The fi rst experiments to test for effi cacious  MYO7A  gene therapy used an HIV-1-
derived lentivirus to carry  MYO7A  cDNA following injection into the subretinal 
space of  Myo7a- null mice (Hashimoto et al.  2007  ) . The smaller of the two main 
isoforms (lacking the 114-bp segment) was used.  MYO7A , driven by a chimeric 
promoter, containing an element each from the  CMV  and native  MYO7A  promoters, 
was thus found to be expressed in the RPE cells. No signifi cant levels of MYO7A 
were detected in the photoreceptor cells; however, a small and suffi cient amount 
was deemed to be present, for corrected phenotypes were evident in both the RPE 
and photoreceptor cells in the region of the injection. As might be expected for a 
virus that can integrate into the chromosomes at different sites (Bushman  2003 ; 
Mitchell et al.  2004  ) , the resulting levels of MYO7A varied among different RPE 
cells, and cells that had a mean level that was 65% lower then wildtype still pos-
sessed mislocalized melanosomes (Hashimoto et al.  2007  ) . More recently, this study 
has been repeated using a lentivirus derived from equine infectious anemia virus 
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  Fig. 31.2    Schematic representation of two mutant phenotypes present in the retinas of  Myo7a -
defi cient mice. ( a ) Melanosomes are absent from the apical region of the RPE (Liu et al.  1998  ) . ( b ) 
The concentration of opsin is increased in the connecting cilium (Liu et al.  1999  )        
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(EIAV) and the same  CMV-MYO7A  promoter. In this case, higher titers of virus have 
been obtained, and, following injection, MYO7A has been detected at wild-type 
 levels in the photoreceptor connecting cilium, as well as in the RPE cells (unpub-
lished results). 

 To obviate variable expression among transduced cells, as well as the possibility 
of undesirable insertional mutagenesis, an approach is to use an integration-defi cient 
lentivirus (Yanez-Munoz et al.  2006  ) . Mature RPE and photoreceptor cells do not 
divide, so that integration is not required to maintain the introduced gene. Preliminary 
results suggest that comparable titers of integration-profi cient and integration-
defi cient HIV-1-based lentivirus, carrying  MYO7A , as above, correct mutant pheno-
types the RPE and photoreceptor cells with similar effi cacy.  

    31.5   AAV-Mediated Gene Therapy 

 In one of the most successful clinical applications of gene therapy so far, an adeno-
associated virus (AAV) has been used to deliver  RPE65  cDNA to the RPE, and thus 
improve the vision of patients with Leber’s congenital amaurosis (LCA), caused by 
 RPE65  mutations (Bainbridge et al.  2008 ; Cideciyan et al.  2008 ; Hauswirth et al. 
 2008 ; Maguire et al.  2008  ) . However, AAV was considered to be inappropriate for 
delivering  MYO7A  cDNA, as it is 1–2 kb larger than the reported carrying capacity 
of AAV (Grieger and Samulski  2005  ) . Nevertheless, we tested whether an AAV5 
vector, containing  MYO7A  cDNA under a  CMV  promoter, could effect  MYO7A  
expression in primary cultures of RPE cells from  Myo7a- null mice. Transduction 
and  MYO7A  expression was indicated by the detection of MYO7A protein on west-
ern blots (Fig. 3 in Allocca et al.  2008  ) . 

 Recent studies (Dong et al.  2010 ; Lai et al.  2010 ; Wu et al.  2010  )  have found that 
genomes larger than 5 kb are only partially packaged by AAV, resulting in frag-
ments of the larger genomes, none of which is larger than 5 kb, consistent with 
earlier studies on AAV packaging limits (Grieger and Samulski  2005  ) . However, 
these recent studies also demonstrate that, following infection, the fragments can be 
reassembled into transgenes that are larger than the capsid packaging limit, thus 
explaining the ability of an AAV vector to deliver  MYO7A  cDNA. 

 The ability of AAV2 and AAV5 vectors to deliver  MYO7A  to the RPE and pho-
toreceptors of  Myo7a- mutant mice has now been tested. A ubiquitous promoter, 
CBA (chicken beta-actin), was used. MYO7A was detected in the RPE and photo-
receptor connecting cilium at levels that were comparable in proportion to that 
found in wild-type retinas. The levels were related to the amount of virus that was 
injected, with the highest concentration of virus resulting in levels that were ~2-fold 
higher than wild-type levels. Correction of the RPE and photoreceptor cell pheno-
types, without any pathological effects, was observed over a range of virus concen-
trations and consequential MYO7A levels (unpublished results).  
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    31.6   Conclusion: The Best Strategy 
for Usher 1B Gene Therapy? 

  MYO7A  gene therapy can be achieved using either lentiviral or AAV vectors. 
Transduction of photoreceptor cells by lentiviruses has been reported to be rather 
ineffi cient (Kostic et al.  2003 ; Gruter et al.  2005  ) . However, in the case of retinal 
MYO7A, of which only 2–3% is in the photoreceptors and the remainder in the 
RPE, relatively poor transduction of photoreceptor cells seems to be acceptable, and 
may in fact be desirable when using ubiquitous promoters. Expression level was 
also not a problem with AAV2 or AAV5 delivery of  MYO7A.  Episomal  MYO7A  has 
an advantage over integrating DNA, so that an integration-defi cient lentivirus or 
AAV would be a preferred vector on that basis. A perceived disadvantage of the 
AAV vectors may be that the partial packaging results in DNA fragments whose 
precise nature is unknown. Even though the fragments have been found to reassemble 
into functional  MYO7A , it may be preferable to design a strategy whereby the frag-
ments are preconstructed.      
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  Keywords   Neovascularization  •  Nanoceria  •  Ocular diseases  •  Animal models  
•  Nanoparticles  •  Reactive oxygen species  •  Diabetic retinopathy  •  Age-related macu-
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     32.1   Introduction 

 Exudative (“wet” form) age-related macular degeneration (AMD), retinopathy of 
prematurity (ROP), and diabetic retinopathy (DR) are severe diseases and the lead-
ing causes of blindness affecting all age groups. The common characteristics of 
these neovascular diseases include abnormal new blood vessels in the eye, which 
form choroidal neovascularizations (CNV) or retinal neovascularizations (RNV). 
Documented data demonstrated that angiogenic and angiostatic factors such as vas-
cular endothelial growth factor (VEGF) and pigment epithelium derived factor 
(PEDF) respectively, play pivotal roles in the pathogenesis of ocular neovascular-
ization (Bird  2010 ; Sapieha et al.  2010  ) .  
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    32.2   Neovascular Ocular Diseases 

    32.2.1   Age-Related Macular Degeneration 

 AMD is the leading cause of blindness among adults in developed countries. It is 
characterized by subretinal deposits (drusen) with or without evidence of damage to 
underlying RPE (retinal pigment epithelium). AMD which involves CNV is catego-
rized as “wet” or neovascular AMD in contrast to “dry” AMD. The actual cause of this 
disease is unknown but is multifactorial in nature with variable phenotypes, rates of 
progression, and involvement of environmental factors (Edwards and Malek  2007  ) .  

    32.2.2   Retinopathy of Prematurity 

 ROP, or oxygen induced retinopathy (OIR), is the most prevalent ocular disease 
seen in the neonate, and is the dominant cause of severe visual disorders in child-
hood in the Western world. It is characterized by retardation of the development of 
the normal retinal vascular system due to microvascular degeneration. Subsequently, 
ischemia and retinal hypoxia result in excessive neovascularization and development 
as compensatory blood vessels which eventually lead to fi brous scars and retinal 
detachment (Gibson et al.  1989  ) .  

    32.2.3   Diabetic Retinopathy 

 DR, another leading cause of blindness in industrialized countries, is characterized 
by formation of defective retinal microvessels which subsequently lead to leakage 
of blood through the blood-retinal barrier into the eye and loss of vision. Accumulating 
evidence suggests that a primary cause of DR is chronic infl ammation although 
many other factors such as erythropoietin (EPO), renin-angiotensin, oxidative stress, 
insulin receptor signaling, etc., are associated with DR (Cheung et al.  2010  ) .   

    32.3   Animal Models 

 The animal models for neovascular diseases are either naturally occurring, gener-
ated by expression of transgenes, or are laser/chemical-induced (Grossniklaus et al. 
 2010  ) . Because of the multiple characteristics of these diseases, there is no perfect 
model which includes all of the complications. 
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    32.3.1   Choroidal Neovascularization 

 The  CNV  animal models for wet AMD are induced by laser photocoagulation, 
which disrupts Bruch’s membrane (BM) resulting in the development of CNV 
within 2–3 weeks. This model is currently popular and used in many laboratories 
but the variable rate of CNV and transient CNV leakage are major disadvantages of 
this animal model (Tobe et al.  1998  ) .  

    32.3.2    Vldlr  

 Mutation in the very low density lipoprotein receptor ( Vldlr ) gene causes a distinct 
form of AMD called RAP (retinal angiomatous proliferation). In the mouse model, 
new blood vessels originate from the outer plexiform layer at postnatal day (P) 
13–14, pass through the outer nuclear layer, invade the subretinal space and choroid, 
and cause RPE disruption, BM exposure and photoreceptor degeneration with sig-
nifi cant fi brosis (Dorrell et al.  2009 , Hu et al.  2008  ) . Decreased mRNA levels of 
rhodopsin and cone-opsin were detected around 2 months of age, but retinal degen-
eration and ERG reduction occur at 6 months of age (Dorrell et al.  2009  ) .  

    32.3.3   Vascular Endothelial Growth Factor 

 The transgenic CNV model mimicking DR and AMD was generated by introducing 
human VEGF 

165
  (AAV-hVEGF 

165
 ) into the mice. CNV leakage was detected in these 

mice at 2 months of age and persisted for more than 20 months (Lai et al.  2005a  ) . 
Using the reverse tetracycline transactivator (rtTA) inducible promoter system to 
control the time of VEGF expression in the transgenic mice resulted in prominent 
VEGF expression, rapid neovascularization within 3–4 days, and severe retinal 
damage (Ohno-Matsui et al.  2002  ) .  

    32.3.4   Ins2 Akita  

 The spontaneously occurring Akita ( Ins2   Akita+ / −  ) mouse represents the early stage of 
DR (type I diabetes). A point mutation in the  Insulin 2  gene causes the rapid onset 
of hyperglycemia and hypoinsulinemia, detectable at 4 weeks (Yoshioka et al. 
 1997  ) . After the onset of hyperglycemia, increases occur in retinal vascular perme-
ability by 8 weeks, more acellular capillaries and leukocytes are seen about 31–36 
weeks and thinning of the inner nuclear layer, inner plexiform layer and ganglion 
cell loss are noticeable after 22 weeks (Barber et al.  2005  ) . These changes and their 
effects are similar to those found in toxin-induced animal models for DR.  
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    32.3.5   Ins2 Akita VEGF 

 The Akimba ( Ins2   Akita   VEGF   + / −  ) mouse was generated by crossing the Akita mouse 
(Yoshioka et al.  1997  )  with Kimba (VEGF +/+ ) mouse (Lai et al.  2005a  ) . The Akimba 
mice retain the key characteristics of the parents; RNV and hyperglycemia by 8 
weeks of age and enhanced photoreceptor cell loss, thinning of the retina, neovas-
cularization, fi broses and edema by 25 weeks of age (Rokoczy et al.  2010  ) .  

    32.3.6   Oxygen Induced Retinopathy 

 The ROP rodent model is induced by exposing the newborn rodent to 75–80% oxy-
gen for the fi rst 5–10 days followed by recovery in room air for 5–15 days. The high 
oxygen inhibits angiogenesis and promotes retinal avascularity which, when 
exposed to normoxia, actually produces hypoxia, disregulated angiogenesis and 
delicate, porous vessels which grow through the retina into the vitreous. These 
neovessels then can leak blood and/or produce retinal detachment and loss of vision 
(Ricci  1990  ) .   

    32.4   Therapeutic Treatment of Ocular Neovascular Diseases 

 Imbalance of growth factors (e.g., VEGF which stimulates growth and PEDF which 
suppresses growth) has been implicated in the growth of excessive blood vessels 
(Bird  2010  ) . It is critical when treating ocular neovascular diseases that only the 
newly formed pathological blood vessels be targeted without affecting the existing 
vessels. One strategy is to suppress ocular NV by inhibiting VEGF levels without 
causing pathogenesis (Bird  2010 ; Sapieha et al.  2010  ) . Anti-VEGF therapy has 
promising clinical benefi ts, but the effect is temporary and requires frequent intrav-
itreal injections (Bird  2010  )  because multiple redundant signaling pathways exist 
(Friedlander  2009  ) . Also, effi cacy and safety over long time periods have not 
been demonstrated. 

    32.4.1   Targeting Pathology and Angiogenic Pathways 

 Antiangiogenic drugs such as Lodamin, and carboxyamidotriazole, or nerve growth 
factor receptor inhibitor K252a signifi cantly regressed or inhibited the ocular NV in 
laser-induced CNV (Benny et al.  2010 ; Afzal et al.  2010  )  and OIR in mice (Liu 
et al.  2010  ) . TM601, by targeting annexin 2, regressed ocular NV and reduced 
 ocular leakage (Lima e Silva et al.  2010  ) . Blockage of CCR3 (eosinophil/mass cell 
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chemokine receptor) which is specifi cally expressed in CNV endothelial cells of 
AMD patients or its ligand, eotaxin, inhibited CNV in injury-induced CNV mice. 
This strategy has proven more effective than VEGF-A neutralization (Takeda et al. 
 2009  ) . Sphingosine-1-phosphate is a bioactive lipid molecule which stimulates 
angiogenesis. A monoclonal antibody against it, Sonepcizumab, signifi cantly sup-
pressed RNV in OIR mice and reduced the leakage in laser-induced CNV mice (Xie 
et al.  2009  ) . SiRNA targeting of EPO signifi cantly reduced its expression and RNV 
in OIR mice (Xiong et al.  2009  ) .  

    32.4.2   Targeting VEGF-Dependent Pathway 

 The helper-dependent adenovirus (HD-Ad) vector, expressing a soluble form of the 
VEGF receptor (sFlt-1) in a constitutive (HD-Ad/CMV-sFlt-1) or doxycycline 
(dox)-inducible (HD-Ad/S-M2/CMV-sFlt-1) manner, inhibited RNV by more than 
60% in OIR rats (Lamartina et al.  2007  ) . AAV-mediated gene delivery (AAV-sFlt) 
to laser-induced CNV in mice and monkeys leads to sustained sFlt expression and 
regression of CNV for 7 months (mice) and 18 months (monkeys). The photorecep-
tor population and retinal function were retained (Lai et al.  2005b  ) . Similarly, 
AAV2-sFLT01 inhibition of angiogenesis in OIR mice up to 12 month was reported 
(Pechan et al.  2009  ) . A siRNA-expressing vector targeting either human HIF-1 a  
(hypoxia inducible factor-1 alpha) or human VEGF 

165
  or targeting both resulted in 

downregulating target gene expression in OIR mice and thereby decreased RNV 
(Jiang et al.  2009  ) . The Wnt pathway inhibitor DKK1 was shown to attenuate 
RNV and blood vessel leakage in streptozotocin (STZ)-induced diabetic and OIR 
rats (Chen et al.  2009  ) . Recently, a combination of angiostatic therapies targeting 
multiple angiogenic pathways was experimentally proven to achieve a more pro-
found inhibition of neovascularization than blocking of a single pathway in OIR 
(Friedlander  2009  ) .  

    32.4.3   Nanomedicine 

 Nanomedicine has primarily involved the application of nanotechnology to deliver 
drugs, therapeutic genes, and peptides to inhibit neovascularization and prevent reti-
nal cell apoptosis (Ellis-Behnke and Jonas  2011  ) . Cerium oxide nanoparticles 
(nanoceria), by mimicking the activity of the neuroprotective enzymes super oxide 
dismutase and catalase (   Singh et al.  2010 ), catalytically destroy reactive oxygen 
species (ROS). We showed that less than one half nanogram of nanoceria was capa-
ble of providing almost complete protection in vivo to rat photoreceptors against 
light damage (Chen et al.  2006  ) . Metal nanoparticles have also been reported to 
have antioxidants, antiapoptosis and antiaging effects (Ellis-Behnke and Jonas 
 2011  ) . In our lab we recently employed nanoceria to therapeutically treat inherited 
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illicit angiogenesis in  Vldlr  −/−  mice. As a proof-of-principle and to test the shelf life 
of nanoceria, we intravitreally injected the  Vldlr  −/−  neonates at P7 with 1  m L of 
nanoceria, which had been stored at room temperature for 6 years or 1 month. The 
eyes were harvested at P21 and analyzed for either intraretinal vascular lesions or 
the expression of VEGF. As shown in Fig.  32.1 , the retinal vascular lesions were 
equally inhibited by nanoceria regardless of storage time (Fig.  32.1a ). Similarly, the 
overexpression of VEGF in the  Vldlr  −/−  retina was inhibited to the same extent by 
old and new nanoceria (Fig.  32.1b ). The stability of the ROS scavenging activity of 
the nanoceria supports their potential for therapeutic use over extended periods 
of time.   

    32.4.4   Regenerative Medicine 

 An alternative approach using stem cell-based therapy, has suggested a new strategy 
for treating vascular eye diseases (Marchetti et al.  2010  ) . Adult bone-marrow (BM)-
derived endothelial progenitor cells (EPCs) were reported to be capable of being 
incorporated into existing blood vessels and forming vascular mosaics with endog-
enous retinal vascular endothelial cells (Otani et al.  2002  )  after injection into the 

  Fig. 32.1    Nanoceria (CeO 
2
 ) greatly inhibit the development of abnormal retinal blood vessels and 

reduce VEGF expression in  Vldlr   − / −   mice. Nanoceria were injected at P7 and retina fl atmounts, at 
P21, show fl uorescent staining of blood vessels with isolectin conjugated to Alexa Fluor 488 ( a ). 
Wild type (WT) retina has no abnormal blood vessels while  Vldlr   − / −   retina exhibits many enlarged 
vessels and blebs. Treatment with old (6 years) or new (1 month) nanoceria greatly reduces the 
vascular enlargements and blebs in the  Vldlr   − / −   retina. Western blot data ( b ) show that VEGF levels 
are greatly reduced by nanoceria treatment compared to uninjected age-matched  Vldlr   − / −   retinas       
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vitreous of new born mice. Ritter et al. reported that adult BM-derived myeloid 
progenitor cells can differentiate into microglia and promote vascular repair in an 
OIR mouse model (Ritter et al.  2006  ) .   

    32.5   Conclusion 

 For each of the three major blinding diseases (DR, AMD, and ROP), there have 
been signifi cant advancements in therapeutic treatments which have improved the 
quality of life for patients with these diseases. However, none of the therapies have 
yet been shown to relieve all of the symptoms and/or be benefi cial over long periods 
of time. The single protein/gene targeted therapies such as anti-VEGF have had 
very positive effects, especially on AMD, but the potency appears to decrease over 
time. Laser treatment has been most effective for treatment of ROP although less so 
for DR. The ideal therapy would target an upstream node (e.g., ROS), common to 
many diseases, and would retain its effectiveness for extended periods of time. One 
such strategy is the use of regenerative nanoceria which, by acting on ROS would 
be expected to have a broad spectrum effect on all the downstream targets including 
illicit neovascularization, infl ammation, vascular leakage, and retinal degeneration.      
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     33.1   Introduction 

 Neovascularization is a hallmark of several eye diseases leading to visual impair-
ment, and its epidemiological impact is substantial (   Lee et al.  1998  ) . In retinal 
degenerative disease models, neovascularization is the process by which the choroid 
and/or retina become infi ltrated with new blood vessels. In retinal neovasculariza-
tion (RNV), sprouting retinal vessels penetrate the inner limiting membrane (ILM) 
and grow into the vitreous, and in some cases, grow through the avascular outer 
retina into the subretinal space (Campochiaro  2000  ) . Numerous clinical and 
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 experimental observations indicate that ischemia (or hypoxia) is the driving force 
behind RNV (Michaelson and Steedman  1949  ) . Occlusion of retinal vessels leading 
to ischemia is a feature of diseases with RNV, including diabetic retinopathy (DR) 
and retinopathy of prematurity (ROP) (Campochiaro  2000  ) . 

 Choroidal neovascularization (CNV) is characterized by new blood vessels emanat-
ing from the choroid into the subretinal pigment epithelium, subretinal space, or both 
(Qazi et al.  2009  ) .This leads to the formation of neovascular membranes, which include 
vascular endothelial cells, retinal pigment epithelial (RPE) cells, and macrophages 
(Das and McGuire  2003  ) . Vascular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF) are essential mediators in the development of CNV, 
which is the primary form of neovascularization in age-related macular degeneration 
(AMD) patients. Although multiple factors have been implicated in the development of 
neovascularization, future studies are warranted in the identifi cation of novel treatment 
strategies. To better understand the current mouse models available to study RNV 
and CNV, a brief review of the retinal diseases characterized by neovascularization is 
examined below.  

    33.2   Proliferative Diabetic Retinopathy 

 The most common cause of blindness among Americans between the ages of 20–74 
is DR. This disorder can be classifi ed as either nonproliferative or proliferative. 
Whereas nonproliferative DR is characterized by venous dilation, retinal hemor-
rhage, and microaneurysms, proliferative DR is characterized by abnormal new 
 vessel and fi brous tissue proliferation on the surface of the retina (Lee et al.  1998  ) . 
Ischemia of the inner retinal layers causes the release of VEGF, stimulating new 
blood vessel formation locally and in other regions of the eye (Besirli and Johnson 
 2009  ) . For diabetics, RNV is the major contributor to blindness, and treatment of 
neovascularization can reduce severe visual loss from 50% to approximately 5% per 
year (Lee et al.  1998  ) .  

    33.3   Retinopathy of Prematurity 

 ROP is characterized by RNV that eventually affects the vitreous, causes retinal detach-
ment, and inevitable blindness in premature infants (   Lee et al.  1998  ) . ROP, like DR, is 
primarily characterized by RNV and less by CNV. The disease can progress in two 
phases: (1) delayed retinal vascular growth after birth and partial regression of existing 
vessels followed by (2) hypoxia-induced pathological vessel growth (Chen and Smith 
 2007  ) . ROP develops through conditions of excessive hyperoxia and hypoxia leading 
to deregulation of VEGF expression. Serum insulin-like growth factor 1 (IGF-1) has 
also shown to directly correlate with the severity of ROP in the clinic. Taken together, 
the pathophysiology of ROP is similar to that of other retinal disease with RNV.  
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    33.4   Age-Related Macular Degeneration 

 A multifactorial cause of photoreceptor degeneration, AMD accounts for more than 
half of all blindness and visual impairment in developed countries primarily affect-
ing individuals over 60 (Ting et al.  2009  ) . Patients with AMD are categorized as 
having nonexudative (dry) or exudative (wet) stage forms of the disease. Dry AMD 
patients exhibit large, poorly demarcated drusen and RPE abnormalities. Wet AMD 
is characterized by local regions of RPE atrophy and growth of new blood vessels 
from the choroid that penetrate Bruch’s membrane and enter the retina where they 
can leak and cause damage. Genetic association studies on AMD patients identifi ed 
Complement Factor H (CFH) and Age-related Maculopathy Susceptibility 2 
(ARMS) genes as contributors to AMD (Wright et al.  2010 ), with the effect sizes of 
these two susceptibility alleles unusually large by the standard of most complex 
traits. Current successful therapeutic strategies for treating AMD and improving 
visual quality include the use of anti-VEGF medicines.  

    33.5   Genetic Mouse Models for Neovascularization 

 The distinction between RNV and CNV in mouse models is important in that they 
are used to determine the type of disease for which they are most appropriate. For 
example, DR and ROP are both primarily characterized by RNV, and AMD, which 
may also be associated with RNV, exhibits CNV as the primary mechanism for 
neovascularization in the eye. 

 Transgenic mouse models for RNV provide an adequate resource for the charac-
terization of this phenomenon. One example is the  rho / VEGF  transgenic mouse, 
which develops retinal and subretinal neovascularization (SRN) as a consequence 
of VEGF expression driven by the rhodopsin promoter. This model is a close repre-
sentation to patients with retinal angiomatous proliferation (RAP) (Miller  1997  ) . 
The development of VEGF 

165
  overexpressing transgenic mice driven by the trun-

cated rhodopsin promoter developed phenotypes ranging from mild to severe RNV 
and are also used in RNV studies (Miller  1997  ) . 

 The reverse tetracycline transactivator (rtTA) inducible promoter system coupled 
with the rhodopsin ( rho / rtTa-TRE / VEGF ) or interphotoreceptor retinoid-binding 
protein (IRBP) promoter ( IRBP / rtTA-TRE / VEGF ) has been used to control the onset 
of VEGF expression in the retina (Grossniklaus et al.  2010  ) . The addition of doxy-
cycline in these mice activates the expression levels of VEGF, and subsequently 
causes extensive RNV. In comparison to  rho / VEGF  mice, these transgenic models 
are associated with total retinal detachment and higher ocular levels of VEGF 
mRNA and protein (Ohno-Matsui et al.  2002  ) . 

 A recently identifi ed knockout mouse that also exhibits RNV is the  Nrl  −/−  Grk1  −/−  
mouse. The neural retina leucine zipper knockout ( Nrl  −/− ), which lacks the transcrip-
tion factor responsible for normal rod photoreceptor development, leads to a retinal 
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phenotype with all cone photoreceptors that include an enhanced number of S-cones 
and a normal number of M-cones. The double knockout that    lacks the G-protein-
coupled receptor kinase 1 gene ( Nrl  −/−  Grk1  −/− ) involved in phototransduction recovery 
exhibits a light independent age-related degeneration (Zhu et al.  2003,   2006  ) . 
These mice exhibit an RNV phenotype similar to RAP and retinal vascularization 
that is fi rst observed at 1 month and is mediated by the infl ammatory response 
(Yetemian et al.  2010 ; Yetemian  2010  ) . 

 Relevant models of CNV can be found in transgenic knockout mice where CNV 
is a phenotypic distinction. One such model is the monocyte chemoattractant pro-
tein-1 (Ccl2) or its receptor CC-chemokine receptor-2 (Ccr2) defi cient mouse, 
which are both current models for AMD (Ambati et al.  2003  ) . These transgenic 
mice lacking either Ccl2 or Ccr2 fail to recruit macrophages to the RPE or Bruch’s 
membrane, thereby allowing the accumulation of complement factor C5a and IgG, 
both of which induce VEGF production (Ambati et al.  2003  ) . 

 Other transgenic knockout mice that exhibit a CNV phenotype include mice that 
overexpress Apolipoprotein E (ApoE) that were fed a high fat diet and developed AMD 
like lesions (Malek et al.  2005  ) . Disruption of ceruloplasmin and hephaestin in mice 
causes iron overload and subsequent AMD-like changes. These mice develop RPE 
abnormalities and photoreceptor degeneration (Hahn et al.  2004  ) . Knockout mice for 
the very low density lipoprotein receptor gene (Vldlr TM1Her ) develop new blood vessels 
in the outer plexiform layer (OPL) of the retina as well as choroidal anastomoses by 
3 months (Heckenlively et al.  2003  ) . The transgenic mouse line (mcd/mcd) exhibits 
features associated with geographic atrophy and AMD. The mcd/mcd mice express 
a mutated form of cathepsin D that is enzymatically inactive, thereby impairing photo-
receptor outer segment phagocytosis by RPE cells (Rakoczy et al.  2002 ). Also, the 
Cu, Zn superoxide dismutase-defi cient mouse ( Sod  −/− ) has been shown to exhibit 
fundus and histological evidence of CNV in approximately 10% of  Sod  −/−  mice. 

 Another model for neovascularization similar to AMD is the spontaneous auto-
somal semidominant mouse mutation Belly spot and tail (Bst), which arose in the 
C57/Bl6J inbred strain at the Jackson Laboratory (   Smith et al.  1999  ) . The mutation 
was mapped to chromosome 16, 1.9 ± 1.1 cM from  D16Mit168 , and these mice have 
late closure of the optic fi ssure, delayed retinal differentiation, decreased number of 
retinal ganglion cells, and coloboma of the optic nerve and retina (Smith et al.  1999  ) . 
A highly variable phenotype, aging  Bst  + mice were found to have SRN. SRN begins 
in the choroid with vascular invasion through Bruch’s membrane into the subretinal 
space, and can lead to CNV in the form of subretinal hemorrhage that may undergo 
fi brosis and cause more retinal damage (Smith et al.  1999  )   

    33.6   Nongenetic Models for Neovascularization 

 Animal models for the study of RNV include hypoxia-induced, vascular occlusion, 
and intraocular injection of pro-angiogenic molecules. Hypoxia-induced models 
have been developed in several species and is performed by exposing mice to hyper-
oxia, then placing them in normoxic conditions, causing an ischemic situation that 
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initiates rapid abnormal neovascularization. This model has proven to delineate the 
molecular changes in neovascular eye disease and directly correlates to ROP (Ashton 
 1966 ; Chen and Smith  2007  ) . Occlusion of retinal veins by laser photocoagulation 
or photodynamic therapy has also been used in RNV studies (Ham et al.  1997  ) . 

 Animal models for nongenetically induced CNV include laser and surgically 
induced models. Experimental laser-induced mice were created using spot treatments 
from a krypton laser to create photocoagulation injuries to Bruch’s membrane (Ryan 
 1979 ; Tobe et al.  1998  ) . The laser-induced model is currently well established and 
is also used in preclinical trials for the study of anti-angiogenic drugs. Although the 
physical insult to Bruch’s membrane differs from the long-term chronic conditions 
that occur in human AMD, the models closely mimic natural cellular responses that 
occur in human CNV. Surgically induced forms of CNV are also currently in practice 
and are done primarily by the injection of synthetic peptides, viral vectors containing 
VEGF, and inert synthetic materials (Grossniklaus et al.  2010  ) .  

    33.7   Use of Mouse Models for Neovascularization 
in Preclinical Drug Testing 

 The discovery that VEGF plays a signifi cant role in neovascularization spurred the 
development of several anti-VEGF pharmacological treatments such as Bevacizumab 
(Avastin), Ranizumab (Lucentis), (Genentech, Inc.), and Pegaptanib (Macugen) 
(Eyetech, Inc.). Bevacizumab (BVZ) is a full-length humanized monoclonal anti-
body that binds all isoforms of VEGF-A, Ranizumab (RBZ) is the 48 kDa form of 
BVZ, and Pegaptanib is a 28-base ribonucleic acid aptamer that binds to VEGF 

165
 . 

All are FDA approved, and the extensive preclinical studies for each involved the 
use of some of the mouse models discussed above. A study by Katsuaki et al. 
compared the effects of intraocular RBZ and BVZ injections using  rho / VEGF  and 
doxycycline-treated  Tet / opsin / VEGF  mice to demonstrate not only safety but also 
effi cacy in suppression of SRN (Katsuaki et al.  2009  ) . A study funded by Eyetech, 
Inc. used a murine model of ROP in their  preclinical testing for Pegaptanib, among 
several other animal models for RNV (   Eyetech Study Group  2002 ). It is apparent 
from the preclinical testing conducted on these three currently marketed treatments 
for AMD that the mouse models utilized were infl uential in the development of 
these drugs and will continue to be utilized during the development of future treat-
ments for neovascularization.  

    33.8   Conclusion 

 Despite their similarities in structure and function, the retinas of humans and mice 
are quite unique and do present challenges when compared. Mice, for example, have 
only two opsin expressing cones when compared to humans and lack a defi ned 
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macula. Nevertheless, they have similar morphology and neuronal structures that are 
extremely comparable to the human retina and are extensively used in many disease 
studies. DR, ROP, and AMD are the leading forms of retinal dystrophy in the aging 
human population, and mouse models are becoming increasingly useful in identifying 
causative mechanisms and therapeutic targets to protect against these diseases. 

 As we learn more about neovascularization, we will continue to develop and 
explore new animal models for the treatment and prevention of disease. This short 
review is not a comprehensive study on all the available mouse models for preclinical 
testing, but it summarizes signifi cant trends and variability in RNV research and the 
high impact mouse models have in human disease studies. Mouse models are crucial 
to understanding the molecular and cellular mechanism behind retinal degeneration 
and will continue to provide avenues for potential therapeutic advancement.      

  Acknowledgments   We thank members of the Mary D. Allen Laboratory for scientifi c discus-
sions. CMC is the Mary D. Allen Chair in Vision Research, DEI, and a Research to Prevent 
Blindness (RPB) Senior Scientifi c Investigator. This work was supported, in part, by NIH Grant 
EY015851 (CMC), EY03040 (DEI), RPB (DEI & CMC), Dorie Miller, William Hansen Sandberg 
Memorial Scholarship (RMY), Tony Gray Foundation, Mary D. Allen Foundation (Dr. Richard 
Newton Lolley Memorial Scholarship [RMY]), and an RD2010 Travel Award (RMY).  

      References 

    Ambati J, Anand A, Fernandez S et al. (2003) An animal model of age-related macular degenera-
tion in senescent Ccl-2- or Ccr-2-defi cient mice. Nat Med 9:1390–1397  

    Ashton N (1966) Oxygen and the growth and development of retinal vessels. In vivo and in vitro 
studies. The 33 Francis I. Proctor Lecture. Am J Ophthalmol 62:412–435  

    Besirli CG, Johnson MW (2009) Proliferative diabetic retinopathy. Mayo Clin Proc 84:1054  
    Campochiaro PA (2000) Retinal and choroidal neovascularization. J Cell Physiol 184:301–310  
    Chen J, Smith LE (2007) Retinopathy of prematurity. Angiogenesis 10:133–140  
    Eyetech Study Group (2002)  Preclinical and phase 1A clinical evaluation of an anti-VEGF 

 pegylated aptamer (EYE001) for the treatment of exudative age-related macular degeneration. 
Retins 22:43–52  

    Das A, McGuire PG (2003) Retinal and choroidal angiogenesis: pathophysiology and strategies 
for inhibition. Prog Retin Eye Res 22:721–748  

    Grossniklaus HE, Kang SJ, Berglin L (2010) Animal models of choroidal and retinal neovascular-
ization. Prog Retin Eye Res 29:500–519  

    Hahn P, Qian Y, Dentchev T et al. (2004) Disruption of ceruloplasmin and hephaestin in mice 
causes retinal iron overload and retinal degeneration with features of age-related macular 
degeneration. Proc Natl Acad Sci USA 101:13850–13855  

    Ham DI, Chang K, Chung H (1997) Preretinal neovascularization induced by experimental retinal 
vein occlusion in albino rats. Korean J Ophthalmol 11:60–64  

    Heckenlively JR, Hawes NL, Friedlander M et al. (2003) Mouse model of subretinal neovascular-
ization with choroidal anastomosis. Retina 23:518–522  

    Katsuaki M, Akiko M, Matsuoka M et al. (2009) Effects of intraocular ranibizumab and bevaci-
zumab in transgenic mice expressing human vascular endothelial growth factor. Ophthalmology 
116:1748–1754  

    Lee P, Wang CC, Adamis AP (1998) Ocular neovascularization: an epidemiologic review. Survey 
of Ophthalmology 43:245–269  



25933 Retinal Neovascular Disorders: Mouse Models for Drug Development Studies

    Lolley, RN, Schmidt, SY, Farber DB (1974) Alterations in cyclic AMP metabolism associated with 
photoreceptor degeneration in C3H mouse. J Neurochem 22:701–707  

    Malek G, Johnson LV, Mace BE et al. (2005) Apolipoprotein E allele-dependent pathogenesis: a 
model for age-related retinal degeneration. Proc Natl Acad Sci USA 102:11900–11905  

    Michaelson IC, Steedman HF (1949) Injection of the retinal vascular system in enucleated eyes. 
Br J Ophthalmol 33:376–379  

    Miller JW (1997) Vascular endothelial growth factor and ocular neovascularization. Am J Pathol 
151:13–23  

    Ohno-Matsui K, Hirose A, Yamamoto S, et al. (2002) Inducible expression of vascular endothelial 
growth factor in adult mice causes severe proliferative retinopathy and retinal detachment. Am 
J Pathol. 160:711–719  

    Qazi Y, Maddula S, Ambati BK (2009) Mediators of ocular angiogenesis. J Genet 88:495–515  
    Rakoczy PE, Zhang D, Robertson T, et al. (2002) Progressive age-related changes similar to age-

related macular degeneration in a transgenic mouse model. Am J Pathol 161:1515–1524  
    Ryan SJ (1979) The development of an experimental model of subretinal neovascularization in 

disciform macular degeneration. Trans Am Ophthalmol Soc 77:707–745  
    Smith RS, Simon JW, Zabeleta A et al. (1999) The bst locus on mouse chromosome 16 is associ-

ated with age-related subertinal novasclarization. PNAS 97:2191–2195  
    Ting AY, Lee TK, MacDonald IM (2009) Genetics of age-related macular degeneration. Curr Opin 

Ophthalmol 20:369–376  
    Tobe T, Ortega S, Luna JD et al. (1998) Targeted disruption of the FGF2 gene does not prevent 

choroidal neovascularization in a murine model. Am J Pathol 153:1641–1646  
    Wright AF, Chakarova CF, Abd El-Aziz MM et al. (2010) Photoreceptor degeneration: genetic and 

mechanistic dissection of a complex trait. Nat Rev Genet 11:273–284  
      Yetemian RY, Brown BM, Craft CM (2010) Neovascularization, enhanced infl ammatory response, 

and age-related cone dystrophy in the  Nrl   −/−   Grk1   −/−   mouse retina. Invest Ophthalmol Vis 
Sci 51:6196–6206  

   Yetemian RY (2010) Elements of photoreceptor homeostasis: investigating phenotypic manifesta-
tions and susceptibility to photoreceptor degeneration in genetic knockout models for retinal 
disease. Dissertation. University of Southern California. ProQuest, LLC. Ann Arbor, MI  

    Zhu X, Brown BM, Li A, et al. (2003) GRK1-dependent phosphorylation of S and M opsins and 
their binding to cone arrestin during cone phototransduction in the mouse retina. Journal of 
Neurosci 23:6152–6160  

   Zhu X, Brown BM, Rife L, Craft CM (2006) Slowed photoresponse recovery and age related 
degeneration in cones lacking G protein-coupled receptor kinase 1. In Advances in Experimental 
Medicine and Biology, Retinal Degenerative Diseases 572:133–139. Hollyfi eld JG, Anderson 
RE, LaVail MM, eds. Springer      



261

     Keywords   Sorsby fundus dystrophy  •  Choroidal neovascularization  •  Bruch’s 
membrane  •  TIMP3  •  Extracellular matrix  •  Angiogenesis  •  VEGF  •  AMD     

     34.1   Introduction 

 SFD is a rare autosomal dominant macular degeneration that was fi rst described in 
four pedigrees by Sorsby in 1949 (Sorsby et al.  1949  ) . Forty-fi ve years later, a posi-
tional candidate gene approach identifi ed the  TIMP3  gene on chromosome 22q12.3 
as the causative gene associated with SFD (Weber et al.  1994  ) . A susceptibility 
locus for AMD has recently been identifi ed near the  TIMP3  locus (Chen et al.  2010  ) . 
There is a considerable degree of clinical overlap between SFD and the more preva-
lent AMD. Thus, the elucidation of SFD pathophysiology is believed to contribute 
to the identifi cation of potential common pathways underlying different forms of 
macular dystrophies and to the development of therapeutic interventions.  

    H.   Stöhr   (*)
     Institute of Human Genetics ,  University Regensburg , 
  Franz-Josef-Strauss-Allee 11 ,  93053   Regensburg ,  Germany    
e-mail:  heidi.stoehr@klinik.uni-regensburg.de  

     B.   Anand-Apte  
     Department of Ophthalmic Research ,  Cole Eye Institute ,   9500 Euclid Avenue , 
 Cleveland ,  OH   44195 ,  USA    

    Chapter 34   
 A Review and Update on the Molecular 
Basis of Pathogenesis of Sorsby 
Fundus Dystrophy       

       Heidi   Stöhr       and    Bela   Anand-Apte      

M.M. LaVail et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 
Medicine and Biology 723, DOI 10.1007/978-1-4614-0631-0_34, 
© Springer Science+Business Media, LLC 2012



262 H. Stöhr and B. Anand-Apte

    34.2   Clinical Manifestations of SFD 
and Therapeutic Intervention 

 SFD is characterized by a sudden decrease in central vision during the fourth or fi fth 
decade of life as a consequence of CNV and subretinal hemorrhage. Some patients 
may be aware of diffi culties in dark adaptation and color vision for a decade or more 
before losing central vision. Within a few years, patients develop disciform atrophic 
macular scars surrounded by massive pigmentation that often extend into the retinal 
mid-periphery and is then accompanied by a loss of ambulatory vision. Preneovascular 
fundus examination shows diffuse or focal subretinal yellow-white deposits at the 
level of BM that affect the entire posterior pole (Polkinghorne et al.  1989  ) . Clinical 
heterogeneity concerning age of onset, disease progression, fundus appearance, 
and nyctalopia is common within and between SFD families (Felbor et al.  1997 ; 
Sivaprasad et al.  2008  ) . 

 Histopathological analyses of donor eyes from SFD patients revealed thickening 
of BM and atrophy of the retinal pigment epithelium (RPE) and choroid (Capon 
et al.  1989 ; Fariss et al.  1998  ) . The lipid-containing deposits were located between 
the RPE and the elastic layer of BM. In addition, the elastic layer of BM was mor-
phologically altered in the diseased eye (Chong et al.  2000  ) . Immunohistochemistry 
showed that the accumulations contained an increased amount of TIMP3 (Fariss 
et al.  1998  ) . On the basis of these fi ndings, it has been proposed that the subretinal 
deposits create a diffusion barrier for nutrients from the choroid vessels to the RPE 
and photoreceptor cells. In support of this hypothesis, high doses of oral vitamin A 
supplementation reversed night blindness in early stages of SFD (Jacobson et al. 
 1995  ) . Other treatment strategies for the management of SFD include anti-VEGF 
and angiostatic steroid therapies (Sivaprasad et al.  2008  ) .  

    34.3   Mutation Spectrum of TIMP3 in SFD 

 The identifi cation of  TIMP3  as the disease-causing gene defi ned SFD as a distinct 
nosological entity with full penetrance but variable expressivity. Up to now, nine 
missense mutations in exon 5 of the  TIMP3  gene have been found to introduce amino 
acid substitutions E139K (Saihan et al.  2009  ) , S156C (Felbor et al.  1995  ) , H158R 
(Lin et al.  2006  ) , G166C (Felbor et al.  1997  ) , G167C (Jacobson et al.  1995  ) , Y168C 
(Weber et al.  1994  ) , S170C (Barbazetto et al.  2005  ) , Y172C (Jacobson et al.  2002  ) , 
and S181C (Weber et al.  1994  )  in the C-terminal domain of the TIMP3. Furthermore, 
a nonsense mutation (E139X) (Clarke et al.  2001  )  and a splice mutation (Tabata et al. 
 1998  )  were identifi ed in SFD, which are predicted to generate a truncated TIMP3 
molecule lacking most of the C-terminal region. Although large phenotypic variabil-
ity impedes genotype–phenotype correlation, the S156C mutation goes along with 
early manifestation and rapid progression of the disease (Felbor et al.  1995  ) , whereas 
patients with the H158R and the splice site mutations exhibit late onset and mild SFD 
(Lin et al.  2006 ; Tabata et al.  1998  ) .  
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    34.4   Advances in the Elucidation of the Pathogenesis of SFD 

 Unlike the other soluble members of the TIMP family, TIMP3 is tightly sequestered 
to the ECM. It is an endogenous inhibitor of matrix metalloproteases (MMPs) and 
certain ADAM and ADAMTS proteins, enzymes that degrade matrix components 
and catalyze the shedding of ectodomains from cell surface proteins (Brew and 
Nagase  2010  ) . Furthermore, TIMP3 has various additional functions including 
proapoptotic and antiangiogenic activities. On the basis of the dominant pattern of 
inheritance, either haploinsuffi ciency of TIMP3 or gain of function of mutant 
TIMP3, both causing deleterious effects on ECM remodeling, appears likely to be 
involved in SFD pathology. 

    34.4.1   Molecular Characteristics of Mutant TIMP3 

 Most of the 11 SFD-related  TIMP3  mutations cause an odd number of cysteines in 
the respective molecules. It has been shown that mutant TIMP3 proteins with an 
additional cysteine have a higher tendency to dimerize and multimerize when elec-
trophoretically separated under nonreducing conditions (Langton et al.  2000 ; Yeow 
et al.  2002 ; Weber et al.  2002 ; Arris et al.  2003  ) . This was demonstrated to be true 
also for proteins harboring the E139K mutation (Saihan et al.  2009  ) , implying that 
SFD mutations in general favor the formation of intermolecular disulfi de bridges. 
From the observation that ECM-bound mutant TIMP3 proteins have greater stabil-
ity than wild-type TIMP3  in vitro  (Langton et al.  2005  ) , it has been assumed that 
turnover-resistant TIMP3 aggregates disturb ECM homeostasis leading to BM 
thickening. While this may be an appealing hypothesis, experimental evidence for 
an increased resistance of endogenous mutant TIMP3 to degradation has been lack-
ing (Soboleva et al.  2003  ) . Furthermore, TIMP3 is internalized by LRP-mediated 
endocytosis in cartilage (Troeberg et al.  2008  )  indicating additional mechanisms 
that regulate extracellular levels of TIMP3. Protease inhibitory activities and ECM 
binding appears to be retained in TIMP3 proteins carrying different SFD-related 
mutations (Langton et al.  2000 ; Yeow et al.  2002 ; Soboleva et al.  2003 ; Fogarasi 
et al.  2008  ) . Overexpression of S156C-TIMP3 mutation in endothelial cells, how-
ever, resulted in reduced binding to the ECM, increased glycosylation, and decreased 
MMP inhibitory activity (Qi et al.  2009  ) , and confi rmed an earlier study demon-
strating that S156C-TIMP3 expressed in RPE cells does not dimerize and show 
altered MMP inhibition (Qi et al.  2002  ) . Thus, the capacity of mutant TIMP3 to 
multimerize, to interact with the ECM and to exert inhibitory functions seems to be 
dependent on the experimental conditions used by different laboratories including 
the type of mutants and cell culture systems. Given the unique composition of the 
choroid-BM-RPE complex, a tissue-specifi c impact of mutant TIMP3 molecules is 
conceivable to cause SFD.  
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    34.4.2   Clues from Animal Models 

 Gene-targeted mouse lines with TIMP3 defi ciency and knock-in mice carrying the 
S156C-TIMP3 mutation were generated to further study SFD pathogenesis. TIMP3-
defi cient mice develop abnormal vessels with dilated capillaries throughout the 
choroid (Janssen et al.  2008  )  due to a local disruption of both ECM and angiogenic 
homeostasis. In addition, unbalanced matrix degradation by MMPs and uncon-
trolled cleavage of the cytokine TNF- a  by TACE in the absence of TIMP3 has been 
found to cause pulmonary alveolar enlargement (Leco et al.  2001  ) , enhanced sus-
ceptibility to cardiomyopathy (Fedak et al.  2004  ) , chronic hepatic infl ammation and 
impaired liver regeneration after partial hepatectomy (Mohammed et al.  2004  ) , and 
antigen-induced arthritis (Mahmoodi et al.  2005  ) . An increased abundance of 
TIMP3 was detected in BM and in the ECM of primary cell cultures established 
from mice carrying the  Timp3   S156C   allele (Weber et al.  2002 ; Soboleva et al.  2003  ) . 
 Timp3   S156C   knock-in mice, however, display only slight abnormalities in the inner 
aspect of BM and RPE basal microvilli (Weber et al.  2002  ) . The reason for an 
absence of typical SFD-related symptoms like BM thickening and CNV in either 
TIMP3 knock-out nor  Timp3   S156C   mice may lie in the short life span of the mouse. 
TIMP3 interacts with EFEMP1, the protein associated with autosomal dominant 
Doyne honeycomb retinal dystrophy (DHRD) (Klenotic et al.  2004  ) . Interestingly, 
knock-in mice carrying the DHRD-associated R345W mutation in the  Efemp1  gene 
develop large deposits of abnormal material between BM and the RPE that contains 
EFEMP1 and TIMP3 (Fu et al.  2007  ) . It remains to be determined whether manifes-
tation of SFD-like phenotypes in the TIMP3 mouse models can be induced by 
certain genetic backgrounds or physiological challenges.  

    34.4.3   Molecular Mechanisms of Angiogenesis in SFD 

 Over the past few years, signifi cant progress has been made toward understanding 
the role of TIMP3 in VEGF-mediated angiogenesis and the possible pathophysio-
logical mechanisms that are responsible for the CNV phenotype in SFD. TIMP3 is 
a potent inhibitor of VEGF-mediated angiogenesis with a novel function of blocking 
VEGF binding to VEGFR2 independent of its MMP inhibitory function (Qi et al. 
 2003  ) . Concomitant with an abnormal choroid vasculature (Janssen et al.  2008  ) , 
TIMP3-defi cient mice show increased laser-induced CNV (Ebrahem et al.  2011  ) . 
Interestingly, S156C-TIMP3 expression in endothelial cells resulted in an increase 
in the levels of the mature form of VEGFR2 protein on the surface of the cells, 
which was suffi cient to increase VEGF binding and subsequent VEFGR2 autophos-
phorylation and MAP kinase phosphorylation with downstream consequences of 
enhanced VEGF-dependent migration and tube formation (Qi et al.  2009  ) . Since 
both recombinant TIMP3 proteins (WT and S156C-TIMP3) can block the binding 
of VEGF to VEGFR2 in vitro (Fogarasi et al.  2008  ) , the loss of angioinhibitory 
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activity seen with mutant TIMP3 in endothelial cells is most likely due to the 
upregulation of the VEGFR2, suggesting a gain of function. The mechanisms by 
which mutant TIMP3 regulates the posttranscriptional processing of VEGFR2 is 
unknown and remains to be examined.   

    34.5   TIMP3 and AMD 

 It has long been suggested that TIMP3 also plays a role in the pathogenesis of AMD 
due to the strong similarity between the clinical phenotypes of AMD and SFD, the 
large accumulation of TIMP3 in drusen in AMD (Kamei and Hollyfi eld  1999  )  as 
well as in the subretinal deposits in SFD patients (Fariss et al.  1998  ) . While genetic 
studies have failed to identify mutations in the coding region of  TIMP3  in patients 
with AMD, the recent discovery of a single-nucleotide polymorphism located within 
a large intron of the synapsin III ( SYN3 ) gene and approximately 100 kb upstream 
of the fi rst exon of  TIMP3  that confers susceptibility to AMD (Chen et al.  2010  ) , has 
led to a resurgence of interest in this protein. Future efforts are now directed toward 
the identifi cation and mechanism of action of the functional allele at the  SYN3/
TIMP3  locus.      
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     35.1   Introduction 

 Age-related macular degeneration (AMD) is the leading cause of irreversible blind-
ness among adults over the age of 60 in the western world (Ambati et al.  2003 ; 
Klein et al.  2004 ; Zarbin  2004  ) . Currently, in the United States alone, almost two 
million people suffer from AMD and over seven million more are at risk (Friedman 
et al.  2004  ) . Acute loss of central vision associated with the “wet” (neovascular) 
form of AMD is the result of unstable, new blood vessels that grow into the subretinal 
space from the choroid, the vascular bed behind Bruch’s membrane that supplies 
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the posterior retina. These abnormal vessels leak fl uid and disrupt the sensitive 
environment of the RPE and photoreceptors, which can cause sudden loss of vision 
(Green  1999  ) . Although affecting only 20% of AMD-affl icted individuals, the most 
severe vision loss is associated with the neovascular form (Fine et al.  2000  ) . While 
the specifi c pathological events that culminate in subretinal neovascularization are 
not completely clear, it is thought that age-related changes in the retina, including 
overwhelming oxidative stress and diminished RPE cell function (Robison et al. 
 1980 ; Young  1988 ; Dorey et al.  1989 ; Holz et al.  1999 ; Wassell et al.  1999  ) , initiate 
local chronic infl ammation (Johnson et al.  2000 ; Anderson et al.  2002  ) , hypoxia 
(Mousa et al.  1999  ) , and retinal ischemia (Ozaki et al.  1999  ) . Prevention of this 
pathological angiogenic process, commonly called choroidal neovascularization, or 
CNV, is a major target for AMD treatment strategies (D’Amato and Adamis  1995 ; 
Do  2009  ) . Conventional therapies include repeated intraocular injections of expen-
sive anti-VEGF agents, such as pegaptanib, bevacizumab, and ranibizumab, have 
short-term effects and are typically administered after vision loss has already 
occurred. Gene therapy, on the other hand, has the potential to deliver effective 
doses of anti-angiogenic proteins with a single injection. Though the advantages 
over conventional methods may seem obvious, potentially damaging complications 
of constituent transgene expression are concerns that need to be addressed before 
moving gene therapy for AMD into the clinical arena. 

 The need for a long-term, regulated, and relatively inexpensive therapeutic option 
that can be made widely available has yet to be fulfi lled. With that goal in mind, a 
gene therapy platform that exploits the pathological conditions within the retina to 
drive local production of an angiostatic gene product could be an advantageous new 
option for treatment of neovascular AMD.  

    35.2   Constitutive vs. Regulated Expression 

 An ideal therapeutic approach for the treatment of wet AMD would be to inhibit or 
reverse overwhelming oxidative stress, substantial infl ammatory cytokine produc-
tion, and neovascularization in the posterior retina. One of the concerns in 
 engineering a gene therapy vector to inhibit neovascularization is how much or how 
often should the transgene product be produced. The clear choices available are 
 constitutive or regulated production of a gene therapy effecter protein. Constitutive 
production of anti-apoptotic agents has been widely reported in the brain (Mandel 
et al.  1997 ; Dong et al.  2005  ) , cardiovascular system (Yin et al.  2004 ; Zhuo et al. 
 2009  ) , retina (Bennett et al.  1998 ; Green et al.  2001 ; Schuettauf et al.  2004  ) , and 
other tissues (Murakami et al.  1998 ; Eaton et al.  2002  ) . In the eye, Takahashi has 
shown that constitutive expression of endostatin attenuates VEGF-induced vascular 
leakage, neovascularization, and retinal detachment (Takahashi et al.  2003  ) . 
Balaggan reported that constitutive expression of endostatin, following subretinal 
administration, led to a 40% and 60% decrease in CNV area compared to uninjected 
and null virus, respectively (Balaggan et al.  2006  ) . 
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 While constitutive expression may seem promising, the potential for drawbacks 
in retinas of patients continuously exposed to high levels of transgene product can-
not be ignored. For example, in nondiseased regions of the eye, elevated endostatin 
could have a range of effects that may alter endogenous cell-to-cell communication 
and interactions. The possibility of deleterious effects of constitutive endostatin 
expression in the retina should be analyzed in the future. 

 Regulation of gene therapy can be achieved by exogenous agents (tetracycline, 
rapamycin, etc., which allow a switch through an external intervention), or 
 alternatively with an intrinsic stimulus derived from the physiological or pathologi-
cal status of the tissue (hypoxia, oxidative stress, infl ammation, etc.) Gene therapy, 
regulated by exogenous agents, which involve systemic administration of an 
 activator drug, such as an antibiotic, typically results in low effi ciency of regulation 
with leaky activity in the uninduced state (Agha-Mohammadi et al.  2004  ) . Also, in 
many diseases where therapeutic intervention would be most effective at the onset 
of pathology, timing the exogenous trigger may be diffi cult, especially when the 
initial pathological events are hard to detect. On the other hand, intrinsically regu-
lated therapies can be auto-initiated by endogenous sensors that are triggered by 
disease onset, thereby eliminating the decision of when to initiate treatment.  

    35.3   RPE-Specifi c Promoters 

 While the natural anatomical barriers help contain viral vectors within portions of 
the eye, there is still some concern about the effects of ubiquitous and constitutively 
expressed transgenes. Tissue-specifi c promoters offer an additional level of 
 regulation that reduce transgene expression in nontarget cells, and thereby help to 
minimize any damaging effects of vector-based expression in surrounding healthy 
tissue. In the eye, different tissue-specifi c promoters have been used to target 
 photoreceptors (Bennett et al.  1998 ; Ali et al.  2000 ; Hauswirth et al.  2000  )  or RPE 
cells for retinal degenerations (Kachi et al.  2006  ) . RPE-specifi c gene expression has 
been accomplished by using upstream portions of the RPE65 promoter or the vitel-
liform macular dystrophy (VMD2) promoter (Boulanger et al.  2000 ; Fraefel et al. 
 2005 ; Balaggan et al.  2006  ) . Specifi cally, RPE-specifi c gene therapy utilized the 
RPE65 promoter to deliver RPE65 and rescue vision in RPE65−/− retinal dystro-
phic dogs (Le Meur et al.  2007  ) . 

 Both the RPE65 and VMD2 promoters have been used to deliver anti-angiogenic 
agents with RPE cell-specifi c expression pattern. Balaggan et al. used a portion of 
the VMD2 promoter for RPE cell-specifi c delivery of endostatin and angiostatin by 
lentiviral vectors and obtained signifi cant reduction of both neovascularization and 
vascular hyperpermeability in experimental CNV (Balaggan et al.  2006  ) . Similarly, 
Kachi et al. found signifi cant suppression of experimental CNV in mice treated with 
equine infectious anemia viral vectors expressing both endostatin and angiostatin 
(or endostatin alone) driven by the VMD2 promoter (Kachi et al.  2009  ) . Fraefel and 
colleagues demonstrated effi cient, yet transient transfection of rat RPE with GFP by 
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using the upstream region of the RPE65 promoter in a herpes simplex vector (Kachi 
et al.  2006  ) . RPE-specifi c promoters give the advantage of targeting the local envi-
ronment of CNV development, but regulating their activity can be diffi cult.  

    35.4   Hypoxia-Regulated Expression 

 Another method for controlling transgene expression is to take advantage of endog-
enous transcription regulatory mechanisms that cells use to adapt to specifi c 
microenvironments, like hypoxia or oxidative stress. In certain stressful and poten-
tially pathological conditions, cells have developed abilities to sense and respond to 
such challenging situations by upregulating genes that are involved in overcoming 
the stress, such as metabolic enzymes and antioxidants, and downregulating genes 
that are not necessary for preserving cellular integrity. This is achieved by cis-acting 
regulatory elements incorporated in and around promoters of genes, which can then 
be turned off or on by specifi c transcription factors, or trans-acting elements. This 
cis/trans regulation can be harnessed as a way to regulate transgene expression in 
certain pathological situations. 

 In the retina, increased oxidative stress, hypoxia, and infl ammation are known to 
be the initiating factors leading to enhanced VEGF expression and subsequent 
development of neovascular AMD. Elevated levels of VEGF have been found in 
neovascular lesions in both AMD eyes (Sheridan et al.  2009  ) , and laser-induced 
CNV (Yang et al.  2009  ) . While VEGF is the key angiogenic stimulus, its expression 
is intrinsically regulated by HIF-1 in response to hypoxia, infl ammation, and oxida-
tive stress (Ozaki et al.  1999 ; Caniggia et al.  2000 ; Sandau et al.  2001 ; Stiehl et al. 
 2002 ; Jung et al.  2003 ; Yang et al.  2009  ) . Increased levels of HIF-1 have also been 
found in CNV lesions from both AMD patients and laser-induced CNV (Vinores 
et al.  2006 ; Zhang et al.  2007 ; Sheridan et al.  2009  ) . Zhang et al. have shown that 
inhibition of HIF-1 by shRNA can effectively reduce VEGF-induced neovascular-
ization in the laser model (Zhang et al.  2010  ) . Also, Vinores et al. described that 
removal of the HRE (the binding site for HIF-1) from the VEGF promoter resulted 
in a tenfold reduction in the size of laser-induced CNV lesions in mice (Vinores 
et al.  2006  ) . These lines of evidence strongly support selection of the HRE as the 
basis for a regulated gene therapy approach to the treatment of CNV. 

 Hypoxia-regulated gene therapy has been proposed as an improved expression 
strategy for a range of diseases, including cancer, cardiovascular disease, retinal 
diseases, and ischemic disorders. The regulatory elements conferring hypoxia regu-
lation are primarily HIF-1 binding sites, which were identifi ed and characterized by 
Semenza et al. (Semenza et al.  1991  ) . The hypoxia-response elements (HREs) were 
fi rst combined with tissue-specifi c promoters to target gene expression to ischemic 
myocardium by Prentice et al.  (  1997  ) . Importantly, they observed that gene expres-
sion declined rapidly when the tissue returned to normoxia. Since then, hypoxia 
regulation has been used to signifi cantly induce activity of tissue-specifi c promoters 
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in cell culture (Binley et al.  1999  ) , as well as animal models of myocardial ischemia 
(Tang et al.  2005  )  and cancer (Ruan et al.  2001  ) . Furthermore, Bainbridge has 
demonstrated that incorporation of multiple copies of the HRE into a promoter 
resulted in signifi cantly enhanced GFP expression in areas of laser-induced hypoxia 
in the mouse model (Bainbridge et al.  2003  ) . One concern with their results is that 
considerable GFP expression was detected in the normoxic controls, indicating sub-
stantial normoxic activity from their HRE-enhanced promoter. This may seem a 
surprising result, but may be explained by the possibility of either leaky basal 
expression or additional normoxic regulators of the HIF-1 pathway. 

 Ideally, a hypoxia-regulated gene therapy vector not only should drive enhanced 
expression in hypoxic conditions, but should also be minimally active in normoxia. 
Webster et al. developed an elegant solution to silencing hypoxia-regulated gene 
expression by creating a cassette that includes multiple copies of the HRE and a 
neuronal silencer element (NRSE) that inactivates transgene expression in tissues 
other than neurons (Schoenherr and Anderson  1995 ; Webster  2003  ) . In this valuable 
construct, it is likely that the binding of HIF-1 to the HRE displaces the trans-acting 
silencing factor (regulator of the silencer). Promoters containing this element pro-
vided robust hypoxia induction of gene expression in ischemic cardiac tissue both 
in vivo and in vitro (Webster  2003  ) . In exploiting the NRSE in hypoxia responsive 
promoters, Webster and colleagues subsequently combined three copies of both the 
HRE and neuron-restrictive silencer in alternating order to construct a hybrid, 
hypoxia-regulated silencer element, the HRSE (Hernandez et al.  2000  ) . In an 
 analysis of applications for retinal disease, we previously reported that hypoxia-
induced, RPE cell-specifi c expression of a reporter gene was further enhanced by 
the addition of six hypoxia responsive elements to the promoter (Dougherty et al. 
 2008  ) . Combining both the HRSE and six additional copies of the HRE regulatory 
element as upstream regulators of the RPE65 cell-specifi c promoter resulted in 
hypoxia-induced transcriptional activation in ARPE-19 cells that was more than 
50-fold greater than the activity of the native RPE65 promoter (Dougherty et al. 
 2008  ) . Additionally, incorporation of multiple neuron-restrictive silencer elements 
within the HRSE provides nearly 80% reduction in normoxic activity relative to 
unregulated RPE65 promoter (Dougherty et al.  2008  ) .  

    35.5   Effectiveness of Endostatin 

 Selecting an appropriate therapeutic transgene to effectively treat a multifactorial 
disease such as AMD can be daunting, especially when the complex pathological 
mechanisms are not fully understood. Fortunately, the angiogenic response in wet 
AMD is better understood, and many different therapeutic agents have been shown 
to effectively inhibit pathological neovascularization. The two prevailing approaches 
are directly blocking VEGF (using antibodies or soluble receptors, etc.) or indirectly 
inhibiting the angiogenic response to VEGF with endogenous molecules like PEDF, 
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endostatin, and angiostatin. The latter approach may be more advantageous since 
directly blocking VEGF may also attenuate its neurotrophic effects on photoreceptors 
and cell survival effects on the RPE and choriocapillaris. While PEDF, endostatin, 
and angiostatin are all powerful endogenous angiogenesis inhibitors, endostatin is 
of particular interest due to its broad range effects on migrating endothelial cells and 
its relatively small cDNA size, which allow it to easily fi t into the small “payload” 
of some vectors, like adeno-associated virus (AAV). Additionally, unregulated len-
tiviral delivery of endostatin in a mouse model of laser-induced CNV successfully 
reduced lesion area by 60% compared to null virus and 40% compared to untreated 
eyes, and had no harmful effects on established retinal vasculature at 1 year postin-
jection (Balaggan et al.  2006  ) . The study also reported that unregulated angiostatin 
had a similar effect on CNV lesion area (50 and 30% reduction in lesion area vs. 
null virus and uninjected eyes, respectively), though not as much as the endostatin 
vector. While both vectors similarly reduced neovascular leakage, only the endosta-
tin vector signifi cantly increased apoptosis of neovascular cells within the lesion 
compared to the null virus (Balaggan et al.  2006  ) . These results suggest that although 
endostatin and angiostatin have similar mechanisms of action on migrating endothe-
lial cells, endostatin may be a more effective instigator of vessel regression.  

    35.6   Conclusions 

 Preliminary experiments employing both HRES and HRE regulatory elements, in 
combination with the RPE65 promoter, to drive hypoxia-regulated endostatin 
expression in a mouse model of laser-induced CNV have resulted in signifi cant 
reduction in mean CNV lesion area (almost 80% compared to PBS-injected con-
trols; unpublished data). Six-month prophylactic treatment with the same vector 
also showed similar reduction in CNV area; however, more research is needed to 
establish how successful this highly regulated gene therapy vector can be. 

 An additional important benefi t of our pathology-initiated, site-specifi c thera-
peutic platform is the potential for prophylactic application. A major problem with 
treating AMD is that available therapies are administered after signifi cant damage 
to the retina has already occurred. Current diagnostic tools, together with genetic 
predisposition, can only predict the likelihood of disease onset, and if initial signs 
of AMD are evident, then retinal pathology has, most likely, already begun. Our 
preliminary data indicates that the hypoxia-regulated, RPE-specifi c vector can be 
administered at least 6 months prior to pathology onset, and still be pathology-initiated 
and fully therapeutically viable. Such a treatment option would overcome the 
 clinical question of when to administer therapy to people with high risk of  developing 
AMD, and would reduce the need for frequent clinical checkups in patients at high 
risk for CNV.      
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     36.1   Introduction 

 Age-related macular degeneration (AMD) is the leading cause of blindness in the 
elderly in the developed world (Klein et al.  1992  ) . AMD presents in two distinct 
forms: the geographic atrophy and the exudative or “wet” AMD. The wet AMD is 
characterized by choroidal neovascularization (CNV) in which new blood vessels 
from the choroid invade the macula area, resulting in retinal edema, hemorrhage, 
retinal detachment, and disciform scar formation, which eventually destroy the 
structure of the retina and lead to irreversible loss of central vision. Compiling 
evidence indicates that vascular endothelial growth factor A (VEGF), the major 
regulator of vasculogenesis and angiogenesis (Ferrara and Davis-Smyth  1997  ) , is 
critical in CNV development (Das and McGuire  2003 ; Grisanti and Tatar  2008 ; 
Penn et al.  2008  ) . Clinically, neutralization of VEGF has become standard care in 
the treatment of wet AMD (Rosenfeld et al.  2005 ; Brown et al.  2006 ; Rosenfeld 
et al.  2006 ; Emerson and Lauer  2007 ; Lin and Rosenfeld  2007 ; Chappelow and 
Kaiser  2008  ) . 

 Recently, CCR3 has been reported to play a critical role of in CNV development 
and CCR3 targeting is believed to be superior to VEGF neutralization in CNV sup-
pression (Takeda et al.  2009  ) . In our attempts to investigate the role of CCR3 in 
CNV development, no CNV inhibition was observed when CCR3 was blocked 
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by either a small molecule CCR3 antagonist SB 328437 or CCR3-neutralizing 
 antibodies in the Matrigel CNV model in mouse and rat, whereas VEGF neutraliza-
tion by VEGF-neutralizing antibodies effectively suppressed CNV. Rapamycin, an 
inhibitor of the mammalian target of rapamycin (mTOR), also inhibited CNV effi -
caciously. These results lead us to conclude that CCR3 plays no role in CNV devel-
opment and that CCR3 targeting is unlikely to be a promising therapy for CNV.  

    36.2   Materials and Methods 

    36.2.1   Animals and Subretinal Injection of Matrigel 

 CNV was induced in adult Sprague Dawley rats and BALB/c mice by subretinal 
injection of Matrigel transscleraly, as described (Zhao et al.  2007 ; Cao et al.  2010  ) . 
Matrigel (growth factor reduced) was diluted with phosphate buffered saline (PBS) 
or PBS containing substances to be tested at a 3:1 ratio (75% gel). The injection 
volume was 1.2  m L for rats, 0.8  m L for mice. CCR3-specifi c antagonist SB 328437, 
CCR3-neutralizing antibodies (CCR3 ab) (clone 83103, R & D Systems), VEGF-
neutralizing antibodies (VEGF ab) (R & D Systems), or rapamycin was dissolved in 
PBS or dimethyl sulfoxide then PBS. Final concentration is 1  m g/ m L of CCR3 ab or 
VEGF ab, 10  m g/ m L of SB 328437 or rapamycin.  

    36.2.2   Visualization of Blood Vessels and Measurement of CNV 

 Blood vessels were labeled with a solution containing DiI, as described (Li et al. 
 2008  ) . Animals were killed and perfused with DiI. Eyecups were embedded in 5% 
agarose and cut to obtain serial vibratome sections (100  m m thick) to cover the 
entire Matrigel area. Sections were examined by confocal microscopy. CNV area 
was calculated as described (Cao et al.  2010  )  and analyzed statistically by Kruskal-
Wallis and Dunn’s test. Data are expressed as mean ± SD. Double asterisks:  P  < 0.01; 
Triple asterisks:  P  < 0.001.   

    36.3   Results 

    36.3.1   Development of CNV in the Matrigel Model 

 Angiogenic sprouts are detected as early as in 4 days after Matrigel injection. The 
CNV network is well developed in 10 days after injection and increases progres-
sively in size (Cao et al.  2010  ) . Figure  36.1  shows a typical CNV network in the 
Matrigel-injected area. The 3D reconstruction of the CNV network in the entire 
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thickness of the section clearly shows the origin of the new blood vessels and the 
interconnection (Fig.  36.1b ).   

    36.3.2   CCR3 Targeting and CNV Development in Rats and Mice 

 CCR3 was blocked by a specifi c antagonist SB328437 and CCR3-neutralizing anti-
bodies at the optimal concentrations reported to inhibit CNV (Takeda et al.  2009  ) . 
Figure  36.2  shows representative images of CNV in rat eyes. Neither SB328437 nor 
CCR3 ab inhibited CNV. In many eyes treated with SB328437 (Fig.  36.2b ) or CCR3 
ab (Fig.  36.2c ), the extent of CNV seemed to be larger than that typically seen in 
untreated controls (Fig.  36.2a ). In contrast, minimal CNV was found in eyes treated 
with VEGF ab (Fig.  36.2d ) or rapamycin (Fig.  36.2e ). In fact, CNV was completely 
absent in 10 out of 14 eyes treated with VEGF-A antibodies, and 13 out of 16 in 
rapamycin-treated eyes in rat. In the 10 mouse eyes treated with rapamycin, only 
one had minimal CNV, whereas the other 9 had none.  

 Quantitative data show in rat the CNV area in control eyes is 3.63 ± 1.64 ( n  = 13), 
6.83 ± 5.31 ( n  = 15) in SB328437, and 7.55 ± 3.91 ( n  = 16) in CCR3 ab treated eyes 
(Fig.  36.3a ). No statistically signifi cant difference was found between control eyes 
and eyes treated with SB328437 or CCR3 ab (Fig.  36.3a ). In contrast, the CNV 
areas are 0.19 ± 0.32 ( n  = 14) in the eyes treated with VEGF ab, and 0.05 ± 0.12 
( n  = 16) in rapamycin-treated eyes (Fig.  36.3a ). CNV inhibition by both VEGF ab 
and rapamycin is highly signifi cant when compared with the control eyes ( P  < 0.01), 
or eyes treated with SB328437 or CCR3 ab ( P  < 0.001) (Fig.  36.3a ).  

 In mouse, the results are very similar. CNV area is 1.29 ± 0.92 ( n  = 14) in control 
eyes, 2.03 ± 2.1 ( n  = 15) in eyes treated with SB328437, and 2.2 ± 1.89 ( n  = 22) in 

  Fig. 36.1    CNV induced by subretinal Matrigel. CNV network was well developed in a rat eye 10 
days after Matrigel injection. ( a ) Shows a DIC image of a retinal section ( gray ) superimposed to a 
confocal fl uorescent image ( red ). The site of CNV entering the Matrigel area is indicated by an 
 arrowhead  (a). A 3D-reconstruction of vasculature in the entire thickness of the section is shown 
in ( b ). Layers of the eye are:  S  sclera;  Ch  choroid;  M  Matrigel;  R  retina. Scale bar: 100  m m       
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  Fig. 36.2    Effects of SB328437, CCR3 ab, VEGF ab, or rapamycin on CNV in rats. Eyes were 
injected with Matrigel alone or mixed with SB328437, CCR3 ab, VEGF ab, or rapamycin and col-
lected 12 days later. Extensive CNV was seen in the control eyes ( a ) as well as the eyes treated with 
SB328437 ( b ), CCR3 ab ( c ). Minimal CNV was found in eyes treated with VEGF ab ( d ) or rapamy-
cin ( e ). The width of CNV is indicated by a  horizontal bar  in each section. The layers of the eye are 
indicated by  vertical white bars  in ( a ):  Ch  choroids;  M  Matrigel;  R  retina. Scale bar: 200  m m       

  Fig. 36.3    Quantifi cation of CNV area. The CNV area of each eye was calculated as described 
(Cao et al.  2010  ) . No statistically signifi cant difference was found between the control eyes and 
eyes treated with SB328437 or CCR3 ab in rat ( a ) or in mouse ( b ). The CNV area in eyes treated 
with VEGF ab in rat ( a ) or in rapamycin treated eyes in both rat ( a ) and mouse ( b ) are signifi cantly 
smaller than the control eyes ( a ,  b ) (** P  < 0.01) or eyes treated with SB328437 ( a ,  b ) or CCR3 ab 
( a ) (*** P  < 0.001)       
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eyes treated with CCR3 ab (Fig.  36.3b ). Again, no statistically signifi cant difference 
was found between control eyes and eyes treated with SB328437 or CCR3 ab in 
mouse (Fig.  36.3b ). The CNV area in rapamycin-treated eyes is 0.008 ± 0.024 
( n  = 10) (Fig.  36.3b ), signifi cantly smaller than in the control eyes ( P  < 0.01) or eyes 
treated with SB328437 or CCR3 ab ( P  < 0.001) (Fig.  36.3b ).   

    36.4   Discussion 

 We have demonstrated the failure of CNV inhibition by CCR3 targeting with either 
CCR3 ab or CCR3 antagonist SB328437 in the subretinal Matrigel models of CNV. 
On the other hand, VEGF neutralization and mTOR targeting with rapamycin sig-
nifi cantly suppressed CNV. 

 The Matrigel CNV model was fi rst reported in rat (Wen et al.  2002  ) . Subsequently, 
it was found in rabbit that subretinal Matrigel induces highly permeable neovescu-
larization (Qiu et al.  2006  ) . The Matrigel-induced CNV has been characterized 
recently in details in rat (Cao et al.  2010  ) . The Matrigel induced CNV increases in 
size progressively, which is accompanied by infi ltration of leukocytes and myofi -
broblasts as well as deposition of collagen (Cao et al.  2010  ) . These features resem-
ble the infl ammatory reaction and fi brosis in wet AMD in patients, showing that the 
Matrigel model closely mimics the CNV in patients with wet AMD. VEGF neutral-
ization and rapamycin treatment effectively suppressed CNV in the Matrigel model 
(Cao et al.  2010  )  (present work), consistent with fi ndings from the laser-induced 
CNV model (Kwak et al.  2000 ; Saishin et al.  2003 ; Dejneka et al.  2004  )  and dem-
onstrating the similarity between the two models. It is therefore unlikely that the 
discrepancy between our fi ndings and the report showing the CCR3 targeting was 
more effective than VEGF neutralization (Takeda et al.  2009  )  is due to the differ-
ence in the CNV models used. The concentrations of CCR3 inhibitors used in our 
experiments were reportedly the optimal concentrations for CNV inhibition in the 
laser-induced CNV model (Takeda et al.  2009  ) , which should have been suffi cient 
for CCR3 inhibition, especially considering that the inhibitors were delivered in situ 
(in gel). 

 Our data confi rm the effi cacy of VEGF neutralization on CNV suppression, con-
sistent with the critical role of VEGF in CNV development and maintenance 
reported by many previous studies. In addition, nearly complete inhibition of CNV 
by rapamycin in our study is in agreement with a previous report showing that sys-
temically administered rapamycin signifi cantly suppressed laser-induced CNV in 
mouse (Dejneka et al.  2004  ) . 

 In summary, our attempts to investigate the role of CCR3 in CNV in the Matrigel 
CNV model yield consistent negative results in two species, leading to the conclu-
sion that CCR3 is not critically in CNV development and maintenance. CCR3 tar-
geting therefore is unlikely to be a viable therapeutic approach for CNV. On the 
other hand, our results support the therapeutic strategies to suppress CNV with anti-
VEGF agents and rapamycine.      
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     37.1   Introduction 

 Increased infl ammatory cytokines in the retina are closely associated with retinal 
pathologies in diabetic retinopathy (Li et al.  2009b  ) . Pericytes, along with endothe-
lial cells, are the major cell components of retinal capillaries. Pericytes activated by 
oxidized lipids secrete high levels of infl ammatory cytokines, such as macrophage 
chemoattractant protein 1 (MCP-1) (Zhang et al.  2008  ) . In addition, pericyte injury 
and cell death are considered as a hallmark pathological change in diabetic retin-
opathy. Although the mechanisms underlying diabetes-induced pericyte injury are 
not fully understood, studies suggest that fl uctuating glucose, when compared to 
constantly increased glucose concentration, is more detrimental to vascular cells, 
including pericytes (Quagliaro et al.  2003 ; Beltramo et al.  2009  ) . In addition, fl uc-
tuating glucose stimulates a greater increase in infl ammatory cytokine production 
from endothelial cells than stable high glucose (Piconi et al.  2004  ) . However, it is 
unclear whether glucose fl uctuation infl uences infl ammatory mediators in pericytes. 
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Moreover, we recently demonstrated that endoplasmic reticulum (ER) stress is 
implicated in retinal infl ammation during diabetes (Li et al.  2009a  ) . In the present 
study, we evaluated the effects of intermittent and constant high glucose and the role 
of ER stress in infl ammatory factor production in retinal pericytes.  

    37.2   Materials and Methods 

    37.2.1   Materials 

 Sodium 4-phenyl butyrate and tauroursodeoxycholic acid were purchased from 
Calbiochem (San Diego, CA). Anti-VEGF, anti-ATF4, and anti-CHOP antibodies 
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-nucleoporin 
p62 antibody was from BD Biosciences Pharmingen (San Diego, CA). Anti-KDEL 
(for detection of GRP78) and anti- b -actin antibodies were obtained from Abcam 
(Cambridge, MA). Horse-radish peroxidase-conjugated secondary antibodies were 
obtained from Vector Laboratories (Burlingame, CA).  

    37.2.2   Cell Culture 

 Primary human retinal pericytes (HRP) were purchased from Clonetics, Inc. 
(Walkersville, MD). Cells were maintained in Dulbecco’s modifi ed Eagle’s medium 
(DMEM) containing 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic. 
After reaching 50% of confl uence, cells were exposed to the following experimental 
conditions for 8 days with medium replaced every 2 days: (1) normal glucose 
(5 mM); (2) constant high glucose (HG, 25 mM); (3) normal and high glucose alter-
nating every 48 h. On day 8, cells were quiescent in DMEM with 1% FBS for 24 h. 
Medium were collected and cells harvested for analysis.  

    37.2.3   Western Blot Analysis 

 Western blot analysis was performed as described previously (Li et al.  2009a  ) . 
Briefl y, cells were lysed in radioimmunoprecipitation assay lysis buffer. Nuclear 
and cytoplasmic extracts were prepared using a Nuclear Extract Kit (Active Motif, 
Carlsbad, CA) following manufacturer’s instructions. Twenty-fi ve micrograms of 
protein were dissolved by SDS-PAGE. Primary antibodies used for blotting include: 
anti-KDEL (1:5,000), anti-ATF4 (1:500), anti-GADD153 (1:500), anti-VEGF 
(1:500), anti- b -actin (1:5,000), and anti-nucleoporin p62 (1:2,000) antibodies.  
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    37.2.4   Quantifi cation of MCP-1 Secretion in Pericytes 

 MCP-1 secreted into the medium was measured using the DuoSet ELISA kit for 
human MCP-1 (R&D Systems, Minneapolis, MN) according to manufacturer’s 
instructions as described previously (Zhang et al.  2008  ) .  

    37.2.5   Statistical Analysis 

 Data were expressed as mean ± SD. Statistical analysis was performed using Student 
 t -test when comparing two groups, or ANOVA with Bonferroni’s post hoc test when 
comparing three or more groups. Statistical signifi cance was accepted as  P  < 0.05.   

    37.3   Results 

    37.3.1   High Glucose Suppresses GRP78 Expression in HRP 

 Glucose regulated protein (GRP78), also known as heat shock 70 kDa protein 5 
(hsp70-5 or hspA5) or immunoglobulin heavy chain-binding protein (BiP), is a 
prominent ER chaperone that promotes appropriate protein folding. Pharmaceutical 
induction of GRP78 expression or overexpression of GRP78 gene in the retina pro-
tect retinal ganglion cells and photoreceptors from ER stress-induced apoptosis and 
cell death, suggesting that GRP78 is a cyto-protective factor in retinal cells 
(Gorbatyuk et al.  2010 ; Inokuchi et al.  2008  ) . In the present study, we examined 
expression of GRP78 in HRP after exposure to constant or intermittent high glucose 
for 8 days. We found that GRP78 level was decreased in both constant and intermit-
tent high glucose-treated cells when compared to cells exposed to normal glucose. 
Intermittent glucose induced a more remarkable decrease in GRP78 expression 
when compared to constant high glucose (Fig.  37.1a, b ), indicative of an inhibitory 
effect of high glucose on GRP78 expression.   

    37.3.2   Intermittent But Not Constant High Glucose Activates 
ATF4/CHOP and Increases MCP-1 Secretion in HRP 

 Activating transcription factor 4 (ATF4) and its target gene C/EBP homologous 
protein (CHOP) are important ER stress response genes that trigger infl ammatory 
and apoptotic cascades (Endo et al.  2006  ) . We next determined the effect of high 
glucose on ATF4 and CHOP expression. As both ATF4 and CHOP are transcription 
factors, which translocate into the nucleus when activated, we thus measured the 
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level of ATF4 and CHOP protein in nuclear extract from HRP. We found that ATF4 
and CHOP are expressed at very low level in cells cultured in normal glucose. 
Exposure to constant high glucose did not alter ATF4 or CHOP expression. 
In contrast, intermittent high glucose induced a signifi cant increase in nuclear levels 
of ATF4 and CHOP, suggesting an activation of ER stress in HRP (Fig.  37.1c, d ). 

  Fig. 37.1    Effects of intermittent and constant high glucose on ER stress and MCP-1 secretion in 
HRP. HRP were exposed to constant high glucose (HG), intermittent high glucose (HG-Int), or 
normal glucose (Control) for 8 days. ( a ) GRP78 expression in cells exposed to constant high glu-
cose ( upper panel ) or intermittent high glucose ( lower panel ). Representative blots from three 
independent experiments. ( b ) Quantifi cation of GRP78 expression by densitometry (mean ± SD, 
 n  = 3). ( c ,  d ) Nuclear levels of ATF4 and CHOP evaluated by Western blot analysis and semiquanti-
fi ed by densitometry (mean ± SD,  n  = 3). ( e ) Soluble MCP-1 secreted into the medium measured by 
ELISA (mean ± SD,  n  = 3). * P  < 0.05 vs. control       
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 To determine if induction of ER stress by glucose fl uctuation is associated with 
increased infl ammation, we measured MCP-1 secretion from HRP after treatment 
with constant or intermittent high glucose for 8 days. We found that intermittent 
high glucose induced a signifi cant increase in MCP-1 secretion when compared to 
normal glucose and constant high glucose, while constant high glucose had no effect 
on MCP-1 secretion (Fig.  37.1e ). These results corroborate the changes in ATF4 
and CHOP expression, suggesting that only intermittent, but not constant, high glu-
cose induces ER stress and infl ammatory mediators in HRP.  

    37.3.3   Inhibition of ER Stress by Chemical Chaperones 
Alleviates Infl ammatory Cytokine Expression in HRP 
Exposed to Intermittent High Glucose 

 Sodium 4-phenyl butyrate (PBA) and tauroursodeoxycholic acid (TUDCA) are 
small molecule chaperones that suppress the induction of ER stress (Li et al.  2009a  ) . 
To investigate if ER stress plays a role in glucose fl uctuation-induced infl ammation 
in pericytes, HRP were pretreated with TUDCA or PBA for 8 h, followed by incu-
bation with intermittent high glucose for 8 days. MCP-1 secreted into the medium 
was measured by ELISA. We found that TUDCA and PBA dose dependently 
decreased intermittent high glucose-induced MCP-1 secretion from HRP. Vascular 
endothelial growth factor (VEGF) is a key proinfl ammatory cytokine in the patho-
genesis of vascular leakage and retina neovascularization in diabetic retinopathy (Li 
et al.  2009a  ) . We also measured VEGF expression in HRP by Western blot analysis. 
The results show that VEGF expression was markedly increased by intermittent 
high glucose, and the increase was largely abolished by ER stress inhibitor TUDCA 
and PBA. As CHOP is a key mediator of ER stress-induced infl ammatory response 
and apoptosis, we further examined CHOP expression in HRP treated with TUDCA 
or PBA. We found that TUDCA and PBA effectively suppressed the induction of 
CHOP expression by intermittent high glucose. These results collectively suggest 
that ER stress plays a critical role in glucose fl uctuation-induced infl ammation in 
HRP (   Fig.  37.2 ).    

    37.4   Discussion 

 The endoplasmic reticulum (ER) has long been recognized as a cellular factory for 
protein processing. Intriguingly, emerging evidence suggests that the ER also acts 
as a principal stress sensor that initiates numerous intracellular signaling pathways 
implicated in pathological conditions, such as infl ammation and apoptosis. C/EBP 
homologous protein (CHOP), a target gene of ATF4, is a key mediator of ER stress-
associated infl ammatory and apoptotic processes. Inhibition of CHOP expression 
attenuates infl ammation and prevents caspase activation and apoptotic cascade in 
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cells exposed to LPS or diabetic stressors(Song et al.  2008  ) . Our recent study shows 
that CHOP and ATF4 expression is signifi cantly elevated, accompanied by increased 
retinal infl ammation and vascular leakage, in the retina in diabetic animals (Li et al. 
 2009a  ) . Induction of ER stress is suffi cient to induce infl ammatory cytokine 

  Fig. 37.2    Chemical chaperones ameliorate intermittent high glucose-induced infl ammatory 
cytokine production and CHOP expression. HRP were exposed to intermittent high glucose 
(HG-Int) with or without the chemical chaperones TUDCA and PBA for 8 days. ( a ) Secretion of 
MCP-1 into the medium was measured by ELISA (mean ± SD,  n  = 4). * P  < 0.05 vs. control. 
‡ P  < 0.05 vs. HG-Int. ( b ) Expression of VEGF was determined by Western blot analysis. ( c ) 
Nuclear level of CHOP was determined by Western blot analysis in nuclear extract. Representative 
blots from three independent experiments       
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expression in the retina. Conversely, suppression of ER stress using small molecule 
ER chaperones signifi cantly alleviates diabetes- and ischemia-induced retinal 
infl ammation, suggesting ER stress is a potential mediator of infl ammatory damage 
of retinal cells in diabetic retinopathy. In the present study, we further addressed the 
role of ER stress in high glucose-induced infl ammation in pericytes. We found that 
exposure of HRP to intermittent high glucose induces ATF4 and CHOP activation 
and infl ammatory cytokine expression. Moreover, inhibition of ATF4 and CHOP by 
chemical chaperones largely reversed fl uctuating high glucose-induced VEGF and 
MCP-1 expression. These results suggest that ATF4 and CHOP activation second-
ary to ER stress contributes to pericyte infl ammation in diabetes. 

 Although we have shown that glucose fl uctuation induces ER stress in pericytes, 
the mechanisms underlying the activation of ATF4/CHOP pathway remain poorly 
understood. GRP78 is recognized as a protective factor against ER stress-induced 
infl ammation and cell damage. We found that persistent high glucose for 8 days 
suppressed GRP78 expression, but did not induce ATF4 and CHOP activation. In 
contrast, intermittent exposure to high glucose caused a more marked decrease in 
GRP78 expression, accompanied by increased ATF4 and CHOP expression. The 
association between decreased GRP78 expression and activation of ATF4 and 
CHOP remains to be elucidated. In addition, Ikesugi and associates reported glu-
cose deprivation, but not high glucose, elicits ER stress in rat retinal pericytes 
(Ikesugi et al.  2006  ) . It is possible that the repetitive shift from high glucose to nor-
mal glucose during glucose fl uctuation induces ER stress, while GRP78 suppres-
sion compromises the protein folding capacity of the ER, resulting in exaggerated 
ATF4/CHOP activation and infl ammation in retinal pericytes. In addition, increased 
ATF4/CHOP activation may also contribute to pericyte apoptosis induced by glu-
cose fl uctuation. Future studies are warranted to investigate how ER stress-associated 
apoptotic pathway is implicated in retinal cell death in diabetic retinopathy.      
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     38.1   Introduction 

 Diabetes mellitus (DM) and its retinal complications: DM is a chronic disease that 
has developed into a worldwide epidemic with the number of cases expected to 
reach 300 million by the year 2025. Diabetic retinopathy is a common sequelae of 
both type I (insulin dependent) and type II (insulin independent) diabetes and is the 
most common cause of blindness in working age adults in the United States of 
America (Klein and Klein  2010  ) . Severity of hyperglycemia and duration of the 
disease in addition to hypertension are strong risk factors for the development of 
diabetic retinopathy. Intervention studies have determined that while intensive treat-
ment of diabetes reduced the development of diabetic retinopathy (Group  1993a, 
  1995 ; Group et al.  2008  ) , it was associated with a two to threefold increased risk of 
severe hypoglycemia (Group  1993a  )  as well as an increased risk of mortality from 
cardiovascular disease (Ismail-Beigi et al.  2010  ) . However, the fundamental 
pathophysiological mechanisms that lead to diabetic retinopathy as a consequence 
of hyperglycemia have not been established. Identifying the downstream effectors 
specifi c for the development of retinopathy will allow the therapeutic targeting of 
these pathologies.  
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    38.2   Betacellulin: Structure and Expression 

 Betacellulin (BTC), a member of the epidermal growth factor (EGF) family, was 
originally isolated from the conditioned medium of a mouse pancreatic b-tumor cell 
line (Shing et al.  1993  ) . Mature secreted BTC is a 32-kDa glycoprotein composed 
of 80 amino acid residues (Asp1-Tyr80) generated by cleavage of a 178 amino acid 
membrane-anchored precursor protein (pro-BTC). The carboxyterminal 50-residue 
region of BTC (Arg31-Tyr80) contains the conserved consensus sequence of the 
EGF family of proteins (Miura et al.  2002  ) . Many of EGF family members are pro-
teolytically processed and the active forms of the proteins released from cells. 
Cleavage of the membrane-anchored forms of BTC to release a secreted form occurs 
principally by ADAM-10 (a disintegrin and metalloprotease-10) (Sahin et al.  2004 ; 
Blobel  2005 ; Sanderson et al.  2005 ; Sahin and Blobel  2007  )  as well as endothelin-1 
(Sanderson et al.  2006  ) . 

 Strong BTC mRNA expression has been detected in a number of tissues includ-
ing pancreas, liver, kidney, and small intestine in addition to somewhat lower expres-
sion in heart, lung, liver, skeletal muscle, kidney, prostate, testis, ovary, and colon 
(Sasada et al.  1993 ; Seno et al.  1996  ) . In the eye, BTC protein is synthesized by reti-
nal pigment epithelial, endothelial, and Muller cell lines (Anand-Apte et al.  2010  ) . 
In the pancreas, BTC expression has been localized to islet cell populations closely 
associated with insulin-producing b-cells (Miyagawa et al.  1999  ) .  

    38.3   Biological Function of BTC 

 BTC is unique among members of the EGF family in its ability to regulate pancre-
atic islet physiology. BTC can induce the proliferation of fetal pancreatic cells 
(Sundaresan et al.  1998 ; Demeterco et al.  2000  )  and stimulate the conversion of 
non- b -cells into  b -like insulin-producing cells (Mashima et al.  1996 ; Watada et al. 
 1996 ; Yoshida et al.  2002 ; Li et al.  2005  ) . BTC has the potential to induce the dif-
ferentiation of  b -cells within the islets of embryonic pancreatic explant cultures 
(Huotari et al.  2002  )  and enhance insulin secretion by islet cells (Dahlhoff et al. 
 2009  ) . These properties have led to experiments examining the specifi c  b -cell pro-
liferative properties of BTC in diabetic models. Injection of recombinant BTC sig-
nifi cantly reduced blood glucose levels (Ogata et al.  2004  )  and promoted b-cell 
regeneration (Yamamoto et al.  2000 ; Li et al.  2003  )  and glucose tolerance in strep-
tozotocin-induced diabetic as well as pancreatectomized rats (Li et al.  2001  ) . More 
recently, it has been demonstrated that adenoviral-mediated expression of BTC 
could result in a signifi cant remission of metabolic diabetes following a single treat-
ment (Shin et al.  2008  ) .  
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    38.4   Betacellulin Induces Angiogenesis 

 BTC is a growth factor that signals predominantly via the ErbB1 and ErbB4 receptors, 
but is also capable of binding and activating ErbB1/ErbB2, ErbB1/ErbB3, ErbB1/
ErbB4, ErbB2/ErbB3, and ErbB2/ErbB4 (Alimandi et al.  1997  ) . BTC induces 
angiogenesis via activation of EGF receptors, mitogen-activated protein kinase, and 
phosphatidylinositol 3 ¢ -kinase/Akt in endothelial cells. In addition, BTC stimulates 
the growth and migration of vascular smooth muscle cells (Mifune et al.  2004  )  as 
well as wound healing and associated angiogenesis (Schneider et al.  2008  )  which 
indicates a potential role for this protein in vascular remodeling. Earlier studies have 
reported that overexpression of BTC by hepatocellular carcinoma cells along with 
EGF receptor expression in tumor endothelial cells is correlated with a signifi cantly 
higher microvascular density which suggests that BTC can enhance vascularity via 
a paracrine pathway (Moon et al.  2006  ) .  

    38.5   Role of Betacellulin in the Retina in Diabetes 

 While the general role of BTC in vascular endothelial functions has been studied, its 
specifi c role in the retina is currently unclear. Initial reports of the proliferative effect 
of BTC on RPE cells (Shing et al.  1993 ; Shing and Folkman  1996  )  and its pro-
angiogenic functions suggested that it might play a role in proliferative diabetic 
retinopathy (PDR). We have recently reported that RPE cells, retinal endothelial 
cells, and Muller cells secrete BTC (Anand-Apte et al.  2010  ) . While diabetic mice do 
not demonstrate PDR, they do show increased retinal vascular permeability (Poulaki 
et al.  2002  ) . In addition, we have determined that in a mouse model of diabetes, 
soluble cleaved BTC is increased in the retina and contributes to increased retinal 
vascular permeability (Anand-Apte et al.  2010  ) . ADAMs and ADAM-10 in particu-
lar have been recently reported to be novel regulators of vascular permeability (Shing 
et al.  1993 ; Ponnuchamy and Khalil  2008 ; Schulz et al.  2008  ) . The cleavage of 
membrane-anchored forms of BTC to release a secreted form occurs principally by 
ADAM-10 (a disintegrin and metalloprotease-10) (Sahin et al.  2004 ; Blobel  2005 ; 
Sanderson et al.  2005 ; Sahin and Blobel  2007  ) . Our recent studies show that ADAM-
10 is increased concomitantly with cleaved soluble BTC in the retinas of diabetic 
mice as well as humans (Anand-Apte et al.  2010  ) . Intravitreous injection of soluble 
BTC resulted in a dramatic increase of retinal vascular permeability and retinal hem-
orrhage in mice with a potency similar to that obtained with vascular endothelial 
growth factor (VEGF). Thus, BTC is a potent permeability factor that could play a 
critical role in the development of increased retinal vascular permeability in diabetic 
retinopathy and be a potential therapeutic target in this disease.  
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    38.6   Future Vision 

 The pancreatic b-cell inducing properties of BTC make it a viable candidate for 
gene therapy in diabetes to increase insulin secretion in patients with diabetes (Chen 
et al.  2007 ; Shin et al.  2008 ; Kodera et al.  2009 ; Yechoor et al.  2009  ) . However, our 
studies indicate that BTC also has properties of increasing retinal vascular leakage 
that could contribute to the development of diabetic retinopathy. It is possible that 
there may be unique signaling pathways utilized by BTC in the pancreas and retina 
that could be targeted to inhibit the deleterious effects of BTC in the retina. The 
ability to treat retinal diseases locally vs. systemically may be another approach to 
address this issue. In the meanwhile, it will be prudent to proceed with caution 
with regard to the use of BTC as a therapy for the metabolic symptoms of diabetes 
and ensure careful long-term monitoring of the retinal health status of any patients 
 participating in trial studies.      
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     39.1   Introduction 

 Choroidal blood circulation is responsible for approximately 80% of blood supplies 
to the eye. Abnormality in choroidal vascular system and its interaction with the 
RPE is associated with many ocular diseases, such as age-related macular degenera-
tion (AMD), the number one cause of blindness in people over 65 years of age in the 

    M.   Zhu   •     Y.   Bai  
     Department of Medicine Endocrinology ,  University of Oklahoma Health Sciences Center , 
  Oklahoma City ,  OK   73104 ,  USA  

   Harold Hamm Oklahoma Diabetes Center ,  University of Oklahoma Health Sciences Center , 
  Oklahoma City ,  OK   73104 ,  USA    

    L.   Zheng  
     Department of Ophthalmology ,  University of Oklahoma Health Sciences Center ,   Oklahoma City , 
 OK   73104 ,  USA  

   Dean A. McGee Eye Institute ,   Oklahoma City ,  OK   73104 ,  USA    

    Y.-Z.   Le   (*)
     Department of Medicine Endocrinology ,  University of Oklahoma Health Sciences Center , 
  Oklahoma City ,  OK   73104 ,  USA  

   Harold Hamm Oklahoma Diabetes Center ,  University of Oklahoma Health Sciences Center , 
  Oklahoma City ,  OK   73104 ,  USA  

   Dean A. McGee Eye Institute ,   Oklahoma City ,  OK   73104 ,  USA  

   Departments of Cell Biology ,  University of Oklahoma Health Sciences Center , 
  Oklahoma City ,  OK   73104 ,  USA    
e-mail:  Yun-Le@ouhsc.edu   

    Chapter 39   
 Presence of RPE-Produced VEGF 
in a Timely Manner Is Critical to Choroidal 
Vascular Development       

       Meili   Zhu   ,    Yanyan   Bai   ,    Lixin   Zheng   , and    Yun-Zheng   Le            

M.M. LaVail et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 
Medicine and Biology 723, DOI 10.1007/978-1-4614-0631-0_39, 
© Springer Science+Business Media, LLC 2012



300 M. Zhu et al.

United States. Information regarding choroidal vascular development may yield 
mechanistic insights about ocular diseases with defects in choroidal vasculatures. 
Unfortunately, at present little is known about the regulatory mechanisms of chor-
oidal vascular development. Previous studies suggest that RPE-produced vascular 
endothelial growth factor (VEGF) may be involved in the development of choroidal 
vessels (Gogat et al.  2004 ; Marneros et al.  2005 ; Yi et al.  1998 ; Zhao and Overbeek 
 2001  ) . We therefore took advantage of our inducible RPE-specifi c VEGF knockout 
(KO) mice and determined the temporal requirement of the RPE-produced VEGF in 
choroidal vascular development. In this chapter, we discuss the results and conclu-
sion of this study. In addition, we report an improved procedure to evaluate choroi-
dal vascular density in mice, which is more advantageous than our methodology 
published previously (Le  2010  ) .  

    39.2   Methods 

    39.2.1   Animal Experiments 

 All experiments that utilized animals were performed according to the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research and were 
approved by Institutional Animal Care and Use Committee at the University of 
Oklahoma Health Sciences Center. Electroretinography (ERG) and doxycycline 
(dox) induction for RPE-specifi c VEGF KO were performed as described previ-
ously (Le et al.  2010  ) .  

    39.2.2   Quantifi cation of Choroidal Vascular Density 

 Choroidal vascular density was estimated with images generated either by immu-
nostaining with anti-CD31 antibody or by perfusion with fl uorescein isothiocyanate 
(FITC)-conjugated concanavalin A. Immunostaining of choroidal vessels with anti-
CD31 antibody was performed as described previously (Le  2010  ) . For perfusion 
with FITC-concanavalin A, we adopted a procedure commonly used in the analysis 
of leukostasis in diabetic mice (Wang et al.  2010  ) . Briefl y, after deep anesthetiza-
tion, the animals were perfused with 10 mL of phosphate saline buffer (PBS) con-
taining heparin (0.1 mg/mL) through the left ventricle. The animals were then 
perfused with FITC-concanavalin A (20  m g/mL in PBS; pH 7.4; 5 mg/kg body 
weight) to label choroidal endothelial cells. Excessive unbound lectin was then 
removed by perfusion with another 10 mL of PBS. The eyeballs were removed and 
fi xed in 4% paraformaldehyde for 1 h. Choroids were then dissected and fl at-
mounted. For pigmented animals, the dissected choroids were treated with 0.25% 
trypsin/EDTA at 37°C for 1 h. Pigments were brushed off by a human hair loop before 
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mounting. Images of choroidal vessels were obtained by fl uorescent microscopy. 
Choroidal vascular densities were quantifi ed with Adobe Photoshop Software as 
described previously (Le  2010  ) . In this process, images were converted to black–white 
ones that were used to calculate the density of choroidal vessels in two dimensions.   

    39.3   Results 

    39.3.1   Choroidal Vascular Density 

 A previous study demonstrated that the loss of the RPE-produced VEGF at embryonic 
day 10 (E10) caused dramatic defects, including absence of choriocapillaris, occur-
rence of microphthalmia, and complete loss of visual function (Marneros et al.  2005  ) . 
To determine the temporal requirement of the RPE-produced VEGF in choroidal 
vascular development, we generated tetracycline-inducible RPE-specifi c VEGF KO 
mice. Using a semiquantitative procedure, we examined the choroidal vascular den-
sity in conditional VEGF KO mice after dox induction at various time points during 
embryonic development. Inducing VEGF disruption in the RPE with dox at E10-12 
resulted in 31 and 21% reduction in the density of choroidal capillaries and large 
vessels, respectively (Le et al.  2010  ) . Dox induction at E13-15 in conditional VEGF 
KO mice caused 20 and 9% reduction in the density of choroidal capillaries and large 
vessels, respectively (Le et al.  2010  ) . Dox induction at E16-18 or anytime afterward 
did not have any apparent effect on choroidal vascular density in conditional VEGF 
KO mice (Le et al.  2010  ) . These results suggest that the RPE-produced VEGF is 
required for choroidal vascular development during early organogenesis.  

    39.3.2   Retinal Integrity 

 As a result of defects in the development of choroidal vasculature, the conditional 
VEGF KO mice with dox induction at E10-12 demonstrated a reduction in photore-
ceptor function and outer nuclear layer (ONL) thickness. Dox induction at E10-12 
caused 39 and 41% of reduction in scotopic ERG a-wave and b-wave amplitudes, 
respectively (Le et al.  2010  ) . As expected, there was a 25% reduction in photorecep-
tor ONL thickness in these conditional VEGF KO mice. Dox induction at E13-15 
caused 34 and 17% of reduction in scotopic ERG a-wave and b-wave amplitudes in 
conditional VEGF KO mice, with a marginal reduction (7%) in photoreceptor ONL 
thickness (Le et al.  2010  ) . No signifi cant change in photoreceptor function and ONL 
thickness was observed in conditional VEGF KO mice if dox induction occurred 
after E15 (Le et al.  2010  ) . However, we did not detect any development defects in 
the RPE and retinal vasculature of the conditional VEGF KO mice with dox induc-
tion at any time during organogenesis (Le et al.  2010  ) .   
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    39.4   Discussion 

 Previous studies suggest that fi broblast growth factors (FGFs) and VEGF are major 
factors involved in the development of choroidal vasculature (Gogat et al.  2004 ; 
Rousseau et al.  2003 ; Yi et al.  1998 ; Zhao and Overbeek  2001  ) . Upregulation of 
VEGF and its receptors in the RPE and the underlying mesenchyme in mammals 
has been observed during development (Gogat et al.  2004 ; Yi et al.  1998 ; Zhao and 
Overbeek  2001  ) . A high level of VEGF expression in the RPE from E10.5 until at 
least P7 in mice (Saint-Geniez et al.  2006 ; Zhao and Overbeek  2001  )  has led to the 
assumption that the RPE-produced VEGF is required for choroidal development 
and maturation in this entire period. To our surprise, RPE-produced VEGF is not 
required for the development or maturation of choroidal vasculature after early 
organogenesis. This result, along with that from a previous study (Marneros et al. 
 2005  ) , suggests that the RPE-produced VEGF is required for the formation of chor-
oidal vasculature from the beginning of ocular vascular development to embryonic 
day 15. This time frame is inline with a previous fi nding suggesting that FGF-2 may 
be required for choroidal vascular development after E12.5 (Rousseau et al.  2003  ) . 
However, disruption of both FGF-1 and FGF-2 did not result in any apparent defect 
in choroidal vasculature (Miller et al.  2000  ) . These observations support the notion 
that FGF-1 and FGF-2 may exert their functions synergistically with VEGF. In this 
case VEGF may play a more prominent role in early choroidal vascular develop-
ment. The identity of other growth factor(s) responsible for the maturation of 
choroidal vessels after E15 is not clear. 

 As the development of rod    photoreceptor cells occurs after early organogenesis 
in mice (Cepko et al.  1996  ) , the reduced scotopic ERG amplitudes and photo-
receptor ONL thickness in E10-15 induced conditional VEGF KO mice are likely 
secondary defects to choroidal vascular abnormality. By controlling the inducible 
disruption of VEGF after organogenesis, we can generate a mouse model of VEGF-
null in the RPE with no apparent developmental defects in the eye. Therefore, this 
animal model may be useful for addressing the postdevelopmental function of the 
RPE-produced VEGF and for investigating the relationship between the RPE and 
choroidal vasculature, which is important to the understanding of pathogenic mech-
anisms of AMD. 

 A major challenge in choroidal vascular biology is the diffi culties in imaging/
analyzing the density of mouse choroidal vessels. We previous developed a method 
for quantifying choroidal vascular density with immunostained choroid fl at-mounts 
(Le  2010  ) . We have since modifi ed our methodology. In our hands, the method 
described in this chapter is more advantageous. In the new procedure, we labeled 
the choroidal vessels through the perfusion of fl uorescently labeled concanavalin 
A in mice, which gave a more uniform staining pattern for choroidal vessels. As a 
result, we were able to demonstrate a much clearer image for choroidal vessels from 
pigmented mice (Fig.  39.1 ). Moreover, this procedure is more reproducible and can 
be completed in a shorter time.       
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     40.1   Introduction 

 Choroidal neovascularization (CNV) leads to subretinal hemorrhages, exudative 
lesions, serous retinal detachment, and disciform scars in patients with age-related 
macular degeneration (AMD) (Bressler et al.  1998  ) . Vascular endothelial growth 
factor (VEGF), a pro-angiogenic factor, plays a major role in the development of 
CNV (Spilsbury et al.  2000  ) . Recently, anti-VEGF treatment for patients with AMD 
has developed and reported good results (Krzystolik et al.  2002 ; Rosenfeld et al. 
 2006  ) . However, there are many problems, such as repeated intravitreal injections, 
side effects (Pilli et al.  2008  ) , suppression of the important physiological VEGF 
function (Alon et al.  1995  ) , and further not all patients respond well to this therapy 
(Lux et al.  2007  ) . Vasohibin-1 is a VEGF-inducible gene in human cultured endothe-
lial cells (ECs) with antiangiogenic properties (Watanabe et al.  2004 ; Sonoda et al. 
 2006  ) . Vasohibin-1 is induced by several pro-angiogenic factors such as VEGF and 
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basic fi broblast growth factor (bFGF) (Watanabe et al.  2004  ) . We showed that the 
vasohibin-1/VEGF ratio might play a role for clinical signifi cance of CNV in 
patients with AMD using surgically excised CNV membranes (Wakusawa et al. 
 2008  ) . The membranes included not only ECs but also retinal pigment epithelium 
(RPE). In this report, we examined the effects of vasohibin-1 on RPE.  

    40.2   Methods 

    40.2.1   RPE Preparation 

 We used commercially available rat RPE cell line, RPE-J. RPE-J was cultured in 
DMEM/F-12 medium with 4% fetal bovine serum (FBS; Sigma, St. Louis MO) with 
5% CO 

2
  supply at 33°C. Human vasohibin-1 cDNA with antineomycin gene vector 

was transduced into RPE-J as we previously reported (Abe et al.  2008  ) . Cells that 
were stably introduced the vector were selected by antibiotics. We selected 18 clones 
on both vasohibin-1 cDNA and only vector-transduced RPE-Js. Cobalt chloride 
(100–300  m M) and low glucose (0–100  m M) and oxygen supply (2%) were used for 
hypoxic stress. Vasohibin-1 was supplied from Shionogi and Co. Ltd, Osaka, Japan 
and VEGF and other chemicals were purchased from Wako (Tokyo Japan).  

    40.2.2   Real-Time RPE Impedance Analysis and MTS Assay 

 Dynamic cellular biology of the cultured RPE was monitored using Real-Time Cell 
Analyzer (RTCA), xCELLigence System (Roche Applied Science, Mannheim, 
Germany). The system evaluates cellular events in real time measuring electrical 
impedance at an electrode/solution interface at the bottom of cell culture plates. The 
system provides cell number, viability, morphology, and adhesion described as Cell 
Index (CI). RPE proliferation was also evaluated by 3-(4, 5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) 
assay, and counting cell number for each condition.  

    40.2.3   Extraction of mRNA, cDNA Generation, 
Reverse-Transcriptase, and Real-Time 
Polymerase Chain Reaction (RT-PCR) 

 mRNA was extracted and cDNAs were generated from the cells according to the 
manufacturer’s instructions (Pharmacia Biotech Inc., Uppsala, Sweden). 
Semiquantitative real-time PCR was carried out by the primer sets described below 
(LightCycleST300:Roche, Basel, Swiss). The sequences were 5 ¢ -TCT GCT CTC 
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TTG GGT GCA AT-3 ¢ and 5 ¢ -TTC CGG TGA GAG GTC CGG TT-3 ¢  for VEGF, 
5 ¢ -GAT TCC CAT ACC AAG TGT GCC-3 ¢  and 5 ¢ -ATG TGG CGG AAG TAG 
TTC CC-3 ¢ for vasohibin-1, and 5 ¢ -CATCACCATCTTCCAGGAGC-3 ¢  and 
5 ¢ -CATGAGTCCTTCCACGATACC-3 ¢  for GAPDH. All data were normalized to 
the GAPDH expression level, thus giving the relative expression level.  

    40.2.4   Western Blot Analysis for Vasohibin-1 and VEGF 

 Cells were collected and used for western blotting analysis after sonication, as we 
reported previously (Abe et al.  2008  ) . Cells were washed in ice-cold Dalbecco’s 
phosphate buffered saline (DPBS) 3 times, and then immediately sonicated in lysis 
buffer. After blotting on Immune-Blot PVDF Membrane (BIO-RAD Laboratories, 
CA), it was incubated overnight in mouse antivasohibin-1 or anti-VEGF antibody 
(Santa Cruz) at 4°C and visualized using an enhanced chemiluminescence system 
(ECL Plus, GE Healthcare) according to the manufacturer’s instructions.   

    40.3   Results 

    40.3.1   Vasohibin-1 Expression 

 Vasohibin-1 expression in the RPE was confi rmed by real-time PCR and western 
blot analysis. When we cultured the cells with cobalt chloride, a pseudo-hypoxic 
condition, or low oxygen (2%), 1% serum, and no glucose, gradual upregulation of 
VEGF gene was observed with 100- m M cobalt chloride (Fig.  40.1a ). Conversely, 
statistically signifi cant low vasohibin-1 expression was observed with 100- m M 
cobalt chloride at more than 12-h culture when compared to those of standard cul-
ture or less than 6-h culture (Fig.  40.1b ). Western blot analysis showed that vaso-
hibin-1 expression seemed to be downregulated at more than 36-h culture with 
100- m M cobalt chloride (Fig.  40.1c ).   

    40.3.2   RPE Dynamics and Proliferation by Vasohibin-1 

 An RTCA was used to monitor dynamic changes in the properties of RPE cells during 
the culture. The parameter of CI shows cell viability, number, morphology, and 
adhesion to the bottom of the plates. When we cultured the cells under standard 
condition as described above, we found no difference of CI even though we added 
VEGF (Fig.  40.2a ) and/or vasohibin-1 (Fig.  40.2b ). When we added VEGF (0.2–10 nM) 
in the culture medium at 2% oxygen, 1% serum, and no glucose, we found that 
VEGF enhanced CI (Fig.  40.2c ). Statistically signifi cant difference was observed 
when we cultured the cells more than 15 h after treatments with 1 and 2-nM VEGF. 
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  Fig. 40.2    Cell Index of RTCA shows that VEGF enhanced CI at hypoxic condition ( a ), conversely 
vasohibin-1 reduced CI only at hypoxic condition ( b ). The results were not observed at normal 
condition       

  Fig. 40.1    Real-time PCR of VEGF ( a ) and vasohibin-1 ( b ) genes is shown. VEGF gene was 
upregulated in RPE-J with cobalt chloride during successive culture whereas vasohibin-1 gene was 
suppressed. Western blot analysis ( c ) shows decreased vasohibin-1 expression at the condition       

 

 



30940 Vasohibin-1 and Retinal Pigment Epithelium

Conversely, when we applied vasohibin-1 (0.2–10 nM) in the culture medium at 2% 
oxygen, 1% serum, and no glucose, we found that vasohibin-1 showed lower CI 
(Fig.  40.2d ). Statistically signifi cant difference was observed at 2-nM vasohibin-1. 
Vasohibin-1 application also showed statistically signifi cant small cell number 
either 300- m M cobalt chloride or 2% oxygen, 1% serum, and no glucose. When we 
performed MTS assay, statistically signifi cant less cell proliferation was also 
observed at these indicated conditions. When we examined the apoptotic cells, there 
was no signifi cant difference. Human vasohibin-1 gene-transduced RPE-J showed 
statistically signifi cant less VEGF expression when compared to those of vector-
transduced cell by real-time PCR and western blot analysis (Fig.  40.3a, b ).     

    40.4   Discussion 

 Vasohibin-1 is an endogenous antiangiogenic agent that is induced by variable pro-
angiogenic factors such as VEGF and bFGF. Vasohibin-1 was reported to inhibit the 
sprouting of new vessels and to support vascular maturation processes (Kimura 
et al.  2009  ) . These antiangiogenic properties were detected after recombinant vaso-
hibin-1 was used for corneal and retinal neovascularization (Watanabe et al.  2004  ) . 
We have found that vasohibin-1 is expressed on ECs of choroidal and retinal ves-
sels, human CNV membranes (Wakusawa et al.  2008  ) , and proliferative membranes 
of diabetic retinopathy (Sato et al.  2009  ) . In addition, we suggested that the vaso-
hibin-1/VEGF ratio was related to the activity of the CNV (Wakusawa et al.  2008  ) . 
RPE is known for secreting VEGF from its basal side to choriocapillaris direction 
and performs important function for the survival of the vascular ECs and nonvascu-
lar cells developmentally and also in adults (Alon et al.  1995  ) . This mechanism also 
maintains low VEGF concentration at subretinal space (Peng et al.  2010  ) . Because 
of this specifi c function, we examined the correlation of vasohibin-1 and VEGF on 
RPE. From the results of present study, vasohibin-1 was expressed in RPE and the 

  Fig. 40.3    Human vasohibin-1 gene was transduced into RPE-J. We selected 18 clones on both 
vasohibin-1 gene transduced and only vector-transduced RPE-J. Statistically signifi cant less VEGF 
gene expression was observed in vasohibin-1 gene-transduced cDNA when compared to that of 
vector-transduced cDNA ( a ). Western blot analysis also showed comparable results ( b )       
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expression was suppressed under hypoxic condition in RPE-J. Vasohibin-1 was also 
suspected to inhibit VEGF function of rat RPE. Interestingly, these results were 
observed only at hypoxic conditions and not in standard culture condition. Together 
with the previous reports, these results may show that vasohibin-1 may not suppress 
physiological VEGF function. External vasohibin-1 may participate as one of the 
molecules that suppress the pathological CNV. 

 In summary, we examined vasohibin-1 expression in rat RPE and the effects under 
normal or hypoxic condition. Vasohibin-1 expression was suppressed under hypoxic 
conditions. External vasohibin-1 plays an important role on RPE, especially in 
hypoxic condition, and suppresses VEGF function on rat RPE.      

  Acknowledgments   This study was supported in part by grants from Grants-in-Aid for Scientifi c 
Research 20592030, 21592214 from the Japan Society for the Promotion of Science, Chiyoda-ku, 
Tokyo, Japan and Suzuken Memorial Foundation.  

   References 

    Abe T, Wakusawa R, Seto H et al (2008) Topical doxycycline can induce expression of BDNF 
in transduced retinal pigment epithelial cells transplanted into the subretinal space. Invest 
Ophthalmol Vis Sci 49: 3631–3639  

    Alon T, Hemo I, Itin A et al (1995) Vascular endothelial growth factor acts as a survival factor for 
newly formed retinal vessels and has implications for retinopathy of prematurity. Nat Med 1:
1024–1028  

    Bressler NM, Bressler SB, Fine SL (1998) Age-related macular degeneration. Surv Ophthalmol 32: 
375–413  

    Kimura H, Miyashita H, Suzuki Y et al (2009) Distinctive localization and opposed roles 
of vasohibin-1 and vasohibin-2 in the regulation of angiogenesis. Blood 113: 4810–4818  

    Krzystolik MG, Afshari MA, Adamis AP et al (2002) Prevention of experimental choroidal neo-
vascularization with intravitreal anti-vascular endothelial growth factor antibody fragment. 
Arch Ophthalmol 120: 338–346  

    Lux A, Llacer H, Heussen FMA et al (2007) Non-responders to bevacizumab (Avastin) therapy of 
choroidal neovascular lesions. Am J Ophthalmol 91: 1318–1322  

    Peng S, Adelman RA, Rizzolo LJ (2010) Minimal effects of VEGF and anti-VEGF drugs on the 
permeability or selectivity of RPE tight junctions. Invest Ophthalmol Vis Sci 51: 3216–33225  

    Pilli S, Kotsolis A, Spaide RF et al (2008) Endophthalmitis associated with intravitreal anti-vascular 
endothelial growth factor therapy injections in an offi ce setting. Am J Ophthalmol 145: 879–882  

    Rosenfeld PJ, Brown DM, Heier JS et al (2006) MARINA Study Group. Ranibizumab for 
 neovascular age-related macular degeneration. N Engl J Med 355: 1419–1431  

    Sato H, Abe T, Wakusawa R et al (2009) Vitreous levels of vasohibin-1 and vascular endothelial 
growth factor in patients with proliferative diabetic retinopathy. Diabetologia 52: 359–361  

    Sonoda H, Ohta H, Watanabe K et al (2006) Multiple processing forms and their biological activities 
of a novel angiogenesis inhibitor vasohibin. Biochem Biophys Res Commun 342: 640–646  

    Spilsbury K, Garrett KL, Shen WY et al (2000) Overexpression of vascular endothelial growth 
factor (VEGF) in the retinal pigment epithelium leads to the development of choroidal neovas-
cularization. Am J Pathol 157: 135–144  

    Wakusawa R, Abe T, Sato H et al (2008) Expression of vasohibin, an antiangiogenic factor, in 
human choroidal neovascular membranes. Am J Ophthalmol 146: 235–243  

    Watanabe K, Hasegawa Y, Yamashita H et al (2004) Vasohibin as an endothelium-derived negative 
feedback regulator of angiogenesis. J Clin Invest 114: 898–907      



     Part V 
  Genotype/Phenotype         



313
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     41.1   Introduction 

 The inherited retinal dystrophies, including retinitis pigmentosa, Leber congenital 
amaurosis, cone-rod dystrophy, and others, are a remarkably heterogeneous group 
of blinding disorders displaying both genetic and phenotypic diversity. They encom-
pass a spectrum of diseases all resulting in photoreceptor loss and eventual blind-
ness, but differ in age of onset, severity, cone- or rod-predominance, and associated 
fi ndings. Some forms of disease are syndromic while other forms are retina-specifi c. 
Over 150 different genes have been implicated to date in all inherited retinal dystro-
phies, and retinitis pigmentosa alone is caused by over 40 genes, many displaying 
allelic heterogeneity, and some demonstrating both dominant and recessive modes 
of inheritance (RetNet;   http://www.sph.uth.tmc.edu/retnet/    ). 

 Certain genetic causes of retinal degeneration appear particularly prone to vari-
able expressivity. For example, many instances of extreme phenotypic variability 
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have been reported for mutations in RPGR (retinitis pigmentosa GTPase regulator), 
which causes over 70% of X-linked RP in addition to cone and cone-rod dystrophy 
and atrophic macular dystrophy (Ayyagari et al.  2002 ; Demirci et al.  2002 ; Yang 
et al.  2002  ) . RPGR localizes to the connecting cilium in photoreceptors and is 
thought to play a role in protein transport (Roepman et al.  2000 ; Hong et al.  2003 ; 
Khanna et al.  2005  ) . Until recently, the “GTPase regulator” function of RPGR was 
largely speculative, but recent evidence shows that RPGR interacts with the GTPase 
RAB8A and that disease-causing mutations in RPGR disrupt this interaction 
(Murga-Zamalloa et al.  2010  ) . X-linked RP demonstrates marked variable expres-
sivity among both affected males, who demonstrate a wide range of severity, and 
female carriers, who may or may not have clinical symptoms (Souied et al.  1997 ; 
Grover et al.  2000  ) . In addition, there have been multiple reports of diagnoses of 
both X-linked retinitis pigmentosa and cone-rod dystrophy within the same family 
(Keith et al.  1991 ; Walia et al.  2008  ) . 

 Some of the observed phenotypic diversity is undoubtedly due to considerable 
allelic heterogeneity: over 100 different RPGR mutations have been found to date in 
families with X-linked retinitis pigmentosa (XlRP) (Human Gene Mutation Database; 
  http://www.hgmd.cf.ac.uk/    ). However, the same mutation often results in varying 
degrees of clinical severity, and sometimes different diagnoses, both across families 
and within families. This variable expressivity suggests the presence of either genetic 
or environmental modifi ers, or both, playing a substantial role in disease expression. 

 This study aimed to categorize the clinical diversity in a cohort of 98 affected 
males from 56 families with RPGR mutations, and to test candidate modifi er genes 
for association with disease severity. Ninety-eight affected males with 44 different 
RPGR mutations were included. Candidate modifi er genes were chosen according 
to the following criteria: (1) the protein is known to interact with RPGR, (2) the 
protein has polymorphic amino acid substitutions, and (3) the gene contains known 
retinal disease-causing mutations. Based on these criteria, coding SNPs in RPGR-
interacting protein 1 (RPGRIP1) (Boylan and Wright  2000 ; Dryja et al.  2001  ) , 
RPGRIP1-like (RPGRIP1L) (Arts et al.  2007 ; Delous et al.  2007 ; Khanna et al. 
 2009  ) , centrosomal protein 290 kDa (CEP290) (den Hollander et al.  2006 ; Sayer 
et al.  2006 ; Baala et al.  2007  ) , and IQ motif containing B1 (IQCB1 aka nephrocys-
tin-5) (Otto et al.  2005  )  were chosen for analysis. This study describes and catego-
rizes phenotypic severity in a cohort of 98 males with RPGR mutations and reports 
two SNPs in candidate modifi er genes associated with disease severity.  

    41.2   Materials and Methods 

    41.2.1   Patients and Clinical Assessment 

 This study was performed in accordance with the Declaration of Helsinki and 
informed consent was obtained from all participants. The research was approved by 
the Committees for Protection of Human Subjects at the University of Texas Health 

http://www.hgmd.cf.ac.uk/
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Science Center at Houston and the University of Texas Southwestern Medical 
Center. Ninety-eight affected males from 56 families were enrolled. Clinical assess-
ment included manifest refraction and best-corrected visual acuity, Humphrey 
visual fi elds, frequency domain optical coherence tomography, dark-adapted thresh-
old, full-fi eld electroretinogram, and multifocal electroretinogram. 

 Fifty-four of the 98 affected males had 3 or more visits at least 1 year apart. For 
these individuals, log cone 31 Hz fl icker ERG amplitude was plotted as a function 
of patient age and linear regression analysis was used to determine the predicted 
amplitude at age 18 (Berson et al.  1985 ; Birch et al.  1999 ; Berson  2007  ) . The 54 
patients with multiple visits were characterized as grade 1 (mild), grade 2 (moder-
ate), or grade 3 (severe) based on the derived cone 31 Hz fl icker ERG amplitude at 
age 18, supplemented by Humphrey visual fi elds. Supplementary measures, along 
with cone ERG amplitude, were also used to characterize the 44 patients with a 
single visit. Criteria used to categorize patients as grade 1, 2, or 3 are summarized 
in Table  41.1 .   

    41.2.2   Genotyping Candidate Modifi er Loci 

 Blood samples were collected in EDTA-coated tubes, and DNA was extracted using 
the Gentra Puregene blood kit (Qiagen, Valencia, CA). DNA sequences containing 
SNPs of interest were amplifi ed from 37.5 ng genomic DNA per reaction with either 
AmpliTaq Gold 360 (Applied Biosystems) or PyroMark PCR Kit (Qiagen). The 
PyroMark PCR reactions included two specifi c primers, one of which contained an 
M13 tail, and a universal biotinylated M13 primer, as described by Guo and Milewicz 
 (  2003  ) . PCR conditions for PyroMark reactions were as follows: 95°C for 15 min, 
45 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s, followed by extension 
at 72°C for 10 min. Reactions were run on a PSQ HS 96A Instrument (Qiagen).  

    41.2.3   Data Analysis 

 Family-based association testing was performed using the DFAM procedure in 
PLINK (  http://pngu.mgh.harvard.edu/purcell/plink/    ) (Purcell et al.  2007  ) . As this 

   Table 41.1    Males with XlRP were divided into grades 1, 2, and 3 according to the clinical criteria 
shown in the table   

 Severity  ERG  Visual fi eld 

 Grade 1   ³ 10  m V 30 Hz fl icker in teens (1–5  m V in 30s)  Good central 30° fi eld sensitivity 
 Grade 2  1–5  m V 30 Hz fl icker in teens  Marked central fi eld constriction; 

some sensitivity beyond 20° 
 Grade 3  <1  m V 30 Hz fl icker in teens/20s  Marked central fi eld constriction 

http://pngu.mgh.harvard.edu/purcell/plink/
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analysis requires a dichotomous phenotype, patients with grade 1 or 3 RP were 
compared, while patients with grade 2 RP were excluded.   

    41.3   Results 

    41.3.1   Phenotypic Heterogeneity Between and Within Families 

 Ninety-eight affected males from 56 families with mutations in RPGR were ascer-
tained and categorized as grade 1 (mild), 2 (moderate), or 3 (severe) according to 
the clinical criteria in Table  41.1 . The cohort included 21 grade 1, 34 grade 2, and 
43 grade 3 affected males. RPGR mutations have historically been fully penetrant 
in the hemizygous state, consistent with the absence of known nonpenetrance in our 
cohort. Representative fundus photos, ERGs, and visual fi elds from each category 
are shown in Fig.  41.1 . Most pedigrees were too small to assess intrafamilial pheno-
typic variability. However, Fig.  41.2  shows one of the largest pedigrees in the study, 
which demonstrated marked phenotypic heterogeneity.    

    41.3.2   Modifi er SNPs 

 Coding SNPs with MAF  ³  2% in RPGRIP1, RPGRIP1L, CEP290, and IQCB1 
(a.k.a. NPHP5) were sequenced in the cohort of 98 affected males and in 99 avail-
able family members. Family-based association testing was performed using the 

  Fig. 41.1    Shown are OCT scans, ffERGs, fundus photos, and visual fi elds from representative 
mild (grade 1), moderate (grade 2), and severe (grade 3) males from families enrolled in this study       
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DFAM test in PLINK (Purcell et al.  2007  )  comparing individuals with grade 1 
(mild) and grade 3 (severe) RP. Two coding SNPs showed signifi cant association: 
rs1141528 (I393N) in IQCB1 and rs2302677 (R744Q) in RPGRIP1L (Table  41.2 ). 
In IQCB1, the minor allele (asparagine) at position 393 was associated with more 
severe disease ( p  = 0.044). In RPGRIP1L, the common allele (arginine) at position 
744 was associated with more severe disease ( p  = 0.049).    

    41.4   Discussion 

 This study described and categorized the clinical diversity in a cohort of 98 affected 
males from 56 families with RPGR mutations, and demonstrated association in the 
cohort between severe disease and coding SNPs in two proteins known to interact 

  Fig. 41.2    A large pedigree with XlRP is shown with phenotypic variability. 1 = grade1, 2 = grade 
2, 3 = grade 3       

   Table 41.2    The results of the family-based association testing are shown   

 Gene  SNP   p  value 

 RPGRIP1  P96Q  0.622 
 K192E  0.367 
 A547S  0.684 
 E1033Q  0.294 

 RPGRIP1L  A229T  0.564 
 R744Q   0.049  
 G1025S  0.523 
 D1264N  0.920 

 CEP290  K838E  0.698 
 L906W  NA 

 IQCB1  I393N   0.044  
 C434Y  0.977 

  Coding SNPs that were sequenced in the 98 affected males are shown with 
their respective  p  values calculated using the DFAM procedure in PLINK. 
 p  values <0.05 are shown in bold  
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with RPGR. In IQCB1, residue 393 lies in one of two calmodulin-binding domains, 
and interaction between IQCB1 and calmodulin has been previously demonstrated 
(Otto et al.  2005  ) . Studies have shown that calmodulin is an important modulator of 
the cGMP-gated cation channel in rods (Chen et al.  1994  ) . IQCB1 I393N is a pre-
dicted benign variant by PolyPhen-2 (Adzhubei et al.  2010  ) . In RPGRIP1L, residue 
744 lies in the linker region between two C2 domains and is predicted to be proba-
bly damaging by PolyPhen-2 (Delous et al.  2007 ; Adzhubei et al.  2010  ) . 

 There have been three prior reports of coding SNPs in cilia proteins acting as 
genetic modifi ers in ciliopathies. In a group of 602 patients with various syndromic 
ciliopathies caused by mutations in different genes, the threonine allele at the A229T 
coding SNP in RPGRIP1L was associated with increased frequency of retinopathy 
as part of the syndromic phenotype (Khanna et al.  2009  ) . Furthermore, the authors 
demonstrated that the associated protein variant disrupted binding of RPGRIP1L to 
RPGR. Of note, the A229T SNP was sequenced in our cohort, but no association 
with disease severity was found. A similar modifying effect was found in nephro-
nophthisis, a hereditary fi brocystic renal disease with variable retinopathy most 
commonly caused by mutations in NPHP1. In a group of 306 patients with nephro-
nophthisis, the minor allele at a coding SNP in AHI1, a cilia protein that interacts 
with NPHP1, was associated with increased frequency of retinopathy (Louie et al. 
 2010  ) . The same variant in AHI1 was also found to be associated with neurologic 
symptoms in nephronophthisis (Tory et al.  2007  ) . As there are no reports of direct 
interaction between AHI1 and RPGR, SNPs in AHI1 were not included in our study. 

 Genetic modifi ers achieve a remarkable genetic phenomenon: the generation of 
a complex genetic trait superimposed on an underlying Mendelian trait. Discovery 
of modifi er genes leads to new investigations in the biology of disease and in poten-
tial therapeutics. In addition, genotyping modifi er loci in patients may have prog-
nostic utility. This study and future studies of retinitis pigmentosa modifi er genes 
help to defi ne the total genetic contribution to disease and to understand the com-
plexity of phenotypic variation in this otherwise Mendelian disease.      
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     42.1   Introduction 

 Cone–rod dystrophies ( crd ) affect the cone and rod photoreceptors resulting in 
reduced visual acuity followed by severe loss of central and color vision that often 
progresses to complete blindness. The onset of clinical disease in man ranges from 
early to late adulthood, and inherited as X-linked, autosomal dominant or, most 
commonly, autosomal recessive. Mutations in over 20 genes have been identifi ed to 
cause  crd  (RetNet db). Canine models have been developed for several human reti-
nal degenerations (Aguirre and Acland  2006  ) ; in terms of  crd , the standard wire-
haired dachshund (SWHD), miniature long-haired dachshund (MLHD), pit bull and 
Glen of Imaal terriers are the only dog breeds thus far affected with  crd , and the 
involved genes have been identifi ed in all except pit bull terriers (Goldstein et al. 
 2010 ; Kijas et al.  2004 ; Mellersh et al.  2006 ; Ropstad et al.  2007  ) . 

 A canine autosomal recessive, early-onset  crd  ( crd1 ) was described in MLHDs 
(Mellersh et al.  2006  ) . The  crd1  locus was mapped to a region of CFA15 syntenic to 
HSA14 and containing  RPGRIP1  (the retinitis pigmentosa GTPase interacting 
protein 1). This gene encodes a ciliary protein that plays an important role in main-
tenance and function of the cilium. In man, mutations in  RPGRIP1  are associated 
with Leber congenital amaurosis (Dryja et al.  2001  ) , and cone–rod dystrophy 
(Hameed et al.  2003  ) . Sequence analysis of canine  RPGRIP1  revealed a 44-nucleotide 
insertion in exon 2 that was proposed to be responsible for the disease in MLHD as 
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it altered the reading frame by introducing a premature stop codon (Mellersh et al. 
 2006  ) . Subsequent studies, however, indicate that only ~80% of homozygous mutant 
MLHDs had the disease (Miyadera et al.  2009  ) . The genotype–phenotype discor-
dance suggests that another mutation in the same or different gene may contribute 
to the disease. In this review, we examine the RPGRIP1 protein interactome with 
the view of selecting possible interacting genes that could be associated with the 
 crd1  phenotype.  

    42.2   Focus on the  RPGRIP1 : What Makes It Special? 

 Human  RPGRIP1  encompasses 25 (24 coding) exons (Dryja et al.  2001  ) , and is 
expressed in amacrine neurons, photoreceptors and, at reduced levels, in many other 
eye tissues (Roepman et al.  2000  ) . Knockout studies indicated that RPGRIP1 is 
required for morphogenesis of the outer segment (OS) discs (Zhao et al.  2003  ) , and 
plays an important role in OS formation, particularly in rods (Won et al.  2009  ) . 
Moreover,  RPGRIP1  is subject to multiple splicing leading to numerous isoforms 
with species-specifi c subcellular localization patterns, e.g., connecting cilium, pho-
toreceptor inner segment and OS (Castagnet et al.  2003 ; Mavlyutov et al.  2002  ) , and 
the basal body of cells with primary cilia (Shu et al.  2005  ) , suggesting that different 
isoforms may perform cell-specifi c functions. 

 RPGRIP1 is a component of the cilia protein network, but details about its 
molecular function and interacting proteins are incomplete. In retina, RPGRIP1 was 
identifi ed as a part of different protein complexes including RPGR (Roepman et al. 
 2000  ) , NPHP4 (Roepman et al.  2005  ) , and/or RanB (Castagnet et al.  2003  ) . It 
directly interacts with RPGR via its C-terminal domain (RID; Roepman et al.  2000  ) . 
The C2 domain specifi cally binds with NPHP4 (Roepman et al.  2005  ) , which is part 
of a multifunctional complex localized in actin- and microtubule-based structures. 
Mutations in the NPHP4 gene are linked to nephronophthisis type 4, Senior–Løken 
syndrome in man (Mollet et al.  2002  ) , and  crd  in dogs (SWHD) (Wiik et al.  2008  ) . 
To better understand the potential role and functioning of RPGRIP1 in the cilium, 
and identify potential candidate proteins that infl uence the  crd1  phenotype, a putative 
molecular network was generated based on results of integrated information of 
protein–protein interactions or colocalization of ciliary proteins.  

    42.3   Characterization of the RPGRIP1-Associated 
Protein Network 

 In spite of the fact that the exact function of the RPGRIP1 is still unclear, interaction 
with RPGR and NPHP4 establishes connection to several cellular processes (Fig.  42.1 ). 
Mutations in many of these genes have been shown to have a retinal phenotype.  
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    42.3.1   RPGRIP1 Is a Component of the Transport 
Network for Cilia Assembly 

 RPGRIP1 interacts with RPGR anchoring it to the connecting cilium. RPGR iso-
forms were found associated with intrafl agellar transport polypeptide IFT88 and the 
p150Glued subunit of the dynactin transport machinery (Khanna et al.  2005  )  sug-
gesting involvement of RPGR in regulation of transport in primary cilia. IFT88 
interacts directly with the molecular chaperone MRJ which acts as a cargo receptor 
for photoreceptor-specifi c guanylate cyclase (GUCY) and plays a critical role in 
formation or stabilization of the IFT-cargo complexes (Roepman and Wolfrum 
 2007  )  (Fig.  42.1 ). 

 Another RPGR-interacting partner is PDE d  (Linari et al.  1999  ) . PDE d  binds and 
specifi cally stabilizes the GTP-bound form of Arl3, which belongs to the ARF small 

  Fig. 42.1    Putative RPGRIP1-associated protein network. The connections are based on reported 
protein–protein interactions (for description and references, please see text). Direct interactions are 
shown by  solid lines ; interactions that are shown by  dotted lines  represent indirect interactions 
(e.g., for those that were identifi ed by immunoprecipitation analysis)       
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GTPase family, by strongly decreasing the dissociation rate of GTP (Zhang et al. 
 2004  ) . The retinitis pigmentosa RP2 protein, which links pericentriolar vesicle 
transport between the Golgi and the primary cilium, is a GTPase-activating protein 
for Arl3. Depletion of RP2 and dysregulation of Arl3 resulted in dispersal of vesi-
cles cycling cargo from the Golgi complex to the cilium.  

    42.3.2   RPGRIP1 Involvement in Regulating Cytoskeleton 
Dynamics and Ciliogenesis 

 There is a group of proteins in the RPGRIP1-associated interactome with different 
functions that are part of a complex cellular machine regulating cytoskeletal func-
tion and integrity (Fig.  42.1 ). RPGRIP1-interacting partner RPGR was found in a 
protein complex with CEP290 (NPHP6), a microtubule motor protein (Khanna et al. 
 2005  ) , suggesting involvement of RPGR in microtubule organization. Although a 
centrosomal protein, CEP290 also was localized in the basal bodies of the ciliary 
apparatus in different cell types, including the photoreceptor cilium. CEP290 inter-
acts with a component of centriolar satellites PCM1 which is implicated in some 
BBS proteins function (Kim et al.  2008  ) , and localizes to centriolar satellites in a 
PCM1- and microtubule-dependent manner. PCM1 plays a role in the recruitment 
of some centrosomal proteins including centrin and pericentrin (PCNT), and is 
required for the organization of the cytoplasmic microtubule network. CEP290 
interaction with PCM1 is important for the ciliary targeting of RAB8, a small 
GTPase involved with BBS protein complex to promote ciliogenesis (Kim et al. 
 2008  ) . Direct or indirect interactions with other proteins, e.g., RABIN8, CP110, 
BSS1, and others, also are important for ciliogenesis (Nachury et al.  2007 ; Tsang 
et al.  2008  ) . 

 RPGR has been proposed as a regulator of some NPHP protein complexes in the 
mammalian retina (Murga-Zamalloa et al.  2010  ) . The RCC1-like domain of RPGR 
interacts with the N-terminal part of NPHP4, an RPGRIP1-interacting partner. In 
the retina, RPGR also interacts directly with RPGRIP1L (NPHP8) and NPHP1, a 
protein that interacts with NPHP4, NPHP2, and tubulin (Mollet et al.  2002 ; Murga-
Zamalloa et al.  2010  ) . RPGR, NPHP5, and CaM were detected in a common multi-
protein complex in the retina, and NPHP5 was shown to directly interact with CaM 
(Otto et al.  2005  ) . 

 One form of NPHP1-interacting protein is AHI1, a cilium-localized protein that 
was shown to cause a form of Joubert syndrome (Eley et al.  2008  ) . AHI1 is required 
for photoreceptor OS development, and null mice fail to form OS and have abnor-
mal distribution of opsin throughout their photoreceptors. AHI1 binds huntingtin-
associated protein 1 (HAP1), which interacts with PCM1 and with the p150Glued 
subunit of dynactin transport machinery. It was found that BBS4 acts as an adaptor 
that connects p150Glued with PCM1, and thus assists the centrosomal recruitment 
of PCM1 and is associated with some centrosomal proteins.  
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    42.3.3   Components of Molecular Networks Regulating Cellular 
Transport and Cytoskeleton Dynamics Show 
Connection with Visual Pathway 

 Figure  42.1  also includes a group of molecules from the visual signaling cascade, 
including RHO, GRK1, transducin (T a  b  g ), GUCY, PDE, ARR1, and others that 
“border” the RPGRIP1-associated network. Interaction of CP110 with different 
proteins, e.g., CaM and centrin, is an example of intersection of signaling pathways 
(Tsang et al.  2006  ) . Ca 2+  ions are required for the activation of centrin isoforms and 
for centrin/transducin (T- b  g ) complex formation. Centrin functions are regulated 
not only by Ca 2+ -binding but also by site-specifi c phosphorylation/dephosphorylation. 
A changeover of assembly and disassembly of centrin/transducin complexes may 
regulate the diffusion of transducin through the connecting cilium (Trojan et al.  2008  ) . 

 The network represented on the Fig.  42.1  carries limited information and does 
not show any pathways in detail but is presented as an overview of the RPGRIP1 
interactome, and to provide clues as to what other proteins may interact with 
RPGRIP1 and determine the phenotype/disease outcome in the mutant dogs.   

    42.4   Dogs with Retinal Degeneration Show Signifi cant 
Phenotypic Variation with  RPGRIP1  Mutation Ins44 

 The  crd1  “causative”  RPGRIP1  Ins44 mutation was initially completely associated 
with disease status in an inbred research colony (Mellersh et al.  2006  ) . A recent 
study of a general MLDH population identifi ed substantial genotype–phenotype 
discordance: 16% of normal controls were homozygous for the insertion, while 
20% of dogs with retinal degeneration did not carry the insertion on both chromo-
somes (Miyadera et al.  2009  ) . Additionally, four other breeds were identifi ed to 
carry Ins44 including English Springer Spaniels (ESSs; in dogs affected with PRA, 
~30% were homozygous for Ins44), Beagles (allelic frequency 27.8%), French 
Bulldogs (12.5%), and Labrador Retriever (3%), with some variation in the length 
of the polyA insertion (Miyadera et al.  2009  ) . That result in ESSs is in good agree-
ment with our own data. Depending on the survey conducted (unpublished), the 
clinical incidence of retinal degeneration in ESSs is ~3%, yet the number of dogs 
that are homozygous for the mutation ranges from ~20 to 40%. These observations 
resulted in the suggestion that the  RPGRIP1  Ins44 mutation represents a predispos-
ing factor for disease rather than the causative mutation. This possibility could be 
explained by several different hypotheses. 

 First,  RPGRIP1  undergoes multiple splicing, and some its isoforms can delete 
exon 2 which is the site of the putative mutation (Kuznetsova et al.  2011 ). Moreover, 
a subset of  RPGRIP1     isoforms can be driven from internal alternative promoter(s) 
located at 3 ¢  of the mutation. In both cases those isoforms could provide protein 
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function independent of the exon 2 Ins44 genotype. This hypothesis could be tested 
by investigating RPGRIP1 protein expression in dogs with Ins44. 

 Second, it has been demonstrated that Ins44 contains a prolonged polyA tract. In 
many cases, including a recent report (Miyadera et al.  2009  ) , such polynucleotide 
tracts are polymorphic. This suggests that DNA polymerase fi delity defects with the 
replication of long polynucleotide repeats, some chromosomes carrying the inser-
tion may not consist of a 44, but 43, 45, or 47 nucleotide repeat. In those cases the 
mutation would not necessarily result in a premature stop codon, but at a modifi ed 
RPGRIP1 N-terminus and could partially explain variation in disease phenotype in 
dogs with Ins44. 

 Lastly, Ins44 alone may not be suffi cient to cause disease, but be dependent on a 
second mutation in  RPGRIP1  or a different gene. Based on outcross/intercross/
backcross studies carried out in our lab, the potential modifi er gene is most likely 
located inside the mapped 1.74 Mb region of canine chromosome 15 containing 
 RPGRIP1  (Miyadera et al.  2009  ) . In this case cosegregation of a haplotype with 
 crd1  would explain better the cases of the disease and be in agreement that Ins44 
alone highly associated with  crd1  in the inbred population. 

 In summary, RPGRIP1 is an important signaling component inside the cilia. 
 RPGRIP1  primary mRNA undergoes an extensive splicing resulting in the forma-
tion of multiple isoforms. To date, the exact role of RPGRIP1 protein isoforms in 
cilia function is unknown, but published data about RPGRIP1 interacting molecules 
support the role of this protein in the cytoskeleton dynamic and transport of ciliary 
proteins. Reconstruction and analysis of the putative RPGRIP1-associated molecu-
lar network offers opportunities to further investigate the molecular mechanisms of 
cone–rod dystrophy in dogs.      
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     43.1   Introduction 

 Currently, there is no laboratory or research center that offers a comprehensive clin-
ical and genetic diagnosis of retinal dystrophies. From the clinical side, some reports 
attest to the fact that most patients visit on average seven ophthalmologists before 
an accurate diagnosis of their visual disorder is attained (Koenekoop et al.  2007  ) . 
From the genetics side, the conventional mutational screening of all the reported 
candidates for retinal disorders – with neither major genes nor prevalent mutations 
– would involve the analysis of more than 1,400 exons and/or sequence at least 
300 kb (Booij et al.  2011  ) , clearly too burdensome in time and budget for most labo-
ratories. An added nontrivial diffi culty is the fact that a signifi cant proportion of the 
causative genes remains unknown, even though in the last years the number of can-
didates has been steadily increasing and nearly 150 genes have been reported to date 
(  http://www.sph.uth.tmc.edu/Retnet/    ). The rapid development of high-throughput 
technologies based on DNA chips and SNP-genotyping has completely revolution-
ized molecular testing and novel gene search. An accurate comparison of the exist-
ing technologies based on direct and indirect (cosegregation) screenings shows that 
only a combination of approaches provides nowadays the most effective diagnosis. 
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The future holds promise in this burgeoning fi eld as new potent and affordable 
methodologies – together with deeper knowledge of genes and mutations involved 
in retinal pathologies – pave the path for new effective therapies.  

    43.2   Direct Molecular Diagnosis of Retinal Dystrophies 

 A brief account of the late techniques used to unveil known – or new – mutations in 
retinal dystrophy genes by direct analysis of the patients’ DNA, pointing their major 
strengths and pitfalls, is presented below (summarized in Table  43.1 ).  

    43.2.1   Mutation Screening Chips 

 The commercially available microarrays, developed by Asper Ophthalmics (  http://
www.asperbio.com/asper-ophthalmics    ) and based on the APEX methodology, allow 
the direct screening of nearly all reported mutations for particular retinal disorders 
(such as Retinitis Pigmentosa, Leber Congenital Amaurosis, and Stargardt’s disease) 
using a cost-effective approach (Klevering et al.  2004 ; Zernant et al.  2005  ) . Their 
high versatility (new mutations are periodically included in the chips) and celerity 
of diagnosis (less than 24 h after the sample is received) make them some of the 
most preferred tools for genetic testing. However, given that only known single 
nucleotide mutations among the wide panoply of pathogenic variants – many of 
them private – are screened, the proportion of the cases successfully diagnosed is 
moderate (Table  43.1 ) (Henderson et al.  2007 ; Koenekoop et al.  2007  ) . Besides, 
there is a small percentage of misdiagnosis (false negatives as well as false posi-
tives) due to the inherent technical error associated to hybridization on high-
throughput microarrays (Henderson et al.  2007  ) . Verifi cation by conventional 
sequencing of all the detected mutations is strictly required.  

    43.2.2   Resequencing Chips 

 To overcome some of the shortfalls of mutation-based chips as well as to identify 
new mutations, resequencing microarrays (Affymetrix, Palo Alto, CA) for auto-
somal recessive RP diagnosis have been designed (Mandal et al.  2005 ; RetChipv1.0, 
  http://www.hgm2010.org/viewabsdetail-word.php?id=255&pn=P029-T    ). Although 
the resequencing methodology is robust, deletions and insertions (except for very 
small indels) usually remain undetected. Other features calling for improvement in 
these fi rst microarrays were: (1) the restricted number of included candidates; (2) 
the exclusion of exons from duplicated genes or highly similar sequences; (3) the 
low fl exibility to add new genes once the chips had been designed and produced; 

http://www.asperbio.com/asper-ophthalmics
http://www.asperbio.com/asper-ophthalmics
http://www.hgm2010.org/viewabsdetail-word.php?id=255&pn=P029-T
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and (4) the high overall costs. Recently, improved resequencing chips have been 
launched aiming to increase the gene testing capacity: e.g., all mutation-containing 
exons (100) of 19 RP genes are included in a 30-kb-capacity Affymetrix custom 
genechip (Clark et al.  2010  )  or, a more comprehensive chip of 300 kb, which covers 
all the coding exons of 90 retinal disease genes and allows the analysis of many 
patients at once through a DNA-pooling strategy, in a fast and cost-effective manner 
(Booij et al.  2011  ) . Again, the results support the robustness of the methodology, but 
the chips are not suitable to deal with the increasing number of candidates, and the 
limitations of the technique hinder the analysis of highly similar sequences.  

    43.2.3   Next-Generation Sequencing of Target Genes 

 Massive parallel next-generation sequencing has revolutionized the speed and bud-
get to produce large amounts of sequence data, becoming a promising alternative 
for genotyping (Biesecker  2010  ) . Indeed, the fi rst report on this powerful technique 
targeted to the exons of a selected list of 46 retinal disease genes, and applied to 
familial and sporadic cases has demonstrated that DNA-pooling strategies coupled 
to ultrasequencing is a very effective approach (Bowne et al.  2011  ) . Nonetheless, 
the massive amount of data generated by this strategy requires wide bioinformatics 
support for processing and fi ltering, as hundreds of potentially pathogenic variants 
have to be sorted out. Assets on the positive side are: the deep sequence coverage 
associated to this approach, the reliability of the gathered data, the possibility of 
DNA pooling, and the unrestricted fl exibility on the number and type of sequences 
to study. Together, these features will push deep sequencing-based strategies to the 
forefront of high-throughput genetic testing as the costs plummet down.   

    43.3   Indirect Molecular Diagnosis of Retinal Dystrophies 

 Indirect high-throughput strategies rely on the use of single nucleotide polymor-
phisms (SNPs) to detect mendelian inheritance and cosegregation with the genomic 
region where the disease causing gene is presumably located. 

    43.3.1   Homozygosity Mapping 

 In recessively inherited retinal disorders, around 60% of the families are consanguin-
eous (Pomares et al.  2007  ) , and the affected family members are homozygous by 
descent, that is, they share two copies of the same pathogenic allele. Indeed, homozy-
gosity mapping is a very valuable approach under consanguinity, but it is also useful 
in the diagnosis of sporadic patients, assuming that homozygosity due to unknown 
common ancestry is the most frequent case in rare diseases (Thiadens et al.  2009 ; 
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Bandah-Rozenfeld et al.  2010 ; Littink et al.  2010  ) . Genome-wide analysis (GWA) 
with Affymetrix SNP microarrays allows the screening of all reported causative 
genes that are homozygous in the patient (Littink et al.  2010  ) . When all candidates 
are excluded this approach pinpoints the remaining homozygous regions where a 
search for a new candidate should be undertaken. A bioinformatic analysis plus a 
careful assessment of the genetic data is required to determine the minimum length 
of homozygous consecutive SNPs to be considered, as well as detect low polymor-
phic regions to be excluded from further analysis. However, dominant or compound 
heterozygous cases are not suitable for homozygosity mapping.  

    43.3.2   Cosegregation SNP-Chips 

 Bearing diagnosis in mind as a fi rst aim, we designed a cost-effective, robust, and fast 
strategy of high-throughput genotyping based on a comprehensive cosegregation 
study of familial cases. So far, three versatile SNP-based chips for the molecular 
diagnosis of dominant and recessive inherited retinal dystrophies have been devised 
(Pomares et al.  2007 ; Pomares et al.  2010 ; Pomares et al. in prep). Focusing on the 
reported retinal disease genes, all the SNPs were specifi cally selected based on both, 
their close physical position to each candidate (covering from the 5 ¢  to the 3 ¢  end) and 
high informativeness. The main asset of these chips is the rapid and reliable inclu-
sion/exclusion of many candidates in a single genotyping step, highlighting those to 
be further analyzed in order to identify the causal mutation. Remarkably, considering 
that exclusion of all known candidates is a prerequisite for novel gene search, these 
chips stand out as valuable tools to single out suitable families for genome-wide link-
age analysis. Overall, this strategy is highly effi cient on recessive familial cases (85% 
on average), particularly in consanguineous families, where even a single patient can 
be diagnosed. Of note, haplotype SNP conservation in unrelated patients strongly 
hints at a shared mutation due to a founder effect. Although the effi ciency of the 
diagnosis depends on the structure of the pedigree and consanguinity degree, this 
strategy applies to all types of inheritance, even to sporadic cases analyzed under the 
assumption of unknown common ancestry (Table  43.1 ) (Pomares et al. in prep).   

    43.4   Optimized Multitiered Strategy 
for Effi cient Molecular Diagnosis 

 After careful consideration and based on daily practice, we have developed an 
optimized cost-effective multitiered strategy based on the following steps:

    1.    After accurate clinical diagnosis, a direct mutational screening chip for the dis-
ease, if available, will be prioritized. If only one pathogenic allele is detected, 
full mutational screening of the candidate will be performed.  

    2.    Assuming that no pathogenic variant is identifi ed, the cosegregation SNP chip 
will be our second choice. In familial cases, whether dominant, recessive, or 
X-linked, all available samples will be genotyped for haplotype cosegregation 
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analysis. If consanguineous cases are studied, homozygosity will add a further 
constraint to cosegregation, making the diagnosis of even a single patient viable. 
Sporadic cases are also amenable for testing under the homozygosity criterion.  

    3.    If the number of nonexcluded candidates is below three genes (medium-sized 
genes), direct mutational screening will be undertaken. Otherwise, either a cus-
tom-designed resequencing chip, or exon amplifi cation of retinal disease genes 
coupled to next-generation DNA sequencing are advised.  

    4.    Finally, this tiered-strategy underscores those families suitable for novel gene 
search, after all candidates have been excluded. Depending on the genetic infor-
mativeness, the next choice will rely on either genome wide SNP-linkage analy-
sis or next-generation sequencing after exome capture.      

    43.5   Future Venues and Concluding Remarks 

 The advent of next-generation DNA sequencing following the enrichment of indi-
vidual whole exomes is opening new scenarios for the genetic diagnosis of highly 
heterogeneous diseases, as novel unreported genes may be identifi ed not only in 
large families, but also in single patients (Ng et al.  2009 ; Choi et al.  2009  ) . Although 
the costs are currently not affordable for routine diagnosis, a substantial decrease is 
foreseeable in the near future. Nonetheless, given that each individual human 
genome bears around 20,000 rare SNP variants, half of them potentially pathogenic, 
the identifi cation of the causative mutation demands the confl uence of bioinformat-
ics, evolutionary biology, molecular genetics, and functional assays. These novel 
genes will increase the molecular repertoire and widen the basic knowledge of this 
group of heterogeneous disorders. 

 Once most of the retinal dystrophies causative genes are identifi ed, the direct 
mutational screening and cosegregation SNP-chips will become the tools of choice 
for routine genetic testing. As the effi ciency of the molecular diagnosis increases, it 
will have a major impact on the welfare of the patients and their families, who have 
endured the uncertainties of partial diagnoses and unpredictable prognoses. In this 
promising new era where gene and cell therapies for hitherto untreatable and highly 
incapacitating diseases – such as retinal dystrophies – are emerging (Stone  2009  ) , 
accurate, rapid, and cost-effective genetic diagnosis is urgent, and the benefi ts 
derived undeniable.      
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     44.1   Introduction 

 Cone- (CD) and cone-rod dystrophies (CRD) are characterized by decreased visual 
acuity, color vision defects, and photoaversion in case of a clinical diagnosis of 
CD. In many instances, CD progress to a more generalized CRD by concomitant 
loss of both cones and rods, with additional progressive loss in peripheral vision 
and night blindness. The clinical course of CRD is generally more severe, eventu-
ally leading to legal blindness. CDs/CRDs belong to the rare hereditary retinal 
dystrophies with an estimated prevalence of 1: 40,000 (Hamel  2007  ) , and are 
genetically heterogeneous with all modes of inheritance documented. To date, ten 
genes ( AIPL1 ,  CRX ,  GUCA1A ,  GUCY2D ,  PITPNM3 ,  PROM1 ,  PRPH2 ,  RIMS1 , 
 SEMA4A ,  UNC119 ) for the autosomal dominant forms of CD/CRD are listed in 
RetNet (RetNet:   http://www.sph.uth.tmc.edu/Retnet/home.htm    ). We have tried to 
assess the mutation spectrum and prevalence of eight of these genes within our 
cohort of 52 patients and families with autosomal dominant CD/CRD.  
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    44.2   Materials and Methods 

    44.2.1   Patients and Clinical Examinations 

 Patients with a clinical diagnosis of cone dystrophy (CD) or cone-rod dystrophy 
(CRD), and a family history consistent with an autosomal dominant mode of inheri-
tance were included in the study and recruited at the Centre for Ophthalmology, 
Tübingen, Germany and ophthalmic specialist centers throughout Europe and the 
United States of America. The diagnosis of adCD or adCRD was based on standard 
ophthalmologic assessment (fundus examination, color vision, visual fi eld and 
visual acuity testing) and electroretinography (ERG). Venous blood was taken from 
patients and family members after informed consent. Total genomic DNA was 
extracted according to standard procedures. The study followed the tenets of the 
Declaration of Helsinki and was approved by the local ethical committee.  

    44.2.2   Genetic Analyses 

 Mutation screening of all coding exons and fl anking intronic sequences of the 
 PRPH2 ,  CRX ,  GUCA1A ,  AIPL1  and  UNC119  gene was performed by DNA 
sequencing of PCR amplifi ed genomic DNA according to standard procedures. 
Mutation analysis of the  GUCY2D  gene was performed for all coding exons and 
fl anking intronic sequences for 19 subjects, the remaining 33 patients were only 
analyzed for alterations at codon 838 in exon 13 by PCR/RFLP analysis with the 
restriction enzyme HhaI, followed by sequencing for confi rmation (Kitiratschky 
et al.  2008b  ) . Mutation scanning for the common mutation c.1117C > T p.Arg373Cys 
in  PROM1  was performed by sequencing of exon 11. Mutation scanning in  PITPNM1  
was performed in a collaboration project by dHPLC and sequencing (Köhn et al. 
 2010  ) . Novel sequence variants were excluded in 100 healthy controls and segrega-
tion analysis was performed in all cases for which samples from additional family 
members were available by either PCR/RFLP analysis or sequencing.   

    44.3   Results 

    44.3.1   Mutation Spectrum 

 Our patient collection comprised 52 independent families with a primary clinical 
diagnosis of cone (CD;  n  = 36) or cone-rod dystrophy (CRD;  n  = 16) and a family 
history consistent with an autosomal dominant mode of inheritance. Sixteen different 
heterozygous mutations in fi ve of the eight analyzed genes were detected in 25 
independent patients (Table  44.1 ). One patient was shown to have a mutation in 
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 PROM1  (2%), 2 independent families carried a mutation in  CRX  (4%), 4 were 
observed in  GUCA1A  (8%), 6 in  PRPH2  (12%) and 12 patients had mutations in 
 GUCY2D  (24%) (Fig.  44.1 ). Except for the mutations in  CRX , and a 1 bp-deletion 
in  PRPH2 , all other mutations were missense mutations. No pathogenic variants 
were identifi ed in  AIPL1 ,  PITPNM3,  and  UNC119 . Segregation analysis could be 
performed in 18 of the 25 families and showed concordant segregation of the muta-
tion with the disease phenotype in the respective family.     

    44.4   Discussion 

  GUCY2D  and  GUCA1A  encode the retina specifi c guanylate cyclase (RetGC1) and its 
activating protein (GCAP1), respectively, which are expressed in rod and cone photo-
receptors. Excitation of the photoreceptors decreases the intracellular concentration 
of cGMP and Ca 2+ . GCAP1 works as a Ca 2+ -sensor that detects changes in Ca 2+  con-
centration and stimulates the membrane bound RetGC1 in a Ca 2+ -dependent manner, 
thereby replenishing the cGMP pool of the photoreceptor. Thus, RetGC1 and GCAP1 
mediate the recovery of rod and cone responses and are important to regain the 
dark-adapted state after excitation of the photoreceptor (Lamb and Pugh  2006  ) . 

  GUCY2D  gene mutations were identifi ed in 12 (23%) of 52 patients. Interestingly, 
all mutations affect codon 838 of the gene. Arg838 was substituted by a cysteine 
codon in eight patients (c.2512C > T p.Arg838Cys), by a histidine codon in three 
(c.2513G > A p.Arg838His) and by a glycine codon in one patient (c.2512C > G p.
Arg838Gly) (Kitiratschky et al.  2008b  ) . Haplotype analysis showed that among six 
independent p.Arg838Cys mutation carriers, only two shared a common haplotype 
and that none of the p.Arg838His mutation carriers did, indicating that Arg838 is a 
true mutation hotspot related to adCD/CRD. According to our study  GUCY2D  is the 

  Fig. 44.1    Prevalence of mutations in the investigated genes in our collection of 52 patients with 
autosomal dominant cone and cone-rod dystrophies       
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major gene responsible for adCD/CRD, with CD being the predominant phenotype 
as reported recently (Hunt et al.  2010  ) . 

  GUCA1A  mutations were identifi ed in four unrelated patients (7.6%). All muta-
tions affect amino acid residues that are evolutionary highly conserved and locate in 
functionally important domains of the protein: p.Glu89Lys and p.Gly159Val are 
located in the flanking helices of the Ca 2+ -binding EF-hand 3 and 4, while 
p.Asp100Glu and p.Leu151Phe are situated in the Ca 2+ -binding loops (Kitiratschky 
et al.  2009  ) . Most patients presented with adCD and one patient had adCRD. 

 The transcription factor CRX is important for transactivation of many retina-
specifi c expressed genes. It is expressed in rod and cone photoreceptors and cells of 
the inner nuclear layer early in development and expression is maintained through-
out life. The transactivation domain of CRX has been localized to the C-terminus of 
the protein (Swaroop et al.  2010  ) . We have identifi ed two frame-shift mutations in 
the  CRX  gene in two independent families. In the fi rst case, we identifi ed a disease 
causing 1 bp-deletion, c.636delC, in a family with adCRD and marked intrafamilial 
variability (Kitiratschky et al.  2008a  ) . The mutation results in a frame-shift after 
amino acid residue Ser213, and introduces a premature termination codon in the 
ultimate exon of  CRX  (p.Ser213ProfsX*6), resulting in a severely truncated protein 
that is expected to have reduced transactivation activity. Phenotypically, all affected 
family members showed signs of CD with reduced cone ERG, but only patients 
from one family branch also showed a reduced rod ERG, with some even displaying 
a negative combined rod-cone response. The second family was shown to carry a 
novel indel-mutation, c.495delAinsTTT, resulting in a frame-shift after amino acid 
residue Arg166, and also in a severely truncated CRX polypeptide (p.
Ala166LeufsX*22). The patients in this family presented with slowly progressive 
CRD starting at their 20 to 30s. Severity in this family varied substantially within 
different individuals, some presenting with a marked negative ERG. 

  PRPH2,  formerly known as  RDS,  encodes peripherin – a surface glycoprotein in 
the outer segment of rod and cone photoreceptor – which functions as an adhesion 
molecule involved in morphogenesis and stabilization of the outer segment discs. 
Retinal dystrophies associated with heterozygous  PRPH2  gene mutations show 
high phenotypic variability ranging from central to peripheral retinal dystrophies, 
namely adult vitelliform macular dystrophy, pattern dystrophy, fundus fl avimacula-
tus-like dystrophy, central areolar choroidal dystrophy, macular dystrophy, CD/
CRD, and retinitis pigmentosa (Boon et al.  2008  ) . In many instances, intrafamilial 
phenotypic heterogeneity is observed. We have identifi ed mutations in  PRPH2  in 
six individuals of our cohort. Except for c.920delT, all other mutations were mis-
sense substitutions. The mutations p.Arg172Trp, p.Asp186Asn, p.Arg195Gly, and 
p.Asn199Asp affect highly conserved amino acid residues that are located within 
the second intradiscal D2 loop, which is involved in dimerization as well as hetero-
meric interactions with ROM1 (Ding et al.  2005  ) . The mutation p.Ser289Leu is 
located at the C-terminus extending into the cytoplasmic space. This C-terminus is 
truncated in case of the c.920delT mutation that results in a frame-shift and prema-
ture translation termination after 17 altered amino acid residues (p.Leu307ArgfsX*17). 
The patient was diagnosed with CRD, yet the mutation was originally described in 
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a patient with autosomal dominant retinitis pigmentosa (Grüning et al.  1994  ) , and 
we have observed the mutation before in a patient with macular dystrophy (unpub-
lished data), again highlighting the fact that the same mutation in  PRPH2  can result 
in very different phenotypes, probably due to additional modifying factors or the 
genetic background. All other patients with  PRPH2  mutations presented within this 
study were diagnosed with CD, although the mutation p.Arg172Trp is commonly 
associated with an autosomal dominant Stargardt-like macular dystrophy. 

 Mutations in  PROM1  have been identifi ed in autosomal recessive retinitis pig-
mentosa (Maw et al.  2000  ) , and later certain mutations have been associated with 
autosomal dominant CRD and bull’s-eye macular dystrophy (Michaelides et al. 
 2010  ) . This prompted us to screen our patient sample for the mutation c.1117C > T 
p.Arg373Cys, which led to the identifi cation of one adCRD patient with this muta-
tion.  PROM1  encodes the fi ve transmembrane domain protein Prominin which con-
tains two large, highly glycosylated extracellular loops and a cytoplasmic tail 
(Corbeil et al.  2001  ) . It is specifi cally associated with plasma membrane protrusions 
(Corbeil et al.  2000  ) , but its function and specifi c molecular interactions remain 
largely unknown. In the retina,  PROM1  is found at the base of the photoreceptor 
outer segments, where the new disk membranes are formed. 

 We have not found any putatively pathogenic mutations in  AIPL1 ,  PITPNM3,  
and  UNC119 . Only single reports relate these genes to autosomal dominant CD /
CRD (Sohocki et al.  2000 ; Köhn et al.  2007,   2010 ; Kobayashi et al.  2000  ) .  AIPL1  
encodes a protein with TPR motifs, which are found in proteins that mediate a variety 
of functions, including nuclear transport and protein chaperone activity. Mutations 
in  AIPL1  are common in autosomal recessive Lebers congenital amaurosis. Few 
missense mutations in  PITPNM3  have been observed and discussed with respect to 
adCD and macular dystrophy. PITPNM3 is the human homolog of the  Drosophila  
rdgB protein, which is highly expressed in the retina and has been proposed to be 
required for membrane turnover of photoreceptor cells. UNC119 is a photoreceptor 
synaptic protein homologous to  C. elegans  neuroprotein unc119, and the protein 
localizes to rod and cone ribbon synapses. Yet in this patient sample, none of the 
patients carried a mutation in these genes. Therefore our study does not support a 
role of these genes in adCD/adCRD.      
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     45.1   Introduction 

 Monogenic retinal dystrophies (RD) affect approximately 1:2,000 individuals, 
which corresponds to more than two million people worldwide (Berger et al.  2010  ) , 
and account for ~5% of blindness worldwide. For two types of retinal dystrophy 
that will be discussed in this chapter (autosomal recessive cone-rod dystrophy 
(arCRD) and retinitis pigmentosa (arRP)), approximately half of the genetic causes 
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remain unsolved. Until now, the majority of new genes and gene mutations have 
mainly been discovered through the candidate gene approach, screening of genes 
involved in animal models, and the positional cloning approach. A derivative of the 
positional cloning approach is homozygosity mapping, a method that has mainly 
been used in consanguineous families. As summarized in this mini-review, homozy-
gosity mapping can also be a powerful tool to identify genetic defects underlying 
retinal disease in nonconsanguineous families. 

    45.1.1   Homozygosity Mapping 

 In autosomal recessive diseases, affected individuals carry mutations in both copies 
of the same gene. In case an affected individual carries a homozygous mutation, the 
same mutation is inherited from both parents. Assuming that the mutation in both 
parents originates from the same ancestral allele, not only the mutation but also the 
surrounding chromosomal region will be identical on both chromosomes in the 
patient. Such region is called “homozygous” or “identical by descent (IBD)”. 
Although the size of the chromosome and the local recombination rate infl uence 
this formula, as a rule of thumb, the resulting size (S) of the homozygous region 
depends on the number of generations (n) between the ancestor carrying the reces-
sive DNA variant and the patient carrying the homozygous region:  S  = 100 Mb/n 
(Woods et al.  2006  ) . Thus, the average size of a homozygous region carrying the 
causal defect in a single patient of a fi rst-cousin marriage will be 33 Mb (Fig.  45.1a ), 
whereas this region will measure ~7 Mb in a patient from a nonconsanguineous 
family in which the common ancestor lived 14 generations ago (Fig.  45.1b ).  

 Homozygous regions present in an individual’s DNA can be detected by using 
arrays on which thousands of single nucleotide polymorphisms (SNPs) equally dis-
tributed over the genome can be genotyped. When an SNP call on one allele is identi-
cal to that on the other allele, the SNP is called homozygous. Signifi cant stretches of 
consecutive homozygous SNPs together compose a homozygous region. These 
regions can be homozygous by chance, for example in genomic regions that have 
limited haplotype diversity. However, as shown in Fig.  45.1 , stretches of homozygous 
SNPs can also indicate that a genomic region originates from a common ancestor.   

    45.2   The Effi cacy of Homozygosity Mapping in Different 
Types of Families and Populations 

    45.2.1   Consanguineous vs. Nonconsanguineous Families 

 Due to the structure of the pedigree (Fig.  45.1a ), individuals from consanguineous 
families that are affected by a recessive disease almost exclusively carry their muta-
tion in a homozygous state. As a consequence, homozygosity mapping has been 
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successfully used for many years to identify the genetic defect underlying recessive 
disorders in these families. In addition, consanguineous families often have large 
sibships, which allow a direct comparison of homozygous regions between affected 
and unaffected siblings, and facilitate the mapping of a genomic region that presum-
ably harbors the genetic defect. However, also in the Dutch population, where 
consanguineous marriages are uncommon, ~35% of patients with a recessive 

  Fig. 45.1    Schematic presentation of the transfer of a mutation and the surrounding chromosomal 
region through different generations. Every generation, the original ancestral chromosome becomes 
“smaller” due to recombination between homologous chromosomes. ( a ) In consanguineous fami-
lies, the mutation is likely inherited from a recent common ancestor. When the ancestral mutation 
is passed on via father and mother to their child, part of the original haplotype is still present, and 
in the child will be present as an identical-by-descent (i.e., homozygous) region. ( b ) Patients from 
nonconsanguineous families may also have a common ancestor via the paternal and maternal line, 
and thus carry a homozygous mutation. When an ancestor who carried the mutation lived several 
generations ago, more recombinations took place, and as a result, the homozygous region contain-
ing the mutation in a patient will be smaller       
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retinal dystrophy carry their mutation homozygously (FPMC, unpublished data). 
We hypothesize that most of these patients will carry their mutation homozygously 
because their parents are distantly related (Fig.  45.1b ). This is especially likely in 
areas where little migration occurred over the past centuries (McQuillan et al.  2008  ) . 
Homozygosity mapping could thus also lead to the identifi cation of the genetic 
defect in patients of nonconsanguineous families. 

 To test this hypothesis, we performed genome-wide homozygosity mapping in 
two large cohorts of patients with arCRD or arRP, respectively (Littink et al.  2010 ; 
Collin et al.  2011  ) . Homozygosity mapping can be used to fi nd mutations in known 
genes residing in homozygous regions, and to scrutinize conspicuous homozygous 
regions for novel disease genes. 

 Approximately 40% of arCRD patients carry mutations in  ABCA4 , often a com-
bination of a null mutation and a moderately severe  ABCA4  mutation (Maugeri 
et al.  1999  ) . After excluding arCRD patients who carried one or two known muta-
tions in  ABCA4 , we performed homozygosity mapping in 95 remaining arCRD 
families that originated from the Netherlands, Germany, or eastern Canada. Six spo-
radic patients and one family with two affected siblings were reported to be consan-
guineous (~7%). All known arCRD genes that resided in homozygous regions were 
screened for mutations. In the consanguineous patients, three genes were screened 
in three families, which led to the identifi cation of the causative mutation in one 
family. Nine genes were screened in DNA of nonconsanguineous patients, and in 
four a mutation was detected. In conclusion, we identifi ed the genetic defect in 2 out 
of 7 consanguineous patients (28%), and in 6 out of 88 nonconsanguineous families 
(7%). This percentage seems to show a much higher effi ciency in identifying the 
genetic defect in consanguineous patients. However, if we take into account the 
number of genes screened per group of patients, one mutation was detected out of 
three genes screened in consanguineous patients, while nine screened genes led to 
four causative mutations in nonconsanguineous patients, showing a similar “success 
rate” for the different groups. 

 The arRP cohort consisted of 186 families that almost exclusively live in the 
Netherlands. Twenty-one families appeared to be consanguineous, and in the major-
ity of cases originated from countries in which consanguineous marriages are more 
common, like Turkey and Morocco. In 13 of these 21 patients, one or more of their 
homozygous regions contained one of the known arRP genes, and sequence analy-
sis of the corresponding genes revealed homozygous mutations in seven patients. 
However, since several patients had multiple homozygous regions encompassing 
different arRP genes, the total “sequence effort” was 21. Therefore, the “success 
rate” of screening consanguineous patients was calculated to be 0.33. 

 In the remaining group of 165 nonconsanguineous families, the number of 
homozygous regions was small, and varied in size between ~1.0 and 38.5 Mb. 
Compared to the consanguineous patients, a much smaller percentage of patients 
carried homozygous regions that overlapped with known arRP genes. However, in 
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the 29 patients from whom their homozygous regions contained one of the known 
arRP genes, homozygous mutations were found in 16 cases. Only in three noncon-
sanguineous patients, their homozygous regions encompassed two different arRP 
genes, resulting in a total of 32 “sequence efforts” and thereby yielding a success 
rate of 0.5 for this group. Thus, although the chances that a nonconsanguineous 
patient carries his or her genetic defect in a homozygous state is smaller compared 
to consanguineous patients, our data indicate that once a signifi cant homozygous 
region overlaps with a known gene, the sequencing effort will be more effi cient in 
nonconsanguineous patients compared to consanguineous patients. 

 Besides identifying homozygous mutations in known retinal dystrophy genes, 
our homozygosity mapping approach has also led to the identifi cation of novel 
arCRD/arRP genes. In both our arCRD and arRP cohorts, multiple patients had a 
homozygous region overlapping with a known arRP locus on chromosome 6, the 
RP25 locus (Ruiz et al.  1998  ) . Due to the relatively small size of some of the 
homozygous regions in our nonconsanguineous patients, the region overlapping 
with the RP25 locus was relatively small, and contained only fi ve genes, which 
resulted in the identifi cation of  EYS  (Collin et al.  2008  ) . In addition, homozygosity 
mapping in two nonconsanguineous Dutch families recently aided the discovery of 
two other novel arRP genes,  C2ORF71  and  IMPG2  (Collin et al.  2010 ; Bandah-
Rozenfeld et al.  2010  ) . It should be noted though that these two families had four 
and three affected siblings, respectively, and as a result there was only a single 
shared homozygous region in both families, whereas isolated patients on average 
carry fi ve of such regions.  

    45.2.2   Successfulness Based on Population Composition 

 As exemplifi ed above, as well as in other studies, homozygosity mapping has been 
shown to be a powerful tool to identify the genetic defect in nonconsanguineous 
patients with several autosomal recessive diseases living in the Netherlands, 
Germany, eastern Canada (den Hollander et al.  2007 ; Littink et al.  2010 ; Collin 
et al.  2011  ) , Lebanon (Megarbane et al.  2009  ) , United Kingdom (Connell et al. 
 2010  ) , and Japan (Hamanoue et al.  2009  ) . However, when looking more carefully 
to the patient’s origin, many patients have migrated from a country with a higher 
percentage of consanguineous marriages as observed in for instance the Netherlands 
or Germany. The proportion of the genome that is homozygous (the inbreeding 
coeffi cient) is usually higher in populations that have a history of consanguinity 
(McQuillan et al.  2008  ) . Patients from these populations thus have a higher chance 
to carry a homozygous mutation. However, also in populations with a high migra-
tion rate, as in northern America, certain immigrant groups may cluster together and 
form a relatively isolated population as well, as seen in the French-Canadian popu-
lation in eastern Canada.   
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    45.3   Conclusions 

    45.3.1   Strengths, Limitations, and Future Perspectives 
of Homozygosity Mapping 

 Homozygosity mapping can be a powerful, but not necessarily an effi cient method 
to detect new genes and new mutations in consanguineous as well as nonconsan-
guineous patients. The main strength of homozygosity mapping is that it is a cost-
effective way to perform a genome-wide analysis of regions that might harbor 
individual genetic defects, especially in genetically heterogeneous recessive disor-
der, like arCRD and arRP. The main limitation of homozygosity mapping however 
is that, it will never detect compound heterozygous mutations. In consanguineous 
families, patients almost exclusively carry their mutation homozygously, although 
the disadvantage is that their genome carries many homozygous stretches and as 
such many candidate genes reside within these regions. In contrast, in nonconsan-
guineous patients only small parts of their genome are homozygous, but there is a 
signifi cant chance that these patients carry the causative mutations in a compound 
heterozygous state. In theory, homozygosity mapping will probably be most effec-
tive in nonconsanguineous families from whom there is evidence that the patients’ 
parents share a common ancestor, which is most likely in populations with limited 
migration. Therefore, it is important to document the origin of the parents and 
grandparents of patients with autosomal recessive diseases. 

 Finally, with the introduction of new sequencing technologies, collectively called 
“next generation sequencing” (NGS), an analysis of all known retinal dystrophy 
genes will become feasible. In a research setting, NGS already led to the identifi ca-
tion of new disease genes (Nikopoulos et al.  2010  ) , and it is likely to be instrumental 
to identify many new retinal dystrophy genes in the near future. 

 Currently, NGS is deployed to sequence all exons of the whole genome (“exome 
sequencing”). Using this method, it will still be a challenge to detect the causative vari-
ant among thousands of variants. At this stage, conspicuously large homozygous regions 
may decrease the number of variants that need to be verifi ed (Krawitz et al.  2010  ) . 

 Thus, although genetic screening technologies are booming, homozygosity map-
ping has proven to be powerful and cost-effective to identify the genetic defect in 
consanguineous as well as in a subset of nonconsanguineous patients, and will remain 
useful as long as both the costs and the data analysis of NGS will remain challenging.       
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     46.1   Introduction 

 Photoreceptors, like other specialized cells, have the innate ability to die through 
varied molecular mechanisms, and in response to multiple insults, whether genetic 
or acquired (Melino et al.  2005  ) . Since the description of apoptosis as one of the 
fi nal pathways in photoreceptor cell death (Chang et al.  1993 ; Portera-Cailliau et al. 
 1994  ) , many studies have examined different molecules and mechanisms involved 
in the process. 

 Multiple pathways have been reported to be relevant for both retinal cell death 
(Cottet and Schorderet  2009 ; Doonan et al.  2005 ; Kunchithapautham and Rohrer 
 2007 ; Lohr et al.  2006 ; Rohrer et al.  2004 ; Sancho-Pelluz et al.  2008 ; Werdehausen 
et al.  2007  )  and survival (Barnstable and Tombran-Tink  2006 ; Bazan  2006 ; Jomary 
et al.  2006 ; Ueki et al.  2009 ; Wenzel et al.  2005  ) . These are dependent on the under-
lying mutation, the model, whether naturally occurring or induced, the speed of the 
degenerative process, the cell class involved, and other factors. Despite the abun-
dance of such studies, the signaling pathways and molecular mechanisms that link 
the mutations to the observed phenotypes are still unknown for many of the photo-
receptor degenerative diseases. 
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 One of these diseases is canine X-linked progressive retinal atrophy 2 (XLPRA2), 
caused by a 2-bp deletion in exon ORF15 of the  RPGR  gene (Zhang et al.  2002  ) . In 
two recent studies from our group, we characterized by TUNEL labeling the time 
course of cell death in affected dogs (Beltran et al.  2006  ) , and identifi ed by microar-
ray analysis a number of nonclassical apoptosis and mitochondria-related genes that 
seemed to be involved in the degenerative process (Genini et al.  2010  ) . However, 
limitations of the latter study included the use of a custom canine cDNA array with 
a limited number of genes, and without relevant pro- and antiapoptotic genes. 
Although for humans and rodent models a comprehensive suite of commercially 
available products can be used to analyze RNA and protein expressions of a large 
panel of genes associated with biological pathways or specifi c disease states, these 
tools do not work or are currently not available for the dog. 

 The aim of this study was to fi ll this gap by developing and validating a canine-
specifi c real-time quantitative reverse transcription-PCR (qRT-PCR) profi ling array 
containing key genes that are directly or indirectly involved in pro-apoptotic and 
pro-survival processes, autophagy, and/or are related to microglia/macrophages, 
cells that have been recently associated with retinal disease processes (Langmann 
 2007 ; Sasahara et al.  2008  ) .  

    46.2   Materials and Methods 

    46.2.1   Development of the Canine-Specifi c qRT-PCR Array 

 The canine-specifi c custom-designed qRT-PCR profi ling array (Table  46.1 ) was 
developed in conjunction with Applied Biosystems (ABI, Foster City, CA). Canine-
specifi c sequences of selected genes, identifi ed from studies in other species, were 
submitted to ABI to develop gene-specifi c TaqMan assays (  http://www3.applied-
biosystems.com/AB_Home/index.htm    ). These contained unlabeled forward and 
reverse primers and FAM dye-labeled TaqMan MGB probes. The Ingenuity Pathway 
Analysis (IPA, Ingenuity System Inc., Redwood City, CA) database was interro-
gated with the 96 genes on the array to better characterize biological functions and 
pathways involved.   

    46.2.2   Validation of the qRT-PCR Array Using Madin–Darby 
Canine Kidney (MDCK) Cells 

    46.2.2.1   Cell Culture 

 MDCK cells were grown to 80% confl uency in 60-mm Petri dishes in Dulbecco’s 
modifi ed Eagle’s medium (DMEM, with low glucose and L-glutamine, without 
sodium bicarbonate) supplemented with 10% fetal bovine serum (FBS), 1% penicillin 

http://www3.appliedbiosystems.com/AB_Home/index.htm
http://www3.appliedbiosystems.com/AB_Home/index.htm
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and streptomycin, 1% sodium pyruvate, and 1% MEM nonessential amino acids 
(Sigma-Aldrich, St. Louis, MO). At 5 and 10 h prior to cell collection, control cells 
received fresh supplemented DMEM, while treated cells received fresh supple-
mented DMEM containing 10  m M staurosporin (Sigma-Aldrich). For each time 
point (5 or 10 h) and cell type (control or staurosporin-treated), the experiment was 
done in duplicate, one Petri dish was used to assess cellular viability and the other 
for qRT-PCR analysis.  

    46.2.2.2   Assessment of Cellular Viability 

 Cellular viability of the cultured control and staurosporin-treated MDCK cells was 
assessed with a LIVE/DEAD ®  Viability/Cytotoxicity Assay Kit (Invitrogen-Life 
Technologies, Carlsbad, CA) following the manufacturer’s recommendation. Petri 
dishes containing the cells were examined by epifl uorescence microscopy (Axioplan, 
Carl Zeiss Meditech, Oberkochen, Germany). Images were digitally captured (Spot 
4.0 camera), and displayed with a graphics program (Photoshop, Adobe, Mountain 
View, CA).  

    46.2.2.3   qRT-PCR Analysis 

 MDCK cells used for qRT-PCR analysis were harvested by adding PBS and remov-
ing the cells from the Petri dishes with a plastic 16-cm cell scraper. Total RNA from 
cell pellets was extracted, DNAse treated, and reverse-transcribed as previously 
described (Genini et al.  2010  ) . qRT-PCR reactions containing 30 ng of mixed cDNA 
at a ratio of 2:1 (5:10 h) also were performed as recently described (Genini et al. 
 2010  ) .    

    46.3   Results 

 We developed a profi ling array containing 96 canine-specifi c TaqMan probes to test 
the expression of genes related to pro-apoptotic and antiapoptotic processes. The 
selected genes belong to seven main categories that inform on signaling pathways 
and disease mechanisms, e.g., (1) pro-death, mitochondria-dependent; (2) pro-
death, mitochondria-independent; (3) autophagy; (4) pro-survival; (5) microglia/
macrophage related; (6) expressed in retina [rods or cones ( ARR3 ,  OPN1SW , 
 OPN1MW , and  RHO ), Müller cells and astrocytes ( GFAP  and  VIM ), bipolar cells 
( PKCA ), and in the retinal pigment epithelium ( BEST1 )]; (7) housekeeping genes 
( 18S ,  ACTB , and  GAPDH ). Table  46.1  provides a summary of the 96 genes included 
in the array with their symbols, descriptions, categories, TaqMan assay numbers 
(ABI), and location on the array. 



360 S. Genini et al.

 To evaluate in detail and to confi rm the nature of the 96 selected genes, we ana-
lyzed them with the IPA program. As expected, the fi ve most relevant IPA molecular 
and cellular functions identifi ed were cell death, cell-mediated immune response, 
cellular development, function, and maintenance, as well as DNA replication, 
recombination, and repair (Table  46.2 ). Infl ammatory disease, immunological dis-
ease, neurological disease, cancer, and skeletal and muscular disorders were the fi ve 
IPA biological functions related to “diseases and disorders” with the highest number 
of genes (Table  46.2 ). Furthermore, relevant IPA pathways included death receptor 
signaling, apoptosis signaling, TNFR1 signaling, induction of apoptosis by HIV1, 
and tumoricidal function of hepatic natural killer cells (Table  46.2 ).  

 The profi ling array was validated, and the functionality of the TaqMan assays 
was tested, with RNA extracted from control and staurosporin-treated MDCK cells. 
To examine the highest number of genes possible, we mixed with a ratio of 2:1 the 
cDNAs of the staurosporin-treated cells at 5 h (to detect early apoptotic genes) and 
10 h (to detect late apoptotic genes). The cDNAs from age-matched untreated cells 
at 5 and 10 h post addition of fresh DMEM were processed similarly. While the 
untreated cells were mostly all alive at 5 h (Fig.  46.1a ) and 10 h (Fig.  46.1c ), several 
staurosporin-treated cells were dead at 5 h (Fig.  46.1b ) and almost all at 10 h 
(Fig.  46.1d ) of treatment.  

 The qRT-PCR results showed that retina-specifi c control genes did not amplify 
( BEST1 ,  OPN1LW , and  OPN1SW ), or had very high CT values between 35 and 38 

   Table 46.2    Five most signifi cant IPA biological func-
tions (“molecular and cellular functions” or “disease 
and disorders”) and canonical pathways identifi ed with 
the 96 genes included in the profi ling array   

 IPA biological functions 
 Molecular and cellular functions 
 – Cell death 
 – Cell-mediated immune response 
 – Cellular development 
 – Cellular function and maintenance 
 – DNA replication, recombination, and repair 
 Diseases and disorders 
 – Infl ammatory disease 
 – Immunological disease 
 – Cancer 
 – Neurological disease 
 – Skeletal and muscular disorders 

 IPA canonical pathways 
 – Death receptor signaling 
 – Apoptosis signaling 
 – Induction of apoptosis by HIV1 
 – TNFR1 signaling 
 –  Tumoricidal function of hepatic natural killer cells 



36146 Development and Validation of a Canine-Specifi c Profi ling…

( ARR3 ,  GFAP , and  RHO ) in both untreated and treated cells. Furthermore, the 
additional genes  BNIP3L ,  BID ,  CASP14 ,  CD40 ,  CD40LG ,  FADD ,  IL10 ,  TNFA , 
 TNFRSF9 ,  TNFSF8 ,  TNFRSF21 , and  TYROBP  did not amplify in MDCK cells. For 
the remaining genes, CT values ranged from 10 ( 18S ) to 34 ( FASLG ,  NTF3 ,  NTF4 , 
 PRDX3 ,  PTPRC , and  TP73 ). The calculated mean CT values of  GAPDH  and  ACTB  
were used for normalization because they did not change between treated and con-
trol samples, while  18S  was excluded as it was unstable and highly variable. 

 A total of eight genes ( BCL2L1 ,  BCL2L11 ,  CASP10 ,  CCL2 ,  DDIT3 ,  HSP70 ,  NGF , 
and  TRAF2 ) showed fold change (FC) differences >3 in control vs. staurosporin-
treated cells, while four (the retinal genes  ARR3 ,  GFAP , and  RHO , as well as  IL6 ) 
showed opposite regulation. The expressions of  BNIP3 ,  TNFA , and  GFAP  were also 
assessed with single assays done separately. The same experimental conditions used 
for qRT-PCR on the profi ling array were applied, with the exception that the quantity 
of cDNA was augmented to 100 ng per gene and that other primers for  BNIP3  (Genini 
et al.  2010  )  were used. The results demonstrated no changes in expression of  BNIP3 , 
upregulation of  GFAP  (raw CT values of 34 and 36, respectively), and  TNFA  (raw CT 
values of 35 and 37, respectively) in staurosporin-treated vs. control cells.  

    46.4   Discussion and Conclusions 

 In the present study, we developed a qRT-PCR profi ling array containing key genes 
that are directly or indirectly involved in pro-apoptotic and pro-survival processes, 
autophagy, and/or are related to microglia/macrophages. For all the selected genes, 
canine-specifi c TaqMan assays are now inventoried and available for the research 
community. The array was validated in canine origin MDCK cell cultures treated 
with staurosporin, and we identifi ed a number of genes that are important in pro-
apoptotic and pro-survival processes, defi ned as part of signaling pathways that 
activate apoptosis, attempt to block apoptosis, or attempt to down- or upregulate 
protective cell functions. A precise and fi nal classifi cation of one gene to one cate-
gory was a very complex task, because several genes fi t into different categories 
depending on several factors (e.g., cell type, disease, age, interacting molecules) 
and because this classifi cation is a dynamic process that alters as more information 
becomes available. 

  Fig. 46.1    LIVE/DEAD viability/cytotoxicity assay showing live ( green ) or dead ( red ) cells in 
control (( a ) 5 h; ( c ) 10 h) or staurosporin-treated (( b ) 5 h; ( d ) 10 h) MDCK cultures. Note the 
marked reduction in number of live cells after 10 h exposure to staurosporin       
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 Specifi c characterization of the selected genes with IPA confi rmed their expected 
biological functions and pathways, including cell death and cell-mediated immune 
response, and provided additional information to better evaluate and dissect the 
general pattern of the genes on the profi ling array. 

 A few genes, in particular those that are retinal-specifi c, could not be successfully 
amplifi ed in MDCK cells with 30 ng of cDNA. This might be due to absence or very 
low levels of gene expression in MDCK cells, as shown with the single assay for 
 TNFA  that worked when we used 100 ng of cDNA. Alternatively, this may have 
been caused by primers not annealing to the sequence of interest. MDCK cells were 
used for this initial validation step in order to save precious and limited canine retina 
samples; however, additional validation with RNA from retina will clarify the reasons 
for the failed amplifi cation of certain genes. 

 This profi ling array will be useful in future studies to identify genes, molecular 
mechanisms, and signaling pathways associated with photoreceptor degeneration in 
XLPRA2 and also additional canine models, e.g., rcd1, rcd2, XLPRA1, that carry 
mutations in other genes known to cause retinal degeneration in humans. Inclusion 
of three housekeeping genes used for normalization in the profi ling array represents 
an advantage as it will enable selection of the optimal combination for each different 
experiment that will be performed. 

 It is expected that such quantitative analyses of gene expression will be valuable 
in identifying common, as well as disease-specifi c pro-death/pro-survival pathways 
that may represent future novel therapeutic targets.      
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  Keywords   Age-related macular degeneration  •  HTRA1  •  ARMS2  •  Chromosome 
10  •  Protease  •  Extracellular matrix  •  TGF-beta     

     47.1   Introduction 

 Age-related macular degeneration (AMD) is the leading cause of blindness in devel-
oped countries, affecting at least 20 million people aged over 65 years of age world-
wide (Friedman et al.  2004  ) . It is a genetically complex disease, arising through the 
interaction of genetic and environmental factors (Klein et al.  2004  ) . Linkage analy-
sis and genome-wide association studies (GWAS) have identifi ed two genomic 
regions containing major AMD susceptibility loci. A risk allele in either locus 
accounts for an estimated 71% population-attributable risk of AMD; individuals 
carrying risk alleles at both loci have an estimated 40-fold increase in risk of devel-
oping AMD (Yang et al.  2006 ; Cameron et al.  2007  ) . 

 The fi rst AMD susceptibility locus on chromosome 1 (1q25-31) contains the 
complement factor H ( CFH ) and other complement-related genes. This has high-
lighted the role of the alternative complement pathway and infl ammatory processes 
in AMD pathogenesis (Iyengar et al.  2004 ; Majewski et al.  2003 ; Klein et al.  2006 ; 
Haines et al.  2005 ; Edwards et al.  2005 ; Hageman et al.  2005  ) . Subsequently, risk 
variants in other genes involved in the alternative complement pathway have been 
reported, including factor B and complement component  C3  (Gold et al.  2006 ; Yates 
et al.  2007  ) . 

 The pathological role of the second major susceptibility locus, in chromosomal 
region 10q26 – which has an equivalent impact on AMD risk as  CFH –  is much less 
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clear (Majewski et al.  2003 ; Seddon et al.  2003 ; Weeks et al.  2004 ; Fisher et al. 
 2005  ) . Association studies refi ned the region likely to contain causative alleles 
(Jakobsdottir et al.  2005 ;    Rivera et al.  2005  )  but three genes  PLEKHA1, LOC387715  
( ARMS2 ) and  HTRA1  lie in a 200-kb region of strong linkage disequilibrium (LD), 
shown in Fig.  47.1 . Thus, identifi cation of the gene or the variant(s) infl uencing 
susceptibility to AMD has proved remarkably diffi cult.   

    47.2   Unravelling the Genetic Association Locus 
in Chromosomal Region 10q26 

 Rivera et al. ( 2005 ) studied chromosome 10q26 in two independent AMD case–
control cohorts and found that the strongest association with AMD ( p  = 10 −34 ) arose 
from SNP rs10490924, encoding an amino acid substitution of alanine to serine at 
position 69 (A69S) in the hypothetical locus  LOC387715,  subsequently called 
 ARMS2  (Fig.  47.1 ). A Chinese study then identifi ed the risk allele of SNP rs11200638, 
which was in complete LD with the  ARMS2  A69S polymorphism, as potentially 
causal (Dewan et al.  2006  ) . Individuals homozygous for the minor (A) allele had a 
tenfold increased risk of wet AMD (Rivera et al. 2005; Dewan et al.  2006  ) . The same 
SNP was also associated with AMD in Caucasians (Yang et al.  2006  )  and in particu-
lar with the risk of developing dry AMD (Cameron et al.  2007  ) . 

 The rs11200638 SNP was proposed to affect putative binding sites for transcrip-
tion factor AP2 a  and serum response factor (SRF) in the promoter region of  HTRA1  
(Fig.  47.1 ). Transcription of  HTRA1  was shown to be up-regulated by the AA geno-
type compared with the GG genotype (Dewan et al.  2006  ) . Increased levels of 
 HTRA1  mRNA and protein were detected in RPE from four AMD-affected indi-
viduals carrying the AA risk allele (Yang et al.  2006  ) . Thus, it was proposed that 
increased HTRA1 activity may increase susceptibility to AMD. However, subse-
quent studies failed to consistently replicate these fi ndings. Several studies found no 
signifi cant difference in  HTRA1  mRNA or protein in retina and placental samples of 
known genotype, and no increased promoter activity by luciferase assays (Kanda 
et al.  2007,   2010 ; Chowers et al.  2008  ) . Furthermore, the region surrounding 

  Fig. 47.1    The chromosome 10q26 locus. Location of variants on chromosome 10 reported to be 
associated with AMD susceptibility (not drawn to scale).  Grey  shaded regions represent coding 
sequences of candidate genes; untranslated regions are shown in  black . Nucleotide positions and 
distances along chromosome 10 are derived from the NCBI Entrez gene database. Figure adapted 
from Allikmets and Dean  (  2008  )        
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rs11200638 does not bind the transcription factor AP2 a  (Kanda et al.  2007  ) . 
However, others utilised the same techniques to show that there is a difference in 
promoter activity, mRNA and protein levels for  HTRA1  in carriers of the risk allele 
(An et al.  2010 ; Yang et al.  2010  ) .  

    47.3   The Contribution of  ARMS2  to the AMD Association 
in Chromosomal Region 10q26 

  ARMS2  is conserved only in chimpanzees and encodes a 12-kDa protein of unknown 
function (Kanda et al.  2007  ) . The contradictory evidence for  HTRA1  expression 
differences led to investigation of variants in  ARMS2  as the true risk alleles for 
AMD in 10q26. Kanda and colleagues evaluated the contribution of SNPs in a 220-
kb region spanning  PLEKHA1, ARMS2  and  HTRA1  to the association with AMD 
and proposed that the A69S variant in  ARMS2  was causal but the majority of asso-
ciation studies were unable to separate the impact of  ARMS2  from  HTRA1  SNPs 
(Wang et al.  2010  ) . 

 A 372 base pair deletion and a 54 base pair insertion in the 3 ¢  untranslated region 
(UTR) of  ARMS2  (indel in Fig.  47.1 ) was found to be signifi cantly associated with 
AMD ( p  = 10 −29 ) in 760 AMD cases and 549 controls (Fritsche et al.  2008  ) . The 
indel was strongly associated (r 2  > 0.88) with rs10490924 and several other SNPs, 
forming a risk haplotype with an eightfold increased risk of AMD for homozygous 
individuals. The deletion removed a polyadenylation signal, whilst insertion of an 
AU-rich element reportedly led to rapid mRNA decay in individuals with the indel 
polymorphism. As a consequence, expression of  ARMS2  was not detected in 
homozygous carriers of the indel variant (Fritsche et al.  2008  ) . 

 Interestingly, a second coding change in  ARMS2  – R38X – also results in reduced 
 ARMS2  mRNA and protein (Yang et al.  2010  ) . This mutation is not present on the 
risk haplotype but is weakly protective, suggesting that loss of ARMS2 protein 
function may be necessary but not suffi cient to cause AMD. 

 Subsequent work showed that the indel is more complex, consisting of two adja-
cent indels, 17 base pairs apart (Wang et al.  2010  ) . Again, the indel was strongly 
associated with AMD ( p  = 10 −13 ), and was in strong LD with rs10490924 (D’ 0.99) 
but it did not appear to affect stability of the  ARMS2  transcript, nor was it associated 
with lower levels of  ARMS2  mRNA in retina or white blood cells. The authors 
speculated that A69S is the biologically relevant variant at the chromosome 10q26 
locus, although the functional consequences were unknown. 

 Previous reports had identifi ed  ARMS2  expression in only the placenta and the 
retina (Jakobsdottir et al.  2005 ; Fritsche et al.  2008  ) . However, Wang et al.  (  2010  )  
showed that  ARMS2  is ubiquitously expressed after screening 18 tissues by RT-PCR. 
Kanda et al.  (  2007  )  and Fritsche et al.  (  2008  )  used immunostaining to show intense 
ARMS2 staining in the retinal photoreceptor layer, localised to mitochondria and 
proposed a role for  ARMS2  in mitochondrial homeostasis. In contrast, Kortvely 
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et al.  (  2010  )  identifi ed ARMS2 as a secreted protein, present at high levels in the 
choroid. This highlights the controversy and uncertainty regarding the roles of 
ARMS2 and HTRA1 in AMD susceptibility.  

    47.4   The Potential Role of HTRA1 in AMD 

 HTRA1 is a member of the mammalian HtrA (high temperature requirement A) 
serine protease family, fi rst identifi ed in  Escherichia coli  as a heat shock protein 
(Clausen et al.  2002  ) . Four members of this highly conserved family have been 
described in humans; each having a characteristic trypsin-like catalytic domain 
paired with one or more C-terminal PDZ domains (Hu et al.  1998 ; Gray et al.  2000 ; 
Clausen et al.  2002 ; Nie et al.  2003  ) . HTRA1 also has an N-terminal secretory sig-
nal sequence, an insulin-like growth factor (IGF) domain and a Kazal-type serine 
protease inhibitor domain (Zumbrunn and Trueb  1996  ) . The serine peptidase activ-
ity of HTRA1 is regulated by ligand binding to the PDZ domain (Murwantoko et al. 
 2004  ) . Auto-activation may occur via N-terminal cleavage of the Kazal inhibitory 
domain (Hu et al.  1998  ) . 

 HTRA1 is secreted in a variety of tissues, with strongest expression in placenta 
(Zumbrunn and Trueb  1996  ) . Its expression is up-regulated in osteoarthritis and in 
Duchenne muscular dystrophy, conditions in which degradation of the extracellular 
matrix (ECM) may be important (Hu et al.  1998 ; Bakay et al.  2002 ; Grau et al.  2006  ) . 

 Oka et al.  (  2004  )  reported that HTRA1 inhibits BMP and TGF b  signalling, and 
regulates availability of IGFs by cleaving IGF-binding proteins. Loss-of-function 
mutations in HTRA1 cause uncontrolled TGF b  signalling, leading to cerebral auto-
somal recessive arteriopathy with subcortical infarcts and leukoencephalopathy 
(CARASIL; Hara et al.  2009  ) . TGF b  is a known regulator of ECM deposition and 
angiogenesis, both of which are important in AMD. 

 HTRA1 is expressed in human RPE, and is detected in drusen in AMD eyes 
(Dewan et al.  2006 ; Yang et al.  2006  ) . A proposed role for HTRA1 in AMD patho-
genesis is degradation of ECM proteoglycans (Grau et al.  2006  ) . Collagens have 
been identifi ed as binding partners of HTRA1 using a combination of approaches 
(Murwantoko et al.  2004 ; De Luca et al.  2004  ) . HTRA1 degrades matrix proteins, 
including Gla and decorin in vitro, and regulates physiological and pathological 
matrix mineralisation (Canfi eld et al.  2007  ) . Proteomic approaches identifi ed many 
HTRA1-interacting proteins and suggested an intriguing link to regulation of the 
complement pathway through cleavage of clusterin, vitronectin and fi bromodulin 
(Chamberland et al.  2009 ; An et al.  2010  ) . 

 In summary, HTRA1 is able to bind and degrade components of the ECM, con-
sistent with a role in AMD pathogenesis. HTRA1 may be involved in neovasculari-
sation, wound healing following chronic infl ammation, complement regulation and 
thickening of Bruch’s membrane with age. However, much work remains to be done 
to clarify the relative roles of HTRA1 and/or ARMS2 in AMD susceptibility.      
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     48.1   Introduction 

 Congenital stationary night blindness (CSNB) represents a group of low vision 
disorders in which patients exhibit a negative ERG, reduced visual acuity, impaired 
night vision, myopia, nystagmus, and strabismus (Miyake et al.  1986 ; Héon and 
Musarella  1994 ; Miyake  2006 ; Lodha et al.  2009  )  with abnormal retinal neurotrans-
mission (Tremblay et al.  1995  )  and different modes of genetic inheritance (Bech-
Hansen et al.  1998a,   b ; Strom et al.  1998 ; Bech-Hansen et al.  2000 ; Zeitz et al. 
 2005a,   b ; Zeitz  2007 ; Bellone et al.  2008 ; Audo et al.  2009 ; Li et al.  2009 ; Nakamura 
et al.  2010  ) . Analysis of individuals with CSNB diagnosed based on a negative ERG 
has revealed  CACNA1F  mutations in the patients with incomplete X-linked CSNB 
(CSNB2A),  NYX  mutations in patients with complete X-linked CSNB (CSNB1A), 
and  GRM6  and  TRMP1  mutations in patients with complete autosomal recessive 
CSNB (CSNB1B and CSNB1C). Several reports have revealed phenotypic vari-
ability among genetically defi ned CSNB1 and CSNB2 patients (Boycott et al.  2000 ; 
Jacobi et al.  2002 ; Allen et al.  2003  ) , though limited information is available on the 
genotype–phenotype correlation in patients with CSNB. 
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 In this report we describe the type and distribution of mutations in  CACNA1F , 
 NYX ,  GRM6 ,  TRMP1 ,  and CAPB4  genes in a cohort of 199 patients with CSNB 
together with the worldwide experience. In addition, we have analyzed the degree 
of clinical variability of 182 genetically defi ned patients with X-linked CSNB in an 
effort to refi ne the phenotype of patients with CSNB.  

    48.2   Methods 

    48.2.1   Subjects 

 A total of 199 patients were contributed by the CSNB Study Group for genetic 
analysis from Canada (Alberta, British Columbia, Nova Scotia, Ontario, Quebec), 
Denmark, Finland, Netherlands, United Kingdom, and USA (California, Georgia, 
Illinois, Missouri, New York, Oregon, Pennsylvania, Texas, Wisconsin) (manuscript 
in preparation). Furthermore, a retrospective chart review of 182 patients (males, 
except for 1 female; from 52 different families) with genetically defi ned X-linked 
CSNB (CSNB1A and CSNB2A) was undertaken. Clinical data collected included 
visual acuity (VA), refractive error (ref), color vision (CV), where available electro-
physiological (ERG), dark adaptation (DA), nystagmus, strabismus, and complaint 
of impaired night vision.  

    48.2.2   Analyses 

    48.2.2.1   Genetic Analysis 

 Genomic DNA was PCR-amplifi ed using a series of primers designed to amplify 
the coding and fl anking intronic regions of the  CACNA1F ,  NYX ,  GRM6 ,  TRMP1 , 
and  CAPB4  genes (see Boycott et al.  2001  ) . PCR fragments were then sequenced 
and sequence variants were evaluated for their consequence on the encoded protein 
(e.g., nonsense, frameshift, or missense that involved a change in a highly conserved 
residue; analysis by PolyPhen).  

    48.2.2.2   Statistical Analysis 

 Within-group variability for individual clinical measures was calculated and vari-
ability between groups was compared using the variability ratio test. Binary vari-
ables (nystagmus, strabismus, impaired night vision) were compared using  c -square 
analysis (O’Brien  1981  ) .    
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    48.3   Results 

    48.3.1   Genetic Analysis 

 In a total of 199 patients diagnosed clinically with CSNB, 112 for X-linked iCSNB, 
73 for X-linked cCSNB, and 14 with ar-cCSNB, we have identifi ed a total of 116 
unique mutations (65 unpublished; manuscript in preparation) in 159 (80%) of these 
families. Of the mutations, 69 were in  CACNA1F  (Table  48.1 , Fig.  48.1 ), 32 in  NYX  
(Table  48.2 ), seven in  GRM6  (Table  48.3 ), and eight in  TRMP1  (Table  48.4 ). No 
mutations were identifi ed in  CAPB4 .  CACNA1F  mutations were distributed across 
the coding region from exon 2 to 47 (Fig.  48.1 ), while  NYX  mutations predominated 
in conserved or immediately adjacent residues across the leucine-rich repeats of 
NYX. The  CACNA1F  mutations were identifi ed among patients originally  diagnosed 

   Table 48.1    Unique  CACNA1F  mutations in patients with CSNB2A   

 Mutation type  Calgary experience (%)  World experience (%) 

 Missense point mutation  25 (36)  34 (37) 
 Nonsense point mutation  14 (20)  19 (21) 
 Splicing   9 (13)  15 (16) 
 Frameshift deletion  11 (16)  13 (14) 
 In-frame deletion   4 (6)   4 (4) 
 In-frame deletion/insertion   2 (3)   2 (2) 
 Frameshift duplication   3 (4)   3 (3) 
 Frameshift insertion   1 (1)   2 (2) 
 Total  69 (100)  92 (100) 

  Fig. 48.1       Distribution of  CACNA1F  mutations in patients with CSNB2A. Genomic organization 
of  CACNA1F  on the X-chromosome between nucleotides 48,087,757 and 48,116,066 showing the 
distribution of 92 unique mutations (65 from our studies plus published mutations from other labs). 
The  CACNA1F  gene codes for the  a  

1
 -subunit of the voltage-gated calcium channel Ca 

v
 1.4.     : 

founder mutation in  CACNA1F  c.3166dupC (exon 27, frameshift mutation in patients with Dutch-
German Mennonite ancestry). The following  CACNA1F  mutations show multiple occurrences: 
     c.2576 + 1G > A (Exon 20 splice mutation) in 8 families from Canada and United States.      
c.2683C > T (Exon 21 nonsense mutation) in 7 European families       
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with incomplete X-linked CSNB (iCSNB or CSNB2A), Åland Island eye disease 
(AIED and AIED-like), and Åland eye disease (AED) (Strom et al.  1998 ; Boycott 
et al.  2001 ; Jalkanen et al.  2007  )  suggesting that these conditions are the same 
genetic condition (Rosenberg, Lodha, Bech-Hansen, manuscripts in preparation). 
We consistently observed the  CACNA1F  founder mutation (c.3166dupC, exon 27) 
among individuals from Canada with a Dutch-German Mennonite ancestry (Orton 
et al.  2008  ) . A 24-bp deletion mutation in  NYX , which results in the loss of the 
RACPAACA amino acids in the N-terminal Cys-rich region of nyctalopin, was 
detected in 12 North American CSNB families. Of 164 CSNB mutations known 
   worldwide (Bech-Hansen, manuscript in preparation), we note that 18 of 48 unique 
 NYX  mutations, 24 of 93 unique  CACNA1F  mutations, 7 of 17 unique  GRM6  muta-
tions, and 3 of 45 unique  TRMP1  mutations have been detected in more than one 
family. No mutations were identifi ed in 40 of 199 CSNB patients (20%); the clinical 
picture and the family histories of these patients were not inconsistent with CSNB 
and autosomal inheritance.       

   Table 48.2    Unique  NYX  mutations in patients with CSNB1A   

 Mutation type  Calgary experience (%)  World experience (%) 

 Missense point mutation  17 (53)  22 (46) 
 Nonsense point mutation   4 (13)   6 (13) 
 Splicing   2 (6)   3 (6) 
 Frameshift deletion   3 (9)   6 (13) 
 In-frame deletion   1 (3)   5 (10) 
 In-frame deletion/insertion   1 (3)   2 (4) 
 In-frame duplication   4 (13)   4 (8) 
 Total  32 (100)  48 (100) 

   Table 48.3    Unique  GRM6  mutations in patients with CSNB1B   

 Mutation type  Calgary experience  World experience 

 Missense point mutation  4  10 
 Nonsense point mutation  0   4 
 Splicing  1   1 
 Frameshift deletion  2   2 
 Frameshift duplication  0   2 
 Total  7  19 

   Table 48.4    Unique  TRMP1  mutations in patients with CSNB1C   

 Mutation type  Calgary experience  World experience (%) 

 Missense point mutation  3  20 (44) 
 Nonsense point mutation  2   8 (18) 
 Splicing  2  10 (22) 
 Frameshift deletion  1   5 (11) 
 Regulatory  0   1 (2) 
 Silent  0   1 (2) 
 Total  8  45 (100) 
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    48.3.2   Clinical Variability 

 Clinical and ERG data were collected from 182 genetically defi ned patients with 
CSNB (43 CSNB1A from 14 families and 139 CSNB2A from 38 families). 
Summary ERG reports were available on all patients, though detailed reports have 
so far only been available on 79 patients. 

 Almost all patients (181 out of 182) with X-linked CSNB, CSNB1A and 
CSNB2A, had abnormal visual acuity (Table  48.5 ). Patients with CSNB1A had 
more severely impaired night vision compared to patients with CSNB2A (Table  48.5 ), 
and both groups of patients had abnormal ERGs (summary ERG of scotopic and 
photopic ERG information). All patients with CSNB1A had an abnormal rod-iso-
lated response; negative bright-fl ash ERGs, normal to square cone a-waves, normal 
cone b-waves, and normal 30 Hz fl icker responses, while patients with CSNB2A 
had reduced to normal isolated rod responses, abnormal cone ERGs and 30-Hz 
fl icker. However, only 75% of the CSNB2A patients had negative bright-fl ash 
ERGs. Nystagmus and strabismus were present in some but not all patients 
(CSNB1A: 40%, 29.4%; CSNB2A: 52.5%, 24%, respectively) suggesting that these 
are secondary diagnostic feature of both CSNB1A and CSNB2A. Our statistical 
analysis of the variability of the clinical and ERG presentations revealed that patients 
with CSNB2A had more variable phenotype with respect to the visual acuity, refrac-
tive error, and the b/a wave ratio than those with CSNB1A (Table  48.6 ).   

   Table 48.5    Clinical features of X-linked CSNB   

 Measures  CSNB1A ( NYX )  n  = 43  CSNB2A ( CACNA1F )  n  = 139 

 Visual acuity a    m  = 0.35 ± 0.25,  r  = 0.05–1   m  = 0.50 ± 0.34,  r  = 0.00–1.78 
 Refraction b    m  = −9.19 ± 4.61,  r  = −26 to −0.25   m  = −3.78 ± 5.76,  r  = −21 to 12.25 
 Impaired night vision  97.2% ( n  = 36)  39% ( n  = 128) 
 Nystagmus  40% ( n  = 10)  52.5% ( n  = 137) 
 Strabismus  29.4% ( n  = 17)  24% ( n  = 131) 
 Dark adaptation  NA  95% ( n  = 40) 
 −ve ERG (b/a ratio)  100% ( n  = 64 eyes)  75% ( n  = 52 eyes) 

  − ve ERG  negative electroretinogram;  NA  not applicable;  m  mean;  r  range 
  a Vision measured in log MAR 
  b Refraction measured in diopters  

   Table 48.6    Clinical variability observed in patients with X-linked CSNB   

 Clinical features  Variability a  CSNB1A  Variability a  CSNB2A   F  value   p  value 

 Visual acuity  0.06 ( n  = 43)  0.12 ( n  = 149)  1.85  <0.05 
 Refractive error  21.25 ( n  = 43)  33.18 ( n  = 149)  1.57  <0.05 
 b/a ratio  0.02 ( n  = 64 eyes)  0.11 ( n  = 52 eyes)  8.15  <0.001 
 Impaired night vision   n  = 36   n  = 128  0.41 
 Nystagmus   n  = 10   n  = 137  0.57 
 Strabismus   n  = 17   n  = 131  1 

   a Variability: a measure of data distribution refl ects how far the data points are from the mean 
(O’Brien,  1981  )   
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 The analysis of clinical data in our cohort shows that all of the patients with 
CSNB1A exhibit the diagnostic characteristics of negative ERG, abnormal visual 
acuity, impaired night vision, and myopia (Table  48.5 ). Most of the patients with 
CSNB2A (99%) have abnormal vision, though only 75% of these patients had the 
characteristic negative ERG and only 39% of these patients had impaired night 
vision. The statistical analysis of visual acuity, refractive error, and b/a ratio of ERG 
waves confi rms that the clinical phenotype of CSNB1A is less variable than the 
clinical phenotype of CSNB2A (Table  48.6 ).   

    48.4   Discussion 

 Mutation analyses in clinically recognized CSNB patients have provided useful 
diagnostic information and revealed the spectrum and distribution of sequence 
changes in  CACNA1F ,  NYX ,  GRM6 ,  TRMP1 , and  CAPB4  genes (Tables  48.1 – 48.4 ). 
Defi nitive DNA diagnosis of CSNB was established in 80% of cases in a cohort of 
199 unrelated patients analyzed in our laboratory. Combining our mutation infor-
mation with that of published reports, a total of 209 mutations are known in 
 CACNA1F ,  NYX ,  GRM6 ,  TRMP1 , and  CABP4 . Within this cumulative data set, we 
note that the majority of mutations were identifi ed in a single family with only 27% 
of mutations being detected in more than one family. This fi nding varied between 
genes with  TRMP1  having the fewest mutations (6%) detected in more than one 
family and  GRM6  having the highest rate (41%) with  NYX  and  CACNA1F  having 
recurrence rates of 37 and 25%. Moreover, mutations in  NYX  and  CACNA1F  repre-
sent the most common causes of cCSNB and iCSNB, respectively, which support 
the notion that X-linked CSNB is the more common form of CSNB.  GRM6  and 
 TRPM1  mutations were equally common (10% combined) in cCSNB patients. 
These results have implications for diagnostic labs. The absence of  CAPB4  muta-
tion in the Calgary CSNB cohort might be due to a low incidence together with a 
bias of ascertainment of ar-iCSNB. From published reports, four of fi ve patients in 
whom  CAPB4  mutations were identifi ed did not complain of impaired night vision 
and had ERGs with severely reduced cone function and only negligibly reduced rod 
function together with abnormal vision, color vision, and photophobia, characteris-
tics similar to cone–rod dystrophy (Zeitz et al.  2006 ; Zeitz  2007 ; Littink et al.  2009  ) . 
For CSNB patients in whom the genetic causes are still to be discovered, mutations 
are likely to be found among genes for other proteins that function in photoreceptor 
pre- and postsynaptic processes that affect retinal neurotransmission. 

 The analysis of clinical data from our cohort shows that all of the patients with 
CSNB1A exhibit the diagnostic characteristics of negative ERG, abnormal visual 
acuity, impaired night vision, and myopia (Table  48.5 ). Almost all (99%) the patients 
with CSNB2A have abnormal vision, though only 75% of these patients had the 
characteristic negative ERG and a minority of these patients had impaired night 
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vision (Table  48.5 ). Nystagmus and strabismus are present only in 50% or less of 
patients with CSNB1A and CSNB2A (Table  48.5 ), suggesting that both of these 
diagnostic features are not primary, as originally suggested (Miyake et al.  1986  ) . 

 The clinical phenotype (reduced visual acuity and refractive error) and ERG fea-
tures were found to be more variable among patients with CSBN2A than among 
patients with CSNB1A (Table  48.6 ). Such variability may be explained by various 
factors, including the presence of other genetic factors modifying the phenotype 
(Boycott et al.  2000 ; Allen et al.  2003 ; Zeitz et al.  2007  )  and environmental factors 
acting before or after birth. 

 The “negative bright”-fl ash ERG has been considered diagnostic for CSNB and 
a requisite feature of a defect in the retinal neurotransmission. However, our fi nd-
ings revealed that the negative ERG is  not  invariably present in patients with muta-
tions in the  CACNA1F  gene, as 13 of 52 patients with CSNB2A in whom detailed 
ERG analysis was available did not have a  negative  bright-fl ash ERG. Patients with 
a presynaptic defect due to  CACNA1F  mutations show that both the cone and rod 
pathways are affected in patients with CSNB2A (Miyake et al.  1986 ; Tremblay 
et al.  1995  ) . These fi ndings show that CSNB2A is a cone–rod disorder rather than 
strictly a night blindness disorder with a predominant rod defect. The cases that 
present with nonnegative bright-fl ash ERGs could possibly be explained by a milder 
retinal neurotransmission defi cit. This observation would suggest that the presence 
of a negative ERG, though normally present, should not be taken as pathopneu-
monic of this subtype of CSNB, as patients with an abnormal, but nonnegative 
bright-fl ash ERG could be misdiagnosed, and potentially lead to unnecessary inves-
tigations and patient mismanagement. 

 A comprehensive clinical assessment, detailed family history, and robust ERG 
data will aid in the diagnosis of CSNB. The constant clinical fi ndings in patients 
with X-linked CSNB are abnormal vision and abnormal ERGs. However, the 
absence of a negative bright-fl ash scotopic ERG or complaint of impaired night 
vision does not exclude a diagnosis of CSNB.  

    48.5   Conclusions 

 Mutations in the  CACNA1F ,  NYX ,  GRM6 , and  TRPM1  genes established the genetic 
cause of CSNB in 80% of patients in a cohort of 199. Some patients with mutations 
in  CACNA1F  (CSNB2A) presented with an abnormal but nonnegative ERG. 
Furthermore, X-linked CSNB patients with CSNB2A showed greater variability in 
the key phenotypic features (reduced visual acuity, refractive error, and b/a wave 
ratio) than those patients with CSNB1A. Furthermore, CSNB1A patients invari-
antly complained of night blindness, while those with CSNB2A infrequently did 
consistent with the notion that the later is more correctly a cone–rod disorder.      
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     49.1   Introduction 

 Choroideremia (CHM) is an X-linked disorder of traffi cking whose primary 
 manifestations in humans are those of a progressive chorioretinopathy. Clinical and 
basic research has carefully defi ned the ocular manifestations of the disorder and 
progressive stages of the retinopathy (Jacobson et al.  2006  ) . Additional important 
information on the pathogenesis of this disorder has come from the study of animal 
models, by creating tissue-specifi c knockouts of the  chm  gene in photoreceptors and 
the retinal pigment epithelium (RPE), which demonstrated cell–autonomous degen-
eration in these layers (Tolmachova et al.  2006  ) . 

 Typical of a sex-linked disorder, males are predominantly affected, whereas 
females are carriers. Nonrandom inactivation of the normal X-chromosome, has 
been traditionally used to explain fi ndings in affected females; however, an alternate 
hypothesis may be that insuffi ciency of total REP activity explains the manifesta-
tions of CHM (Rak et al.  2004  ) . Our recent studies have demonstrated that REP1 
depletion has effects on phagocytosis and intracellular traffi cking in nonocular tissues 
like skin fi broblasts and monocytes with a large degree of variability in the manifes-
tations in patients carrying different  CHM  mutations (Strunnikova et al.  2009  ) . 

    N.   Strunnikova   •     W.  M.   Zein  
     Ophthalmic Genetics and Visual Function Branch, National Eye Inst/NIH ,   Bethesda ,  MD 20892 ,  USA    

    C.   Silvin  
     Genetics and Molecular Biology Branch, National Human Genome Research Institute NIH , 
  Bethesda ,  MD 20892 ,  USA    

    I.  M.   MacDonald   (*)
     Department of Ophthalmology ,  University of Alberta ,   10240 Kingsway Ave ,  Edmonton ,  AB 
10240 ,  Canada    
e-mail:  Ian.M.Macdonald@albertahealthservices.ca   

    Chapter 49   
 Serum Biomarkers and Traffi cking Defects 
in Peripheral Tissues Refl ect the Severity 
of Retinopathy in Three Brothers Affected 
by Choroideremia       

       Natalia   Strunnikova   ,    Wadih   M.   Zein   ,    Chris   Silvin   , and    Ian   M.   MacDonald            

M.M. LaVail et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 
Medicine and Biology 723, DOI 10.1007/978-1-4614-0631-0_49, 
© Springer Science+Business Media, LLC 2012



382 N. Strunnikova et al.

 The potential contribution of the genetic background of the individual in disease 
development has not been evaluated in CHM patients. Here, we used monocytes 
from three brothers carrying the same mutation in CHM gene to evaluate differ-
ences in vesicle transport, lysosomal acidifi cation, and rates of proteolytic degrada-
tion. We demonstrated previously the variability of the clinical phenotypes of the 
brothers was refl ected in functional differences of intracellular vesicle transport in 
their peripheral tissues. In addition, CHM fi broblasts secreted signifi cantly lower 
levels of some cytokine/growth factors including macrophage MCP1, PEDF, TNF-
alpha, FGF, and lL-8 (Strunnikova et al.  2009  ) . Here we observed that serum levels 
of PEDF, VEGF, and MCP1 factors vary signifi cantly between the brothers carrying 
the same mutation in the  CHM  gene. Altered acidifi cation in lysosomes, reduced 
rates of proteolytic degradation, and altered secretion of growth factors may corre-
late with cellular effects in the retina of CHM patients and help predict changes in 
disease progression.  

    49.2   Methods 

    49.2.1   Characterization of the Patient Population 

 The study was approved by the CNS Institutional Review Board of the NIH (08-E1-
#017). Three brothers (age 13–18) of Caucasian origin with the clinical diagnosis of 
CHM were accrued to the National Eye Institute of the NIH, Bethesda, MD. Six 
Caucasian healthy males (age 21–34) with normal vision and no ocular pathology 
acted as age-matched controls. Subjects underwent fundus imaging (OIS, 
Sacramento, California, USA) and optical coherence tomography (OCT) using 
Stratus 3 OCT (Carl Zeiss Meditec Inc, Dublin, CA). Peripheral blood samples 
(36 mL) were collected (Vacutainer CPT, Becton Dickinson, NJ) and mononuclear 
cells were sorted using AutoMax into CD14+ and CD14– populations. Levels of 
IL8, MCP1, TNF alpha, EGF, VEGF, and PEDF were determined in blood serum by 
commercial technology (SearchLight/Aushon BioSystems, Inc, Woburn, MA). 
Genomic DNA was isolated from peripheral blood monocytes, PCR amplifi ed, and 
sequenced (MacDonald et al.  2004  ) . Molecular genetic testing of the CHM gene was 
undertaken through the National Ophthalmic Genotyping Network, eyeGENE™.  

    49.2.2   Confocal Microscopy and FACS Analysis 
on Phagocytosing CD14+ Monocyte Population 
from CHM Patients and Controls 

 Monocytes for live cell imaging were plated on eight-well chamber slides 24 h 
before feeding (Lab-Tek; Nalge Nunc International, Naperville, IL). Phagocytosis 
in monocytes was tracked by pHrodo™ BioParticles ®  conjugate (pH-dependent dye 
conjugated with  E .  coli , Invitrogen, Carlsbad, CA) using fl uorescence-activated cell 
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sorting (FACS) and live cell imaging analysis. Confocal microscopy was performed 
on a laser scanning confocal microscope (Leica Microsystems, Exton, PA) using 
63× objective. pHrodo™ BioParticles ®  conjugates were visualized by exciting with 
a 568-nm laser beam and collecting emissions between 580 and 650 nm. Differences 
in rate of proteolytic degradation between the CHM patients and controls were 
determined using self-quenched conjugate of DQ TM -ovalbumin with BODYPY FL 
dye (Molecular Probes, Eugene, OR). The increase in fl uorescence corresponding 
to the rate of degradation of engulfed DQ-ovalbumin was measured using FACS 
analysis at different time points following feeding. Samples were analyzed on a 
FACStar plus fl owcytometer (Becton-Dickinson, Mountain View, CA) with 488 nm 
excitation and 530 nm band pass fi lter for FITC. For all analyses, at least 10,000 
cells were assessed in each sample.   

    49.3   Results 

    49.3.1   Clinical Variation between the Members 
of the CHM Affected Family 

 Clinical data from patients carrying the same  CHM  mutation are shown in Figs.  49.1a  
and  49.2b . From the fundus images (Fig.  49.1a ), phenotypic variability in these 
three brothers carrying the same mutation (Fig.  49.1b ) is clearly apparent compared 
to a normal control. The oldest brother (CHM3, age 18) shows areas of signifi cant 
retinal pigment epithelial depigmentation and loss, along with atrophy of the chor-
oidal vasculature. The youngest brother (CHM2, age 13) has more retinal pigment 
epithelial atrophy than his older brother (CHM1, age 16). While each brother main-
tains normal central acuity, the oldest brother has lost considerable visual fi eld, 
consistent with the fundus image (CHM3). Whereas one would have expected a 
clear progression in the fundus images and fi eld loss in all brothers, their pheno-
types do not refl ect that and illustrate the phenotypic variability inherent in this 
disorder. The OCT images of the CHM-affected brothers can be compared to a nor-
mal patient (Fig.  49.2b ). The least affected sibling (CHM1, age 16) has what would 
appear a normal RPE and retinal architecture with little apparent remodeling in the 
retina. The OCT retinal image of his older sibling (CHM3, age 18) shows marked 
loss of the outer segments, outer nuclear layer, and RPE in the area beyond the cen-
tral retina (consistent with the fundus photograph, Fig.  49.1a ).    

    49.3.2   Clinical and Functional Variability Between 
the Individuals Carrying the Same CHM Mutation 

 Traffi cking defects in peripheral cells from normal controls and the three CHM 
patients carrying the same mutation, but with variation in severity of the disease 
(Fig.  49.1a ), were evaluated using  E .  coli  particles conjugated with a pH-dependent 
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fl uorescent dye (pHrodo™ BioParticles ® ). FACS analysis of monocytes derived 
from older patients carrying different mutations (Strunnikova et al.  2009  )  exhibited 
lower levels of fl uorescence intensity following the feeding compared to control 
(Fig  49.1c ). Here we used peripheral cells from young CHM-affected brothers (age 
13, 16, and 18) carrying the same  CHM  mutation to determine if differences in the 
disease manifestations could be correlated with traffi cking and phagocytic. Confocal 
microscopy of the monocytes following feeding with BioParticles ®  demonstrated a 
large degree of variation in the fl uorescent intensities of the cells derived from the 
brothers which could be the result of pH change within the phagolysosomes or 
increased uptake of the particles by the monocytes of patients CHM2 and CHM3 
with more advanced disease. The effi ciency of lysosome-mediated degradation by 
monocytes was further evaluated with DQ TM -ovalbumin particles with BODYPY 

  Fig. 49.1    Clinical and phenotypic variation in patients carrying the same mutation in the  CHM  
gene. ( a ) Fundus photography of control (CONT) and three brothers carrying the same  CHM  
mutations with different severity of the disease (from less to more severe: CHM1+, CHM2++.
CHM3+++). ( b ) Clinical characteristics of CHM patients and effect of the  CHM  mutation. ( c ) 
Differences in lysosomal acidifi cation in monocytes from CHM and control patients determined 
by FACS in older patient population using  E .  coli  BioParticles ®  (Strunnikova et al.  2009  ) . ( d ) 
Differences in the uptake and fl uorescence levels of monocytes fed with BioParticles ®  from CHM 
affected brothers and control patients (confocal images, control, patients CHM1+, CHM2++ and 
CHM3+++)       
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FL dye. Using this system, we evaluated proteolytic abilities of the monocytes of 
the CHM patients. FACS analysis of the monocytes from age-matched controls and 
the CHM-affected brothers, following feeding with DQ™-ovalbumin particles, 
confi rmed a large degree of variability in the rates of DQ™-ovalbumin degradation 
by the cells between the brothers carrying the same mutation, which refl ected differ-
ence in their clinical status (Fig.  49.2c ). A possible explanation could be that in 
younger patients with more severe disease and active degeneration of the retina, 
more infl ammatory cytokines are released into the blood stream causing an altera-
tion of the function of peripheral cells. To evaluate this hypothesis, we measured 
serum levels of PEDF, VEGF, and MCP1 factors and determined that they vary 
signifi cantly between the brothers with highest levels observed in the serum of 
patient CHM3 with the most severe disease and lowest levels in the serum of the 
least affected patient, CHM1 (Fig.  49.2a ). Phenotypic variability in peripheral cells 
of the younger patients and levels of cytokines in serum (CHM 1–3) could therefore 
be potentially associated with the differences in their disease development and could 
refl ect variability in disease progression.   

  Fig. 49.2    Variation in rates of proteolytic degradation in monocytes and levels of serum cytokine 
in CHM patients carrying the same mutation. ( a ) Levels of PDGF, VEGF and MCP1 in the serum 
of brothers carrying the same  CHM  mutation (CHM1, CHM2, CHM3). ( b ) OCT of control subject, 
a brother with the least severe disease (CHM1) and the most severe disease (CHM3). ( c ) The effi -
ciency of lysosome-mediated proteolytic degradation by monocytes from affected brothers 
(CHM1, CHM 2, CHM3) and control assessed with DQ™-ovalbumin particles. Increase in fl uo-
rescence intensity, was measured by FACS. Data was expressed as a mean fl uorescence intensity 
of the cells ±SED (when applicable) at 1 and 3 h following the feeding       
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    49.4   Discussion 

 Citations on variability in the phenotype of CHM patients are few and a unifying 
hypothesis to explain the variability of disease has been lacking to date. Variable 
electrophysiologic responses from the retina in CHM-affected males within the 
same family and unrelated families have been reported (Sieving et al.  1986  ) . Our 
observations on traffi cking defects in peripheral tissues of CHM patients may begin 
to explain some phenomena that we observe as phenotypic variability in CHM. The 
disorder of traffi cking in specifi c tissues, such as the eye may be related to the total 
REP activity in that tissue (Rak et al.  2004  ) . An example of the phenotypic variability 
between the female carriers of the same mutation in the CHM gene was described 
earlier (Rudolph et al.  2003  ) . The potential contribution of the individual’s genetic 
background to the phenotypic variability was not previously evaluated in patients 
carrying the same  CHM  mutation. Analysis of the serum and peripheral cells from 
patients could be a useful approach to evaluate differences in disease stage. Some 
degenerative retinal conditions including AMD have demonstrated systemic altera-
tions in circulating levels of different biomarkers; for example, an increase in com-
plement components C5a, Bb, and C-reactive protein levels independently associated 
with advanced AMD (Reynolds et al.  2009  ) . In a similar fashion, we observed that 
levels of PEDF, VEGF, and MCP1 in serum from CHM patients were altered more 
in patients with more severe disease compared to controls and the mildly symptom-
atic brother. Potentially, active degeneration of the retina in symptomatic patients 
could stimulate a release of the infl ammatory cytokines to the blood stream affect-
ing the function of monocytes. We demonstrated that variability in traffi cking 
defects and lysosomal function in peripheral cells of the CHM patients could depend 
on the mutation they carry and possibly be correlated with the extent of their RPE 
dysfunction. The traffi cking defects that we observed in peripheral cells of CHM 
patients could also be demonstrated in  CHM  knockdown experiments on human 
fetal RPE cells in culture (Gordiyenko et al.  2009 ; Strunnikova et al.  2009  ) . REP-1 
depletion had a measurable effect, reducing the level of acidifi cation of phagolyso-
somes in the RPE cells. Gene replacement is currently being planned as a potential 
therapy for CHM. In addition, a number of nonsense mutations in the  CHM  gene 
have been reported, similarly to speculations about therapy for the  CFTR  gene in CF 
(Becq  2010  ) , there may be the opportunity to allow read through of nonsense muta-
tions in the  CHM  gene (Moosajee et al.  2008  )  and thereby increase total REP func-
tion. Younger CHM patients may differ with older patients exhibiting more defects 
and higher levels of cytokines than older patients, at the end stage of their disease. 
The measures of traffi cking in peripheral tissues and cytokine serum levels of CHM 
patients may provide useful correlations that refl ect active changes in the retinal 
phenotype, development of the disease, and may provide an opportunity to test 
pharmacologic compounds that normalize these parameters.      
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     50.1   Introduction 

 A number of chemical mutagenesis screens for eye phenotypes have been carried 
out in zebrafi sh and mice (Baird et al.  2002 ; Thaung et al.  2002 ; Jablonski et al. 
 2005 ;    Favor and Neuhäuser-Klaus  2000  ; Malick et al.  2002 ) . The most commonly 
used mutagen,  N -ethyl- N -nitrosourea (ENU) (Hitotsumachi et al.  1985  )  induces 
point mutations resulting in a range of consequences including total or partial loss-
of-function, dominant-negative or gain-of-function alleles (Justice et al.  1997 ; 
   Brown and Nolan  1998 ;    Hrabe de Angelis and Balling  1998  ) . 

 Screening for chemically induced mutants provides an important source of mod-
els to study the effects of single gene mutations found in human patients. Additionally, 
new mutations within the same gene provide allelic series in which splice variants 
or domain-specifi c effects can be queried. Mutations in novel genes that lead to reti-
nal disorders can be discovered using a forward genetic approach. Finally, the mouse 
models can be used as a resource to test therapies.  
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    50.2   Materials and Methods 

    50.2.1   Origins of Mice and Husbandry 

 C57BL/6J (B6) mutagenized offspring were generated (Won et al.  2011 ). In some 
cases, mice were exposed to 12,000 lx for 1 h in a mirrored box to screen for sus-
ceptibility to light-induced damage (Budzynski et al.  2010  ) . 

 Once heritability of the observed ocular phenotype was established (Won et al. 
 2011 ), mutants were bred and maintained in the JAX Research Animal Facility. 
Mice were provided with NIH 6% fat chow diet and acidifi ed water, with 12:12-h 
dark:light cycle in pressurized individual ventilation caging. Procedures utilizing 
mice were approved by the Institutional Animal Care and Use Committee.  

    50.2.2   Clinical Evaluation and Electroretinography 

 Mice, dark-adapted for a minimum of 1 h, were treated with atropine and examined 
by indirect ophthalmoscopy with a 60 or 78 diopter aspheric lens. The equipment 
and protocol for ERG were those previously described (Hawes et al.  2000  ) .  

    50.2.3   Genetic Mapping and Mutational Analysis 

 For mapping purposes, phenotypically affected mice were mated with DBA/2J mice 
to generate F1 offspring that were intercrossed. Resulting F2 progeny were pheno-
typed by indirect ophthalmoscopy. Tail tip DNA from a minimum of ten affected 
and ten unaffected mice were pooled and subjected to a genome wide scan using 
48–80 simple sequence length polymorphic (SSLP) markers distributed throughout 
the genome. Samples used in the DNA pools were tested individually to confi rm the 
map location (Taylor et al.  1994  ) . Additional F2 progeny were generated and tested 
with either SSLP or single nucleotide polymorphic markers to narrow the region 
around the disease loci. 

 Total RNA was isolated from whole eyes and brains (Life Technologies) of 
affected mutants and B6 control mice. RNA quantity was determined using a 
NanoDrop spectrophotometer (Thermo Scientifi c) and RNA quality was evaluated 
with an Agilent Technologies 2100 Bioanalyzer. cDNA was generated using a 
Retroscript kit (Ambion). Primers to sequence the coding region of the candidate 
genes were designed from exon sequences obtained from the Ensembl Database. 
RT-PCR DNA fragments sequenced on an Applied Biosystems 3730XL system 
were compared (Won et al.  2011 ).  
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    50.2.4   Histological Analysis 

 Enucleated eyes, fi xed overnight in cold methanol/acetic acid solution (3:1, v/v), 
were paraffi n embedded and cut into 6  m m sections, stained with hematoxylin and 
eosin (H & E) and examined by light microscopy.   

    50.3   Results and Discussion 

    50.3.1   A New Mutation in Phosphodiesterase 6A, 
cGMP-Specifi c, Rod, Alpha (Pde6a) 

  Tvrm58  mutants, identifi ed by indirect ophthalmoscopy, segregated in a recessive 
manner and presented with a mottled, grainy fundus appearance, typical of retinal 
degeneration models (data not shown). The mutation was mapped to chromosome 18 
between markers,  D18Mit123  and  D18Mit207 . Due to the map location and pheno-
typic similarity to two alleles of  Pde6a ,  Pde6a   nmf282   and  Pde6a   nmf363   (Sakamoto et al. 
 2009  ) , a complementation test was carried out in which homozygous  tvrm58  mice 
were outcrossed with homozygous  Pde6a   nmf363   mice. Compound heterozygous animals 
( tvrm58/+, Pde6a   nmf282/+  ) exhibited severe retinal degeneration (data not shown), indi-
cating that  tvrm58  was a new allele of  Pde6a . Using direct sequencing, we determined 
that nucleotide 2019 (nm_14086), normally a thymidine, was mutated to cytosine in 
 tvrm58  mutants. The mutation is predicted to cause a substitution of amino acid 638Leu 
(CTC) to Pro (CCC) (L638P; Fig.  50.1a ). The 638Leu residue is located within the 
conserved metal dependent phosphohydrolase HD domain (NCBI conserved domain 
ID: smart00471) and in the PDEase-I domain (amino acid 558–801, NCBI conserved 
domain ID: pfam00233), and is highly conserved from humans to zebrafi sh. 
Interestingly, the two previous mutations identifi ed in  Pde6a   nmf282   and  Pde6a   nmf363   mice 
V685M and D670G, respectively, occurred within the same domains.  

 By light microscopy, the retinas of  Pde6a   tvrm58   mutants appeared to develop nor-
mally and were similar to controls at 2 weeks of age. Therefore, the disease progres-
sion of  Pde6a   tvrm58   mutants is slower than that observed for  Pde6a   nmf282   and  Pde6a   nmf363  , 
which show ~70% and ~20% photoreceptor loss, respectively (Sakamoto et al. 
 2009  ) , at the same age. By 3 weeks, the outer nuclear layer (ONL) was reduced to 
2–3 nuclei thickness (Fig.  50.1b ).  

    50.3.2   A New Mutation in Tubby-Like Protein 1 

  Tvrm124  was mapped to chromosome 17, between markers  D17Mit113  and 
 D17Mit62 . The (tubby-like protein 1, Tulp1)  Tulp1  gene was located within the 
critical region and a complementation test showed that compound heterozygous 
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B6- tvrm124/+,  B6.129 -Tulp1   tmlPjn+/−   mice were affected, confi rming that  tvrm124  
was a new  Tulp1  allele. Direct sequencing of  Tulp1   tvrm124   retinal cDNA showed that 
exon 3 was skipped, causing a frame shift (Fig  50.1c ). If translated, the protein is 
predicted to terminate prematurely, 26 amino acids after the frame shift. Sequencing 
of genomic DNA showed that the splice donor site in intron 3 of  Tulp1   tvrm124   mice 
was altered with the second nucleotide changed from a thymidine to a cytosine 
(Fig.  50.1d ). 

 Histological analysis of  Tulp1   tvrm124   mutants showed preservation of the ONL at 
2 weeks of age. However, photoreceptor outer segments at the same age were barely 
detectable (Fig.  50.1e ). By 4 weeks, only 4–6 layers of photoreceptor cell bodies in 

  Fig. 50.1    (A-B)  Pde6a   tvrm58   ( a ) A T–C transition in  Pde6a   tvrm58   results in an amino acid substitution 
638Leu to Pro. ( b ) Retinal histology of control and  Pde6a   tvrm58   mutants at 2 and 3 weeks of age. At 
2 weeks, photoreceptor loss was not observed in  Pde6a   tvrm58   mutants but by 3 weeks their number 
was greatly reduced (~25% of control). ( c – e )  Tulp1   tvrm124   ( c ) Exon 3 is skipped in  tvrm124  cDNA, 
causing a frame shift ( red  characters) that is predicted to produce a truncated protein. (d) Sequencing 
of control and  Tulp1   tvrm124   genomic DNA revealed a single base T to A substitution ( highlighted ), 
at the conserved splice donor site in intron 3 of  Tulp1 .  Upper case letters  indicate exon sequences, 
 lower case letters , intronic sequences. ( e ) Retinal histology of control and  Tulp1   tvrm124   mutant at 
2 and 4 weeks of age. ( f ) ERGs from 4-week-old control and  Tulp1   tvrm124   mutant animals. 
In  Tulp1   tvrm124   mice, both dark and light-adapted responses were signifi cantly reduced       
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the ONL remained, resembling the  Tulp1  null allele (Ikeda et al.  2000  ) . Similarly, 
cone and rod photoreceptor function, assessed by ERG, was severely impaired at 4 
weeks (Fig.  50.1f ) (Ikeda et al.  2000  ) .  

    50.3.3   A New Mutation in Rhodopsin 

 The light sensitive  Tvrm144  mutants were identifi ed by routine exposure of G3 
mice to high intensity light prior to screening by indirect ophthalmoscopy. Because 
the fundi of heterozygous  Tvrm144  mice bleached following light exposure, we 
hypothesized that the effect was caused by a mutation in rhodopsin. By direct sequ-
encing of retinal cDNA from  Rho   Tvrm144   mice, a base pair substitution was observed. 

  Fig. 50.2     Rho   Tvrm144  . ( a ) A T–C transition in the  Rho  gene results in an amino acid change from 
35Trp to Arg. ( b ) Retinal histology of control, heterozygous  Rho   Tvrm144/+   ,  and homozygous  Rho   Tvrm144/

Tvrm144   at 1 month of age. Retinas were normal in all animals with no light stimulation (BL−). After 
bright light exposure (BL; 12,000 lx), control animals were not affected. However, both  Rho   Tvrm144/+   
and  Rho   Tvrm144/Tvrm144   mutants showed severe photoreceptor loss with chromatin aggregation (arrows) 
after 0.5 and 2 min BL exposure       
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A thymidine at nucleotide 181 (nm_145383) was substituted with a cytosine, which 
is predicted to cause a nonsynonymous change of residue 35 from tryptophan to 
arginine (Fig.  50.2a ). Tryptophan35, an evolutionarily conserved residue from human 
to zebrafi sh is located in the amino terminal domain of rhodopsin.  

 Retinas of  Rho   Tvrm144   mice raised in standard virarium conditions were normal at 
all ages examined as were retinas of homozygous  Rho   Tvrm144   mice examined at one 
and 2 months of age (Fig.  50.2b , data not shown). However, 30 s of bright light expo-
sure (12,000 lx) was suffi cient to cause photoreceptor degeneration in both  Rho   Tvrm144/+   
and  Rho   Tvrm144/Tvrm144   retinas when sampled 1 week after exposure. Photoreceptor 
nuclei were reduced to 2–3 layers, and photoreceptor outer and inner segments and 
outer plexiform layers were severely thinned compared to controls (Fig.  50.2b ). 
Chromatin aggregation was observed centrally. No consistent difference in severity 
of light-induced degeneration was observed between mice of either genotype. 

 Previously  Rho  alleles showed spontaneous and panretinal degeneration, even 
when mice were reared from birth in darkness (Naash et al.  1996  ) . Photoreceptors 
in homozygous rhodopsin null mutants raised in ambient light showed slow degen-
eration in previous knock-out and knock-in studies (Chan et al.  2004 ; Humphries 
et al.  1997  ) . Photoreceptor nuclei were preserved in heterozygous mutants of these 
knock-out/knock-in models at all ages observed, but outer segments were thinned or 
disorganized. Outer segments were severely thinned or absent in homozygous null 
animals as early as P15. On the other hand, previous reports of mouse models bear-
ing rhodopsin missense mutations show diverse phenotypes. For example,  Rho   R3  , 
C185R mutants show rapid photoreceptor degeneration (Liu et al.  2010  ) , while pho-
toreceptor cells were retained in other missense mutants (Wang et al.  2005  ) . Like 
 Rho   Tvrm144   mice, heterozygous  Rho   Tvrm1   and  Rho   Tvrm4   mice raised in standard vivarium 
lighting did not exhibit morphological changes until exposed to bright light 
(Budzynski et al.  2010  ) .   

    50.4   Summary 

 ENU mutagenesis is an effi cient method to identify new animal models of ocular 
disease. The new alleles described herein will be a useful resource to further examine 
the role of the affected molecules and the effects of their disruption within the retina.      
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     51.1   Introduction 

 In a relatively short space of time, the zebrafi sh has moved from a popular hobbyist 
species to an experimental model of major signifi cance. From its simple origins in 
the Ganges River in India, this freshwater tropical fi sh has become a rising star of 
the genetic model organisms for biomedical research. George Streisinger at the 
University of Oregon pioneered its use for studying embryogenesis (Streisinger 
et al.  1986 ; Grunwald and Streisinger  1992 ; Kimmel et al.  1995  ) , and it was brought 
to the forefront of vision research by John Dowling at Harvard University (Schmitt 
and Dowling  1994 ; Fadool et al.  1997  ) . In this chapter, morphological and genetic 
attributes to the zebrafi sh system are discussed alongside recent work highlighting 
the versatility for studying retinal degeneration.  

    51.2   Morphological and Embryological Features 

 Adult zebrafi sh are small (~4 cm) and mate year round, with females being able to 
spawn on a weekly basis and are reproductively capable for about 1.5 years. They lay 
clutches of embryos of around 100–200 per mating which develop synchronously. 
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The extra-uterine development and optical transparency during early development 
make the zebrafi sh system superior to the mouse for studying real-time effects in 
loss- and gain-of-function mutants. The eyes begin to develop at the 6 somite stage 
(Kimmel et al.  1995  )  with the optic lobes evaginating from the diencephalon 
(Schmitt and Dowling  1994  ) . After lens induction at 14–15 somites, the retina 
becomes distinct from the RPE at about 18 somites. At about 32 h post-fertilization 
(hpf) the ganglion cells differentiate (Schmitt and Dowling  1999  )  and by 72 hpf the 
zebrafi sh larvae show their fi rst visual response (Easter and Nicola  1996  ) . The 
zebrafi sh has an elaborate tetrachromatic color vision system, mediated by long-
wave, middlewave, shortwave, and UV-sensitive cones (Robinson et al.  1993  ) .  

    51.3   Zebrafi sh Genetic Resources 

 Ten years ago the complete mitochondrial DNA sequence for  D. rerio  was pub-
lished (Broughton et al.  2001  ) . The 16,596 base pairs code for 13 protein coding 
genes, an origin of replication, 2 rRNAs and 22 tRNA genes, identical to the com-
mon mitochondrial vertebrate form. At around the same time the Sanger Institute 
initiated the zebrafi sh genome sequencing project and since then has released sev-
eral genome assemblies, the latest being Zv9 in September 2010 (  http://www.sanger.
ac.uk/Projects/D_rerio/    ). This is the fi nished version, meaning that the error rate is 
about 1 in 50,000 bases and all nonrepetitive DNA has been sequenced. The gene 
structures can be viewed at several genome browsers (ENSEMBL (  www.ensembl.
org    ), UCSC (  www.genome.ucsc.edu/    ), and the Zebrafi sh Genome Resource at 
NCBI (  http://www.ncbi.nlm.nih.gov/genome/guide/zebrafi sh/    )). There is also a 
dedicated online database of genetic, genomic, developmental information, publica-
tions, and molecular tools for zebrafi sh, the Zebrafi sh Information Network (  www.
zfi n.org/    ; Sprague et al.  2006  ) . An NIH initiative known as The Zebrafi sh Gene 
Collection (ZGC,   http://zgc.nci.nih.gov/    ) supports the production of cDNA librar-
ies, clones and sequences of expressed genes for zebrafi sh. All resources generated 
by the ZGC are publicly accessible to the biomedical research community. 

    51.3.1   Genetic Screens 

 One of the most signifi cant features of the zebrafi sh model system is the ability to 
carry out large-scale forward genetic screens to investigate specifi c developmental 
processes without any prior knowledge of the genes involved. The chemical muta-
gen  N -ethyl- N -nitrosourea (ENU) has been used to generate loss-of-function 
mutants (Haffter et al.  1996  ) . Several large scale ENU mutagenesis screens have 
identifi ed genes important to development (Driever et al.  1996 ; Haffter et al.  1996  ) . 
Fish from these screens have been reanalyzed using behavioral screens to fi nd visually 
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impaired mutants (Neuhauss et al.  1999 ; Brockerhoff et al.  1995  ; Maurer et al.  2011  . 
Independent ENU screens have also been specifi cally designed to identify visual 
mutants (Brockerhoff et al.  1998 ; Muto et al.  2005  ) . This has resulted in a large 
number of recessive mutants, many with retinal defects that are models for human 
retinal degenerations (Malicki et al.  1996  ) . 

 While chemically based screens have been instrumental in generating mutant 
phenotypes, positional cloning of these mutations is laborious. Retrovirus-mediated 
insertional mutagenesis provides an attractive alternative since the affected gene can 
be easily identifi ed. The mutants generated from this type of screen (Amsterdam et al. 
 2004  )  have been reanalyzed for visual defects (Gross et al.  2005  ) . While highly infor-
mative, forward genetic screens do not identify mutations in genes with redundant 
function or dominant-negative effect. The gain-of-function approach increases the 
effi ciency of phenotype-based screens since the analysis can be performed in the F1 
generation, in contrast to the F3 generation used for loss-of-function screens. Such an 
approach has identifi ed new genes expressed in the retina (Maddison et al.  2009  ) .  

    51.3.2   Mutant Strain Repositories 

 The mutant zebrafi sh lines obtained through mutagenesis screens are available 
through a number of zebrafi sh repositories or from the original investigators. The 
Zebrafi sh International Resource Center (ZIRC,   www.zebrafi sh.org/zirc    ) is housed 
on the University of Oregon. It maintains and provides wildtype and mutant strains 
either as embryos or as frozen sperm and distributes these to the research commu-
nity. The Zebrafi sh Genome Project funded by the Wellcome Trust Sanger Institute, 
UK facilitates the positional cloning of genes uncovered from genetic screens in the 
zebrafi sh (  http://www.sanger.ac.uk/Projects/D_rerio/mutres/faqs.shtml    ). If your 
gene of interest does not have a corresponding mutant you can request that a mutant 
be developed.   

    51.4   Functional Assessment in Zebrafi sh 

 Direct assignment of gene function in zebrafi sh is facilitated by the use of targeted 
“knockdown” technology (Nasevicius and Ekker  2000  )  using selective antisense 
morpholino oligonucleotides (MOs) available from GeneTools (  http://www.gene-
tools.com/    ). The results of this approach can be seen in real-time during the fi rst few 
days of development (Fig.  51.1a ). However, gene knockdown in zebrafi sh is com-
plicated by the fact that a large number of genes are duplicated, which may compen-
sate for the loss of function of the targeted homolog. Some duplicate genes have 
been lost, whereas other duplicated genes are retained with subfunctionalization of 

http://www.zebrafish.org/zirc
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the two copies or a new function assigned to one of the copies (Wagner  1998  ) . 
Knockdown experiments should be carefully controlled by testing at least one mis-
match and one scrambled control oligomer. Whenever possible, the levels of both 
the target protein and one or more control proteins should be evaluated in samples 
treated with experimental and control morpholinos. ZFIN maintains and curates a 
morpholino database that has entries for 277 zebrafi sh genes which have been suc-
cessfully targeted.  

 The ability to regulate gene expression both temporally and spatially has been a 
recent advance in the zebrafi sh tool box (Davison et al.  2007 ; Asakawa et al.  2008  ) . 
The binary Gal4/UAS system relies on the ability of the transcription factor Gal4 to 
drive gene expression of other genes under the regulation of Gal4-responsive 
upstream activator sequences (UAS). For example, in a GAL4 activator fi sh line 
(Tg- hsp70 : GAL4 ), the activator protein GAL4 is present but has no target gene to 
activate. In a UAS fi sh line, UAS is fused to the target gene which is silent in the 
absence of the GAL4 activator. When the GAL4 and UAS lines are crossed, the 
target genes can be turned on in the double-transgenic progeny when embryos are 
exposed to heat shock, at a time when the gene expression is required.  

  Fig. 51.1    Chemical treatments to zebrafi sh mutants. ( a ) Chordin morpholino knockdown in wild-
type fi sh. ( b ) Zebrafi sh eye histology in 6-day-old  chm  mutant before (Bi) and after treatment (Bii) 
with gentamicin, restoring appearance of retinal lamination. ( c ) Zebrafi sh eye histology in 6-day-
old  noi  mutant before (Ci) and after treatment (Cii) with paramomicin   , causing closure of the optic 
fi ssure ( arrow ). ( d ) Zebrafi sh eye anatomy in 6-day-old  gup  mutant before (Di) and after treatment 
(Dii) with caspase inhibitor zDEVD-fmk, reducing the size of the coloboma       
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    51.5   Drug Discovery 

 Validating new drug targets remains a bottleneck in drug discovery, as most small 
molecule discovery efforts rely on high-throughput screening using simplifi ed 
in vitro reactions or cell-based assays. Chemical suppression screens in zebrafi sh 
were pioneered in 2004 by Randall Peterson’s group at Harvard, who were working 
on the  gridlock  mutant, which displayed abnormal bifurcation of the lateral dorsal 
aorta with blockage of the circulation to the trunk. From a 5,000 small-molecule 
screen, two overcame the blood circulation problem (Peterson et al.  2004  ) . More 
recently, a zebrafi sh line expressing GFP under the control of the endothelial-specifi c 
 fl i1  gene was screened with 2,000 small molecules to identify compounds that could 
modulate the retinal vascular network. Four chemicals were found that either altered 
blood vessel morphology or resulted in loss of retinal vessels (Kitambi et al.  2009  ) . 

 We have used this approach (Moosajee et al.  2008  )  to test the ability of amino-
glycosides and cell death inhibitors to delay retinal degeneration in the  chm  ( rep1   −/−  ) 
model of choroideremia and in two ocular coloboma mutants,  noi  ( pax2   −/−   )  and  gup  
( lamb1   −/−   ) . The zebrafi sh were assayed simultaneously in a 96-well plate format so 
that drugs could be added to the aquatic environment allowing absorption into the 
fi sh. We found that either aminoglycosides (Fig.  51.1b, c ) or caspase inhibitors 
(Fig.  51.1d ) were able to ameliorate the phenotypic defects in these mutant zebrafi sh, 
validating this zebrafi sh system for identifying modifi ers of eye defects. 

 Although chemical suppression screens have discovered new compounds to 
ameliorate disease, there are a few caveats to note: (1) it can be diffi cult to predict 
the infl uence of pharmacokinetic and bioavailability in whole-organism screens; (2) 
it can be diffi cult to assess the specifi city of a drug’s effect without some knowledge 
of its specifi c target; (3) genetic mutations in fi sh need to faithfully recapitulate the 
human disease in question; and (4) there are limitations in zebrafi sh physiology 
(e.g., the zebrafi sh heart has two chambers whereas the human heart has four). 
These latter two caveats are less problematic for retinal degeneration mutants due to 
the similar physiology. Thus, the effect of chemical compounds can be directly 
assayed in vivo by using retinal behavioral screen readouts.  

    51.6   Conclusion 

 The combination of genetic, developmental, and physiological attributes places the 
zebrafi sh as a forefront model for identifying novel treatments for retinal degenera-
tion. Small-molecule screening is a powerful approach to drug discovery, and the 
use of zebrafi sh allows for inexpensive high-throughput testing of chemicals in the 
context of the whole organism. Our experience suggests that chemical screens will 
be an important addition to the existing genetic, cell biological, and biochemical 
technologies. Emerging investigation into complex behavioral and physiologic phe-
notypes will lead to an unprecedented insight into whole organism phenotypic 
screening in the near future.      
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       52.1   Introduction 

 The fi rst mutations in  Drosophila  known to cause retinal degeneration were identifi ed 
in the 1960s by the pioneering studies of Bill Pak and co-workers (Pak  1995  ) . 
At that time, the clinical signifi cance of the fi ndings was not fully appreciated. The 
revolutionary fi nding that put fl ies into the spotlight was the one showing that genes 
controlling development in fl ies could also do so in humans. In the 1980s, home-
odomain-containing transcription factors were found to be essential during develop-
ment in  Drosophila.  Almost identical homeodomain-containing genes were found 
in the genomes of a wide range of organisms, including humans and mice (Lawrence 
 1992  ) . This knowledge led to the conclusion that organisms as different as fl ies and 
humans contain nearly identical genes with similar functions. 

 At the turn of the twentieth century in the hands of Thomas Hunt Morgan, the 
founding father of  Drosophila  research,  Drosophila  emerged as a powerful genetic 
workhorse (Rubin and Lewis  2000  ) . In 1910, Morgan identifi ed the fi rst mutation in 
 Drosophila , which was a spontaneous mutation that caused a normally red-eyed fl y 
to be white eyed (Fig.  52.1a ). This fi rst allele transformed our understanding of 

    Chapter 52   
 Retinal Degeneration in the Fly       

       Nansi   Jo   Colley*            

    N.  J.   Colley   (*)
     Department of Ophthalmology and Visual Sciences and Department of Genetics, and
UW-Eye Research Institute ,  University of Wisconsin ,   Madison ,  WI ,  53792 ,  USA    
e-mail:  njcolley@wisc.edu   

       *Reprinted from Colley (2010), with permission from Elsevier. Copyright Elsevier 2010. 

M.M. LaVail et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 
Medicine and Biology 723, DOI 10.1007/978-1-4614-0631-0_52, 
© Springer Science+Business Media, LLC 2012



408 N.J. Colley

genetics and heredity. The white gene encodes a membrane-associated, adenosine 
triphosphate (ATP)-binding cassette, (ABC)-type multidrug transporter required for 
the transport of pigment precursors involved in eye pigment biosynthesis. In humans, 
mutations in the  ABCA4  gene (also  ABCR ) account for approximately 3% of 

  Fig. 52.1    ( a ) Wild-type red-eyed fl y, Canton S compared to a white-eyed mutant fl y, w 1118 . ( b ) 
Cross section through the compound eye showing the R1-7 photoreceptor cells and their photosen-
sitive rhabdomeres (R). The R8 photoreceptor cell is located below the plane of the section. ( c ) The 
adult  Drosophila  visual system showing the two compound eyes and the three simple eyes (ocelli) 
located on the top of the head ( arrows ). ( d ) A higher magnifi cation of a rhabdomere showing the 
microvilli. The rhabdomeres are made up of about 60,000 microvilli and are 50 nm in diameter and 
1–2 mm in length. ( e ) A newly eclosed ninaE I17  mutant fl y, showing the reduced size of the rhab-
domeres.  ninaE   I17   is a null allele, so the fl ies completely lack Rh1 rhodopsin expressed in the R1-6 
photoreceptor cells. ( f ) Six-day-old  ninaE   I17   fl y, showing that the rhabdomeres of the R1-6 photo-
receptor cells are almost completely gone, but the R7 cell rhabdomere remains       
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autosomal recessive retinitis pigmentosa (RP) and are linked to both recessive 
cone–rod dystrophy and recessive Stargardt macular dystrophy. The  ABCA4  trans-
porter serves as a fl ippase in the retinoid cycle. When the  ABC4  gene is mutated, 
toxic detergent-like by-products accumulate in the retinal pigment epithelium (RPE) 
leading to severe pathology (Bok  2007  ) . Therefore, the white gene, discovered at 
the turn of the century, was subsequently found to encode an ABC-type transporter 
required for eye pigment biosynthesis in  Drosophila , and is related to another ABC-
type transporter in the human eye that is involved in the retinoid cycle and several 
types of retinal diseases.   

    52.2   The Compound Eye and Phototransduction 

 The  Drosophila  compound eye is composed of approximately 800 individual eye 
units called ommatidia (Figs.  52.1 c and  52.2 ). The major rhodopsin in the eye, Rh1, 
is encoded by the  ninaE  gene, and displays 22% amino acid identity with human 
rhodopsin and 37% identity with human melanopsin. Each  Drosophila  photorecep-
tor cell contains a photoreceptive rhabdomere, which is comprised of approximately 
60,000 tightly packed microvilli, containing the rhodopsin photopigments and other 
components of the phototransduction cascade (Fig.  52.1b, d ). The rhabdomeres are 
functionally equivalent to the vertebrate photoreceptor outer segments (Fig.  52.3 ).   

 Phototransduction in  Drosophila  utilizes a signaling cascade in which light stim-
ulation of Rh1 leads to the activation of the G protein (Gq) and the stimulation of 
phospholipase C beta (PLC-beta), leading to the opening of the cation-selective 
transient receptor potential (TRP) and TRP-like (TRPL) channels. The photoreceptors 
depolarize as intracellular calcium dramatically rises. The  Drosophila  phototrans-
duction cascade shares some similarities with the phototransduction cascade in 

  Fig. 52.2    Schematic of an 
ommatidium.  CL  corneal 
lens;  PSC  pseudocone;  PP  
primary pigment cells;  CC  
cone cells;  R1-6  R7, and R8 
photoreceptor cells;  SP and 
TP  secondary and tertiary 
pigment cells (Tomlinson and 
Ready  1987  )        
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mammalian rod and cone photoreceptor cells. Both cascades are initiated by light-
activation of rhodopsin that in turn leads to the stimulation of G proteins. 
Phototransduction in  Drosophila  as well as in humans is terminated when arrestin 
binds to light-stimulated rhodopsin and prevents the binding of rhodopsin to the 
G-protein. However, notable differences are that rod and cone channels are gated by 
cyclic nucleotides and they close in response to light, leading to a hyperpolarizing 
response (Minke and Parnas  2006 ; Hardie and Postma  2008  ) . 

 Although certain features of phototransduction in  Drosophila  differ from rod and 
cone phototransduction,  Drosophila  phototransduction shares many common features 
with signaling in intrinsically photosensitive retinal ganglion cells (ipRGCs) (Panda 
et al.  2005  ) . These cells function in circadian rhythm entrainment and pupil constric-
tion. The light response in ipRGCs is initiated with absorption of light by melanopsin, 
which is more similar to  Drosophila  Rh1 than to the photopigments in rods and cones 
(Provencio et al.  1998  ) . Light-stimulated melanopsin is thought to activate a 
 phosphoinositide-cascade leading to the opening of DAG-sensitive TRPC6/7 channels 
(Panda et al.  2005 ; Sekaran et al.,  2007 ; Graham et al.  2008  ) . Therefore,  Drosophila  
photoreceptor cells and ipRGCs share similar phototransduction cascades. Further, 
TRPM1  channels have been identifi ed in ON-bipolar cells (Koike et al.  2010  )  and 
mutations in TRPM1 are implicated in autosomal-recessive congenital stationary night 
blindness (Audo et al.  2009  ) . With the discovery of TRPC6/7 in ipRGCs and TRPM1 
channels in ON-bipolar cells, fi ndings in the fl y may be relevant for understanding the 
mechanisms in the ipRGC and the ON-bipolar cells in the vertebrate retina.  

  Fig. 52.3    The  Drosophila  photoreceptor cell compared with human rod and cone photoreceptor 
cells. In  Drosophila , the pseudocone cone (also called the crystalline cone) and the corneal lens are 
the lens elements, and they are secreted by the underlying cone cells. The  Drosophila  lens is 
comprised of droscrystallin, which is similar to insect cuticular proteins.  R  rhabdomere;  OS  outer 
segments;  I  inner segments;  N  nucleus (Chang and Ready  2000  )        
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    52.3   Genetic Screens Identify Retinal Degeneration Loci 

 Several forward genetic screens in  Drosophila  led to an explosion in the identifi cation 
of many genes involved in retinal degeneration and understanding their counterparts 
in human disease. The electroretinogram (ERG) genetic screening approach was 
pioneered by Bill Pak and co-workers in the 1960s and led to the isolation of over 
200 ERG-defective mutants (Pak  1995  ) . In the 1980s, the development of gene-
cloning techniques for  Drosophila  made it possible to isolate the corresponding 
genes. For example, the major rhodopsin in  Drosophila , Rh1, was cloned and deter-
mined to be encoded by the  neither inactivation nor after potential E  ( ninaE ) locus. 
The  ninaE  mutants isolated in the original ERG screen were found to harbor muta-
tions in the structural gene for the major rhodopsin in  Drosophila , Rh1. In addition, 
the fi rst evidence that mutations in a rhodopsin gene led to retinal degeneration 
came from these elegant studies in the 1980s in  Drosophila  (Stephenson et al.  1983 ; 
O’Tousa et al.  1985,   1989 ; Zuker et al.  1985  ) . The use of the ERG in  Drosophila  
continues to be an effective strategy to identify mutants in phototransduction and 
also in loci in retinal degeneration. 

 The DPP is a sensitive phenotype in the eye that can be easily assessed in live 
fl ies. It is based on the precise packing of the photoreceptor cells. Any mutation 
leading to, even subtle, structural alterations in photoreceptor cells will cause atten-
uation in the DPP. For example, a reduction in rhodopsin levels in the R1-6 photo-
receptor cells in  ninaE  mutants, leads to structural alterations in the photoreceptor 
cells (Fig.  52.1e, f ) and attenuation in the DPP. A variety of mutants were isolated 
by this method, including dominant alleles of  ninaE  (rhodopsin), and alleles of two 
chaperones,  ninaA  (cyclophilin) and  calnexin  (Ondek et al.  1992 ; Colley et al.  1995 ; 
Rosenbaum et al.  2006  ) . Both the ERG and the DPP screens accelerated the pace of 
identifying mutations that cause retinal degeneration in  Drosophila .  

    52.4   Retinal Degenerations in Flies and Humans 

 Since the initial fi ndings, that mutations in  Drosophila  rhodopsin lead to retinal 
degeneration, over 100 mutations in human rhodopsin have been found to cause 
autosomal dominant RP (adRP). The fi rst mutation identifi ed in adRP patients, pub-
lished by Dryja et al.  (  1990  ) , was a mutation that caused a proline residue located 
near the N-terminus of rhodopsin to be replaced by a histidine residue (Pro23His). 
A great majority of these mutants, including Pro23His, produce misfolded rhodop-
sin that is improperly transported through the secretory pathway (Roof et al.  1994  ) . 
However, the mechanism by which the mutant rhodopsins cause dominant retinal 
degeneration was determined in  Drosophila.  It was found that rhodopsin mutations 
act dominantly to cause retinal degeneration by the mutant protein interfering with 
the maturation of normal rhodopsin (Colley et al.  1995 ; Kurada and O’Tousa  1995  ) . 
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These studies in  Drosophila  provided a mechanistic explanation for the cause of 
certain forms of adRP 

 It is now widely appreciated that retinal defects and retinal degeneration can be 
triggered by mutations in almost every component of the photoreceptor cells. One 
class of retinal degenerations involves defects in rhodopsin maturation. In 
 Drosophila , as in humans, rhodopsin is synthesized and glycosylated in the ER, 
binds its vitamin-A-derived chromophore at a lysine residue in the seventh trans-
membrane domain, is transported through the various compartments of the Golgi, 
and is delivered to its fi nal destination for phototransduction. The mechanisms that 
regulate rhodopsin maturation, such as its folding, glycosylation, chaperone interac-
tion, chromophore attachment, and transport are key to photoreceptor survival in 
fl ies and humans. 

 In fl ies, the transport of Rh1 from the ER to the rhabdomere requires the cy-
clophilin, NinaA. Cyclophilins are known to display peptidyl-prolyl  cis–trans  
isomerase and are thought to play a role in protein folding during biosynthesis. 
Consistent with a role in protein folding,  NinaA  resides in the ER. In addition, 
NinaA is detected in secretory transport vesicles together with Rh1, and forms a 
specifi c and stable complex with Rh1, consistent with a role as a chaperone in the 
secretory pathway (Colley et al.  1991 ; Baker et al.  1994  ) . Similarly, in mammals a 
cyclophilin-like protein (RanBP2/Nup358) was found to act as a chaperone for red/
cone opsin biogenesis (Ferreira et al.  1996  ) . Another chaperone required for Rh1 
biosynthesis in  Drosophila  is calnexin (Rosenbaum et al.  2006  ) , Mutations in  ninaA , 
 ninaE , and  calnexin  all lead to severe retinal pathology in fl ies. In mammalian pho-
toreceptors, calnexin is also expressed in the ER. Although calnexin is not required 
for the expression of rod rhodopsin, cone M-opsin, or melanopsin in the mouse, we 
have shown that it is required for proper retinal morphology (Kraus et al.  2010  ) . 
Mechanisms that regulate rhodopsin maturation, such as its folding, chaperone 
interaction, and transport are essential for photoreceptor health in fl ies and humans 
(Colley  2010  ) .  

    52.5   Summary 

 Many genes are functionally equivalent between fl ies and humans. In addition, the 
same, or similar, mutations cause disease in both species. In fact, nearly three-
fourths of all human disease genes have related sequences in  Drosophila . The fl y 
has a relatively small genome, made up of about 13,600 genes in four pairs of chro-
mosomes. However, despite the dramatic differences in size and apparent complexity 
between humans and fl ies – we have less than twice as many genes as a fl y – our 
genome is estimated to be made up of only 20,000–25,000 genes contained in 23 
pairs of chromosomes. Therefore, despite the fl y’s perceived simplicity, or our per-
ceived complexity, our genetic makeup may not be all that different. Its versatility 
for genetic manipulation and convenience for unraveling fundamental biological 
processes continue to guarantee the fl y a place in the spotlight for unraveling the 
basis of and therapeutic treatments for human eye diseases.      
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     53.1   Introduction 

 The capacity to see the world around us is a unique experience and one of the best 
understood processes in biology. The small insect  Drosophila melanogaster  has 
played a central role in our understanding of vision.  Drosophila  was the fi rst organism 
in which the process of phototransduction (PT) was subjected to genetic analysis. 
This revealed that many anatomical and physiological aspects of vision are con-
served from insects to mammals (Wang and Montell  2007 ; Sanes and Zipursky 
 2010  ) . In addition, the detailed analysis of RD caused by altered PT has uncovered 
many pathological mechanisms of retinal disease, most of which were subsequently 
found to operate in mammals. 

 RP represents a heterogeneous group of retinal dystrophies in which death of 
photoreceptor neurons (PNs) leads to progressive blindness. RP is caused by mutations 
in at least 181 genes, and is arguably the most complex genetic disorder in man 
(Daiger  2004 ; Daiger et al.  2007  ) . Most cases of RP are autosomal dominant 
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(i.e.,  ADRP), while a minority of cases exhibit a recessive pattern of inheritance 
(Daiger et al.  2007  ) . Alterations in rhodopsin (Rho) structure and/or dynamics have 
emerged as central pathogenic events in RP. Thus,  Rho  mutations account for at 
least 25% of all RP cases; and defects in PT that involve alterations in Rho dynam-
ics are associated with other RP mutations (Hamel  2006 ; Daiger et al.  2007  ) . Here, 
we highlight pathogenic mechanisms linking altered Rho states to RP, with a focus 
on  Drosophila  studies. Excellent reviews cover the study of RP mechanisms and 
emerging therapies, and the utility of other systems in understanding RP (Kennan 
et al.  2005 ; Mendes et al.  2005 ; Hartong et al.  2006 ; Sancho-Pelluz et al.  2008 ; 
Rivas and Vecino  2009 ; Shintani et al.  2009  ) .  

    53.2   The Dark Side of Rhodopsin 

 The  Drosophila  compound eye is composed of approx. 800 “eyes” or ommatidia. 
Each ommatidium contains eight PNs (R1-8) and additional nonneuronal cells that 
support vision. PNs are divided into six outer photoreceptors (R1-R6), sensitive to 
light contrast and mediating motion detection, and two inner PNs (R7-8) responsi-
ble for color detection (Cook and Desplan  2001  ) . R1-6 PNs express a single Rho 
ortholog, called  Rh1 , which is encoded by the  ninaE  locus (O’Tousa et al.  1985 ; 
Zuker et al.  1985  ) ; R7-8 PNs express a combination of  Rh3-6  genes (Cook and 
Desplan  2001  ) . 

 Rh1 is a seven-transmembrane G protein-coupled receptor that localizes to rhab-
domeres – the light-sensing organelles of PNs – where it interacts with light parti-
cles. Activated Rh1 binds the G 

q
  protein, which becomes activated and recruits the 

phospholipase C (NorpA). NorpA hydrolytic activity leads to the opening of TRP 
or TRPL Ca 2+  channels (Fig.  53.1 ). Rh1 is inactivated by GPRK1-mediated phos-
phorylation and binding to Arrestin 2 (Arr2; Dolph et al.  1993  )  and via a novel 
dCAMTA/dFbxl4 pathway, which is poorly defi ned (Han et al.  2006  ) . Arr2 is phos-
phorylated by Ca 2+ /calmodulin-dependent kinase II (CaMKII) and detaches from 
phosphorylated Rh1, which becomes substrate of the Ca 2+ /CaM-dependent protein 
phosphatase RDGC. In contrast to vertebrate PT (involving cyclic GMP), fl y PT is 
mediated by phosphoinositol (PI) signaling. The pool of PI 4,5-biphosphate (PIP 

2
 ) 

necessary for PT is continuously regenerated from diacylglycerol (DAG); the DAG 
kinase (RDGA) and the PI transfer protein RDGB are important for this reconver-
sion (Wang and Montell  2007  ) .  

 Abnormalities in PT are a major cause of RD in  Drosophila  and humans, and 
virtually all mutations that affect PT components result in severe RD in the fl y 
(Wang and Montell  2007  ) . A second collection of mutants are those carrying muta-
tions in the  Rh1  gene.  Rh1  mutations were fi rst associated with RD in the fl y. 
Inactivation of the  Rh1  gene causes RD (O’Tousa et al.  1989 ; Leonard et al.  1992  ) , 
and several  Rh1  gain-of-function (GOF) mutations were isolated, which induce a 
slow and progressive RD (Colley et al.  1995 ; Kurada and O’Tousa  1995 ; Kurada 
et al.  1998  ) . Subsequently, loss-of-function (LOF) and GOF Rho mutations were 



41753 Looking into Eyes: Rhodopsin Pathologies in  Drosophila 

discovered in patients with recessive RP and ADRP, respectively (Daiger et al. 
 2007  ) . The fi rst and most common Rho mutation to be associated with ADRP is a 
proline-to-histidine substitution in codon 23 (P23H; Dryja et al.  1990  ) ; remarkably, 
more than 120 Rho mutations have been linked to ADRP (Daiger et al.  2007  ) . Rho 
mutations have been divided into at least six classes, based on their biochemical and 
cellular properties (Mendes et al.  2005  ) . In  Drosophila , dominant  Rh1  mutations 
causing RD affect (i) the C-terminus of the protein and do not cause Rh1 misfold-
ing, but alter its targeting to the outer segment or (ii) the intradiscal/transmembrane 
domains causing Rh1 misfolding and retention within the ER.  

  Fig. 53.1    Pathways leading to retinal degeneration in  Drosophila . Work in  Drosophila  uncovered 
several pathways linking altered Rh1 states to retinal degeneration. Altered phototransduction 
emerged as a major contributor to cell death. Mutations in several PT cascade components (includ-
ing Rh1) stabilize the interaction between Rh1 and Arr2, which in turn causes massive Rh1 endo-
cytosis. Internalized Rh1 fails to reach the lysosomal compartment and accumulates in late 
endosomes, causing cell death via yet unidentifi ed mechanisms. One potential mechanism might 
be autophagy impairment. Mutations that cause Rh1 misfolding lead to Rh1 retention in the ER, 
and to ER stress. Excessive ER stress is pro-apoptotic, while moderate ER stress appears to be 
protective. Interestingly, excessive Rh1 retrotranslocation and/or proteasomal degradation (medi-
ated by VCP) appears to cause RD. It is unclear (i) whether insoluble cytosolic Rh1 aggregates are 
pathogenic or whether soluble Rh1 oligomers are more toxic than insoluble aggregates; (ii) how 
Rh1 degradation (via both ERAD and autophagy) is implemented under conditions of ER stress 
and how it causes RD, and (iii) whether different Rh1 folding mutants exhibit differential activa-
tion of ER stress, ERAD and autophagic machineries       
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    53.3   Pathogenic Mechanisms Underlying RD in  Drosophila  

 Detailed investigation of mutant fl ies that exhibit RD allowed the identifi cation of 
several pathogenic mechanisms (Fig.  53.1 ). Below, we highlight some of these 
mechanisms, with a focus on Rh1-mediated pathologies. 

    53.3.1   Abnormalities in the PT Cascade 

 The tight regulation of Rh1 levels and activation status is critical for PN viability. 
Failure to uncouple activated Rh1 from the G protein leads to constitutive activation 
of the PT and to RD. Several mutants, such as  norpA ,  arr2 ,  rdgB ,  rdgC , or  trp  dis-
play abnormally stable Rh1-Arr2 complexes, which cause constitutive activation of 
PT (Alloway and Dolph  1999 ; Alloway et al.  2000 ; Kiselev et al.  2000  ) ; RD in these 
mutants is suppressed by vitamin A deprivation, which reduces Rh1 levels (Knust 
 2007  ) . One prominent consequence of altered PT is an imbalance of Ca 2+  levels. 
Thus, in  rdgA  mutants, failure to metabolize DAG leads to excessive Ca 2+  infl ux 
through TRP channels, and  TRP LOF  mutations suppress RD (Raghu et al.  2000  ) . 
Abnormally low TRP activity also causes RD, by reducing Ca 2+  infl ux into PNs, 
which appears to stabilize the Rh1-Arr2 interaction (Wang et al.  2005  ) . Interestingly, 
a constitutively active  TRP  mutant –  trp   P365   – that leads to excessive Ca 2+  infl ux into 
PNs also exhibits RD (Yoon et al.  2000  ) . Another defect found in PT mutants is 
altered G protein signaling. A novel  Rh1  mutant,  Rh1   pp100  , causes degeneration by 
increasing the binding of mutant Rh1 to Arr2 and by elevating the cytosolic levels 
of G 

q
  a ; interestingly, these two processes appear to be independent (Iakhine et al. 

 2004  ) . The protein TADR associates with Rh1 and loss of TADR function causes 
Rh1-dependent (but Arr2- and NorpA-independent) degeneration, by inhibiting the 
membrane detachment of G 

q
  during light stimulation (Ni et al.  2008  ) .  

    53.3.2   Altered Rh1 Endocytosis and Autophagy 

 A consequence of the prolonged interaction between Rh1 and Arr2 is the rapid 
internalization of Rh1-Arr2 complexes by receptor-mediated endocytosis. Increased 
Rh1 endocytosis leads to PN desensitization via a novel Gq-mediated, Arr2-
independent and tetraspanin-dependent mechanism (Han et al.  2007  ) . Excessive 
Rh1 endocytosis leads to RD in several mutants, including  rdgB ,  rdgC ,  arr1 / 2,  and 
 norpA , (Knust  2007 ; Wang and Montell  2007  ) . A remarkable fi nding is the noncell 
autonomous regulation of Rh1-Arr2 interaction by the secreted enzyme ceramidase 
(CDase; which is involved in sphingolipid metabolism; Acharya et al.  2008  ) . The 
Rh1-Arr2 complex is further regulated by the endocytic adaptor AP-2, which inter-
acts with Arr2 and promotes Rh1-Arr2 internalization; inhibition of AP-2 function 
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suppressed cell death caused by excessive endocytosis in  norpA  mutants (Orem 
et al.  2006  ) . A primary cause of PN degeneration in  norpA  and other mutants exhib-
iting Rh1 pathogenic endocytosis was suggested to be the failure of lysosomal deg-
radation of Rh1, which instead accumulates in late endosomes (Chinchore et al. 
 2009  ) . Accumulation of Rh1 in late endosomes might also result from impaired 
lysosome-mediated autophagy. Thus, autophagy inhibition caused Rh1 accumula-
tion in late endosomes and RD in wild-type (WT) PNs, and Rab7 overexpression 
(which promotes Rh1 traffi cking from late endosomes to lysosomes) rescued this 
effect (Midorikawa et al.  2010  ) . Remarkably, autophagy induction (by overexpress-
ing the mediators TSC1/2 or Atg1) suppressed RD in  norpA  fl ies, by stimulating the 
clearance of Rh1-Arr2 complexes; however, autophagy stimulation did not suppress 
RD in  ninaE   RH27   fl ies (Wang et al.  2009  ) . Therefore, autophagy stimulation might 
represent a new therapeutic strategy for a subset of  Rho -linked RP (see also Mendes 
and Cheetham  2008  ) .  

    53.3.3   Impaired Rh1 Maturation, Traffi cking, 
and Proteasomal Clearance 

 Impairment of Rho biogenesis and transport causes RD in both fl ies and humans. In 
 Drosophila , Rh1 requires the chaperones NinaA (Colley et al.  1991 ; Stamnes et al. 
 1991  )  and Calnexin (Rosenbaum et al.  2006  )  but also 3-hydroxyretinal (Ahmad et al. 
 2006  )  to mature. The GTP-binding protein Rab1 mediates Rh1 transport between ER 
and the Golgi complex (Satoh et al.  1997  ) ; Rab6 mediates Rh1 traffi cking within the 
Golgi and post-Golgi compartments (Shetty et al.  1998  ) ; and Rab11 facilitates Rh1 
transport from the post-Golgi compartment to rhabdomeres (Satoh et al.  2005  ) . The 
helix 8 in the C-terminal region of Rh1 is critical for its rhabdomeric localization 
(Kock et al.  2009  ) . 

 How do defects in Rh1 maturation and transport cause RD? One possible mecha-
nism is the absence of WT Rh1 from rhabdomeres, as seen in  Rh1  LOF mutants. 
Thus, besides its critical role in PT, Rh1 is essential for rhabdomere morphogenesis. 
Rh1 activates the Rho GTPase Drac1 to control cytoskeleton organization in rhab-
domeres (Chang and Ready  2000  ) . 

 A second mechanism linking Rh1 maturation defects to RD is the accumulation 
of high levels of Rh1 in the ER, which causes toxicity. Several dominant Rh1 alleles 
were isolated in  Drosophila  and found to cause light-dependent RD (Colley et al. 
 1995 ; Kurada and O’Tousa  1995  ) . In fl ies carrying these alleles, mutant Rh1 local-
izes to the endoplasmic reticulum (ER) and impairs the maturation of the endoge-
nous WT Rh1; intriguingly, the presence of both mutant and WT Rh1 is required for 
toxicity (Colley et al.  1995 ; Kurada and O’Tousa  1995 ; Kurada et al.  1998  ) . This 
suggests that both conformers interact to cause toxicity in PNs (see also Griciuc 
et al.  2010b  ) . More recently, Giangrande and colleagues generated transgenic fl ies 
in which the most common RP-linked  Rho  mutation,  Rho   P23H   (its equivalent in fl ies 
is  Rh1   P37H  ), was expressed in R1-6 PNs, under the control of a promoter identical to 
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the endogenous Rh1 promoter; these fl ies underwent light- and age-dependent RD 
(Galy et al.  2005  ) . The use of a small hsv tag allowed the differential analysis of 
mutant and WT Rh1 conformers, and revealed that Rh1 P37H  exhibited a dual local-
ization – being present both in rhabdomeres and the ER – while it did not interfere 
with the maturation of its endogenous WT counterpart. This suggests that RD in 
 Rh1   P37H   fl ies is due to a toxic (GOF) effect caused by Rh1 P37H  accumulation in the 
ER, rather than absence of WT Rh1 from rhabdomeres (dominant negative [DN] 
effect). The presence of misfolded Rh1 in the ER causes ER stress, both in  Drosophila  
(Ryoo et al.  2007  )  and mammals (Lin et al.  2007  ) . Interestingly, moderate ER stress 
protects against RD in the fl y (Mendes et al.  2009  ) . To understand how ER-based 
Rh1 P37H  leads to RD, we inactivated the ER-associated degradation (ERAD) effector 
VCP/ter94, an ATP-dependent chaperone that mediates Rho P23H  extraction from the 
ER and proteasomal degradation in mammalian cell cultures (Griciuc et al.  2010a  ) . 
VCP inactivation increased the levels of misfolded Rh1 P37H , indicating that VCP is 
required for Rh1 P37H  degradation in vivo. VCP ablation also activated the Ire1/Xbp1 
ER stress pathway but, remarkably, strongly suppressed Rh1 P37H -induced RD; more-
over, treatment of  Rh1   P37H   fl ies with VCP/ERAD or proteasome inhibitors potently 
suppressed RD (Griciuc et al.  2010b  ) . These results suggest that (i) excessive ret-
rotranslocation and/or degradation of Rh1 P37H  represents a new pathway to cell death 
in the  Rh1   P37H   retina and (ii) partial inhibition of ERAD might be neuroprotective. 
Working with another Rh1 mutant ( ninaE   G69D  ), Kang and Ryoo  (  2009  )  found that 
enhancement of ERAD function (by overexpression of ERAD components Hrd1 or 
EDEM2) rescued the loss of mature Rh1 and RD; interestingly, ERAD inhibition 
(by Hrd1 or EDEM2 RNAi) also rescued the loss of Rh1, but the effects on RD have 
not been investigated (Kang and Ryoo  2009  ) . Collectively, these results suggest that 
early induction of ERAD might protect against RD by clearing the mutant Rh1 from 
the ER, while chronic ERAD is pro-apoptotic. It remains to be determined whether 
different Rh1 mutations lead to different levels of ER stress and ERAD activity and 
whether they cause RD via a GOF or DN mechanism, or both. It is therefore pos-
sible that, similar to autophagy, the effects of ERAD manipulation on RD might 
depend on the Rh1 mutation being investigated.  

    53.3.4   Pathways to Cell Death in RD 

 A major pathway to RD has been found to be the programmed cell death (PCD or 
apoptosis), which is promoted by the activation of  reaper ,  hid,  or  grim  genes and 
inhibited by  Diap1  or the caspase inhibitor  P35  (Steller  2008  ) . This pathway appears 
to mediate RD in several mutants, including  rdgC ,  ninaE   RH27   (Davidson and Steller 
 1998  ) , and  Rh1   P37H   (Galy et al.  2005  ) . However, RD in the  norpA  mutant (Hsu et al. 
 2004  )  appears to be PCD-independent. Further studies in RD mutants will reveal the 
similarities and differences in the initiation and implementation of cell death pro-
grams as well as their underlying biochemical interactions.   
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    53.4   Conclusions 

 The use of  Drosophila  to study Rho pathologies has greatly advanced our under-
standing of RD and its underlying mechanisms. It is remarkable to see how often the 
mechanisms of disease in  Drosophila  resemble those in mammals, despite differ-
ences in anatomy and physiology between these species. These pathological pro-
cesses are likely to be central events in retinal disease, given their evolutionary 
conservation. Further genetic and proteomic investigations are required to dissect 
the intricate network of biochemical interactions that link alterations in Rh1 func-
tion to PN cell death. It is important to determine whether the various Rh1 altered 
states (e.g., caused by different Rh1 mutations) lead to distinct molecular patholo-
gies or whether distinct sets of pathological pathways are shared between these 
altered cellular environments. Many secrets of visual physiology and pathology still 
remain hidden in the tiny eyes of  Drosophila . These secrets will undoubtedly pas-
sionate the existing and future scholars of retinal dystrophies and could bring valu-
able clues about how to fi ght retinal disease in humans.      
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     54.1   Models of Retinal Damage in Zebrafi sh 

 The zebrafi sh retina exhibits robust neuronal regeneration. Different damage para-
digms have been used to characterize the cellular and molecular basis of the retinal 
cell regeneration response. Retinal damage can be induced by either constant intense 
light (Vihtelic and Hyde  2000 ; Bernardos et al.  2007  ) , focused heat (Raymond et al. 
 2006  ) , neurotoxins (Fimbel et al.  2007 ; Sherpa et al.  2008  ) , full-thickness needle 
puncture, or surgical lesions (Hitchcock et al.  1992 ; Cameron and Carney  2000 ; 
Faillace et al.  2002 ; Fausett and Goldman  2006  ) , or the expression of the  E .  coli 
nitroreductase  transgene in the presence of metronidazole (Montgomery et al. 
 2010  ) . In all of these damage models, the Müller glia reentered the cell cycle and 
produced a transient-amplifying population of multipotent neuronal progenitors 
that migrated to the damaged area and differentiated into the neuronal classes that 
were lost (Cameron and Carney  2000 ; Fausett and Goldman  2006 ; Raymond et al. 
 2006 ; Kassen et al.  2007  ) . The regeneration response in all of these models is highly 
specifi c, such that the only neuronal cell types that are regenerated correspond to the 
neuronal types that were lost.  
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    54.2   Regeneration of the Light-Damaged Zebrafi sh Retina 

 While most of the damage models result in the loss of several different neuronal cell 
classes, the light-lesion model causes only photoreceptor cell loss. After 36 h of 
constant light, the ONL has lost a signifi cant number of nuclei; and the Müller glia 
in the INL start expressing PCNA (Fig.  54.1b , arrows). After 51 h, the Müller glial 
cells initiate the production of a transiently amplifying population of neuronal pro-
genitor cells (Fig.  54.1c ). The Müller glia and INL neuronal progenitors can also be 
detected by BrdU-incorporation subsequent to a wide variety of insults (Vihtelic and 
Hyde  2000 ; Yurco and Cameron  2005 ; Fausett and Goldman  2006 ; Raymond et al. 
 2006 ; Bernardos et al.  2007  ) . By 68 h, the number of PCNA-labeled neuronal pro-
genitor cells increases as they become fusiform-shaped and cluster around the Müller 
glial processes. Additionally, the neuronal progenitors begin migrating along the 
Müller glial cell processes from the INL to the ONL (Fig.  54.1d ). After 96 h in con-
stant light, the neuronal progenitor cells continue proliferating and migrate to the 
ONL (Fig.  54.1e ), where they start to differentiate into either rod or cone 
photoreceptors.  

 The regeneration specifi city observed in all of these models, whereby only the 
neuronal cell types that are damaged or lost are regenerated, suggests that the signals 
that are required to induce and direct regeneration may involve both general (required 
for the regeneration of all neuronal cell types) and specifi c for individual cell types. 
Furthermore, identifi cation of these regeneration signals and the underlying path-
ways may reveal the molecular keys necessary to stimulate a similar regeneration 
response in the damaged or diseased human retina, which currently cannot regenerate. 

  Fig. 54.1    Timecourse of light-induced photoreceptor cell death and regeneration. Dark-adapted 
adult  albino  zebrafi sh were kept in constant light for either 0 ( a ), 36 ( b ), 51 ( c ), 68 ( d ), or 96 h ( e ). 
Frozen retinal sections were labeled with anti-rhodopsin polyclonal antiserum ( red ), anti-PCNA 
monoclonal antibody ( green ), and the nuclear stain To-Pro-3 ( blue ). At 0 h, there is minimal cell 
proliferation in the undamaged retina ( a ). By 36 h of constant light, both ONL residing rod precur-
sor cells and a subset of Müller glia in the INL are proliferating ( b ,  arrowheads  and  arrows , 
respectively). The dividing Müller glia yield columns of proliferating neuronal progenitor cells ( c , 
 d ), which then migrate to the ONL ( e ).  ROS  rod outer segments;  ONL  outer nuclear layer;  INL  
inner nuclear layer;  GCL  ganglion cell layer       
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To identify such signals, gene microarray analyses have been performed on zebrafi sh 
retinas that were light-damaged (Kassen et al.  2007 ; Craig et al.  2010  ) , Müller glia 
that were isolated from light-damaged and undamaged retinas (Qin et al.  2009  ) , 
retinas that were mechanically excised to remove a small retinal patch (Cameron 
et al.  2005  ) , or retinas that had undergone an optic nerve crush (McCurley and 
Callard  2010  ) . However, the loss of only rods and cones in the light-damaged retina 
should simplify the identifi cation of transcriptional and protein expression changes 
required for neuronal regeneration relative to the other damage models that result in 
the loss of a greater number of neuronal cell types.  

    54.3   Induction of Müller Glial Proliferation 
in the Light-Damaged Zebrafi sh Retina 

 After 24 h of constant intense light, which corresponds to the time when maximal 
cell death occurs in the light-damaged retina, a subset of Müller glia possessed a 
weak cytoplasmic TUNEL signal (Bailey et al.  2010  ) . Additionally, light damage of 
a rod-specifi c transgenic reporter line,  Tg ( XlRho : EGFP )  fl 1  , caused some Müller glia 
to contain both TUNEL signal and EGFP, suggesting that these Müller glia engulfed 
apoptotic photoreceptor cell bodies (Bailey et al.  2010  ) . Intravitreal injection of 
 O -phospho- l -serine (L-SOP), which mimics the phosphatidylserine head group and 
partially blocks phagocytosis of apoptotic cells, immediately prior to starting the 
constant light treatment did not alter light-induced photoreceptor cell death (Bailey 
et al.  2010  ) . However, intravitreal injection of L-SOP signifi cantly reduced the 
number of PCNA-positive Müller glia and the number of regenerated cone photore-
ceptors (Bailey et al.  2010  ) . This suppression was not through the group III 
metabotropic glutamate receptors (mGluRs). This suggested that Müller glial 
engulfment of apoptotic photoreceptors is at least one mechanism to activate the 
proliferative response. 

 Using a proteomics approach, we found that tumor necrosis factor  a  (TNF a ) 
protein expression by photoreceptors increased after 16 h of constant light relative 
undamaged controls and colocalized with Müller glia after 36 h of light (Nelson and 
Hyde, unpublished data). Furthermore, the TNF a  receptor superfamily member a, 
colocalized with PCNA-positive Müller glia in the INL after 36 h of light damage 
(Nelson and Hyde, unpublished data). TNF a  signaling through this receptor has 
been shown to induce both apoptotic and proliferative pathways (MacEwan  2002  ) . 
Knockdown of TNF a  protein expression immediately prior to light damage resulted 
in a signifi cantly reduced number of proliferating Müller glia, but did not affect 
levels of photoreceptor death, relative to controls (Nelson and Hyde, unpublished 
results). Thus, TNF a  signaling represents another process that is required to initiate 
Müller glia proliferation during photoreceptor regeneration.  
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    54.4   Transcription Factors Required for Maximal 
Müller Glial Cell Proliferation 

 Recent work has also shed light on some of the transcription factors utilized by 
zebrafi sh Müller glia during dedifferentiation and the initial cell division (Fausett 
et al.  2008 ; Kassen et al.  2007  ) . Microarray studies revealed that both the Achaete-
scute complex-like 1a (Ascl1a) and Signal transducer and activator of transcription 
3 (Stat3) proteins increased in expression shortly after retinal damage. The role of 
these proteins in the regenerative response was tested by the intravitreal injection 
and then electroporation of specifi c morpholinos, which are modifi ed oligonucle-
otides that are designed to be complementary to the 5 ¢  region of specifi c mRNAs 
and block the translation of the mRNA (Thummel et al.  2008  ) . Knockdown of either 
Ascl1a or Stat3 protein expression by intravitreal injection and electroporation of 
morpholinos immediately prior to retinal injury resulted in a signifi cantly reduced 
number of proliferating Müller glia (Fausett et al.  2008 ; Kassen and Hyde, unpub-
lished data). Importantly, reduced expression of either Ascl1a or Stat3 had no effect 
on the expression of the other, and knocking down both simultaneously did not 
further inhibit Müller glia proliferation (Kassen and Hyde, unpublished data). This 
suggests that these two mechanisms for the initiation of Müller glial-dependent 
regeneration act in separate but parallel and functionally redundant pathways rela-
tive to one another. 

 Stat3 signaling can act downstream of many different transmembrane Jak/Stat 
receptors that will bind to a wide variety of extracellular secreted growth factors and 
cytokines including Fgf, Egf, interleukins, interferons, TNF a , and ciliary neurotrophic 
factor (CNTF; Aaronson and Horvath  2002 ; Miscia et al.  2002  ) . Intravitreal injection 
of CNTF into undamaged zebrafi sh eyes resulted in increased Stat3 expression and 
the proliferation of a subset of Müller glia (Kassen et al.  2009  ) . Knockdown of Stat3 
in these CNTF-injected eyes inhibited proliferation (Kassen et al.  2009  ) , which sug-
gested that CNTF can stimulate Müller glia proliferation in a Stat3-dependent manner. 
However, the requirement of CNTF to induce Müller glia proliferation in the light-
damaged retina remains unknown, as are the upstream signaling molecules that are 
ultimately responsible for the increased expression of Stat3 and Ascl1a.  

    54.5   Proteins That Are Required for Neuronal 
Progenitor Cell Proliferation 

 Zebrafi sh possess two Pax6 proteins, one encoded by the  pax6a  gene and the other 
encoded by the  pax6b  gene. The Pax6a protein was expressed in ganglion and ama-
crine cells and the neuronal progenitor cells in the light-damaged retina, while 
Pax6b was only expressed in the neuronal progenitor cells. Morpholino-mediated 
knockdown of the Pax6b protein did not affect Müller glial cell division, but blocked 
the subsequent fi rst cell division of the neuronal progenitors (Thummel et al.  2010  ) . 
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Knockdown of the paralogous Pax6a protein blocked later neuronal progenitor 
cell divisions, which is required to generate the maximal number of neuronal pro-
genitors (Thummel et al.  2010  ) . This work defi ned distinct roles for the Pax6a and 
Pax6b proteins in regulating neuronal progenitor cell proliferation in the adult 
zebrafi sh retina.  

    54.6   Future Directions 

 Studying the proteins and processes that are required for the Müller glial-dependent 
regeneration of the light-damaged zebrafi sh retina will identify what is required to 
induce Müller glia proliferation, amplifi cation of the resulting neuronal progenitor 
cells, the migration of the neuronal progenitors to the proper nuclear layer and their 
differentiation into the specifi c neuronal cell classes that were lost. Comparison of 
the regenerative response in the light-damaged retina relative to the other damage 
models should reveal general features of regeneration and specifi c details that dif-
ferentiate the regeneration of one type of neuronal class from another. This informa-
tion will provide us with models for why the damaged mammalian retina is unable 
to regenerate and allow us to develop mechanisms to induce a regenerative response 
in the human retina.      
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  Keywords   Zebrafi sh  •  Photoreceptor  •  Outer segment  •  Mutants  •  Blindness  • 
 Intrafl agellar transport  •  Phototransduction     

     55.1      Introduction 

    55.1.1   Photoreceptor Outer Segments 

 Photoreceptors are vision-enabling sensory cells positioned in the outer retina. 
These cells detect light, and contain morphological and molecular specialisations 
that convert photons into nerve impulses during phototransduction. Morphologically, 
vertebrate photoreceptors contain outer segments (OS), inner segments (IS), nuclear 
regions and synaptic terminals (Fig.  55.1 ). The OS is a modifi ed sensory cilium 
joined to the IS by a connecting cilium. OS contain stacked membranous discs in 
which phototransduction initiates.      

    55.1.2   Signifi cance of Photoreceptor Outer Segments 

 Understanding OS morphogenesis is signifi cant biologically and biomedically. 
Inherited human blindness can result from mutations that cause defective or absent 
OS, compromising phototransduction and visual function. As the photoreceptor OS 
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is a highly compartmentalised modifi ed cilium, it serves as an excellent model to 
understand intrafl agellar transport (IFT), which is central to cilium formation and 
maintenance. Primary cilia possess key signalling and transport functions in many 
vertebrate organs, and defects are associated with blindness, cystic kidneys and 
bone abnormalities.  

    55.1.3   Study of Photoreceptor Outer Segment 
Morphogenesis in Zebrafi sh 

 Zebrafi sh exhibit cone-mediated visual function by 3 days post fertilisation (dpf). 
This facilitates studies of cone function/dysfunction and complements studies in 
rod-dominant rodents. Zebrafi sh development proceeds rapidly, patterning the ret-
ina with cells equivalent to mammalian retina (Schmitt and Dowling  1999 ; Tsujikawa 
and Malicki  2004a  ) . The ex utero development of zebrafi sh larvae is associated with 
maternal stores of wildtype genes/proteins in the yolk. This maternal expression 
often enables mutants to develop to larval stages, revealing retinal phenotypes 

  Fig. 55.1    Schematic of a normal photoreceptor ( a ) showing cellular compartments: outer segment 
(os), connecting cilium (cc), inner segment (is), nucleus (n), synaptic terminal (st) and the cellular 
location of genes mutated in zebrafi sh OS mutants. ( b ) Transmission electron micrograph of 
zebrafi sh OS at 6 days post fertilisation. ( c ) Microtubule-dependent transport along the cc ( triangle  
and  diamond shapes  microtubule-dependent motors,  rectangle shape  intrafl agellar traffi cking par-
ticle). ( d ) Nucleus. ( e ) Schematic of main OS phenotypes identifi ed in zebrafi sh mutants: OS 
absent, OS shortened and OS misoriented (see Table  55.1 ).  OLM  outer limiting membrane       
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obscured in equivalent mammalian mutants due to embryonic lethality. Here, we 
review zebrafi sh mutants with OS defects and refer to some “morphant” studies that 
characterise OS genes using morpholino knockdown.   

    55.2   Zebrafi sh Mutant Screens 

 Randomly mutating the zebrafi sh genome has generated many mutants with pheno-
typic defects in OS morphogenesis and the unbiased identifi cation of genes required 
for this process. Zebrafi sh mutants can be generated using either the chemical muta-
gen  N -ethyl- N -nitrosourea to induce point mutations, or retroviruses to generate 
insertional mutants (Solnica-Krezel et al.  1994 ; Neuhauss et al.  1999 ; Mohideen 
et al.  2003 ; Amsterdam et al.  2004 ; Gross et al.  2005 ; Muto et al.  2005 ; Wehman 
et al.  2005  ) . Mutants with OS defects are identifi ed indirectly via screens for larvae 
with morphological defects in eye size or visual function. Visual mutants are often 
analysed by light/electron microscopy revealing a subset of mutants with defects in 
OS morphogenesis. The majority of mutants display recessive inheritance of the 
phenotype. In chemical mutants, the causative mutation can often be identifi ed by 
mapping the mutation to a chromosome and evaluating candidate genes (Johnson 
et al.  1995  ) . For insertional mutants, the mutated gene can be identifi ed more readily 
using inverse PCR (Amsterdam and Hopkins  2004  ) .  

    55.3   Zebrafi sh Outer Segment Mutants 

 Mutants with defects in OS morphogenesis fall into three categories: no OS, short-
ened OS or abnormal OS – often described as misoriented relative to the RPE 
(Fig.  55.1 ). In many cases, failure of OS formation leads to photoreceptor degenera-
tion. There follows a brief description of OS mutants, divided broadly by gene func-
tion (Table  55.1 ).  

    55.3.1   Mutations in Genes Encoding Phototransduction Proteins 

 To date, only two mutants have been identifi ed in which phototransduction genes 
cause OS defects:  pde6c  and  gc3 . Both genes are central to cone phototransduction 
relating to the timing of phenotypic screens in larvae, when vision is predominantly 
cone-mediated (Bilotta et al.  2001  ) . The gene encoding a subunit of cone-specifi c 
cGMP phosphodiesterase is mutated in  pde6c  and  els  mutants (Stearns et al.  2007 ; 
Nishiwaki et al.  2008  ) . These mutants show pan-retinal cone degeneration, beginning 
at 4 dpf in  pde6c  and 6 dpf in  els . Both mutants exhibit OS defects.  pde6c  mutants 
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show extensive degeneration of cones and stubby OS at 5 dpf (Stearns et al.  2007  ) . 
Although  els  mutants have stubby OS and mislocalisation of both rod and cone 
opsin, the OS ultrastructure appears normal at 6 dpf (Nishiwaki et al.  2008  ) .  zato-
ichi  ( zat ) mutants are homozygous for a null mutation in the gene encoding cone- 
specifi c guanylyl cyclase 3, the ortholog of human  GUCY2D  (Muto et al.  2005  ) . 
Although  pde6c ,  els  and  zat  mutants have defective visual function, the defect in OS 
morphology is less severe in  zat  mutants.  zat  OS are elongated but thinner than in 
wildtype (unpublished). 

 Both  pde6c  and  gc3  regulate cGMP levels. Aberrant cGMP levels may explain 
the photoreceptor degeneration observed in  zat ,  pde6c  and  els  mutants. However, 
OS defects may be explained by transport functions recently ascribed to retinal 
guanylate cyclases and cGMP-phosphodiesterases. Knockout of the mouse  Pde6d  
subunit results in shorter rod OS, which correlate with impaired transport of  Pde6c  
to the OS (Zhang et al.  2007 ; Karan et al.  2008  ) . Furthermore, knockout of mouse 
guanylate cyclase 1 ( Gucy2e ) disrupts transport of  Pde6c  to OS (Karan et al.  2008 ; 
Karan et al.  2010  ) . In the latter, guanylate cyclase-bearing membranes are proposed 
to transport peripheral membrane proteins required for OS morphogenesis from the 
endoplasmic reticulum.  

    55.3.2   Mutations in Intracellular Traffi cking Genes 

 The largest class of mutants with OS morphogenesis defects involves intracellular 
traffi cking-associated genes – related specifi cally to IFT, molecular motors and 
membrane transport. 

    55.3.2.1   Intrafl agellar Transport Particle B proteins 

 IFT is a bidirectional motility of protein complexes along cilia, driven anterograde 
by kinesin-2 and retrograde by cytoplasmic dynein 2, and requiring the IFT particle, 
which consists of >20 proteins grouped into IFT-A and IFT-B subcomplexes. IFT is 
essential for cilium formation because it is thought to be a primary mechanism for 
transporting and distributing protein cargos (docked to IFT particles/motors) within 
the organelle (Blacque et al.  2008  ) . As no proteins (and lipid) are synthesised in the 
OS, OS proteins must be transported from the IS via the relatively narrow connect-
ing cilium to ensure normal visual function. Since many OS proteins are rapidly 
turned over (e.g. rhodopsin) and some OS structures are continually remodelled 
(e.g. membranous discs), high levels of active transport into the OS are required. 
Hence it is not surprising that IFT genes are highly represented in zebrafi sh mutants 
with OS defects. 

 OS defects have been found in four IFT-B subunit mutants –  ovl  ( ift88 ),  curly  
( ift57 ),  moe  ( ift172 ) and  fl r  ( ift70 ). In all cases, IS appear grossly normal; however, 
in  ovl ,  fl r  and  moe  mutants, OS are almost never formed (Doerre and Malicki  2002 ; 
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Tsujikawa and Malicki  2004b ; Krock and Perkins  2008 ; Sukumaran and Perkins 
 2009  ) . In contrast, OS form but fail to extend in  curly  mutants (Krock and Perkins 
 2008  ) , which indicates that not all zebrafi sh IFT-B proteins contribute equally to OS 
formation and IFT-directed protein transport. Consistent with OS formation defects, 
all four mutants display opsin accumulation within IS, particularly at the apical 
membrane. Also, disorganised membrane material is observed near the connecting 
cilium of  curly  mutants (Krock and Perkins  2008  ) , indicating that the fi nal steps of 
IS transport also requires IFT-B proteins. Since most mouse IFT-B gene mutants are 
embryonic lethal prior to retinal differentiation, zebrafi sh is a leading vertebrate 
model for investigating the role of IFT particle genes in OS formation and in the 
wider question of protein transport into and out of a vertebrate cilium.  

    55.3.2.2   Microtubule-Dependent Molecular Motors 

 OS defects are found in mutant alleles of three subunits of cytoplasmic dynein 
motor complexes, namely  mok / dctn1a  (p150 glued subunit of dynactin),  ako / dctn2  
(p50 dynamitin subunit of dynactin) and  cnb / dync1h1  (cytoplasmic dynein heavy 
chain 1) (Doerre and Malicki  2001 ; Jing and Malicki  2009 ; Insinna et al.  2010  ) . In 
 mok  fi sh, OS number is reduced, and those which do develop are smaller, severely 
disorganised and lost during the fi rst 12 h of development, with opsin mislocalised 
to the IS (Doerre and Malicki  2001  ) . OS are missing in most  ako  mutant retinas, 
with those remaining orientated sideways or basally (Jing and Malicki  2009  ) . In  cnb  
mutants, very few OS are observed and rhodopsin is mislocalised in IS (Insinna 
et al.  2010  ) . In  mok ,  ako  and  cnb  mutants, abnormal OS formation is followed by a 
pan-retinal degeneration of the photoreceptor cell layer. Phenotypic differences 
between dynein 1 and dynactin subunit mutants may indicate differential require-
ments for OS formation. In support, morpholino knockdown of both dynactin sub-
units mostly caused IS polarity defects, without affecting the OS (Insinna et al. 
 2010  ) . This has led to the suggestion that zebrafi sh dynein 1 functions indepen-
dently of the dynactin adaptor in OS formation, but together with this adaptor in 
facilitating transport events (e.g. post-Golgi vesicle traffi cking) required for proper 
establishment of IS polarity. It is not known whether dynein 1 operates in OS as a 
retrograde IFT motor, similar to that described for dynein 2 in many organisms, 
including zebrafi sh (Krock et al.  2009  ) . 

 Mutant alleles of zebrafi sh kinesin-2 motor subunits have yet to be isolated. 
However, morpholinos targeting  kif17  (which forms a homodimeric kinesin-2 
motor) exhibit a near total failure of OS formation in the central retina, together 
with mislocalisation of opsin to perinuclear regions (Insinna et al.  2008  ) . Similarly, 
overexpression of a dominant negative variant of KIF17 causes immediate OS 
maintenance defects (Insinna et al.  2009  ) . In contrast, overexpression of a dominant 
negative variant of KIF3B (a subunit of the canonical heterotrimeric kinesin-2 
motor, kinesin II) results in early defects in IS membrane systems indicating that 
zebrafi sh kinesin II serves broader roles to KIF17 in photoreceptor cells, both within 
the IS and OS (Insinna et al.  2009  ) .  
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    55.3.2.3   Membrane Transport 

 At least four mutants associated with membrane transport possess OS defects. The 
 lbk  allele (disrupted vps39 subunit of the HOPS complex involved in endolyso-
somal protein sorting), exhibits reduced OS length due to aberrant traffi cking of 
endosomal vesicles (Schonthaler et al.  2008  ) . Mutants of subunits of the V-ATPase 
complex,  atp6v0c  and  atp6v1e1  possess underdeveloped and absent OS (Nuckels 
et al.  2009  ) , in addition to defects in cell proliferation and enhanced apoptosis. 
Since V-ATPases play roles in proton, protein and intracellular transport, as well as 
synaptic vesicle exocytosis and hedgehog signalling (Nuckels et al.  2009  ) , mem-
brane transport defects may underpin the OS defects in  atp6v0c  and  atp6v1e1  
mutants. Finally, the  eli  mutant (disruption of  traf3ip1  gene) fails to form OS 
(Doerre and Malicki  2002  ) . Membrane transport defects are associated with this 
phenotype because  eli  physically interacts with Rabaptin 5, an effector of the endo-
somal RAB5 GTPase, and can dislodge IFT20 from Golgi membranes when over-
expressed (Omori et al.  2008 ; Follit et al.  2009  ) . Since  eli  also interacts with IFT20 
and binds to mouse IFT-B complexes as IFT54,  eli  may act as a bridging mechanism 
between the IFT particle and protein involved in ciliary membrane transport (Omori 
et al.  2008 ; Follit et al.  2009  ) .   

    55.3.3   Mutations in Genes Encoding Structural Proteins 

 Mutants in genes encoding laminin subunits ( lamc1  and  lamb1a ) show defects in 
OS elongation (Biehlmaier et al.  2007  ) . Both  sly  and  gup  mutants exhibit severely 
shortened OS prior to photoreceptor degeneration. Laminins, heterotrimeric extra-
cellular matrix proteins expressed in the outer limiting membrane and interphotore-
ceptor matrix maintain photoreceptor structure (Libby et al.  2000  ) . Mutations in 
genes encoding laminin subunits may result in loss of structural support to OS, and 
failure to elongate.  

    55.3.4   Mutations in Genes Encoding Transcription Factors 

 The  nrf  mutant encodes a transcription factor, similar to human nuclear respiratory 
factor 1 (Becker et al.  1998  ) . Photoreceptors are mostly absent in  nrf  mutants at 
5 dpf, however those that form have correctly polarised but deformed OS. Loss of 
the  nrf1  gene causes extensive apoptosis at onset of visual function, possibly due to 
 nrf1  failing to correctly target the anti-apoptotic gene  bcl - 2  (Becker et al.  1998  ) . In 
mammals, the transcription factors  Crx  and  Nrl  are required for OS morphogenesis 
as they regulate expression of key OS structural and phototransduction proteins 
(Furukawa et al.  1999 ; Mears et al.  2001  ) .  
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    55.3.5   Other Outer Segment Mutants 

 Mutations in  wrb  and  odc1  genes lead to  pwi  and  odc1  mutants, both of which show 
little or no OS (Gross et al.  2005  ) .  Odc1  encodes ornithine decarboxylase 1, an 
enzyme catalysing the biosynthesis of putrescine, a precursor for  g -aminobutyric 
acid.  wrb  encodes tryptophan-rich basic protein. The role of either gene in the retina 
is poorly understood, however inhibiting  odc  in developing rabbit retina disrupts 
cone morphology (Withrow et al.  2002  ) . 

 Many OS mutants in novel genes or the causative genes remain unidentifi ed. The 
 fad  mutant, a model for the pigment and blood-clotting disorder Hermansky–Pudlak 
syndrome (Bahadori et al.  2006  ) , has shorter, misaligned OS. Four mutants with 
adult-onset night blindness have been identifi ed, namely  nbd ,  nbe ,  nbf  and  nbg , 
showing a variety of rod OS defects: OS thinning ( nbd ), severe degeneration and OS 
shortening ( nbe ), shortening of OS and degeneration ( nbf ) and a moderate rod OS 
degeneration ( nbg ) (Maaswinkel et al.  2003 ; Maaswinkel et al.  2005  ) . It is possible 
that these late-onset mutants may be caused by a primary defect in known rod 
genes. 

 Five mutants were identifi ed in screens for retinal stem cell mutants:  rys ,  she , 
 unm_s322, unm_s507  and  unm_s545  (Wehman et al.  2005  ) .  rys  mutants have short-
ened OS centrally and are missing OS peripherally.  she ,  unm_s322  and  unm_s507  
mutants have a reduced number of photoreceptors with shortened OS.  wud  and  yoi  
mutants both exhibit shortened or misaligned cone OS in adults (Muto et al.  2005  ) . 
 tli  mutants fail to form OS (Nishiwaki et al.  2008  ) .  vos  mutants have fewer photore-
ceptors and degenerated OS, and the few OS which form are misaligned and lie 
parallel (not perpendicular) to the RPE (Mohideen et al.  2003  ) .  nie  mutants are 
similar, having fewer photoreceptors and those OS which form are misoriented and 
have an abnormal shape.  Bru  mutants fail to form either inner or outer segments 
(Doerre and Malicki  2002  ) .   

    55.4   Conclusion 

 Forward genetic screens in zebrafi sh are an alternative and unbiased approach to 
uncovering genes necessary for normal visual function. The abundance of mater-
nally-expressed genes in zebrafi sh allows some mutants to develop to larval stages, 
contrasting with the embryonic lethality of equivalent mutants in mammals. This 
has enabled phenotypic characterisation of novel genes associated with OS defects, 
such as those observed in transport and structure (Biehlmaier et al.  2007 ; Sukumaran 
and Perkins  2009  ) . 

 Abnormal OS morphogenesis is associated with many human retinal disorders: 
( retinitis pigmentosa , cone rod dystrophy, Leber congenital amarousis) and cil-
iopathies (Adams et al.  2007 ; den Hollander et al.  2008  ) . Several overlapping 
classes of genes are mutated in zebrafi sh and human retinal dystrophies e.g.  transport 
proteins, phototransduction proteins, transcription factors and structural  proteins 
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(RETNET   http://www.sph.uth.tmc.edu/retnet/    ). Of the 208 loci identifi ed in human 
retinal disease, mutations have been found in 167 genes (~80%), with the causative 
mutation unknown in the remaining 20%. It is possible that some of the classes of 
genes responsible for OS morphogenesis defects in zebrafi sh may cause human 
retinal disorders.      
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  Keywords   Factor XIIIA  •  Optic nerve regeneration  •  Retinal ganglion cells  
•  Wound healing  •  Transglutaminase  •  Neurite outgrowth     

     56.1   Introduction 

 Coagulation factor XIII is a plasma transglutaminase (TG) that consists of two 
catalytic A subunits and two noncatalytic B subunits as a heterotetramer (A 

2
 B 

2
 ) 

(Schwartz et al.  1973  ) . In blood, factor XIII promotes clot stability by catalyzing the 
formation of covalent cross-linking reactions in polymerized fi brin. Additionally, in 
the cellular form, factor XIIIA exists as a homodimer of A subunits (A 

2
 ) in the 

platelet, monocytes, macrophages, megakaryocytes, and various tissues including 
lung, kidney, stomach, skin, esophagus, liver, testis, bone, spleen etc. (   Derrick et al. 
 1993 ). The variety of tissue distributions of factor XIIIA suggests that it has an 
important role in multiple biological functions. Moreover, the involvement of factor 
XIIIA in wound healing has been suggested from the reports of factor XIIIA-
defi cient patients (Ariëns et al.  2002 ; Hsieh and Nugent  2008  ) . Optic nerve injury in 
fi sh induced the regeneration-associated genes, such as transcription factors, neu-
rotrophic factors, and anti-apoptotic factors in adult fi sh (Koriyama et al.  2007 ; 
Becker and Becker  2008 ; Nagashima et al.  2009  ) . In our previous study, retinal TG 
(TG 

R
 ), belongs to TG family, was identifi ed as an upregulated gene 20–40 days after 
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optic nerve lesion (Sugitani et al.  2006  ) . The present study showed that cellular 
factor XIIIA was induced more rapidly than TG 

R
  in damaged retina and optic nerve 

after nerve injury. We discussed the physiological role of FXIIIA in optic nerve 
regeneration.  

    56.2   Materials and Methods 

    56.2.1   Experiment with Animals 

 Adult common goldfi sh ( Carassius auratus ; body length about 7–8 cm) were used 
throughout this study. Goldfi sh were anesthetized with ice-cold water. The optic 
nerve was sectioned 1 mm away from the posterior of the eyeball with scissors. 
After surgery, goldfi sh were kept in water tanks at 22 ±1°C for 1–40 days. All ani-
mal cares were performed according to the guidelines for animal experiments of 
Kanazawa University. We paid specifi c attention to minimize the number of experi-
mental animals and their suffering.  

    56.2.2   Cloning of Goldfi sh Neural Factor XIIIA 

 To identify the genes whose expression was specifi cally upregulated during the 
early stage of optic nerve regeneration, a cDNA library was prepared from the goldfi sh 
retina 24 h after optic nerve transection. Positive clones were selected by screening 
the cDNA library using the 600 bp cDNA probes for factor XIIIA generated as 
referring to zebrafi sh and blowfi sh factor XIIIA cDNA. Sequencing analysis was 
performed using the ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster 
City, CA, USA) and a BigDyeTerminator V.1.1 Cycle Sequencing Kit (Applied 
Biosystems).  

    56.2.3   In Situ Hybridization 

 Tissue fi xation and cryosectioning were carried out as described previously (Barthel 
and Raymond  1993 ). Briefl y, eyes were enucleated, bisected, and fi xed in 4% para-
formaldehyde solution containing 0.1 M phosphate buffer (pH 7.4) and 5% sucrose 
for 2 h at 4°C. After infi ltration with increasing concentrations of sucrose (5–20%), 
followed by overnight incubation in 20% sucrose at 4°C, the eyes were embedded 
in OCT compound, and sectioned at a thickness of 12  m m. In situ hybridization was 
performed on goldfi sh retinas and optic nerve using digoxigenin-labeled RNA 
probes which were generated from factor XIIIA cDNA amplifi ed by PCR in the 
pGEM-T vector (Promega, Madison, WI, USA).  
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    56.2.4   Retinal Explant Culture 

 Goldfi sh retinal explant culture was performed using naïve (intact) retina. Briefl y, 
the retina was isolated under sterile conditions, and cut into 0.5 mm squares using 
scissors. Retinal explants were cultured on polyornithine-coated 35 mm culture 
dishes in 0.5 mL L-15 medium (Invitrogen) in 20 mM Hepes buffer (pH 7.4) con-
taining 10% FCS, 100 U penicillin, and 100  m g/mL streptomycin at 28°C. Effects 
of recombinant factor XIIIA (1–100 ng/mL) were tested by adding to the culture 
medium. Neurite outgrowth from the retinal explants was assayed by measuring the 
length and density of neurites in each explant (total 40–50 explants) in 35 mm dish. 
Finally, the percentage of explants showing positive neurite outgrowth was com-
pared under various culture conditions.   

    56.3   Results 

    56.3.1   Changes in Factor XIIIA Gene Expression in the Retina 
and Optic Nerve After Optic Nerve Injury 

 To obtain a full-length cDNA for factor XIIIA, we screened a cDNA library pre-
pared from goldfi sh retinas at 1 day after optic nerve transection. One positive clone 
was isolated as a 2,580 bp fragment from 300,000 plaques screened, and the cDNA 
was identifi ed as full-length of coagulation factor XIII A subunit (factor XIIIA) 
encoded 744 amino acid residues with a predicted molecular mass of 83.8 kDa. 

 The expression of factor XIIIA mRNA in the goldfi sh retina and optic nerve was 
investigated after optic nerve transection using in situ hybridization. Very weak sig-
nals for the factor XIIIA could be seen in the inner nuclear layer and the ganglion 
cell layer of control retina (Fig.  56.1a ). The signals of factor XIII mRNA in the 
retina started to increase at 1 day and peaked at 3–10 days (Fig.  56.1b ) and then 

  Fig. 56.1    In situ hybridization of factor XIIIA mRNA in goldfi sh retina after optic nerve injury. 
( a ) Faint signals of factor XIIIA mRNA are observed in the inner nuclear layers (INL) and the 
ganglion cell layers (GCL) of control retina. ( b ) Seven days after axotomy, levels of factor XIII 
mRNA increased only in the GCL. ( c ) Expression of factor XIIIA mRNA in the GCL gradually 
decreased to control levels by 20 days after axotomy. Scale bar = 50 μm       
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decreased by 20 days after axotomy (Fig.  56.1c ). Changes in factor XIIIA gene 
expression were localized only in the ganglion cell layer (Fig.  56.1b ). In addition, 
factor XIIIA mRNA was also upregulated in the optic nerve lesion site (nonneu-
ronal cells?) within a few days after optic nerve injury (data not shown).   

    56.3.2   Recombinant Factor XIIIA Protein Clearly 
Induced Neurite Outgrowth 

 Figure  56.2 a shows a histogram of neurite outgrowth after treatment of recombinant 
factor XIIIA protein in the goldfi sh naïve retinal explant culture. Recombinant 
factor XIIIA protein enhanced neurite outgrowth in naïve retina (Fig.  56.2c ) com-
pared with the control culture (Fig.  56.2b ) and this effect was dose dependent 
(Fig.  56.2a ). Interestingly, these effects were observed only in the naïve retina.    

  Fig. 56.2    Explant culture of adult goldfi sh naïve retinas treated with recombinant factor XIIIA 
protein. ( a ) Graphical representation of the neurite outgrowth for 2 days of culture. The  x  axis 
indicates concentrations of the factor XIIIA, the  y  axis on the  left  indicates percentage of explants 
which have more than fi ve neurites. ( b ) No addition. ( c ) Recombinant factor XIIIA protein (100 ng/
mL). Recombinant factor XIIIA increased number of explant with long neurites compared with the 
controls (* P <0.05, ** P <0.01 increased relative to control). Values represent mean ±SD from fi ve 
independent experiments. Scale bar = 200 μm       
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    56.4   Discussion 

 In this study, we used goldfi sh retinas for characterization of the cellular factor 
XIIIA. Eitan et al. demonstrated that a crude neural TG (factor XIIIA) enzyme pre-
pared from injured goldfi sh optic nerves could partially regenerate injured rat optic 
nerves in vivo (Eitan et al.  1994  ) . To investigate the functional role of factor XIIIA 
in CNS regeneration at a genetic level, we identifi ed a full-length factor XIIIA 
cDNA clone using a retinal cDNA library from axotomized goldfi sh retinas 
(Matsukawa et al.  2004a  ) . The cDNA clone for factor XIIIA encoded 744 amino 
acid residues with a molecular mass of 84 kDa. Three hours after goldfi sh    optic 
nerve transection, a pretty number of factor XIIIA positive cells accumulate on the 
surrounding area of the optic nerve injured site (data not shown). Levels of factor 
XIIIA mRNA started to increase in the retina 1–3 days and peaked at 5–10 days 
after axotomy. Furthermore, we clearly showed that the increase in factor XIIIA 
mRNA was localized only in the retinal ganglion cells (RGCs). 

 TG family catalyzes posttranslational, covalent protein cross-linking reactions in 
diverse processes in nervous systems (Lesort et al.  2000  ) . During goldfi sh optic 
nerve regeneration, we showed that expression of two types of TG gene, factor 
XIIIA and TG 

R
 , was observed in the RGCs. However, these different types of TG 

are upregulated in different stage of optic nerve regeneration. TG 
R
  is upregulated in 

the second stage (1–6 weeks after axotomy), which corresponds to the period of 
axonal elongation to the target and start of synaptic connection in the tectum 
(Sugitani et al.  2006  ) . On the other hand, factor XIIIA is upregulated in the fi rst 
stage, which corresponds to the period of preparation for axonal regrowth 
(Matsukawa et al.  2004b  ) . In our culture study, we clearly demonstrated that recom-
binant factor XIIIA protein induced neurite outgrowth from naïve retina, but not 
from primed retina. By contrast, recombinant TG 

R
  protein induced a drastic exten-

sion of long and thick neurites only from primed retina in which optic nerve had 
sectioned 5–7 days previously. These results correspond with the peak period of 
upregulation for these two types of TGs. Previous reports showed that fi bronectin 
and collagen are putative substrates for factor XIIIA in wound healing (Ariëns et al. 
 2002 ). However, it remains unsolved what are the target substrates for cellular factor 
XIIIA in the optic nerve regeneration.      
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       57.1   Introduction 

 The use of AO imaging systems to image the living human retina is becoming 
increasingly widespread. A number of groups are utilizing AO technology to examine 
photoreceptors in the normal (Roorda and Williams  2002 ; Putnam et al.  2005 ; Jonnal 
et al.  2010  )  and diseased (Choi et al.  2006 ; Wolfi ng et al.  2006 ; Duncan et al.  2007 ; 
Carroll et al.  2008 ; Chen et al.  2010  )  retina. Owing to their high contrast, identify-
ing cones in AO images has proved relatively easy – semi-automated techniques to 
identify cone photoreceptors are now widely used (Li and Roorda  2007 ; Rossi and 
Roorda  2010  ) . Thus, a major focus in the analysis and interpretation of AO images 
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has been density, spacing, or regularity of the cone mosaic. However, we believe 
that there may exist other important features in these images that may not get cap-
tured by these metrics. It is important to establish what other features should be 
captured from these images and begin to discuss what they might mean, specifi cally 
with regard to photoreceptor health. 

 Here, we describe three cases with unusual AO retinal images. This descriptive 
case series demonstrates that while AO imaging has shed enormous light on the cel-
lular basis of visual abnormalities in retinal degenerations, several questions remain. 
While the underlying disease etiology is uncertain in these examples, the presence 
or absence of the cones is secondary to potentially more meaningful features involv-
ing the photoreceptor mosaic. A similar logic applies to optical coherence tomogra-
phy images – there is more data to be gained from these images than just retinal or 
sublayer thickness (i.e., inner segment/outer segment (IS/OS) refl ectivity). Continued 
development of new image analysis metrics should increase the clinical utility of 
both imaging modalities.  

    57.2   Materials and Methods 

 Three patients who presented with different retinal conditions were evaluated. All 
patients underwent a comprehensive clinical examination, fundus photography, and 
slit lamp biomicroscopy. SD-OCT line scans were obtained with the Bioptigen 
SD-OCT (Bioptigen, Inc., Durham, NC, USA) as previously described (Tanna et al. 
 2010  ) . Images of the cone photoreceptor mosaic were obtained and processed using 
a fl ood-illuminated AO ophthalmoscope as previously described (Rha et al.  2009  ) . 
Participants provided written informed consent, and research was approved by the 
local Institutional Review Board.  

    57.3   Results 

    57.3.1   Case 1 

 Patient 1 was a 15-year-old boy referred for evaluation of macular drusen. He was 
asymptomatic and reported no particular visual complaints at that time. Visual acu-
ity was 20/20 OU. Clinical examination was signifi cant for bilateral scattered, well-
defi ned, fi ne, hard drusen in the central macula and extending radially into the 
temporal midperiphery (Fig.  57.1 ). Family history was noteworthy for the patient’s 
father was diagnosed with similar fi ndings at age 30, macular degenerative changes 
in the paternal grandfather, and an aunt and uncle having severe macular degenera-
tion fi ndings. A diagnosis of dominant drusen also known as Doyne’s honeycomb 
dystrophy was made. The high-resolution SD-OCT images from the patient’s right 
eye revealed retinal pigment epithelium (RPE) excrescences with underlying mod-
erately refl ective material consistent with drusen, though not all druse could be seen 
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  Fig. 57.1    Multimodal imaging of a patient with dominant drusen. Color fundus photograph ( a ,  b ) 
and autofl uorescence ( c ) images showing numerous scattered drusen in central fundus. The  white 
box  in ( b ) represents the area of the AO image ( d ). ( e ) High-resolution SD-OCT image taken at the 
location of the horizontal line ( b ).  Thin vertical   arrows  represent the boundary of the retinal area 
imaged with AO       
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on the SD-OCT images (Fig.  57.1 ). AO imaging revealed a regular photoreceptor 
mosaic with areas of hyper-refl ectivity coinciding with the location of the drusen. 
Though the photoreceptor mosaic is regular and undisrupted, the areas of 
hyper-refl ectivity are different from what is seen in normal retina. In normal retinas, 
the RPE absorbs light that is not captured by cones resulting in the high contrast 
between refl ective cones and the nonrefl ective RPE. In the data from patients with 
albinism published by our group (McAllister et al.  2010  ) , we observed similar het-
erogeneous patterns of refl ectivity due to melanin clumping (where the absence of 
melanin caused an increase in refl ectivity and a reduction in the local cone contrast). 
Thus in the current patient, we believe that the increased refl ectivity associated with 
the drusen can be attributed to increased scatter from the RPE (not likely due to 
decreased melanin, but rather accumulation of some other material). It may be that 
local cone contrast could be used in conjunction with OCT-based measures of 
drusen anatomy (Khanifar et al.  2008 ; Jain et al.  2010  )  to monitor drusen progres-
sion – even though the density and regularity of the overlying cone photoreceptors 
may remain unchanged. AO fl ood-illuminated systems may differ with AOSLO 
systems in capturing this altered refl ectivity.   

    57.3.2   Case 2 

 Patient 2 was a 17-year-old girl who presented for evaluation of decreased vision 
with a family history signifi cant for retinal dystrophy. Visual acuity without correc-
tion was 20/40 +2 OD 20/30 −1 OS, and color vision was decreased. Fundus exam 
showed subtle bull’s eye pigmentation in the macular region, left eye greater than 
right. The high-resolution SD-OCT images from the patient’s right eye revealed 
preserved retinal layers in the central fovea with loss of the IS/OS layer and the 
external limiting membrane (ELM) in the perifoveal region in a ring like fashion 
corresponding to the bull’s eye lesion. Figure  57.2  shows images from the area 
where the IS/OS was absent, yet signifi cant structure remains. The low frequency 
hypo-refl ective structures are probably RPE cells, as the average spacing of these 
structures (13.1  m m) is similar to previous reports (Roorda et al.  2007  ) . However, 
the smaller hyper-refl ective structures may or may not represent cone structure; the 
SD-OCT image would suggest an absence of cones. As such, algorithms which 
simply detect bright spots (Xue et al.  2007  )  will lead to misinterpretation of the 
images. That said, it is diffi cult to reconcile what (if not cones) these structures 
could be. Correlating microperimetry with high-resolution images certainly appears 
to be the way forward in interpreting diffi cult images like these (Yoon et al.  2009  ) .   

    57.3.3   Case 3 

 Patient 3 was a 35-year-old woman referred for abnormal pigmentary changes in 
her retina and complaints of diffi culty with night vision. Past ocular history was 
signifi cant for being told she had a “weird” appearance of her retina 11 years prior 
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to this examination. Family history was signifi cant for her father having macular 
dystrophy with degenerative changes at 45 years of age. Her visual acuity without 
correction was 20/25 −1 OD and 20/25 OS. Fundus exam revealed a mottled appear-
ance of the retina bilaterally. In the posterior pole of the right eye there are focal 
areas of atrophy seen both superior and inferior to the fovea. AO images of the ret-
ina had a varied appearance (Fig.  57.3 ). Near the foveal center, some cones appeared 
with inverted contrast, yet they remained regularly integrated with the surrounding 
normally refl ective cones. The cone spacing here is near normal values (3.99 vs. 
4.49  m m). However at 2.0° from the fovea, cone spacing is increased in the patient 
(7.42 vs. 5.58  m m), indicating lower cone density. In addition, the cones take on a 
“bubble-wrap” type appearance, which has been described before (Duncan et al. 
 2007 ; Godara et al.  2010  ) . The raised appearance results from a nonuniform refl ec-
tance across the cone aperture. Measures of cone density or cone spacing do not 
capture the abnormal appearance of these cells, which may be a transient indicator 
of cone health and should be investigated further.    

  Fig. 57.2    Image from a patient with a bulls’s eye maculopathy. ( a ) SD-OCT scan shows that reti-
nal layers are preserved in a small island in the central macula with loss of the IS/OS layer and the 
ELM in the perifoveal region. The  white lines  indicate the area imaged with AO in ( b )       
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  Fig. 57.3    Images from a patient with focal areas of retinal atrophy and visual loss ( a ,  c ) and a 
normal control ( b ,  d ). At 0.5° eccentricity ( a ,  b ), a small patch of cones in the patient ( a ,  white box ) 
appears with inverted contrast compared to normal. At 2.0° eccentricity ( c ,  d ), the cones in the 
patient ( c ) appear raised, owing to nonuniform refl ectivity across the cone aperture. ( e ) SD-OCT 
image through the fovea, showing diffuse disruption of the IS/OS layer at the locations imaged 
with AO       
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    57.4   Discussion 

 AO retinal imaging has rapidly advanced as a clinical imaging tool in the last decade. 
Now, we have the ability not only to image photoreceptors consistently at the same 
location but also to follow up the changes longitudinally over time. The above clini-
cal examples highlight the need to have a better understanding of the information 
present in these AO images (beyond cone density or regularity), as this information 
is likely to increase the clinical utility of AO imaging.      
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     58.1   Introduction 

 Noninvasive intraocular imaging in small animals is becoming increasingly popular 
among vision researchers. Imaging instruments originally designed for clinical use 
in humans have found utility in the research laboratory (Hawes et al.  1999 ; Huber 
et al.  2009 ; Luhmann et al.  2009  ) . Several instruments are now commercially avail-
able that can be used to obtain images of the rodent eye. Thanks to the extensive 
development required for clinical use, these devices are now very robust, user-
friendly and relatively easy to operate. In the last few years, some instruments have 
undergone technical improvements to further enhance the quality of images obtained 
in rodents, especially mice. These changes improve light coupling effi ciency and 
collection, provide for a larger fi eld of view (FOV) with wide-fi eld objectives, per-
mit automatic real-time signal averaging and auto-tracking software, and enhance 
spatial and axial resolution when coupled with better scanning systems. Many have 
already reported the benefi t these enhanced systems offer for characterization of 
small animal retinal morphology. Morphological changes, such as mutant pheno-
types (Hawes et al.  1999  ) , retinal lesions and degeneration (Fischer et al.  2009 ; 
Huber et al.  2009 ; Ruggeri et al.  2009  ) , and age-related structural changes (Luhmann 
et al.  2009  ) , are just a few examples. In addition, hybrid instruments combining 
more than one imaging modality (e.g., both scanning laser ophthalmoscopy (SLO) 
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and spectral-domain optical coherence tomography (OCT)) are now available. The 
benefi ts of a multiple modality instrument have been previously reported for mice 
(Kocaoglu et al.  2007  ) . 

 These imaging devices enable rapid, noninvasive nondestructive observations of 
retinal morphology in vivo. The collected images provide information that is similar 
to histological analysis and for routine structural analysis, may ultimately replace 
this tedious time and resource-consuming technology (Huber et al.  2009  ) . 

 Imaging becomes even more powerful and clearly distances itself from histology 
when data collection occurs sequentially over multiple time points. This form of 
repeated imaging, including one set of baseline images collected prior to com-
mencement of any planned experiments, can be an invaluable asset to any experi-
mental study. First, baseline imaging is extremely important because it will reveal 
potentially problematic animals that may have preexisting pathology. Undetected, 
these animals may complicate and confound the analyses that are planned many 
days or months following the initiation of an experimental manipulation. Second, it 
could save substantial resources lost when experiments utilize undetected, compro-
mised animals. Third, serial imaging over the course of a study allows an assess-
ment of sequential changes. And fi nally, this technology permits each animal to 
serve as its own control if imaging is performed prior to initiation of experiments 
(Eter et al.  2008  ) . 

 After identifying profound retinal abnormalities in presumably “normal,” 
untreated animals, we implemented routine baseline imaging with SLO and OCT to 
identify mice with atypical retinas. Our objective was to evaluate the utility and 
importance of using one or more retinal imaging techniques to establish baseline 
structure levels prior to commencement of extensive research studies with those 
animals. We have determined prevalence levels for retinal changes in several mouse 
strains, including wild-type and transgenic knockout lines.  

    58.2   Materials and Methods 

    58.2.1   Animal Models 

 Imaging data were collected from mice ranging in age from 2 to 14 months post 
partum. Mice studied included C57BL/6J and BALB/c, complement knockouts C3, 
C4, factor B, factor H, and SOD1 (see Table  58.1  for mouse numbers). C57BL/6J 
and BALB/c were obtained from reputable vendors (The Jackson Laboratory, Bar 
Harbour, ME and Taconic Farms, Inc., Hudson, NY). All knockouts were bred and 
maintained in-house in the Biological Resources Unit (BRU) at The Cleveland 
Clinic (CC). Animals were housed with cyclic fl uorescent lighting (12/12-h light/
dark) and provided food and water ad libitum. The CC Institutional Animal Care 
and Use Committee (IACUC) approved all experiments.   
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    58.2.2   Imaging Procedures 

 Mice were anesthetized with 90 mg/kg of sodium pentobarbital. Cycloplegia was 
induced by administration of 2  m L of 0.5% Mydrin ® -P Tropicamide/Phenylephrine 
combination drops (Santen Pharmaceutical Co., Ltd, Japan). Drops were gently 
massaged into the eye using the lids followed by rinsing with balanced saline solu-
tion (BSS) (Alcon Laboratories, Inc., Ft. Worth, TX). Mice were then placed into an 
oxygenated chamber for 5 min and then removed for imaging with an HRA2 SLO 
(Heidelberg Engineering, Vista, CA), OCT (Bioptigen, Inc. Research Triangle Park, 
NC), and occasionally, color fundus photography (Paques et al.  2007 ; Luhmann 
et al.  2009 ; Gabriele et al.  2010  ) . SLO imaging included collection of dark-fi eld 
refl ectance and autofl uorescent (AF) images with both blue (488 nm) and IR (795 
and 830 nm). Using a 55 o  wide-fi eld lens, SLO images of the retina were obtained 
with the optic nerve centrally positioned in the FOV. Additional views of the periph-
eral regions were obtained to further investigate the nasal, temporal, superior, and 
inferior quadrants. Eyes were occasionally rehydrated with BSS and mechanically 
massaged to simulate blinking as needed during imaging. After SLO imaging, the 
mouse was transferred to the OCT system where a volumetric scan (300 A-scans/B-
scan × 300 B-scans/volume) with a 50 o  lens and axial resolution of ~7  m m was col-
lected with the optic nerve again centrally located. After imaging, both eyes received 
Bacitracin Zinc and Polymyxin B Sulfate ophthalmic ointment (Bausch & Lomb, 
Inc., Tampa, FL) to prevent corneal dehydration during recovery. Mice were placed 
in a warmed, oxygenated chamber and then returned to normal vivarium following 
recovery.  

    58.2.3   Histology 

 Histological processing has been previously described (Hollyfi eld et al.  2008  ) .   

    58.3   Results 

 Over 450 mice were evaluated using visible-light fundus, SLO, and OCT imaging. 
Imaging procedures and animal recovery were successful in that only six mice 
expired as result of being anesthetized and imaged. Using primarily SLO and OCT, 
two independent observers identifi ed retinal abnormalities (Fig.  58.1 ) that were 
obvious and readily apparent.  

 Figure  58.1  is an example of a retinal abnormality found in a SOD1 +/+  mouse by 
SLO and visible-light fundus imaging that was later confi rmed by histology. The 
lesion found was quite expansive (0.3 × 0.5 mm) but thin and was later identifi ed as 
a doubling of the retinal pigment epithelium (RPE) by histology. Despite the thin 
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nature of this lesion, adequate contrast was still obtained with all four SLO image 
collection modes and visible-light fundus photography. The discovery of an abnor-
mality in this animal prompted the implementation of baseline imaging for all mice 
enrolled into future experimental studies. 

 In addition to retinal abnormalities, suspected developmental abnormalities were 
also observed in many mice. These included retinal arteriole-venous malformations, 
hyaloid vessel remnants or “fl oaters”, and cataracts. These observations were not 
considered within the scope of this study, as our primary focus was lesions involv-
ing or originating from the outer retina. 

 First, we rapidly screened both eyes of each mouse to obtain SLO images. 
Second, suspected abnormalities in the SLO images were carefully screened by 
OCT to determine if the fi nding was substantiated in both imaging modalities. In 
many cases, abnormalities found by SLO could not be resolved or detected by OCT 
(i.e., false positives), and in far fewer instances, vice versa. Figure  58.2  is an exam-
ple of abnormalities easily visualized by SLO but diffi cult to delineate by OCT. The 
images are from a 2-month old BALB/cJ mouse that had extensive fi ndings at base-
line detected primarily by SLO IR refl ectance and AF imaging. This mouse strain 

  Fig. 58.1    A prominent abnormality found superior-temporal in a naïve, 4-month-old, SOD1 +/+  
mouse. IR refl ectance ( a ), IR dark-fi eld ( b ), autofl uorescence ( c ), and red free dark-fi eld ( d ) images 
of the lesion collected using an HRA2 SLO.  White arrows  ( a–d ) point to the lesion detected by all 
four HRA2 imaging mode settings. Notice that each mode reveals different characteristics about 
the lesion. IR images ( a ,  b ) reveal suspicious irregularities that are faintly visible against the back-
ground mosaic that originates from the choriocapillaris. The AF image ( c ) shows hyperfl uorescent 
AFF of varying size and intensity within the region of irregularity seen by IR. The red free image 
( d ) shows the outline of a well-demarcated lesion that encompasses the foci observed by AF. A 
visible fundus image ( e ) of the lesion shows a discolored region (encircled by  red dots ) relative to 
dark background. The spot superior to the lesion with  pinkish-hue  is a vortex vein. Lesion histol-
ogy ( f ) reveals RPE layer duplication, large vacuoles, and outer nuclear layer thinning. The loca-
tion of the histology section ( f ) is denoted by the  dashed white line  in the visible fundus photo ( e ). 
 Yellow arrows  identify transitions between normal and abnormal tissue ( e ,  f )       
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from this particular vendor exhibited widely distributed circular abnormalities. 
These abnormalities were found bilaterally in all eyes (30/30) surveyed from 15 
total mice. However, the number of abnormalities observed per eye was variable 
and ranged from approximately one to several dozen as shown in Fig.  58.2a . 
Autofl uorescent foci (AFF) in Fig.  58.2b  are superimposed over many of the circu-
lar patterns seen by SLO IR in Fig.  58.2a , which implies that they are interrelated. 
Some of these observations have been previously documented in BALB/c mice 
from a different vendor (Huber et al.  2009  ) . The AFF have also been documented 
by multiple groups and are reported as being activated microglia and macrophages 
(Xu et al.  2008 ; Luhmann et al.  2009  ) . Our histological analysis of the eyes from 
these mice revealed that the observed abnormalities are retinal infoldings (see 
Fig.  58.2e, f ).  

  Fig. 58.2    Baseline SLO and OCT images collected from a 2-month-old BALB/cJ mouse. IR 
refl ectance ( a ) and AF ( b ) SLO images collected show widely distributed, circular, punctate lesions 
and smaller AFF, respectively. The AFF seen by AF are in close proximity and overlap with the 
circular lesions observed by IR and thus the two observations appear to be related. OCT en-face 
image ( c ) denotes orientation of the B-scan image ( d ). The B-scan image shows subtle deviations 
( arrows ) in the transition zone between inner and outer photoreceptor matrix but otherwise is an 
unremarkable, normal-looking image of a mouse retina. By contrast, histology of this animal ( e ,  f ) 
revealed that the lesions are pronounced retinal infoldings       
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 For SLO, a suspected abnormality met one or more of the following criteria: 
(1) an irregular pattern relative to background mosaic architecture seen with IR 
refl ectance and dark-fi eld imaging (see Figs.  58.1a ,  b  and  58.2a ), (2) punctate or 
clustered, AFF in AF images (Figs.  58.1c  and  58.2b ), and (3) faint hypofl uorescent 
areas in AF images (no example shown). A majority of abnormalities found with 
SLO were found to have a combination of both conditions “1” and “2” simultaneously. 
By contrast, condition “3” was quite rare in our study and seen only in a few mice.  

 A suspected OCT abnormality was defi ned as remarkable if it was seen as being 
morphologically    different relative to adjacent, like tissues or layers of the retina (see 
Fig.  58.3 ). Figure  58.3  is an OCT image of a minute abnormality observed near the 
optic nerve in a C4 −/−  mouse. This particular lesion presents a challenge to imaging 
systems as it is juxtaposed to the optic nerve, under thick nerve tissue and retinal 
vasculature. This lesion was not detected by SLO and represents the smallest lesion 
that would have been recorded as an abnormality by OCT. In addition, the suspected 
abnormality also impacted, at a minimum, a signifi cant portion of the photoreceptor 
outer segments or more of the retinal tissue with regard to length and/or thickness 
(Fig.  58.4e ). Figure  58.4  shows images from a C4 −/−  mouse that had unremarkable 
SLO images but clearly showed an abnormal length of RPE and outer segments 
within the photoreceptor matrix.  

 The results from this evaluation are summarized in Table  58.1 . The table is cat-
egorically divided into two age groups for the various mouse types investigated. For 
each age group and mouse type, the three subcategories include the total number of 
animals imaged, the number observed with abnormalities, and the percentage found 
with abnormalities (i.e., prevalence frequency). The frequency of fundus abnormali-
ties in young mice, ranked from lowest to highest, is as follows: C57BL/6J (1.5%), 
factor B −/−  (2.4%), BALB/cAnNTac (3.3%), C3 −/−  (4.8%), factor H −/−  (5.6%), 
SOD1 +/+, −/−  (14.3%), C4 −/−  (17.1%), and BALB/cJ (100%). The frequency in mid-
dle-aged animals, ranked from lowest to highest, is as follows: factor H −/−  (0%), 
C3 −/−  (4.7%), C57BL/6J (5.9%), SOD1 +/+, −/−  (7.7%), factor B −/−  (8.3%), and C4 −/−  

  Fig. 58.3    OCT and histology from a 2-month-old C4 −/−  mouse. ( a ) B-scan showing that OCT is 
capable of resolving remarkably small abnormalities within the photoreceptor layer. ( b ) Histology 
of the retina verifi ed that OCT detected a single RPE cell abnormality that impacts approximately 
half the thickness of the photoreceptor layer       
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(13.6%). Fewer mice in the 6–14 month age range were available for evaluation 
than the young, 2–4-month-old mice and thus, the frequency of retinal abnormalities 
(i.e., Factor H group for example) in the 6–14-month age group must be interpreted 
cautiously since fewer animals have been evaluated. No BALB/c mice were available 
for imaging at 6–14 months of age. 

 Overall, if all animals imaged at baseline (i.e., mice 2–4 months of age,  n  = 346) 
are pooled, then the average prevalence of retinal abnormalities is 9.5% (33 abnor-
malities observed in 346 total mice). If the BALB/cJ mice ( n  = 15), which exhibited 
a 100% incidence of abnormalities, are excluded then the frequency drops to 5.7% 
(19/331). Thus, one may expect to fi nd an abnormality in approximately 1 out of 
every 20 mice. Important to note, however, is that the frequency of retinal abnormali-
ties is subject to the type of mouse used and can vary depending on the vendor.  

    58.4   Discussion 

 Our screening process involves two separate imaging instruments to identify preex-
isting abnormalities in mouse retinas. In our opinion, from a qualitative perspective, 
the combined approach increases the sensitivity and specifi city for detection of retinal 

  Fig. 58.4    Baseline SLO and OCT images collected from a 2-month-old C4 −/−  mouse. Images 
shown are IR refl ectance ( a ), IR dark-fi eld ( b ), and AF ( c ) collected by SLO that appear unremark-
able with no indication of abnormalities. OCT en-face image ( d ) denotes orientation of the B-scan 
image ( e ), which clearly reveals a lesion in the outer photoreceptor matrix. The lesion appears as a 
“fuzzy” region between the RPE and transition zone that delineates the inner and outer photorecep-
tor matrix segments       
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abnormalities. We have also found it prudent to utilize more than one imaging mode 
(i.e., IR and AF combined with SLO for example) to enhance the ability to contrast 
abnormalities within the normal retinal background. Originally, our baseline imag-
ing used primarily SLO imaging and to a limited extent, visible fundus photogra-
phy. We began to incorporate OCT imaging after many suspected abnormalities 
found by SLO could not be located by histology despite comprehensive serial sec-
tioning of those tissues. In order to address this problem, we incorporated in vivo 
OCT imaging immediately following SLO imaging, to determine if a suspected 
SLO fi nding was a true or false positive. Only after the addition of OCT did we 
observe a reduction in SLO false positives. Thus, a tiered approach utilizing both 
imaging modalities is important as SLO is limited to a two-dimensional view of the 
retina whereas OCT provides the missing dimension (in-depth morphology) that 
SLO does not reveal. 

 There are challenges with in vivo retinal imaging in the small mouse eye (i.e., 
adequate plane of anesthesia, time limitations due to lens cataract formation, motion 
artifact due to respiration, etc.). Features such as auto-tracking help minimize these 
problems. However, not all instruments have this capability and, as a result, only a 
portion of the collected information is useful at times. For example, the respiration 
artifact of an animal causes partial image blurring if an instrument does not have 
auto-tracking. However, imaging with a second instrument does not require much 
additional time, and the overlap obtained by integrating the results of the two sys-
tems serves to minimize the weaknesses and defi ciencies encountered with a single 
instrument. Simply stated, imaging with more than one instrument provides an 
opportunity to obtain a “second opinion” while the animal is already prepared. 

 The use of noninvasive ocular imaging is an undisputed, useful tool for rapidly 
obtaining information about retinal morphology in mice. By evaluating a sizeable 
cohort of animals, we determined the prevalence of retinal abnormalities in some 
specifi c knockout lines and in wild-type strains. Although others have reported 
sequential imaging studies in mice (Luhmann et al.  2009  ) , to the best of our knowl-
edge, this is the fi rst study to document the number and percentage of retinal abnor-
malities found in a substantial cohort of animals at baseline. Surprisingly, numerous 
abnormalities occur in presumably normal mice at early ages, both in wild-type and 
knockout animals. This observation is not only limited to mice as we have also 
observed retinal abnormalities in two rat strains as well (unpublished data). At this 
time, the cause for these abnormalities is unknown but we hypothesize that inbreed-
ing could be a factor as many animal models, even wild types like the C57BL/6J, 
have been inbred for many years to maintain strain characteristics. Many of the 
animals used were obtained from vendors where environmental conditions (e.g., 
light intensity/duration) are unknown and could have caused these changes. In addi-
tion, mutations can occur spontaneously (Hawes et al.  1999  ) . These fi ndings reported 
here underscore the importance of performing baseline and serial imaging to prop-
erly characterize animals before going forward with extensive experiments. At fi rst 
glance a frequency of 5–10% does not seem like a problematic number; neverthe-
less, without baseline testing one cannot be assured that a frequency ranging from 
10 to 100% will not occur. This study has indeed demonstrated that a sizeable number 
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of animals have retinal abnormalities and that the range can be extensive and varies 
among strains. 

 Unfortunately, noninvasive imaging is not without limitations. Approximately, 
50% of the retina cannot be surveyed due to instrument limitations and optics of the 
mouse eye. Thus, the prevalence fi ndings we have shown here could be even higher 
if one were to perform comprehensive serial histological sections of these retinas. 

 In addition, proper animal preparation with regard to anesthesia and pupil dila-
tion is crucial for obtaining the best images for detecting abnormalities. If not per-
formed carefully, the development of lens and/or corneal opacities (i.e., cataracts) 
limits image quality and detection sensitivity. Yet another limitation of imaging is 
instrumentation cost as these systems are quite expensive to procure. In our case, 
this expense was immediately offset when a group of mice ordered from a reputable 
vendor for an extensive and costly long-term study revealed numerous retinal abnor-
malities that could have potentially caused confusing and confounding results upon 
completion of the study. 

 Abnormal pathology is undoubtedly a dynamic process undergoing continual 
change. Lesions are not going to be presented with the same characteristics across 
various strains and models and even with respect to individual animals within a 
strain. Genetic mutations are always possible and baseline imaging will improve 
our chances of catching these spontaneous and spurious events. The intra- and inter-
variability shown among these models suggests that a comprehensive baseline 
imaging session prior to the commencement of experiments would be a benefi cial 
addition to any proposed research study.      
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  Keywords   Retinitis pigmentosa  •  Multifocal pattern electroretinography  •  Retinal 
nerve fi bre layer  •  Ganglion cell  •  Retinal cell survival     

     59.1   Introduction 

 Retinitis pigmentosa (RP) is a group of heterogeneous diseases and the most common 
cause of inherited blindness worldwide (Zrenner et al.  1999  ) . The primary occur-
rence of RP is marked by photoreceptor dysfunction which is followed by rods and 
secondary cone loss, eventually leading to retinal atrophy. 

 Previous in vivo works reported that even in the late stages of retinal degeneration 
approximately one third of ganglion cells are preserved morphologically (Humayun 
et al.  1999 ; Villegas-Pérez et al.  1998  ) . However, as well as the signifi cant change 
in retinal ganglion cells (RGC) morphology in a classical animal model of RP, a 
remarkable change in electrophysiological properties of RGC has been reported 
(Chen et al.  2005  ) . Moreover, a negative remodelling was observed, causing radical 
changes in retinal structure in mature transgenic and knockout retinal degeneration 
models (Jones et al.  2005  ) . To date the morphological and functional mechanisms 
involved in RP degeneration, particularly in advanced stages, are not fully under-
stood. By combining recent advances in electrophysiology and retinal imaging 
modalities, our research was focused on morphological alterations and functional 
assessments of RGC situated at the temporal region. To the best of our knowledge, 
our project group for the fi rst time reports the correlation between spectral-domain 
OCT retinal nerve fi bre layer thickness and multifocal pattern electroretinograms in 
retinitis pigmentosa patients.  
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    59.2   Materials and Methods 

    59.2.1   Study Population 

 This analysis is based on baseline data from 12 patients (24 eyes) with established 
RP diagnosis and a spectrum of disease severity and 12 healthy controls (24 eyes) 
enrolled in a prospective observational case–control study. Participants included in 
this report were recruited from the Institute for Ophthalmic Research at the 
Tuebingen University Eye hospital. All patients had full explanations of the proce-
dures and informed written consent was obtained. The study was approved by the 
Ethical Committee of the Medical Faculty, University of Tuebingen and was con-
ducted according to the tenets of the Declaration of Helsinki. 

 Inclusion criteria were defi ned as age 18 years or older at the time of enrolment, 
with a diagnosis of retinitis pigmentosa (based on the history of night blindness, impair-
ment of peripheral visual fi elds, reduction of electroretinogram rod and cone ampli-
tudes, and the presence of characteristic fundus pigmentary changes) and a visual fi eld 
of less or equal to 10°. Participants were excluded if the best corrected visual acuity 
(BCVA) was less than 0.01, refraction error more than ±8 dioptres or with any other 
pathology, which could lead to inability to maintain a steady fi xation, with a previous 
history of glaucoma, IOP >22 mmHg and/or <10 mmHg, any origin of macular edema 
(e.g. diabetic macular edema, vitreous traction, etc.), any systemic (e.g. epilepsy) or 
eye diseases and/or topical medication usage that might infl uence mfPERG readings, 
and media opacity that may have precluded quality macular scans.  

    59.2.2   Electrophysiological Recordings 

 Electrophysiological recordings were carried out using the VERIS 4.9.1 system 
(Electro-Diagnostic Imaging, Inc., Redwood City, CA). DTL fi bre electrodes were 
used for mfPERG response measurements. Reference and ground skin electrodes 
were attached to the ipsilateral temple and forehead, respectively. Recordings were 
performed with best optical correction with undilated pupils, and pupil size ranged 
between 3 and 4 mm in both groups. 

 Multifocal PERG recordings were assessed using a pattern of 19 hexagonal 
elements, each consisting of 25 triangles, alternating between black and white 
(Stiefelmeyer et al.  2003 ; Langrová et al.  2007  ) . The stimulus was generated on an 
Iiyama monitor and viewed at a distance of 38 cm, which stimulated the central 38 o  
of the visual fi eld. Each of 19 hexagonal elements of the mfPERG stimulus was 
alternated between 102 and 1 cd/m 2 , i.e. ~98% contrast. The frame rate was 75 Hz. 
The m-sequence length was 215–1 elements corresponding to a total recording time 
of 7 min 17 s for each condition. The continuous mfPERG recordings were amplifi ed 
by 100 K, fi ltered with a frequency bandpass of 3–100 Hz, and sampled at 502 Hz. 
Additionally, software created by one of the authors was applied for accurate 
topographical correspondence of waveforms to corresponding measures of retinal 
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nerve fi bre layer thickness within the peripapillary region, i.e. temporal superior 
(Q 

TS
 ), temporal (Q 

T
 ) and temporal inferior (Q 

TI
 ) regions, each of them comprising 

six elements. (Fig.  59.1a ). The amplitudes of the positive-to-negative (P1N2) com-
ponent were measured as the vertical distance from the fi rst peak to the second 
negative defl ection was evaluated (Fig.  59.1b ).   

  Fig. 59.1    Inner retinal recordings using multifocal pattern electroretinogram (mfPERG). ( a ) 
Grouping into three regions, i.e. temporal superior (Q 

ST
 ), temporal (Q 

T
 ) and temporal inferior (Q 

TI
 ) 

quadrants, while which each of them comprising six elements; ( b ) amplitude of the positive-to-
negative (PN2) component measured as a vertical distance from the highest point through the 
second negative peak             
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    59.2.3   Retinal Nerve Fibre Layer Imaging 

 Spectral domain-optical coherence tomography (Heidelberg Engineering, 
Dossenheim, Germany) was used to detect retinal nerve fi bre layer thickness in 
retinitis pigmentosa subjects. Circular 15 × 15° scan angle (4.4 × 4.4 mm) images 
were centred on the optic disc, each being composed of 768 A-scans × 73 B-scans, 
with 61  m m distance between each B-scan and with each B-scan resampled nine 
times. A circle grid, composed of three circles of 1, 2.22 and 3.45 mm diameter, was 
centred on the optic disc by an experienced operator. Internal fi xation was used on 
all patients to obtain Spectral domain-OCT scans. The operator was appointed to 
monitor and ensure that the scan quality, indicated by a horizontal bar turning red in 
the presence of poor signal strength, was under acceptable limits throughout the 
scan acquisition. The circle grid allowed calculation of the retinal thickness at each 
diameter for the nasal.   

    59.3   Results 

    59.3.1   Basic Characteristics of Study Cohort 

 The study group consisted of 12 RP patients (7 men and 5 women) and 12 healthy 
subjects (7 men and 5 women), who served as an age-matched control group. 
Duration of RP ranged from 1 to 27 years (average 13 ± 8 years) and the area of the 
kinetic visual fi eld for III (4)e target size ranged from 60.5 to 722.8 deg 2  (mean 
343.9 ± 213.29 deg 2 ). Basic characteristics of the participants are shown in 
Table  59.1 . There were no statistically signifi cant differences in demographical 

   Table 59.1    Basic characteristics of the study cohort   

 Variables  Retinitis pigmentosa  Healthy controls   p  value 

 Age (years)  44 ± 14  39 ± 6   p  = 0.211 
 BCVA  0.5 ± 0.23  1.2 ± 0.16   p  < 0.001* 
 IOP (mmHg)  16.8 ± 1.8  14.6 ± 2.27   p  = 0.022* 
 R1-PN2 implicit time (ms)  44.3 ± 9.57  44.8 ± 5.79   p  = 0.878 
 R1-PN2 amplitude (nV)  90.7 ± 57.5  245.2 ±80.32   p  < 0.001* 
 R2-PN2 implicit time (ms)  46.2 ± 8.43  39.6 ± 3.39   p  = 0.019* 
 R2-PN2 amplitude (nV)  28.0 ± 9.25  188.6 ± 52.24   p  < 0.001* 
 R3-PN2 implicit time (ms)  47.1 ± 11.38  38.0 ± 2.45   p  = 0.013* 
 R3-PN2 amplitude (nV)  31.3 ± 14.88  166.5 ± 37.87   p  < 0.001* 
 CMT ( m m)  264.0 ± 92.32  288.3 ± 25.88   p  = 0.390 

  * p  < 0.05 
  RP  retinitis pigmentosa;  BCVA  best corrected visual acuity;  IOP  intraocular pressure;  R1, R2, R3  
concentric ring 1, 2 and 3;  PN2  positive-to-negative component in multifocal pattern electroretino-
gram:  RNFLT  retinal nerve fi bre layer thickness  
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characteristics between groups. Signifi cantly decreased amplitude and prolonged 
implicit time of the mfPERG component P1N2 within three concentric rings were 
observed in RP patients.   

    59.3.2   Inner Retina Structure–Function Relation 

 Signifi cant decrease of mfPERG of P1N2 component amplitude and implicit time 
was observed in temporal superior, temporal and temporal inferior region compar-
ing RP subjects with healthy controls. Table  59.2  shows retinal fi bre layer thickness 
and mfPERG of P1N2 component amplitude, and implicit time in particular peri-
papillary region. Regardless of reduced mfPERG amplitudes and prolonged implicit 
time of P1N2 component in RP patients, RNFL thickness is comparable to that of 
healthy controls.  

 A scatter plot together with the corresponding regression profi le between 
mfPERG of P1N2 component amplitude and RNFL thickness within temporal 
superior and temporal regions in RP subjects and healthy controls is shown in 
Fig.  59.2 . The linear regression profi le of mfPERG of P1N2 component amplitude 
and RNFL thickness is of the same character in RP and healthy controls, i.e. increas-
ing in temporal superior, and slightly decreasing in temporal region. However, the 
association was statistically signifi cant neither in RP nor in healthy controls. 
Moreover, there was no statistically signifi cant difference in the above-mentioned 
association comparing RP and healthy controls. Multiple linear regression models 
were then used to examine the correlation of the P1N2 component of mfPERG 
adjusted for age, RP duration and visual acuity with retinal nerve fi bre layer thick-
ness measures. No signifi cant difference between adjusted (age, RP duration and 
visual acuity) and nonadjusted (crude) models were determined analysing RNFLT 
and P1N2 amplitude in particular segments.    

   Table 59.2    Retinal fi bre layer thickness measurements, mfPERG P-N2 component amplitude and 
implicit time within each peripapillary region   

 Variables  Retinitis pigmentosa  Healthy controls   p  value* 

 Temporal 
superior 

 RNFLT ( m m)  139.1 ± 45.93  130.7 ± 14.95   p  = 0.556 
 Amplitude PN2 (nV)  41.9 ± 14.56  173.7 ± 52.06   p  < 0.001* 
 Implicit time PN2 (ms)  52.75 ± 9.71  36.5 ± 4.06   p  < 0.001* 

 Temporal  RNFLT ( m m)  109.4 ± 33.92  78.9 ± 15.56   p  = 0.01* 
 Amplitude PN2 (nV)  52.8 ± 25.54  171.4 ± 46.10   p  < 0.001* 
 Implicit time PN2 (ms)  47.0 ± 9.18  37.6 ± 2.61   p  = 0.002* 

 Temporal 
inferior 

 RNFLT ( m m)  152.7 ± 30.95  143.6 ± 14.98   p  = 0.370 
 Amplitude PN2 (nV)  42.2 ± 16.81  200.3 ± 49.63   p  < 0.001* 
 Implicit time PN2 (ms)  49.0 ± 8.07  42.2 ± 16.81   p  = 0.003* 

  * p  < 0.05 
  RNFLT  retinal nerve fi bre layer thickness;  PN2  positive-to-negative component in mfPERG 
(multifocal pattern electroretinogram)  
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    59.4   Discussion 

 In this study we examined the relationship between retinal nerve fi bre layer thick-
ness and ganglion cell functions as assessed by electrophysiological means in retinitis 
pigmentosa patients with concentric visual fi elds smaller than 10° of visual angle. 
After controlling for age, RP duration and visual acuity, we found reduced ampli-
tudes and prolonged implicit times in patients, without signifi cant changes in retinal 

  Fig. 59.2    Inner retina structure and function relation in peripapillary regions. Regression analysis 
between P1N2 component amplitude and retinal nerve fi bre layer thickness in RP subjects ( crosses  
and  dashed line ) and healthy controls ( squares  and  solid line ) within Q 

TS
  (temporal superior ( a )), 

Q 
T
  (temporal ( b )) peripapillary regions       
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nerve fi bre layer thickness within temporal superior, temporal and temporal inferior 
peripapillary regions compared to healthy subjects. 

 Retinitis pigmentosa involves the progressive death of photoreceptors, and several 
studies have shown that inner retinal cells undergo various degree of remodelling in 
mutant inherited models (Strettoi et al.  2003 ; Cuenca et al.  2004  ) . Therefore, it was 
anticipated that the consequence of progressive retinitis pigmentosa will be the loss 
of ganglion cells. However, our fi ndings suggest that diminution of photoreceptors 
sensory input observed in retinitis pigmentosa patients might attenuate certain gan-
glion cells function, but do not induce diffuse transneuronal alterations in the neigh-
bouring cell layers, which would be accompanied with detectable loss of RGC and/
or diminished retinal nerve fi bre layer thickness. These results are consistent with 
studies examining RGC survival in the mouse model of inherited photoreceptor 
degeneration, where remarkable preservation of RGC structure, survival and projec-
tions to higher visual centres was observed well beyond the death of photoreceptors 
(Mazzoni et al.  2008  ) . Recently, it was proved in human RP studies (Walia and 
Fishman  2008 ; Rangaswamy et al.  2010  ) . 

 Common pathophysiological processes may underlie the preserved capabilities 
of RGC to transmit information of action potentials despite the loss of photorecep-
tors, even in advanced RP cases. It is well known that RGC are still active in the 
absence of light and fi re even if deprived from their photoreceptor input. This also 
explains the blind patients’ ability to report grey instead of black in complete dark-
ness. Moreover, 2–3% of melanopsin-containing RGC are important in circadian 
light responses (Ruggiero et al.  2009  ) . They may provide light-modulated input to 
the inner retina with feedback to amacrine and bipolar cells under very bright light, 
although not be able to provide spatial resolution (Güler et al.  2008  ) . 

 In conclusion, this chapter shows reduced retinal ganglion cell function without 
signifi cant disruption of retinal nerve fi bre layer thickness in advanced retinitis 
pigmentosa subjects. These fi ndings provide support for the notion of ongoing 
intraretinal signal processing within the inner retina after diffuse rod and cone loss 
in late stages of inherited photoreceptor degenerative diseases. However, long-term 
studies with larger samples are warranted to gain information about ganglion cells 
morphology and function in patients with retinitis pigmentosa after many years 
of blindness.      
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     60.1   Introduction 

 The confocal scanning laser ophthalmoscope (SLO) and the spectral-domain optical 
coherence tomography (OCT) are two imaging systems that have rapidly revolution-
ized clinical ophthalmology. SLO is a noncontact, high-resolution imaging system 
that is now a worldwide standard in macular diagnostics. It has multiple imaging 
modes that provide contrast for imaging a variety of retinal conditions (Sharp and 
Manivannan  1997  ) . Currently, SLO is used to evaluate a wide spectrum of retinal and 
choroidal diseases (Hassenstein and Meyer  2009  ) . OCT provides in-depth structural 
detail of retinal morphology with an axial resolution of several microns. Today, this 
“noninvasive optical-biopsy” is used extensively for early diagnosis and precise 
monitoring of glaucoma and retinal diseases (Geitzenauer et al.  2010  ) . These two 
instruments continue to make substantial advances in clinical ophthalmology (Da 
Pozzo et al.  2009 ; Wolf-Schnurrbusch et al.  2008 ; Imamura et al.  2009  ) . 

 Here, we describe the use of SLO and OCT as the initial assessment to (1) screen 
“normal” postmortem eyes for retinal lesions, and (2) better characterize retinal 
lesions in eyes with suspected pathology prior to histological analysis. Just as the 
combination of SLO and OCT provides a comprehensive diagnostic assessment in 
the clinic, the combination of these two modalities ensures comprehensive charac-
terization of retinal lesions prior to histopathology.  
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    60.2   Materials and Methods 

    60.2.1   Tissue Preparation 

 Postmortem human eyes were obtained through the donor eye program of the 
Foundation Fighting Blindness (donations #777, #779, #784, #846, #908). Five 
donors (6 eyes) are described (Table  60.1 ). The fi rst three donors’ eyes had no grossly 
visible pathology. #846 had a fi brovascular scar consistent with end-stage age-
related macular degeneration (AMD). #908 had extensive degeneration from retini-
tis pigmentosa (RP). Globes were initially fi xed in 4% paraformaldehyde and 0.5% 
glutaraldehyde in 0.1 M phosphate buffer and later stored in 2% paraformaldehyde 
in the same buffer. Globes were bisected near the equator, dividing the globe into an 
anterior and posterior pole; the latter was used in this analysis.   

    60.2.2   Bright-Field Macroscopic Imaging 

 Prior to imaging, each eye was placed in a custom holder to stabilize the posterior 
pole; this allows it to be immersed in phosphate buffered saline, minimizing surface 
refl ectance artifact. The fi rst set of images collected used conventional bright-fi eld 
macrophotography with a Zeiss AxioCam MRC5 camera equipped with a Zoom 
7000 Navitar macro video lens. Illumination was accomplished using a fl exible, 
bifurcated fi ber-optic coupled to a tungsten-halogen light source. Images were taken 
using Zeiss AxioVision AC Rel 4.5 software.  

    60.2.3   Scanning Laser Ophthalmoscope 

 The next set of images was collected using SLO Heidelberg Retina Angiograph 2 
(HRA2, Heidelberg Engineering, Inc.) equipped with a 55º wide fi eld objective. The 
SLO housing was positioned so that the lens was directed down onto the aqueous 
surface for optimal imaging of the fundus. A 1,000 ± 2.5  m m ruby sphere was placed 
on the optic nerve head to provide a reference scale. Autofl uorescence (AF) and 
infrared (IR) images were obtained. Lesion areas were estimated based on the mean 
of fi ve separate hand drawn outlines using ImageJ software.  

   Table 60.1    Human donor eye information   

 Donation #  779  777  784  846  908 
 Eye(s)  OD  OD  OU  OD  OD 
 Age (years)  74  74  95  71  79 
 Gender  Female  Female  Female  Male  Male 
 Postmortem interval  10.5 h  6.5 h  4 h  7 h  11 h 
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    60.2.4   Optical Coherence Tomography 

 The fi nal set of images was collected using Spectral-domain OCT (Bioptigen, Inc.) 
operating at a peak wavelength of 840 and a 55 nm bandwidth with a 50º fi eld of 
view (300 A-scans/B-scan by 300 B-scans/volume). The eye was positioned directly 
below the OCT objective.   

    60.3   Results 

    60.3.1   Normal Retina 

 Fundus images of #779 show an opaque appearance around the fovea consistent 
with edema (Fig.  60.1a ). SLO AF images collect lipofuscin autofl uorescence signal 
from the RPE. IR images penetrate farther into tissue, showing choroidal vasculature. 

  Fig. 60.1    Imaging characterizes a normal donor eye. ( a ) Macroscopic fundus image shows an 
opaque appearance around the fovea consistent with edema ( closed arrow ). ( b ,  c)  SLO AF and IR 
images show no pathology. ( d)   Dashed lines  on OCT fundus image indicate B-scan image planes. 
( E  

 2 
  –E  

 −2 
 ) OCT is unremarkable at levels shown in ( d ) except for mild macular edema at 0 ( closed 

arrow ). The inner retina becomes opaque postmortem making retinal lamina diffi cult to differenti-
ate; however, the photoreceptor layer ( closed arrow ), RPE ( open arrow ), and choroid ( asterisk ) 
remain visible. Scale = 2 mm       
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SLO imaging is unremarkable (Fig.  60.1b, c ). OCT shows minor macular edema 
(Fig.  60.1d , 60.1E 

2
 –E 

−2
 ). However, comparison of OCT from in vivo eyes with OCT 

from postmortem eyes shows that postmortem changes are accompanied by the loss 
of distinct retinal lamella (compare Fig.  60.2a, b ).    

    60.3.2   Macular Hole 

 Fundus images of #777 show an opaque appearance around the fovea consistent 
with edema. In addition, exudate is seen around the optic nerve (Fig.  60.3a ). SLO 
AF images show decreased autofl uorescence around the optic nerve and macula 
(Fig.  60.3b ). SLO IR images show increased refl ectance around the optic nerve and 
within an oval-shaped area at the center of the macula (Fig.  60.3c ). OCT imaging 
reveals a macular hole (Fig.  60.3d ). At the center of the macular hole, an isolated 
retinal fragment corresponds to the small area of decreased autofl uorescence in 
Fig.  60.3b . The hole corresponds to the oval-shaped area of increased refl ectance in 
Fig.  60.3c . The perimacular area of decreased refl ectance in Fig.  60.3 c is due to 
increased scattering of light from retinal elevation surrounding the macular hole, 
which attenuates signal from the choroid.   

    60.3.3   RPE Detachment 

 Fundus images of #784 OD and OS show prominent choroidal vessels and exudate 
around the optic nerve (Fig.  60.4a ). SLO AF images of both eyes have a subtle, 
halo-shaped area of increased autofl uorescence at the fovea (Fig.  60.4b ). OCT imaging 
reveals bilateral, focal RPE detachment centered on the fovea (Fig.  60.4c, d ). The halo-
shaped area of increased autofl uorescence corresponds to changes in the elevation 
of the RPE in the region of detachment. The AF laser penetrates the epithelial 

  Fig. 60.2    Postmortem ( a ) and in vivo ( b ) OCT B-scans of normal human retinas.  IR  inner retina; 
 NFL  nerve fi ber layer;  GCL  ganglion cell layer;  IPL  inner plexiform layer;  INL  inner nuclear layer; 
 OPL  outer plexiform layer;  ONL  outer nuclear layer;  ELM  external limiting membrane;  PL  photo-
receptor inner and outer segments;  RPE  retinal pigment epithelium;  CC  choriocapillaris. 
Scale = 2 mm       
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surface at a tangential angle rather than a right angle, appearing as if the retinal 
thickness is increased adjacent to the detachment.   

    60.3.4   AMD Retina 

 Fundus images of #846 show a fi brovascular scar consistent with end-stage AMD 
(Fig.  60.5a ). SLO AF imaging shows absence of autofl uorescence in a large, central 
area similar to the fi brovascular scar (Fig.  60.5b ). However, macroscopic image 

  Fig. 60.3    Imaging of normal donor eye reveals macular hole. ( a ) Macroscopic fundus image 
shows an opaque appearance around the fovea consistent with edema ( closed arrow ) and exudate 
around the optic nerve ( open arrow ). ( b ) SLO AF image shows a small area of decreased autofl uo-
rescence at the macula ( closed arrow ) and a well-demarcated area of decreased autofl uorescence 
around the optic nerve ( open arrow ).  Dark areas  in periphery are due to retinal detachment ( aster-
isk ). ( c ) SLO IR image shows increased refl ectance around the optic nerve corresponding to the 
region in ( b ) and consistent with RPE degeneration ( open arrow ). An oval-shaped area of increased 
refl ectance at the center of the macula ( closed arrow ) is surrounded by a larger area of decreased 
refl ectance. ( d ) OCT B-scan of the optic nerve and fovea reveals a macular hole with a piece of 
detached retina ( closed arrow ) and retinal elevation surrounding the hole ( open arrow ). 
Scale = 2 mm       
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estimates the lesion area to be 66.0 ± 1.22 mm 2  whereas AF image estimates the 
lesion area to be 75.9 ± 0.60 mm 2 . SLO shows a 13% larger lesion than conventional 
bright-fi eld macrophotography. A  t  test of the macroscopic lesion estimate versus 
the AF lesion estimate shows a signifi cant difference ( p  < 0.0001) likely due to 
improved contrast with SLO. OCT also reveals areas with subretinal fi brosis (Fig. 
60.5C 

2
 –C 

−2
 ).   

    60.3.5   RP Retina 

 Fundus images of #908 show prominent choroidal vessels indicating atrophy of the 
overlying RPE and numerous bone spicule pigment deposits in the periphery 
encroaching on the macula (Fig.  60.6a ). SLO AF imaging shows loss of autofl uo-
rescence consistent with RPE atrophy (Fig.  60.6b ). OCT reveals thinning, degenerate 
retina toward the periphery and RPE detachment (Fig. 60.6C 

2
 –C 

−2
 ). Bone spicule 

pigment deposits are not evident with OCT.    

  Fig. 60.4    Imaging a pair of eyes from a normal donor reveals bilateral RPE detachment. ( a ) 
Macroscopic fundus images show RPE atrophy allowing for visualization of choroidal vessels and 
exudate around the optic nerve ( open arrow ) (OS not shown). ( b ) SLO AF images of both eyes 
have a subtle, halo-shaped area of increased autofl uorescence at the fovea ( closed arrow ,  inset ) 
(OS not shown). Dark areas in periphery are due to retinal detachment ( asterisk ). ( c ,  d ) OCT 
B-scan of the optic nerve and fovea shows bilateral, focal RPE detachment centered on the fovea 
( closed arrows ). Scale = 2 mm       
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    60.4   Discussion 

 Although human donor eyes are invaluable to research, the vast majority are received 
with minimal clinical history and usually without fundus images. Here, we have 
attempted to address this perpetual challenge by applying the same technology used 
in the clinic to postmortem eyes. 

  Fig. 60.5    Imaging characterizes an end-stage AMD eye. ( a ) Macroscopic fundus image shows a 
fi brovascular scar ( closed arrow ) and a central area of RPE atrophy allowing visualization of chor-
oidal vessels ( open arrow ). The ruby sphere is placed on the optic nerve head for magnifi cation 
reference.  Dashed lines  indicate OCT image planes. ( b ) SLO AF image shows a large, well-defi ned 
area of decreased autofl uorescence encompassing the optic nerve and macula ( closed arrow ) which 
corresponds to the central lesion in ( a ). Areas with autofl uorescence correspond to the remaining 
area with RPE.  C  

 2 
  –C  

 −2 
 : OCT B-scans indicated in ( a ) reveal bright collections directly above the 

RPE which raise the inner retinal layer and are consistent with fi brovascular scar ( closed arrows ). 
Small,  dome-shaped  irregularities below the RPE layer may be drusen ( open arrow ). 
Scale = 2 mm       
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 In vivo imaging with SLO allows for angiography and provides detailed retinal 
and choroidal vasculature (Jorzik et al.  2005  ) . Postmortem imaging with the AF and 
IR modes of SLO identifi es areas with absent or atrophied RPE. SLO imaging with 
AF and IR of postmortem eyes reveals features of RPE and choroid similar to those 
of in vivo eyes. Potential retinal detachment, however, substantially reduces the 
quality of images of postmortem eyes as compared to in vivo eyes. Tissue fi xatives 
may further exacerbate the degree of retinal detachment from the RPE-choroid 
complex. In addition, the retina becomes less transparent in postmortem eyes. 
Both conditions compromise signal collection from structures underlying the retina 
and contribute to reduced image quality in postmortem eyes. 

  Fig. 60.6    Imaging characterizes an RP eye. ( a ) Macroscopic fundus image shows prominent chor-
oidal vessels indicative of RPE atrophy and bone spicule pigment deposits ( closed arrow ) in the 
periphery. The ruby sphere is placed on the optic nerve head for magnifi cation reference.  Dashed 
lines  indicate OCT image planes. ( b ) SLO AF image shows loss of autofl uorescence indicating 
RPE atrophy ( closed arrow ), particularly in the periphery and mid-periphery.  C  

 2 
  –C  

 −2 
 : OCT B-scans 

indicated in ( a ) reveal thin, degenerate retina at the margins ( closed arrows ). RPE detachment is 
also seen ( open arrows ). Scale = 2 mm       
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 In vivo imaging with OCT shows detailed retinal architecture, including distinct 
retinal lamina (Yaqoob et al.  2005  ) . It also resolves localized changes in retinal 
thickness between the macula and periphery. Postmortem changes mask the lamel-
lar features of the inner retina, and allow resolution only of the photoreceptor layer, 
RPE, and choroid. Figure  60.2  clearly shows a difference in resolution of retinal 
lamina in in vivo and postmortem images. Despite the stark contrast in image qual-
ity, OCT imaging of postmortem eyes shows the thickness of the inner retina and 
RPE, and visualizes changes at sections throughout tissue with an in-depth resolu-
tion of several microns. 

 In vivo imaging is optimal; however, postmortem imaging with SLO and OCT 
provides more detail than the standard photographic image of the posterior pole. 
Information obtained from imaging regarding the location and size of retinal lesions 
also allows for targeted histopathology. To the best of our knowledge, the use of 
SLO for retinal imaging in human postmortem eyes has been reported only by two 
other groups (Bindewald et al.  2004 ; Olsen  2008  ) . These earlier studies, however, 
removed the neural retina prior to imaging to improve visualization of the RPE-
choroid complex. The removal of the neural retina for imaging limits the usefulness 
of the procedure when subsequent histology of the specimens is required. OCT has 
been used on human postmortem eyes primarily for corneal studies (Wolf et al. 
 2004 ; Johnson et al.  2007  ) . OCT also has been used for retinal imaging of human 
postmortem eyes (Chauhan and Marshall  1999 ; Ugarte et al.  2006  ) . However, this is 
the fi rst time OCT has been routinely applied in conjunction with SLO and macro-
scopic imaging to screen and characterize a range of retinal pathology in postmor-
tem donor eyes. 

 In summary, the use of both SLO and OCT in the initial assessment of postmor-
tem eyes prior to histological analysis provides useful information about locations 
and types of different retinal lesions. As described above, #777 and #784 appeared 
normal in macroscopic fundus images, but in fact were found to have a macular hole 
and bilateral RPE detachment, respectively. Without knowing the clinical history of 
#777, it is impossible to determine if the isolated retinal fragment at the base of the 
macular hole was present at the time of death or if it was an artifact of fi xation. 
Similarly, it is unknown if the bilateral RPE detachments were present at the time of 
death or were fi xation artifacts. Aside from fi nding lesions that were not detected by 
macroscopic imaging, SLO and OCT further characterized known retinal lesions. 
The combination of SLO and OCT shows the full extent of retinal pathology and 
clarifi es the locations of specifi c inclusions. Despite the valuable information imag-
ing provides, it is important to be wary of using a single imaging instrument which 
may provide an incomplete picture of retinal pathology. The combination of SLO 
and OCT is critical to accurately interpreting pathology, and provides a more thor-
ough means to identify retinal lesions in donor eyes.      
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sion from Bioptigen, Inc. The authors thank Charlie Kaul and Dr. Lisa Kuttner-Kondo for their 
constructive comments and enthusiastic support.  



488 N. Bagheri et al.

   References 

    Bindewald A, Jorzik JJ, Loesch A et al (2004) Visualization of retinal pigment epithelial cells 
in vivo using digital high-resolution confocal scanning laser ophthalmoscopy. Am J Ophthalmol 
137:556–558  

    Chauhan DS, Marshall J (1999) The interpretation of optical coherence tomography images of the 
retina. Invest Ophthalmol Vis Sci 40:2332–2342  

    Da Pozzo S, Marchesan R, Ravalico G (2009) Scanning laser polarimetry - a review. Clin 
Experiment Ophthalmol 37:68–80  

   Geitzenauer W, Hitzenberger CK, Schmidt-Erfurth UM (2010)Retinal optical coherence tomography: 
past, present and future perspectives. Br J Ophthalmol  

    Hassenstein A, Meyer CH (2009) Clinical use and research applications of Heidelberg retinal 
angiography and spectral-domain optical coherence tomography - a review. Clin Experiment 
Ophthalmol 37:130–143  

    Imamura Y, Fujiwara T, Margolis R et al (2009) Enhanced depth imaging optical coherence tomog-
raphy of the choroid in central serous chorioretinopathy. Retina 29:1469–1473  

    Johnson CS, Mian SI, Moroi S et al (2007) Role of corneal elasticity in damping of intraocular 
pressure. Invest Ophthalmol Vis Sci 48:2540–2544  

    Jorzik JJ, Bindewald A, Dithmar S et al (2005) Digital simultaneous fl uorescein and indocyanine 
green angiography, autofl uorescence, and red-free imaging with a solid-state laser-based confocal 
scanning laser ophthalmoscope. Retina 25:405–416  

    Olsen TW (2008) The Minnesota Grading System using fundus autofl uorescence of eye bank eyes: 
a correlation to age-related macular degeneration (an AOS thesis). Trans Am Ophthalmol Soc 
106:383–401  

    Sharp PF, Manivannan A (1997) The scanning laser ophthalmoscope. Phys Med Biol 42:951–966  
    Ugarte M, Hussain AA, Marshall J (2006) An experimental study of the elastic properties of the 

human Bruch’s membrane-choroid complex: relevance to ageing. Br J Ophthalmol 
90:621–626  

    Wolf AH, Neubauer AS, Priglinger SG et al (2004) Detection of laser in situ keratomileusis in a 
postmortem eye using optical coherence tomography. J Cataract Refract Surg 30:491–495  

    Wolf-Schnurrbusch UE, Enzmann V, Brinkmann CK et al (2008) Morphologic changes in patients 
with geographic atrophy assessed with a novel spectral OCT-SLO combination. Invest 
Ophthalmol Vis Sci 49:3095–3099  

    Yaqoob Z, Wu J, Yang C (2005) Spectral domain optical coherence tomography: a better OCT 
imaging strategy. Biotechniques 39:S6–13      



489
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degeneration  •  Light damage  •  Rhodopsin  •  RPE65  •  Rd1     

     61.1   Introduction 

 Optical coherence tomography (OCT) is an established diagnostic tool in clinical 
ophthalmology and continues to play a signifi cant role in vision science (   Drexler and 
Fujimoto  2008  ) . Only recently, commercially available OCT instruments with 
Spectral Domain technology (SD-OCT) were adapted with custom software and 
hardware to allow widespread application of this powerful tool in animal research 
(Knott et al.  2011 ; Fischer et al.  2009 ; Huber et al.  2009  ) . As SD-OCT imaging is 
noninvasive, it is ideally suited to study changes of retinal structure in a longitudinal 
study design. This bears a major advantage over cross-sectional study designs, which 
are necessary for morphometric analysis by histology, as interindividual differences 
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can be excluded as confounding effect. This is even more important in preclinical 
testing of experimental therapeutic strategies, where, e.g., surgical procedures (gene 
therapy, stem cell implantation) can be hard to standardize leading to some degree of 
variability within the treated cohort. Histology is a time consuming and costly proce-
dure that provides (ultra-)high structural resolution and the option for subsequent 
analysis such as immunohistochemistry. However, preparatory protocols for his-
tology impact on tissue dimensions (   Hanstede and Gerrits  1983 ; Buttery et al.  1991  )  
and functionally important changes in retinal integrity, such as edema formation or 
focal detachments, may be misinterpreted as handling artifacts ex vivo. SD-OCT can 
be used to overcome some of these obstacles, while reducing the number of animals 
needed in each study, which has ethical as well as economic implications. Here, we 
present data obtained by SD-OCT imaging of mouse models with induced (light 
damage) and inherited retinal degenerations.  

    61.2   Materials and Methods 

    61.2.1   Animals 

 Animals were housed under standard white cyclic lighting (12 h/12 h; 60 lux), had 
free access to food and water, and were used irrespective of gender.  Rho  −/−  (Humphries 
et al.  1997  ) ,  RPE65  −/−  (Redmond et al.  1998  ) , C57/BL6/J (Charles River 
Laboratories), C3H  rd1/rd1  ( rd1 ), and control C3H wild-type (wt) mice (Frasson 
et al.  1999  )  were used. Light damage was performed as previously described (Joly 
et al.  2009  ) . All procedures were performed in accordance with the local ethics 
committee, German laws governing the use of experimental animals, and the ARVO 
statement for the use of animals in ophthalmic and visual research.  

    61.2.2   Retinal Imaging 

 A detailed protocol for anesthesia and imaging is described elsewhere (Seeliger et al. 
 2005 ; Fischer et al.  2009  ) . Briefl y, mice were anesthetized by subcutaneous injection of 
ketamine (66.7 mg/kg) and xylazine (11.7 mg/kg); their pupils dilated with tropicamide 
eye drops (Mydriaticum Stulln, Pharma Stulln, Germany) before image acquisition. 
A custom-made contact lens was used to avoid corneal dehydration and edema. Imaging 
and analysis was performed using the proprietary software package Eye Explorer ver-
sion 3.2.1.0 from Heidelberg Engineering as previously described (Huber et al.  2009  ) .  

    61.2.3   Histology 

 Animals were sacrifi ced and enucleated for histological analysis. After orientation 
was marked, the eyes were fi xed overnight in 2.5% glutaraldehyde prepared in 



49161 In Vivo Assessment of Rodent Retinal Structure Using Spectral Domain…

0.1 M cacodylate buffer and processed as prescribed previously (Samardzija et al. 
 2006  ) . For the timeline analysis of  rd1  mice, eyes were directly embedded, frozen, 
and sectioned as previously prescribed (Huber et al.  2009  ) .   

    61.3   Results 

 Cross-sectional SD-OCT imaging in C57BL/6 animals (P28) provided in vivo data 
on normal murine retinal layer composition (Fig.  61.1a, b ). Laminar organization 
correlated well with ex vivo light microscopy studies.  

 Focal light damage produced a selective loss of the outer retina in the exposed 
region, which borders a site of edema formation. The edema as functional signifi -
cant alteration of retinal integrity is only visible in vivo and does not endure the 
tissue processing required for histology (Fig.  61.1c–g ). 

 Rhodopsin was shown to serve not only as visual pigment but also as a structural 
protein of the discs in the rod outer segments (ROS). Indeed, ROS are never formed 
in rhodopsin ( rho ) defi cient mice (Humphries et al.  1997  ) . SD-OCT imaging in 
 rho  −/−  (P28) animals demonstrates a complete lack of ROS in vivo while the outer 
nuclear layer (ONL) appeared only marginally thinner compared to wt retina (data 
not shown). The entire retina showed absence of ROS, while the outer limiting 
membrane seems not to be disturbed and can be distinguished from the RPE signal 
by a distance roughly equivalent to inner segment remnants. 

 The protein  RPE65  regenerates the visual pigment rhodopsin in the retinal pigment 
epithelial cells (Redmond et al.  1998  ) . In  RPE65  −/−  mice, the defective regenerating 
cycle causes accumulation of retinyl esters as lipid droplets in RPE cells. Image reso-
lution of SD-OCT in  RPE65  −/−  mice at 11 months of age could not detect intracellular 
lipid accumulations in vivo. However, cross-sectional images revealed a reduction of 
ONL thickness refl ecting the slow photoreceptor degeneration (data not shown). 

 The rapid degenerative process in the  rd1  mouse retina is caused by a loss of 
function mutation in the gene encoding the  b  subunit of the rod cGMP phosphodi-
esterase 6 (PDE6 b ) (Bowes et al.  1990  ) . Already at about P10 fi rst signs of photo-
receptors cell loss become evident while the vast majority of rod photoreceptor 
nuclei have disappeared by P21 (Paquet-Durand et al.  2007 ; Sancho-Pelluz et al. 
 2008  ) . Iterative SD-OCT imaging of  rd1  mice at P11 and P28 refl ected the severe 
retinal degeneration within only 17 days. At P28, the outer retina lacked plexiform/
nuclear layers and photoreceptor segments and the inner nuclear layer (INL) seemed 
to border the RPE almost directly (data not shown).  

    61.4   Discussion 

 OCT is established as valuable tool to analyze and monitor structural changes in the 
retina. Virtual cross sections of the retina obtained with latest generation SD-OCT 
devices begin to approach the level of low power micrographs gained from light 
microscopy. Because this is achieved in a noninvasive manner, this technique does 



  Fig. 61.1    Retinal cross sections in C57BL/6 mice with ( a ,  b ) naïve retinal structure and ( c – g ) after 
focal light damage. ( a ) Virtual B-scan and histologic section through the optic nerve head display-
ing a Bergmeister’s papilla. ( b ) Identifi cation of individual retinal layers. ( c ) Optical coherence 
tomography (OCT) section across the central retina, containing adjacent damaged and nondam-
aged areas. ( d ) Demarcation of the damaged area in vivo by scanning laser ophthalmoscopy auto-
fl uorescence (AF) imaging based on fl uorescent photoreceptor debris (marked by an  asterisk ). ( e ) 
Transition zone between damaged (marked by an  asterisk ) and nondamaged retina. ( f ,  g ) 
Comparison of light-induced retinal damage in histology and OCT. The  arrowhead  in the OCT 
image points toward focal edema formation       
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not only redefi ne genotype/phenotype correlation in the clinical setting, but also 
heralds a new era of noninvasive longitudinal studies with animal models that mimic 
respective disease characteristics. Here, we present data from commonly used wild-
type mice and models of light-induced and inherited retinal degeneration using the 
Spectralis™ HRA + OCT platform. 

 The data from C57BL/6 wild-type mice established the comparability of virtual 
SD-OCT cross sections and histologic data in normal murine retina (Fig.  61.1a, b ). 
While the origin of the distinct components within the refl ectivity profi le in virtual 
cross sections has continuously been subject to debate, it is generally thought 
(Drexler and Fujimoto  2008 ; Fischer et al.  2008 ; Srinivasan et al.  2008  )  that – from 
vitreous to sclera – the fi rst thin hyperrefl ective line resembles the nerve fi ber layer 
(NFL) followed by the less refl ective ganglion cell layer (GCL). The    consecutive 
thick band of higher refl ective properties, the inner plexiform layer (IPL), is approx-
imated by a band of low refl ectance, the INL. The outer plexiform layer (OPL) 
appears as a thin stripe with a signal intensity comparable to that of the IPL. The 
outer retina is composed of a thick band, the ONL with similar signal intensity as in 
the INL. Apparently, both nuclear layers share the low signal intensity because they 
scatter and/or refl ect light to a much lesser extent than both plexiform layers. 
Located just distal to the ONL is the external limiting membrane (ELM), which is 
formed by adherence junctions between distal photoreceptor cell bodies and apical 
villi of Müller glia cells. Photoreceptor inner and outer segments appear with the 
same signal intensity as the cell bodies, whereas the inner/outer segment (IOS) bor-
der generates a strong refl ectance signal possibly due to the high mitochondrial 
content in the ellipsoid region (Fischer et al.  2008  ) . 

 Photoreceptor apoptosis is a common fi nal path of many forms of induced and 
inherited retinal degenerations. Typically, degenerating photoreceptor cell bodies 
and their inner and outer segments in the outer retina are subsequently removed 
without major alterations of the inner retinal layers. Whereas most genetic defects 
leading to photoreceptor degeneration affect the retina gradually both in terms of 
topographical distribution and pace, focal light exposure produces sharply delin-
eated lesions adjacent to practically normal retina within hours, allowing a direct 
comparison between damaged and nondamaged areas (Fig.  61.1c–g ). Upon photo-
receptor degeneration, lipid-rich debris accumulates as it overwhelms the uptake 
capacity of the retinal pigment epithelium and glial cells. Due to its autofl uorescent 
quality, it nicely demarcates the area of damage. In mouse models of inherited 
retinal degeneration, characteristic changes could be demonstrated with noninva-
sive SD-OCT imaging. While resolution is weaker when compared to conventional 
histology, the advantage of having an undistorted morphology together with 
topological information could be particularly useful when assessing retinal degen-
eration types that do not show a uniform progression in the entire retina. Here, we 
present the effi cacy of a commercially available SD-OCT in small animal retinal 
imaging and provide in vivo structural data on mouse models of retinal degenera-
tion. This method will be valuable in studies on dynamic changes of retinal structure 
through the natural course of disease and help to monitor effects of experimental 
therapeutic strategies.      
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     62.1   Introduction 

 Among the many genetic causes of retinal degenerative disease (RDD), some 
predominantly affect the rods, while others predominantly affect the cones ( RetNet , 
  http://www.sph.uth.tmc.edu/RetNet/disease.htm    ). Because rhodopsin, for example, 
is unique to the rods (Liebman et al.  1974  ) , rhodopsin mutations cause the charac-
teristic early night blindness typical of retinitis pigmentosa (RP). Initial loss of rods 
is followed by secondary cone degeneration as the disease progresses (Petters et al. 
 1997 ; Koenekoop  2009 ; Punzo et al.  2009  ) . 

 In contrast to RP, patients with cone–rod dystrophy (CRD) initially exhibit 
dysfunction of the cone photoreceptors and rod-mediated losses are minimal in the 
early stages. However, in later stage of CRD, rods also degenerate, causing elevated 
dark-adapted thresholds and reduction in the amplitude of dark-adapted rod 
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electroretinogram (ERG) (Fishman  1976  ) . Stargardt disease represents a variant of 
CRD, with dystrophy limited primarily to the posterior pole. It is predominantly an 
autosomal recessive macular dystrophy caused by ABCA4 (ATP-binding cassette, 
subfamily A, member 4) mutations (Allikmets et al.  1997a,   b ; Fishman  2010  ) . 

 It is unknown whether rod photoresponse kinetics are altered in these human 
RDDs, although studies in laboratory models of RP showed earlier-than-normal rod 
photoresponse recovery (Niculescu  2004 ; Kraft et al.  2005 ; Wen et al.  2006 ; Wen 
 2008 ; Wen and Kraft  2008  ) . Here, we use paired-fl ash full-fi eld ERG to characterize 
the rod photoresponse recovery kinetics in patients with primary rod degeneration 
(RP), patients with secondary rod degeneration (CRD), and patients with degenera-
tion limited to the posterior pole (Stargardt disease).  

    62.2   Materials and Methods 

    62.2.1   Subjects 

 Patients were recruited from the database of the Southwest Eye Registry at the 
Retina Foundation of the Southwest. They included 18 patients with autosomal 
dominant retinitis pigmentosa (adRP) reported previously (   Wen et al.  2011  ) , 5 patients 
with CRD, and 4 patients with Stargardt disease. The 18 adRP patients included 10 
patients harboring rhodopsin mutations and 8 patients harboring peripherin/rds 
mutations. Included within the 5 patients diagnosed with CRD were two autosomal 
recessive/isolate CRD patients heterozygous for an ABCA4 mutation (ABCA4: 
Asn-965-Ser or Ala-192-Thr) and one autosomal dominant patient carrying a 
peripherin/rds mutation (Arg-172-Trp). Individuals with normal eye exams ( n  = 13) 
provided normative values. 

 In order to ensure reliable analysis of pair-fl ash ERG results, patients were 
recruited only if they retained a dark-adapted rod response amplitude of greater than 
10  m V to a ISCEV (International Society for Clinical Electrophysiology of Vision) 
standard rod stimulus. The tenets of the Declaration of Helsinki were followed and 
all subjects gave written informed consent after a full explanation of the procedures 
was given. All procedures were approved by the institutional review board of 
University of Texas Southwestern Medical Center, Dallas, TX.  

    62.2.2   Evaluation of the Rod Inactivation Kinetics 
Using Paired-Flash ERG 

 Prior to paired-fl ash ERG, the pupil of the left eye was dilated (1% tropicamide and 
2.5% phenylephrine hydrochloride), and the patient was dark adapted for 45 min. 
Paired-fl ash ERG was recorded in a ganzfeld dome. A bipolar contact lens 
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(Burian-Allen electrode, Hansen Laboratories, Coralville, IA) was used to record 
the signals. Details of pair-fl ash ERG recording were previously described (Birch 
et al.  1995 ; Pepperberg et al.  1997  ) . Briefl y, a test fl ash (achromatic, 2.4 log scot 
td-s) was delivered prior to the probe fl ash (  l   

cut-off
  = 470 nm, 4.2 log scot td-s) with 

variable inter-stimulus-interval (ISI). The cone response at short (i.e., 200 ms) ISIs 
was subtracted from the response to the probe fl ash to provide a rod-only response 
at each ISI.   

    62.3   Results 

    62.3.1   Rod Photoresponse Recovery Kinetics in RDDs 

 To determine whether rod photoresponse recovery kinetics in patients with RDDs is 
different from normal, we derived  T  

sat
  from these patients using the paired-fl ash 

paradigm. Figure  62.1a –d shows the rod-only response to probe fl ash at indicated 
ISI after a fi xed test fl ash in a normal subject (Fig.  62.1a ), a patient with CRD 
(Fig.  62.1b ), a patient with Stargardt disease (Fig.  62.1c ), and a patient with RP 
(Fig.  62.1d ), respectively. Figure  62.2  shows the relative recovery of the rod response 
to the test fl ash from saturation ( A / A  

max
 ), where  A  is the derived rod response ampli-

tude of the test fl ash at a particular time point ( t  = ISI) after the test fl ash 
( A ( t ) =  A  

max
  −  A  

probe
 ( t )) (Pepperberg et al.  1997  ) . The relative recovery of rod photore-

sponse was fi tted with an exponential recovery function ( A / A  
max

  = exp[−( t  −  T  
sat

 )/  t  ]), 
where  T  

sat
  indicates the initiation of rod recovery from saturation from the test fl ash. 

Technically,  T  
sat

  is the horizontal intercept of the exponential fi t. In Fig.  62.2 , the  T  
sat

  
derived from the patient with RP is 254 ms, which is shorter than that derived from 
the normal subject ( T  

sat
  = 555 ms), the patient with CRD ( T  

sat
  = 523 ms) and the 

patient with Stargardt disease ( T  
sat

  = 580 ms).   
 Figure  62.3  and Table  62.1  show  T  

sat
  values for 13 normal subjects, 5 patients 

with CRD, 4 patients with Stargardt disease, and 18 patients with adRP.  T  
sat

  derived 
from 5 patients with CRD was 473 ± 113 (SD) ms, which is not different from the 
normal 544 ± 92 (SD) ms ( P  = 0.26) (Fig.  62.3 ; Table  62.1 ).  T  

sat
  derived from 4 

patients with Stargardt disease was 491 ± 98 (SD) ms, which is not different from 
the normal 544 ± 92 (SD) ms ( P  = 0.38) (Fig.  62.3 ; Table  62.1 ). However,  T  

sat
  derived 

from 18 patients with adRP was 331 ± 99 (SD) ms, which is 39% shorter from the 
normal average ( P  < 0.001) (Fig.  62.3 ; Table  62.1 ). Two patients with adRP showed 
 T  

sat
  values (489 and 520 ms) within the 99% confi dence interval (CI) of normal 

(Fig.  62.3 ). These two highest  T  
sat

  values were derived from two patients who car-
ried peripherin/rds mutation but retained normal ERG amplitudes at the time of 
pair-fl ash ERG recording.    
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    62.3.2    T  
sat

  Is Correlated with Dark-Adapted 
Rod Amplitude in adRP 

 The ISCEV standard dark-adapted ERG rod response has been recognized as a 
surrogate marker for rod activity (Marmor et al.  2009  ) . Figure  62.4  shows the rela-
tionship between  T  

sat
  and the ISCEV standard rod response amplitude in the 18 

patients with adRP. A signifi cant correlation exists between these two indices of rod 

  Fig. 62.1    Representative photoresponse recovery mediated by rod photoreceptors in normal subject 
and retinal degenerative diseases (RDDs). Representative rod-only waveforms generated by a 
probe fl ash at various inter-stimulus-interval (ISI) after a fi xed test fl ash recorded from a normal 
subject ( a ), a patient with cone–rod dystrophy (CRD) ( b ), a patient with Stargardt disease ( c ), and 
a patient with RP ( d ). The rod-mediated photoresponse shows little recovery at ISIs of 500–600 ms 
in normal, CRD, and Stargardt disease ( a – c ). However, by an ISI of 500 ms, the rod-mediated 
photoresponse is fully recovered in the patient with RP       
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dysfunction in patients with adRP (Pearson’s Correlation Coeffi cient = 0.54, 
 P  = 0.01) (Fig.  62.4 ). Thus, as ISCEV rod response diminishes,  T  

sat
  generally 

becomes shorter in patients with adRP. All patients with adRP with reduced rod 
amplitude also showed faster than normal recovery times.  

  Fig. 62.2    Deriving  T  
sat

  from patients with RP, CRD, and Stargardt disease.  T  
sat

  was derived from 
the rod-mediated photoresponse recovery shown in Fig.  62.1  using an exponential fi t model 
( A / A  

max
  = exp[−( t  −  T  

sat
 )/  t  ]) (Birch et al.  1995 ; Pepperberg et al.  1997  ) .  T  

sat
  derived from the patient 

with RP ( T  
sat

  = 254 ms) is shorter than normal ( T  
sat

  = 555 ms). However,  T  
sat

  derived from patients 
with CRD ( T  

sat
  = 523 ms) and Stargardt disease ( T  

sat
  = 580 ms) is comparable to normal 

( T  
sat

  = 555 ms)       

  Fig. 62.3     T  
sat

  derived from normal subject and RDDs.  T  
sat

  derived from 13 normal subjects, 5 patients 
with CRD, 4 patients with Stargardt disease, and 18 patients with autosomal dominant retinitis 
pigmentosa (adRP). Average value and standard deviation of each group is shown next to the 
scatter plot.  Broken line : 99% confi dence interval of normal  T  

sat
  distribution       
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 The results from the patients with CRD (solid triangles) and Stargardt disease 
(solid circles) suggest that the correlation does not hold in these diseases (Fig.  62.4 ). 
Note that three of these patients exhibited normal  T  

sat
  values despite rod amplitudes 

less than 75  m V, the lower limit of normal adult subjects (Birch and Anderson  1992  ) .   

    62.4   Discussion 

 Previously, we reported that rods in retinitis pigmentosa, regardless of the inheritance 
pattern, recover earlier than normal (Wen et al.  2011  ) . In this study, we found that 
patients with CRD and Stargardt disease show normal rod photoresponse recovery 
kinetics. This reinforces the suggestion that shortened rod photoresponse 

   Table 62.1    Characterization of rod recovery kinetics with  T  
sat

  in patients with RDDs and normal 
subjects   

 Count   T  
sat

  (ms)  Reduction  Signifi cance ( P ) 

 Normal  13  544 ± 92 (SD) 
 CRD  5  473 ± 113  0.26 
 Stargardt  4  491 ± 98  0.38 
 adRP  18  331 ± 99  39%  <0.001 

  This table presents the statistical results of  T  
sat

  in patients with CRD, Stargardt disease, or adRP. 
Statistical signifi cance was calculated using two-tailed unpaired student  t -test between sampled 
normal subjects and patients with RDDs  

  Fig. 62.4    Relationship between  T  
sat

  and the ISCEV standard rod response amplitude in patients 
with CRD, Stargardt disease, and adRP. A signifi cant correlation ( solid line ) exists between these 
two indices of rod dysfunction in 18 adRP (Pearson’s Correlation Coeffi cient = 0.54,  P  = 0.01). 
These indices do not appear to be related in patients with CRD or Stargardt disease.  Broken line : 
lower limit of normal  T  

sat
  and ISCEV rod amplitude (75  m V)       
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recovery is a result of primary rod degeneration in RP. This fi nding is consistent 
with previous invasive studies in laboratory animals. Kraft et al.  (  2005  )  showed that 
transgenic rods with pro-347-leu and pro-347-ser rhodopsin, both of which associ-
ated with human adRP, have earlier-than-normal time-to-peak, diminished sensitivity 
to light, and reduced integration time. In addition, it has been reported that rods with 
the Mertk mutation, which is associated with autosomal recessive RP in human (Gal 
et al.  2000  ) , showed earlier-than-normal recovery (Niculescu  2004 ; Wen et al. 
 2006  ) . Furthermore, rods that survived transient light damage in albino rat exhibited 
earlier-than-normal recovery (Wen  2008 ; Wen and Kraft  2008  ) . Contrary to short-
ened rod recovery in RP, prolonged rod photoresponse recovery was observed in a 
type of cone dystrophy associated with GCAP1 mutations (Jiang et al.  2008  ) . In this 
study, we found that CRD caused by ABCA4 mutations ( T  

sat
  = 523 and 499 ms) is not 

associated with either shortened or elongated rod photoresponse recovery. 
 Rod photoresponse recovery kinetics can be manipulated by genetic engineering 

in laboratory animals (He et al.  1998 ; Chen et al.  2000 ; Kraft et al.  2006 ; Krispel 
et al.  2006 ; Tsang et al.  2007  ) . Moreover, it has been shown that rods are able to 
recover to normal recovery kinetics in a transient light damage model (Wen  2008 ; 
Wen and Kraft  2008  ) . Because normal  T  

sat
  is specifi c to healthy rods, rod recovery 

kinetics could serve as biomarker for treatment effi cacy in clinical studies and trials.      
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     63.1   Introduction 

 Knowledge of how retinal signaling changes with age in healthy eyes may provide 
insights to susceptibility in age-related diseases such as age-related macular degen-
eration. As a person ages, there is a continuous decline of rod and ganglion cell 
density. The rate of cell loss is higher from the second to fourth decade of life com-
pared to the fourth through ninth decade (Gao and Hollyfi eld  1992  ) . As rod cell 
density decreases, the diameter of the remaining photoreceptor increases. Yet 
remaining photoreceptors appeared disorganized; older photoreceptors contain 
refractile bodies within the outer segment layer and nuclei can be dislocated to the 
inner segment (Curcio et al.  1993  ) . By contrast, cone density loss did not correlate 
with the aging process; however, a high degree of cone density variation was seen 
within the age groups (Gao and Hollyfi eld  1992 ; Curcio et al.  1993  ) . 

 Neither the results of psychophysical testing nor the standard electrophysiology 
testing shows a decrease in retinal function matching these anatomical fi ndings. 
Functional loss is not statistically signifi cant until the sixth decade of life when 
compared to young adults. Specifi cally, critical fl icker frequency (CFF), or the high-
est frequency at which a periodic waveform is perceived as fl ickering, showed a 
slow continuous loss of CFF with increasing age. Depending on the retinal adapta-
tion state and size of the stimuli, CFF was not statistically lower until approximately 
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the seventh decade compared to the second decade of life (Misiak  1947 ; Coppinger 
 1955 ;    Loranger  1959  ) . The retinal responses to the ISCEV standard tests also slowly 
decrease with age similar to psychophysical results. B-wave amplitude of the sco-
topic maximum response, which measures primary bipolar cell response, decreases 
only modestly until the sixth decade of life. Beyond the sixth decade of life, b-wave 
amplitude decreases at a faster rate and is statistically lower than amplitudes during 
the second decade (Birch and Anderson  1992  ) . 

 To look for a more sensitive test of functional loss, one that might correlate with 
anatomical fi ndings, the current study measures the retinal response to fl ickering 
stimuli in subjects 20–29 and 50–58 years of age. The present study includes ISCEV 
standard electroretinograms (ERG) tests and CFF measures under scotopic and pho-
topic lighting conditions.  

    63.2   Materials and Methods 

    63.2.1   Subject Selection and Preparation 

 Subjects were volunteers; inclusion criteria were healthy male subjects between the 
ages 20 and 29 years or between the ages 50 and 58 years with refractive error less 
than −6.0 diopters, no systemic disease with known ocular manifestations such as 
diabetes, or existing ocular disease including ocular hypertension. All research 
adhered to the tenets of the Declaration of Helsinki and UAB IRB regulations. 
Subjects were dark adapted for 20 min and received 1% proparacaine and tropic-
amide in the tested eye. ERGs were recorded using the Espion system with the 
Colorburst mini-ganzfeld stimulator and DTL electrodes (Diagnosys, Lowell, MA).  

    63.2.2   ERG Protocol 

 To maximize retinal sensitivity for the dim fl ickering stimuli, a variation of the ISCEV 
standard protocol was created. The testing order was as follows: rod threshold, com-
bined response, two scotopic CFF protocols, light adaptation, photopic fl icker CFF 
protocols, and fi nally cone fl ash and 30 Hz fl icker. Other than the additional 
CFF protocols, the ISCEV standard parameters were used (Marmor et al.  2004  ) . CFF 
protocols began with the lowest frequency and progressively increased. 

 A full fi eld fl icker ERG protocol was used to fi nd scotopic and photopic CFF. 
Flicker frequencies for scotopic testing ranged from 4 to 16 Hz at mean luminosities 
of 0.0035 and 0.009 cd/m 2 . Scotopic luminosities were obtained by adding 0.4 and 
0.6 Log unit Wratten neutral density fi lters and a 0.9 ND Kodak fi lter to the 
Colorburst stimulator. Flicker frequencies for photopic testing ranged from 25 to 72 Hz 
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at mean luminosities of 10 and 40 cd/m 2 . Data were collected with a sampling 
frequency of 5,000 Hz and a band pass fi ltered between 0 and 1,000 Hz. Stimulus 
wavelength was 530    nm. The subject fi xated on a small red LED with the “non-
tested” eye. Scotopic fl icker frequency up    to 32 Hz was tested in a few subjects to 
assess for a fl icker null phenomenon; however, fl icker was not detected at either 
scotopic or photopic luminosity. 

 Flicker data was analyzed using fast Fourier transforms (FFTs) (IGOR PRO v. 
5.03, Wavemetrics Inc., Lake Oswego, OR). Noise was calculated after subtracting 
drift and then averaging data from 2 to 20 Hz for scotopic data and 20 to 160 Hz for 
photopic data, excluding the FFT points corresponding to the driving frequency 
±1.5 Hz. For example, for a 4 Hz stimulus, data from 2.5 to 5.5 Hz were omitted 
when determining the rms noise. The magnitude of the FFT peak corresponding 
stimulus frequency was measured, and the baseline noise was subtracted. Responses 
were considered signifi cant if the magnitude of the fundamental response was two 
standard deviations above the averaged noise. A semi-log plot of magnitude vs. 
frequency was fi tted with a linear regression extrapolated to threshold (set as one 
standard deviation above the noise, 3.8  m V). A two tailed  t -test was performed on 
the averaged data for both groups; signifi cance was set at  p  = 0.05.   

    63.3   Results 

 All individual ISCEV standard ERG results were within normal limits. However, as 
a group the older subjects had a signifi cantly slower implicit time for the b-wave (107 
vs. 94 ms) and smaller amplitude in the 30 Hz fl icker test (75 vs. 107  m V,  p  = 0.03). 

 At all luminosities tested, 0.0032, 0.009, 10, and 40 cd/m 2 , all subjects showed a 
decrease in fl icker amplitude with increasing stimulus frequency. 

    63.3.1   Scotopic CFF 

 Figure  63.1 a presents results that determined CFF at the dimmest background lumi-
nance tested, 0.0035 cd/m 2 . The averaged fl icker response curve for both groups 
showed a linear decline in magnitude with increasing fl icker frequency up to 10 Hz, 
after which the slope was shallower. Individual CFFs were found by fi tting a linear 
regression to the highest four frequency measurements for each individual subject 
(Table  63.1 ). Only one subject from each group produced a measurable response at 
16 Hz. The younger subjects had higher variability in CFF compared to the older 
subject group at this intensity. The two groups had comparable slopes. No statistical 
signifi cance was seen between the older and younger CFF values (14.0 ± 1.2 vs. 
17.3 ± 1.6 Hz, mean ± s.e.m.;  p  = 0.13).   

 Results at the brighter scotopic luminance tested, 0.009 cd/m 2 , also produced 
a linear decline with increasing frequency (Fig.  63.1b ). The older group’s CFF 
was 14.3 ± 0.1 Hz while that of the younger group was 16.3 ± 1.2 Hz (Table  63.1 ), 
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and these are not signifi cantly different ( p  = 0.12). The linear regression fi t the mean 
curves produced parallel slopes (slope = −0.12). There was one outlier in the younger 
group at this luminosity, with a rather shallow slope (−0.07) and higher CFF (23 Hz).  

    63.3.2   Photopic CFF 

 At 10 cd/m 2 , the CFF of the older group was statistically lower than that of the 
younger group ( p  < 0.05). The decrease in amplitude was not monotonic, but showed 
a plateau between 46 and 53 Hz in both age groups (Fig.  63.1c ). The older subjects 
CFF ranged from 53.3 to 68.1 Hz, with an average of 61.9 ± 2.6 Hz. The younger 
group’s CFF ranged from 53.0 to 87.4 Hz, with an average of 72.4 ± 4.2 Hz. Another 
indicator of greater fl icker sensitivity in the younger subjects was that four out of 
seven older subjects had responses to the 66 Hz stimulus while six of eight younger 
subjects registered a measurable response. 

 At the brightest mean luminance, 40 cd/m 2 , the averaged results for both groups 
generated curves with a plateau at the lower frequencies tested, 25–46 Hz, which 
then dropped off in a roughly linear fashion as seen in Fig.  63.1d . CFF was deter-
mined by fi tting a line to the highest four frequencies and extrapolating to threshold. 

  Fig. 63.1    Group averages for younger ( fi lled triangles , +st. dev.) and older subjects ( open circles , 
−st. dev.) at the four intensities tested. ( a ) Results at 0.0035 cd/m 2 ; ( b ) group averages at 0.009 cd/
m 2 ; ( c ) group averages at 10 cd/m 2 ; ( d ) group averages at 40 cd/m 2 .  Horizontal dashed line  repre-
sents threshold. Note that the linear regressions, shown by the  thick dashed lines , are fi tted to mean 
results, whereas the results in the table were derived from individual fi ts       
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The averaged CFF for the older group was 81.9 ± 3.1 Hz and for the younger group 
averaged CFF was 87.7 ± 2.1 Hz. Slopes of the linear regression fi t to the mean older 
and younger groups were almost identical, −0.038 and −0.036, respectively. The 
older group did not have a signifi cantly lower CFF as compared to the younger 
group ( p  = 0.13).   

    63.4   Discussion 

 This study assessed normal variation in CFF in two age groups of adult males. 
Subjects were considered “normal” after an unremarkable routine eye exam. This 
assessment was confi rmed when ISCEV standard ERG results showed a-wave and 
b-wave amplitude and implicit timing within normal limits. Previous studies have 
shown that the standard combined b-wave amplitude slowly decreases with age, up 
to 55 years, whereas beyond 55 years a steep decline in b-wave amplitude was 
observed (Birch and Anderson  1992  ) . We found no change in b-wave amplitude 
between younger males, mean 25.5 years old, and older males, 53.7 years old, but 
we did observe a slower b-wave in the group 3 decades older. 

 Because signifi cant anatomical changes are seen by the fourth decade of life, it 
is possible other types of electrophysiological testing might show changes earlier in 
the aging process than the fi fth decade. 

 The standard ISCEV fl icker test at 30 Hz on a rod saturating background showed 
signifi cantly lower amplitude in our older group. In addition, the older groups’ CFF 
was statistically lower than the younger group at a mean background of 10 cd/m 2  but 
not at 40 cd/m 2 . It is possible that in the lower photopic range the aging effect is 
more pronounced; however, larger sample sizes might verify the general photopic 
decline of fl icker sensitivity in older subjects. 

 There are very few studies of scotopic ERG CFF. Instead, previous work has 
been measured by psychophysical methods (Aguilar and Stiles  1954 ; Conner and 
MacLeod  1977 ; Hecht and Smith  1936 ; Odom et al.  1992  ) . Our scotopic electro-
physiologic CFF results agreed with previous psychophysical data and did not show 
a change in CFF at scotopic levels. Scotopic testing with a 32 Hz stimulus was con-
ducted to test for the null fl icker effect, and none was found. Therefore, the results 
suggest that the post-photoreceptor rod pathway remains robust in its fl icker detec-
tion despite the statically decreased rod density seen between these two age groups 
in anatomic studies.      
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•  Retina  •  Photoreceptors  •  Bipolar cells  •  Synapse  •  Gene therapy     

     64.1   Introduction 

 The vertebrate retina is a light sensitive neural tissue lining the inner surface of the 
eye. The basic functional unit of the retina is comprised of photoreceptors, bipolar, 
horizontal, amacrine, and ganglion cells, which, in each point in the visual fi eld, 
operate to capture light, process and integrate visual information before delivering 
it to the brain. The sequential positioning of the cellular components through the 
retinal depth, and the parallel arrangements of many such basic units across the 
entire retina contribute to the creation of a mosaic pattern. Many studies reveal an 
important role of adhesion molecules and their binding partners in controlling reti-
nal patterning (Galli-Resta et al.  2008  ) . Retinoschisin (RS1) is one of the proteins 
implicated in maintenance of retinal architecture. In young males, loss of RS1 
function due to mutations in the X-linked retinoschisis gene ( RS1 ; MIM: 312700) 
leads to splitting within the retinal layers, which impairs visual-signal processing 
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and leads to progressive vision loss in the condition known as X-linked juvenile 
retinoschisis (XLRS) (Sauer et al.  1997  ) .  

    64.2   RS1 Gene and Protein 

 The human RS1 gene on the X-chromosome spans 32.43 kb of DNA, consisting of 
six exons that encode a 12-kb mRNA (NM_000330.3*) which is translated into a 224 
amino acid retina-specifi c secretory protein, RS1 (NP_000321.1). RS1 is prominently 
expressed by the rod and cone inner segments, including the foveal and macular cone 
photoreceptors, and bipolar cells (Molday et al.  2001 ; Reid et al.  2003  ) . RS1 expres-
sion occurs early in postnatal development of the mouse retina and by P7 is apparent 
in the newly formed outer plexiform layer (OPL) (Takada et al.  2004  ) . Pinealocytes, 
which are evolutionarily related to the photoreceptors, also express RS1, but the role 
in the pineal gland is not known (    Takada  et al.  2006  ) . The 24-kDa RS1 protein 
encodes two functional sites of conserved sequence motifs, the N-terminus signal 
sequence (aa 1–21/23) that directs protein translocation to the exterior of the cell, and 
a long and highly conserved sequence motif termed the discoidin domain (exons 4–6; 
aa 64–219) (Wu et al.  2005 ; Vijayasarathy et al.  2006  ) . The discoidin domain appar-
ently contributes to the adhesive function of RS1 to preserve the retinal cell architec-
ture and to establish proper synaptic connectivity (Takada et al.  2008  ) . RS1 is a 
peripheral membrane protein bound by ionic forces to the outer leafl et of the photo-
receptor inner segment plasma membrane (Vijayasarathy et al.  2007  ) . The functional 
conformation of RS1 is an octamer with eight subunits joined together by Cys(59)–
Cys(223) intermolecular disulfi de bonds (Wu et al.  2005  ) . Subunits within the octamer 
are further organized into dimers mediated by Cys(40)–Cys(40) bonds.  

    64.3   RS1 Interactions 

 RS1 binds specifi cally to the anionic phospholipids for example, phosphatidylserine 
(PS) in the presence of Ca 2+  (Vijayasarathy et al.  2007  ) . Several other possible RS1 
interacting ligands were identifi ed: Na + /K +  ATPase and the sterile alpha and TIR 
motif-containing protein, SARM1 (Molday et al.  2007  ) , alphaB crystallin and beta2 
laminin (Steiner-Champliaud et al.  2006  ) , and L-type voltage-gated calcium chan-
nel (LVGCC) (Shi et al.  2009  ) . However, the structural basis for these interactions 
has not been defi ned. Imaging with atomic force microscopy provided biophysical 
evidence that RS1 causes major reorganization of PS-containing supported bilayers 
in the presence of calcium cations (Kotova et al.  2010  ) . Membrane proteins often 
preferentially reside and function optimally within lipid domains enriched in certain 
types of lipids, and it is likely that a lipid-binding protein, such as RS1, may act to 
stabilize membrane microdomains into which membrane proteins assemble, such as 
Na + /K +  ATPase, SARM, and LVGCC. RS1 bound by phospholipids on the mem-
brane surface can form a multimolecular stabilizing scaffold that participates in 
cell–matrix, cell–cell interactions, and cytoskeleton organization.  
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    64.4   X-Linked Retinoschisis Mutations 

 XLRS patients harbor a wide spectrum of  RS1  mutations, with the majority occurring 
in the discoidin domain. Mutations are known to occur across the entire gene, 
including both the introns and the exons, and include missense, nonsense, frame-
shift (deletions/insertions), and splice-site mutations (The Retinoschisis Consortium: 
  http://www.dmd.nl/rs/consortium.html    ). The molecular consequences have been 
shown to affect RS1 biosynthesis in multiple ways, including the processing of 
pre-RNA transcript, translation initiation, ability to mature in the secretory pathway, 
and the ability to achieve a biologically active octamer conformation due to mis-
folding (Wu and Molday  2003 ; Wang et al.  2006 ; Vijayasarathy et al.  2009,   2010  ) . 
Two major biochemical signatures emerge from these point mutations: an RS1-null 
phenotype results from an absolute lack of RS1 protein, whereas others give a 
signature of functionally incompetent misfolded mutant RS1 molecules. While 
some misfolded proteins (Leu12His and Leu13Pro) are disposed by the large 
ATP-dependent proteolytic machine involving the 26S proteasome (endoplasmic 
reticulum-associated degradation), other misfolded mutants (Glu72Lys, Arg102Trp, 
Arg213Trp, Asn179Asp, and Pro192S) are stabilized in the cell and form high 
molecular mass aggregates (Vijayasarathy et al.  2010  ) .  

    64.5   Clinical Pathology 

 XLRS is transmitted in an X-linked recessive pattern that causes male-only disease, 
while the female carriers have no symptoms. In rare cases, skewed X-chromosome 
inactivation leads to XLRS phenotype heterozygous females (Rodriguez et al. 
 2005  ) . Historically, XLRS lesions were thought to be related to a defect in Müller 
cells, which span the thickness of the retina (Mooy et al.  2002  ) . The principle clini-
cal pathology in XLRS includes vitreo-retinal dystrophy characterized by splitting 
of inner retinal layers and alterations of the vitreous body, peripheral retinal schisis 
with vitreous veils, inner retinal holes and tractions in half of the affected males, and 
a selective b-wave reduction on electroretinogram (ERG) recordings (George et al. 
 1996 ; Tantri et al.  2004 ; Sikkink et al.  2007 ; Lesch et al.  2008 ; Vijayasarathy et al. 
 2009  ) . Abnormalities in the ERG a-wave have been observed at least in some 
patients (Bradshaw et al.  1999  )  but in many ERG a-wave remains normal (Khan 
et al.  2001  ) . The stellate spoke-like maculopathy with microcysts seen at young 
ages may progress to macular atrophy during the third to fi fth decades of life 
(Vijayasarathy et al.  2009  ) . Patients experience an early onset central vision reduc-
tion. Schisis cavities may lead to ruptured vessels and vitreous bleeds, or retinal 
detachments may occur. XLRS patients display a particularly high clinical variabil-
ity with a remarkably broad spectrum of phenotypes (   Hiriyanna et al.  2001  ) . A strict 
correspondence between genetic mutations and clinical severity has been sought but 
not found, although males harboring RS1 missense mutations seem to present a less 

http://www.dmd.nl/rs/consortium.html
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severe phenotype than those carrying null mutations (Bradshaw et al.  1999 ; 
Pimenides et al.  2005 ; Vijayasarathy et al.  2009,   2010 ; Sergeev et al.  2010  ) . Genetic 
factors such as tyrosinase gene (Tyr) that modulate severity and disease penetrance 
have been mapped in mouse models of XLRS (Johnson et al.  2010  )  but have not 
been identifi ed for human XLRS.  

    64.6   Molecular Pathology 

 Knockout mouse models have been helpful in deducing the molecular mechanisms 
of the retinal degeneration and in evaluating the strategies for gene therapy. The  RS1  
knockout mice share several important clinical features with human XLRS disease 
(Weber et al.  2002 ; Zeng et al.  2004 ; Jablonski et al.  2005 ; Kjellstrom et al.  2007  ) . 
Consistent with a role for RS1 in maintaining photoreceptor stability, electron 
microscopy showed profound pathological alterations in the morphology of rod 
inner segments in the absence of RS1 protein (Johnson et al.  2006 ; Takada et al. 
 2008  ) . The pre- and postsynaptic processes, along with synaptic terminal proteins 
(PSD 95 and mGluR6), were displaced from the OPL into the outer nuclear layer, 
and rod nuclei can be shifted into the inner segment region. Reduced areal density 
of synaptic vesicles at the photoreceptor presynapse was also found. Bipolar and 
photoreceptor cells both express RS1. Despite the defi ciency of RS1 in  Rs1 -KO 
bipolar cells, the inner plexiform layer appeared morphologically intact, suggesting 
that bipolar axons are targeted correctly in the proximal retina. These fi ndings imply 
that (a) RS1 acts locally to maintain the photoreceptor inner segment stability and 
architecture; (b) the loss of integrity of OPL, inner nuclear layer, and photoreceptor 
cells is a major pathologic feature of the retina of the  Rs1 -KO mice; (c) RS1 appears 
to be needed for preservation of synaptic structures but not for synaptogenesis; (d) 
early effects on synaptic structure contribute to the functional defi cit refl ected in 
the b-wave reduction; and (e) axonal degeneration or axonal retraction stemming 
from a defect in photoreceptor homeostasis may contribute to synaptic loss in 
XLRS disease.  

    64.7   Prospects for Gene Therapy 

 Lack of a dominant-negative effect of XLRS mutations in carrier females provides 
evidence that gene transfer may be successful for XLRS patients. The  RS1  gene was 
introduced into the mouse models of XLRS both by a subretinal injection approach 
(AAV5- RS1  vector using opsin promoter) and through intravitreal delivery of 
AAV8- RS1  vector using a  RS1  promoter (Janssen et al.  2008 ; Park et al.  2009  )  at 
different stages of disease: early at P15, P30, P60 or late at 7 months. The vitreal 
route for  RS1  gene administration would be safer than subretinal injection which 
requires retinal surgical manipulation and vitrectomy. Overall, the gene therapy 
treatments in XLRS mice lead to improvement in both retinal ERG function and 
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morphology, and the rate and extent of degeneration were less pronounced in the 
treated eye than in the untreated eye of the same animal (Park et al.  2009  ) . Gene 
transfer at advanced stages of the disease (7 months of age) showed poor response 
(Janssen et al.  2008  ) . Treatment with AAV8-h RS  p4- RS1  vector by vitreal adminis-
tration resulted in robust tissue-specifi c RS1 expression in photoreceptor inner seg-
ments lying deep in the retina (Park et al.  2009  ) . Most importantly, cellular expression 
of RS1 was correctly targeted with this vector and was not seen in ocular tissues that 
do not normally express RS1 (optic nerve, retinal fi ber layer, peripheral cornea, or 
ciliary body). The results hold promise for future clinical trials in human patients 
and as a new therapeutic strategy for XLRS treatment.      
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     65.1   Introduction 

 Retinitis pigmentosa (RP) is a progressive rod–cone dystrophy that is characterized 
by night blindness, loss of peripheral vision, which can eventually lead to complete 
loss of vision (Hartong et al.  2006  ) . RP primarily affects the rod photoreceptors and 
retinal pigment epithelium (RPE), and is the most common inherited retinal dystro-
phy, affecting as many as 1:1,000–   1:3,500 people worldwide (Bunker et al.  1984 ; 
Grondahl  1987 ; Haim et al.  1992 ; Xu et al.  2006  ) . 

 Displaying all modes of Mendelian inheritance, RP is genetically heterogeneous. 
To date 46 loci have been identifi ed for nonsyndromic RP, leading to the identifi ca-
tion of 36 causative genes (RetNet  2009  ) . Genes implicated in RP encode compo-
nents of the phototransduction cascade, retinal transcription factors, photoreceptor 
structural proteins, cilia proteins, and ubiquitously expressed components of the 
spliceosome. Currently, genes encoding fi ve spliceosomal components have been 
identifi ed in autosomal dominant RP (adRP). These include the pre-mRNA processing 
factors 3, 8, and 31 (PRPF3, 8, and 31   ), RP9, and SNRNP200 (Maita et al.  2005 ; 
McKie et al.  2001 ; Vithana et al.  2001 ; Zhao et al.  2009  ) . 
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 Mutations in splicing factors are of particular interest because these proteins are 
ubiquitously expressed and required for proper splicing of pre-mRNA in all cell 
types, yet mutations in PRPF3, 8, and 31, RP9, and SNRNP200 are only known to 
cause retinal disease. The spliceosome is a dynamic complex consisting of fi ve 
small nucleolar ribonucleoproteins (snRNPs); U1, U2, U4/U6, and U5 (Grainger 
and Beggs  2005  ) . The U1 and U2 snRNPs are the fi rst to bind a pre-mRNA by rec-
ognizing the 5 ¢  splice site and branch site, respectively. This interaction along with 
the binding of auxiliary splicing proteins defi nes the intron/exon boundaries and 
recruits the U4/U6-U5 tri-snRNP. Following a series of protein and RNA rearrange-
ments, the U4/U6-U5 tri-snRNP becomes the catalytic component that drives splicing 
(Beggs et al.  1995 ; Farkas et al.  2010  ) . The fi ve splicing factors implicated in adRP 
are all components of the U4/U6-U5 tri-snRNP.  

    65.2   The Retinal Pigment Epithelium Is the Primary Tissue 
Affected by Mutations in the Pre-mRNA Processing 
Factors 3, 8, and 31 

 An intriguing aspect of question about RP caused by mutations in spliceosomal 
components is how the identifi ed mutations result in a tissue-specifi c disease. Prior 
to the generation of animal models with single codon mutations in the  Prpf3  and  8  
genes, mimicking the most common mutations found in patients with this disease 
and  Prpf31 -knockout animals that mimic the null alleles found in most  PRPF31  
patients, it was unclear which retinal cell type was adversely affected (Graziotto 
et al.  2011  ) . Ultrastructural analyses of the retinas of the gene-targeted mice indi-
cated above showed that the RPE degenerated prior to the photoreceptors. The RPE 
of wild-type animals appears normal with long apical microvilli interdigitating 
the photoreceptor outer segments and visible basal infoldings. The RPE of mutant 
animals, however, shows a loss of basal infoldings, extensive vacuolization, and 
amorphous deposits between the RPE and Bruch’s membrane (Fig.  65.1 ).  

 Interestingly, the mutations that lead to the RNA splicing factor forms of RP are 
not unlike disease-causing mutations in other spliceosomal components with regard 
to the tissue specifi city of pathogenesis. A better studied spliceosome-associated 
disease is spinal muscular atrophy (SMA), which is an autosomal recessive neuro-
degenerative disorder characterized by degeneration of  a -motor neurons in the spinal 
cord leading to muscular atrophy, and ultimately paralysis (Zhang et al.  2008  ) . The 
SMA disease gene produces a ubiquitously expressed SMN1 (survival of motor 
neurons) protein that is necessary for the biogenesis and assembly of pre-mRNA 
processing factors, and other ribonucleoprotein complexes, involved in splicing. 
Mutations in the  SMN1  gene lead to this disease resulting in an altered snRNP stoi-
chiometry affecting only motor neurons. It is hypothesized that the altered snRNP 
composition in turn results in generation of aberrant mRNA transcripts which are 
responsible for disease (Zhang et al.  2008  ) .  
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    65.3   Identifying Aberrantly Spliced Transcripts 
Using Next-Generation Sequencing 

 Similar to mutations in the  SMN1  gene, mutations in the pre-mRNA processing factors 
are believed to cause RP via production of aberrantly spliced transcripts. Identifi cation 
of these transcripts is a challenging task given the number of expressed genes and the 
complexity of the transcriptome with thousands of genes in the mouse, many of which 
can be alternatively spliced (Bult et al.  2008  ) . Until recently it has been diffi cult to 
study splicing-associated diseases in great enough detail to be effective. Exon microar-
rays have been useful, but have many disadvantages such as limited probe sets that only 
cover annotated splice junction boundaries, high levels of background, and low sensi-
tivity (Teng and Xiao  2009  ) . The development of next-generation sequencing (NGS) 
technologies provided the ability to fully interrogate the transcriptome and has over-
come many of the limitations of microarrays (Shendure  2008  ) . 

    65.3.1   Next-Generation Sequencing Platforms 

 Multiple platforms exist for NGS-based transcriptome analyses (reviewed in more 
detail in Simon et al.  2009 ; Ansorge  2009  ) . Similar to microarrays, NGS analyses 
provide quantitative expression data. However, NGS analyses also provide data for 

  Fig. 65.1    Electron microscopy of representative retina and RPE from 2-year-old homozygous 
 Prpf3 -T494M,  Prpf8 -H2309P, and heterozygous 1-year-old  Prpf31  knockout mice. ( a ) Repre-
sentative wild-type control image for all three mouse models. ( b ) Representative image for all 
three mouse models showing vacuoles in the RPE. In the  Prpf3 -T494M and  Prpf8 -H2309P mice, 
loss of basal infoldings and accumulation of amorphous material between Bruch’s membrane 
and the RPE is evident ( arrow ). These changes are not evident in the control samples.  Scale bars : 
( a ,  b ) 2  m m;  inset scale bars  0.2  m m.  OS  outer segments;  RPE  retinal pigment epithelium       
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novel splicing events with greater sensitivity and less background (Shendure  2008  ) . 
In many cases, the best platform to study splicing is a trade-off between the number 
of sequencing reads generated and the length of the sequence. Our lab has demon-
strated that at least 100 million 108 bp paired-end reads are necessary for full 
coverage of the mouse neural retina transcriptome (Farkas et al.  2010  ) . This is 
consistent with data from transcriptome analyses of other tissues and organisms 
(Blencowe et al.  2009  ) .  

    65.3.2   An Overview of RNA-Seq 

 Although the protocols for the generation of cDNA libraries from total RNA are 
rapidly evolving, the principles underlying the process stay the same. High quality 
mRNA is isolated and fragmented to a user-defi ned length (currently 250–350 bp). 
The fragmented mRNA is then converted to double-stranded cDNA and common 
adapters are ligated to the ends of the cDNA (Wang et al.  2009  ) . Following sequenc-
ing, the data is aligned to the genome or transcriptome and can be analyzed for gene 
expression, expression of individual exons, alternative/aberrant splicing, insertion/
deletions, and polymorphisms.  

    65.3.3   Bioinformatic Analysis of RNA-Seq Data 

 The generation of NGS technology applications for RNA sequencing (RNA-seq) 
applications quickly outpaced the available algorithms for aligning and analyzing 
the resulting sequence data. Unlike genomic resequencing, RNA-seq requires the 
ability to align reads that can span multiple exons that can be tens of thousands of 
bases apart. One option to overcome this obstacle is to align reads to a transcriptome 
database. While this is a good method for quickly aligning millions of reads that 
cross annotated splice junctions, it is incapable of identifying reads that cross novel 
junctions. Identifying novel junctions in normal tissues is an important step toward 
identifying aberrant transcripts in disease tissues since the two types must be com-
pared to differentiate normal from abnormal. 

 Algorithms designed to tackle the issues presented by RNA-seq data are continu-
ally being developed and adapted (Li and Homer  2010  ) . Most are geared toward 
aligning data quickly and less compute-intensive. However, this often sacrifi ces 
sensitivity and leads to a loss of data. With the advent of Cloud Computing 
(McPherson  2009 ; Langmead et al.  2010  ) , there is no longer a need for ultra-
effi cient algorithms that sacrifi ce data quality, but rather the ability to develop algo-
rithms that maximize the number reads aligned in a manner that is more sensitive 
and accurate. We have developed the RNA-seq Ultimate Mapper (RUM) that is 
based on the alignment algorithms Bowtie to align ungapped reads to the genome 
and transcriptome followed by a gapped alignment using BLAT (Blast-like 
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Alignment Tool) (Langmead et al.  2009 ; Kent  2002 ; Farkas et al.  2010  ) . Using 
Bowtie, millions of reads that map to both the genome and the annotated transcrip-
tome can quickly be aligned. BLAT is a gapped aligner that is more compute-
intensive and slower than Bowtie, but allows for the alignment of reads that span 
novel junctions. The combination of these two algorithms provides speed, accuracy, 
and the ability to identify previously unannotated transcripts.   

    65.4   RNA-Seq Analyses of RNA Splicing Factor Mutant Mice 

 Preliminary analyses of the neural retinas and RPE of wild-type and splicing factor 
mutant mice using RUM have revealed that there are thousands of novel/aberrant 
transcripts being produced in the mutant animals. Since all of the splicing factors 
are part of the U4/U6-U5 tri-snRNP and they all interact within this complex, we 
hypothesized that a common splicing mechanism is defi cient. Thus, it is logical to 
compare all data sets for a common set of aberrant transcripts. When this is per-
formed on the preliminary RNA-seq data produced for the  Prpf3 ,  8 , and  31  mouse 
models, as few as 52 transcripts are in common among all three mutant mice. 
These results suggest that pathogenic splicing errors are not widespread in RP. Two 
likely outcomes from the generation of aberrant transcripts are production of trun-
cated proteins or the absence of protein production due to nonsense-mediated 
decay of the aberrant transcript. Given these outcomes, we will test candidate aber-
rant transcripts for pathogenic effects in the RPE and neural retina using both cell 
culture and mouse models.  

    65.5   Future Experimental Approaches 

 Obvious limitations exist to studying human RNA splicing factor RP disease in 
gene-targeted mouse models. For example, species-based differences in gene 
expression and alternative splicing may complicate identifi cation of the cause for 
RNA splicing factor RP. However, it is not usually possible to obtain high quality 
ocular tissues from patients affected with RP. A potential solution to this problem is 
the use of retinal cells differentiated from patient-specifi c induced pluripotent stem 
(iPS) cells (Yu et al.  2007,   2009  ) . The generation of iPS-derived RPE and retinal 
cells has recently been reported (Buchholz et al.  2009 ; Carr et al.  2009  ) . It is pos-
sible that iPS-derived retinal cells from patients with RNA splicing factor RP could 
provide a source of human cells for transcriptome analyses, although the suitability 
of these cells for such studies remains to be/will need to be evaluated (Buchholz 
et al.  2009 ; Carr et al.  2009 ; Ozsolak et al.  2010  ) . 

 RNA-seq is a continuously evolving method for studying molecularly complex 
diseases such as the RNA splicing factor forms of RP. As the methodology and 
bioinformatic approaches continue to develop and expand, many questions regarding 
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aberrant splicing and the affect on various tissues may be answered. Furthermore, 
the characterization of the transcriptomes in normal cells and tissues such as the 
retina and RPE will help answer other basic biological questions as well. For example, 
a more thorough annotation of these transcriptomes will aid research into other retinal 
diseases, as well as provide insight into splice site preference at a single tissue level.      

  Acknowledgments   This work has been supported by the Ruth-Kirschstein National Research 
Service Award, Foundation Fighting Blindness, Penn Genome Frontiers Institute, Rosanne 
Silbermann Foundation, F.M. Kirby Foundation, and Research to Prevent Blindness.  

   References 

    Ansorge WJ (2009) Next-generation DNA sequencing techniques. New Biotechnol 25:195-203  
    Beggs JD, Teigelkamp S, Newman AJ (1995) The role of PRP8 protein in nuclear pre-mRNA 

splicing in yeast. J Cell Sci Suppl 19:101–105  
    Blencowe BJ, Ahmad S, Lee LJ (2009) Current-generation high-throughput sequencing: deepening 

insights into mammalian transcriptomes. Genes Dev 23:1379–1386  
    Buchholz DE, Hikita ST, Rowland TJ et al (2009) Derivation of functional retinal pigmented 

epithelium from induced pluripotent stem cells. Stem Cells 27:2427–2434  
    Bult CJ, Eppig JT, Kadin JA et al (2008) The Mouse Genome Database (MGD): Mouse biology 

and model systems. Nuc Acid Res 36:D724–D728  
    Bunker CH, Berson EL, Bromley WC et al (1984) Prevalence of retinitis pigmentosa in Maine. Am 

J Ophthalmol 97:357–365  
    Carr AJ, Vugler AA, Hikita ST et al (2009) Protective effects of human iPS-derived retinal pigment 

epithelium cell transplantation in the retinal dystrophic rat. PLoS ONE 4:e8152  
   Farkas MH, Bujakowska K, Krishan, A et al (2010) Characterization of aberrant splicing by next 

generation high-throughput RNA-seq in mice with targeted mutations in Prpf3, Prpf8, and 
Prpf31 Invest Ophthalmol Vis Sci 51:ARVO E-Abstract 3667  

    Grainger RJ, Beggs JD (2005) Prp8 protein: At the heart of the spliceosome. RNA 11:533–557  
      Graziotto JJ, Farkas MH, Bujakowska KM et al (2011) Three gene targeted mouse models of RNA 

splicing factor RP show late onset RPE and retinal degeneration. Invest Ophthalmol Vis Sci 
52(1):190–198  

    Grondahl J (1987) Estimation of prognosis and prevalence of retinitis pigmentosa and Usher 
 syndrome in Norway. Clin Genet 31:255–264  

    Haim M, Holm NV, Rosenberg T (1992) Prevalence of retinitis pigmentosa and allied disorders in 
Denmark. I Main results. Acta Ophthalmol (Copenh) 70:178–186  

    Hartong DT, Berson EL, Dryja TP (2006) Retinitis pigmentosa. Lancet 368:1795–1809  
    Kent WJ (2002) BLAT – the BLAST-like alignment tool. Genome Res 12:656–664  
    Langmead B, Hansen K, Leek J (2010) Cloud-scale RNA-sequencing differential expression analysis 

with Myrna. Genome Biol 11:R83  
    Langmead B, Trapnell C, Pop M et al (2009) Ultrafast and memory-effi cient alignment of short 

DNA sequences to the human genome. Genome Biol 10:R25  
    Li H, Homer N (2010) A survey of sequence alignment algorithms for next-generation sequencing. 

Brief Bioinform 11:473–483  
    Maita H, Kitaura H, Ariga H, Iguchi-Ariga SM (2005) Association of PAP-1 and Prp3p, the products 

of causative genes of dominant retinitis pigmentosa, in the tri-snRNP complex. Exp Cell Res 
302:61–68  

    McKie AB, McHale JC, Keen TJ et al (2001) Mutations in the pre-mRNA splicing factor gene 
PRPC8 in autosomal dominant retinitis pigmentosa (RP13). Hum Mol Genet 10:1555–1562  



52565 Transcriptome Analyses to Investigate…

    McPherson JD (2009) Next-generation gap. Nat Meth 6:S2–S5  
    Ozsolak F, Goren A, Gymrek M et al (2010) Digital transcriptome profi ling from attomole-level 

RNA samples. Genome Res 20:519–525  
   RetNet (2009) RetNet Web site address.   http://www.sph.uth.tmc.edu/Retnet/      
    Shendure J (2008) The beginning of the end for microarrays? Nat Meth 5:585–587  
    Simon SA, Zhai J, Nandety RS et al (2009) Short-read sequencing technologies for transcriptional 

analyses. Annu Rev Plant Biol 60:305–333  
    Teng X, Xiao H (2009) Perspectives of DNA microarray and next-generation DNA sequencing 

technologies. Sci C Life Sci 52:7–16  
    Vithana EN, Abu-Safi eh L, Allen MJ et al (2001) A human homolog of yeast pre-mRNA splicing 

gene, PRP31, underlies autosomal dominant retinitis pigmentosa on chromosome 19q13.4 
(RP11). Mol Cell 8:375–381  

    Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for transcriptomics. Nat 
Rev Genet 10:57–63  

    Xu L, Hu L, Ma K, et al (2006) Prevalence of retinitis pigmentosa in urban and rural adult Chinese: 
The Beijing Eye Study. Eur J Ophthalmol 16:865–866  

    Yu J, Hu K, Smuga-Otto K et al (2009) Human induced pluripotent stem cells free of vector and 
transgene sequences. Science 324:797–801  

    Yu J, Vodyanik MA, Smuga-Otto K et al (2007) Induced pluripotent stem cell lines derived from 
human somatic cells. Science 318:1917–1920  

    Zhang Z, Lotti F, Dittmar K et al (2008) SMN defi ciency causes tissue-specifi c perturbations in the 
repertoire of snRNAs and widespread defects in splicing. Cell 133:585–600  

    Zhao C, Bellur DL, Lu S et al (2009) Autosomal-dominant retinitis pigmentosa caused by a 
mutation in SNRNP200, a gene required for unwinding of U4/U6 snRNAs. Am J Hum Genet 
85:617–627      

http://www.sph.uth.tmc.edu/Retnet/


527

     Keywords   Retinal degeneration  •  RP2  •  Arl3  •  UNC119  •  Membrane  • 
 Photoreceptor outer segment  •  Cilia  •  Vesicle traffi c  •  NSF  •  PC2     

     66.1   Introduction 

 RP is a genetically heterogeneous group of diseases characterised by night blindness 
and loss of peripheral vision, as the rod photoreceptor cells dysfunction and die 
followed by cone photoreceptor cell death. X-linked RP (XLRP) is the most severe 
form of RP with mutations in the  RP2  gene accounting for approximately 15% of 
all XLRP cases (Schwahn et al.  1998 ; Hardcastle et al.  1999  ) . The 350 amino acid 
RP2 protein is ubiquitously expressed and does not appear to be enriched in retina 
(Chapple et al.  2000  ) , but patients with  RP2  mutations appear to have only a retinal 
pathology without other organ involvement.  

    66.2   RP2 Structure 

 RP2 contains a homology domain with tubulin cofactor C (TBCC) (Schwahn et al. 
 1998  ) , which acts with other cofactor chaperones (TBCA, TBCB, TBCD, and 
TBCE) in the tubulin folding pathway (Tian et al.  1996  ) . Determination of the RP2 
crystal structure revealed that the TBCC-like domain forms a right-handed parallel 
beta-helix containing seven coils, similar to cyclase-associated protein (Kuhnel 
et al.  2006  ) . The C-terminus of RP2 shows structural similarity with nucleoside 
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diphosphate kinase 1 (NDK1, Evans et al.  2006 ; Kuhnel et al.  2006  ) , but lacks the 
catalytic residues that mediate the transfer of phosphate to generate nucleoside 
triphosphates (Yoon et al.  2006  ) . Most of the reported RP2 missense mutations lie 
within residues conserved with TBCC, or another related protein TBCCD1 (Stephan 
et al.  2007  ) , suggesting a potential overlap in function for this family of proteins. 
This hypothesis was supported by in vitro studies that that showed RP2, in conjunc-
tion with TBCD, could partly substitute for TBCC function as a tubulin GTPase-
activating protein (GAP) (Bartolini et al.  2002  ) ; however, RP2 was not able to replace 
TBCC in the tubulin heterodimerisation reaction (Bartolini et al.  2002  ) , and TBCC 
does not compensate for RP2 in rods of XLRP patients (Grayson et al.  2002  ) . 

 The small GTPase, ADP ribosylation factor (Arf)-like protein, Arl3, was the fi rst 
identifi ed RP2 interacting partner (Bartolini et al.  2002  ) . Arl3 is a ubiquitous micro-
tubule associated protein, which localises to the connecting cilium in photorecep-
tors (Grayson et al.  2002  ) . Arl3 knock-out mice develop retinal degeneration and 
polycystic kidneys, suggesting cilia dysfunction (Schrick et al.  2006  ) . The structure 
of the RP2:Arl3 complex and subsequent detailed biochemical analyses revealed 
that RP2 is a GAP for Arl3 and therefore a negative regulator for Arl3, not an effec-
tor as previously thought (Veltel et al.  2008  ) . Pathogenic mutations, e.g., R118H, 
disrupt the Arl3 GAP activity. Furthermore, RP2 could replace the yeast homologue 
of the TBCC family, CIN2, to act as a GTPase for the yeast Arl protein CIN4 sug-
gesting that this GAP activity is a conserved function of the TBCC family (Veltel 
et al.  2008  ) . 

 A common function of TBCC domain proteins may be linked to centrioles. For 
example, a  Chlamydomonas  protein of the TBCCD1 clade (ASQ2) is required for 
mother–daughter centriole linkage and mitotic spindle orientation (Feldman and 
Marshall  2009  )    . Disruption of mammalian TBCCD1 caused the dissociation of the 
centrosome from the nucleus and disorganisation of the Golgi apparatus (Gonçalves 
et al.  2010  ) . In another study, a  Trypanosome  protein with the RP2 class of TBCC 
domain (TbRP2), but no other similarity to human RP2, was linked to fl agella func-
tion (Stephan et al.  2007  ) . TbRP2 localised to the mature basal body of the fl agel-
lum. Loss of TbRP2 caused shortened fl agella and defects in axonemal microtubule 
formation, but had no effect on other microtubule structures (Stephan et al.  2007  ) . 

 Collectively, these fi ndings suggested that mutations and/or loss of RP2 may 
cause XLRP by disrupting Arl3-related small GTPase signalling and affecting the 
centriole-associated function. Recent data confi rm a role for RP2 and Arl3 in cilia 
function and suggest a role in protein and vesicle traffi c.  

    66.3   RP2 Cilia Localisation and Function 

 Posttranslational modifi cation by myristoylation (at G2) and palmitoylation (at C3) 
at the N-terminal dual acylation motif (MGCXFSK) target RP2 to the plasma mem-
brane and detergent-resistant membranes (Chapple et al.  2000,   2003  ) . Mutations 
affecting this motif (e.g., deletion of S6 or disruption of G2) prevent membrane 
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association (Chapple et al.  2000,   2002 ; Schwahn et al.  2001  ) , illustrating that these 
modifi cations are vital for correct localisation and function of RP2. Studies in fi xed 
human retina detected RP2 on the cytoplasmic face of the plasma membrane in all 
the cell types in the retina (Grayson et al.  2002  ) . More recently, detailed investiga-
tion in unfi xed mouse retina detected RP2 in the ciliary apparatus at the cilium-
associated centriole and the basal body of photoreceptor cells, in addition to the 
plasma membrane (Evans et al.  2010  ) . Myristoylation was essential for RP2 locali-
sation at the basal body of human retinal epithelial (RPE) cells (Evans et al.  2010  )  
and renal epithelium cell cilia (Hurd et al.  2010  ) . 

 In addition to the enrichment of RP2 at the photoreceptor cilia base, RP2 
localises to the periciliary ridge and the Golgi complex in mouse retina (Evans et al. 
 2010  ) . The periciliary ridge, Golgi complex and basal body function in close asso-
ciation with each other to regulate inner to outer segment export of proteins in 
photoreceptor cells. Therefore, RP2 is ideally localised to couple the movement of 
proteins destined for cilia from the endomembrane system to the base of the cilium 
and via intrafl agellar transport (IFT) into the cilium itself. Depletion of RP2 by 
siRNA or overexpression of a constitutively active GTP form of Arl3 (Arl3-Q71L), 
which mimics loss of RP2’s GAP activity, led to fragmentation of the Golgi network 
in RPE cells and dispersal of components of the IFT machinery, such as IFT20, 
from the peribasal body pool (Evans et al.  2010  ) . 

 A model has been proposed in which RP2 and Arl3, together with the Arl3 inter-
actor human retinal gene (HRG) 4 (or Unc119), could function in the transport of 
prenylated proteins to intracellular transport vesicles in the connecting cilium (Veltel 
and Wittinghofer  2009  ) . In this model, HRG4 would only bind to prenylated pro-
teins after dissociation from Arl3-GTP. This dissociation is induced by RP2 binding 
to Arl3-GTP, which stimulates GTP hydrolysis and releases HRG4 from the tran-
sient ternary complex, thereby allowing it to deliver, or remove, prenylated proteins 
from a membrane. RP2 recruits Arl3-Q71L to the plasma membrane and both pro-
teins decorate intracellular vesicles, particularly in the Golgi (Evans et al.  2010  ) . 
Therefore, expression of constitutively active Arl3 with its GAP, RP2, sequesters 
and concentrates both proteins at a normally transient interaction site on internal 
vesicles. This suggests both Arl3 and RP2 can bind vesicles and may regulate vesicle 
traffi c. Furthermore, HRG4 may act in concert with Arl3-GTP to deliver, or remove, 
proteins from a range of intracellular membranes. After delivery of vesicles to the 
base of the cilium, RP2 may also function as a docking signal for IFT vesicles, 
allowing specifi c unloading of the cargo at the ciliary base (Fig.  66.1 ).   

    66.4   New RP2 Interaction Partners 

 Recently, two new RP2 interaction partners were identifi ed, N-ethylmaleimide sen-
sitive factor (NSF, Holopainen et al.  2010  )  and polycystin 2 (PC2, Hurd et al.  2010  ) . 
NSF is a ubiquitous ATPase involved in vesicle-membrane fusion by associating with 
the soluble NSF attachment factor receptor (SNARE) complex (Söllner et al.  1993 ; 
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Mayer et al.  1996  ) . RP2 and NSF co-localise at the base of the outer segment in 
mouse retina (Holopainen et al.  2010  ) , suggesting a role for RP2 in regulation of 
SNARE-mediated protein delivery to the ciliary base or periciliary ridge 
(Fig.  66.1 ). 

 Additionally, RP2 co-localised with PC2 in cilia of renal epithelial cells and was 
involved in traffi cking and secretion of PC2. RNAi mediated knock-down of RP2 
caused cilia swelling and accumulation of PC2 at the distal tip (Hurd et al.  2010  ) , a 
morphology similar to that seen in motile cilia of the respiratory tract in Bardet–
Biedl syndrome knock-out mice (Shah et al.  2008  ) . Therefore, RP2 could play a 
role in retrograde traffi cking or possibly secretion of proteins from the cilia tip. This 
is of special interest as photoreceptors regularly shed the distal portion of the outer 
segment for phagocytosis by the RPE and disruption of this process is associated 
with retinal degeneration. PC2 dysfunction leads to polycystic kidney disease 
(Harris and Torres  2009  ) , while patients with mutations in RP2 only display a reti-
nal disease phenotype. It is therefore unclear whether the proposed traffi cking or 
secretion defect of PC2 in RP2 patients has a clinical manifestation.  

  Fig. 66.1    RP2 localization and function in photoreceptor cells. ( a ) RP2 links pericentriolar vesicle 
transport between the Golgi and the primary cilium. Following fusion of vesicles with the pericen-
triolar membrane surrounding the basal body (bb) cargo is transported into the cilium by intrafl a-
gellar transport (IFT). ( b ) RP2 co-localises with NSF, which is important for disassembly of used 
NSF receptor attachment complexes (SNAREs). Vesicular SNAREs (vSNARE) attach post-Golgi 
to the vesicle coat and bind to plasma membrane SNAREs (tSNARE). ( c ) RP2, Arl3-GTP and 
HRG4 form a transient ternary complex. RP2 stimulated GTP hydrolysis by Arl3 facilitates the 
insertion and removal of prenylated proteins into membranes by HRG4       
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    66.5   Conclusions 

 The localisation of RP2 to basal bodies and cilia in photoreceptors and kidney cells 
has linked RP2 dysfunction with ciliopathies. To increase our understanding of RP2 
function, it is important to identify the mechanisms by which RP2 regulates vesicle 
traffi cking to the primary cilium and thereby contributes to cilia maintenance and 
function. This is especially important as RP2 and its interaction partners are ubiqui-
tously expressed proteins, yet patients with RP2 mutations appear to have only a 
retinal pathology. The identifi cation of retina-specifi c interaction partners or future 
detailed analyses of RP2 in the retina may clarify why the loss of RP2 leads specifi -
cally to RP.      
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     67.1   Introduction 

 Bardet–Biedl syndrome (BBS) is an autosomal recessive, pleiotropic disorder with 
an incidence of approximately 1 in 150,000 individuals in North American and 
European populations (Beales et al.  1997  ) . This congenital disorder’s primary fea-
tures include a combination of obesity, cystic renal and digit anomalies and always 
photoreceptor degeneration leading to vision loss by the second decade of life. 
Secondary features can include anosmia, diabetes, subclinical hearing loss and liver 
dysfunction among others (Baker and Beales  2009  ) . To date, 16 genes have been 
identifi ed as associated with the manifestation of BBS in most human patients 
(OMIM #209900). This genetic heterogeneity is associated with a high number of 
private and novel mutations    the validation of which can be challenging with no 
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straightforward biological assay. A number of BBS proteins ( BBS1/2/4/5/7/8/9 ) 
have been shown to form a complex; the BBSome, which promotes ciliogenesis 
(Loktev et al.  2008  ) . The pleiotropic nature of this disease has been linked to the 
role of these proteins in the possible function and maintenance of an evolutionarily 
conserved organelle known as the primary cilium (for review, see Zaghloul and 
Katsanis  2009  ) . 

 The primary cilium is normally a non-motile, 9 + 0 microtubule doublet structure 
protruding from the surface cell membranes. This organelle can participate in a 
number of chemo-, thermo-, and mechanosensory roles (Evans et al.  2006  ) . 
Furthermore, the primary cilium is involved in a number of important signalling 
pathways that include Wnt, Sonic Hedgehog (Shh) and planar cell polarity (PCP) 
(Huangfu et al.  2003 ; Lin et al.  2003 ; Corbit et al.  2005 ;  2008 ; Ross et al.  2005 ; 
Rohatgi et al.  2007 ; Jones et al.  2008  ) . Each of these pathways can play important 
roles in developmental morphology as well as later roles in cell proliferation and 
cell signalling. 

 In mammalian systems, cilia are thought to be present nearly ubiquitously, even 
if only transiently in some cell types (Marshall and Nonaka  2006  ) . The photorecep-
tor outer segment complexes are the largest mammalian sensory cilia as they are 
bridged by a modifi ed primary cilium. Dysfunction of this “bridge” has been impli-
cated in BBS as well as a number of growing ciliopathies including Nephronophthisis, 
Leber’s congenital amaurosis, Senior–Løken syndrome and Joubert syndrome 
(Zaghloul and Katsanis  2009  ) . 

 Both vertebrate and invertebrate systems have been key to elucidating the cellu-
lar functions of BBS proteins (Tobin and Beales  2009 ; Zaghloul and Katsanis  2009  ) . 
Murine models have recapitulated a large number of human BBS features (excepting 
digit anomalies) although the exact aetiology of many of these features remains 
unclear. The pathology of vision loss clearly indicates that photoreceptors are initially 
normal, implying relatively normal development. The progression of the vision loss 
implies a complex pathogenesis related in some form to photoreceptor survival itself.  

    67.2    C. elegans  BBS Proteins Play a Role in IFT Transport 

 The nematode  Caenorhabditis elegans  was instrumental in initially identifying the 
possible molecular functions of BBS proteins (Ou et al.  2005 ; Pan et al.  2006  ) . 
Specifi cally, a number of BBS genes share orthologs with  C. elegans  (Inglis et al. 
 2006  ) . These genes are expressed by 60 sensory neurons and their protein products 
localise at the ciliated endings of dendrites to undergo intrafl agellar transport (IFT) 
(Blacque et al.  2004  ) . The absence of these proteins results in disrupted IFT, loss of 
ciliary function as noted by defects in the uptake of the lipophilic dye DiI and mor-
phological defects to cilia structure (Blacque et al.  2004  ) . 

 Ou et al. used the  C. elegans  IFT motor movement phenotype to identify an 
important role for BBS proteins in maintaining motor kinetics. Two motors, 
 heterotrimeric kinesin-II and homodimeric OSM-3 act co-ordinately to transport 
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IFT-B and IFT-A raft proteins, respectively, along the middle segment of  C. elegans  
cilia (Ou et al.  2005  ) . At the distal segment, OSM-3 acts alone to transport both 
IFT-A and IFT-B rafts. The absence of BBS-1, -7, or -8 proteins, however, caused a 
dissociation of kinesin-II and OSM-3 such that these motors move separately at 1.3 
and 0.5  m m/s, respectively (Ou et al.  2005 ; Pan et al.  2006  ) . This dissociation leads 
to the accumulation of IFT-B proteins at the distal end of the primary cilium. It was 
thus concluded that BBS proteins serve to associate IFT-A and IFT-B rafts in order 
to facilitate turnover of machinery for eventual retrograde transport. 

 Lechtreck et al. chose to examine the molecular functions of the BBS proteins in the 
fl agellated organism  Chlamydomonas reinhardtii  (Lechtreck et al.  2009  ) . Here they 
identifi ed a number of known non-phototactic mutants as having genetic lesions to  bbs  
genes.  C. reinhardtii  BBS proteins regulate the accumulation of signalling proteins. 

 It was confi rmed that fl agellar assembly was normal in  bbs4  mutants although 
they did not exhibit an axonemal response to Ca 2+  ions, thereby indicating func-
tional defects to this structure. Lechtrek et al. further confi rmed the presence of a 
BBSome-like complex in  C. reinhardtii  consisting of at least BBS1, -5, -7, and -8 
although it was present in sub-stoichiometric amounts in comparison to other ciliary 
components when examined by immunofl uorescence microscopy. 

 The absence of BBS4 protein led to an accumulation of signalling proteins in the 
fl agellar axoneme that were not present in wild-type fractions. The authors attrib-
uted these changes in protein complement as defects to either the exclusion or 
removal of these proteins from the fl agellum. Interestingly, newly forming fl agella 
in  bbs4  mutants displayed normal phototactic behaviours that were later lost in 
these animals, supporting their theory of accumulation-related defects.  

    67.3   BBS Proteins Function in RPE Cells 

 Jin et al. have shown that BBS proteins may play a role outside of IFT using retinal 
pigment epithelium (RPE) cultures (Jin et al.  2010  ) . Jin et al. fi rst identifi ed the 
presence of BBSome components in RPE extracts. Using bioinformatic techniques, 
they further identifi ed that BBSome components have canonical coat-like structural 
elements. These elements are similar to those found on COPI and COPII which 
participate in the transport of proteins between the Golgi and endoplasmic reticu-
lum (McMahon and Mills  2004 ; Stagg et al.  2007  ) . 

 These fi ndings prompted Jin et al. to identify that BBSome components are 
indeed recruited to membrane structures such as liposomes via the action of the Arf-
like GTPase, ARL6, which is not a component of the BBSome but is also known as 
BBS3. Lastly, Jin et al. surmised that certain classes of membrane proteins may be 
targeted by the BBSome/ARL6 complex and confi rmed that the ciliary targeting 
signal of the GPCR SSTR3 and similar variants can associate non-ciliary proteins 
to the BBSome, causing their localization at the ciliary membrane. Thus BBSome 
proteins may have dual functions in both IFT function and in the accumulation or 
targeting of specifi c membrane proteins to the ciliary membrane.  
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    67.4    C. elegans  Have Phototransduction Components 

 Of the approximately 20,000 protein-coding genes in  C. elegans , 35% are estimated 
to have human homologs (Lai et al.  2000  ) . Regardless,  C. elegans  has a large theo-
retical ciliome which resembles that of other ciliomes from varying species (for 
review, see Inglis et al.  2006  )  likely due to the high level of conservation in the func-
tion of this organelle. Despite the relative complexity of its ciliome,  C. elegans  is 
not capable of “visual” perception. However, these nematodes are capable of photo-
sensation through a number of ciliated neurons (Ward et al.  2008 ; Liu et al.  2010  ) . 
More recently, Liu et al. investigated whether or not the putative photoreceptor neu-
rons of  C. elegans  had similar functional dynamics to human photoreceptors by 
exploring the role of G-protein coupled receptors (GPCRs), guanylate cyclases 
(GCs) and phosphodiesterases (PDEs) in this  C. elegans  signal transduction path-
way (Liu et al.  2010  ) . 

 Liu et al. confi rmed that the dissociation of GPCRs by the membrane permeable 
peptide mSIRK disrupted the light-mediated response in  C. elegans . Unlike the 
vertebrate receptor, however, PDEs did not appear to play a role in this signal cas-
cade, likely due to low GC activity in dark conditions. They next identifi ed a seven 
transmembrane domain receptor mutant ( lite-1 ) in a forward genetics screen for 
phototaxis defects. Liu et al. concluded that despite the presence of similar compo-
nents in light transduction, the roles of GCs and PDEs are different from that of 
vertebrate photoreceptors. Furthermore, the overall signal transduction cascade 
appears to begin with a complex involving the taste receptor-like protein LITE-1 as 
opposed to homologs of opsins.  

    67.5   Is  C. elegans  a Good Animal Model to Study 
Photoreceptor Degeneration? 

 Although putative photoreceptor neurons in  C. elegans  do not follow conventional 
vertebrate pathways (Liu et al.  2010  ) , many biological pathways are highly con-
served in this model to offer a strong genetic organism in dissecting the basis of 
photoreceptor degeneration. Namely, the high conservation of the ciliome with an 
emphasis on the biogenesis, maintenance and function of the cilium, makes  C. elegans  
an ideal model for studying ciliopathic forms of photoreceptor degeneration. 
Furthermore, a number of phototransduction genes associated with vision loss 
(beyond those of BBS proteins) are conserved in  C. elegans . For example, homologs 
of cyclic nucleotide-gated ion channels, cGMP-dependent protein kinases, PDEs 
and guanylate cyclases, despite differing roles to vertebrates in phototransduction, 
still play a role in the aetiology of retinal degeneration. 

 We hypothesized that a number of signalling pathways will remain functionally 
conserved across multiple genomes, including that of the nematode. By accurately 
analysing the phenotypic characteristics of  C. elegans bbs  mutants, we can use the 
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power of this genetic model to identify the aetiology of  bbs  phenotypes. In doing so, 
we can begin to model the role of cilia in  C. elegans  and have the potential to 
identify new signalling pathways that can then be explored in human syndromes 
such as BBS.  C. elegans  provides a relatively inexpensive and rapid approach to 
deciphering basic biological questions related to vision loss.      
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     68.1   Introduction 

 Up to 1 in 3,500 individuals is affected by retinitis pigmentosa (RP), a common 
form of inherited blindness (Hartong et al.  2006  ) . The onset, severity, and progres-
sion of disease varies widely even within families (Hamel  2006  ) . RP is character-
ized by degeneration of the rod photoreceptors via apoptosis, which is followed by 
the secondary death of cone photoreceptors. Patients experience impaired night and 
peripheral vision followed by the progressive narrowing of the visual fi eld. The 
molecular mechanisms that trigger the apoptotic pathway are poorly understood 
(Berger et al.  2010  ) . 

 Over 40 genes have been linked to various forms of RP (RetNet   http://www.sph.
uth.tmc.edu/retnet/    ). Novel RP genes are identifi ed on a regular basis, and yet a 
signifi cant number of alleles remain unmapped. Most RP genes are involved in 
phototransduction. Rhodopsin mutations alone account for ~25% of cases. However, 
several RP-linked genes are ubiquitously expressed. One of the most curious of 
such genes is the RP10 allele, which is linked to the gene for inosine 5 ¢ -monophos-
phate dehydrogenase ( IMPDH1 ) (Bowne et al.  2002 ; Kennan et al.  2003  ) . IMPDH1-
linked RP accounts for approximately 2% of autosomal dominant RP. IMPDH1 is 
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also linked to a more severe retinal degeneration, Leber congenital amaurosis (LCA) 
(Bowne et al.  2006a,   b  )    . 

 Cellular replication, transcription, signaling, and other processes all require the 
biosynthesis of nucleotides. IMPDH catalyzes the oxidation of IMP to XMP, the 
rate limiting step in de novo guanine nucleotide production. Because of its pivotal 
role in cell proliferation, inhibitors of IMPDH are useful for immunosuppressive, 
antiviral, and cancer chemotherapy. The enzymatic properties of IMPDH are well 
characterized (Hedstrom  2009  ) . However,  IMPDH1  knockout mice develop normal 
retina and do not get RP, suggesting that disease is not simply the result of the deple-
tion of guanine nucleotides (Aherne et al.  2004  ) .  

    68.2   IMPDH and the Retina 

 Humans have two genes for IMPDH referred to as type I and type II (Hedstrom 
 2009  ) . These proteins share 84% sequence identity and have very similar enzymatic 
properties. In general, type I is constitutively expressed while type II is upregulated 
in rapidly proliferating cells. Both isoforms are expressed in most cell types, 
although some cells have one or the other as the predominant form (Gu et al.  2003  ) . 
Type II is expressed in the developing eye. Only type I appears to be expressed in 
the adult eye where it is restricted to the photoreceptors and bipolar cells (Aherne 
et al.  2004  ) . This isoform switch coordinates with the laminar organization of reti-
nal layers that occurs around the time of eye opening (Gunter et al.  2008  ) . IMPDH 
type I is found in the inner segment, outer nuclear layer and synaptic terminals in 
photoreceptors, and the cytoplasm and nucleus of other cells (Bowne et al.  2006a ; 
Gunter et al.  2008 ; Tam et al.  2008  ) .  

    68.3   IMPDH Structure and Function 

 The functional unit of IMPDH is a tetramer. Each monomer has a catalytic  a / b  barrel 
core. An additional subdomain is situated on the opposite end from the active site 
and contains two cystathionine  b -synthase (CBS) repeats (Fig.  68.1 ; Sintchak et al. 
 1996  ) . Removal of the subdomain has no effect on IMPDH activity (Hedstrom 
 2009  ) . The adRP-linked mutations cluster at the interface of the subdomain and 
catalytic core, away from the active site of the enzyme (Fig.  68.1a ). At least three 
mutations are clearly pathogenic (R224P, D226N, and R231P) and at least four others 
are likely pathogenic (T116M, R238E, V268I, and H372P). Two mutations (R105W 
and N198K) are linked to LCA (Bowne et al.  2006b  ) . As expected from their location, 
pathogenic mutations do not have an effect on the enzymatic activity or oligomer-
ization. Instead, the RP mutations must perturb the function of the subdomain 
(Mortimer and Hedstrom  2005  ) . CBS repeats are found in a variety of proteins, 
where they often bind adenine nucleotides (Kemp  2004  ) , although this role may not 
be applicable in IMPDH (Mortimer and Hedstrom  2005  ) . Work with bacterial 
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IMPDH has suggested that the subdomain regulates intracellular levels of adenine 
nucleotides, although the mechanism of this process has not yet been elucidated 
(Pimkin and Markham  2008 ; Pimkin et al.  2009  ) . Our work suggests that IMPDH 
bind single stranded nucleic acids, and that this activity is mediated by the subdo-
main (McLean et al.  2004  ) .   

    68.4   Retinal Splice Variants 

 The “canonical form” of IMPDH1 expressed in most cells has 514 amino acids but 
there are two variants expressed in the retina generated by alternative splicing of 
mRNA (Gunter et al.  2008 ; Spellicy et al.  2007  ) . These forms are referred to as 
IMPDH1(546) and IMPDH1(595), respectively. Both contain a C-terminal exten-
sion of 32 amino acids while IMPDH1(595) has an additional N-terminal extension 
(Fig.  68.1b ). The retinal isoforms have identical enzymatic activity to IMPDH1(514) 
in our hands (Xu et al.  2008  ) , but others observed increased enzymatic activity in 

  Fig. 68.1    ( a ) Crystal structure of an IMPDH monomer ( Streptococcus pyogenes , PDB: 1ZFJ; this 
is the only crystal structure where the subdomain is completely visible). Each monomer is made 
up of an  a / b  barrel core domain ( gray ) and a subdomain of unknown function ( purple ). The active 
site is shown with IMP substrate ( black spacefi ll ). The position of the most common pathogenic 
mutation D226N ( spacefi ll ) can be seen at the interface of the two domains. ( b ) Scheme showing 
the differences between the canonical IMPDH1(514), IMPDH1(546), and IMPDH1(595)       
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the IMPDH1(595) (Gunter et al.  2008  ) . Similar retinal IMPDH1 isoforms are found 
in many organisms, suggesting that they have a conserved function unique to pho-
toreceptors (Spellicy et al.  2007  ) .  

    68.5   IMPDH and Translation 

 IMPDH binds single-stranded nucleic acids with high affi nity (McLean et al.  2004  ) , 
although the physiological role of this activity remains unclear. Curiously, IMPDH 
has been found associated with chromatin and telomeres in yeast (Cornuel et al. 
 2002 ; Park and Ahn  2010  ) . Our work fi nds the enzyme associated with polyribo-
somes, suggesting that IMPDH (described in more detail below). These observa-
tions suggest that IMPDH may play a part in replication, transcription, and/or 
translation distinct from its role in guanine nucleotide biosynthesis. Importantly, the 
pathogenic adRP mutations reduce the affi nity of the interaction with nucleic acids 
(Mortimer and Hedstrom  2005 ; Bowne et al.  2006b  ) , suggesting that perturbation of 
this activity may cause disease (note: we reported that IMPDH1(546) and 
IMPDH1(595) do not bind nucleic acids) (Xu et al.  2008  ) , but it now appears that 
these initial protein preparations contained contaminating RNA. Subsequent 
changes to the purifi cation method yielded preparations of the retinal variants that 
bind nucleic acid with picomolar affi nity (A. Butterworth, D. McGrew and L. 
Hedstrom, unpublished observations). 

 Canonical IMPDH and both retinal splice variants co-sediment with polyribo-
somes in lysates prepared from tissue culture cells and retina (Mortimer et al.  2008  ) . 
Treatment with puromycin or RNase disrupts polyribosomes and also shifts IMPDH 
to the lower molecular weight fractions, demonstrating that IMPDH is part of the 
polyribosome complex. This observation suggests that IMPDH plays a role in trans-
lation regulation. Deletion of the subdomain reduces, but does not abolish, the asso-
ciation of IMPDH with polyribosomes (Mortimer et al.  2008  ) . The most common 
adRP mutation, D226N, also decreases the association of IMPDH1 with polyribo-
somes. These observations suggest that the pathogenic mutations perturb the trans-
lation of a protein critical to rod photoreceptor function, leading to RP (Fig.  68.2 ).  

 IMPDH-associated transcripts were isolated from bovine retina by IMP affi nity 
chromatography and cloned. This experiment identifi ed rhodopsin mRNA as a reti-
nal IMPDH1-associated transcript. This interaction was confi rmed in a nascent 
chain immunoprecipitation experiment. Rhodopsin-translating polyribosomes were 
isolated with a monoclonal antibody that recognizes the N-terminal sequence of 
rhodopsin (Mortimer et al.  2008  ) . IMPDH co-precipitated with the rhodopsin-trans-
lating polyribosomes. This interaction can be recapitulated in tissue culture cells 
expressing human  RHO  and IMPDH(546). Taken together, these observations sug-
gest that the “moonlighting” function of retinal IMPDH1 may involve the regulation 
of rhodopsin mRNA. 

 Rhodopsin makes up ~95% of the protein in the rod disks (Sung and Chuang 
 2010  ) . Mutations in rhodopsin account for the majority of RP cases, so the association 
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of IMPDH with the biosynthesis of rhodopsin suggests an appealing mechanism of 
disease. Although little is known about the posttranscriptional control of rhodopsin 
mRNA, every other step in the biosynthesis of rhodopsin is tightly controlled by the 
cell, and virtually any perturbation of rhodopsin expression RP (Kanda et al.  2007 ; 
Mendes et al.  2005  ) .  

    68.6   Summary 

 IMPDH has a function in the retina, apparently independent of its enzymatic activity, 
mediated by retina-specifi c variants. This moonlighting activity may involve the 
posttranscriptional regulation of rhodopsin mRNA. The adRP mutation D226N has 
reduced binding to nucleic acids and reduced association with polyribosomes. If 
this mutation perturbs the biosynthesis of rhodopsin in some way, this would explain 
a link between IMPDH and the mechanism of retinal degeneration.      

  Fig. 68.2    The D226N mutation decreases the association of IMPDH1(595) with polyribosomes. 
( a ) Lysates were prepared from HEK cells expressing GFP-tagged retinal IMPDH1 isoforms, and 
total polyribosomes were collected by sedimentation through a sucrose cushion. Failure of 
IMPDH1 to sediment after puromycin treatment demonstrates polyribosome association. Samples 
were analyzed by immunoblotting with monoclonal antibody recognizing IMPDH. ( b ) Composite 
data from three experiments as in ( a ). The endogenous IMPDH band was used to normalize the 
amount of GFP-tagged IMPDH1 in the polyribosomes. The units are arbitrary. This figure 
was originally published in  The Journal of Biological Chemistry  (Mortimer et al.  (  2008  ) . 
© The American Society for Biochemistry and Molecular Biology)       
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•  Age-related macular degeneration     

     69.1   Introduction 

 Apoptosis has been thought to be the mode of cell death in various neurodegenerative 
conditions such as Huntington’s disease, Alzheimer’s diseases, age-related macular 
degeneration, glaucoma and retinitis pigmentosa. However, the actual mechanism of 
this process is not fully understood. In the classical sense, apoptosis involves activa-
tion of various caspases which in turn cleave different intracellular proteins leading 
to cytoskeletal destruction, DNA fragmentation and autophagocytosis. There are two 
major apoptotic pathways. The extrinsic pathway occurs upon ligands binding to 
cell-surface receptors resulting in activation of pro-caspase 8 which then cleaves 
downstream caspases. On the other hand, cellular stress such as oxidative stress trig-
gers release of cytochrome c from the mitochondria into the cytosol in the intrinsic 
pathway. Cytochrome c then forms a complex with Apaf-1 that turns pro-caspase 
9 into its active form initiating a caspase cascade. However, the two apoptosis 
pathways are not mutually exclusive. Caspase 8 can interact with Bid, a pro-
apoptotic protein of the Bcl-2 family which then leads to release of mitochondrial 
cytochrome c into the cytoplasm. Recently, the mechanism of apoptosis has been 
questioned since studies in which caspases were inhibited by pharmacologic inhibition 
or genetic manipulation did not necessarily increase cellular survival. Furthermore, 
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accumulating evidence showing calpain activation during apoptosis (Nath et al. 
 1996  )  suggests that apoptosis could occur in a caspase-independent fashion.  

    69.2   Calpain Activation 

 Calpain activation has been highly implicated in various neuronal pathological con-
ditions such as Alzheimer’s disease, Parkinson’s disease and Huntington’s disease 
(Nixon  2003 ; Bizat et al.  2005  ) . In addition, calpain-mediated proteolysis has been 
observed in retinal degeneration in several animal models of RP and glaucoma 
(Donovan and Cotter  2002 ; Doonan et al.  2003 ; Huang et al.  2010  ) . Calpain is ubiq-
uitously expressed in the central nervous system (Kawashima et al.  1988  ) . In the 
retina, calpain is present in most layers, including photoreceptor outer segments, 
plexiform layers (Azarian et al.  1993  ) , ganglion cell and nerve fi bre layers (Persson 
et al.  1993 ; Azuma and Shearer  2008  ) . The calpain family consists of 14 members of 
calcium-dependent cysteine proteases. There are two types of calpain present in the 
brain including calpain 1 ( m -calpain) and calpain 2 (m-calpain) based on their require-
ments of Ca 2+  concentrations for activation (Li et al.  2004 ; Suzuki et al.  2004  ) . Both 
types have the same regulatory subunit (25–30 kDa) but distinct catalytic subunits 
(72–80 kDa) (Suzuki et al.  1987  ) . Calpain is normally present in the cytoplasm as 
inactive form and then transferred to the membrane upon stimulation (Suzuki et al. 
 2004  ) . However, Mizukoshi et al.  (  2010  )  suggested that inactive calpain is trans-
ferred to and activated in mitochondria in RCS rat retinal degeneration. Calpain has 
been shown to cleave many intracellular proteins involved in apoptosis, cell adhesion 
and cell migration. For example, calpain cleaves proteins involved in apoptosis such 
as pro-caspase-12, pro-caspase-3, PARP, Bax, p53 and p35 (Wood et al.  1998 ; 
McGinnis et al.  1999 ; Lee et al.  2000 ; Tan et al.  2006  ) . In addition, calpain also 
cleaves alpha fodrin, a 280 kDa neuroskeletal protein, the cleavage of which is an 
important early event in apoptosis, into fragments of 145 and 150 kDa (Sakamoto 
et al.  2000  ) . Also, calpain inhibition in endothelial cells and lymphocytes reduces 
cell migration but stabilizes focal adhesions in CHO cells and fi broblasts (Potter 
et al.  1998 ; Kulkarni et al.  1999 ; Glading et al.  2000 ; Rock et al.  2000  ) . 

 Most retinal and neuronal degenerations seem to share a common end point at 
which apoptosis leads to cell death. Calpain activation has been implicated in vari-
ous pathological conditions, thus inhibition of calpain has been investigated in the 
development of treatments for these diseases. A highly specifi c endogenous calpain 
inhibitor is calpastatin which binds to calpain in its inactive form in the ER. 
Interestingly, the calpain–calpastatin association has been shown to be both dependent 
(Goll et al.  2003  )  and independent (Melloni et al.  2006  )  on Ca 2+  concentrations. 
Intravitreal injection of calpastatin into the rd1 mouse model for RP-reduced photo-
receptor cell death (Paquet-Durand et al.  2010  ) . However, treatment of rd mouse 
retinal explants with the calpain inhibitor ALLN effectively reduced cleavage of 
alpha fodrin but did not protect photoreceptor survival (Doonan et al.  2005  ) . 
Moreover, many other calpain inhibitors cross inhibit other cysteine proteases 
such as caspases and cathepsins. On the other hand, the same is true for so-called 
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 caspase-specifi c inhibitors such as zVAD-fmk and z-DEVD-fmk which also potently 
inhibit calpains (Paquet-Durand et al.  2007  ) . In addition, SNJ-1945, a novel oral 
calpain inhibitor, signifi cantly reduces cell loss in the ganglion cell layer and thin-
ning of the inner plexiform layer induced by NMDA (Shimazawa et al.  2010  ) .  

    69.3   Light Ablation Model 

 In addition to transgenic mouse models, light-induced retinal degeneration has been 
used in various studies for investigating photoreceptor cell death. This model has 
certain advantages over transgenics such as faster rate of photoreceptor cell death, 
more or less the same stage of apoptosis in affected photoreceptors and the severity 
of retinal damage can be altered by light intensity and duration of light exposure. 
Several light damage protocols have been developed using fl uorescent white light, 
broadband green light or narrow band blue light on mice or rats and variation of 
these protocols has helped to identify different pathways of photoreceptor apoptosis 
induced by light (Wenzel et al.  2005  ) . For example, Donovan and Cotter  (  2002  )  
show that photoreceptor cell death in light-induced retinal degeneration Balb/c mice 
does not involve activation of various caspases such as caspase 3 (an important 
apoptosis executioner), caspase 8, 9, 7 and 1. The authors also suggested that zVAD-
fmk, a pan-caspase inhibitor did not protect photoreceptor from apoptosis indicating 
light-induced retinal degeneration is caspase independent. On the other hand, they 
showed Ca 2+  channel blocker diltiazem-inhibited calpain activity and photoreceptor 
apoptosis in this light-induced damage model. In contrast, caspase 3 was shown to 
be upregulated in the retina after exposure of Sprague–Dawley rats to blue light (Wu 
et al.  2002  )  while calpain was observed to be highly upregulated but played no vital 
role in photoreceptor apoptosis in retinas from light-ablated Wistar rats (Perche 
et al.  2009  ) . Thus, these studies indicate that apoptosis is a complicated process 
involving not only caspases but also other proteins including calpains.  

    69.4   Systemic Delivery of Calpain Inhibitors 

 Intraocular injection of therapeutic agents is widely used experimentally in rodent 
models of retinal degeneration; however, regular intravitreal injection in humans 
poses a high risk of severe endophthalmitis and is a far from optimal treatment of 
retinopathies. Using an RNAi approach, we have shown that hydrodynamic injec-
tion in mice of siRNA targeting the tight junction protein claudin-5 results in a 
transient opening of the inner blood–retina barrier to molecules of up to 800 Da in 
a reversible manner (Campbell et al.  2008  ) . In this regard, we have undertaken a 
series of experiments using light-induced retinal degeneration in BalB/c mice 
(Campbell et al.  2009  ) . As calpain activity has been highly implicated in light-
induced photoreceptor cell apoptosis, we selected the calpain inhibitor ALLM 
(401 Da) as a potential protective agent of this form of cell death. Indeed, many 
calpain inhibitors have been used to protect against photoreceptor cell death in this 
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model but by direct intraocular injection rather than systemic administration. 
Following suppression of claudin-5 at the inner blood retina barrier (iBRB), we 
administered an intraperitoneal injection of the calpain inhibitor prior to light induc-
tion of photoreceptor apoptosis. ALLM has a very low rate of diffusion across the 
iBRB and offers little or no protection when administered systemically prior to light 
ablation. We have shown that following RNAi-mediated opening of the iBRB prior 
to injection of a calpain inhibitor (ALLM) in BalB/c mice, the extent of photorecep-
tor apoptosis compared to mice injected with a non-targeting siRNA is signifi cantly 
reduced. Experimentally, the retinal microvasculature can in principle be transiently 
modulated to allow the delivery of a wide range of low molecular weight pharma-
cological agents with proven effi cacies in neuroprotection (Fig.  69.1 ).   

  Fig. 69.1    Effects of either a Claudin-5 or NT siRNA together with a potent calpain inhibitor, 
ALLM, on light-induced retinal degeneration Balb/c mice. Claudin-5 or NT siRNA was adminis-
tered to Balb/c mice 48 h prior injection of 20 mg/kg ALLM. Mice were dark adapted for 24 h 
prior to exposure to white light of 7,900 lux for 2 h ( a ,  b ). At 12 and 24 h after light ablation, 
TUNEL positive nuclei present in the ONL of retinal sections of mice injected with Claudin-5 
siRNA were signifi cantly less than those injected with NT siRNA (** P  = 0.0011) and (* P  = 0.0252). 
( c ) However, there were signifi cantly more TUNEL positive nuclei in Claudin-5 sections com-
pared to NT sections at 48 h post light exposure (* P  = 0.0191)       
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    69.5   Conclusion 

 Calpain inhibition may be a potential target for future drug development. Currently, 
most calpain inhibitors are injected directly into the retina due to their low rate of 
diffusion across the iBRB. However, of patients treated with Lucentis for AMD, this 
method has been implicated as a cause of endophthalmitis in 2% (Montezuma et al. 
 2007  ) . Thus, the proof of principle showing systemic delivery of ALLM following 
neuronal barrier modulation in the retina could prove a new effective delivery 
method for many other low molecular weight drugs to treat a variety of retinopa-
thies and neuropathies.      
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     70.1   Introduction 

 Ceramide (Cer) is the key metabolite of cellular sphingolipids, which are a family 
of membrane lipids with important structural roles in the regulation of the fl uidity 
and subdomain structure of the lipid bilayer, especially lipid rafts (Tsui-Pierchala 
et al.  2002 ; Martin et al.  2005  ) ; it also has crucial functional roles in receptor function, 
in membrane conductance, in cell–cell interactions, and in the internalization of 
pathogens (Huwiler et al.  2000 ; Hannun and Obeid  2008  ) . But their role in signaling, 
since the discovery of Cer as a mediator of apoptotic cell death, received wider 
attention in the last two decades (Obeid et al.  1993 ; Hannun and Obeid  2008  ) . It is now 
an established fact that bioactive sphingolipids, such as Cer, ceramide-1-phosphate 
(C1P), sphingosine (Sph), and sphingosine-1-phosphate (S1P), maintain cellular 
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homeostasis by regulating cell growth, apoptosis, infl ammation, angiogenesis, and 
neovascularization (Olivera and Spiegel  1993 ; Spiegel and Milstien  2003 ; Futerman 
and Hannun  2004 ; Hannun and Obeid  2008  ) . The processes of apoptotic cell death 
are integral to major retinal diseases including Retinitis Pigmentosa (RP), Stargardt’s 
disease, Leber’s congenital amaurosis (LCA), and age-related macular degeneration 
(AMD) (Glazer and Dryja  2002 ; Allikmets  2004 ; Haddad et al.  2006 ; Hartong et al. 
 2006  ) . Recent evidence suggests a strong correlation between Cer signaling and 
survival and homeostasis of photoreceptor and retinal pigment epithelial (RPE) 
cells, which is the focus of this review.  

    70.2   An Overview of Ceramide Metabolism in the Cell 

 There are two major pathways that exist for Cer production in the cell. The fi rst 
is the de novo biosynthesis of ceramide, which takes place in the endoplasmic 
reticulum (ER) through condensation of  l -serine and palmitoyl-CoA by the enzyme 
serine-palmitoyl transferase (SPT) followed by sequential generation of 3-ketodihy-
drosphingosine (3-keto-DHS), dihydrosphingosine (DHS), and dihydroceramide, 
before fi nally being converted into Cer. The second pathway for cellular Cer genera-
tion is from the hydrolysis of higher-order sphingolipids, mainly sphingomyelin 
(SM), in the plasma membrane by the action of sphingomyelinase (SMase, or sphin-
gomyelin phosphodiesterase, SMPD) enzymes. The catabolic pathway of ceramide 
degradation is catalyzed by a group of enzymes called ceramidases (or ASAH, acyl-
sphingosine-amido-hydrolase), which deacetylate Cer to yield Sph and a fatty acid. 
Both Cer and Sph can be phosphorylated by specifi c kinases to form C1P and S1P, 
respectively.  

    70.3   Ceramide in Photoreceptor Apoptosis 

 Photoreceptor death by apoptosis is the hallmark of most retinal degenerative disorders 
(Chang et al.  1993 ; Portera-Cailliau et al.  1994 ; Carella  2003  ) . Recently, from 
in vitro studies, Cer has been established as an essential second messenger in the 
activation of apoptosis in photoreceptors. In rat retina neuronal cultures, Nora 
Rotstein’s group showed that addition of cell-permeable short-chain C 

2
 -Cer triggers 

photoreceptor apoptosis, whereas inhibition of synthesis of endogenous Cer protects 
photoreceptors from oxidative stress-induced (paraquat) apoptosis (German et al. 
 2006  ) . In a mouse retina-derived 661W cell line, treatment with sodium nitroprus-
side showed an increase in Cer levels, while inhibition of this increased Cer by 
desipramine, an inhibitor of SMase enzymes, protected these cells from oxidative 
stress-induced apoptosis, suggesting a role of Cer in oxidative stress-induced photo-
receptor cell death (Sanvicens and Cotter  2006  ) . In our lab, we tested cell-permeable 
C 

8
 -Cer and BSA-conjugated C 

16
 -Cer (physiological Cer) in 661W cells and found 
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both these ceramides caused cell death in a dose-dependent manner; we also 
observed an increase in Cer H 

2
 O 

2
 -treated 661W cells (Mandal et al. unpublished 

data), providing additional support of Cer’s role as a death mediator in retinal cells. 
In another recent publication, Rotstein’s group showed that enhanced formation of 
Cer and its subsequent breakdown to Sph, which was induced by oxidative stress, 
triggered photoreceptor apoptosis in cultured rat retina neurons (Abrahan et al. 
 2010  ) . In summary, these evidences point toward a key role for Cer as a common 
mediator of photoreceptor cell apoptosis in culture, especially due to oxidative stress. 

 Evidence is gradually accumulating on the role of Cer in photoreceptor cell death 
in vivo, too. The fi rst evidence came from  Drosophila  studies, in which Acharya 
et al. detected increased Cer in arrestin2 ( arr2 ) and phospholipase C ( plc ) mutant 
photoreceptors. Further, transgenic overexpression of neutral Ceramidase (nCDase 
or ASAH2), an enzyme that reduces Cer level by breaking Cer into Sph and free 
fatty acid, showed prevention of photoreceptors from Cer-induced cell death 
(Acharya et al.  2003,   2004  ) . They also showed that preventing de novo biosynthesis 
of Cer suppresses retinal degeneration in  Drosophila  phototransduction mutants. 
Noteworthy, overexpression of ceramidase in tissues distant from photoreceptors 
suppresses photoreceptor degeneration in an arrestin mutant and facilitates mem-
brane turnover in a rhodopsin null mutant (Acharya et al.  2008  ) . Mutation in cer-
amide kinase gene in  Drosophila  leads to photoreceptor degeneration, also by 
accumulation of excess Cer, and provides additional evidence of Cer involvement in 
photoreceptor cell death (Dasgupta et al.  2009  ) . In mutants, the accumulated Cer 
subsequently leads to loss of phospholipase C activity and inhibits phototransduction, 
which is then accompanied by severe degeneration of photoreceptors. Overexpression 
of ceramidase in these cells decreased Cer levels and rescued PLC activity and cell 
death (Dasgupta et al.  2009  ) . 

 Further, in a mammalian model (rabbit), involvement of Cer has been associated 
with a gradual loss of photoreceptor cells in an experimental model of retinal detach-
ment (Ranty et al.  2009  ) . Using light-damaged albino rat models and with genetic 
models of retinal dystrophies (RCS and P23H1 rats), we found an integral associa-
tion of increased Cer level with photoreceptor cell death (Mandal et al. unpublished 
data). A recent publication shows that ceramide levels increase with progression of 
photoreceptor degeneration in  Rd10  mice and that inhibiting de novo ceramide bio-
synthesis by myriocin (a powerful inhibitor of SPT enzyme) can preserve photore-
ceptor structure and function in this mouse model of RP (Strettoi et al.  2010  ) . 

 In human, mutations in  Ceramide kinase like  ( CERKL ) gene are found to be 
associated with inherited RP (RP26) (Tuson et al.  2004 ; Auslender et al.  2007  ) . The 
function of CERKL is not yet known, but is potentially involved in the Cer meta-
bolic pathway, suggesting a direct link between human retinal degeneration and 
Cer-mediated apoptosis. Additionally, in several inherited sphingolipid metabolism 
defect diseases commonly known as “lipid storage disease,” such as Krabbe’s dis-
ease (Brownstein et al.  1978  ) , Niemann-Pick disease (Robb and Kuwabara  1973  ) , 
Sandhoff disease (Sango et al.  2008  ) , and Gaucher disease (Seidova et al.  2009  ) , 
retinal impairment and vision loss due to retinal neuronal cell death are often 
present and accompanied by Cer accumulation. Increased level of Cer was found 
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in retinas of patients with Farber disease, caused by a mutation in  Ceramidase  gene 
(also known as ceramidase defi ciency) (Zarbin et al.  1985,   1988  ) . Furthermore, 
increased Cer was found in the brain of patients with the juvenile form of Batten 
disease (Puranam et al.  1997  ) , in which neuronal apoptosis is thought to be the 
cause of RP in these patients. Cer is also shown to alter the chloride channel activity 
of Bestrophin protein, and Cer accumulation is suggested to enhance infl ammation 
in the retina in Best vitelliform macular dystrophy (VMD) patients (Xiao et al. 
 2009  ) . In summary, the changes in Cer level in human and mouse-inherited retinal 
diseases, proof of Cer involvement in  Drosophila  photoreceptor degeneration, 
involvement of Cer in cell death in vitro, and the association between Cer changes 
and retinal neuronal death in the sphingolipid metabolic diseases underscore the 
signifi cance of Cer and its metabolites in the death of retina photoreceptors and 
retina degeneration diseases.  

    70.4   Ceramide Signaling in RPE Cell Death 

 RPE atrophy (cell death) followed by or concomitant with photoreceptor cell death 
is the fi nal outcome of all forms of RP. In dry AMD, the atrophy to the RPE cell in 
the macular region is considered to be the primary pathology and is also common in 
the early stage of wet AMD. Recent evidences have shown that Cer participates in 
activating RPE cell death. In cultured human RPE (hRPE) cells, treatment with the 
chemical oxidants tBH and H 

2
 O 

2
  led to Cer generation, which signaled for RPE 

apoptosis (Barak et al.  2001  ) . In another study, laser exposure induced hRPE apop-
tosis with concomitant Cer production (Barak et al.  2005  ) . Further studies on the 
overexpression of Sphingomyelin phosphodiesterase-3 (SMPD3), a key enzyme 
responsible for Cer production from SM, showed enhanced RPE cell death and 
arrested cell proliferation, with the percentage of apoptotic cells increasing propor-
tionally with the amount of transfected  SMPD3  DNA (Zhu et al.  2010  ) . Interestingly, 
the short-chain C 

2
 -Cer selectively induced apoptosis in the nonpolarized RPE cul-

tures, but not in fully differentiated and polarized RPE cells. This has a relevance 
with AMD since nonpolarized RPE cells are found in late AMD lesions, and Cer 
may play a critical role in their apoptosis (Zhu et al.  2010  ) . The studies on the 
mechanisms of Cer-induced RPE apoptosis indicated the role of increasing ROS 
production, mitochondrial membrane permeability transition (MPT), and caspase-3 
activation (Kannan et al.  2004  ) .  

    70.5   Conclusion 

 Cer is known as a deadly second messenger in the cell and is now known to play a 
role in various forms of photoreceptor cell death. This discovery has a signifi cant 
impact from a therapeutic point of view; Cer synthesis can be targeted for retinal 
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degenerative diseases and evidence has already started accumulating from 
 Drosophila  and mammalian studies (Acharya et al.  2003 ; Strettoi et al.  2010  ) . Cer 
metabolism is complex and other bioactive Cer metabolites, such as C1P and S1P, also 
play important roles in cell growth, differentiation, infl ammation, and neovascular-
ization, which are relevant in many forms of retinal degenerative diseases, recently 
reviewed in Rotstein et al.  (  2010  )  and which is beyond the scope of this review.      
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    71.1   The Endoplasmic Reticulum: Protein Folding 
and Quality Control 

 ER-resident chaperones are among the fi rst proteins that interact with a nascent 
polypeptide chain. For instance, BiP/Grp78, an Hsp70 orthologue, detects and binds 
unfolded hydrophobic regions of a nascent polypeptide chain in an ATP-dependent 
process (Hendershot et al.  1995  ) . ER-resident J-domain co-chaperones, ERdj1 and 
ERdj2, regulate the interaction between BiP/Grp78 and the nascent peptide (Blond-
Elguindi et al.  1993  ) . 

 The initial step of ER glycoprotein modifi cation involves attachment of a 
Glc3Man9GlcNAc2-core glycan onto a nascent polypeptide chain that is further 
processed by activities of Glucosidase I and II (Aebi et al.  2009  ) . On removal of 
glucose residues, the monoglycosylated N-glycan becomes a substrate for 
ER-resident lectins, calreticulin (CRT) and calnexin (CNX). CRT and CNX both 
require Ca 2+  for their activities; CNX is ER membrane-bound, while CRT is soluble 
in the ER lumen (Wada et al.  1991 ; Peterson et al.  1995  ) . Both lectins promote pro-
tein folding by stabilizing folding sequences, preventing aggregation of unfolded 
proteins, and facilitating disulfi de-bond formation through association with ER 
oxidoreductase, ERp57, a protein disulfi de isomerase (PDI) homologue (Oliver 
et al.  1999 ; Ellgaard  2004  ) . 
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 Glycoproteins that fail to fold correctly are subject to a quality control process 
(Trombetta and Parodi  2003  ) . A key quality control sensor of the ER is UGGT1, 
which recognizes structural formation of misfolded proteins and alters their glyco-
sylation stage to regenerate monoglycosylated glycans, which subsequently renews 
binding to CNX and CRT and reentrance into the ER protein-folding cycle 
(Trombetta and Helenius  2000  ) . This cycle continues until the native conformation 
of the protein is achieved, or failing this, until the protein is targeted for disposal by 
endoplasmic reticulum-associated degradation (ERAD) (Lippincott-Schwartz et al. 
 1988  ) . Some ER-retained proteins can also be modifi ed by mannosidases, which 
may act as a timer for glycoprotein degradation and thus prevent glycoproteins from 
becoming permanently trapped in the reglucosylation/folding cycle (Fagioli and 
Sitia  2001  ) .  

    71.2   Recognition Misfolded Proteins in the ER 

 The complete mechanism for recognizing misfolded ER proteins is poorly under-
stood. One step in directing glycoprotein substrates to the ERAD machinery is the 
formation of the Man 

7
  N-glycan with a 1,6-linked mannose (Hosokawa et al.  2010a  ) . 

Various ER-resident enzymes are able to trim mannose residues, such as ER man-
nosidase I, a member of the glycosyl hydrolase 47 family, which also includes the 
ER degradation enhancing  a -mannosidase-like proteins 1–3 (EDEM1–3) and Golgi 
mannosidases (Aebi et al.  2009  ) . EDEM1 enhances ERAD through its ability to 
extract misfolded glycoproteins from the CNX/CRT cycle (Molinari et al.  2003 ; 
Oda et al.  2003  ) . EDEM1 and EDEM3 also trim mannose residues from N-glycan 
(Hirao et al.  2006 ; Hosokawa et al.  2010b  ) . By contrast, EDEM2 has no enzymatic 
activity, but still increases turnover of misfolded proteins in the ER and likely plays 
nonenzymatic roles in ERAD (Mast et al.  2005  ) . The mammalian PDI orthologue, 
ERdj5, is a cochaperone of EDEM1 and BiP/Grp78. ERdj5 recognizes misfolded 
proteins and reduces disulfi de bonds via its reductase activity, which is important 
for protein dislocation (Ushioda et al.  2008  ) .  

    71.3   From Quality Control to Dislocation for ERAD 

 How are misfolded proteins targeted for dislocation from the ER to the cytosol? 
OS-9 and XTP3-B are ER lectin-like proteins that contain mannose 6-phosphate 
receptor homology domains and N-linked glycosylation sites. OS-9 and XTP3-B 
may recognize and transfer misfolded proteins to an ER membrane-bound disloca-
tion complex (Christianson et al.  2008 ; Hosokawa et al.  2008 ; Bernasconi et al. 
 2010  ) . OS-9 interacts further with the ER-luminal Hsp90 homologue, 94 kDa 
glucose-regulated protein (Grp94), to deliver ERAD substrates to the dislocation 
complex. The complex contains the E3 ubiquitin ligase (HRD), the membrane adaptor 
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protein (Sel1L), and a membrane-embedded pore that forms the dislocation channel 
(Christianson et al.  2008 ; Hosokawa et al.  2008 ; Mueller et al.  2008  ) . Sel1L is a 
type I transmembrane glycoprotein, which interacts with the ERAD components 
HRD1, Derlin1, and Derlin2 as well as with the cytoplasmic protein p97/VCP 
(valosin-containing protein) (Lilley and Ploegh  2005  ) . OS-9 and XTP3-B associate 
with the HRD1-Sel1L ubiquitin ligase complex and XTP3-B is able to recognize 
both glycosylated and nonglycosylated ERAD substrates and facilitate their degra-
dation (Hosokawa et al.  2008  ) . Additional proteins and regulatory steps are likely to 
be involved in determining how misfolded proteins are selected for ERAD and 
delivered to the ER dislocation channel.  

    71.4   Cytosolic Events of ERAD 

 The dislocation and translocation of an ERAD substrate from the ER to cytosol 
requires activity of AAA-ATPases such as p97/VCP (Ye et al.  2001 ; Jarosch et al. 
 2002  ) . p97/VCP forms homohexamers, which associate with the cofactors Ufd1 
(ubiquitin fusion degradation 1) and Npl4 (nuclear protein localization 4) to extract 
substrates from the ER membrane (Bays et al.  2001 ; Ye et al.  2001 ; Braun et al. 
 2002  )  using energy provided by ATP hydrolysis (Zhang et al.  2000  ) . 

 ERAD substrates are further ubiquitinated once in the cytosol through a process 
that requires three cytosolic enzymes. E1 activates ubiquitin in an ATP-dependent 
manner; E2 then conjugates activated ubiquitin through a thiol-ester bond to its 
essential cysteine residue, and the E3 ligase transfers ubiquitin onto one or more 
lysine residues or the N-terminus of the target proteins (Weissman  2001  ) . The E4 
ubiquitin-chain-extension enzyme is also shown to be involved in the ERAD degra-
dation pathway (Richly et al.  2005  ) . 

 The ubiquitinated substrate is ultimately degraded by the proteasome. The 26S 
proteasome is a large cytosolic protease complex, consisting of a 20S core particle 
that is capped by the 19S regulatory particle (Finley  2009  ) . Four heptameric rings, 
two outer  a  subunits, and two inner  b  subunits form a barrel-shaped structure with 
proteolytic activity in the central cavity (Groll et al.  1997  ) . The core particle entrance 
is very narrow and requires partial unfolding of the substrate for entrance (Finley 
 2009  ) . The regulatory particle contains ATPase subunits and plays an important role 
in substrate recognition, unfolding, and translocation of target proteins into the core 
particle (Finley  2009  ) . Proteins that target polyubiquitinated substrates to the pro-
teasome include: Rad23 (radiation sensitive 23); Dsk2 (dominant suppressor of 
Kar1); Rpn10 (regulatory particle non-ATPase10); and Rpn13 (Finley  2009  ) . Before 
proteolysis, proteasome-associated deubiquitin (DUBs) enzymes cleave and shorten 
the ubiquitin chain of target proteins resulting in the insertion of the substrate into 
the proteasome. Human proteasomes have three distinct DUB’s, RPN11, UCH37 
and USP14, which are associated with the regulatory particle (Finley  2009  ) . 
Deubiquitin hydrolases remove the polyubiquitin chain, and ubiquitin proteins are 
recycled. Additionally, cytosolic N-glycanase removes oligosaccharides from 
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ERAD substrates to allow translocation into the proteasome (Blom et al.  2004 ; 
Misaghi et al.  2004  ) . N-glycanase interacts with other ERAD components and 
Rad23 (Suzuki et al.  2001  ) . The regulatory particle then unfolds the substrate and 
translocates it to the core particle for degradation.  

    71.5   ERAD in Retinitis Pigmentosa 

 In retinitis pigmentosa arising from the P23H rhodopsin (Rho) mutation, P23H Rho 
proteins are misfolded in the ER/Golgi and associate with CNX, BiP/Grp78 and 
Grp94 (Fig.  71.1a ) (Anukanth and Khorana  1994 ; Noorwez et al.  2009  ) . Recent 
studies implicate ERAD in the removal of misfolded P23H Rho. EDEM1 recog-
nizes mutant Rho in the ER lumen and targets it for ERAD (Fig.  71.1b ) (Kang and 
Ryoo  2009 ; Kosmaoglou et al.  2009  ) . The complete mechanism of how mutant 

  Fig. 71.1    Model of P23H rhodopsin clearance in photoreceptors by ERAD ( a ). Misfolded P23H 
rhodopsin (Rho) is a glycoprotein that interacts with calnexin (CNX) during folding. ( b ) Misfolded 
P23H Rho is trapped in the quality control/folding cycle and becomes a target for ER  a -mannosi-
dase I. After removal of mannose residues, mutant Rho is recognized by EDEM1. ( c ) Once associ-
ated to EDEM1, P23H Rho may be further demannosylated and modifi ed by other ER-resident 
chaperones, which also promote the delivery of P23H Rho to the membrane-bound dislocation 
channel. ( d ) p97/VCP extracts P23H Rho through the channel into the cytosol, where it will be 
degraded by the proteasome or form aggregates       
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Rho is dislocated from the ER membrane to the cytosol is unknown, but the 
AAA-ATPase p97/VCP is one factor in the dislocation and delivery of P23H Rho to 
the proteasome (Fig.  71.1d ) (Griciuc et al.  2010a,   b  ) . In vitro studies have shown 
that misfolded P23H Rho is ubiquitinated and targeted for proteasomal degradation 
(Sung et al.  1991 ; Illing et al.  2002 ; Saliba et al.  2002  ) . Many other ERAD compo-
nents are likely to be involved in the identifi cation and delivery of P23H Rho to 
ERAD (Fig.  71.1c ).       
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     Keywords   Retinitis pigmentosa  •  Protein misfolding  •  Heat shock protein  
•  Rhodopsin  •  IMPDH1  •  RDS-peripherin  •  Chaperones  •  Gene therapy     

     72.1   Introduction 

 The folding of a protein begins at the ribosome whereby newly synthesized poly-
peptides undergo dynamic conformational changes before they reach their most 
stable and functional native state. However, folding intermediates may be affected 
by debilitating conditions such as mutations, translational errors, or environmental 
stress that prevent them from adopting their native states, creating an accumulation 
of nonproductive intermediates known as misfolded conformers. Both prokaryotic 
and eukaryotic cells have evolved and established an extensive protein quality 
control system that acts to facilitate either refolding of misfolded protein species by 
molecular chaperones or their removal by proteolytic degradation (Hartl and Hayer-
Hartl  2009    ; Rubinsztein  2006  )    . The main chaperone classes that prevent the accu-
mulation of misfolded proteins are heat shock proteins (Hsp) (Bukau et al.  2006  ) . 
Heat shock protein 90 (Hsp90; 90 kDa) is one of the most abundant molecular 
chaperones in eukaryotic cells, and it functions in essential housekeeping functions 
such as cellular traffi cking, cell growth, signal transduction, and differentiation 
(Pratt and Toft  2003  )    . The protein quality control system can adapt to various levels 
of stress imposed by misfolded proteins through the induction of stress responses 
and modulation of cellular molecular chaperone levels (Goldberg  2003 ; Guisbert 
et al.  2008  ) . However, when the population of misfolded proteins exceeds the refolding 
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and removal capacity of a cell, aberrant protein aggregates can manifest in two different 
ways. First, the misfolded protein can acquire new, toxic gain-of-function associ-
ated with its aggregation (e.g., mutations in  RHO  causing autosomal dominant RP 
[adRP]) (Illing et al.  2002 ; Rajan and Kopito  2005       ). Secondly, the function of a 
protein is lost as a result of the protein’s inability to attain a functional conforma-
tion, and thus results in clearance via proteasome degradation with a consequent 
“loss-of-function” phenotype (e.g.,  BBS6  causing Bardet-Biedl syndrome) 
(Hiroyama et al.  2007  ) .  

    72.2   Protein Misfolding in Photoreceptor Cells 

 Autosomal dominant forms of RP represent up to 30% of all cases, and within this 
category, approximately 40% of cases are caused by mutations within the  RHO , 
 IMPDH1,  and  RDS-peripherin  genes (Dryja et al.  1990 ; Farrar et al.  1991 ; Kennan 
et al.  2002 ; Bowne et al.  2002  ) . To date, over 140 point mutations identifi ed in the 
rhodopsin gene are known to cause adRP, and almost one-sixth of those may be 
implicated in disease pathology through protein misfolding (Illing et al.  2002  ) . In 
particular, extensive studies into the pathological mechanism of mutant P23H opsin 
have increased our understanding of the role that protein misfolding plays in photo-
receptor cell death. In brief, the P23H mutation renders rhodopsin extremely aggre-
gation prone, leading to the recruitment of endoplasmic reticulum (ER)-resident 
chaperones (e.g., BiP and GRP94) and initiation of the unfolded protein response 
(UPR) to disengage protein synthesis and favor protein degradation. Accumulation 
of misfolded opsin within the ER imposes serious cellular stress and ER-localized 
chaperones retro-translocate mutant opsins from the ER to the ubiquitin-proteasome 
system (UPS) for degradation in the cytosol (Illing et al.  2002 ; Saliba et al;  2002 ; 
Mendes et al.  2005  ) . When the UPS becomes overloaded with mutant opsins, the 
buildup of toxicity may initiate a detrimental cascade leading to photoreceptor cell 
death through apoptosis (Illing et al.  2002 ; Mendes et al.  2005  ) . To date, more than 
100 different mutations in the  RDS  gene have been identifi ed to cause a wide array 
of diseases ranging from adRP to various forms of cone-dominant macular dystro-
phies (  http://www.retina-international.org.sci-news/rdsmut.htm    ). A recent study 
was carried out on the  RDS  gene carrying a missense mutation (N244K) which can 
cause both rod-dominant and cone-dominant dystrophies (Conley et al.  2010  ) . 
Biochemical analysis revealed that this particular mutation may be associated with 
a loss-of-function haploinsuffi ciency phenotype by causing  RDS  to misfold, and 
thus negatively affecting its normal traffi cking and assembly with  ROM1 . In our 
laboratory, we reported that one of the missense mutations (Arg224Pro) in the 
 IMPDH1  gene responsible for the RP10 form of adRP, causes signifi cant protein 
tertiary structural perturbation pushing the folding equilibrium toward intermedi-
ates that have a propensity to misfold and aggregate, resulting in the formation of 
insoluble protein aggregates in cell cytosol (Kennan et al.  2002 ; Aherne et al.  2004  ) . 
Furthermore, we also showed that adeno-associated virus (AAV)-mediated expression 

http://www.retina-international.org.sci-news/rdsmut.htm
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of mutant human IMPDH1 in the RP10 mouse model impairs visual function and 
induces rapid photoreceptor cell death (Tam et al.  2008  ) . Although the exact mecha-
nism of toxicity acquired by mutant IMPDH1 still remains to be elucidated, the 
pathological hallmarks displayed in the RP10 mouse model suggest that it is likely 
to be a dominant negative effect similar to that observed in the P23H mutant 
rhodopsin mouse model (Olsson et al.  1992  ) .  

    72.3   Therapeutic Strategies for Inhibiting Protein 
Aggregation and Related Toxicity 

 To date, protein misfolding has been implicated in an increasing number of human 
disorders including both neurodegenerative and retinal conditions (Ross and Poirier 
 2004    ; Surguchev and Surguchov  2009  )    . In principle, all the key steps involved in the 
formation of pathological protein aggregates may be considered as feasible targets 
for inhibiting or attenuating disease onset and progression (Bartolini and Andrisano 
 2010  )    . However, there is not a single target in which, once inhibited, will ultimately 
inhibit the progression of protein aggregation. The diffi culties in effectively over-
coming protein aggregation might be due to the fact that our knowledge of the 
molecular mechanisms for protein aggregation is still limited, and that more than 
one single event is involved in the initial and subsequent steps of aggregation. In 
general, current therapeutic strategies employed to halt protein aggregation are 
focused on targeting specifi c steps of the aggregation process or related toxic events 
and can be categorized as follows. 

    72.3.1   Inhibition of Conformational Shift 

 A beta-sheet breaker consists of a modifi ed core sequence of the target protein that 
shows affi nity for the native monomer and is unable to assume an ordered beta-sheet 
structure (Wisniewski and Sadowski  2008  )    . Beta-sheet breakers have been designed 
against amyloid-beta fi brillation for Alzheimer’s disease (AD) treatment and against 
prion PrP c  conversion (Rocha et al.  2009 ; Soto et al.  2000  ) . However, peptide based 
structures have short half-lives and poor bioavailability due to enzymatic  degradation 
in the bloodstream (Adessi and Soto  2002  )    .  

    72.3.2   Enhancing Chaperone Activities 

 Manipulation of the cellular chaperone machinery has been evaluated in many 
model systems to counteract protein misfolding (Sittler et al.  2001 ; Warrick et al. 
 1999  ) . The augmentation of heat shock proteins has demonstrated benefi cial effects 
in many overexpression studies of different disease models. For example, Gorbatyuk 
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et al.  (  2010  )  showed that AAV-mediated overexpression of an ER homologue of 
Hsp70 (BiP/Grp78) signifi cantly reduced photoreceptor cell death and maintained 
visual function in the transgenic P23H rhodopsin rat model. Currently, many low-
molecular-weight agents have demonstrated the ability to increase cellular expres-
sion of Hsp70 through the inhibition of Hsp90 (Sloan et al.  2009  ) . In our laboratory, 
we demonstrated that both intravitreal and systemic administration of a Hsp90 
inhibitor, 17-allylamino-17demethoxygeldanamycin (17-AAG), in the RP10 mouse 
model signifi cantly inhibited the accumulation of protein aggregates in the retina 
and protected the photoreceptor cells from degeneration (Tam et al.  2010  ) .  

    72.3.3   Inhibition of Factors Mediating Cell Toxicity 

 Cell apoptosis, mitochondria dysfunction, and oxidative stress have all been linked to 
neuronal cell death, and are considered as potential targets for the treatment of aggre-
gation. For example, oxidative stress has been linked to neuronal cell death and evi-
dence of oxidative damage has been identifi ed in AD, Parkinson’s disease (PD) and 
amyotrophic lateral sclerosis (ALS) patients (Andersen  2004  ) . Oxidative alterations 
of aggregation-prone proteins such as alpha-synuclein, amyloid-beta and SOD1 are 
known to cause protein misfolding and impaired clearance of aggregates (Hashimoto 
et al.  1999a,   b ; Raichur et al.  2006  ) . Therefore, antioxidants have been widely inves-
tigated as potential therapeutic agents, and have been shown to effectively inhibit 
the formation of amyloid-beta and alpha-synuclein fi brils (Ono and Yamada  2006  )    .  

    72.3.4   Gene Therapy 

 Gene therapy can be used effectively to alleviate the burden derived from the accu-
mulation of misfolded proteins by suppression of aggregation-prone proteins prior to 
translation using RNA interference. For example, our laboratory demonstrated that 
AAV-mediated delivery of short hairpin RNA (shRNA) signifi cantly ablated human 
mutant IMPDH1 at both the RNA and protein levels and protected the outer nuclear 
layer (ONL) from degeneration in a mouse model of RP10 (Tam et al.  2008  ) . O’Reilly 
et al. also showed that subretinal delivery of AAV expressing a codon-modifi ed 
rhodopsin replacement gene in the presence of rhodopsin-targeting shRNAs signifi -
cantly protected the ONL of the retina in P23H mice on a  RHO   − / −   background 
(O’Reilly et al.  2007  ) .   

    72.4   Conclusions 

 In this review, we provide a brief overview of how protein misfolding contributes to 
specifi c forms of retinal disorder, and also of current therapeutic strategies for the 
treatment of harmful consequences caused by misfolded proteins. However, there 
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are still many gaps in our understanding of the basic biological mechanisms involved 
in protein misfolding. In many conformational disorders, a specifi c gain or loss of 
function leading to toxicity still remains diffi cult to elucidate. In particular, protein 
misfolding in retinal disorders such as RP can elicit both narrow and broad patho-
logical effects in cells. For example, different mutations in the rhodopsin gene can 
show different cellular defects ranging from accumulation of aggregates in the 
endoplasmic reticulum (ER) to improper traffi cking to the outer segment and dys-
regulated activation of the phototransduction pathway. Finally, owing to the hetero-
geneity of the steps involved in protein misfolding disorders, it may be possible to 
employ a combination of protein-specifi c and disease-specifi c therapeutic agents as 
well as protein homeostasis enhancers to increase the effi cacy of treatment.      

  Acknowledgments   The Ocular Genetics Unit at TCD is supported by grants from Science 
Foundation Ireland (07-IN.1.B1778); The MRC/HRB (FB06HUM); The Wellcome Trust 
(083866/2/07/2): Enterprise Ireland (PC/2008/0006); Fighting Blindness Ireland (FB09HUM); 
IRCSET (G30364/G30409).  

   References 

    Adessi C, Soto C (2002) Converting a peptide into a drug: strategies to improve stability and 
bioavailability. Curr Med Chem 9:963–978  

    Aherne A, Kennan A, Kenna PF et al (2004) On the molecular pathology of neurodegeneration in 
IMPDH1-based retinitis pigmentosa. Hum Mol Genet 13:641–650  

    Andersen JK (2004) Oxidative stress in neurodegeneration: cause or consequence? Nat Rev 
Neurosci 5:S18–S25  

    Bartolini M, Andrisano V (2010) Strategies for the inhibition of protein aggregation in human 
diseases. ChemBioChem 11:1018–1035  

    Bowne SJ, Sullivan LS, Blanton SH et al (2002) Mutations in the inosine monophosphate dehy-
drogenase 1 gene (IMPDH1) cause the RP10 form of autosomal dominant retinitis pigmentosa. 
Hum Mol Genet 11:559–568  

    Bukau B, Weissman J, Horwich A (2006) Molecular chaperones and protein quality control. Cell 
125:443–451  

    Conley SM, Stricker HM, Naash MI (2010) Biochemical analysis of phenotypic diversity associated 
with mutations in codon 244 of the retinal degeneration slow gene. Biochemistry 49:905–911  

    Dryja TP, McGee TL, Reichel E et al (1990) A point mutation of the rhodopsin gene in one form 
of retinitis pigmentosa. Nature 343:364–366  

    Farrar GJ, Kenna P, Jordan SA et al (1991) A three-base-pair deletion in the peripherin-RDS gene 
in one form of retinitis pigmentosa. Nature 354: 478–480  

    Goldberg AL (2003) Protein degradation and protection against misfolded or damaged proteins. 
Nature 426:895–899  

    Gorbatyuk MS, Knox T, LaVail MM et al (2010)Restoration of visual function in P23H rhodopsin 
transgenic rats by gene delivery of BiP/Grp78. Proc Natl Acad Sci USA 107:5961–5966  

    Guisbert E, Yura T, Rhodius VA (2008) Convergence of molecular, modelling, and systems 
approaches for an understanding of the Escherichia coli heat shock response. Microbiol Mol 
Biol Rev 72:545–554  

    Hartl FU, Hayer-Hartl M (2009) Converging concepts of protein folding in vitro and in vivo. 
Nature Struct Mol Biol 16:574–581  

    Hashimoto M, Hsu LJ, Xia Y (1999a) Oxidative stress induces amyloid-like aggregate formation 
of NACP/alpha-synuclein in vitro. Neuroreport 10:717–721  



572 L.C.S. Tam et al.

    Hashimoto M, Takeda A, Hsu LJ (1999b) Role of cytochrome c as a stimulator of alpha-synuclein 
aggregation in Lewy body disease. J Biol Chem 274:28849–28852  

    Hiroyama S, Yamazaki Y, Kitamura A (2007) MKKS is a centrosome-shuttling protein degraded 
by disease-causing mutations via CHIP-mediated ubiquitination. Mol Biol Cell 19:899–911  

    Illing ME, Rajan RS, Bence NF (2002) A rhodopsin mutant linked to autosomal dominant retinitis 
pigmentosa is prone to aggregate and interacts with the ubiquitin proteasome system. J Biol 
Chem 277:34150–34160  

    Kennan A, Aherne A, Palfi  A et al (2002) Identifi cation of an IMPDH1 mutation in autosomal domi-
nant retinitis pigmentosa (RP10) revealed following comparative microarray analysis of tran-
scripts derived from retinas of wild-type and Rho(2/2) mice. Hum Mol Genet 11, 547–557  

    Mendes HF, van der Spuy J, Chapple JP et al (2005) Mechanisms of cell death in rhodopsin retini-
tis pigmentosa: implications for therapy. Trends Mol Med 11:177–185  

    O’Reilly M, Palfi  A, Chadderton N et al (2007) RNA interference-mediated suppression and 
replacement of human rhodopsin in vivo. Am J Hum Genet 81:127–135  

    Olsson JE, Gordon JW, Pawlyk BS et al (1992) Transgenic mice with a rhodopsin mutation 
(Pro23His): a mouse model of autosomal dominant retinitis pigmentosa. Neuron 9:815–830  

    Ono K, Yamada J (2006) Antioxidant compounds have potent anti-fi brillogenic and fi bril-
destabilizing effects for alpha-synuclein fi brils in vitro. J Neurochem 97:115–115  

    Pratt WB, Toft DO (2003) Regulation of signalling protein function and traffi cking by the hsp90/
hsp70-based chaperone machinery. Exp Biol Med 228:111–133  

    Raichur A, Vali S, Gorin F (2006) Dynamic modelling of alpha-synuclein aggregation for the 
sporadic and genetic forms of Parkinson’s disease. Neuroscience 142:859–870  

    Rajan RS, Kopito RR (2005) Suppression of wild-type rhodopsin maturation by mutants linked to 
autosomal dominant retinitis pigmentosa. J Biol Chem 280:1284–1291  

    Rocha S, Cardoso I, Borner H (2009) Design and biological activity of beta-sheet breaker peptide 
conjugates. Biochem Biophys Res Commun 380:397–401  

   Ross CA, Poirier MA (2004) Protein aggregation and neurodegenerative disease. Nat Med 10:
S10–S17.49  

    Rubinsztein DC (2006) The roles of intracellular protein degradation pathways in neurodegeneration. 
Nature 443:780–786  

    Saliba RS, Munro PMG, Luthert PJ (2002) The cellular fate of mutant rhodopsin: quality control, 
degradation and aggresome formation. J Cell Sci 115:2907–2918  

    Sittler A, Lurz R, Lueder G et al (2001) Geldanamycin activates a heat shock response and inhibits 
huntingtin aggregation in a cell culture model of Huntington’s disease. Hum Mol Genet 
10:1307–1315  

    Sloan LA, Fillmore MC, Churcher I (2009) Small-molecule modulation of cellular chaperones to 
treat protein misfolding disorders. Curr Opin Drug Discov Dev 12:666–681  

    Soto C, Kascsak RJ, Saborio GP (2000) Reversion of prion protein conformational changes by 
synthetic beta-sheet breaker peptides. Lancet 355:192–197  

    Surguchev A, Surguchov A (2009) Conformational diseases: Looking into the eyes. Brain Res Bull 
81:12–24  

    Tam LC, Kiang AS, Campbell M et al (2010) Prevention of autosomal dominant retinitis pigmentosa 
by systemic drug therapy targeting heat shock protein 90 (Hsp90). Hum Mol Genet 19:
4421–4436  

    Tam LC, Kiang AS, Kennan A et al (2008) Therapeutic benefi t derived from RNAi-mediated abla-
tion of IMPDH1 transcripts in a murine model of autosomal dominant retinitis pigmentosa 
(RP10). Hum Mol Genet 17:2084–2100  

    Warrick JM, Chan HY, Gray-Board GL et al (1999) Suppression of polyglutamine-mediated neu-
rodegeneration in Drosophila by the molecular chaperone HSP70. Nat Genet 23:425–428  

    Wisniewski T, Sadowski M (2008) Preventing beta-amyloid fi brillization and deposition: beta-
sheet breakers and pathological chaperone inhibitors. BMC Neurosci 9:S5      



573

     Keywords   Rod opsin  •  Autosomal dominant retinitis pigmentosa  •  P23H opsin  
•  Cellular model  •  Unfolded protein response  •  Autophagy     

     73.1   Introduction 

 Retinitis pigmentosa (RP) is the most common cause of inherited retinal degeneration 
which is clinically characterized by night blindness and the loss of peripheral 
vision. Mutations in the rod visual pigment, rhodopsin, are recognized as the most 
common cause of autosomal dominant RP (ADRP) with a single base substitution 
in codon 23 (P23H) of the rhodopsin gene accounting for ~7% of all cases of domi-
nant retinitis pigmentosa in the US, (Dryja et al.  1990  )    . Much data supports the view 
that rhodopsin RP is a protein-misfolding disease in which the misfolding or misas-
sembly of a mutant protein alters its cellular fate and induces cell death (Gregensen 
et al.  2006  ) .    In culture, the P23H mutant protein, unlike wild-type    (WT) protein, 
causes retention in the ER, induction of the unfolded protein response (UPR), inhi-
bition of the proteasome, and aggregation into oligomeric high molecular weight 
species that form intracellular inclusions (Saliba et al.  2002  ) . Similarly P23H rho-
dopsin mislocalizes and/or aggregates in the rod cells of animal RP models (Olsson 
et al.  1992  ) , suggesting that cellular models maybe predictive of in vivo models of 
this disease. Here, we report on the development of a rhodopsin RP cellular model 
to allow a better understanding of the precise mechanisms by which rhodopsin 
misfolding leads to photoreceptor death. Understanding the molecular and cellular 
consequences of rod opsin mutations and the underlying disease mechanisms in 
ADRP are essential to develop future therapies for this class of retinal dystrophy.  
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    73.2   Materials and Methods 

    73.2.1   Generation of Expression Vectors 

 The 1,047 bp ORF sequences of human wild-type and P23H-mutant rhodopsin were 
synthesized with 5 ¢  EcoRI and 3 ¢  HindIII ends by DNA 2.0 (Menlo Park, CA, USA). 
Each rhodopsin ORF was subcloned into the EcoRI and HindIII sites of pcDNA3.1 
(−) (Invitrogen). Expression was driven by the CMV promoter.  

    73.2.2   Western Blotting 

 Proteins were resolved using SDS-PAGE on a NuPage 4–12% gradient (Invitrogen) 
in MOPS buffer. Proteins were transferred to a nitrocellulose membrane using 
the I-Blot system (Invitrogen). The membrane was blocked briefl y in PBS-T (PBS 
containing 0.05% Tween-20 and 0.1% I-Block) (Applied Biosystems). Rhodopsin 
was detected using PBS-T containing 1  m g/mL of the anti-Rhodopsin mouse anti-
body 1D4 (Abcam).  

    73.2.3   TUNEL Assay Detection of Apoptosis 

 Apoptosis was determined using the APO-BrdU TUNEL Assay (Invitrogen) per the 
manufacturer’s instructions.  

    73.2.4   Immunofl uorescence 

 RPE cells were fi xed in 4% paraformaldehyde and permeabilized in 0.5% Triton 
X-100. The cells were blocked in 5% normal goat serum (NGS), 0.2% BSA, 50 mM 
NH 

4
 Cl, 25 mM glycine, and 25 mM lysine and then incubated in PBS with 0.2% 

BSA, 0.1% Triton X-100, 5% NGS (antibody solution), 10  m g/mL antibody to 
Rhodopsin (R9153; Sigma), and 1  m g/mL mouse anti     〈 -tubulin (Fitzgerald). 
Subsequently the cells were incubated in a secondary antibody solution containing 
2 ⎧g/mL anti-rabbit Alexafl uor 488 (Invitrogen), 2  m g/mL anti-mouse Alexafl uor555 
(Invitrogen), and 1 ⎧g/mL DAPI.  

    73.2.5   Gene Expression Analysis 

 RNA was purifi ed using the RNEasy kit (Qiagen) according to the manufacturer’s 
instructions.    The cDNA was synthesized using Promega’s Reverse Transcription 
System and analyzed in a Taqman gene expression assay for BIP, CHOP, 
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 beta-glucoronidase, or Rhodopsin (Applied Biosystems).    The relative expression 
of each gene was compared to the beta-glucoronidase gene using the Delta-Delta 
C 

t
  method of calculating gene expression. Autophagy related genes were quantifi ed 

using the human autophagy array (SA Biosciences). Fold upregulation was 
determined using the RT² Profi ler PCR Array Data Analysis tool available from 
SA Biosciences.   

    73.3   Results 

    73.3.1   P23H Opsin Protein Has Altered Intracellular Traffi cking 

 We compared the fate of WT and P23H opsin following transient transfection of 
human retinal pigmented epithelial cells (RPE). The localization of the opsins was 
investigated by confocal immunofl uorescence using anti-rhodopsin antibody. In the 
case of the wild-type protein the majority of the protein was processed to the plasma 
membrane, (Fig.  73.1a ), indicating normal biogenesis. By contrast, the mutant 
P23H showed a perinuclear/reticular distribution characteristic of ER retention with 
almost no localization to the cell surface (Fig.  73.1a ). Aggregation of wild-type 
rhodopsin and the RP-linked mutant P23H was assessed by SDS-PAGE immunob-
lot analysis of detergent soluble extracts from RPE cells transiently expressing 
either protein (Fig.  73.1b ). Wild-type rhodopsin migrated predominantly as a dif-
fuse band at a molecular mass of ~40 kDa. This species corresponds to monomeric, 
mature rhodopsin containing N-linked glycans. P23H rhodopsin differed markedly 
from wild-type rhodopsin in terms of mobility. The majority of P23H migrated as 
dimers and oligomers (Fig.  73.1b ) and was sensitive to endo H, indicating that it 
remains core glycosylated (Fig.  73.1c ). Endo glycosidase H is specifi c for high 
mannose N-linked oligosaccharide structures typical of proteins that have not 
matured beyond the ER.    Together, these data confi rm that in RPE cells wild-type 
rhodopsin is able to fold and mature beyond the ER, whereas the P23H mutant 
unable to fold productively, is retained within the ER and is more prone to forming 
nonnative oligomers.   

    73.3.2   Activation of UPR and Autophagy 

 We assessed P23H rhodopsin’s ability to induce ER stress in transfected RPE cells 
by measuring the levels of two markers of the UPR, BiP (binding immunoglobulin 
protein), and CHOP (C/EBP homologous protein). Increased BiP mRNA levels 
were detected in cells transiently expressing both WT and P23H rhodopsin 
(Fig.  73.2a ) suggesting that increasing the folding load of the ER per se induced the 
UPR. However, BiP mRNA expression was signifi cantly higher in cells expressing 
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P23H rhodopsin (43-fold over untransfected cells) as compared with cells expressing 
WT rhodopsin (14-fold increase over untransfected cells), (Fig.  73.2a ). The rhodop-
sin mRNA levels were identical in cells expressing WT and mutant forms of the 
protein (Fig.  73.2a ). Thus, P23H rhodopsin is a more potent inducer of BiP than WT 
rhodopsin, presumably because of its folding defect. We next examined CHOP 
expression and found cells expressing the WT opsin protein showed a 15-fold induc-
tion of CHOP compared to untransfected cells, while cells expressing P23H mutant 
showed a 23-fold induction (Fig.  73.2a ). As CHOP is a UPR-induced transcription 

  Fig. 73.1    ( a ) Confocal microscopy images of RPE cells transfected with either WT or P23H rho-
dopsin. Cells were stained for  〈 -tubulin ( red ) and rhodopsin ( green ), DNA was visualized using 
DAPI ( blue ). ( b ) Western blot of RPE cells transfected with either WT or P23H rhodopsin and 
probed with the monoclonal 1D4 rhodopsin antibody. ( c ) Western blot of RPE cells transfected 
with P23H rhodopsin. Cell lysates were either left untreated, or incubated overnight in 0.05 mU of 
endoglycosidase H       
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factor that mediates apoptosis (Lin et al.  2007  ) , we measured the relative levels of 
apoptosis between WT and P23H mutant expressing cells. In agreement with the 
mRNA levels of CHOP, TUNEL assay results confi rm that RPE cells transiently 
expressing the P23H mutant are more apoptotic than those expressing the wild-type 
opsin (Fig.  73.2b ). One consequence of the UPR is activation of another major cel-
lular pathway, autophagy (Kroemer et al.  2010  ) . Gene expression analysis of RPE 

  Fig. 73.2    ( a ) Taqman gene expression analysis of BIP (GRP78), CHOP, and rhodopsin in RPE 
cells transiently transfected with either WT Rho or P23H Rho. Fold upregulation was determined 
using the Delta-Delta C 

t
  method relative to beta-glucoronidase. ( b ) Terminal deoxynucleotidyl 

transferase dUTP nick end labeling ( TUNEL ) measurement of apoptosis using fl ow cytometry in 
RPE cells transfected with WT Rho, P23 Rho, or control pcDNA vector       
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cells expressing either WT or mutant opsin revealed that many markers of the 
canonical autophagy pathway were preferentially induced in cells expressing the 
P23H mutant. For example, autophagy related protein 16L2 (ATG16L2), ATG10 
and ATG9B were upregulated twofold, while LC3 (MAP1LC3B) was upregulated 
2.7-fold.    

    73.4   Discussion 

 This study reports on the development of a cellular model of rod opsin RP, that can 
be exploited to identify the mechanisms of cell death associated with opsin protein-
misfolding and to evaluate therapeutic approaches for potential treatments. This 
study confi rms earlier reports (Saliba et al.  2002 ; Illing et al.  2002  ) , and shows that 
a mutation linked to ADRP, P23H, results in the production of a misfolded and 
aggregation prone form of rhodopsin that is retained within the ER. Thus, experi-
mental conditions used in our cellular model induced a protein misfolding that 
resembles pathological processes associated with an inherited mutation. The UPR 
has been postulated to play a role in the pathogenesis of protein misfolding diseases 
(Schroder and Kaufman  2005  )    . Individual UPR target genes can be assigned cyto-
protective or proapoptotic functions. For example, expression of the ER chaperone 
BiP protects cells from ER stress, whereas CHOP, a transcription factor induced by 
the PERK branch of the UPR, promotes cell death (Lin et al.  2007  ) . This study 
shows that cells expressing both WT and P23H opsin induced BiP concomitant with 
the need to fold large amounts of rhodopsin. However cells expressing the mutant 
opsin protein showed a greater induction consistent with additional ER stress due to 
the folding defect. Similarly cells expressing the P23H mutant opsin were more 
apoptotic, due in part to increased levels of the proapoptotic protein CHOP. The 
predominant outcome of ER stress is the induction of autophagy, a tightly regulated 
pathway involving the lysosomal degradation of cytoplasmic organelles through the 
formation of autophagosomes (Kroemer et al.  2010  ) . Cells expressing the P23H 
opsin had increased markers of the canonical autophagic pathway, including ATG16, 
ATG9b, ATG10, and LC3. ATG16 interacts with clathrin and connects the endo-
cytic pathway to autophagy (Ravikumar et al.  2010  )  while ATG9b and ATG10 are 
involved in autophagosome formation along with LC3 (MAP1LC3B)   . As autophagy 
plays a major role in protein degradation, the upregulation of this pathway in P23H 
expressing cells is signifi cant. Autophagy induction maybe an attempt to degrade 
mutant rhodopsin and restore cellular homeostasis analogous to the role autophagy 
plays in removing aggregated mutant Huntingtin protein (Ravikumar et al.  2004  ) . 
Unmitigated autophagy may eventually result in cellular apoptosis, and whether 
autophagy is contributing to the apoptotic cell death observed in P23H expressing 
cells (Fig.  73.2b ) has yet to be determined. 

 The precise mechanism by which rhodopsin misfolding leads to photoreceptor 
death still remains to be clarifi ed. The autosomal dominant cellular model described 
here, reveals that many cellular pathways including ER stress, autophagy, and apoptosis 
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are induced in response to P23H opsin expression. Understanding these pathways 
will allow the development of effective therapies for this currently untreatable form 
of retinal dystrophy.      

   References 

    Dryja TP, McGee T, Reichel E et al (1990) A point mutation of the rhodopsin gene in one form of 
retinitis pigmentosa. Nature 343:364–366  

    Gregensen N, Bross P, Vang S et al (2006) Protein misfolding and human disease. Annu Rev 
Genomics Hum Genet 7:103–124  

    Illing M, Rajan S, Bence N et al (2002) The rhodopsin mutant linked to autosomal dominant retinitis 
pigmentosa is prone to aggregate and interacts with the ubiquitin proteasome system. J Biol 
Chem 277:34150–34160  

    Kroemer G, Marino G and Levine B (2010) Autophagy and the Integrated Stress response. Mol 
Cell 40:280–293  

    Lin J, Li H, Yasumura D et al (2007) IRE1 Signaling affects cell fate during the unfolded protein 
response. Science 318:944–949  

    Olsson J, Gordon J, Pawlyk B et al (1992) Transgenic mice with a rhodopsin mutation (Pro23His): 
a mouse model of autosomal dominant retinitis pigmentosa. Neuron 9:815–830  

    Ravikumar B, Vacher C, Berger Z et al (2004) Inhibition of mTOR induces autophagy and reduces 
toxicity of polyglutamine. Nature Genet 36:585–595  

    Ravikumar B, Moreau K, Jahreiss L et al (2010) Plasma membrane contributes to the formation of 
pre-autophagosomal structures. Nat Cell Biol 12:747–757  

    Saliba R, Munro P, Luther P et al (2002) The cellular fate of mutant rhodopsin: quality control 
degradation and aggresome formation. J Cell Sci 115:2907–2918  

    Schroder M and Kaufman RJ (2005) The mammalian unfolded protein response. Annu Rev 
Biochem 74:739–789      



581

     Keywords   Rho GTPases  •  Rac1  •  Cdc42  •  Retina  •  Photoreceptor  •  Development  
•  Cytoskeleton  •  Degeneration     

     74.1   Introduction 

 Rho GTPases, proteins of the Ras superfamily of GTPases, have multifaceted roles 
in the cell including regulation of the cytoskeleton, cell growth, development, and 
apoptosis (Hall and Nobes  2000 ; Aznar and Lacal  2001 ; Govek et al.  2005  ) . RAC1, 
CDC42, and gene family member A (RHOA) are the classical and most studied 
members of the 25 Rho GTPases identifi ed to date (Wennerberg and Der  2004 )   . 
They are best known for their role in the generation of fi lopodia, lamellipodia, and 
stress fi bers in the cell (Hall and Nobes  2000  ) . 

 This family of GTPases can be activated or inactivated depending on their binding 
to GTP or GDP, respectively. Proteins such as guanine nucleotide exchange factors 
(GEF), GTPase-activating proteins (GAP), and guanine-nucleotide dissociation 
inhibitors (GDI) regulate and facilitate the exchange of GDP to GTP and catalyze 
triphosphate hydrolysis (Paduch et al.  2001  ) . Active Rho GTPases initiate downstream 
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signaling cascades through interactions with effector proteins such as p21-activated 
kinases (PAK), mixed lineage kinases (MLK), and Rho-associated kinases (ROCK) 
(Teramoto et al.  1996 ; Jaffer and Chernoff  2002 ; Zhao and Manser  2005 ; Yoshimura 
et al.  2006 ; Wells and Jones  2010  ) . 

 Many Rho GTPases have overlapping functions but also have distinct niches. For 
example, RAC1 and RHOA are both implicated in the formation of lamellipodia 
during gastrulation in  Xenopus  (Tahinci and Symes  2003  ) . However, RAC1 and 
RHOA have antagonistic roles in cellular movement. RAC1 is required to extend 
lamellipodia toward the direction of movement thereby generating the force for 
forward motion. On the other hand, RHOA is involved in microfi lament disassem-
bly at the lagging end, allowing the cell to contract and move in one direction 
(Raftopoulou and Hall  2004  ) . 

 This review focuses on various functions of Rho GTPases in the retina. A brief 
overview of their roles during retinal development, in the organization of the photo-
receptor cytoskeleton, and during photoreceptor degeneration will be presented.  

    74.2   Rho GTPases in Retinal Development 

 During retinal development, Rho GTPases are involved in several pre- and postnatal 
processes. The formation of the optic cup through the invagination of the optic 
vesicle (Chow and Lang  2001 ; Rembold et al.  2006  )  has been proposed to be partially 
dependent on lens-retinal tethering. Loss of CDC42, or pharmacological disruption 
of actin–myosin interactions, lead to reduced lens pit invagination and suggests a 
role for CDC42 in optic cup formation (Chauhan et al.  2009  ) . 

 Processes of retinal development such as axonogenesis have been shown to 
involve Rho GTPases (Ruchhoeft et al.  1999 ; Yuan et al.  2003  ) . Studies in  Drosophila  
have shown that the RAC1 GEF, VAV, is involved in photoreceptor axon guidance 
to ganglion cells during retinal development. Mutant VAV generated disorganized 
photoreceptor to ganglion cell connections in the eye. Expression of nonfunctional 
RAC1 or RAC2 rescued these fl ies from this phenotype suggesting a role for this 
GTPase in photoreceptor axon guidance (Malartre et al.  2010  ) . The localization of 
RAC1, CDC42, and RHOA in the neuroretinal and plexiform layers during retinal 
development in mice (Mitchell et al.  2007  )  may suggest that Rho GTPases have 
similar roles in axon guidance in the mammalian retina as was shown in the fl y. 

 The developmental functions of Rho GTPases also extend to postnatal processes 
involved in the morphogenesis of photoreceptors. For example, Mushroom bodies 
tiny (MBT), a CDC42 effector protein in  Drosophila , localizes to rhabdomeric 
adherens junctions and is essential for photoreceptor morphogenesis (Schneeberger 
and Raabe  2003  ) . A null allele of  Mbt  causes changes in twinstar/cofi lin activation 
that affects actin organization at adherens junctions resulting in a disorganized rhab-
domeric morphology (Menzel et al.  2007  ) . MBT localization and activity requires 
CDC42 and a loss of function studies of CDC42 showed a similar photoreceptor 
morphology as MBT-null fl ies (Schneeberger and Raabe  2003  ) . Rho GTPases are 
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localized in most cells, including photoreceptors, during postnatal development in 
the mouse retina (Mitchell et al.  2007  )  suggesting that these proteins may be of 
similar importance as CDC42 is in  Drosophila . 

 It is clear that Rho GTPases have important roles in photoreceptor morpho-
genesis; however, most of the research has been done in Drosophila. Studies in 
mammalian systems will help to increase our understanding of the developmental 
role of Rho GTPases in the retina.  

    74.3   Rho GTPases and the Photoreceptor Cytoskeleton 

 Investigations into the structural role of Rho GTPases in photoreceptors have been 
performed in the non-inverted retina of cephalopodes like the octopus. These retinas 
possess rhabdomeres which contain the light sensitive photopigments. Actin 
microvilli span the rhabdoms and change their length depending on the light condi-
tions which affects rhabdomere extension and light absorption capacity (Robles 
et al.  1995 ; Torres et al.  1997  ) . In dark conditions, when the cross sections of the 
rhabdoms increase, Rho GTPase activities were found primarily in membranous 
rhabdomeric fractions. In contrast, in light conditions GTPases were inactive and 
found primarily in soluble fractions (Gray et al.  2008  ) . Gray and colleagues hypoth-
esized that the correlation between GTPase activity and the change in actin microvilli 
length at different light intensities indicates an active role of Rho GTPases in the 
regulation of rhabdomere light sensitivity. Supporting this hypothesis, rhabdomeres 
maintained in darkness ceased to increase their size normally when Rho GTPases 
were inhibited (Miller et al.  2005  ) . 

 The role of Rho GTPases in the mammalian retina is unclear. Some studies sug-
gest that these proteins have a role in the regulation of phototransduction. It was 
shown that RHOA is able to bind photoexcited rhodopsin (Wieland et al.  1990 ; 
Balasubramanian and Slepak  2003  )  and that RAC1 can be activated by light in lipid 
rafts of bovine photoreceptor outer segments (Wieland et al.  1990 ; Balasubramanian 
and Slepak  2003  ) . Additionally, Rho GTPases may be involved in the regulation of 
physiological processes in photoreceptors including disc formation, rod outer seg-
ment length regulation, and disc shedding. All these processes rely on actin cytoskel-
eton dynamics (Steinberg et al.  1980 ; Williams  1988 ; Chaitin  1989 ; Chaitin and 
Burnside  1989 ; Hale et al.  1996  )  and may be modulated by the action of Rho 
GTPases. However, it is clear that neither RAC1 nor CDC42 is essential to maintain 
photoreceptor integrity and outer segment structure in the mature mouse retina. 
Conditional knockdowns of either protein in adult photoreceptor cells did not lead 
to acute alterations in photoreceptor or retinal physiology (Haruta et al.  2009 ; 
Heynen et al.  in press ). Deciphering the regulation pathways of cytoskeleton 
dynamics in mammalian photoreceptor cells also requires detailed investigations 
into emerging nonclassical Rho GTPases (Wennerberg and Der  2004  ) . WRCH-1 
(Wnt-1 responsive  Cdc42  homolog), a recently emerged nonclassical Rho 
GTPases similar to CDC42, is involved in actin-dependent fi lopodia projections 
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(Aspenstrom et al.  2004  ) . These projections differ structurally from CDC42-induced 
fi lopodia suggesting that WRCH-1 may activate a different set of effector proteins 
leading to the observed morphological differences. Therefore, nonclassical Rho 
GTPases, having similar functions to the classical three, may be of interest in the 
study of the photoreceptor cytoskeleton.  

    74.4   Rho GTPases in Photoreceptor Degeneration and Survival 

 Retinitis pigmentosa (RP) is a heterogeneous class of retinal dystrophies that ulti-
mately lead to blindness through the degeneration of photoreceptor cells (Portera-
Cailliau et al.  1994 ; Curcio et al.  1996  ) . It has become increasingly evident that 
mutations in cytoskeletal components lead to photoreceptor degeneration and RP. 
The RP1 protein is important in disc formation, disc stacking, and protein transport 
(Liu et al.  2002,   2003,   2004  ) . Mutations in mouse RP1 result in disorganized disc 
stacking and mislocalization of rhodopsin, indicating the involvement of cytoskel-
etal components. Retinas expressing a mutant RP1 protein show a progressive loss 
of photoreceptors (Gao et al.  2002  ) . Since Rho GTPases are regulators of the cel-
lular cytoskeleton, they may play a role in photoreceptor degenerative processes. 
Supporting this hypothesis, photoreceptor degeneration in rhodopsin knockout 
 Drosophila  fl ies can be rescued by a constitutively expressed active form of 
 Drosophila Rac1  ( Drac1 ) (Chang and Ready  2000  ) . Therefore, rhodopsin may be 
involved in organizing the actin cytoskeleton via  Drac1 . However, recent work in 
mice suggests a different role for RAC1 during photoreceptor degeneration. RAC1 
localized to the perikaryal region in photoreceptor cells during retinal degeneration 
induced by exposure to high levels of visible light (Belmonte et al.  2006  ) . Inactivation 
of RAC1 using a conditional knockdown strategy rendered photoreceptors resistant 
to light-induced degeneration (Haruta et al.  2009  ) . Thus, RAC1 can rescue photore-
ceptors in  Drosophila  whereas in mice it might be involved in a pro-apoptotic process. 
The reason for this discrepancy is unclear. However, species and especially structural 
differences of photoreceptors in  Drosophila  and mouse could play a role. 

 In a study similar    to Haruta and colleagues, we investigated the function of 
CDC42 during photoreceptor death in four mouse models of retinal degeneration. 
CDC42 localized to the perinuclear region of some photoreceptors after toxic light 
exposure and in  Rd1 ,  Rd10 , and VPP mice suggesting a role for this protein in reti-
nal degeneration. However, rod photoreceptor-specifi c ablation of CDC42 did not 
affect retinal degeneration after light exposure and in the VPP mouse model (Heynen 
et al.  in press ). Together these results suggest that although CDC42 responds to 
photoreceptor degeneration by changing its cellular localization, it does not infl u-
ence the progression of degeneration. 

 Even though it is clear that some Rho GTPases participate in retinal degenera-
tion, their signaling mechanisms are not completely understood. Shedding light on 
Rho GTPase pathways in the retina may provide ways of protecting photoreceptors 
against death.  
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    74.5   Conclusion 

 A body of work over the past few decades has shown that Rho GTPases play 
 important functions in photoreceptor development, physiology, and  pathophysiology. 
It is clear that Rho GTPases play a defi ned role in rhabdomeric changes in length 
and size dependent on different lighting conditions. Yet their role in mammalian 
photoreceptors still remains unknown. Recent experiments have implicated an Rho 
GTPase, RAC1, in photoreceptor degeneration and neuroprotection. These observa-
tions make Rho GTPases an interesting and important protein target in the investi-
gation of blinding diseases.      
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     Keywords   Cellular retinaldehyde-binding protein  •  11- cis -retinal  •  Bothnia-type 
retinal dystrophy  •  X-ray crystallography structure  •  R234W     

     75.1   Introduction 

 In retinal pigment epithelium (RPE), cellular retinaldehyde-binding protein 
(CRALBP) is the major acceptor of 11- cis -retinol in the isomerization step of the 
rod visual cycle. It serves as a substrate carrier for 11- cis -retinol dehydrogenase 
(RDH 5), facilitating the oxidation of 11- cis -retinol to 11- cis -retinal. CRALBP also 
protects bound ligands from photoisomerization (Saari et al.  2001  ) . The arginine-
to-tryptophan missense mutation in position 234 (R234W) in the  RLBP1  gene is 
associated with the autosomal recessive disease Bothnia-type retinal dystrophy, 
and impairs regeneration of visual pigment (Burstedt et al.  1999  ) . The rod–cone 
dystrophy occurs predominantly in northern Sweden with patients losing peripheral 
and central vision gradually. In this study, we report the X-ray crystallographic 
structures of CRALBP and its disease causing mutant R234W and provide a molecular 
explanation of the disease mechanism.  
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    75.2   Materials and Methods 

    75.2.1   Protein Expression, Purifi cation, and Crystallization 

 The proteins CRALBP WT and R234W were cloned, expressed, purifi ed, and 
crystallized as described previously (He et al.  2009  ) . Hexagonal crystals of CRALBP 
WT in complex with 11- cis -retinal were formed in 1.0M K/Na tartrate, 0.1M Tris-
HCl (pH 7.0), 0.2M Li 

2
 SO 

4
  after 3 days. The space group was P6 

5
 22 with  a  = 71.92 Å, 

 b  = 71.92 Å,  c  = 303.20 Å,   a   = 90°,   b   = 90°,   g   = 120°. Monoclinic crystals of R234W 
in complex with 11- cis -retinal were formed in 20% (wt./vol.) PEG 3000, 0.1M 
Hepes (pH 7.5), 0.2M NaCl. The crystals have a C2 space group with  a  = 87.93 Å, 
 b  = 57.88 Å,  c  = 75.15 Å,   a   = 90°,   b   = 122.846°,   g   = 90°. The structure of R234W was 
solved by SAD using selenomethionine-labeled protein; the structure of CRALBP 
WT was subsequently solved by molecular replacement using the atomic model of 
R234W and the program Phaser (Qian et al.  2007  ) .  

    75.2.2   Illumination of 11- cis -Retinal 

 Illumination of 11- cis -retinal and its complexes with CRALBP WT and R234W 
was performed according to the methods of Saari and Bredberg  (  1987  ) . The time-
dependent photoisomerization of 11- cis -retinal in ethanol, CRALBP WT, or R234W 
was plotted respectively, by recording the remaining amount of 11- cis -retinal after 
being exposed to light every 5 s. The fi rst-order rate constants ( k ) from the slopes 
of the plots of log  a / a  

0
  vs. time were calculated. The following values were used 

to calculate quantum yield  F R234W:  F CRALBP = 0.07;  e CRALBP =  e R234W = 
15,400 (M −1  cm −1 ).   

    75.3   Results 

    75.3.1   The Structure Determination of CRALBP WT and R234W 

 The crystallographic structure model of CRALBP WT comprises residues 23–306 
of 317 residues; the residues 1–22 are missing due to the different crystal contacts. 
The N-terminal domain comprises fi ve  a  helices. The C-terminal  a  b  a  sandwich 
comprises a 5- b -strand sheet forming hydrophobic fl oor for retinal binding, two  a  
helices packed on one side, and four  a  helices on the other side forming the ligand 
pocket with the  b -sheet. The electron density map of the C11–C15 terminal tail is 
poorly defi ned, suggesting that this part of the ligand is slightly disordered in the 
less tightly packed ligand-binding pocket (Fig.  75.1 ).  
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 The structure model of the R234W mutant comprises residues 57–306 of 317 and 
the 11- cis -retinal ligand tail is well visible. The one-amino-acid mutation caused 
structural changes of 1 Å root mean square deviation over all C a  atoms. A rather big 
conformational transition occurred in the loop where the apolar indole ring of W234 
is buried between the N-terminal  a  helices and the C-terminal  a  b  a  sandwich. 
Extensive    van der Waals interactions are formed between tryptophan and nearby 
residues, and K104 and K261 are pushed over 5.4 and 3.4 Å respectively. Residues 
227–238 are moved by an average 2.3 Å deviation comparing to wild type. Side 
chains of F198, F235, and I238 in the ligand-binding pocket are fl ipped in a domino-
like manner; consequently, the pocket size is reduced (He et al.  2009  )  (Fig.  75.2 ).   

  Fig. 75.1    Closer look at the environment of the ligand 11- cis -retinal both CRALBP WT ( gray ) 
and R234W ( pink ). Retinal is buried deeper into the ligand-binding cavity by a dramatic structural 
change in the loop region. In CRALBP WT, R234 is part of a cluster of three pairs of positively 
charged residues (R103–K104, K236–R234, and K261–265) at the protein surface. The mutation 
to tryptophan in R234W changed the potential distribution at the surface patch, which might mediate 
interactions with specifi c acidic lipids         
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    75.3.2   Photoisomerization of 11- cis -Retinal 

 We determined fi rst-order rate constants for the photoisomerization of 11- cis -retinal 
in ethanol, CRALBP WT, or R234W using the method described by Saari and 
Bredberg (Fig.  75.3 ). The measurements revealed a fi vefold reduction of R234W 
photosensitivity (191.5 M −1  cm −1 ) relative to CRALBP WT. The reduction must be 

  Fig. 75.2    Comparison of the 
ligand-binding cavity of 
CRALBP WT ( gray ) and 
R234W ( pink ). The pocket 
volumes were calculated 
using the program VOIDOO 
and a rolling probe with a 
radius of 1.0 Å. The R234W 
volume is 5.989 × 10 2  Å 3 , 
CRALBP WT volume is 
6.454 × 10 2  Å 3 . Pictures are 
drawn using PyMol (Delano 
 2002  )        

  Fig. 75.3    Time courses 
of the photoisomerization of 
11- cis -retinal in the presence 
of ethanol, wild-type 
CRALBP, or R234W. 
The amount present at  t  = 0 is 
 a  

0
 ; the amount present after 

illumination is  a . For a 
fi rst-order decay process, 
 a  =  a  

0
 e − kt  . The fi rst-order rate 

constants calculated from this 
experiment are 
 k  

ethanol
  = 0.859 × 10 −3  s −1 ; 

 k  
CRALBP

  = 0.197 × 10 −3  s −1 ; 
 k  

R234W
  = 0.035 × 10 −3  s −1        
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attributed to the local increase in packing density through the I238 C d  methyl group, 
because the extinction coeffi cient of CRALBP and R234W decreased equally from 
25,000 to 15,400 M −1  cm −1  after binding 11- cis -retinal. The result is consistent with 
crystallographic data (Table  75.1 )   .     

    75.4   Discussion 

 The molecular basis of retinoid transportation by CRALBP was not well understood 
due to the lack of structural data. The crystal structure of CRALBP here provides 
insight into stereospecifi c binding and into chemical protection of 11- cis -retinal in 
the human eye. The clinical phenotype of Bothnia-type Retinal Dystrophy is caused 
by the R234W mutation in CRALBP, and leads to a defective retinal metabolism. 
The crystal structure of the pathologic R234W mutation of CRALBP reveals 
impaired 11- cis- retinal release through stabilization of the ligand complex and 

   Table 75.1    Crystallographic statistics   

 Wild-type CRALBP  R234W Se-Met 

 Crystal parameters  P6 
5
 22  C121 

  a =71.9 Å,  b =71.9 Å,  c = 303.2 Å   a =87.9 Å,  b =57.9 Å,  c =75.6 Å 
   a   = 90°,   b   = 90°,   g   = 120°    a   = 90°,   b   = 122.85°,   g   = 90° 

 Molecules/asymmetric unit  1  1 

 Data collection 
 Wavelength (Å)  0.9762  0.9793 
 No. crystals  1  1 
 Resolution (Å) (outer shell)  50.0–3.0 (3.2–3.0)  50–1.7 (1.8–1.7) 
 No. observations  10,3496 (14,433)  38,0336 (46,406) 
 No. unique refl ections  9,692 (1,499)  67,824 (9,663) 
 Mean redundancy  10.7 (9.6)  5.6 (4.8) 
 Completeness (%)  99.5 (99.6)  97.4 (86.1) 
  R  

sym
  (%)  0.059 (0.53)  0.048 (0.58) 

  I /  s  ( I )  22.8 (4.1)  19.8 (2.7) 

 Phasing 
 Se sites  5 
 FOM (SAD phases)  0.49 

 Refi nement 
 Resolution range (Å)  48.1–3.0  45.6–1.7 
 No. refl ections working set  9,690  67,814 
 No. refl ections test set  970  6,775 
  R  

work
 / R  

free
  (%)  23.9/27.2  16.7/18.4 

 RMS bonds (Å)  0.004  0.005 
 RMS angles (°)  0.74  1.18 
 Residues included  23–306  57–306 

 Ramachandran statistics 
 Generously allowed (%)  99.65  100.00 
 Not allowed (%)  0.35  n.a. 
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disruption of a conserved basic surface patch with putative loss of lipid stimulation 
of retinoid transfer. The results of our study suggest that impaired 11- cis -retinal 
release may be a major cause of night blindness and retinal pathology in patients 
carrying the R234W missense mutation in the  RLBP1  gene. This study may help 
elucidate CRALBP’s role in visual cycle regulation, and    provide further informa-
tion in search of Bothnia-type retinal dystrophy treatment.      

  Acknowledgments   We thank National Eye Institute, National Institutes of Health, for the generous 
gift of 11- cis -retinal. Data collection was performed at the Swiss Light Source, Beam-line X06DA 
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       76.1   Introduction 

 XLCOD and XLCORD are heterogeneous disorders in which progressive visual 
loss results from cone cell degeneration, with a variable degree of rod loss. Onset of 
disease occurs within the fi rst or second decade and is characterised by loss of cone 
function leading to colour vision disturbance, photophobia and loss of central vision. 
Maculopathy is often observed (Michaelides et al.  2006  ) . The most common cause 
of XLCOD/XLCORD is mutation of exon  ORF15  in the  RPGR  gene (Demirci et al. 
 2002 ; Yang et al.  2002 ; Ebenezer et al.  2005  ) . 

 Genetic mapping in a British family defi ned a new locus for XLCOD on Xq26.1-
qter (XLCOD5). Subsequent candidate gene screening identifi ed the causative 
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mutation as a novel missense substitution (c.529T > C; p.W177R) in both  OPN1LW  
and  OPN1MW  cone opsin genes. We also investigated the functional consequences 
of this mutation.  

    76.2   Materials and Methods 

    76.2.1   Ophthalmic Assessment 

 A three generation family with a clinical diagnosis of XLCOD was ascertained at 
Moorfi elds Eye Hospital, UK. The study adhered to tenets of the Declaration of 
Helsinki and informed consent was obtained. Four affected males and two obligate 
carriers were fully assessed. Ophthalmic examination included colour fundus 
photography, autofl uorescence imaging, colour vision testing, full-fi eld ERG, and 
pattern ERG (PERG).    Psychophysical measurements and dark-adaptation tests were 
performed in selected cases (see Gardner et al.  2010  ) .  

    76.2.2   Molecular Genetic Analysis 

 DNA was isolated from peripheral blood and used for two point linkage analysis 
(Gardner et al.  2010  ) . The cone opsin gene array on Xq28 was initially screened for 
mutations in an affected male. The locus control region, LCR, and six exons with 
the fl anking intronic regions of the  OPN1LW  and  OPN1MW  opsin genes were 
amplifi ed and sequenced as described previously (Gardner et al.  2009  ) . Following 
the preliminary screen of the array,  OPN1LW  and  OPN1MW  exons 2, 3 and 4 were 
amplifi ed independently using gene-specifi c primers in order to confi rm the pres-
ence or absence of an exon in the array and to identify  OPN1LW-  and  OPN1MW-
 specifi c haplotypes. Further analysis involved the pairing of gene-specifi c primers 
with co-amplifying primers in a strategy designed to establish the relationship of 
each  OPN1LW  and  OPN1MW  exon to its neighbour. Sequence changes were tested 
for segregation. PCR products of Exon 3 (co-amplifi cation of  OPN1LW  and 
 OPN1MW  genes) in over 200 control chromosomes were analysed using an MspI 
restriction digest assay that was diagnostic for the mutation.  

    76.2.3   Immunoblotting and Immunocytochemistry 

 To create cone opsin constructs with a 1D4 epitope for transient transfection, we 
subcloned 1D4-tagged green ( OPN1MW ) opsin with a C203R mutation from 
pGrnC203R (Kazmi et al.  1997  )  into pBK-CMV. Using site-directed mutagenesis, 
we made a wild-type green opsin construct and a construct with the W177R  mutation. 
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Primary antibodies used were 1D4 and anti-calnexin (Sigma). Secondary antibodies 
used were HRP-conjugated goat anti-mouse (Pierce) and Alexa Fluor 488 anti-
mouse or Alexa Fluor 594 anti-rabbit (Invitrogen). 9- cis -retinal was from Sigma. 
SK-N-SH cells were maintained, transfected, and rescue experiments (9- cis -retinal) 
conducted, essentially as previously described (Mendes and Cheetham  2008 ; 
Kosmaoglou et al.  2009  )    . For immunocytochemistry, cells were seeded on chamber 
slides and transfected with 1D4 epitope-tagged cone opsin constructs, fi xed 24 h 
posttransfection with 4% paraformaldehyde and permeabilised in 0.1% Triton 
X-100. Cells transfected with cone opsins were incubated with 1D4 (0.5  m g/mL) 
and anti-calnexin (1:600), followed by secondary antibodies (1:2,000). Images were 
taken with a Zeiss LSM 700 laser scanning confocal microscope.   

    76.3   Results 

    76.3.1   Phenotype of the XLCOD5 Family 

 Affected subjects were between 14 and 82 years of age. All had experienced gradual 
deterioration of colour vision and visual acuity. Four affected males were studied in 
detail. All had bilateral macular atrophy and severe generalised cone system dys-
function on ERG, but rod function was preserved. PERGs indicated severe macular 
dysfunction. Short-wavelength fl ash ERGs were subnormal in one affected male. 
The obligate carriers showed mild generalised cone system dysfunction with mod-
erate macular involvement. Colour vision tests revealed good tritan discrimination. 
Psychophysical tests in two affected males showed dramatic loss of L- and M-cone 
sensitivity and reduced sensitivity in obligate carriers. S-cone sensitivity was mark-
edly reduced in the eldest affected male, but was normal in the younger males (phe-
notype data are described in detail in Gardner et al.  2010  ) .  

    76.3.2   Molecular Genetic Analysis 

 A prior study of this family did not identify a mutation in  RPGR  (Ebenezer et al. 
 2005 ). Haplotype analysis excluded  RPGR  and two other candidate genes,  RP2  
and  CACNA1F,  on Xp. A reconstructed, linked haplotype on Xq confi rmed segre-
gation of XLCOD with markers DXS0984, DXS1227, DXS8045 and DXS1073 
between Xq26.1-qter (see Gardner et al.  2010  ) . Linkage analysis revealed a sig-
nifi cant LOD score ( Z  

max
  = 2.41) for marker DXS8045 on Xq27.3. The linked 

region included the cone opsin gene array on Xq28, which was considered a candi-
date for XLCOD. An initial mutation screen of the array revealed an intact LCR and 
a full complement of exons for  OPN1MW ; however, no  OPN1LW- specifi c exon 3 
was identifi ed. Further analysis revealed that the  OPN1MW  exon 3 sequence 
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contained a novel missense mutation, c.529T > C, that changed a highly conserved 
Trp residue to Arg at p.177 (W177R) (Fig.  76.1a ). The genomic organisation of the 
array in the XLCOD5 family was established, and affected members were found to 
have an  OPN1LW  gene harbouring a W177R mutant  OPN1MW  exon 3, followed 
by a  OPN1MW  gene containing an identical W177R mutant  OPN1MW  exon 3 
(Fig.  76.1b ). The W177R mutation was not detected in over 200 chromosomes, 
equivalent to over 400  OPN1LW  and  OPN1MW  genes. Analysis of the intervening 
sequence fl anking the mutant  OPN1MW  exon 3 of both  OPN1LW  and  OPN1MW  
genes revealed that the two genes shared a minimum identical region of  OPN1MW-
 derived sequence of 492 bp, from IVS2 − 170 to IVS3 + 25. This suggests that 
W177R was transferred in a block of exon 3 sequence from the  OPN1MW  gene into 
the  OPN1LW  gene by gene conversion.  

 Cone opsins contain a hepta-helical transmembrane domain and W177 is a highly 
conserved residue located in helix IV (Gardner et al.  2010  ) . We investigated the 
effects of W177R in cone opsin (referred to herein as MW W177R) and the rod 

  Fig. 76.1    Analysis of the cone opsin array in XLCOD5. ( a ) Exon 3 sequence with a novel mis-
sense mutation, c.529T > C (p.W177R), highlighted with an  arrow .  OPN1MW  reference sequence 
also shown. ( b ) Schematic of the cone opsin gene array in the XLCOD5 family. Both  OPN1LW  
and  OPN1MW  genes contain identical copies of mutant  OPN1MW  exon 3 with the c.529T > C mis-
sense mutation (p.W177R). ( c ) Comparison of the cellular localisation of WT and W177R mutant 
MW opsin. The majority of WT MW opsin is correctly targeted to the plasma membrane, whereas 
no MW W177R mutant opsin was correctly traffi cked, all is retained in the ER. Scale bar 10  m M       
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opsin equivalent (W161R) in transiently transfected cells. We also compared MW 
W177R with MW C203R, a misfolding mutation that causes blue cone monochro-
macy (BCM) (Kazmi et al.  1997  ) , and with rod opsin mutant P23H, a misfolding 
mutation which is a common cause of retinitis pigmentosa (RP) (Saliba et al.  2002 ; 
Illing et al.  2002  ) . Our results show that wild-type (WT) MW cone opsin is pro-
cessed in the ER and correctly targeted to the plasma membrane, but the W177R 
mutant resulted in misfolding and retention in the ER (Fig.  76.1c ). In addition, in 
contrast to WT rod opsin which localises to the plasma membrane, P23H and 
W161R localised exclusively to the ER, demonstrating that W161R causes misfolding 
of rod opsin (Gardner et al.  2010  ) . 

 In previous studies, treatment of mutant P23H rod opsin with 11- cis -retinal or 
9- cis -retinal has been shown to improve the folding and traffi cking of the mutant 
protein (Saliba et al.  2002 ; Noorwez et al.  2004  ) . We investigated the effect of 9- cis -
retinal on MW W177R, MW C203R and W161R in rod opsin. Our results showed 
that 9- cis -retinal did not alleviate the misfolding or ER retention of MW W177R 
and had no effect on localisation of W161R rod opsin. In contrast, 9- cis -retinal 
treatment of P23H partially restored traffi c of P23H to the plasma membrane 
(Gardner et al.  2010  ) .   

    76.4   Discussion 

 We describe a new locus for cone dystrophy (XLCOD5) and the identifi cation of a 
novel missense mutation in the cone opsin gene array on Xq28. This mutation was 
present in both  OPN1LW  and  OPN1MW  cone opsin genes as a result of a gene con-
version event transferring exon 3 of the  OPN1MW  gene into the  OPN1LW  gene. 
Previously, only three point mutations in the cone opsin gene array (C203R, P307L, 
and R247X) have been described, associated with stationary red/green colour vision 
disorders or with a BCM phenotype (Nathans et al.  1986,   1989,   1993 ; Reyniers et al. 
 1995 ; Ueyama et al.  2002 ; Michaelides et al.  2005  ) . We have identifi ed a novel mis-
folding missense mutation of the  OPN1LW  and  OPN1MW  cone opsins that causes 
early-onset progressive cone dystrophy. XLCOD5 was differentiated from BCM by 
the phenotype, including the absence of nystagmus and evidence of progression and 
psychophysical evidence of cone cell death, including loss of SW cones (Michaelides 
et al.  2004 ). 

 Conservation of the mutated tryptophan residue across opsins and species and 
comparative modelling of the structure of the cone opsins with the crystal structure 
of rhodopsin (Palczewski et al.  2000 ; Stenkamp et al.  2002  )  predicted that the 
W177R mutation would result in a major conformational change. We surmised that 
a build up of misfolded W177R cone opsins, in both red and green cone photorecep-
tors, could cause cone dystrophy in a similar manner to class II rod opsin misfolding 
mutants, such as P23H, causing retinitis pigmentosa (Mendes et al.  2005  ) . Our 
investigation shows that the MW W177R mutant and its rod opsin equivalent, 
W161R, were retained in the ER and formed inclusions targeted for degradation by 
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the proteasome (Gardner et al.  2010  ) . These results indicate that cone degeneration 
in this family is probably the result of an accumulation of structurally abnormal 
W177R opsin in the ER. Although treatment with the pharmacological chaperone 
9- cis -retinal partially alleviated the traffi cking defect of the P23H rod mutant, it had 
no effect on the processing of MW W177R, MW C203R and W161R rod opsin 
mutants. 

 In addition to our study, recent research on other families with a variety of phe-
notypes has identifi ed rare mutations and combinations of polymorphisms in the 
 OPN1LW  and  OPN1MW  genes, which strengthens the hypothesis that a wider spec-
trum of retinal dystrophies is attributable to the cone opsin array than has previously 
been recognised (Carroll et al.  2009 ; Mizrahi-Meissonier et al.  2010 ). Phenotypes can 
range from stationary congenital disorders of cone function, to BCM with progression 
in later life, to early-onset retinal degeneration (XLCOD5). Correlations between 
genotype and phenotype are beginning to emerge and will be greatly aided with the 
advent of high-resolution adaptive optics imaging of the retinal mosaic and functional 
analyses, which may help to advance our understanding of the phenotypic effects of a 
variety of mutations in the cone opsin array (Wagner Schuman et al.  2010 )   .      

  Acknowledgements   This research was supported by funding from Fight for Sight UK, The 
British Retinitis Pigmentosa Society, Wellcome Trust, Moorfi elds Special Trustees and the National 
Institute for Health Research UK to the Biomedical Research Centre for Ophthalmology Michel 
Michaelides is supported by an FFB Career Development Award.  

      References 

    Carroll J, Baraas RC, Wagner-Schuman M et al (2009) Cone photoreceptor mosaic disruption 
associated with Cys203Arg mutation in the M-cone opsin. Proc Natl Acad Sci USA 
106(48):20948–20953  

    Demirci FY, Rigatti BW, Wen G et al (2002) X-linked cone-rod dystrophy (locus COD1): identifi -
cation of mutations in RPGR exon ORF15. Am J Hum Genet 70:1049–1053  

    Ebenezer ND, Michaelides M, Jenkins SA et al (2005) Identifi cation of novel RPGR ORF15 muta-
tions in X-linked progressive cone-rod dystrophy (XLCORD) families. Invest Ophthalmol Vis 
Sci 46:1891–1898  

    Gardner JC, Michaelides M, Holder GE et al (2009) Blue cone monochromacy: causative mutations 
and associated phenotypes. Mol Vis 15:876–884  

    Gardner JC, Webb TR, Kanuga N et al (2010) X-linked cone dystrophy caused by mutation of the 
red and green cone opsins. Am J Hum Genet 87:26–39  

    Illing ME, Rajan RS, Bence NF et al (2002) A rhodopsin mutant linked to autosomal dominant 
retinitis pigmentosa is prone to aggregate and interacts with the ubiquitin proteasome system. 
J Biol Chem 277:34150–34160  

    Kazmi MA, Sakmar TP, Ostrer H (1997) Mutation of a conserved cysteine in the X-linked cone 
opsins causes color vision defi ciencies by disrupting protein folding and stability. Invest 
Ophthalmol Vis Sci 38:1074–1081  

    Kosmaoglou M, Kanuga N, Aguilà M et al (2009) A dual role for EDEM1 in the processing of rod 
opsin. J Cell Sci 122:4465–4472  

    Mendes HF, van der Spuy J, Chapple JP et al (2005) Mechanisms of cell death in rhodopsin retinitis 
pigmentosa: implications for therapy. Trends Mol Med 11:177–185  



60176 A Novel Missense Mutation in Both  OPN1LW  and  OPN1MW …

    Mendes HF and Cheetham ME (2008) Pharmacological manipulation of gain-of-function and 
dominant-negative mechanisms in rhodopsin retinitis pigmentosa. Hum Mol Genet 17:3043–3054  

    Michaelides M, Hardcastle AJ, Hunt DM et al (2006) Progressive cone and cone-rod dystrophies: 
phenotypes and underlying molecular genetic basis. Surv Ophthalmol 51:232-258  

    Michaelides M, Hunt DM and Moore AT (2004) The cone dysfunction syndromes. Br J Ophthalmol 
88:291–297  

    Michaelides M, Johnson S, Simunovic MP et al (2005) Blue cone monochromatism: a phenotype 
and genotype assessment with evidence of progressive loss of cone function in older individuals. 
Eye 19:2–10  

    Mizrahi-Meissonnier L, Merin S, Banin E et al (2010) Variable retinal phenotypes caused by  
mutations in the X-linked photopigment gene array. Invest Ophthalmol Vis Sci 51(8) 
3884–3892  

    Nathans J, Maumenee IH, Zrenner E et al (1993) Genetic heterogeneity among blue-cone mono-
chromats. Am J Hum Genet 53:987–1000  

    Nathans J, Piantanida TP, Eddy RL et al (1986) Molecular genetics of inherited variation in human 
color vision. Science 232:203–210  

    Nathans J, Davenport CM, Maumenee IH et al (1989) Molecular genetics of human blue cone 
monochromacy. Science 245:831–838  

    Noorwez SM, Malhora R, McDowell JH et al (2004) Retinoids assist the cellular folding of the 
autosomal dominant retinitis pigmentosa mutant P23H. J Biol Chem 279:16278–16284  

    Palczewski K, Kumasaka T, Hori T et al (2000) Crystal Structure of Rhodopsin: A G Protein-
Coupled Receptor. Science 289:739–745  

    Reyniers E, Van Thienen MN, Meire F et al (1995) Gene conversion between red and defective 
green opsin gene in blue cone monochromacy. Genomics 29:323–328  

    Saliba RS, Munro PG, Luthert PJ et al (2002) The cellular fate of mutant rhodopsin: quality control, 
degradation and aggresome formation. J Cell Sci 115:2907–2918  

    Stenkamp RE, Filipek S, Driessen CG et al (2002) Crystal structure of rhodopsin: a template for cone 
visual pigments and other G protein-coupled receptors. Biochem Biophys Acta 1565:168–182  

    Ueyama H, Kuwayama S, Imai H et al (2002) Novel missense mutations in red/green opsin genes 
in congenital color-vision defi ciencies. Biochem Biophys Res Commun 294:205–209  

    Wagner-Schuman M, Neitz J, Rha J et al (2010) Color-defi cient cone mosaics associated with 
Xq28 opsin mutations: a stop codon versus deletions. Vision Res 50(23):2396–2402  

    Yang Z, Peachey NS, Moshfeghi DM et al (2002) Mutations in the RPGR gene cause X-linked 
cone dystrophy. Hum Mol Genet 11(5):605–611      



603

     Keywords   VMD2  •  BEST1  •  Ca 2+ -signaling  •  Ca 2+  stores  •  Endoplasmic reticulum  
•  Vitelliform macular dystrophy  •  Best disease  •  Endogenously expressed 
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     77.1   Introduction 

 Mutations in the VMD2 or BEST1 gene (MIM 607854) can lead to various types of 
retinal degenerations (Boon et al.  2009 ; Hartzell et al.  2008  ) . Over 100 distinct 
mutations have been identifi ed and associated with the respective disorder (  http://
www-huge.uni-regensburg.de/BEST1_database/    ). The gene product of BEST1, 
bestrophin-1, was found to function as Ca 2+ -dependent anion channel and modulator 
of activity of voltage-dependent L-type Ca 2+  channels (Hartzell et al.  2008 ; Rosenthal 
et al.  2006 ; Yu et al.  2008  ) . Mutations were found to lead to a loss of function. 
However, these observations could not explain how mutations lead to retinal degen-
eration or were in contradiction to fi ndings in bestrophin-1 mouse models.  
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    77.2   Best’s Vitelliforme Macular Dystrophy 

 The most common BEST1-associated disease is Best’s vitelliforme macular dystrophy 
which also led to the name of the BEST gene product bestrophin-1 (Boon et al. 
 2009 ; Marquardt et al.  1998 ; Petrukhin et al.  1998  ) . The disease is an autosomal-
dominant inherited form of macular dystrophy with juvenile onset (Boon et al. 
 2009  ) . It is characterized by a fast accumulation of lipofuscin in the retina and 
the development of a central bull’s eye or egg-yolk like lesion. A hallmark of the 
diagnosis of the disease is the reduction of the light-peak in the patient’s electro-
oculogram, a signal which is generated by activation of Cl channels in the basolateral 
membrane of the retinal pigment epithelium (RPE) (Arden and Constable  2006  ) . In 
the eye, bestrophin-1 was found to be expressed only in the RPE (Marmorstein et al. 
 2000  ) . Thus, it is likely that mutation-dependent change of bestrophin-1 function 
leads to retinal degeneration by alteration of RPE function, a close interaction partner 
of the photoreceptors (Strauss  2005  ) . However, so far it is not known which function 
of the RPE is changed in Best’s disease.  

    77.3   The Function of Bestrophin-1 

 Bestrophin-1 is a membrane protein (Milenkovic et al.  2009  )  which appeared in over-
expression studies to function as a Ca 2+ -dependent anion channel in the cell mem-
brane (Hartzell et al.  2008  )  and modulator of voltage-dependent L-type channels 
(Burgess et al.  2008 ; Reichhart et al.  2010 ; Rosenthal et al.  2006 ; Yu et al.  2008  ) . 

 In nearly all cases, mutations lead to a loss of anion channel conductance. 
(Hartzell et al.  2008 ; Sun et al.  2002 ; Tsunenari et al.  2003 ; Yu et al.  2006  ) . The loss 
of anion conductance could possibly explain the decreased light-peak in the patient’s 
electro-oculogram: if bestrophin-1 is the basolateral Cl channel of the RPE, then a 
loss of function would lead to reduction of the light-peak. This conclusion is chal-
lenged by observations made in bestrophin-1 knock-out or knock-in mouse models. 
Here, a signal of the DC-electroretinogram corresponding with the light-peak in the 
electro-oculogram (Peachey et al.  2002  )  did not correlate with either absence of 
bestrophin-1 or the presence of a mutant bestrophin-1 with loss of anion channel 
activity (Marmorstein et al.  2006 ; Zhang et al.  2010  ) .  

    77.4   The Localization of Bestrophin-1 

 Histological analysis of Best’s patient eyes revealed that bestrophin-1 has lost its baso-
lateral localization (Mullins et al.  2005  ) . Thus, the localization of bestrophin-1 seems 
to be of importance for its function and mislocalization is probably associated with the 
patho-physiology underlying the retinal degeneration in Best’s disease. However, 
the subcellular localization of the bestrophin-1 was so far not thoroughly investigated. 
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 We analyzed the subcellular localization of endogenously expressed bestrophin-1 
(Neussert et al.  2010  ) . After differential centrifugation of membrane proteins from 
freshly isolated porcine RPE cells, we found largest proportion of bestrophin-1 or 
intracellular Cl channel ClC-3 in the fraction of cytosolic membrane proteins 
(Fig.  77.1 ). Thus, a large proportion of endogenously expressed bestrophin-1 is in 
the cytoplasmic structures of RPE cells. Furthermore, we analyzed the subcellular 
localization of bestrophin-1 in fresh sections of the porcine retina (Fig.  77.2 ). In 
stainings for the membrane protein cadherin and for bestrophin-1, we found both 
proteins at the basolateral side of the RPE but with separate localization. Thus, 
bestrophin-1 seems to be localized in vesicular structures close to the membrane. 
This is supported by a study investigating endogenously expressed bestrophin-1 

  Fig. 77.1    Analysis of subcellular bestrophin-1 localization by biochemical methods. ( a ) Scheme 
of differential centrifugation which was used to separate fractions of membrane proteins from 
either plasma membrane or cytosolic membrane structures. A homogenate was established from 
freshly isolated porcine RPE cells. Initial pellet (PM): 19,000 g  × 20’   ; supernatant: 41,000 g  × 20’ 
resulting in low speed pellet (LSP); supernatant: 160,000 g  × 75’ resulted in the high speed pellet 
(HSP). ( b ) Western-blot analysis of the pellets obtained by differential centrifugation. Equal 
amounts of protein were loaded to the blot. The blot was stained for bestrophin-1,  b -catenin, 
ClC-3, and myosin-7A. Bestrophin-1 was mainly found in the fraction which showed the highest 
enrichment of cytosolic membrane proteins (The antibodies against ClC-3 were a kind gift from 
Thomas Jentsch; fi gure from Neussert et al.  2010 .)       
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in epithelial airway cells (Barro-Soria et al.  2010  ) . In these cells, bestrophin-1 is 
colocalized with proteins of the endoplasmic reticulum calreticulin, calnexin, and 
stim1 (stromal interacting molecule 1). Also, a study using overexpressed bestro-
phin-1 reported that a large proportion of bestrophin-1 was found in the cytoplasm 
(Milenkovic et al.  2009  ) .   

 With the conclusion that bestrophin-1 is an intracellular Cl channel, the family of 
bestrophins resembles somewhat the family of ClC Cl channels (Jentsch et al.  2002  ) . 
Some members function as Cl channels in the cell membrane, while others function 
as Cl channels in cytosolic membranes such as vesicles. The function of the cyto-
plasmic Cl channels would be to transport counter-ions to cations which are 
accumulated in these vesicles by active transport. The hypothesis that endogenously 
expressed bestrophin-1 is a cytoplasmic Cl channel could also explain why the 
membrane conductance for Cl −  in RPE cells from bestrophin-1 knock-out mice is 
not different to that of RPE cells from wild-type mice (Marmorstein et al.  2006  ) .  

  Fig. 77.2    Subcellular localization of bestrophin-1 in cryo-sections of the porcine retina detected 
by costaining for pan-cadherin. ( a ) Staining for bestrophin-1 in the RPE showing the basolateral 
localization. ( b ) Staining of the same section against pan-cadherin showing localization in the cell 
of the choroid and in the basolateral membrane of the RPE. ( c ) Light-microscopic picture of the 
section shown in ( a ,  b ). ( d ) Overlay picture of ( a – c ) showing that the larger proportion of bestro-
phin-1 is not in the cell membrane together with cadherin. Bestrophin-1 is close to the basolateral 
membrane ( green ) below the pan-cadherin ( red ). Absence of  yellow pixels  reveals that there is no 
overlap of bestrophin-1 and pan-cadherin staining. ( e ) Overlay picture at higher magnifi cation 
showing only weak colocalization of bestrophin-1 and cadherin ( Cho  choroid;  RPE  retinal pigment 
epithelium;  OS  photoreceptor outer segments;  ONL  outer nuclear layer; from Neussert et al.  2010  )        
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    77.5   Cytoplasmic Function of Bestrophin-1 

 So if bestrophin-1 is a cytoplasmic Cl channel what might be its function? As 
described above, bestrophin-1 was found to be colocalized with calreticulin, calnexin, 
and stim1 (Barro-Soria et al.  2010  ) . In addition, bestrophin-1 possibly physically 
interacts with stim1. Stim1 is involved in intracellular Ca 2+  signaling by activating 
store-operated Ca 2+  channels in the cell membrane after Ca 2+  depletion from these 
stores (Putney  2005  )  and it regulates the Ca 2+  reuptake into these Ca 2+  stores 
(Brandman et al.  2007  ) . Thus, bestrophin-1 is probably in membranes of endoplas-
mic reticulum Ca 2+  stores. Indeed activation of Ca 2+ -dependent Cl channels in the 
plasma membrane in response to increases in intracellular-free Ca 2+  after depletion 
of Ca 2+  stores was modulated by the presence of bestrophin-1 (Barro-Soria et al. 
 2010  ) . The group concluded that bestrophin-1 provides a pathway to transport 
Cl −  as a counter-ion when Ca 2+  is accumulated into the Ca 2+  stores by active ion 
transport. We could support this conclusion by studying the endogenously expressed 
bestrophin-1 in the mouse RPE (Neussert et al.  2010  ) . RPE cells from bestrophin-1 
knock-out mice showed increased levels of basal intracellular Ca 2+  compared to that 
of wild-type mice (Fig.  77.3a ). This seems to result from a less effi cient accumulation 
of Ca 2+  into endoplasmic reticulum Ca 2+  stores (Fig.  77.3b ). Furthermore, when 
analyzing ATP-stimulated Ca 2+  transients in mouse RPE cells, we found that 
ATP-receptor activation recruited Ca 2+  by 90% from Ca 2+  stores of the endoplasmic 
reticulum which was not the case in cells from bestrophin-1 knock-out mice 
(Fig.  77.4 ). Thus, bestrophin-1 modulates intracellular Ca 2+  signaling.   

  Fig. 77.3    Ca 2+  homeostasis in mouse RPE cells. ( a ) Comparison of resting Ca 2+  levels. Cells from 
 Vmd2  −/−  mice showed signifi cantly increased Ca 2+  levels (** p  < 0.01). The number “ n ” depicts the 
number of investigated cells from at least ten mice. ( b ) Comparison of Ca 2+  release from cytosolic 
stores by thapsigargin application: the Ca 2+  release was quantifi ed by integration of the area below 
the Ca 2+ -increases during thapsigargin application. “ n ” depicts the number of cells of at least four 
cell cultures. * p  < 0.05 (from Neussert et al.  2010  )        
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  Fig. 77.4    Contribution of endoplasmic reticulum Ca 2+  stores to ATP-dependent Ca 2+  signaling in 
RPE cells. ( a ) Comparison of resting Ca 2+  levels. Cells from  Vmd2  −/−  mice showed signifi cantly 
increased Ca 2+  levels (** p  < 0.01). The number “ n ” depicts the number of investigated cells from at 
least ten mice. ( b ) Comparison of Ca 2+  release from cytosolic stores by thapsigargin application: 
the Ca 2+  release was quantifi ed by integration of the area below the Ca 2+  increases during thapsi-
gargin application. “ n ” depicts the number of cells of at least four cell cultures. * p  < 0.05 (from 
Neussert et al.  2010  ) . ( a ) Effect of thapsigargin on ATP-induced Ca 2+  transients in wild-type mouse 
cells: The fi gure shows the mean values of eight simultaneous recordings. A fi rst ATP application 
shows the normal ability to react to ATP application. After recovery, thapsigargin (1  m M) was 
applied leading to a transient increase in [Ca 2+ ] 

i
 . In the presence of thapsigargin, the ATP-induced
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 This function could explain observations from several studies showing that 
bestrophin-1 modulates Cl −  transport or membrane conductance for Cl −  more indi-
rectly (Barro-Soria et al.  2009,   2010  ) . In addition, Ca 2+ -signals in the RPE of bestro-
phin-1 knock-out or W93C knock-in mice were different compared to that of 
wild-type mice (Marmorstein et al.  2006 ; Neussert et al.  2010 ; Zhang et al.  2010  ) . 

 In summary, the aspect of intracellular bestrophin-1 function opens new routes to 
understand the role of bestrophin-1 for cell function of the RPE: regulation of cell 
function by modulation of intracellular Ca 2+  signaling. This conclusion helps to under-
stand differing observations from mouse models and overexpression studies and is 
therefore complementary to the published observations on bestrophin-1 function.      
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     78.1   Introduction 

 Bestrophinopathies are a group of inherited retinal disorders primarily caused by 
point mutations scattered throughout the entire  BEST1  gene. In humans, most of 
these sequence alterations lead to Best vitelliform macular dystrophy (BVMD), and 
in dogs cause  cmr , a retinal phenotype modeling BVMD (Guziewicz et al.  2007 , 
 2011 ; Zangerl et al.  2010  ) . 

 The  BEST1  gene product, bestrophin-1 (Best1), is embedded in the basolateral 
plasma membrane of the RPE, where it functions as a Ca 2+  dependent anion channel 
(Marmorstein et al.  2000 ; Hartzell et al.  2008  ) . Two different topological models of 
human bestrophin-1 (hBest1) have been proposed. Based on the hydropathy profi le 
analysis, Tsunenari et al. predicted six hydrophobic domains with fi ve transmem-
brane-spanning segments for the native hBest1 (Tsunenari et al.  2003  ) . Milenkovic 
et al. proposed a plausible alternative model with four membrane-spanning regions 
that places residues 95–229 within the cytoplasmic matrix, forming an extensive 
intracellular loop (Milenkovic et al.  2007  ) . Both models locate the N and C termini 
on the cytosolic side, and both predict transmembrane domains within the highly 
evolutionarily conserved N-terminal part of the protein. 

 Although remarkable progress has been made toward understanding the 
bestrophin-1 physiology (Sun et al.  2002 ; Yu et al.  2007 ; Milenkovic et al.  2007 ; 
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Qu et al.  2009  ) , our understanding of its complex function and pathological mechanism 
is still at an early stage. Hitherto, the molecular consequences of altered residues 
defi ning three mutational hotspots of the bestrophin-1 molecule (6–30aa, 80–105aa, 
and 293–312aa) have been the most extensively studied (for review see Hartzell 
et al.  2008 ; Boon et al.  2009  ) . These studies established a primary link between 
 BEST1  mutations and the anion channel malfunction, and provided multiple clues 
how a particular amino acid substitution may interfere with the protein functional-
ity. In most cases, diminished or absent Cl −  current, altered anion permeability or 
defective membrane integration in association with bestrophinopathies have been 
reported (Hartzell et al.  2008 ; Boon et al.  2009 ; Xiao et al.  2010  ) . Despite the indis-
putable advancements made in elucidation of bestrophin-1 pathogenic effects, 
expression and molecular kinetics of mutant transcripts, potential structural conse-
quences, and its impact on the intracellular processing, were either not examined at 
all or just outlined in few cases (Hartzell et al.  2008 ; Boon et al.  2009  ) . 

 We previously described three spontaneous canine bestrophin-1 (cBest1) muta-
tions responsible for  cmr , an autosomal recessive retinal disorder recognized in 
numerous dog breeds (Guziewicz et al.  2007 ; Zangerl et al.  2010  ) . The distinct 
sequence alterations in c BEST1  include a nonsense transition (C 

73
 T/R 

25
 X) located in 

the fi rst coding exon ( cmr1 ), a missense substitution (G 
482

 A/G 
161

 D) affecting a con-
served glycine residue ( cmr2 ), and a frameshift mutation (C 

1388
 del/P 

463
 FS) resulting 

in a truncated protein shortened by 92 C-terminal aa ( cmr3 ) (Guziewicz et al.  2007 ; 
Zangerl et al.  2010  ) . Detailed studies on molecular consequences of  cmr1  mutation 
verifi ed the  BEST1  null phenotype, where C 

73
 T/R 

25
 X premature stop encodes for a 

truncated protein not detectable in the homozygous mutant animals or in an in vitro 
model system (Guziewicz et al.  2011 ). 

 In the  cmr2  model, the small (75 Da), neutral, and non-hydrophilic glycine residue 
at position 161 is replaced by a much larger (133 Da) highly hydrophilic and negatively 
charged aspartic acid. We speculated that this drastic amino acid change may cause 
defective intracellular traffi cking due to the incorrect folding of the mutant protein that 
cannot pass the endoplasmic reticulum (ER) quality control system. Indeed, the in-
depth characterization of pathogenic effects of G 

482
 A/G 

161
 D revealed mislocalization of 

the  cmr2 -bestrophin to the perinuclear space of the cells. Moreover, confocal immuno-
fl uorescence microscopy analysis indicated co-localization of  cmr2  mutant protein 
with an ER marker, calnexin (Guziewicz et al.  2011 ). To further support our hypothesis 
on  cmr2  protein misfolding and retention in the ER, we used computational approaches 
to predict the potential structural consequences of the G 

161
 D alteration.  

    78.2   Materials and Methods 

    78.2.1   Topology Prediction 

 Topological model of canine bestrophin-1 (NP_001091014) was predicted in silico 
using Classifi cation and Secondary Structure Prediction of Membrane Proteins 
SOSUI Server v1.11 (  http://bp.nuap.nagoya-u.ac.jp/sosui/    ; Hirokawa et al.  1998  ) . 

http://bp.nuap.nagoya-u.ac.jp/sosui/


61378 Modeling the Structural Consequences of  BEST1  Missense Mutations

The model was verifi ed by TopPred II algorithm (Transmembrane Topology 
Prediction of Membrane Proteins:   http://mobyle.pasteur.fr/cgi-bin/portal.py    ; Claros 
and von Heijne  1994  ) . Transmembrane segment hydrophobicity scores were 
calculated according to the GES scale with a cutoff of (−c) 1.8 and (−p) 0.7 
(Engelman et al.  1986  ) .  

    78.2.2   Prediction of Protein Structure 

 Protein Homology/analogY Recognition Engine (PHYRE Server version 0.2) 
(  http://www.sbg.bio.ic.ac.uk/phyre/    ; Bennett-Lovsey et al.  2008  )  was used to per-
form the secondary fold recognition analysis and tertiary structure prediction for 
cBest1 (1–296aa) and hBest1 (25–301aa) protein segments. For the putative cBest1 
wild-type (WT) structure the estimated precision value (EPV) reached 85% with an 
e-value of 0.46; for the  cmr2  mutant protein EPV of 75% and e-value of 0.7 was 
considered. The putative model structures for hBest1 WT (EPV of 80%, e-value of 
0.5) and hBest1 I 

201
 T mutant (EPV of 85%, e-value of 0.43) were compared to the 

canine specifi c predictions. All structures were evaluated on 3D molecule viewer 
module of the Vector NTI™ 10 software package (Invitrogen).   

    78.3   Results 

    78.3.1   Canine Bestrophin-1 Topology 

 In silico analysis predicted four transmembrane-spanning regions for the native 
cBest1, orienting the N and C termini to the cytoplasm (Fig.  78.1 ). According to the 
SOSUI algorithm, the four most probable transmembrane segments are located at 
amino acids 32–54, 73–94, 231–253, and 265–287. This model further predicts 
large, relatively hydrophobic intracellular loop (95–230aa), harboring the G161 
residue mutated in  cmr2  (Fig.  78.1 ). To test whether the location of the transmem-
brane domains is affected by the  cmr2  mutation, the G 

161
 D change was introduced 

into the protein sequence, and analyzed with the SOSUI algorithm. No effect on the 
cBest1 topological model was noted with the G 

161
 D substitution. The putative cBest1 

topology model was verifi ed by TopPred II algorithm (data not shown).   

    78.3.2   Comparative Protein Modeling 

 The highly evolutionarily conserved N-terminal part (1–296aa fragment) was used 
for secondary and tertiary structure prediction of the native cBest1 or the G 

161
 D 

mutant variant (Fig.  78.2 ). Figure  78.2c–d  
1
  illustrates the detailed structural 

http://mobyle.pasteur.fr/cgi-bin/portal.py
http://www.sbg.bio.ic.ac.uk/phyre/
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  Fig. 78.1    A representative model of canine bestrophin-1 topology. Two independent computa-
tional algorithms (SOSUI, TopPred II) were used to estimate the number of transmembrane 
domains of the cBest1. Both, the hydropathy index of Kyte and Doolittle and the Goldman, 
Engelman, and Steitz (GES) hydrophobicity scale, predict four cBest1 transmembrane segments       

  Fig. 78.2    3D representation of the native and  cmr2  mutant 295aa long N-terminal cBest1 frag-
ment. ( a ,  b ) Overview of the tertiary structure predictions; structural changes caused by G 

161
 D 

substitution are indicated by  arrows . ( c ,  d ) Detailed structural environment of the wild-type resi-
dues in the native cBest1 ( c ) in comparison to the  cmr2  mutant ( d ). Amino acids G161 (WT) and 
D161 ( cmr2 ) are highlighted in  yellow . ( c  

 1 
 ,  d  

 1 
 ) Higher resolution views of the regions denoted by 

the  white square  in ( c ) and ( d ); Note the signifi cant changes in the amino acid constellations 
induced by G 

161
 D replacement. Color code bar: negatively charged aa are labeled in  red , whereas 

positively charged are marked in  blue        
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environment of the wild-type residues in the native cBest1 in comparison to the 
 cmr2  mutant model. Replacement of Gly by Asp at position 161 dramatically affects 
protein structure leading to disrupted intramolecular interactions of neighboring 
residues (Fig.  78.2b, d–d  

1
 ). To assess the relevance of the canine specifi c fi ndings to 

human bestrophinopathies, a putative 3D structure for hBest1 (25–301aa fragment) 
WT or comparable T 

602
 C/I 

201
 T mutant variant associated with Best disease (Lotery 

et al.  2000  )  was predicted by the same algorithm (Fig.  78.3 ). Signifi cant changes 
in the I 

201
 T mutant protein inducing conformational rearrangements and altered 

inter-residue interactions are demonstrated in Fig.  78.3d–d  
1
 . Note that only three-

dimensional models of EPV  ³  75% were considered.     

  Fig. 78.3    Computational prediction of 3D models for the native hBest1 and I 
201

 T mutant variant 
(amino acids 25–301).  Arrows  indicate position of I 

201
  WT residue ( a ) and T 

201
  mutant ( b ). Panels 

( c ,  d ) illustrate details of the putative tertiary structure calculated for the native hBest1 ( c ) vs. I 
201

 T 
mutant ( d ); ( c  

 1 
 ) and ( d  

 1 
 ) show magnifi cations of the portion denoted by the  white square  in the 

images ( c ) and ( d ). Wild-type residue I 
201

  and mutant T 
201

  are highlighted in  yellow . Note the strik-
ing rearrangement of molecular interactions surrounding the T 

201
  residue ( d  

 1 
 ). Color code bar: 

negatively charged aa are labeled in  red , whereas positively charged are marked in  blue        
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    78.4   Discussion 

 Membrane proteins play a crucial role in biological systems as ion channels, 
pores, and receptors. Understanding their structure and dynamics is essential to 
expand our knowledge on fundamental aspects of cellular homeostasis. However, 
only a small fraction of these important proteins has been isolated so far, and the 
function of most still remains ambiguous. Reasons for this lag include diffi culties 
in expressing such proteins in signifi cant quantities, in isolating and purifying 
them considering their amphipathic character, and in crystallizing them (  http://
www.che.udel.edu/cobre/    ). The recent rapid advances in computer sciences have 
accelerated their applications to understand complex biological systems, which 
helped to tackle some of the experimental diffi culties. As a consequence, theoreti-
cal simulations and computational design methods are now an integral part of 
biomedical research, becoming an exceptionally useful and powerful means for 
studying membrane proteins architecture and properties (Casadio et al.  2003  ) . We 
used two independent computational topology algorithms to assess the putative 
topology model for cBest1 (Fig.  78.1 ). Our in silico prediction strongly supports 
the experimental hBest1 topology model of Milenkovic et al.  (  2007  ) , which fur-
ther suggests similar topology for all vertebrate bestrophins. Both models consist 
of four transmembrane domains in the N-terminus of the protein, separated by a 
larger intracellular loop, and orienting the C-terminus toward the cytosol 
(Fig.  78.1 ; Milenkovic et al.  2007  ) . 

 The majority of the disease-causing missense mutations identifi ed in humans 
affect folding or traffi cking, rather than specifi cally affecting protein function 
(Sanders and Myers  2004  ) . To date, all examined missense changes in the hBest1 
were associated with functional consequences, implicating an impaired channel 
activity. This study demonstrates the potential structural consequences of G 

161
 D 

( cmr2 ) and comparable hBest1 point mutation, I 
201

 T, predicted by comparative 
modeling of the N-terminal part of bestrophin-1. Both analyzed mutations are sub-
stitutions replacing a highly evolutionary conserved amino acid with a much bulkier 
residue ( cmr2 ) of different biochemical properties ( cmr2 , I 

201
 T). Such dramatic 

changes often affect structure of the encoded protein in the immediate vicinity of 
the residue, creating electrostatic disturbances and altering the intramolecular inter-
actions (Figs.  78.2c  

1
 ,  d  

1
  and  78.3c  

1
 ,  d  

1
 ). 

 The predicted structural rearrangements caused by G 
161

 D are in good agreement 
with previous experiments. Wild type cBest1 is processed in the ER and targeted to 
the plasma membrane, refl ecting normal biogenesis and traffi cking of bestrophin-1, 
but the  cmr2  mutant is retained in the ER (Guziewicz et al.  2011 ). These data indi-
cate that at least a subset of  BEST1  missense mutations may lead to the protein 
misassembly, and its build-up in the ER. Since the BVMD and  cmr  are disorders 
where subretinal deposits accumulate, this mechanism may have an infl uence on the 
nature of lesions observed as well as on the disease progression. To support this 
hypothesis detailed studies are required to further analyze the molecular changes in 
the early events of the structurally defective bestrophin-1 folding. 

http://www.che.udel.edu/cobre/
http://www.che.udel.edu/cobre/
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 Bestrophins are recognized as one of the most mysterious proteins of all known 
ion channels. To date, Best1 function and kinetics are still not fully understood. Our 
studies provided new insights into molecular pathology of point mutations associ-
ated with  cmr  and Best disease, which is central to the pathogenesis of bestrophi-
nopathies. Additional studies will be required to explore the biochemical and 
cellular consequences of  BEST1  mutations, and clarify their impact on protein 
structure with relation to disease onset and progression.      
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     79.1   Introduction 

 Apoptosis is a general hallmark of photoreceptor degeneration in retinal dystrophies 
(Wenzel et al.  2005  ) . Light damage is a useful model to analyze different features of 
photoreceptor apoptosis (Reme et al.  1998  ) . Exposure to visible light activates the 
transcription factor AP-1 (Suter et al.  2000 ; Wenzel et al.  2000  )  and its inhibition by 
corticosteroids is protective (Wenzel et al.  2001  ) . 

 Light-induced photoreceptor degeneration causes activation of microglia (Noell 
 1980 ; Ng and Streilein  2001  ) . White light-evoked photoreceptor death is accompanied 
by microglial migration from the plexiform layers to the outer nuclear layer (Zhang 
et al.  2005  ) . Accumulation of microglia occurs simultaneously with photoreceptor 
degeneration, suggesting that they play a role in retinal degeneration (Santos et al. 
 2010  ) . Following blue light exposure, resident microglia and invading cells rapidly 
migrated to the lesion site and phagocytosed dying photoreceptors (Joly et al.  2009  ) . 

 Despite these indications that microglia are activated and connected to apoptosis 
in light-damaged retinas, the underlying mechanisms are not well understood. Here, 
we present histological and molecular analyses in microglia-specifi c reporter mice 
following blue light damage of the retinas.  
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    79.2   Materials and Methods 

    79.2.1   Blue Light Exposure of MacGreen Mice 

 MacGreen mice, which express eGFP under the control of the  Csf1r  promoter 
(Sasmono et al.  2003  ) , were used for blue light exposure experiments as described 
previously (Grimm et al.  2001 ; Joly et al.  2009  ) . Briefl y, eyes were exposed to blue 
light (410 ± 10 nm) for 2 min before mice were returned to their regular 12 h light 
dark rhythm. Control animals were dark adapted and exposed mice were sacrifi ced 
after 12, 24, and 72 h. All procedures were performed in accordance with the ARVO 
statement for the use of animals in ophthalmic and vision research.  

    79.2.2   Retinal Cross Sections and Whole Mounts 

 Immunohistochemical analyses were carried out using retinal sections and retinal 
whole mounts as described previously (Ebert et al.  2009  ) .  

    79.2.3   RNA Isolation and Reverse Transcription 

 Total RNA was extracted from retinas using the Qiagen RNeasy Mini Kit. First-
strand cDNA synthesis was performed with the Fermentas RevertAid™ H Minus 
First Strand cDNA Synthesis Kit.  

    79.2.4   DNA Microarrays 

 RNAs from blue light-exposed and dark-adapted MacGreen retinas were analyzed 
with duplicate Affymetrix 430 2.0 arrays according to the Affymetrix standard pro-
tocol. MIAME criteria were met (Brazma et al.  2001  ) . The Gene Expression 
Dynamics Inspector was used to create self-organizing maps (Eichler et al.  2003  ) . 
Each tile of the mosaic represents an individual cluster and is color-coded to repre-
sent high or low expression. Differentially regulated transcripts were identifi ed with 
the Genomatix ChipInspector program.  

    79.2.5   Quantitative Real-Time PCR 

 Amplifi cations of 50 ng cDNA were performed with an ABI7900HT machine using 
TaqMan Universal PCR Master Mix, 200 nM primers, and 0.25  m L dual-labeled 
LNA probes. Results were analyzed using the  D  D Ct method for relative quantifi cation. 
Primer sequences and Roche Library Probes are listed in Table  79.1 .    
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  Fig. 79.1    Whole mount analysis of blue light-exposed MacGreen retinas. ( a – d ) Brightfi eld and 
immunofl uorescence microscopy images of dark-adapted and 72 h blue light-exposed MacGreen 
retinas. ( b ,  c ) The  white circle  indicates the lesion site. ( c ,  d ) eGFP +  amoeboid microglia at the 
lesion center. Scale bar, 200  m m       

    79.3   Results 

    79.3.1   Microglia Accumulate in Blue Light-Induced Retinal 
Lesions 

 To visualize microglia in blue light-induced retinal lesions, whole mounts of 
MacGreen retinas were analyzed. Dark-adapted MacGreen mice showed a normal 
retinal morphology (Fig.  79.1a ). In contrast, a defi ned lesion was present in the 
retinas of MacGreen mice 72 h after blue light exposure (Fig.  79.1b , circled area). 
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Closer examination of this region revealed local proliferation and migration of 
eGFP +  microglia toward the lesion center (Fig.  79.1c ) and identifi ed many eGFP +  
microglia with amoeboid morphology (Fig.  79.1d ).  

 We then characterized the distribution of microglia within the retinal layers. 
Nonexposed retinas showed exclusively ramifi ed eGFP +  microglia in the ganglion 
cell layer and both plexiform layers (Fig.  79.2a, b ). Seventy-two hours after light 
damage, many eGFP +  microglia were detected close to the central lesion (Fig.  79.2c ). 
These cells had bloated cell bodies and short pseudopodia typical for alerted 
microglia (Fig.  79.2d ).   

    79.3.2   Transcriptomic Changes in the Blue 
Light-Exposed Retina 

 Next, transcriptomic analyses were performed to defi ne the molecular events in the 
blue light-exposed retina. DNA microarrays were carried out with RNAs from 
dark-adapted MacGreen retinas and MacGreen retinas 12, 24, and 72 h after blue 
light damage. 

  Fig. 79.2    Cryosections of blue light-exposed MacGreen retinas. eGFP +  microglia in dark-adapted 
( a ,  b ) and blue light-exposed retinas ( c ,  d ). Counter staining of nuclei with DAPI.  ONL  outer 
nuclear layer;  OPL  outer plexiform layer;  INL  inner nuclear layer;  IPL  inner plexiform layer;  GCL  
ganglion cell layer. Scale bar, 100  m m       
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 We fi rst used self-organizing maps to identify transcriptome activity via “gestalt” 
recognition (Eichler et al.  2003  ) . These maps facilitate the identifi cation of global 
patterns and each mosaic tile represents a gene cluster, with blue color indicating 
low and red high expression. The four maps showed major changes in retinal gene 
expression following blue light exposure (Fig.  79.3a ). Especially, the expression 
levels of the bottom right gene clusters increased at 12 h, reached a peak at 24 h, and 
then declined at 72 h after light damage (Fig.  79.3a ).  

 Next, we applied the Signifi cance Analysis of Microarrays algorithm to identify tran-
scripts with differential expression. Thereby, we detected 102 signifi cantly regulated 
transcripts after blue light exposure compared to controls (Fig.  79.3 b and Table  79.2 ). 
The majority of these transcripts showed increased expression after 12 h and peaked at 
24 h, indicating a rapid response in the retinal transcriptome (Fig.  79.3b ).  

 We then grouped these transcripts into functional categories (Fig.  79.3c ). The largest 
group with 38 genes was immune regulation, followed by 11 uncharacterized transcripts 
and 7 genes related to retinal homeostasis. Thus, immune responses dominate the retinal 
transcriptome in this model of retinal degeneration. The remaining transcripts scattered 
into several other groups, indicating pleiotropic effects of blue light damage. 

 The differential expression of selected transcripts was then validated by qRT-
PCR (Table  79.3 ). We could verify the expression profi les of all 19 transcripts, albeit 
with differences in the magnitude of regulation. As shown with the DNA microar-
rays, the strongest expression changes were noted 24 h after blue light exposure 
(Table  79.3 ). Several upregulated transcripts correspond to microglial activation 

  Fig. 79.3    DNA-microarray analysis of blue light-induced retinal tissue. ( a ) Gene expression 
dynamics inspector analysis. ( b ) Signifi cance analysis of microarrays. ( c ) Pie chart of functional 
categories and pathways       
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   Table 79.3    qPCR validation of selected transcripts in blue light-exposed retinas   

 Symbol  Name  FC 12 h BL  FC 24 h BL  FC 72 h BL 

 Upregulated 
 Timp1  Tissue inhibitor of metalloprotease 1  30.5 ± 0.6  172.7 ± 11.9  7.5 ± 0.5 
 Lcn2  Lipocalin 2  38.0 ± 4.7  173.0 ± 9.6  4.0 ± 0.3 
 Steap 4  Six TM epithelial antigen of prostate 4  29.3 ± 2.5  85.4 ± 0.7  11.0 ± 0.6 
 Serpina3n  Serine peptidase inhibitor a3n  37.6 ± 4.7  56.6 ± 0.5  8.7 ± 0.5 
 Chi3l1  Chitinase 3 like 1  5.3 ± 0.8  29.6 ± 0.7  2.1 ± 0.3 
 Irgm1  Immunity-related GTPase m1  2.4 ± 0.5  26.1 ± 0.8  6.5 ± 0.3 
 Pgf  Placental growth factor  3.2 ± 0.5  17.6 ± 2.3  2.6 ± 0.1 
 Parp10  Poly ADP Ribose family member 10  0.8 ± 0.1  9.1 ± 1.0  2.5 ± 0.3 
 Crispld2  Cyst.-rich secr. prot. LCCL dom. cont. 2  6.7 ± 0.8  9.1 ± 0.8  1.7 ± 0.1 
 Rfx2  Regulatory factor x2  5.0 ± 0.2  8.6 ± 1.6  1.8 ± 0.3 
 IL33  Interleukin 33  5.0 ± 0.1  7.0 ± 0.8  1.3 ± 0.2 
 Tm4sf1  Transmembrane 4 superfamily 1  8.5 ± 0.9  5.2 ± 0.1  1.3 ± 0.1 
 Tmbim1  Transmembrane Bax inhibitor motif 1  2.8 ± 0.1  4.5 ± 0.2  1.3 ± 0.1 
 Ch25h  Cholesterol 25 hydroxylase  3.7 ± 0.2  2.4 ± 0.1  2.1 ± 0.1 
 Sprr1a  Small proline-rich protein 1a  3.0 ± 0.2  1.9 ± 0.1  1.6 ± 0.1 

 Downregulated 
 Fut11  Fucosyltransferase 11  −2.0 ± 0.2  1.0 ± 0.4  −1.1 ± 0.2 
 Gpr37  G-protein-coupled receptor 37  −3.3 ± 0.1  −1.6 ± 0.2  1.4 ± 0.1 
 Rlbp1  Retinaldehyde-binding protein 1  −5.0 ± 0.1  −5.0 ± 0.1  −1.1 ± 0.2 
 Agxt2l1  Alanine glyoxylate aminotransferase 2l1  −1.4 ± 0.4  −5.0 ± 0.1  −1.1 ± 0.2 

  Fold change (FC) values ± SD were normalized to the ATPase reference gene and were then calcu-
lated relative to dark-adapted control retinas.  n  = 2 mice per time point in duplicate measurements  

( lipocalin 2 ,  chitinase 3 like 1 ,  immunity-related GTPase m1 ,  regulatory factor x2 , 
 interleukin 33 ), whereas reduced expression of  retinaldehyde-binding protein  and 
 G-protein-coupled receptor 37  likely refl ects the retinal damage induced by blue 
light. The induction of  transmembrane bax inhibitor motif 1  and  small proline-rich 
protein 1a  may indicate antiapoptotic and regenerative mechanisms elicited by 
blue light.    

    79.4   Discussion 

 Previous experiments revealed activation of retinal microglia and bone marrow 
immigrants together with increased expression of proinfl ammatory cytokines and 
chemokines in blue light-exposed retinas (Joly et al.  2009  ) . To follow up on these 
fi ndings, we exposed MacGreen mice to blue light and analyzed microglial activation 
and transcriptomic changes. The histological investigations confi rmed microglial 
migration to the blue light-induced lesion. The ONL of the healthy retina is normally 
devoid of microglia (Santos et al.  2008  ) , but they invade this region after white light 
exposure (Ng and Streilein  2001 ; Harada et al.  2002 ; Zhang et al.  2005  ) . White 
light-induced changes cause transformation of microglia into amoeboid cells, which 
do not return to their resting state after photodegeneration (Santos et al.  2010  ) . 
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Microglial activity was also high several days after blue light exposure (Joly et al. 
 2009  ) , indicating that persistently alerted microglia may be a hallmark of photo-
induced retinal degenerations. 

 Our microarray data identifi ed prominent changes in the blue light-exposed retinal 
transcriptome with more than 100 differentially expressed transcripts. A signifi cant 
overlap exists with published data from white light-induced retinal damage (Chen 
et al.  2004 ; Rattner and Nathans  2005  ) . Especially, genes associated with infl amma-
tion and apoptosis were induced in both conditions. Several blue light-induced tran-
scripts like  lipocalin 2 ,  serine peptidase inhibitor clade A member 3N ,  tissue inhibitor 
of metalloproteinase 1 , and  six-transmembrane epithelial antigen of protease 4  are 
related to immune response, matrix remodeling, and cell communication (Takamiya 
et al.  2001 ; Swiderski et al.  2007 ; Yang et al.  2007 ; Ramadoss et al.  2010  ) . Thus, 
white light and blue light damage may share some mechanistic features. 

 We also detected several molecules dampening infl ammation and markers asso-
ciated with alternative activation of microglia. High expression of  Chi3l1 ,  Crispld2 , 
and  Irgm1  may refl ect an autoregulatory loop of microglial deactivation as previously 
shown for other infl ammatory conditions (Bafi ca et al.  2007 ; Lee et al.  2009 ; Wang 
et al.  2009  ) . Potentially, some of these molecules may be targets for limiting harmful 
microglial responses. 

 The transcriptomic data also revealed that endogenous rescue pathways were acti-
vated following blue light exposure. We identifi ed upregulation of Lif/Jak/STAT sig-
naling components in photoreceptors and Müller cells ( Lif ,  Stat3 ,  Edn2 ,  Fgf2 ), which 
support photoreceptor survival (Joly et al.  2008 ; O’Driscoll et al.  2008  ) . In addition, 
we noticed induction of the antiapoptotic transcript  Tmbim1  (Hu et al.  2009  )  and 
increased expression of the regeneration gene  Sprr1a  (Starkey et al.  2009  ) . 

 Altered expression profi les of the AP-1 components c-jun and c-fos, S100 genes, 
or crystallins were not detected in the retinal transcriptome after blue light challenge, as 
previously reported for the retinal response to white light (Chen et al.  2004  ) . 
Therefore, we hypothesize that blue light exposure triggers distinct molecular 
components of microglial activation, retinal apoptosis, and survival signaling, which 
are different from those previously reported for white light lesions.      
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     80.1   Introduction 

 Rod outer segment membrane protein-1 (ROM-1) is a nonglycosylated tetraspanin 
protein localized to the rim region of rod and cone outer segments (OSs). It shares 
many features with its glycosylated counterpart, RDS (Bascom et al.  1992 ; Moritz 
and Molday  1996  ) . Both contain four transmembrane domains with short cytoplasmic 
N- and C-terminal regions and a large intradiscal loop (known as D2) of approxi-
mately 150 amino acids harboring seven highly conserved cysteine residues. ROM-1 
and RDS interact noncovalently to form homo- and hetero-tetrameric complexes 
(Goldberg et al.  1995 ; Goldberg and Molday  1996  ) . It is believed that RDS homo-
tetrameric complexes are then linked together through intermolecular disulfi de 
bonds to form octamers and higher-order homo-oligomers that are crucial for rim 
formation (Loewen and Molday  2000  ) . This covalent oligomerization is mediated 
by a cysteine residue at position 150 in the D2 loop (Goldberg et al.  1998 ; 
Chakraborty et al.  2009  ) . Although RDS is obligatory for OS formation, ROM-1 
plays only a minor role in disc morphogenesis and is absent in lower vertebrates 
(Kedzierski et al.  1996 ; Li et al.  2003  ) . Consistent with a secondary role in photore-
ceptor structural maintenance, in the absence of ROM-1 ( rom-1  −/− ), photoreceptors 
develop properly with only mildly abnormal OS morphology (Clarke et al.  2000  ) . 
Cone OS ultrastructure is grossly normal in  rom1  −/−  mice (Clarke et al.  2000  ) ; how-
ever, it is diffi cult to study cones in the rod-dominant wild-type background which 
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contains only 3–5% cones. In  rds  −/− , ROM-1 is signifi cantly reduced, suggesting 
that it is not stable in the absence of RDS or that its traffi cking to the OS requires 
RDS (Nour et al.  2004  ) . 

 The role of ROM-1 has not been well studied in cone photoreceptors. In the pres-
ent study, we utilize transgenic mice overexpressing ROM-1 in the cone dominant 
background ( nrl  −/− ) to further our understanding of the role of ROM-1 in cone OS 
structure and function.  

    80.2   Materials and Methods 

    80.2.1   Generation of ROM-1 Transgenic Mice 

 The ROM-1 transgene consists of the ~1.1 kb full-length mouse ROM-1 cDNA, a 
~1.3 kb fragment of the promoter region of the human interphotoreceptor retinoid-
binding protein (IRBP) gene, and a ~0.9 kb SV-40 poly-A to stabilize the message. 
Generation and maintenance of transgenic lines were performed as described (Naash 
et al.  1993  ) . Mice were bred into the  nrl  −/−  (generously shared by Dr. Anand Swaroop, 
NEI). Unfortunately, in June 2009 our animal colony suffered catastrophic damage 
as a result of infrastructure failures and all ROM-1 transgenic lines were lost. All 
experiments and animal protocols were approved by the local Institutional Animal 
Care and Use Committee (IACUC; University of Oklahoma Health Sciences Center, 
Oklahoma City, OK, USA) 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, USA).  

    80.2.2   Gel Electrophoresis and Western Blot Analysis 

 Gel electrophoresis and western blot analysis were performed using polyclonal anti-
bodies specifi c to the C-terminal region of ROM-1 (ROM-1-CT) and RDS (RDS-CT) 
(Ding et al.  2004 ; Chakraborty et al.  2009  ) . Frozen retinas were analyzed (20  m g 
protein/lane) on reducing SDS-PAGE/western blot as previously described 
(Chakraborty et al.  2008  ) .  

    80.2.3   Electroretinography (ERG) 

 Rod and cone electroretinography (ERG) was performed as previously described 
(Cheng et al.  1997 ; Farjo et al.  2006  ) . For photopic recordings, animals were light 
adapted at an intensity of 29.03 cd/m 2  for 5 min and then exposed to 25 fl ashes at 
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79 cd s/m 2 . These fl ashes were averaged and b-waves were measured from the 
trough of the a-wave to the crest of the b-wave. At least fi ve animals per genotype 
were analyzed.  

    80.2.4   Electron Microscopy 

 The tissue collection, sectioning, and electron microscopy method was performed as 
described previously (Stricker et al.  2005  ) . Two animals per genotype were analyzed.   

    80.3   Results 

    80.3.1   Expression of ROM-1 Protein in Transgenic Mice 

 To understand the role of ROM-1 in cone photoreceptors, we generated transgenic 
mice (ROM-T) wherein ROM-1 overexpression was driven by the photoreceptor-
specifi c IRBP promoter. Five transgenic lines were examined and examination of 
these mice exposed no side effects of the transgene on animal weight or behavior. 
Founders were crossed with  rom-1  −/−  for evaluation of transgene expression. In this 
study, we present data from the highest expressing line. 

 To determine the level of ROM-1 protein generated by the transgene, western 
blot analysis was performed on retinal extract from ROM-T mice on  rom-1  −/−  back-
ground. Figure  80.1 a shows reducing SDS-PAGE/western blots probed with anti-
ROM-1, anti-RDS, and anti-actin antibodies. Expression from the transgene is 
lower than in the WT (Fig.  80.1a ): densitometry indicates that ROM-1 levels from 
the transgene are approximately 7% of WT ROM-1 levels. RDS levels are grossly 
unaffected by either lack of ROM-1 or expression of the transgene. Previously, we 
have observed that the IRBP promoter does not express equally in rods and cones 
(Nour et al.  2004  ) . We therefore analyzed ROM-1 levels in  nrl  −/−  and ROM-T/ nrl  −/−  
retinas (Fig.  80.1b ). Analysis indicates that ROM-1 levels are 20.2 ± 8.2% ( n  = 4) 
higher in ROM-T/ nrl  −/−  compared to  nrl  −/−  and that, as in the WT, RDS levels are not 
affected by expression of the ROM-T transgene.   

    80.3.2   Overexpression of ROM-1 Exerts Negative 
Effects on Cone Function and Structure 

 Ultrastructural analysis of ROM-T/ nrl  −/−  cone OSs at postnatal day (P) 30 (Fig.  80.2a, 
b ) indicates that overexpression of ROM-1 leads to defects in cone OS structure; 
specifi cally to the formation and accumulation of open, vacuole-like structures 
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instead of normal fl attened lamellae. To assess the affect of ROM-1 overexpression 
on cone-mediated vision, we recorded full-fi eld photopic ERGs on ROM-T/ nrl  −/−  
mice and nontransgenic controls (Fig.  80.2c ). At P30, ROM-T/ nrl  −/−  photopic ERG 
amplitudes were reduced compared to  nrl  −/−  but not with signifi cance. At P60 the 
degenerative trend was more pronounced and cone function was signifi cantly 
decreased in ROM-T/ nrl  −/−  compared to  nrl  −/−  animals (* P  < 0.001).    

    80.4   Discussion 

 ROM-1 function is closely tied to the structure and function of RDS and RDS com-
plexes. Higher-order RDS homo-oligomers are required for disc rim formation and 
OS morphogenesis in rods and cones. Oligomerization-incompetent mutant RDS 

  Fig. 80.1    Transgenic ROM-1 protein is stably expressed in the retina. Retinas were harvested 
from transgenic or nontransgenic animals as indicated at postnatal day (P) 30. Total retinal extracts 
were used for reducing SDS-PAGE followed by immunoblotting (IB) with the antibodies indi-
cated. ( a ) ROM-1 protein is detected in transgenic retina in the  rom-1  − / −  background at ~7% of WT 
levels ( n  = 2). ( b ) Representative western blot ( n  = 4) showing ROM-1 levels in transgenic animals 
in the  nrl  − / −  background. ROM-1 levels in ROM-T/ nrl  − / −  mice are an average 120.2% (SD 8.2%) of 
levels in  nrl  − / −  controls       
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(C150S-RDS) cannot make proper rod or cone OSs in the  rds  −/−   or rds  −/−  /nrl  −/−  back-
grounds (Chakraborty et al.  2009,   2010  ) . When C150S-RDS is expressed in the 
presence of endogenous RDS, rods are unaffected while cones undergo rapid struc-
tural and functional degeneration (Chakraborty et al.  2009,   2010  ) . These data sug-
gest that cones are more sensitive to disruption of RDS complexes than rods. RDS 
forms hetero-tetramers and hetero-octamers with ROM-1 but higher-order oligom-
ers are totally devoid of ROM-1 (Chakraborty et al.  2008  ) . Consistent with this, 
formation of RDS higher-order oligomers is not affected by the absence of ROM-1 
(Chakraborty et al.  2008  ) . Although higher-order RDS homo-oligomers are obliga-
tory for rim formation, little is known about the function of RDS/ROM-1 hetero-
meric complexes. 

 In the present study, we used transgenesis to overexpress ROM-1 protein by 
~20% in the  nrl  −/−  retina. On the basis of prior data showing that RDS higher-order 

  Fig. 80.2    Ultrastructural and functional analysis of ROM-T in cone photoreceptors. Eyes of the 
indicated genotypes were harvested from P30 transgenic and nontransgenic mice and processed 
for EM ( a ,  b ). Abnormal OSs were observed in ROM-T/ nrl  − / −  animals. Large, unpinched vacuoles 
were observed in cone OSs in contrast to the fl attened lamellae in nontransgenic controls. Scale 
bar, 10  m m ( a ), 5  m m ( b ), ( N  = 2/genotype). ( c ) Photopic ERG from transgenic and nontransgenic 
animals is shown at P30 and P60. Signifi cant decrease in photopic ERG amplitude was observed 
in transgenic animals at P60 in comparison to nontransgenic control ( P  < 0.001 from student’s 
 t -test,  n   ³  5/genotype)       
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oligomers are devoid of ROM-1, it was hypothesized that ROM-1 might be a negative 
regulator of RDS oligomerization (Loewen and Molday  2000  ) . Our data provide 
some supporting evidence for this; we show that an excess of ROM-1 has a domi-
nant-negative effect on cone OS ultrastructure and function. We hypothesize that 
altering the normal ROM-1/RDS ratio by overexpressing ROM-1 leads to a larger 
than normal quantity of ROM-1/RDS hetero-complexes or to an abnormal incorpo-
ration of ROM-1 into higher-order RDS oligomers and therefore to a reduction in 
the amount of proper RDS homo-oligomers. We have also noted that the ratio of 
ROM-1/RDS is less in cones than rods (unpublished data). That observation, cou-
pled with the data presented here, and the prior studies of the  rom-1  − / −  mouse sug-
gest that ROM-1 levels are tightly regulated and that an increase in the total amount 
of ROM-1 or in the ratio of ROM-1 to RDS can be detrimental to cones. Although 
the increase in ROM-1 levels in cones in our model is modest (~20%), we have 
previously demonstrated that expression of a mutant form of RDS (C150S) at even 
lower levels (<5% of WT) is capable of disrupting higher-order oligomers specifi -
cally in cones, resulting in a similar ultrastructural phenotype to that which we 
report here (Chakraborty et al.  2010  ) . 

 Future studies will involve assessing the effects of overexpression of ROM-1 on 
rods. Based on previous studies, we predict that overexpression of ROM-1 in rods 
is likely to cause only slight abnormalities in comparison to the severe changes we 
observe in cones. Unfortunately, as a result of infrastructure failures in our animal 
housing facility, our mouse colony was catastrophically reduced and all ROM-1 
transgenic lines were completely lost, so additional studies using these lines are not 
possible. In conclusion, we demonstrate that overexpression of ROM-1 and conse-
quent alterations in the ROM-1/RDS ratio leads to negative effects on cone OS 
ultrastructure and function which furthers our understanding of the role of ROM-1 
in cones.      
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     81.1   Introduction 

 We are interested in measuring changes in RPE cell morphology that occur in disease 
states. We hypothesized that changes in the local environment of the RPE cells as a 
result of retinal degeneration would result in changes in the morphology of RPE cells. 
To test this hypothesis, we examined the morphology of RPE cells in rd10 mice. 

 Rd10 mice have a missense mutation in phosphodiesterase 6B. PDE6B is the 
beta subunit of the phosphodiesterase that hydrolyzes cGMP in the phototransduc-
tion cascade. These mice are a model of autosomal recessive retinitis pigmentosa 
(RP) and have a retinal degeneration that begins at postnatal day 16 and is complete 
at 60 days old (Farber et al.  1988 ; Bowes et al.  1990 ; Chang et al.  2007  ) . 

 The forces that organize RPE cell–cell contacts include adhesion, tension, and 
contraction. Tight junctions hold adjacent RPE cells together (Rizzolo  2007  ) . 
A subcortical actin-myosin cytoskeleton contributes contractile forces that lead to 
regular polygonal (mostly hexagonal) shapes. One of the tight junction adhesion 
molecules that contribute to the characteristic RPE cell shape is zona occludens 1 
(ZO-1), which also serves as a high quality marker of RPE cell borders. Traffi cking 
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and movement of proteins that are part of the adhesion, tension, or contraction 
mechanism will lead to changes in force balance, which result in remodeling of cell 
shape and cell packing, and consequently measurable alteration or rearrangement of 
the patterns and tiling of the RPE sheet. 

 The physical description of patterning and tiling of endothelial cells in two 
dimensions is clinically useful in assessing pathology of corneal diseases. Here, we 
apply similar analyses to RPE sheets that may help predict disease stage, time course, 
and progression for retinal degeneration and AMD. Patterns and cell shape of the 
RPE sheet are evident in images from FAF and AO-cSLO, which are obtained non-
invasively (de Bruin et al.  2008 ; Morgan et al.  2008 ; Geng et al.  2009 ; Schmitz-
Valckenberg et al.  2010  ) . Thus, analyses of these RPE patterns may become diagnostic 
and prognostic. 

 Here we begin to build a dynamic physical description of RPE sheet morphology 
and compare it to disease stage in the rd10 mouse, a genetic model of RP caused by 
a lesion in the PDE6B gene.  

    81.2   Methods 

    81.2.1   RPE Flatmount Technique 

 Mice were euthanized with CO 
2
  in accordance with Emory IACUC guidelines and 

the Association for Research in Vision and Ophthalmology guidelines for treatment 
of animals. Eyes were marked on the superior side with a blue sharpie and then 
enucleated, fi xed for 10 min in 10% neutral buffered formalin, and then washed 3 
times with PBS. Extra tissue was removed from the outside of the globe. Flatmounting 
was done by making four radial cuts from the center of the cornea back toward the 
optic nerve. A drop of PBS was placed on the eye to keep it moist. The fl aps were 
peeled away from the lens and the lens removed. The iris and retina were removed 
using forceps. Tension from the sclera was relieved by making cuts halfway through 
each fl ap at the ciliary body/cornea margin and small cuts through the ciliary body.  

    81.2.2   ZO-1 Staining 

 The RPE fl atmounts were blocked with HBSS + 0.01% Tween-20 and 1% BSA (anti-
body buffer) for 30 min. Immunostaining with a 1:100 dilution of rabbit anti-ZO-1 
antibody (Invitrogen 61-7300) in antibody buffer was done for approximately 16 h at 
room temperature. The fl atmounts were washed 5 times with HBSS + 0.01% Tween-
20 (wash buffer) for 2 min and then stained for 1 h with Oregon Green conjugated 
goat anti-rabbit IgG secondary antibody (Invitrogen O11038) in antibody buffer and 
then washed 5 times with wash buffer. The fl atmounts were mounted with Vectashield 
hardset (Vector Laboratories H-1400) and allowed to harden overnight.  
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    81.2.3   Imaging 

 Imaging of the fl atmounts was performed using a Nikon C1 confocal imaging sys-
tem with Argon laser excitation at 488 nm. Confocal images were stitched together 
using Adobe Photoshop CS2. Cut boxes of equal size (181 × 266 pixels; 225 × 331 mm) 
were cropped from the merged fl atmount image from areas devoid of dissection 
artifact. As many cut boxes as possible were taken from each image (45–60 cut 
boxes per image). Morphometric measurements including cell density, cell area, 
solidity, eccentricity, form factor, and number of neighbors were calculated using 
Cell Profi ler (Lamprecht et al.  2007  ) .  

    81.2.4   Statistics 

 Mean data from each fl atmount were used for comparisons between genetic groups and 
time points. Experimental repeats were averaged and standard deviations of the aver-
ages between individual animals are represented as error bars in Fig.  81.2 . Cochran’s 
 t -test for two sample sets with unequal variances was used to determine signifi cance.   

    81.3   Results 

 Initially, we made RPE fl atmounts from C57BL/6J (wildtype) and rd10 mice from 
100, 180, and 330 days old mice and determined that there were massive changes in 
RPE cell morphology that occurred following retinal degeneration in the rd10 mice 
(data from 100-day old shown in Fig.  81.1 ). Figure  81.1  shows a superior portion of 
a 100-day old rd10 RPE fl atmount with ciliary body at the top and the optic nerve at 
the bottom of the image. This image shows dramatic changes in RPE morphology 
from wildtype (see Fig.  81.2  for an example of wildtype morphology). Wildtype 
RPE cell morphology is mostly homogenous with an array of hexagonal cells (as 
shown in the top panel of Fig.  81.2 ) throughout the RPE sheet with a looser network 
of cells in the periphery at the margins of the ciliary body.   

 We decided to look at earlier time points to see if we could fi nd changes in RPE 
morphology that precede the obvious changes that we see in Fig.  81.1 . The top 
panel of Fig.  81.2  provides examples of the cut boxes that are used in Cell Profi ler 
for analysis. Of the many analyses that can be run with Cell Profi ler, we fi nd that 
number of neighbors, eccentricity, and form factor are the most useful measures for 
RPE cell morphology. 

 The number of neighbors is very similar in all comparisons between wildtype 
and rd10. This is expected as at these time points there does not appear to be very 
much death of RPE cells. This indicates that from 30 to 60 days old, the changes in 
cell shape are not due to cells moving to fi ll in empty spots after cells have died. 

 Typically RPE cells have a regular hexagonal shape. Stretching or compression 
of the cells results in a distorted cell shape which can be measured as eccentricity. 
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A typical circle has one focal point in the middle of the circle. As a circle is changed 
to an ellipse, the focal point splits into two foci that spread as the shape becomes 
more elliptical. The eccentricity measurement in Cell Profi ler assigns two foci to 
each cell and provides the measurement between those foci. A larger number indi-
cates more compressed/stretched cell morphology. We fi nd that there is greater 
eccentricity in RPE cells from rd10 vs. wildtype as early as 30 days old. 

 Form factor is another measure of distortion from a circular shape: it measures the 
overall shape of the cell in terms of perimeter vs. cell area. This is calibrated to a circle 
of the same perimeter. As such, cell shape distortion from a normal hexagonal pattern 

  Fig. 81.1    Superior fl ap of an RPE fl atmount stained with ZO-1 to outline RPE cells from a 
100-day-old rd10 mouse. ( a ) Indicates the peripheral region, ( b ) indicates the mid periphery, and 
( c ) indicates the posterior region of the RPE sheet.  CB  ciliary body;  ON  optic nerve,  asterisk  areas 
of RPE ingrowth away from Bruch’s membrane. Size bar is 250 mm       

 



64581 Analysis of the RPE Sheet in the rd10 Retinal Degeneration Model

  Fig. 81.2    Averaged RPE cell morphometrics. ( a ) Examples of cutboxes used for analysis, these 
were taken from all areas of the fl atmount where there were no dissection artifacts. ( b ) Number of 
neighbors is consistent suggesting that there is no cell death at these time points. ( c ,  d ) Measures 
of cell shape are used to determine if we can detect RPE cell differences early in this degeneration. 
* P  < 0.05, ** P  < 0.01       
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reduces their similarity to a circle and generates a lower number in this measure. RPE 
cells from rd10 mice have a lower form factor than wildtype as early as 30 days old.  

    81.4   Discussion 

 There are major changes to the morphology of RPE cells following retinal degen-
eration in rd10 mice from 100 to 330 days old. In Fig.  81.1  we showed data from 
100-day-old rd10 mice to demonstrate some of these disruptions. At later time 
points, the morphological changes spread to the whole retina and the patterning 
becomes more disorganized than what we see at 100 days old (data not shown). 

 The changes to cell morphology occur in three zones in a bullseye pattern around 
the optic nerve. In the posterior section of the RPE sheet around the optic nerve, there 
are many cells that are larger than normal with much variability in cell size. In the 
midperipheral region, cells have a compressed appearance and more tortuosity. In 
many samples from the 100-day-old rd10 mice, there is a ring of RPE ingrowth in this 
region. Parts of the RPE appear to be detached from Bruch’s membrane and growing 
in multiple layers under the retina. In later time points, there are patches of this RPE 
ingrowth throughout the RPE sheet (data not shown). In the periphery near the ciliary 
body at 100 days old, RPE morphology looks quite similar to wildtype controls with 
a soft network of cells of uniform size. This area becomes disrupted later. 

 Having identifi ed these qualitative differences in the RPE between wildtype and 
rd10 mice, we decided to use morphometric analysis software to quantify changes 
to RPE morphology at time points earlier than 100 days old. We analyzed RPE 
fl atmounts from 30, 45, and 60 days old. Thirty days old is a point in the rd10 retinal 
degeneration when there are approximately 10% of photoreceptors remaining, and 
qualitatively there does not appear to be much effect on the RPE at this point. We 
theorized and have demonstrated that minute changes in the RPE morphology that 
are undetectable qualitatively by visual inspection can be detected quantitatively 
using computational analysis. 

 There are distinct changes that occur in the morphology of RPE cells in response to 
the retinal degeneration that occurs in rd10 mice (Fig.  81.2 ). These changes are detect-
able as early as 30 days old, well before the retina is completely degenerated. We have 
demonstrated that the use of morphometric analysis software can detect these early 
changes. With the improvements that are occurring in in vivo imaging technology, 
application of these morphometric measurements to human disease will be possible.  

    81.5   Conclusions 

 As rd10 is a model for retinitis pigmentosa, we predict that similar changes to RPE 
are occurring in RP patients, and there may be therapeutic complications with 
changes in RPE function. Understanding RPE cell morphology and how it pertains 
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to normal RPE cell function is also important for early AMD diagnosis and therapy. 
It may be possible to predict the progression of retinal disease by noninvasive imag-
ing of RPE sheets using AO-cSLO, SD-OCT, or FAF imaging to determine the 
health of RPE cells.      
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     82.1   Introduction 

 While our knowledge of the morphological and cellular changes of retinal wound 
healing is extensive, a select few of the phenotypic changes has been related to 
molecular makers and regulatory mechanisms. We used microarray technology to 
catalog gene expression changes after retinal injury and to relate the expression 
profi les to the biochemical and cellular context of retinal healing (Vazquez-Chona 
et al.  2004 ; Templeton et al.  2009  ) .  

    82.2   Gene Expression After Retinal Injury 

 Our initial studies of retinal injury in adult rats revealed widespread changes at the 
site of injury and throughout the retina (Fig.  82.1a ). From a technical aspect, we 
have shown that microarrays reliably predict the direction of mRNA and protein 
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changes, but provide qualitatively incomplete assessments of posttranscriptional 
and posttranslational modifi cations (Rogojina et al.  2003 ; Vazquez-Chona et al. 
 2004  ) . Surprisingly, the large number of expression changes was highly regulated 
into three temporal patterns of expression – early acute (within hours), delayed 
subacute (within days), and late chronic phases (within weeks) (Fig.  82.1b ). Genes 
within each phase are functionally related and refl ect the sequelae of retinal wound 
healing (Fig.  82.1c ). Of interest was the coordinated upregulation of crystallins  a , 
 b , and  g . Traditionally, crystallins were thought to function as structural lens com-
ponents, but gene-sequence homology studies show that crystallins share homology 
with stress response genes such as heat-shock genes (Piatigorsky  1998 ; Horwitz 
 2003  ) . Supporting their stress response function is the correlation of enhanced sur-
vival during degeneration with crystallin upregulation. For example, C57BL/6 mice 
express higher levels of crystallins and are more resistant to increased intraocular 
pressure than DBA/2J mice (Steele et al.  2006  ) . The highly coordinated expression 
of crystallins and other functionally related groups suggested the presence of net-
works controlling the retinal response to injury.   

  Fig. 82.1    Gene expression after retinal injury is highly regulated into distinct temporal groups and 
functionally related groups. ( a ) Heat map represents expression upregulation at 0 and 4 h, as well as 
3, 7, and 30 days postinjury.  Dark hues  represent basal levels, whereas  bright hues  represent upregu-
lation. Genes are listed in Fig.  82.3a . ( b ) Expression patterns after injury. ( c ) Genes within profi les 
are functionally related. Data adapted from Vázquez-Chona et al.  (  2004  )  (Copyright 2004 
Association for Research in Vision and Ophthalmology, adapted and reproduced with permission)       
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    82.3   Expression Genetics of Retinal Injury Genes 

 To discover the networks modulating gene expression, we used quantitative trait 
locus (QTL) analysis in mouse strains with known neurological differences (Vazquez-
Chona et al.  2005,   2007  ) . The C57BL/6 and DBA/2J strains differ in their response 
to increased intraocular pressure, optic nerve crush, neurotoxicity, audiogenic stress, 
and adult neurogenesis (Schauwecker and Steward  1997 ; Inman et al.  2002 ; John 
 2005 ; Templeton et al.  2009  ) . To reveal the genetic networks modulating neurologi-
cal phenotypes, members of our group combined expression profi ling with linkage 
analysis in BXD recombinant inbred (RI) lines derived from the C57BL/6 (B) and 
DBA/2J (D) mouse strains (Chesler et al.  2005  ) . Expression QTL (eQTL) analyses 
in BXD RI strains revealed that loci modulating expression phenotypes are also 
related to neurological phenotypes, and that distinct regulatory loci modulate func-
tionally related genes (Chesler et al.  2005  ) . Basal expression data from forebrain, 
striatum, and cerebellum as well as phenotypes and genetic linkage analyses for 
BXD RI strains are publicly available at   www.GeneNetwork.org    . We mined the 
expression genetics data at GeneNetwork to identify the eQTLs that modulate the 
expression of CNS wound-healing genes (Vazquez-Chona et al.  2005,   2007  ) . 

 In BXD RI mouse forebrains, we found that the basal expression of acute phase 
genes is modulated by eQTLs on chromosomes 6, 12, and 14 (Fig.  82.2a ) (Vazquez-
Chona et al.  2005  ) . Specifi city and reliability were determined by comparing eQTLs 
across functional groups and tissues. For example, synaptic-related genes were also 
controlled by eQTLs on Chr. 6 and 14 in mouse forebrains, whereas wound-healing 
genes shared no eQTLs in analyses from hematopoietic stem cells (Vazquez-Chona 
et al.  2007  ) . Thus the eQTL within the 10–30 Mb interval of Chr. 12 modulates 
acute phase genes known to be involved in CNS healing, neurogenesis, and cell 
death (Vazquez-Chona et al.  2007  )  (Fig.  82.3 ). BXD neurological phenotypes fur-
ther support the role Chr. 12 network in the CNS response to degeneration 
(Fig.  82.2b ). In BXD RI mouse strains, the DBA/2J allele for the Chr. 12 locus is 
one of the loci associated with susceptibility to noise-induced hearing loss and 
audiogenic seizures when exposed to intense auditory stimulation (Neumann and 
Collins  1991 ; Willott and Erway  1998  ) . By contrast, the C57BL/6 allele is associ-
ated with enhanced neurogenesis and survival of new neurons and astrocytes in 
adult hippocampus (Kempermann and Gage  2002  ) . Together BXD phenotypic and 
expression data suggest that a polymorphic gene within the Chr. 12 locus modulates 
the CNS response to degeneration (Vazquez-Chona et al.  2007  ) .    

    82.4   Bioinformatics Can Predict Candidate Modulators 

 We used a suite of bioinformatic analyses and online databases (Table  82.1 ) to iden-
tify polymorphic genes with (a) expression variability correlating to their loci ( cis -
eQTLs), (b) single-nucleotide polymorphisms (SNPs) in motifs that can alter 

http://www.GeneNetwork.org
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  Fig. 82.2    Chromosome 12 locus modulates expression of wound-healing genes. ( a ) Quantitative 
trait locus (QTL) analysis maps the regulation of basal gene expression in BXD recombinant 
inbred (RI) strains. This regulation is based on the genetic correlation of expression (individual 
rows on the  y -axis) to genomic markers across the mouse genome ( x -axis).  Blue hues  represent 
correlations for elevated expression in mice with the C57BL/6 allele at a given locus, and  orange 
hues  represent correlations for elevated expression in mice with the DBA/2J allele. eQTLs on Chr. 
6, 12, and 14 control basal expression of wound-healing genes in mouse forebrains. ( b ) Published 
data from phenotypes in BXD RI mouse strains further support that Chr. 12 locus associates with 
neurological phenotypes. ( c ) Linkage analyses for  Id2  and  Lpin1  expression across CNS tissues. 
( d ) Gene expression changes in the crystallin family after optic nerve crush in  Lpin1   fl d/fl d   and 
 Lpin1  +/+  retina.  fl d  (fat-liver dystrophy) mice express a nonfunctional Lipin 1 protein. Expression 
changes were measured using a full mouse Illumina microarray and represent averages from bio-
logical replicates. ( a – c ) Adapted from Vázquez-Chona et al.  (  2007  ) , under the Creative Commons 
Attribution By License (  http://creativecommons.org/licenses/by/3.0/    )       
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expression, and (c) biological signifi cance to CNS wound healing (Vazquez-Chona 
et al.  2005,   2007  ) . These analyses suggested that  Id2  and  Lpin1  were good candi-
date genes. Their expression variability in forebrain, cerebellum, and striatum of 
BXD RI mouse strains displayed highly signifi cant  cis -eQTLs (Fig.  82.2c ). This 
means that a genetic variant (or variants) within or near the loci for  Id2  and  Lpin1  

  Fig. 82.3    Chromosome 12 locus modulates transcription, differentiation, proliferation, and apop-
totic mechanisms. ( a ) Genetic networks were derived from transcripts sharing eQTLs as shown in 
Fig.  82.1 .  Blue lines  connecting specifi c genes to the locus represent correlations for elevated gene 
expression in mice with the C57BL/6 allele, and  orange lines  represent correlation for elevated 
gene expression in mice with the DBA/2J allele. Genes located within the eQTLs ( cis -eQTLs) are 
indicated with a  two-arrow line . ( b ) The major functional themes described by the network’s gene 
functions are the regulation of transcription, differentiation, proliferation, and cell death. A nonbi-
ased, statistical approach to defi ning the function of the network ( n  = 44 genes) is to compare the 
observed number of regulated genes as compared to the expected number in a population belong-
ing to a particular functional category. For the chromosome 12 network, we observed 32% (14 out 
of 44 genes) of genes to be related to the regulation of neural development and differentiation. This 
percentage is higher than the percentage (7%) observed among the total population of retinal reac-
tive transcripts and much higher than the percentage of expected genes in the entire genome. ( c ) 
We queried the biological literature using text-mining tools to illustrate networks within the tran-
scripts grouped into the neurogenesis category ( Pax6 ,  Neurod1 ,  Neurod2 ,  Id2 ,  Nfi b ,  Egr1 ,  Hes3 , 
 Bcl2 ,  Robo1 ,  Ets1 ,  Sox11 ,  Casp3 ,  Itgb1 , and  Sdc1 ). The literature search documents the number of 
known molecular interactions of these genes, including activation and inhibition, that occur during 
neurogenesis.  Asterisk  probe set for  Lpin1  is not available in Affy U34 chip; however, post meta-
analysis predicted and experimental models of gene expression confi rmed the role of  Lpin1  as a 
wound-healing gene. Reproduced from Vázquez-Chona et al.  (  2007  ) , under the Creative Commons 
Attribution By License. For further information go to   http://creativecommons.org/licenses/by/3.0/           
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alters their expression. For example, our bioinformatic analyses of functional motifs 
showed that SNPs in  Id2  and  Lpin1  might affect transcription factor binding sites 
and splice variants, respectively (Vazquez-Chona et al.  2007  ) . Publicly available 
microarray data also revealed that  Id2  and  Lpin1  are differentially displayed during 
retinal development and healing. Moreover,  Id2  and  Lpin1  were expressed in reactive 
glia of optic nerve heads and diabetic retinas (Vazquez-Chona et al.  2007  ) . Together 
these bioinformatic analyses provided the rationale for focusing on transcription 
regulator  Id2  and the nuclear protein  Lpin1  as the best, current candidate genes.   

   Table 82.1    Bioinformatic analyses and online databases   

 Analysis  Database  Website 

 Gene expression 
 Retinal development  Retina developmental gene 

expression 
   www.scripps.edu/cb/friedlander/

gene_expression     
 Mouse retina SAGE library    http://bricweb.partners.org/cepko/

default.asp     
 All tissues  Gene Expression Omnibus 

(GEO) 
   www.ncbi.hlm.nih.gov/geo     

 Expression QTL  GeneNetwork    www.genenetwork.org     
 Genes within QTLs  Genome browser    http://genome.ucsc.edu     

 Ensembl    www.ensembl.org/Mus_musculus     
 NCBI MapViewer    www.ncbi.nlm.nih.gov/mapview     

 Genes and loci causing 
retinal diseases 

 RetNet    www.sph.uth.tmc.edu/Retnet/     

 Loci associated with 
neurological phenotypes 

 BXD published phenotypes 
database 

   www.genenetwork.org     

 Single nucleotide polymor-
phisms (SNPs) 

 SNP browser 
 Ensembl Mouse SNPView 

   www.genenetwork.org/beta/
snpBrowser.py    ? 

 Entrez SNP databases    www.ensembl.org/Mus_musculus     
   www.ncbi.nlm.nih.gov/SNP     

 Functional motifs 
 Transcription factor binding 

sites 
 MOTIF    http://motif.genome.jp     

 Protein domains  Scansite    http://scansite.mit.edu     

 Cellular distribution of transcript 
 Retina  Mouse Retina SAGE Library    http://bricweb.partners.org/cepko/

default.asp     
 Brain  Gene Expression Nervous 

System Atlas (GENSAT) 
   www.ncbi.nlm.nih.gov/gensat     

 Gene ontology  WEB-based GEne SeT 
AnaLysis Toolkit 
(WebGestalt) 

   http://bioinfo.vanderbilt.edu/
webgestalt/     

 Mining NCBI literature 
for interactions 

 Chilibot    www.chilibot.net     

  Table reproduced from Vázquez-Chona et al.  (  2007  ) , under the Creative Commons Attribution By 
License 
 For further information go to   http://creativecommons.org/licenses/by/3.0/      
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    82.5   Predicted Networks Require Validation 

 Evidence supporting the regulatory mechanism predicted by expression genetics 
and bioinformatics can include relevant cellular localization as well as relevant phe-
notypes from expression manipulation in cell and animal studies. For example,  Id2  
is upregulated by reactive glia in brain, spinal cord, and optic nerve head (Vazquez-
Chona et al.  2005  ) . Moreover, our knockdown of  Id2  mRNA in cultured cerebellar 
astrocytes resulted in decreased migration and proliferation (Vazquez-Chona et al. 
 2007  ) . Genetic studies show that ID2 defi ciency enhances ocular metastasis and 
apoptotic rates in epithelial cells (Yokota and Mori  2002 ; Agapova et al.  2010  ) . 
Currently, we are also measuring the wound-healing response in a mouse line 
expressing a nonfunctional Lipin 1 protein, the  fl d  (fat-liver dystrophy) mouse 
(Peterfy et al.  2001  ) . After optic nerve crush injury,  fl d  mice displayed a 29% 
increase in surviving NeuN +  cells relative to wild-type mice ( p  < 0.05, student  t -test). 
The enhanced survival of ganglion cells in  fl d  mice correlated with the upregulation 
of the crystallin family; whereas in wild-type mice the increased cell death corre-
lated with crystallin downregulation (Fig.  82.2d ). Similarly, DBA/2J mice upregu-
lated crystallins and is more resistant to optic nerve crushes than C57BL/6 mice 
(Templeton et al.  2009  ) . These data suggest that the Crystallin Network is associ-
ated with increased survival of ganglion cells after optic nerve crush, and that Lipin 
1 is an upstream modulator of the Crystallin Network and Chr. 12 network.  

    82.6   Conclusion 

 The present series of studies defi ned global changes that occur after ocular injury. 
They also defi ned a genetic network that modulates the retinal wound-healing 
response. Characterizing the interaction of Lipin 1 and the Crystallin Network may 
point to therapeutic strategies for enhancing ganglion cell survival. It may also lead 
to a genetic fi ngerprint or biomarker for predicting patients at higher risk of gan-
glion cell loss in blinding diseases such as glaucoma and ocular neuropathy. Our 
work is also moving microarray analyses from cataloging expression changes 
toward the discovery of expression networks and their modulators. During this pro-
cess, we have developed approaches to defi ne genetic networks by integrating gene 
expression profi ling and higher-level bioinformatic analyses.      
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           83.1   Introduction 

 Retinal degeneration slow (RDS) is a photoreceptor-specifi c member of the tetraspanin 
superfamily. Mutations in RDS cause many forms of retinal degeneration, ranging 
from rod-dominant retinitis pigmentosa to cone-dominant macular dystrophy and 
cone-rod dystrophy (  http://www.retina-international.com/sci-news/rdsmut.htm    ). 
RDS is required for rod and cone outer segment (OS) biogenesis, but evidence sug-
gests that the two cell types have divergent requirements for the protein. Rods with-
out RDS (in the rod-dominant wild-type [WT] mouse) completely lack OSs and 
exhibit no rod-based electroretinogram (ERG) function (Sanyal and Jansen  1981  ) . 
In contrast, cones lacking RDS (in the cone-dominant  nrl   −/−   background) form OSs 
and retain function (Farjo et al.  2006  ) . The OSs of the  rds   −/−   /nrl   −/−   are quite abnormal; 
they completely lack lamella and take the form of balloon-shaped membranous sacs. 

 More specifi cally, large oligomeric RDS complexes held together by C150-
mediated disulfi de bonds are required for the formation of the rim region of rod 
disks and cone lamellae. Transgenic mice expressing oligomerization-incompetent 
RDS (C150S-RDS) on the  rds   −/−   background do not form rod or cone OSs 
(Chakraborty et al.  2009 ; Chakraborty et al.  2010  ) . In the presence of endogenous 
RDS, rods are not adversely affected by C150S-RDS, while cones exhibit a dra-
matic, dominant degeneration and aberrant rim formation. 

 In addition to causing dominant ultrastructural and functional degeneration, 
C150S-RDS produces defects in protein traffi cking to the OS in cones but not in 
rods. In both the WT and  nrl   −/−   backgrounds, cones exhibit mislocalization of 
C150S-RDS protein (but not endogenous RDS) throughout the photoreceptor cell. 
Furthermore, mislocalization of C150S-RDS is accompanied by mislocalization of 
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cone opsins (Chakraborty et al.  2009  ) . Here we ask whether other cone OS proteins 
are mislocalized in the presence of C150S-RDS to help understand the mechanism 
underlying this phenotype.  

    83.2   Materials and Methods 

    83.2.1   Construction of the Transgene 

 The COP-T-C150S-RDS transgenic mice were generated as described previously 
(Chakraborty et al.  2009 ; Chakraborty et al.  2010  ) . Briefl y, a 6.5 kb fragment of the 
human red/green opsin promoter (generously shared by Dr. Jeremy Nathans) was 
introduced in front of the full-length mouse Rds cDNA. In addition to the C150S 
mutation, the cDNA contained the P341Q modifi cation to enable specifi c antibody 
recognition. Mice were bred into the cone-dominant  nrl   −/−   (generously shared by 
Dr. Anand Swaroop, NEI) background. All experiments and animal protocols were 
approved by the local Institutional Animal Care and Use Committee (IACUC; 
University of Oklahoma Health Sciences Center, Oklahoma City, OK, U.S.A.) 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, U.S.A.).  

    83.2.2   Antibodies and Immunohistochemistry 

 Standard immunohistochemistry was performed as d escribed previously 
(Chakraborty et al.  2009 ; Chakraborty et al.  2010  )  using frozen sections from mice 
at 30 days of age (P30). Eyes were collected mid-afternoon under room light. Images 
were captured with an Olympus BX-62 microscope equipped with a spinning disc 
confocal unit. Images were stored and deconvolved (no neighbors paradigm) using 
Slidebook® version 4.2 and are single slices of a confocal stack. The following 
antibodies were used in this study (1) mouse mAB 3B6 specifi cally recognizing 
transgenic but not endogenous RDS (generously shared by Dr. Robert Molday, 
University of British Columbia); (2) rabbit polyclonal antibodies against medium 
wavelength (M-) opsin and cone arrestin (M-opsin, mCAR, generously shared by 
Dr. Cheryl Craft, Keck School of Medicine, University of Southern California); (3) 
rabbit polyclonal antibody against the beta subunit of the cone cyclic nucleotide 
gated channel (CNGB3- generously shared by Dr. Xi-Qin Ding, University of 
Oklahoma Health Sciences Center); (4) rabbit polyclonal antibody against cone 
transducin (GNAT2-Santa Cruz Biotechnology, Santa Cruz, CA); (5) rabbit poly-
clonal antibody against short wavelength (S-) opsin, generated in house.   
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    83.3   Results 

    83.3.1   OS Proteins are Normally Localized in COP-T/nrl  −  /  −   

 To enable study in a cone-dominant environment, mice expressing C150S-RDS 
under the control of the cone opsin promoter (COP-T) were crossed into the  nrl   −/−   
background. As we have shown previously (Chakraborty et al.  2010  ) , and here in 
Fig.  83.1a , transgenic mice exhibit mislocalization of COP-T protein (labeled with 
mAB 3B6) and mislocalization of M-opsin. To determine if this mislocalization was 
a general trend, or limited to opsin and COP-T, we investigated three other OS pro-
teins. First, we examined the cone cyclic nucleotide gated channel (CNGB3), a 
membrane protein located exclusively on the cone OS plasma membrane, in con-
trast to cone opsin which is present in the plasma membrane and the lamella mem-
brane. Second, we examined the membrane-associated protein cone transducin 
(GNAT2). Cone transducin is associated with cone opsin and is found in cone OSs. 
The third protein we examined is the cytosolic protein cone arrestin (CAR). In dark-
adapted cones, CAR is found localized throughout the photoreceptor, while in the 
light, it is localized to the OS and synaptic region (with minimal staining of cell 

  Fig. 83.1    M-opsin and COP-T but not other OS proteins are mislocalized in COP-T/ nrl   −/−   mice. 
P30 frozen sections were stained with ( a ) mAB 3B6 (to recognize COP-T- red ) and M-opsin ( green ) 
( b ) CNGB3- red  ( c ) GNAT2- red  ( d ) or mCAR- red . Nuclei were labeled with DAPI ( blue ). ( a ) M-opsin 
and COP-T are mislocalized throughout the photoreceptor in COP-T/ nrl   −/−   animals instead of 
being restricted to the OS as in the  nrl   −/−  . ( b – d ) CNGB3, GNAT2, and mCAR exhibit normal pro-
tein localization in the presence of the COP-T transgenic protein.  Arrowheads -mislocalization in 
ONL,  arrows  mislocalization in the OPL. Scale bar 25  m m,  OS  outer segment;  ONL  outer nuclear 
layer;  OPL  outer plexiform layer;  R  rosette       
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bodies and ISs) (Zhu et al.  2002  ) . When we labeled P30, retinal sections (collected 
under room lighting) with antibodies against these three proteins (Fig.  83.1b–d ), 
expression patterns in the COP-T/ nrl   −/−   are the same as  nrl   −/−  . We do not see any 
mislocalization reminiscent of the staining pattern of M-opsin or COP-T.   

    83.3.2   GNAT2 is Mislocalized in COP-T/WT 

 It has been documented that the cones of the  nrl   −/−   are similar to WT cones, but are 
shorter than normal cones, and undergo slow degeneration (Mears et al.  2001 ; 
Daniele et al.  2005  ) . Previously, we have observed that the cone-dominant degen-
erative ERG phenotype associated with COP-T is less severe in  nrl   −/−   cones than in 
WT cones. Similarly, we observed that in WT cones, both M- and S-opsin are mis-
localized, while in  nrl   −/−   cones, only M-opsin is mislocalized (Chakraborty et al. 
 2009 ; Chakraborty et al.  2010  ) . We therefore decided to examine cone OS protein 
localization in WT cones expressing COP-T. As shown previously (Chakraborty 
et al.  2009  )  and in Fig.  83.2 a b, both M- and S-opsin are mislocalized to the ONL 
and OPL in the COP-T/WT animals, but not in nontransgenic controls. As in the 
COP-T/ nrl   −/−  , CNG is properly localized to the OS in COP-T/WT animals 
(Fig.  83.2c ). In contrast, GNAT2 exhibits marked mislocalization in the cones of the 
COP-T/WT (Fig.  83.2d ). The pattern is identical to the opsin mislocalization we 
observe: some protein is found in the OS, with additional protein seen in the ONL 
(arrowheads) and the synaptic terminals (arrows).    

  Fig. 83.2    GNAT2 is mislocalized with cone opsins in COP-T/WT mice. P30 frozen sections were 
stained with ( a ) M-opsin, ( b ) S-opsin, ( c ) CNGB3, and ( d ) GNAT2. M-opsin, S-opsin, and GNAT2 
are mislocalized throughout the photoreceptor in COP-T/WT animals while CNGB3 is normally 
localized in the OS.  Arrowheads -mislocalization in ONL, arrows mislocalization in the OPL. Scale 
bar 10  m m,  OS  outer segment;  ONL  outer nuclear layer;  OPL  outer plexiform layer;  R  rosette       
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    83.4   Discussion 

 Although it is clear that higher-order, disulfi de bonded RDS oligomers are required 
for OS formation, our observation that C150S-RDS is abnormally traffi cked in 
cones but not in rods (Chakraborty et al.  2009 ; Chakraborty et al.  2010  )  suggests 
that assembly and packaging of RDS complexes in the IS may be different in rods 
vs. cones. In the rod IS, RDS assembles into noncovalently bound tetramers 
(Chakraborty et al.  2008  ) . After traffi cking to the rod OS, RDS homotetramers 
assemble into higher-order complexes that are held together by intermolecular dis-
ulfi de bonds mediated by C150. While little is known about RDS assembly and 
traffi cking in cones, our results from the COP-T mice suggest that normal RDS 
traffi cking in cones may rely on formation of some covalently bound RDS complexes 
in the IS. In this case, oligomerization-incompetent RDS might be abnormally pro-
cessed during the formation of traffi cking vesicles at the trans Golgi. 

 Why abnormally packaged RDS (i.e. COP-T) should lead to cone opsin mislo-
calization is unclear. In a model of OS degeneration, it has been shown that in rods, 
RDS accumulates in cytoplasmic vesicles, while opsin accumulates on the plasma 
membrane of the IS, cell body, and synaptic terminal (Fariss et al.  1997  ) . The 
authors suggest that this arises from differential targeting and traffi cking of opsin 
and RDS vesicles to the OS. Similar evidence exists for cones: models which exhibit 
cone opsin mislocalization (such as Kif3a  −/−   and BBS4  −/−  ), do not exhibit RDS mis-
localization (Abd-El-Barr et al.  2007 ; Avasthi et al.  2009  ) . These data are consistent 
with our previous publications from the COP-T model wherein endogenous RDS is 
not mislocalized even though opsin is, and suggest strongly that opsin and RDS do 
not traffi c together. COP-T mislocalization mimics (and colocalizes) with the mis-
localized cone opsin, in contrast to the pattern of RDS mislocalization seen by Fariss 
et al.  (  1997  ) . This has led us to hypothesize that oligomerization-incompetent RDS 
is abnormally packaged into cone opsin-containing vesicles and interferes with nor-
mal OS targeting of those vesicles. If this hypothesis is correct, other proteins that 
traffi c with cone opsin should also be mislocalized in COP-T cones. 

 A series of excellent publications has signifi cantly enhanced our knowledge of 
normal cone and rod opsin traffi cking, see (Karan et al.  2008  ) . Based on results from 
multiple mouse models, it has been proposed that rod and cone opsin traffi c in vesi-
cles that also contain, among other proteins, rhodopsin kinase and either rod or cone 
transducin; while OS proteins such as RDS and the rod/cone CNGs traffi c separately. 
In support of the hypothesis that COP-T is interrupting the normal traffi cking of cone 
opsin-containing vesicles, we here demonstrate that GNAT2 but not CNG mislocal-
ize in COP-T cones. Surprisingly, we do not see mislocalization of GNAT2 in the 
 nrl   −/−   background. In COP-T/ nrl   −/−   all cone transducin is found in the OS region. 
Similarly, we have observed that COP-T induces signifi cant mislocalization of 
S-opsin in the WT background (see Fig.  83.2 b and (Chakraborty et al.  2009  ) ) with 
only minor mislocalization in the  nrl   −/−   (Chakraborty et al.  2010  ) . These observa-
tions point to differences between the cones of the  nrl   −/−   and the cones of the WT. 
While the cones of the  nrl   −/−   exhibit cone-like morphological, ultrastructural, and 
electrophysiological features, they may also exhibit some rod-cone hybrid features. 
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 In conclusion, the data we have presented here support the hypothesis that 
oligomerization-incompetent RDS is not packaged properly in the cone IS and may 
become abnormally packaged with cone opsin. Furthermore, this abnormality leads 
to aberrant traffi cking of opsin-containing vesicles and may partially explain the 
cone-dominant degenerative phenotype we see in COP-T mice.      
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           84.1   Introduction 

 Heat shock proteins (HSPs) are one of the molecular chaperones. HSPs play an 
important role for cell protection by various environmental stresses, such as heat, 
heavy metals, and reactive oxygen species (Beckmann et al.  1990 ; Chiang et al. 
 1989 ; Shi and Thomas  1992  ) . Following stresses, HSPs are rapidly induced to con-
trol cell maintenance and survival. HSPs are transactivated Heat shock factor-1 
(HSF-1) (Santoro  2000  ) . HSF-1 normally exists in the cytoplasm, and is translo-
cated to the nucleus with active phosphorylated form under stress conditions. Fish 
retinal ganglion cells (RGCs) can survive and regenerate their axons after optic 
nerve injury (ONI), which is the best model for CNS repair after injury (Sperry 
 1948 ; Attardi and Sperry  1963 ; Kato et al.  2007  ) . Although many factors are 
involved in the fi sh optic nerve regeneration process, there is no report describing 
about HSPs and HSF-1 in the fi sh retina during nerve regeneration. In the present 
study, we compared the expression of HSP70 and HSF-1 in zebrafi sh retina after 
ONI and heat shock.  
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    84.2   Materials and Methods 

    84.2.1   Animals and Treatment 

 Zebrafi sh ( Danio rerio , body length 3–4 cm) were used throughout this study. 
Zebrafi sh were anesthetized with ice-cold water. The optic nerve was transected 1 mm 
away from the posterior of eyeball with scissors. After surgery, the fi sh were kept in 
water tank at 28°C for 0.5–72 h. Heat stress was performed at 37°C for 30 min.  

    84.2.2   RNA Isolation and RT-PCR 

 Total RNA was isolated from two eyes using Sepasol®-RNA I super (Nacalai Tesque). 
RT-PCR was performed using TaKaRa RNA PCR kit (AMV) Ver.3 (TaKaRa).  

    84.2.3   Tissue Preparation 

 At appropriate times, fi sh eyes were enucleated and fi xed in 4% paraformalde-
hyde/5% sucrose in 0.1 M phosphate buffered saline at pH 7.4 (PBS) for overnight 
at 4°C. It was then immersed in ascending series of sucrose until fi nal 20% sucrose/
PBS overnight at 4°C. The tissue was immersed in OCT compound and frozen sec-
tioned in 12  m m thickness and transferred to silane-coated coverslips and allowed to 
air dry before storing at −20°C.  

    84.2.4   Immunohistochemistry 

 Immunohistochemistry (IHC) was performed as described previously (Matsukawa 
et al.  2004  ) . In brief, after autoclaved at 121°C for 20 min in 10 mM citrate buffer, 
tissue sections were washed and blocked for 30 min, and incubated with primary 
antibodies overnight at 4°C. The antibodies used in this study were anti-HSP70 
(1:100, SANTA CRUZ BIOTECHNOLOGY, INC.) and anti-pHSF-1 (1:300, 
SANTA CRUZ BIOTECHNOLOGY, INC.). After washing, the sections were incu-
bated with secondary antibodies, Alexa Fluor 488 antibody (Molecular probes) for 
1 h at room temperature.  

    84.2.5   In Situ Hybridization 

 To investigate the localization HSP70 mRNA, in situ hybridization (ISH) was 
performed as described previously (Matsukawa et al.  2004  ) . In brief, plasmids con-
taining 436 bp of HSP70 cDNA were linearized, and antisense and sense cRNA 



66584 HSP70 Gene Expression in the Zebrafi sh Retina After Optic Nerve Injury…

probes were generated with mixture of plasmid, T7 or SP6 RNA polymerase, and 
digoxigenin-labeled deoxy UTP. The retinal sections were prehybridized in hybrid-
ization buffer for 30 min at 42°C. Hybridization was performed with 500 ng of 
cRNA probes labeled with digoxigenin in 1 mL of hybridization solution overnight 
at 42°C. On the following day, the sections were washed and treated with 20 mg/mL 
RNase A at 37°C for 30 min. To detect the signals, the sections were incubated with 
an alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche, Germany) 
overnight at 4°C, and visualization was performed using NBT/BCIP (Roche) as 
the substrate.   

    84.3   Results 

    84.3.1   The Expression of HSP70 and HSF-1 in the Zebrafi sh 
Retina After ONI 

 The expression of HSP70 and HSF-1 levels in the zebrafi sh retina after ONI were 
investigated using RT-PCR, ISH, and IHC. The levels of HSP70 mRNA (Figs.  84.1 a 
and  84.1c–e ) and protein (data not shown) were increased 2.2-folds at 0.5–24 h and 
then returned to the control level at 72 h after ONI. These increased expressions 
were limited to RGCs (Fig.  84.1c–e ). The levels of HSF-1 mRNA were signifi cantly 
increased in the zebrafi sh retina 2.2-folds at 0.5–24 h (Fig.  84.2a ) and the phospho-
HSF-1 protein was detected at 0.5 h in RGCs after ONI (data not shown).    

    84.3.2   The Expression of HSP70 and HSF-1 in the Zebrafi sh 
Retina After Heat Shock 

 The expression of HSP70 and HSF-1 levels in the zebrafi sh retina after heat shock 
were investigated using RT-PCR, ISH, and IHC. After heat shock at 37°C for 30 min, 
the levels of HSP70 mRNA was increased in the zebrafi sh retina 3.2-folds at 0.5–1 h, 
and then returned to the control level by 3 h (Fig.  84.1b ). This increased expression 
was detected in all nuclear layers (Fig.  84.1f–h ). Whereas the levels of HSF-1 mRNA 
were not changed in any time points (Fig.  84.2b ), the phosphor-HSF-1 protein was 
detected at 0.5 h in all nuclear layers after heat shock (data not shown).   

    84.4   Discussion 

 We compared the expression change of HSP70 and HSF-1 in zebrafi sh retina after 
ONI and heat shock. The most noticeable difference between ONI and heat shock is 
the expression change of HSF-1 mRNA. After ONI, the continuous increase (0.5–
72 h) of HSP70 mRNA was accompanied with the induction of HSF-1 mRNA and 
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pHSF-1 protein. In contrast, the transient increase (0.5–3 h) of HSP70 mRNA after 
heat shock was accompanied with the induction of pHSF-1 protein but not HSF-1 
mRNA. These results indicate that the continuous induction of HSP70 mRNA by ONI is 

  Fig. 84.1    Expression and localization of HSP70 mRNA in the zebrafi sh retina after optic nerve 
injury and heat shock stresses. ( a ) Expression of HSP70 mRNA in the zebrafi sh retina after optic 
nerve injury (ONI). * p  < 0.05 vs. control  n  = 3 ( b ): Expression of HSP70 mRNA in the zebrafi sh 
retina after heat shock. * p  < 0.05 vs. control  n  = 3 ( c) : Localization of HSP70 mRNA in the control 
(nontreatment) zebrafi sh retina. In control retina, weak signals of HSP70 mRNA were detected in 
all nuclear layers. ( d ,  e ): Localization of HSP70 mRNA in the zebrafi sh retina after ONI. Strong 
signals of HSP70 mRNA were detected in RGCs 3 h after ONI ( d ), and then the levels of HSP70 
mRNA returned to the control value by 72 h ( e ). ( f ,  g ): Localization of HSP70 mRNA in the 
zebrafi sh retina after heat shock stresses. HSP70 mRNA was drastically increased in all nuclear 
layers 0.5 h after heat shock stresses ( f ). The levels of HSP70 mRNA returned to the control value 
by 3 h ( g ). ( h ) No positive signals could be seen in sense-probe. Scale bar equals to 50  m m. GCL: 
ganglion cell layer       
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due to elevated translocation of pHSF-1 into the nucleus with transcriptional activation, 
whereas the transient induction of HSP70 mRNA by heat shock is due to elevated 
translocation of pHSF-1 into the nucleus without transcriptional activation. 

 In summary, Fig.   Error! Reference source not found. a , b illustrate schematic 
drawings of the HSP70 induction after ONI (a) and heat shock stresses (b). After 
ONI, fi rst, HSF-1 mRNA is transcribed from HSF-1 coding region. HSF-1 mRNA 
is translocated to the cytoplasm and translated to HSF-1 protein (nonactivated-form). 
HSF-1 protein in the cytoplasm is phosphorylated (pHSF-1) and then translocated 

  Fig. 84.2    Different induction mechanisms of HSP70 mRNA in the zebrafi sh retina after optic 
nerve injury and heat shock stresses. ( a ) Optic nerve injury condition. Levels of HSF-1 mRNA and 
phospho-HSF-1 protein both increased following HSP70 mRNA induction. * p  < 0.05 vs. control 
 n  = 3 ( b ) Heat shock condition. Levels of phospho-HSF-1 protein were increased without transcrip-
tional activation of HSF-1 mRNA. * p  < 0.05 vs. control  n  = 3 ( c ) Schematic drawings of the HSP70 
mRNA induction in the zebrafi sh retina after ONI. ( d ) Schematic drawings of the HSP70 mRNA 
induction in the zebrafi sh retina after heat shock       
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into the nucleus. pHSF-1 (activate form) translocated into the nucleus forms trimeric 
complexes and binds to Heat shock element (HSE) which exists upstream region of 
HSP70 promoter (Santoro  2000  ) . Thereafter, HSP70 mRNA is transactivated under 
the regulation of trimeric pHSF-1. In contrast, after heat shock stresses, HSF-1 protein 
in the cytoplasm is phosphorylated and translocated into the nucleus and then 
pHSF-1 translocated into the nucleus after heat shock stresses transactivates HSP70 
mRNA without transcriptional activation of HSF-1 mRNA. 

 Airaksinen et al.  (  2003  )  reported that HSF-1 mRNA in zebrafi sh embryonic 
fi broblast cell line did not induce even under heat shock stress for more than 30 min 
at 37°C. Such a distinct and continuous induction of HSF-1 mRNA after ONI might 
contribute signaling activation of successful optic nerve regeneration in zebrafi sh. 

 In the future, this work offers a clear to resolve the mammalian CNS regeneration.      
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     Keywords   TGF-beta  •   Brn3b   •   Math5   •   Foxn4   •   Crx   •   Neurod1   •   Chx10   •   Fst   • 
 Stem/progenitor cell  •  Micro-ophthalmia     

     85.1   Introduction 

 Null mutations in the  visual system homeobox 2  ( Vsx2 ; a.k.a.  Chx10 ) gene result in 
micro-ophthalmia and failed retinal development in man, mouse, and zebrafi sh 
(Burmeister et al.  1996 ; Barabino et al.  1997 ; Ferda Percin et al.  2000  ) .  Vsx2   orJ/orJ   
( Chx10   or  , ocular retardation) mutant mice exhibit a 19-fold decrease in the number 
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of retinal cells, optic nerve aplasia, dramatic (if not complete) loss of bipolar 
interneurons, and the retinas lack a normal layered structure (Burmeister et al. 
 1996  ) . Previous studies have shown that there are fewer proliferating cells in the 
retinas of  Vsx2   orJ/orJ   mice during embryonic development, and that overproduction 
of retinal pigmented epithelium – in contrast to neural epithelium – is likely to be a 
major cause of the severe phenotypes observed in  Vsx2  mutant retinas (Burmeister 
et al.  1996 ; Rowan et al.  2004  ) . These observations make the  Vsx2  mutant mouse a 
good model for understanding the onset, progression, and molecular etiology of 
development retinal dystrophies in man. 

 Growth and differentiation factor 11 (GDF11), a member of the TGF- b  super-
family of signaling molecules, has been shown to be an autocrine negative regulator 
of neurogenesis, as well as an important regulator of stem/progenitor cell fate, in 
sensory epithelia (Wu et al.  2003 ; Kim et al.  2005 ; Lander et al.  2009  ) . In the olfac-
tory epithelium (OE),  Gdf11  negatively regulates neuronal cell number by causing 
cell-cycle arrest and/or differentiation of the progenitor cells that give rise to olfac-
tory receptor neurons (ORNs), and as a result, the OE of  Gdf11   −/−   mice show an 
increased number of both neuronal progenitors and ORNs, and is thicker than that 
of wildtype mice (Wu et al.  2003 ; Lander et al.  2009  ) . In the retina, absence of 
 Gdf11  results in an increase in the number of retinal ganglion cells (RGCs) 
(Fig.  85.1a ), the earliest cell type to differentiate during retinal neurogenesis; how-
ever, this increase is at the expense of later-born cell types such as rod photorecep-
tors and amacrine cells (Kim et al.  2005  ) . Multiple lines of evidence indicate that 
this effect is due to a change in the fate of retinal stem/progenitor cells, and is a 
consequence of prolonged expression of  Math5  ( Atoh7 , MGI), a transcription factor 
that confers competence to form RGCs, in  Gdf11   −/−   retina (Fig.  85.1b ). GDF11 
activity is required to downregulate expression of  Math5,  and in its absence, RGCs 
are produced for an extended period of time and accumulate in an aberrantly thick 
RGC layer (Fig.  85.1 )    and (Kim et al.  2005 ; Harada et al.  2007  ) .  

  Fig. 85.1    GDF11 is a negative regulator of retinal neurogenesis. ( a ) H&E stain at E17.5 and 
 Brn3b  ISH at P0 show an increase in RGC, but no change in overall thickness of  Gdf11   −/−   retinas. 
( b ) ISH showing prolonged expression of  Math5  in  Gdf11   −/−   retinas.  Asterisks  indicate reproducible 
 Math5  upregulation in  Gdf11   −/−   retina from wildtype controls. Scale bars: 100  m m ( a ), 200  m mm 
( b ). Adapted from (Kim et al.  2005  )        
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 GDF11’s role in modulating the activity of transcription factors that specify 
development of sensory epithelia and the cells within them has other consequences 
as well. For example, mice that lack the winged helix transcription factor FoxG1 
lack an OE and have greatly reduced cerebral hemispheres (Xuan et al.  1995  ) . We 
have found that the ability of FoxG1 to drive OE neurogenesis is due to its function 
as a negative regulator of GDF11 activity: Reduction of  Gdf11  levels rescues, to a 
signifi cant extent, both the early developmental loss of neuronal progenitor cells in 
 Foxg1   −/−   OE, and the defects in nasal cavity and olfactory turbinate structure devel-
opment seen in these mutants (Kawauchi et al.  2009  ) . These effects are gene dose-
dependent, with loss of even one allele of  Gdf11  restoring full histogenesis of the 
OE neuroepithelium in those regions of the nasal cavity that now develop (Kawauchi 
et al.  2009  ) . 

 Given these diverse yet related developmental functions of GDF11, we specu-
lated that reducing GDF11 levels might promote restoration of retinal development 
in the micro-ophthalmic  Vsx2   orJ/orJ   mouse. To test this idea, we used genetic manipu-
lations to alter  Gdf11  levels in the retinas of  Vsx2   orJ/orJ   mouse, and examined retinal 
phenotypes at various developmental ages.  

    85.2   Materials and Methods 

    85.2.1   Animals 

  Gdf11  +/−  mice ( Gdf11   tm2/ + ) (Wu et al.  2003  )  maintained on a C57bl/6 background 
were bred with  Vsx2   orJ/orJ   mice to generate  Gdf11  +/−  ;Vsx2   orJ/ +  mice; these mice were 
intercrossed, or were bred with mice heterozygous for one gene only, to obtain ani-
mals of the various genotypes studied. Day of vaginal plug discovery was desig-
nated embryonic day (E) 0.5. The Institutional Animal Care and Use Committee of 
the University of California, Irvine, approved all protocols for animal use.  

    85.2.2   Histology and In Situ Hybridization 

 Tissues were fi xed in 4% paraformaldehyde, cryoprotected, embedded, and cryo-
sectioned at 20  m m as described (Murray et al.  2003  ) . For in situ hybridization 
(ISH), cRNA probes for  Brn3b  ( POU4F2 ) , Crx, Foxn4, Math5  ( Atoh7 ), and  Neurod1  
were synthesized and hybridized as described (Kim et al.  2005  ) . Images were taken 
using a Zeiss Axiophot microscope equipped with AxioVision Software (Carl Zeiss, 
Thornwood, NY, USA).   
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    85.3   Results 

 In a previous study, we noted that inactivation of one or two alleles of  Gdf11  pro-
gressively restores development of OE in  Foxg1   −/−   mice (Kawauchi et al.  2009  ) . We 
performed a similar analysis by examining stained sections of retinas from 
 Gdf11   −/−   ;Vsx2   orJ/orJ    , Vsx2   orJ/orJ   and control ( Vsx2   orJ/ + ) mice at various developmental 
stages, and measuring thickness of central retina in each case. Reduction of  Gdf11  
levels rescues retinal thickness as early as day 14.5 of gestation (Table  85.1 ): The 
retina is about 20% thicker in  Gdf11   −/−   ;Vsx2   orJ/orJ   retinas than in  Vsx2   orJ/orJ   retinas 
(although thickness is not restored to full control levels). Epithelial thicknesses and 
cell lamination were also noticeably rescued in  Gdf11  +/−  ;Vsx2   orJ/orJ   retinas, implying 
a dose-dependence of this effect; this was most readily observed at later ages, as 
shown in Fig.  85.2 .   

   Table 85.1    Rescued expression of developmental genes in  Vsx2   orJ/orJ   retinas   

 Gene  Gene Function  Age  Control   Vsx2   orJ/orJ     Gdf11   −/−   ;Vsx2   orJ/orJ   

  Brn3b   RGC development 
(Erkman et al.  1996  )  

 E14.5  + + + + +  +/−  + + + 

  Neurod1   Amacrine development 
(Harada et al.  2007  )  

 E14.5  + + + + +  +/−  + + 

  Crx   Photoreceptor development 
(Furukawa et al.  1999  )  

 E14.5  + + + + +  +/−  + 

  Foxn4   Neuronal retina (Kelly et al. 
 2007  )  

 E14.5  + + + + +  –  + + + 

  Math5   Competence to make RGCs 
(Harada et al.  2007  )  

 E14.5  + + + + +  +  + + + + 

 Thickness (increase relative to Vsx2   orJ/orJ  )  E14.5  95%  (0%)  20% 

  Gene expression levels were scored from ISH and based on intensity and relative area of expression. 
“−” indicates no expression; “+/−” indicates low expression (<5 cells expressing); “+” indicates 
that expression was clearly observed. The strongest signal intensity with greatest expansion for 
each gene was scored as +++++. The scores of the various genes are compared to control retinas. 
Thickness of central retina was measured at E14.5  

  Fig. 85.2    Partial rescue of retinal lamination and thickness in  Vsx2   orJ/orJ   retina by inactivation of 
one allele of  Gdf11  at P7. Scale bar: 200  m m       
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 Expression of genes important for retinal development and neural cell differentiation 
show drastic reductions in their expression in  Vsx2   orJ/orJ   retinas (Rowan et al.  2004  ) . 
We performed ISH to examine expression of  Brn3b, Neurod1, Crx, Foxn4,  and 
 Math5  in the retinas of  Vsx2  mutants, and in these mice when  Gdf11  levels were 
reduced. Absence of  Gdf11  resulted in increased expression of these genes 
(Table  85.1 ). For example,  Brn3b  is expressed in the presumptive ganglion cell 
layer (GCL) at E14.5 in control retinas. In contrast,  Vsx2   orJ/orJ   retinas exhibit a severe 
reduction in  Brn3b  expression, with only a few scattered cells expressing  Brn3b . In 
 Gdf11   −/−   ;Vsx2   orJ/orJ   retinas,  Brn3b  expression is increased in intensity, expanded in 
area, and is localized to a clearly-demarcated developing GCL. Similarly,  Foxn4  
expression, normally expressed in stem/progenitor cells throughout the NBL, is 
absent in  Vsx2   orJ/orJ   retinas. Rescued retinas show an increase in ISH intensity and 
expanded  Foxn4  expression domain, restricted primarily to a demarcated NBL. 
Other retinal development genes show similar rescue of expression when  Gdf11  
levels are reduced (Table  85.1 ).  

    85.4   Discussion 

 In the present study, we show that  Vsx2  mutant retinas can be rescued by reducing 
 Gdf11  activity and that this rescue is gene dosage dependent. Expression analysis 
shows that genes required for proper retina development are minimally expressed or 
absent in the central region of  Vsx2   orJ/orJ   retina. With loss of  Gdf11  ( Gdf11   −/−   ;Vsx2   orJ/

orJ   retinas), expression of these genes is expanded, and the retinal neuroepithelium 
displays a more-normal lamination pattern and is increased in thickness (Fig.  85.3 ). 
These observations indicate that cells within the  Vsx2  mutant retina retain the 
potential to produce differentiated neuronal cell types, and imply that this process is 

  Fig. 85.3    Restoration of retinal development in  Vsx2   orJ/orJ   mice by reduction of  Gdf11  activity. 
Schematic model showing a section through a control eye at E14.5, with the developing ganglion 
cell layer (GCL) and neuroblastic layer (NBL) indicated.  Vsx2   orJ/orJ   eyes are smaller than controls, 
and have thinner retinas with no obvious lamination.  Gdf11  +/−  ;Vsx2   orJ/orJ   eyes are larger and their 
retinas are thicker than  Vsx2   orJ/orJ   retinas and show some lamination, including partial development 
of the GCL.  Gdf11   −/−   ;Vsx2   orJ/orJ   eyes and retinas are larger/thicker still, with clearly-visible GCL 
and NBL. L, lens       
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negatively regulated by the action of GDF11. Further support for this idea comes 
from the observation that reducing levels of follistatin (a high-affi nity GDF11 
antagonist expressed within neural retina; cf. (Kim et al.  2005  ) ) in  Vsx2  mutants 
exacerbates the mutant phenotype (data not shown).  

 Interestingly, recent preliminary studies suggest that not only is developmental 
gene expression rescued by reducing  Gdf11  levels in  Vsx2   orJ/orJ   retinas; optic nerve 
development may be rescued as well: DiI tracing of RGC axons in perinatal 
 Gdf11   −/−   ;Vsx2   orJ/orJ   mice indicates that a signifi cant number of axons are present in 
an (aberrant) optic nerve, and that these axons extend as far as the optic chiasm (data 
not shown). These observations suggest that the rescue of retinal development seen 
in these animals may extend to a restoration of visual function. 

 Altogether, these studies show that manipulation of the GDF11 signaling pathway 
can strongly infl uence the severity of developmental retinal dystrophies, and suggest 
that pharmacological intervention with the GDF11 signaling pathway may be a 
potent means by which to treat retinal dystrophies. To this end, current studies are 
aimed at understanding the molecular mechanisms by which rescue is achieved.      
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     86.1   Introduction 

 Almost 20 years ago, mutations in the  NDP  (Norrie disease pseudoglioma) gene 
were identifi ed as causative for Norrie disease. For a considerable number of 
 following years, the available data on the functional role(s) of Norrin, the product 
of  NDP , remained largely incomplete. Experimental studies were complicated by 
the fact that it turned out to be diffi cult to generate bioactive recombinant Norrin in 
larger amounts. In addition, the cells that secrete Norrin remained ill-defi ned, as 
the amounts of available mRNA and protein appeared to be very low in most tis-
sues of the body. In the more recent years, this scenario has completely changed, 
as the signaling pathways of Norrin have been largely identifi ed. Moreover, studies 
in animal (mouse) models have yielded important insights into a fundamental role 
of Norrin for capillary formation in retina and inner ear. Current data strongly 
indicate that Norrin has an additional neuroprotective role for retinal neurons, 
which appears to be largely independent from its role on the growth of retinal 
 capillaries (Fig.  86.1 ).   
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    86.2   Norrie Disease 

 Norrie disease is a congenital X-linked recessive disease which is characterized by 
atrophic irides, corneal clouding, cataract, and retinal dysplasia with early vascular 
proliferation (pseudoglioma) followed by bulbar atrophy. In addition, affected 
patients show progressive sensorineural hearing loss, psychotic features, and in one 
third of the cases mental retardation (Warburg  1966 ; Berger  1998  ) . By linkage anal-
ysis and positional cloning, mutations in  NDP  were identifi ed as cause of Norrie 
disease (Berger et al.  1992 ; Meindl et al.  1992  ) . In addition, the X-linked form of 
familial exudative vitreoretinopathy (FEVR) was found to be caused by missense 
mutations in Norrin (Chen et al.  1993 ; Fuchs et al.  1995 ; Meindl et al.  1995 ; Shastry 
et al.  1997a ; Torrente et al.  1997 ; Shastry  1998  ) , while autosomal-dominant familial 
exudative vitreoretinopathy was found to be caused by mutant frizzled-4, the ligand 
of Norrin (Robitaille et al.  2002  ) . Mutations in  NDP  have also been identifi ed in 
patients with Coat’s disease (Black et al.  1999  )  and retinopathy of prematurity 
(Shastry et al.  1997b  ) .  

    86.3   Norrin 

 Norrin is a secreted small protein which is characterized by a carboxyl-terminal 
cysteine-rich domain, which has been suggested to facilitate formation of a homodi-
mer containing a cyteine-knot motif (Meitinger et al.  1993  ) . Similar motifs have 
been observed in growth factors of the TGF- b  superfamily. Recent studies using a 
knock-in mouse model have found a wide spread expression of Norrin in astrocytes 
of both forebrain and midbrain, in Bergmann glia of the cerebellum, and in Müller 
glia of the retina (Ye et al.  2011 ). During development, expression of Norrin has 
been observed in regions of the hindbrain and throughout the dorsal and mid-dorsal 
regions of the neural tube (Ye et al.  2011 ). Norrin activates the canonical Wnt/ b -
catenin signaling pathway via specifi c binding to the frizzled (Fzd)4/low-density 
lipoprotein receptor-related protein (Lrp)5/6 receptor complex (Xu et al.  2004  ) . 
Similar to the action of Wnt glycoproteins, binding of Norrin to the extracellular 

  Fig. 86.1    The multiple 
functions of Norrin       
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cysteine rich domain of Fzd4 promotes oligomerization of Fzd4 with Lrp5/6 
 coreceptors to inactivate the  b -catenin destruction complex causing an accumula-
tion of intracellular  b -catenin. As additional component of the Fzd4/Lrp5/6 receptor 
complex, TSPAN12 has been identifi ed that multimerizes Fzd4 to form receptor 
clusters, and specifi cally promotes Norrin, but not Wnt-mediated  b -catenin signal-
ing (Junge et al.  2009  ) . Strikingly, mutations in Norrin and Fzd4 result in very 
 similar morphological phenotypes, both in mice and men (Xu et al.  2004 ; Smallwood 
et al.  2007 ; Ye et al.  2009  ) .  

    86.4   Angiogenic Properties of Norrin 

 Ndp y/−  mutant mice with a targeted disruption of  Ndp  have been generated (Berger 
et al.  1996  ) . The animals show complete absence of intraretinal capillaries and per-
sistence of the hyaloid vasculature (Richter et al.  1998 ; Rehm et al.  2002 ; Luhmann 
et al.  2005b ; Ohlmann et al.  2005  ) . Comparable fi ndings have been reported for the 
vessels within the stria vascularis of the cochlea (Rehm et al.  2002  ) .  b B1-crystallin-
norrin transgenic mice with ocular overexpression of ectopic norrin under control of 
the lens-specifi c  b B1-crystallin promoter have been developed and in mixed  b B1-
crystallin-norrin/Ndp y/−  mice, the vascular phenotype is completely rescued 
(Ohlmann et al.  2005  ) . Recombinant Norrin induces proliferation, migration, and 
tube formation in retinal microvascular endothelial cells, effects that involve Wnt/ b -
catenin signaling and induction of Sox17 and angiopoietin-2 (Ye et al.  2009 ; 
Ohlmann et al.  2010  ) . Overall, there is considerable evidence that Norrin, Fzd-4, 
and Lrp5 constitute an essential signaling system that controls the formation of retinal 
capillaries during development (Ye et al.,  2009  ) . Norrin is not only required during 
the development of retinal capillaries, but substantially protects against vascular 
damage induced by high oxygen such as observed in retinopathy of prematurity 
(Ohlmann et al.  2010  ) . In transgenic mice overexpressing norrin, vascular loss fol-
lowing oxygen exposure was signifi cantly smaller as compared to wild-type litter-
mates. In addition, the anatomical correct regrowth of vessels was signifi cantly 
increased, while pathological neovascularization was suppressed.  

    86.5   Neuroprotective Properties of Norrin 

 Norrin-defi cient mice show an early specifi c loss of retinal ganglion cells (RGC) 
suggesting a neuroprotective role of Norrin (Ohlmann et al.  2005  ) . To analyze such 
a putative neuroprotective role of Norrin in more detail, RGC survival in mouse 
eyes was studied following damage after  N -methyl- D -aspartate (NMDA) injection 
into the vitreous body (Seitz et al.  2010  ) . After injection of NMDA, the numbers of 
optic nerve axons and of perikarya of surviving RGC were signifi cantly higher in 
NMDA/Norrin injected eyes as compared to NMDA treated eyes, an effect that 
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could be blocked by adding dickkopf (DKK)-1, an inhibitor of the Wnt/ b -catenin 
signaling pathway. Comparable results were obtained by TUNEL labeling. 
Treatment of eyes with combined Norrin/NMDA activated Wnt/ b -catenin signaling 
and increased the retinal expression of leukemia inducible factor and endothelin-2, 
as well as that of neurotrophic growth factors such as fi broblast growth factor-2, 
brain-derived neurotrophic factor, lens epithelium-derived growth factor and ciliary 
neurotrophic factor. A similar activation of Wnt/ b -catenin signaling and an increased 
expression of neurotrophic factors were observed in cultured Müller cells after 
treatment with norrin, effects that again could be blocked by adding DKK-1. In 
addition, Norrin and conditioned cell culture medium of norrin-treated Müller cells 
increased survival of differentiated RGC-5 cells. Overall, norrin appears to have 
pronounced neurotrophic properties on retinal neurons with the distinct potential to 
decrease the damaging effects of NMDA-induced RGC loss. Norrin and the mole-
cules involved in its signaling pathway appear to be promising targets to develop 
strategies that increase RGC survival not only in experimental animal models, but 
also in patients with RGC damage following ischemia or glaucoma. It is tempting 
to speculate that Norrin-induced activation of combined leukemia inducible factor, 
endothelin-2, fi broblast growth factor-2 and/or Wnt/ b -catenin signaling could also 
be neuroprotective for other types of retinal neurons.  

    86.6   The Role of Norrin in Reproduction and Development 

 Expression of Norrin has been observed in decidua and uteri of wild-type mice and 
in human placentae indicating a role for Norrin in reproduction. Indeed, there is 
impaired female fertility due to distinct reduction of decidualization in female 
 Ndp   −/−   mice. Deciduae are smaller and do not reach as deep into the endometrium 
as in wild-type mice. Fibrocytes of the deeper endometrial zone do not show transi-
tion to large roundish decidua cells, and are separated from each other by wide 
intercellular spaces (Luhmann et al.  2005a  ) . Overall, Norrin appears to act on repro-
duction in two ways: by impairing vascularization of deciduae and by inducing 
malformation of endometrial fi brocytes.      
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     87.1   Introduction 

 Among the six major classes of retinal neurons, retinal ganglion cells (RGC) are the 
only projection neurons. RGCs differentiate in the mouse retina around E11.5 fol-
lowed by horizontal, cone, and amacrine cells. The early generated RGC are located 
in the central inner retina, and the axons of these RGC commence their journey to 
central nervous system (CNS) targets immediately after terminal differentiation 
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(Marquardt and Gruss  2002  ) . Combinations of homeodomain (HD) and basic 
 helix-loop-helix (bHLH) transcription factors (TF) play important roles in RGC cell 
fate specifi cation and infl uence RGC axonal pathfi nding choices  en route . In this 
review, we will focus on the roles of HD transcription factors in these processes.  

    87.2    Brn-3  Genes 

 The POU-domain is a bipartite DNA-binding protein domain, containing a POU-
specifi c region and a POU-homeodomain region. The class IV POU-domain pro-
teins, BRN3a, BRN3b, and BRN3c ( POU4f1 ,  POU4f2,  and  POU4f3 , respectively) 
are the homologs of  Unc-86  in  C. elegans .  Brn-3  genes are expressed in the 
embryonic and adult CNS, and are required for sensorineural development and 
survival. 

 All three  Brn-3  POU-homeodomain genes are expressed in the developing ret-
ina, specifi cally in postmitotic RGC.  Brn3b  expression is fi rst detected in the earli-
est RGC at E11.5 in the central inner mouse retina, followed by  Brn3a  and  Brn3c  
expression 2 days later (Xiang et al.  1995 ; Pan et al.  2005  ) . Through E15.5 to the 
adult retina,  Brn3a  and  Brn3b  expression overlaps in 80% of RGC. However,  Brn3a  is 
the predominant gene expressed in P5 retinas, with few RGC expressing  Brn3b  
(Quina et al.  2005  ) . Only ~15% of RGC express  Brn3c  (Xiang et al.  1995  ) . 

 The overlapping expression pattern and a similar specifi c DNA-binding site 
[(A/G)CTCATTAA(T/C)] of these three BRN-3 proteins suggest their functional 
redundancy in retinogenesis. However, targeted mutations of  Brn-3  genes in mice 
show distinct defects, but only the  Brn3b  −/−  mouse shows an obvious retinal pheno-
type. In  Brn3b  null mice there is loss of 60–80% RGC in adult retinas, depending 
on the background genetic strain (Erkman et al.  1996 ; Gan et al.  1996  ) . This RGC 
loss is due to enhanced apoptosis after E15.5, but not to defects of initial cell fate 
specifi cation or migration.  Brn3b  is also required for RGC axon pathfi nding and 
fasciculation (Erkman et al.  2000  ) .  Brn3a  null mutants die at birth, with loss of 
dorsal root ganglion and trigeminal neurons (Erkman et al.  1996 ; Xiang et al.  1996  ) . 
 Brn3c  −/−  mice display defi cits in balance and complete deafness, attributed to loss of 
vestibular and auditory hair cells (Erkman et al.  1996 ; Xiang et al.  1997  ) . Neither 
 Brn3a  nor  Brn3c  mutants show obvious defects in retinal development. 

  Brn3a  and  Brn3c  are identifi ed as downstream of  Brn3b  in retinogenesis, and 
there is reduced  Brn3a  expression in  Brn3b  mutants (Erkman et al.  1996  ) . Despite 
the dominant roles of  Brn3b  in retinal development, several independent groups 
have reported that all three  Brn-3  genes are functionally equivalent in retinogenesis. 
Overexpression of  Brn3a ,  Brn3b,  or  Brn3c  in chick retinal progenitors exerts a sim-
ilar effect in promoting RGC differentiation (Liu et al.  2000  ) . Knocking-in the 
 Brn3a  coding sequence into a  Brn3b  null background mouse rescues RGC from 
apoptosis and restores RGC axonal pathfi nding (Pan et al.  2005  ) . 

 A recent study has shown that conditional deletion of  Brn3a  alters RGC den-
dritic stratifi cation without infl uencing RGC axon central projections. However, the 
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conditional  Brn3b  knockout mice show reduced RGC numbers, loss of axonal 
 projections to medial (MTN) and lateral terminal nuclei (LTN) and corresponding 
visual sensory defects (Badea et al.  2009  ) .  

    87.3    Dlx  Genes 

  Dlx  genes are the vertebrate orthologs of  distal-less  ( Dll) . There are six  Dlx  genes 
identifi ed in mice, which are arranged into three bigene clusters ( Dlx1/Dlx2 ,  Dlx5/
Dlx6 , and  Dlx3/Dlx7 ), and are localized on mouse chromosomes 2, 6, and 11, 
respectively (Ghanem et al.  2003  ) . Within the intergenic regions of  Dlx1/2  and 
 Dlx5/6 , several  cis -acting regulators have been characterized, including  I12a  and 
 I12b  between the  Dlx1  and  Dlx2  genes, and  I56i  and  I56ii  separating  Dlx5  and  Dlx6  
(Poitras et al.  2007  ) . Two conserved enhancer elements, URE1 and URE2, have also 
been found in the 5 ¢  fl anking region of  Dlx1  (Hamilton et al.  2005  )  (Du and Eisenstat, 
unpublished). These  cis -acting elements are important for cross-regulatory interac-
tions between the  Dlx  genes. One example is that DLX1 and DLX2 regulate  Dlx5/
Dlx6  expression by acting on  I56i  (Zhou et al.  2004  ) . 

  Dlx1  and  Dlx2  were fi rst detected in the retinal neuroepithelium on E12.5 includ-
ing mitotic cells adjacent to the ophthalmic ventricle (Eisenstat et al.  1999  ) . Our 
recent study reported DLX2 immunostaining in E11.5 retina, with DLX2 expressed 
in a dorsal (high) to ventral (low) gradient (de Melo et al.  2008  ) . At E13.5, both 
DLX1 and DLX2 are expressed throughout the retina, with boundaries in peripheral 
and central inner retina. Interestingly, some other “retinal” homeobox genes are 
expressed in a nearly complementary manner to DLX2 at this stage. At E13.5, the 
highest level of PAX6 expression is observed in the most peripheral retina and 
BRN3b is expressed in the inner central retina, where DLX2 is absent. By E18.5, 
DLX1 and DLX2 expressions are highly restricted to the ganglion cell layer (GCL) 
and inner part of the neuroblastic layer (NBL), where they are co-expressed with 
markers for RGC, amacrine, and horizontal cells. DLX1 expression resembles 
DLX2 in embryonic retina, but decreases dramatically after birth and cannot be 
detected in adult retina. However, DLX2 is robustly expressed in the GCL and inner 
nuclear layer (INL) throughout adulthood (de Melo et al.  2003  ) . 

 Although the role of  Dlx  genes in forebrain development is well reported, very 
few studies have described  Dlx  gene function in retina development. Homozygous 
deletion of  Dlx1  and  Dlx2  is perinatally lethal, and leads to a 33% reduction of RGC 
number due to enhanced apoptosis of late-born RGCs (de Melo et al.  2005  ) .  TrkB , 
a receptor for brain derived neurotrophic factor (BDNF) mediated signalling, was 
identifi ed as a DLX2 downstream target during mouse retinal development and may 
contribute to RGC survival (de Melo et al.  2008  ) . 

 The role of  Dlx5  and  Dlx6  genes in retinogenesis is still not clear.  In situ  hybridiza-
tion revealed  Dlx5  mRNA expression in retina by E16.5. In P0 and adult retina,  Dlx5  
mRNA is co-expressed with DLX2 in the GCL and INL. The  Dlx5/Dlx6  intergenic 
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enhancer ( I56i ) is co-expressed with DLX5, DLX1, and DLX2 in RGC, amacrine, 
and horizontal cells (Zhou et al.  2004  ) . There is no published report regarding the reti-
nal phenotype of  Dlx5/Dlx6  knockout mice.  

    87.4    Vax  Genes 

  Vax  (Ventral anterior homeobox-containing) genes are a homeodomain gene sub-
family, closely related to  Emx  genes, sharing sequence homology, similar chromo-
somal location, and expression patterns (Hallonet et al.  1998  ) . In the mouse,  Vax1  
mRNA is fi rst detected at E8, in the anterior neural ridge and adjacent ectoderm. 
During embryogenesis,  Vax1  expression is restricted to the derivatives of these 
regions, including basal forebrain, ventral optic vesicle, optic disk, stalk, and chi-
asm (Hallonet et al.  1998  ) . The targeted deletion of  Vax1  shows defects in RGC 
axonogenesis and axonal-glial associations, without infl uencing expression of  Pax2  
and  BF1 . In addition,  Vax1  −/−  axons fail to fasciculate and do not extend toward the 
hypothalamic midline, leading to an absence of optic chiasm development. These 
RGC axon pathfi nding defects are partially due to the loss of some important axon 
guidance cues, including  Netrin-1  and  EphB3 , but not  Slit1 (Bertuzzi et al.  1999  ) . 
Another obvious phenotype of  Vax1  mutants is the failure of choroid fi ssure closure, 
known as coloboma.  Pax6  and  Rx  are ectopically expressed in the  Vax1  mutant optic 
nerve. However,  Pax2  expression remains unaffected in the mutants. 

 VAX2 shares an identical homeodomain with VAX1, and the  Vax2  gene is 
tightly linked with  Emx1  in mouse and human. By E9,  Vax2  transcripts are detected 
in the ventral optic vesicle, with lower expression in the optic nerve and stalk.  Vax1  
and  Vax2  then share overlapping expression patterns in ventral retina and optic 
stalk. By E12,  Vax2  expression is restricted to the ventral neural retina in the whole 
retinal population. However, at later embryonic stages,  Vax2  is only detected in 
ventral RGC.  Vax2  is not expressed in the adult retina (Bertuzzi et al.  1999 ; Mui 
et al.  2002  ) . 

 Consistent with its predominant ventral retinal expression pattern,  Vax2  plays a 
major role in ventralizing embryonic retina. Misexpression of  Vax2  in the dorsal 
retina is able to alter the expression of the putative dorsal-ventral marker genes, 
including upregulation of ventral retinal markers  EphB2/EphB3 ,  Pax2,  and  Vax2  
itself, and downregulation of the dorsally restricted TF,  Tbx5  (Barbieri et al.  1999  ) . 
In addition, ectopic  Vax2  expression in dorsal retina is suffi cient to induce pro-
found axon pathfi nding defects of dorsal RGC (Schulte et al.  1999  ) . In agreement 
with these  Vax2  gain-of-function studies, the ventral RGC from  Vax2  null mice 
show complete dorsalization. The RGC axons from  Vax2  −/−  ventral retina aber-
rantly project to the lateral rostral edge of the superior colliculus (SC) together with 
all the dorsal RGC axons, instead of medial rostral SC, the destination of all the 
wild-type ventral RGC axons. The expression of  EphB2 / EphB3  is absent in  Vax2  −/−  
ventral retina.  
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    87.5   Islet Genes 

 ISL1 and ISL2 are a subfamily of LIM homeodomain TF, characterized by two 
zinc-fi nger motifs (LIM domain) and a homeodomain. Both ISL1 and ISL2 play 
important roles in determining motor neuron subtype identity, axonal projections 
and peripheral innervations (Shirasaki and Pfaff  2002  ) . Most of the work has been 
done in the spinal cord of vertebrate and invertebrate models.  Isl1  and  Isl2  are also 
expressed in the embryonic and postnatal retina. 

  Isl2  expression is fi rst detected in the E13 retina, and by E17, almost all the  Isl2  
positive cells are RGC (Pak et al.  2004  ) .  Isl2  is expressed at high levels in the dorsal 
retina, with weak expression in the ventral-temporal region. By repressing  Zic2  and 
 EphB1 ,  Isl2  specifi es the contralateral projection of RGC axons. In comparison to 
the specifi c RGC expression of  Isl2 ,  Isl1  expression shows different patterns from 
embryonic to postnatal retina. Prior to E15.5,  Isl1  is predominantly expressed in 
RGC. However, from E15.5 to the adulthood,  Isl1  expression is detected in RGC, 
amacrine cells, and bipolar cells (Elshatory et al.  2007  ) . Recent work has shown that 
under the regulation of ATOH7 (formerly MATH5),  Isl1  defi nes a distinct but over-
lapping subpopulation of RGC with  Brn3b  (Mu et al.  2008 ; Pan et al.  2008  )   

    87.6   Summary 

 In this review, we have described four major families of homeobox genes which play 
important roles in RGC differentiation as well as axonal pathfi nding. The mechanism 
underlying how these HD TFs affect axonal pathfi nding is not entirely known. One 
possibility is that the downstream targets directly regulated by these HD TF are 
responsible for axonal guidance. Examples of this are the repression of  EphB1  by 
 Isl2 , and  Vax1/Vax2  regulation of  EphB2/EphB3  expression. The roles of  Dlx  homeo-
box genes in RGC axonal guidance have not yet been reported. However, in the 
mouse telencephalon,  Dlx1  and  Dlx2  promote the tangential migration of GABAergic 
interneurons by repressing axonal growth (Cobos et al.  2007  )  and inhibiting 
Neuropilin-2 expression(Le et al.  2007  ) . It is possible that the genetic program defi n-
ing RGC identity also encodes a unique “sensory” network for their axons, determining 
how and where RGC axons respond to guidance cues  en route  to CNS targets.      
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     88.1   Introduction 

 Photoreceptor outer segments (POS) in the retina are susceptible to photodamage. 
The clearance of damaged molecules and retinoid cycle require the shedding of 
POS at the tip of the outer segments in a diurnal rhythm, and the phagocytosis of 
shed POS by retinal pigment epithelium (RPE) cells (Strauss  2005  ) . Defects in RPE 
phagocytosis signaling, such as MerTK phagocytic receptor, cause retinal degenera-
tion. Our understanding of RPE phagocytosis is relatively limited. Only a handful 
of phagocytosis ligands and receptors of RPE cells were identifi ed and character-
ized on case-by-case basis with daunting challenges. The barrier is how to identify 
unknown signaling molecules in an unbiased manner. Here we summarize a unique 
strategy of phagocytosis-based functional cloning for unbiased identifi cation of 
phagocytosis ligands, which can be used as molecular probes to further delineate 
phagocytosis receptors, signaling cascades, and interactions with POS.  
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    88.2   Materials and Methods 

    88.2.1   Open Reading Frame Phage Display 

 Open reading frame (ORF) phage display cDNA library of adult mouse eyes was 
used for phagocytosis-based functional selection in ARPE19 cells, as described 
(Fig.  88.1a ) (Caberoy et al.  2010a  ) . After three rounds of phage selection, individual 
clones were randomly picked from plates of enriched phages and analyzed for their 
phagocytosis activity in the same cells. Positive clones were identifi ed by DNA 
sequencing.   

    88.2.2   RPE Phagocytosis Assay 

 Membrane vesicles were prepared from the retina of wild-type or Tulp1 −/−  mice, as 
described and labeled with CFSE (Caberoy et al.  2010a  ) . Alternatively, membrane 
vesicles were prepared from Neuro-2a cells expressing membrane-targeted green 
fl uorescent protein (mGFP). Vesicles were used for ARPE19 phagocytosis in the 
presence or absence of FLAG-tagged Tulp1, and phagocytosed fl uorescence signals 
were analyzed by confocal microscopy (Caberoy et al.  2010a  ) .  

    88.2.3   MerTK Ligand Studies 

 For co-immunoprecipitation (Co-IP) study, FLAG-tagged Tulp1 was expressed in 
HEK293 cells. Cell lysates were prepared and incubated with Mer-Fc (MerTK 
extracellular domain fused to human IgG1 Fc domain, R&D Systems) at 4°C, fol-
lowed by protein A resin. The resin was washed and analyzed by Western blot using 
anti-FLAG mAb. For MerTK autophosphorylation, D407 RPE cells were stimu-
lated with Tulp1 for 30 min at 37°C. The cells were lysed and analyzed by Western 
blot using anti-phospho-MerTK, as described previously (Caberoy et al.  2010c  ) . 
For intracellular signaling study, ARPE19 cell phagocytosis of mGFP-labeled 
Neuro-2a vesicles was stimulated by Tulp1 in the presence or absence of excessive 
Mer-Fc. The cells were fi xed, permeabilized, and incubated with antibodies against 
nonmuscle myosin II-A heavy chain (NMMII-A), followed by Texas Red-labeled 
secondary antibody and confocal microscopy analysis. For phagocytosis prey bind-
ing, Jurkat cells were induced for apoptosis by etoposide (40  m M) for 16 h and 
washed (Caberoy et al.  2010c  ) . Healthy and apoptotic Jurkat cells were incubated 
with FLAG-tagged Tulp1, followed by FITC-labeled anti-FLAG antibody and fl ow 
cytometry analysis.   
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  Fig. 88.1    Unbiased identifi cation of phagocytosis ligands by ORF phage display. ( a ) The selec-
tion scheme of ORF phage display. ( b ) Membrane vesicles prepared from Tulp1 −/−  mouse retina 
have reduced phagocytosis activity in ARPE19 cells. ( c ) FLAG-Tulp1 facilitates ARPE19 cell 
phagocytosis with membrane vesicles prepared from Neuro-2a cells. (Caberoy et al.  2010a  with 
permission from  Exp. Cell Res. )       
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    88.3   Results 

    88.3.1   Unbiased Identifi cation of Tulp1 
as a Phagocytosis Ligand 

 We recently characterized the feasibility to enrich phagocytosis ligands by phage 
display (Caberoy et al.  2009  ) . The question is whether this approach can be used for 
identifi cation of unknown RPE phagocytosis ligands. Owing to uncontrollable pro-
tein reading frame, phage display with conventional cDNA library identifi ed high 
percentage of non-ORF clones encoding short unnatural peptides (Li and Caberoy 
 2010  ) , which have minimal implication in protein interaction networks. To address 
this problem, we constructed an ORF phage display cDNA library from adult mouse 
eye with minimal reading frame problem (Caberoy et al.  2010b  ) . We designed a 
strategy of phagocytosis-based functional cloning for unbiased identifi cation of 
RPE phagocytosis ligands (Fig.  88.1a ) (Caberoy et al.  2010a  ) . After three rounds of 
phage selection, functional analysis of enriched phage clones identifi ed Tulp1 as a 
new ligand. Tulp1 as a ligand for RPE phagocytosis was independently validated by 
reduced phagocytosis with membrane vesicles prepared from Tulp1 −/−  mouse retina 
(Fig.  88.1b ). Recombinant FLAG-tagged Tulp1 was also capable of stimulating 
RPE phagocytosis (Fig.  88.1c ). Tulp1 highly expressed in photoreceptor inner seg-
ments (Milam et al.  2000  )  has no classical signal peptide, but was characterized for 
its unconventional secretion (Caberoy and Li  2009  ) , suggesting that it has the physi-
ological access to its receptor on RPE surface.  

    88.3.2   Characterization of MerTK as a Tulp1 Receptor 

 To identify the receptor of Tulp1, we analyzed its binding to several known RPE 
phagocytosis receptors by Co-IP. The results showed that Tulp1 was a MerTK-
binding protein (Fig.  88.2a ). However, proteins with binding activity to a receptor 
may not always be real ligands, because proteins could bind to the receptor simply 
through nonligand binding sites without receptor activation and signaling cascade. 
A genuine ligand should be able to activate the cognate receptor and elicit receptor-
specifi c signaling cascade. MerTK autophosphorylation has been widely used as a 
surrogate marker of its activation. The results showed that Tulp1 induced MerTK 
autophosphorylation in RPE cells (Fig.  88.2b ). Moreover, Tulp1 induced rearrange-
ment of NMMII-A (Fig.  88.2c ), which was previously described as a MerTK-
dependent signaling process (Strick et al.  2009  ) . Excessive Mer-Fc blocked 
Tulp1-induced NMMII rearrangement (Fig.  88.2c ).  

 Phagocytosis ligands, such as Gas6 and protein S of the only two unknown 
MerTK ligands, discriminatively bind to apoptotic cells, but not healthy cells, for 
selective phagocytic clearance of apoptotic cells. Likewise, these ligands in theory 
should specifi cally bind to shed POS vesicles, but not to unshed POS, so that only 
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shed POS will be phagocytosed by RPE cells. However, it is technically diffi cult to 
prepare unshed POS for the analysis. Thus, we analyzed Tulp1 binding to apoptotic 
and healthy Jurkat cells. The results showed that Tulp1 selectively bound to apop-
totic cells, but not healthy cells (Fig.  88.2d ). Deletion of Tulp1 C-terminal end of 
44 amino acids causes retinal degeneration with an unknown mechanism (Banerjee 
et al.  1998  ) . This deletion also drastically reduced Tulp1 binding to apoptotic cells. 
Thus, these results indicated that the C-terminal domain of Tulp1 is essential for 
binding to phagocytosis preys.   

  Fig. 88.2    Tulp1 as a new MerTK ligand. ( a ) Co-IP of Tulp1 and Mer-Fc. ( b ) MerTK autophos-
phorylation induced by Tulp1. Gas6 (50 nM) was included as a positive control. Western blots 
were analyzed using antibodies against phospho-MerTK, MerTK, or control RPE65 protein. 
( c ) Tulp1-induced NMII-A rearrangement is blocked by excessive Mer-Fc. Red signal for NMII-A; 
 green  signal for GFP-labeled phagocytosed cargos;  yellow  signal, overlapping of the  red  and  green  
signals. ( d ) Tulp1 binds to apoptotic cells, but not healthy cells. Deletion of C-terminal 44 amino 
acids abolished Tulp1 binding to apoptotic cells. (Caberoy et al.  2010c  with permission from 
 EMBO J.  for a–d).  (E)  Unbiased mapping of phagocytosis ligands, receptors, intracellular signal-
ing cascades and binding partners on preys by ORF phage display with phagocytosis-based func-
tional selection       
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    88.4   Discussion 

 RPE phagocytosis is critical for the clearance of shed POS and the maintenance of 
the precise length of POS for its viability and photoexcitability. A handful of phago-
cytosis ligands, including Gas6, protein S, MFG-E8, were previously identifi ed for 
a limited number of RPE phagocytosis receptors, such as MerTK,  a  

v
  b  

5
  integrin and 

CD36. Most of these ligands and receptors were originally identifi ed in macrophage 
phagocytosis on case-by-case basis with challenges and subsequently verifi ed in 
RPE phagocytosis. The problem is that we really do not know the relative contribu-
tion of these ligands and receptors to RPE phagocytosis unless we thoroughly map 
and characterize all of them. However, identifi cation of unknown signaling path-
ways for RPE phagocytosis is daunting in the absence of any molecular probe to 
begin with. By exploiting its unique functional character of phagocytosis, we identi-
fi ed Tulp1 as a new RPE ligand in the absence of receptor information by ORF 
phage display coupled with phagocytosis-based functional selection. This further 
led to identifi cation of its receptor MerTK and characterization of the related intra-
cellular signaling cascade. The C-terminal domain of Tulp1 with phagocytosis prey 
binding activity could be used as a bait to further identify its binding partners on 
apoptotic cells and POS vesicles in the future by yeast two hybrid system, mass 
spectrometry or even ORF phage display (Caberoy et al.  2010b  ) . In summary, this 
study illustrated that the combination of ORF phage display and phagocytosis-based 
functional selection is capable of identifying phagocytosis ligands in the absence of 
receptor information (Fig.  88.2e ). The intriguing part is that the heterogeneous ORF 
phage display cDNA library, when mixing with unknown heterogeneous receptors 
on phagocyte surface, is able to pull out new ligands with specifi c function. Identifi ed 
ligands could be used as molecular probes to delineate their receptors, intracellular 
signaling cascades and binding partners on phagocytosis preys. By exploiting the 
only common functional characteristic of all phagocytes, this new strategy is able to 
unravel the mystery of molecular phagocyte biology in the absence of any molecu-
lar information. Conceivably, we should be able to thoroughly map all the ligands 
and receptors for RPE and other phagocytes by this new strategy to improve our 
capacity to modulate phagocytosis activity for disease therapy.      
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     89.1   Introduction 

 Retinitis pigmentosa (RP) incorporates numerous genetically and phenotypically 
heterogeneous inherited retinal disorders, which affect over one million people 
worldwide (Boughman et al.  1980 ; Bunker et al.  1984  ) . Mutations in  TULP1  cause 
an early onset form of autosomal recessive RP (Banerjee et al.  1998 ; Gu et al.  1998 ; 
Hagstrom et al.  1998 ; Paloma et al.  2000  ) . Tulp1 is a photoreceptor-exclusive 
protein that is localized to the inner segment (IS), connecting cilium, perikarya, and 
synaptic terminals of the outer plexiform layer (OPL) (Hagstrom et al.  1999,   2001 ; 
Ikeda et al.  2000  ) .  Tulp1  −/−  mice develop a rapid photoreceptor degeneration, in a 
manner similar to that in patients with RP due to  TULP1  mutations (Hagstrom et al. 
 1999  ) . In these mice, the absence of Tulp1 results in distinct abnormalities that 
affect structure and function in separate photoreceptor compartments. Specifi cally, 
protein traffi cking defects in the IS (Hagstrom et al.  1999,   2001  )  and a synaptic 
malformation (Xi et al.  2007 ; Grossman et al.  2009  ) . This raises the question as to 
whether Tulp1 participates in separate, compartment-specifi c roles or if it functions 
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in a generalized role necessary for multiple cellular processes. If Tulp1 performs 
two independent functions, we would expect two distinct compartment-specifi c 
interactomes rather than a singular set of interacting proteins. To address this question, 
we developed a method to separate photoreceptor compartments for downstream 
comparison of Tulp1-interacting proteins in the IS and the OPL. Our experimental 
design combined time-controlled transcardiac perfusion crosslinking (tcTPC) for 
capturing endogenous weak and/or transient interactions, laser microdissection 
(LMD) for isolating separate photoreceptor compartments, and Western blot analysis 
for detection of Tulp1-positive complexes (Fig.  89.1 ).   

    89.2   Materials and Methods 

    89.2.1   Animals 

  Tulp1  −/−  mice were generated and genotyped as described previously (Hagstrom 
et al.  1999  ) . All mice used in this study were postnatal day 16. All experiments on 
animals were approved by the Institutional Animal Care and Use Committee of the 

  Fig. 89.1    The experimental design of the project, including the prospective use of tandem mass 
spectrometry (MS-MS) for identifi cation of Tulp1 interactome constituents. First, time-controlled 
transcardiac perfusion (tcTPC) crosslinking with PFA is performed to maintain endogenous pro-
tein interactions. Second, laser microdissection (LMD) was performed to capture distinct compart-
ments of the photoreceptor cells (IS and OPL), as well as a Tulp1-free control retinal sample (IPL). 
After the samples are pooled and homogenized, Western blot analysis using a Tulp1 antibody was 
conducted to identify Tulp1-containing complexes. Finally, protein constituents in the Tulp1-
positive bands will be identifi ed by MS-MS       
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Cleveland Clinic and were performed in compliance with the ARVO Statement for 
the Use of Animals in Ophthalmic and Visual Research.  

    89.2.2   Time-Controlled Transcardiac Perfusion 
Crosslinking (tcTPC) 

 TcTPC was carried out using a modifi ed protocol that has previously been described 
(Schmitt-Ulms et al.  2004  ) . Mice were anesthetized intraperitoneally with a mixture 
of ketamine (80 mg/kg) and xylazine (16 mg/kg). The thoracic cavity was opened 
and a 25-gauge ×¾² ×12² Blood Collection Set (Becton Dickinson 367298) was 
inserted into the left ventricle. Prior to this insertion, a small cut was introduced into 
one of the lobes of the liver. A 4% paraformaldehyde (PFA) solution was prepared 
daily by diluting a 16% EM grade solution (Electron Microscopy Solutions; #15710-
S) in 0.1 M PBS. The PFA solution was perfused for 8 min at a rate of 8 mL/min by 
a peristaltic pump (Fisher Scientifi c; #13-876-1) to covalently crosslink interacting 
proteins in vivo. A successful commencement of perfusion was indicated by an 
immediate color change of the heart and a lightening in the color of the liver within 
30 s in the lobe that was cut. The inlet line was then switched to a solution of 2.6 M 
Tris pH 7.5 and perfused for 2 min to fl ush the PFA and stop crosslinking. A successful 
perfusion was indicated by a rigid neck and semiclear fl uid after enucleation.  

    89.2.3   Preparation of Retinal Sections 

 After perfusion, the eyes were rapidly removed and placed into ice-cold Tris with 
Complete protease inhibitors (Fisher Scientifi c; #50-720-3977). The cornea and 
lens were removed, and the posterior pole was left in the Tris/complete solution on 
ice for 10 min. The poles were then transferred to ice-cold 0.1 M PBS for 5 min. The 
poles were embedded in OCT freezing medium, fl ash frozen on powderized dry ice, 
and transferred to −80°C. The frozen tissue was sectioned at 10  m m thickness with 
a cryostat (Leica, Wetzlar, Germany), and collected onto LMD slides (Leica, 
Wetzlar, Germany; Pet-membrane 1.4  m m #11505151). The sections were then 
lightly stained with hematoxylin and eosin for visualization of the retinal layers.  

    89.2.4   Laser Microdissection 

 All retinal compartment samples were isolated and collected using the Leica 
AS-LMD Laser Microdissection system with an automated stage and UV laser 
(Leica, Wetzlar, Germany). The laser was calibrated to the 20× objective lens as 
per the manufacturer’s instructions. The following laser settings were used: apera-
ture: 7, intensity: 45, speed: 5, bridge: fi xed, offset: 26, and aperture difference: 6. 
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The compartments were dissected sequentially beginning with the apical OPL 
followed the IS and the inner plexiform layer (IPL). The dissected tissues were 
collected into separate centrifuge tubes and fl ash frozen. Digital images before and 
after laser dissection were archived to verify sampling location. It is important to 
note that one compartment was collected throughout the entire slide before moving 
onto the next compartment. This procedure along with the digital image capture 
after each extraction ensured that samples were not mixed. After the collection of 
all samples from an entire eye, the tubes collected from each compartment were 
pooled. The tissue was homogenized in 100  m L of lysis buffer containing 50 mM 
Tris pH 8.0, 150 mM NaCl, 10% Glycerol, 0.5% Triton X-100, and 0.1% NP 40. 
The homogenate was vortexed gently, followed by rotation for 15 min at 4°C. The 
solution was centrifuged at 4,000 rpm for 10 min at 4°C, and the supernatant was 
stored at −80°C.  

    89.2.5   Retinal Homogenate 

 Following tcTPC, retinas from wt and  tulp1  −/−  mouse eyes were removed and 
homogenized under the same conditions as described above in the section immedi-
ately above.  

    89.2.6   Western Blotting Analysis 

 Western blot analysis was performed as previously described (Hagstrom et al.  2001 ; 
Xi et al.  2003,   2005,   2007  ) . Briefl y, proteins were separated on SDS-polyacrylamide 
gels and electroblotted to polyvinylidene difl uoride membranes. The membranes 
were then incubated with a rabbit polyclonal M-tulp1N, diluted 1:1,000. This was 
followed by the hybridization of peroxidase-conjugated secondary antibodies and 
exposure to chemiluminescence.   

    89.3   Results 

    89.3.1   Isolation and Capture of Photoreceptor Compartments 

 Figure  89.2  shows photomicrographs of a mouse retinal section before and after 
LMD. In Fig.  89.2a , the IS, OPL, and IPL are clearly visible. In Fig.  89.2b , two 
separate white lines encircle the IS and the OPL. These cursor lines are drawn over 
the microscope image within the software and become the tracking path of the 
laser. Figure  89.2c  shows the same retinal image after the laser cut. The clear areas 
are regions in which the tissue has been extracted. These images show that our 
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laser settings were powerful enough to cut through the fi xed tissue sections yet 
optimal for extracting discrete cellular compartments without damaging other por-
tions of the retina.   

    89.3.2   Tulp1 Complexes in the Retina 

 We performed western blot analysis on native and crosslinked whole retinal homo-
genates from wt and  tulp1  −/−  animals. Results indicate a band at the correct predicted 
molecular weight of 78 kDa for Tulp1 in the crosslinked and native wt tissue, but 
not in the crosslinked or native  tulp1  −/−  tissue (data not shown). Furthermore, addi-
tional bands were detected above 150 kDa only in the wt-crosslinked homogenate. 
This data indicates that tcTPC is suffi cient to crosslink proteins in retinal tissue, 
resulting in Tulp1 complexes.  

    89.3.3   Tulp1 Compartment-Specifi c Complexes 

 Figure  89.3  shows a Western blot experiment of crosslinked retinal samples. In the 
whole retinal homogenate of one wt mouse eye, a band corresponding to Tulp1 is 
detected at ~78 kDa. This band is also present in the IS- and OPL-isolated samples. 
Importantly, this band is not detected in the IPL-isolated sample, as Tulp1 is not 
expressed in cells of this retinal layer. Two additional bands are seen at ~150 and 

  Fig. 89.2    This panel shows photomicrographs of a LMD experiment in a wt retinal section. 
( a ) The IS and OPL are clearly visible. ( b ) The cursor line is drawn over the image and is the track-
ing path of the laser. ( c ) The image of the same retina taken after the laser cut through the tissue. 
The clear area is the region in which the tissue has been extracted       
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~280 kDa (Fig.  89.3 : double asterisk) in the whole retinal homogenate, indicating 
discrete Tulp1 complexes. Interestingly, a band matching the 280 kDa band 
(Fig.  89.3 : single asterisk) seen in the wt retinal homogenate is present in the IS 
sample, but not the OPL sample.    

    89.4   Discussion 

 Herein, we report a strategy for the detection of Tulp1 complexes from separate 
photoreceptor compartments. Our overall goal is to reveal the mechanism(s) of 
action of Tulp1 in the photoreceptor by identifying Tulp1-interacting partners. It is 
now well understood that certain proteins have compartment-specifi c functions 
within a cell (Smalheiser  1996  ) . Tulp1 is expressed in separate photoreceptor com-
partments, the IS and synapse. Therefore, we developed a strategy to compare 
Tulp1-interacting proteins between these two compartments. We combined two 
approaches to satisfy our criteria. First, we used tcTPC to conserve endogenous 
protein interactions, including the retention of low abundant and transient proteins 
(Schmitt-Ulms et al.  2004  ) . Secondly, we used LMD to isolate and verify cellular 
compartments. The novel combination of these two techniques allowed us to iden-
tify several distinct Tulp1 complexes in the wt retina, which may indicate that Tulp1 
forms multiple interactomes. Moreover, our results provide evidence that Tulp1 
may have distinct compartment-specifi c interactomes. Proteomic analysis of the 
bands in these experiments should clarify the different roles that Tulp1 plays in the 
IS and OPL.      

  Fig. 89.3    This image shows the western blot analysis of cross-linked retinal samples using a 
Tulp1 antibody. In the crosslinked whole retinal homogenate, as well as in the IS- and OPL-
isolated samples, a band corresponding to Tulp1 is detected at ~78 kDa. However, as expected, 
Tulp1 is not detected in the IPL-isolated sample. This indicates that our sampling method is con-
tamination free. In the crosslinked whole retinal homogenate, two additional bands are detected at 
~150 and ~280 kDa, indicating discrete Tulp1 complexes. In the IS sample, but not the OPL, a 
band matching the 280 kDa band in the retinal lysate is present, indicating a compartment-specifi c 
Tulp1 complex       
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     90.1   Introduction 

 In the mammalian retina, rod photoreceptors shed the tips of their outer segments 
(POS) each morning following light onset (Young  1967  ) . These POS are swiftly 
removed by the adjacent retinal pigment epithelium (RPE) via phagocytosis that 
involves coordinated activities of numerous membrane and cytoplasmic proteins 
(Young and Bok  1969  ) . RPE cells in the healthy retina complete uptake and diges-
tion of shed rod POS within a few hours after POS shedding. We previously found 
that RPE cells in culture fail to tether isolated POS for subsequent phagocytosis 
within about 12 h of a previous phagocytic challenge, although the principal tether-
ing receptor for POS,  a v b 5 integrin, remains abundant at the apical, phagocytic 
surface of these RPE cells (Finnemann  2003b  ) . These data suggest that RPE cells 
may increase or decrease their phagocytic competence by altering the activity of the 
POS-binding receptor  a v b 5 integrin. Indeed, RPE cells that lack  a v b 5 do not 
phagocytose shed POS in a diurnal rhythm, but exhibit constant levels of POS 
uptake at all times of day (Nandrot et al.  2004  ) . 

 The molecular mechanism of particle recognition, tethering, and phagocytosis of 
RPE cells is similar to the molecular mechanisms used by bone marrow-derived 
macrophages and dendritic cells for removal of apoptotic cells. Like RPE cells, 
dendritic cells employ  a v b 5 integrin, while macrophages mainly use the related 
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 a v b 3 but can be stimulated to use  a v b 5 as well (Finnemann et al.  1997 ; Albert et al. 
 1998 ; Finnemann and Rodriguez-Boulan  1999 ; Lucas et al.  2006  ) . In all three cell 
types, the phagocytic particle binds to the integrin-tethering receptor indirectly via 
a soluble bridge protein, like the retina’s MFG-E8, that contains both phosphatidyl-
serine (PS) and integrin receptor-binding domains (Hanayama et al.  2002 ; Nandrot 
et al.  2007  ) . Exposure of PS as an “eat me” signal by cells undergoing apoptosis has 
been studied extensively and is known to be suffi cient for their engulfment by 
phagocytic cells (Schlegel and Williamson  2001  ) . Notably, the specifi c molecular 
changes designating shedding POS tips in the retina remain poorly understood in 
comparison. 

 Little is known about the regulation of integrin receptor activity in preparation 
for or subsequent to phagocytic particle binding. The multifunctional soluble pro-
tein transglutaminase 2 (TG2) may act as coreceptor of  b 1 or  b 3 integrins (Akimov 
et al.  2000  ) . Studies exploring TG2 −/−  mice have recently shown that a complex of 
secreted TG2, MFG-E8, and  a v b 3 promotes clearance of apoptotic cells in mac-
rophages (Toth et al.  2009  ) . Interestingly, TG2 has been found to be associated with 
 b 5 integrins on the surface of malignant melanoma cells, although its function in 
this system remains unknown (Fok et al.  2006  ) . Depending on tissue and cell type, 
TG2 may localize intracellularly in the cytoplasm or nucleus, as well as extracellu-
larly on the cell surface or in the extracellular matrix (Upchurch et al.  1991 ; Lesort 
et al.  1998 ; Verderio et al.  1998  ) . Here, we report TG2 expression, localization, and 
relation to  a v b 5 integrin in murine retina and RPE.  

    90.2   Materials and Methods 

    90.2.1   Animals and Tissue Collection 

 Wild-type Long Evans rats, wild-type 129T2/SvEmsJ mice, and  b 5 −/−  mice in the 
same background characterized previously (Nandrot et al.  2004,   2007  )  were housed 
under cyclic 12 h light: 12 h dark conditions and fed ad libitum. Three-month-old 
mice were sacrifi ced by CO 

2
  asphyxiation for tissue collection. Briefl y, eyes were 

enucleated immediately postmortem. Following opening of cornea and removal of 
the lens, whole eyecups were either lysed or fi xed as described below. Neural retina 
and eyecups with remaining RPE and choroid were isolated from whole eyecups by 
fi rst incubating whole eyecups in Hanks buffer without Ca 2+ and Mg 2+  for 5 min 
before performing radial cuts toward the optic nerve, fl attening eyecups in a dry 
petri dish, and removing the neural retina with a forceps with bent tip. Primary RPE 
was isolated from eyes of 10-day-old rat pups following a two-step protocol using 
hyaluronidase and trypsin described previously (Finnemann  2003a  )  and seeded on 
coverslips. All procedures were approved by the Fordham University Institutional 
Animal Care and Use Committee and adhered to the ARVO statement for the use of 
animals in ophthalmic and vision research.  
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    90.2.2   Immunofl uorescence Microscopy 

 Whole eyecups were incubated in 4% paraformaldehyde in 1X PBS for 10 min at 
RT. The lens was removed and the remaining retina and eyecup were incubated in 
15% sucrose, 30% sucrose, and frozen in OCT. Primary rat RPE cells were fi xed in 
ice-cold 95% ethanol, 5% acetic acid. 15  m m-thick eyecup cross-sections or primary 
RPE were labeled with TG2 antibody (Santa Cruz Biotechnology) and secondary 
antibody conjugated to AlexaFluor488. Primary RPE was further labeled with 
 b -catenin antibody (Sigma) and secondary antibody conjugated to AlexaFluor568. 
Nuclei were stained with DAPI. Mounted coverslips or sections were imaged on a 
Leica TSP5 confocal microscopy system.  

    90.2.3   Immunoblotting 

 Tissue samples were solubilized in 50 mM HEPES (pH 7.4), 150 mM NaCl, 10% 
glycerol, 1.5 mM MgCl 

2
 , and 1% Triton X-100 with 1% of protease inhibitor cock-

tail (Sigma). Cleared lysates of whole mouse eyecups, isolated mouse neural retina, 
or eyecup without neural retina were separated on 10% SDS-polyacrylamide gels 
and electroblotted. Immunoblots were probed with primary antibodies to TG2,  b 5 
integrin (both Santa Cruz Biotechnology), or  b -actin (Sigma), and processed for 
enhanced chemiluminescence detection.   

    90.3   Results 

    90.3.1   Comparison of TG2 Protein Levels of Wild-Type 
and ®5 −/−  Mouse Eyecups 

 We fi rst performed immunoblotting experiments to test if TG2 expression can be 
detected in the mouse eye. Figure  90.1  shows that TG2 antibody detects two bands 
in whole eyecup lysates migrating at ~80 kDa, the expected molecular size of 
mouse TG2, and an additional band at ~110 kDa that, to our knowledge, had not 
been reported previously. We subsequently incubated the same protein blots for 
 b 5 integrin and for  b -actin. These controls confi rmed the genotype of our samples 
and that both samples had approximately the same total protein content. These 
results demonstrate equal levels of TG2 in whole eye lysates obtained from wild-
type and  b 5 −/−  mice, indicating that loss of the integrin does not affect steady state 
levels of TG2.   
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    90.3.2   Localization of TG2 in Wild-Type Mouse Retina 

 To determine the localization of TG2 in the mouse retina, we next performed TG2 
immunofl uorescence labeling of wild-type mouse eye cryosections. We observed 
TG2 at the basal aspect of the RPE (arrow), but did not detect it in the photoreceptor 
outer segment region (Fig.  90.2a ). We did not observe TG2 staining in other regions 
of the neural retina either (data not shown). To confi rm this result, we analyzed 
isolated neural retina and eyecups without neural retina, but containing RPE and 
choroid of wild-type mice by immunoblotting. We found that TG2 at the expected 
molecular size of 72 kDa (arrow head) is concentrated in the RPE/choroid contain-
ing eyecups and not detected in the neural retina fraction (Fig.  90.2b ). The  unexpected 

  Fig. 90.1    Comparison of 
TG2 levels in wild-type and 
 b 5 −/−  eyecups. TG2 
immunoblotting of whole 
eyecup samples from 
wild-type (wt) and  b 5 −/−  
yields two bands, at the 
expected molecular size of 
~80 kDa ( arrow head ) and, 
unexpectedly, at ~110 kDa 
( arrow ). Reprobing of the 
same blot for  b 5 integrin and 
 b -actin blotting confi rmed 
genotype and equal load of 
samples (lanes as indicated)       

  Fig. 90.2    Expression and localization of TG2 in mouse RPE in situ. ( a ) Image shows a representa-
tive cross-section of 3-month-old wild-type mouse retina labeled for TG2 ( left  panel) and counter-
stained with DAPI ( right  panel). Staining for TG2 is visible in the RPE ( arrow ), but not in the outer 
segment region. Scale bar equals 20  m m. ( b ) Comparison of TG2 levels in wild-type mouse eyecup 
fractions containing either neural retina (NR) or RPE and choroid (RPE/C). TG2 of expected 
molecular size of 80 kDa is detected only in the RPE and choroid ( arrowhead ), while the unidenti-
fi ed band at 110 kDa is detected only in the NR ( arrow )       
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110 kDa band of the TG2 blot (arrow) was detected only in the neural retina frac-
tion. Whether or not this band represents a form of TG2 remains unknown. Taken 
together, immunofl uorescence microscopy and tissue fractionation experiments 
suggest that TG2 in the mouse eyecup is mostly expressed by the RPE.   

    90.3.3   Localization of TG2 in Wild-Type Rat RPE 
in Primary Culture 

 RPE cells in primary culture may differ from RPE cells in the eye with respect to 
protein expression or subcellular localization. To determine if this was the case for 
TG2, we seeded isolated patches of wild-type rat RPE on coverslips and studied 
their TG2 expression using immunofl uorescence microscopy. Figure  90.3A1  shows 
cytoplasmic TG2 protein distribution in primary RPE that is markedly enriched at 
lateral membranes. There, TG2 partially overlaps with the cytoplasmic protein 
 b -catenin that is part of the lateral adherens junction complex (compare Fig.  90.3A1  
with Fig.  90.3A2 ). TG2 staining was specifi c as incubation of fi xed cells with sec-
ondary antibody alone did not produce labeling (Fig.  90.3B1 ).    

  Fig. 90.3    Localization of TG2 in rat primary RPE. A1, A2: images show a representative fi eld 
labeled with TG2 (A1) and  b -catenin (adherens junctions) antibodies and DAPI (nuclei) (overlay 
of both in A2). Scale bar equals 10  m m. B1, B2: images show a representative fi eld labeled with 
nonimmune rabbit IgG (B1),  b -catenin antibody, and DAPI (overlay of both in B2) demonstrating 
specifi city of the TG2 signal in A1       
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    90.4   Discussion 

 The association of TG2 with  b  integrins and their ligands and its role in the phago-
cytosis of apoptotic cells by macrophages led us to speculate that TG2 may also 
play a role in the av b 5 integrin-dependent phagocytosis of POS by RPE cells. Here, 
we determined TG2 expression in whole eyecup lysates from  b 5 −/−  mice and found 
that they do not differ from wild-type mouse eyecups in TG2 expression levels. 
Furthermore, we examined TG2 expression in the mouse eye by immunohistochem-
istry and by immunoblotting and found that TG2 is present in the RPE but is absent 
from its apical, phagocytic surface and from photoreceptor outer segments. Finally, 
RPE cells in primary culture, which possess apical  á v®5 integrin and vigorous 
phagocytic activity toward experimental particles, retain basolateral TG2 expres-
sion. Taken together, these results suggest that TG2 is unlikely to form a direct 
complex with the phagocytic machinery. Rather, TG2 may participate in processes 
specifi c to the basolateral aspect of the RPE. TG2 has been shown to regulate adhe-
sion to fi bronectin by acting as coreceptor of ®3 and ®1 integrins in fi broblasts 
(Akimov et al.  2000  ) . RPE cells possess a number of basolateral integrins that medi-
ate adhesion to Bruch’s membrane components (Finnemann et al.  1997  ) . It is thus 
possible that TG2 regulates RPE interactions with its extracellular matrix. 
Alternately, TG2 in the RPE may function independently of integrins.      
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     91.1   Introduction 

 Membranous disks of photoreceptor outer segments (POS) containing photopig-
ments are constantly being produced and shed from the distal end of photoreceptors 
(PR). Elimination of these aged POS by the retinal pigment epithelium (RPE) is 
indispensable for the proper functioning of both rod and cone PRs. This internaliza-
tion process allows the degradation of accumulated photo-oxidative compounds and 
maintains constant PR length and the delicate balance of proteins, lipids, and metab-
olites in both PR and RPE cells. This chapter is a short review of the molecules 
known to be involved in the three steps required for rod PR phagocytosis: particle 
recognition, binding, and internalization.  
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    91.2   On Your Marks… 

 Circadian rhythms play an important role in regulating PR turnover: rods shed their 
distal POS tips at the onset of light (LaVail  1976  ) , followed by a burst of phagocy-
tosis by RPE cells to clear shed POS tips (Young and Bok  1969  )  (Fig.  91.1a ). 
Components of the RPE phagocytic machinery must recognize “eat me” signals 
displayed on POS tips to stimulate the timely engulfment that follows POS shed-
ding. The best studied “eat me” signal is the exposure of phosphatidylserine (PS) on 
the external membrane leafl et of apoptotic cells. Similar to apoptotic cells, POS disk 
membranes were shown to contain PS (Boesze-Battaglia and Albert  1992  ) , and nor-
mal RPE cells specifi cally bind and/or internalize PS-containing liposomes (Ryeom 
et al.  1996a  ) .  

 In recent years, animal models helped us identify several key molecules that 
compose this machinery.  a v b 5 integrin receptors, uniquely expressed on the apical 
surface of polarized RPE cells, are required for the synchronized peak of phagocy-
tosis observed about two hours after light onset (Nandrot et al.  2004  ) . Mice defi cient 
in  b 5 integrin resulted in loss of the phagocytic rhythm, age-related accumulation of 
lipofuscin, and blindness, as well as an overall decrease in retinal adhesion (Nandrot 
et al.  2006  ) . 

  a v b 5 integrin binding to shed POS is mediated by its ligand milk fat globule-
EGF-factor 8 (MFG-E8), which is secreted by RPE cells (Nandrot et al.  2007  ) , by 
recognition of  a v b 5 RGD motifs (Finnemann et al.  1997  ) . In wild-type RPE 

  Fig. 91.1    Molecules of the RPE phagocytic machinery are sequentially activated. ( a ,  b ) We har-
vested eyecups from wild-type mice at different time-points during the day. ( a ) Number of phago-
somes present in RPE cells were counted on retinal sections and peak 2 h after light onset. ( b ) 
Protein lysates were analyzed by SDS-PAGE and immunoblotted for total and tyrosine-phospho-
rylated proteins as indicated. Modifi ed from © Nandrot et al.  (  2004  )  and Law et al.  (  2009  ) . 
Originally published in  The Journal of Experimental Medicine . doi:   10.1084/jem.20041447     and in 
 Molecular Biology of the Cell  doi:   10.1091/mbc.E08–12–1204           
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 supplemented with MFG-E8, POS binding was signifi cantly increased while there was 
no effect on RPE lacking  a v b 5. The phenotype exhibited by MFG-E8 −/−  mice mir-
rors those of  b 5 −/−  mice with loss of the synchronized peak of phagocytosis while 
maintaining steady-state levels of uptake, although absence of MFG-E8 results in a 
negligible decrease in retinal adhesion and animals do not develop age-related 
blindness (Nandrot et al.  2007  ) . 

 MFG-E8 secreted from macrophages has also been shown to link PS on apop-
totic cells to  a v b 3 integrin receptors (Hanayama et al.  2002  ) . In addition, POS 
quantitatively compete with apoptotic cells for binding to  a v b 5, indicating that POS 
and apoptotic cells expose surface signals that are recognized by both  a v b 3 and 
 a v b 5 integrins (Finnemann and Rodriguez-Boulan  1999  ) .  

    91.3   Get Bound… 

 Following POS engagement, focal adhesion kinase (FAK) colocalization with  a v b 5 
on the RPE apical surface increases and FAK is activated through tyrosine-
phosphorylation (Finnemann  2003  ) . In vivo rhythmic phosphorylation of FAK is fol-
lowed by phosphorylation of the mer tyrosine kinase (MerTK) internalization 
receptor, both receptor activities increasing promptly after light onset (Nandrot 
et al.  2004  )  (Fig.  91.1b ). Subsequent internalization of POS coincides with the dis-
sociation of activated FAK from  a v b 5. Inhibition of FAK signaling did not affect 
 a v b 5-dependant binding, but blocked internalization. Inhibition of FAK signaling 
also diminished MerTK phosphorylation, which suggests that MerTK activation is, 
either directly or indirectly, mediated by FAK and thus provides a critical link 
between POS binding and internalization (Finnemann  2003  ) . 

 A naturally occurring gene deletion in the Royal College of Surgeons (RCS) rat 
results in a nonfunctional truncated MerTK protein (Nandrot et al.  2000 ; D’Cruz 
et al.  2000  ) . RPE cells from RCS rats are able to bind POS but cannot internalize 
them (Chaitin and Hall  1983  ) , leading to an accumulation of shed POS in the sub-
retinal space and rapid PR loss, resulting in blindness (LaVail et al.  1981  ) . This 
defect is rescued when wild-type MerTK is expressed in both cultured RCS RPE 
cells and RCS rat retina, demonstrating that MerTK is a necessary component of 
POS phagocytosis (Vollrath et al.  2001  ) . 

 Although rhythmic activation of MerTK is mediated by  a v b 5 in vivo, activation 
of MerTK during POS phagocytosis could also be stimulated in vitro by its own 
ligands: growth arrest-specifi c gene 6 (Gas6) and protein S (ProS). Both proteins 
are able to interact with negatively charged PS (Hall et al.  2002  )  and bind directly 
to the TAM family of tyrosine kinase receptors that include MerTK (Nyberg et al. 
 1997  ) . Gas6 was long thought to be the cognate ligand for MerTK and binding of 
Gas6 to POS was shown to stimulate POS phagocytosis in vitro (Hall et al.  2001  ) . 
However, Gas6 knockout mice do not display any phagocytic defect or PR degen-
eration as opposed to Mer kinase-dead (Mer KD ) mice (Prasad et al.  2006  ) . In con-
trast, there has been substantial evidence to support a role for ProS as a ligand for 
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MerTK: ProS greatly stimulates POS internalization in vitro, its depletion inhibits 
internalization, and it is expressed in the retina, suggesting that ProS could also be 
a regulator of RPE phagocytosis (Hall et al.  2005 ; Prasad et al.  2006  ) . 

 More recently, the CD81 tetraspanin receptor was found to contribute to POS 
binding by interacting with  a v b 5 as a coreceptor to facilitate POS internalization 
(Chang and Finnemann  2007  ) . Overexpression of CD81 in RPE cells increased 
 a v b 5 expression levels and POS binding. Another receptor from the scavenger fam-
ily, CD36, may also be involved in POS binding: experiments using CD36 antibod-
ies to block receptor function decreased binding of 1. PS-containing liposomes to 
RPE cells (Ryeom et al.  1996a  ) , and 2. POS to RPE cells and their internalization 
(Ryeom et al.  1996b  ) . A later study showed that CD36 specifi cally affects the rate 
of POS internalization and its downstream signaling seems independent of  a v b 5 
(Finnemann and Silverstein  2001  ) .  

    91.4   Internalize 

 The signaling steps discussed above are essential for MerTK activation and POS 
internalization. Intracellular signals downstream of MerTK are likely to involve 
second messenger molecules, such as intracellular inositol 1,4,5-trisphosphate 
(InsP 

3
 ) that rises following POS binding only in cells with intact MerTK (Heth and 

Marescalchi  1994  ) . MerTK activation and its ability to mediate cytoskeletal changes 
may govern its obligatory role in particle internalization observed in both mac-
rophages and RPE cells. It is still not clear how MerTK function promotes particle 
engulfment, but one can envisage that MerTK activation ultimately leads to cytoskel-
etal reorganization, including actin-mediated extension of pseudopods, essential for 
particle engulfment. 

 Annexin 2 (anxA2), a regulator of actin dynamics, was recently identifi ed to 
have a role in RPE phagocytosis (Law et al.  2009  ) . Indeed, anxA2 is recruited to 
early phagosomes and dissociates away once they are internalized. In wild-type 
animals, anxA2 is tyrosine-phosphorylated before light onset (Fig.  91.1b ), followed 
by FAK and c-Src phosphorylation.  ANX A2  −/−  mice show an accumulation of pha-
gosomes in RPE apical processes, and FAK and c-Src activation were delayed. 
These data suggest that the role of anxA2 lies upstream of FAK, and that the recruit-
ment of anxA2 to forming phagosomes is important for the synchronized activation 
of FAK and phagosome internalization. AnxA2 phosphorylation reaches its maxi-
mum at the same time as MerTK (Fig.  91.1b ). Thus, activation of MerTK may be 
important in generating second messengers required for completion of anxA2 activ-
ity at the forming phagosomes. AnxA2 binds directly to phosphatidylinositol 
4,5-bisphosphate (PtdIns4,5P 

2
 ) at the cell membrane following micromolar increases 

of calcium (Hayes et al.  2004  ) . AnxA2 is then phosphorylated and stimulates actin 
nucleation and polymerization in vitro (Hayes et al.  2006 ; Hayes and Moss  2009 ; de 
Graauw et al.  2008  )  and is thus well placed to mediate the connection between pha-
gosome membrane and actin cytoskeleton during phagocytosis. 
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 While the formation of pseudopods requires signifi cant membrane and actin 
dynamics, a contractile force must also be generated to mediate constriction of the 
pseudopod for phagosome closure. There is growing evidence that motor proteins 
of the myosin family have an important role in phagocytosis. First, myosin II has 
been reported to be directly linked to MerTK in RPE cells (Strick et al.  2009  ) . These 
authors showed that while absence of MerTK does not affect recruitment of actin to 
the phagocytic cup, it disrupts myosin II localization on phagosomes and inhibits 
phagocytosis by wild-type RPE cells. Second, Shaker 1 mice that are mutated in the 
myosin VIIa ( MYO7A ) gene, a model of Type 1B Usher Syndrome (USH1B), are 
deaf, have abnormal electroretinograms, their melanosomes are absent from RPE 
apical processes, and PRs have a slower rate of disk renewal (Gibbs et al.  2003  ) . 
Moreover, phagosomes accumulate in the apical region of RPE cells, resulting in 
slower phagosome degradation.  

    91.5   Perspectives 

 RPE cells and macrophages share many components of their respective phagocytic 
machinery. The RPE system is unique in that POS and RPE cells are in permanent 
contact and phagocytosis follows a rhythmic profi le, whereas macrophages are acti-
vated when they encounter apoptotic cells. This is fascinating and suggests that the 
timely recognition of “eat me” signals on POS by RPE cells and increased activity of 
downstream proteins are highly regulated at the molecular level. Pieces of this intri-
cate puzzle are still missing and are needed to fully understand RPE phagocytosis.      
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     92.1   Introduction 

 The eukaryotic cell has numerous membrane-bound organelles, each with distinct 
structure, composition, and function. The endosomal network, which transports pro-
teins and lipids in the biosynthetic and endocytic routes, is a key regulator of cellular 
homeostasis (Rodriguez-Boulan et al.  2005 ; Lakkaraju and Rodriguez-Boulan  2008  ) . 
Endosomes are classifi ed as early, recycling, or late based on their hierarchy in the 
endocytic route and lysosomes are the terminal degradative compartments of the cell 
(Fig.  92.1 ). Conventional wisdom has long held that proteins or lipids shunted into 
late endosomes cannot escape lysosomal degradation. A growing body of work how-
ever suggests that late endosomes and lysosomes are important platforms for pro-
tein–lipid sorting, cholesterol traffi cking, and signaling (van der Goot and Gruenberg 
 2006  ) . The complexity of the endosomal network increases in polarized cells such as 
the retinal pigment epithelium (RPE) because these cells communicate with different 
extracellular environments at their apical and basolateral surfaces (Fig.  92.1b ). RPE 
cells are also postmitotic, which places additional pressure on their endo-lysosomal 
system because these organelles have to perform effi ciently for the entire lifespan of 
the organism. Several independent lines of evidence now indicate that a decline in 
endo-lysosomal function could contribute to retinal degenerative diseases.   
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    92.2   Late Endosomes and Lysosomes: 
Function and Dysfunction 

 The biogenesis of late endosomes and lysosomes requires the concerted actions of 
both the biosynthetic and endocytic pathways in the cell. Newly synthesized lyso-
somal hydrolases and membrane proteins are delivered to late endosomes and lyso-
somes from the  trans -Golgi network. Cargo endocytosed at the plasma membrane 
passes through several endosomal intermediates that undergo multiple fusions and 
constant remodeling, resulting in the formation of late endosomes with intraluminal 
vesicles (ILVs) formed by the inward budding of the endosomal limiting membrane 
(van Meel and Klumperman  2008 ; Saftig and Klumperman  2009  ) . However, not all 

  Fig. 92.1    The endo-lysosomal network. Endosomes lie at the intersection of the biosynthetic and 
endocytic routes in the cell. Polarized cells ( b ), such as retinal pigment epithelial cells, have more 
complex endo-lysosomal systems than nonpolarized cells ( a ), such as fi broblasts. Newly synthe-
sized proteins are transported from the trans-Golgi network (TGN) to the plasma membrane either 
directly or via endosomal intermediates. ( a ) Endocytosed cargo is recycled back to the cell surface 
by early or sorting endosomes (EE/SE) and recycling endosomes (RE). Cargo to be degraded is 
sorted into membrane invaginations of EE/SE, which eventually mature into late endosomes or 
multivesicular bodies (LE/MVB) and lysosomes (Lys). ( b ) Epithelial cells have distinct apical and 
basolateral domains demarcated by tight junctions, and the endosomal network plays a key role in 
the establishment and maintenance of polarity. Cargo is fi rst internalized at apical and basolateral 
surfaces into early apical or basolateral sorting endosomes (EAE/ASE or EBE/BSE). Recycling 
cargo is transported to common recycling endosomes (CRE) and then sorted into apical or basolat-
eral recycling routes. The apical recycling route includes the apical recycling endosomes (ARE), 
which is similar to the RE in nonpolarized cells. Although apical and basolateral endocytic path-
ways intersect at the level of late endosomes, little is known about late endosome/lysosome bio-
genesis and function in epithelial cells       
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ILVs are created equal: fusion of the limiting membrane with the plasma membrane 
releases ILVs as exosomes into the extracellular space, whereas ILVs containing 
ubiquitinated signaling receptors and other proteins are segregated into domains 
that eventually mature into lysosomes (van der Goot and Gruenberg  2006 ; Lakkaraju 
and Rodriguez-Boulan  2008  ) . 

 Mutations in genes coding for lysosomal hydrolases or membrane proteins cause 
a heterogeneous group of ~50 disorders known as lysosomal storage diseases 
(LSDs). In LSDs, unmetabolized substrates accumulate in lysosomes and activate 
pathogenic cascades resulting in oxidative stress, infl ammation, autophagy, and 
eventually, cell death (Vitner et al.  2010  ) . Examples of LSDs include Tay–Sachs 
disease, Fabry disease, and Niemann–Pick disease Type A, B, and C. Apart from 
these genetic disorders, chronic dysfunction of the endo-lysosomal system in post-
mitotic cells plays a causal role in the pathogenesis of several age-related diseases 
such as Alzheimer’s and Parkinson’s diseases (Nixon et al.  2008  ) . Dystrophic neu-
rites fi lled with autophagosomes, autolysosomes, and lysosomal dense bodies, 
indicative of widespread endo-lysosomal abnormalities, have been reported in 
Alzheimer’s disease brains (Nixon et al.  2005  ) .  

    92.3   Late Endosomes and Lysosomes in the RPE 

 The RPE is a monolayer of epithelial cells that lies between photoreceptors and 
choriocapillaries. Tight junctions between RPE cells form the outer blood–retinal 
barrier and RPE cells perform many functions indispensable for photoreceptor 
health and vision: they metabolize and recycle retinoids, secrete growth factors for 
photoreceptors and choriocapillaries, and control the transport of nutrients into, and 
metabolites out of, the retina (Bok  1993 ; Strauss  2005  ) . Perhaps the most important 
function performed by the RPE is the daily phagocytosis and degradation of shed 
photoreceptor outer segments (Bok  2005  ) . In fact, RPE cells are the most phago-
cytically active cells in the body. Since RPE cells are postmitotic and each RPE cell 
is responsible for 30–40 photoreceptors in humans, this is an enormous metabolic 
challenge for RPE endo-lysosomal system. Over time, autofl uorescent lipid–protein 
aggregates called lipofuscin accumulate in RPE lysosomes (Fig.  92.2 ) (Feeney-
Burns and Eldred  1983  ) . Lipofuscin also accumulates in other postmitotic cells 
such as neurons and cardiac myocytes, suggesting a gradual decline in lysosomal 
function with age. A major fl uorophore of RPE lipofuscin is A2E, a retinoid by-
product of the visual cycle that progressively accumulates throughout life   . A2E-
induced RPE dysfunction has been implicated in both inherited (Stargardt’s and 
Best’s diseases) and age-related macular dystrophies. Although several hypotheses 
have been put forth to explain how A2E could damage the RPE (reviewed in 
(Sparrow and Boulton  2005  ) ), true mechanistic insight into this  complex phenom-
enon is still elusive.  

 Accumulations of drusen, extracellular deposits in the Bruch’s membrane 
beneath the RPE, are also a characteristic feature of aging and age-related macular 
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degeneration (AMD). Histopathological analyses of eyes with AMD showed that 
cholesterol and apolipoproteins are major components of drusen (Anderson et al. 
 2001 ; Curcio et al.  2010  ) . Cholesterol in the retina is essential for disc biogenesis 
and for modulating rhodopsin activity (Boesze-Battaglia and Albert  1990  ) . RPE 
cells ingest signifi cant amounts of free and esterifi ed cholesterol from phagocytosed 
outer segment discs and from lipoproteins via the choroidal circulation. Cholesterol 
is then metabolized in RPE late endosomes and lysosomes and transported to vari-
ous intracellular destinations or to the plasma membrane for effl ux. Epidemiological 
and genetic data have implicated serum cholesterol levels and genes involved in 
cholesterol metabolism and transport, such as apolipoprotein E, ATP-binding cas-
sette protein A1 (ABCA1), cholesterol ester transfer protein, and lipoprotein lipase, 
as risk factors for AMD (Zareparsi et al.  2005 ; Chen et al.  2010 ; Klein et al.  2010 ; 
Neale et al.  2010  ) .  

  Fig. 92.2       Phagocytosis of outer segment discs ( a ) and lipofuscin formation ( b ). After phagocyto-
sis, phagosomes containing outer segment discs fuse with late endosomes and lysosomes (LE/Ly) 
to form phagolysosomes. Lysosomal hydrolases in phagolysosomes are responsible for metaboliz-
ing phagocytosed discs. Over time, undegraded lipids and proteins accumulate in secondary lyso-
somes in the form of autofl uorescent lipofuscin granules. One component of RPE lipofuscin that 
has been structurally characterized is the bis-retinoid A2E. See Sparrow and Boulton  (  2005  )  and 
Travis et al. (2007) for details on the mechanism of A2E formation. A2E is a wedge-shaped hydro-
phobic molecule with a fi xed positive charge. It is primarily composed of carbon–carbon double 
bonds and cannot be degraded by any known lysosomal enzymes       
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    92.4   RPE Late Endosome–Lysosome Dysfunction, Impaired 
Cholesterol Traffi cking, and Retinal Degenerations 

 Emerging research indicates that AMD shares common pathogenic features with 
other chronic age-related diseases like atherosclerosis, Alzheimer’s disease, and 
Parkinson’s disease at the level of cholesterol homeostasis (Casserly and Topol 
 2004 ; Liu et al.  2010  ) . Pertinently, aberrant cholesterol metabolism interferes with 
endo-lysosomal function (Wenk  2005  )  because membrane cholesterol levels control 
organelle motility by modulating vesicle budding, activation of rab GTPases, and 
association with molecular motors (Simons and Gruenberg  2000 ; van der Goot and 
Gruenberg  2006  ) . As stated in Sect.  92.2 , another characteristic of many age-related 
diseases is abnormal endo-lysosomal function, supporting a link between choles-
terol homeostasis, endo-lysosome dynamics, lipofuscin accumulation, and disease 
pathogenesis (Fig.  92.3 ).  

 RPE late endosomes and lysosomes are central to retinal function because they 
are the sites of outer segment disc metabolism, lipofuscin/A2E generation, and cho-
lesterol metabolism. We previously demonstrated that A2E specifi cally causes 
 cholesterol accumulation in RPE late endosomes and lysosomes (Lakkaraju et al. 
 2007  ) . Both A2E and cholesterol are cone-shaped lipids that compete for space under 

  Fig. 92.3       The endo-lysosomal system in health ( a ) and disease ( b ). In normal cells, late endo-
somes and lysosomes play essential roles in maintaining cellular homeostasis. Chronic endo- 
lysosomal dysfunction has been implicated in age-related diseases such as atherosclerosis, AMD, 
and Alzheimer’s and Parkinson’s diseases. Cholesterol accumulation in the endo-lysosomal path-
way is another common link between these diseases. Membrane cholesterol levels control organ-
elle motility by modulating vesicle budding, activation of rabGTPases, and association with 
molecular motors. Consequently, excess cholesterol within the cell interferes with protein–lipid 
sorting and lysosome function, resulting in the accumulation of undegraded protein–lipid aggre-
gates which play causal roles in disease pathogenesis       
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the phospholipid umbrella in the membrane to minimize unfavorable interactions 
with the aqueous phase (Huang and Feigenson  1999  ) . As a consequence, choles-
terol is displaced from the membrane by A2E and gets trapped within the late 
endosomal lumen where it accumulates. Importantly, drugs that transcriptionally 
activate cholesterol transporters restore cholesterol homeostasis in RPE cells 
(Lakkaraju et al.  2007  ) . 

 Impaired cholesterol traffi cking in the RPE increases lipofuscin production, pos-
sibly by interfering with late endosomal motility and lysosomal function. Loss of 
the Niemann–Pick C1 protein, a cholesterol transporter present on late endosomes, 
results in the accumulation of both cholesterol and lipofuscin in the RPE, progres-
sive photoreceptor degeneration, and loss of visual function in mice and fruit fl ies 
(Phillips et al.  2008 ; Claudepierre et al.  2010  ) . In the neural retina, mutant rhodop-
sin accumulates in late endosomes and triggers light-dependent photoreceptor 
degeneration (Chinchore et al.  2009 ; Midorikawa et al.  2010  ) , underscoring the role 
of the endo-lysosomal system in maintaining retinal health.  

    92.5   Conclusions 

 There is strong experimental, epidemiological, and histopathological support for an 
association between a slow, progressive decline in RPE endo-lysosomal function, 
lipofuscin accumulation, and disturbed cholesterol homeostasis, resulting in a feed-
forward cycle that could eventually lead to retinal degeneration. Ongoing research 
in our laboratory is focused on unraveling the cellular and molecular mechanisms 
underlying these processes. Understanding how endosomes and lysosomes in the 
RPE respond to aging and cellular stress could help identify novel drug targets that 
modulate endo-lysosomal function, which may be benefi cial in age-related retinal 
disease.      
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     93.1   Introduction 

 In mammals, diurnal phagocytosis of shed photoreceptor outer segments (POS) by 
the retinal pigment epithelium (RPE) is important for retinal function. This process 
is under circadian regulation with a burst of rod shedding and RPE phagocytic activ-
ity occurring each morning. We previously showed that RPE cells use the integrin 
family adhesion receptor  a v b 5 and its ligand MFG-E8, a secreted glycoprotein, to 
bind POS and stimulate their engulfment (Finnemann et al.  1997 ; Nandrot et al. 
 2004,   2007  ) . Mice lacking either  a v b 5 integrin or MFG-E8 lose the diurnal peak of 
phagocytosis and display similar numbers of POS phagosomes at all times of day. 
By contrast, wild-type RPE cells carry POS phagosomes only for a short period of 
time after light onset (LaVail  1976  ) . 

 Like RPE cells, macrophages and dendritic cells rely on integrin receptors and 
secreted ligands including MFG-E8 for the recognition and phagocytosis of apop-
totic cells (Savill et al.  2002  ) . Studies of bone marrow-derived macrophages and 
dendritic cells in cell culture have shown that these cells express both  a v b 5 integrin 
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and the closely related  a v b 3 integrin. However, while macrophages use dominantly 
 a v b 3 for clearance phagocytosis (Finnemann and Rodriguez-Boulan  1999 ; Lucas 
et al.  2006  ) , dendritic cells rely on  a v b 5 (Albert et al.  1998  ) . Much evidence sug-
gests that these integrin/ligand complexes are essential for effi cient phagocytosis 
and often assemble larger complexes in which additional proteins functionally inter-
act (Chang and Finnemann  2007  ) . 

 Transglutaminase 2 (TG2) is a multifunctional enzyme that is found intracellu-
larly, in the cytoplasm and/or in the nucleus, as well as extracellularly associated 
with the cell surface and/or in the extracellular matrix (reviewed by Zemskov et al. 
 2006  ) . In vitro and immunoprecipitation studies show that secreted TG2 binds to 
fi bronectin with high affi nity and mediates cell adhesion by forming complexes 
with  b 1 and  b 3 integrins that are present on the cell surface (Akimov et al.  2000 ; 
Akimov and Belkin  2001  ) . TG2 has been found associated with the surface of mac-
rophages, where it specifi cally forms a complex with  b 3 integrin and MFG-E8 (Toth 
et al.  2009a  ) . The TG2/integrin complex has been implicated in the phagocytosis of 
apoptotic cells by macrophages because macrophages harvested from TG2 −/−  mice 
exhibit defective phagocytosis of apoptotic cells compared to wild-type cells. In this 
experimental system, lack of extracellular TG2 prevents  a v b 3 integrin clustering 
likely causing the phagocytic defect (Toth et al.  2009a,   b  ) . TG2 −/−  mice generated by 
deleting the catalytic domain of TG2 are viable, fertile, and develop normally with 
no gross phenotypic abnormalities (De Laurenzi and Melino  2001  ) . However, close 
examination found evidence for defective clearance phagocytosis in TG2 −/−  liver 
and thymus (Szondy et al.  2003  ) . 

 The role of TG2 in phagocytosis by macrophages and its association with  b  inte-
grins and MFG-E8 led us to investigate its potential role in the phagocytic activity 
of RPE cells. We hypothesized that TG2 −/−  retina may exhibit abnormalities as a 
consequence of impaired phagocytosis of POS by the RPE. Hence, we examined 
retinal structure and diurnal phagocytosis of POS by the RPE in TG2 −/−  mice to 
directly test this hypothesis.  

    93.2   Materials and Methods 

    93.2.1   Animals and Tissue Collection 

 TG2 −/−  mice were originally generated and characterized by De Laurenzi and Melino 
 (  2001  ) . Mice were housed under cyclic 12:12 h light/dark-light conditions and fed 
 ad libitum . Two- and twelve-month-old animals were sacrifi ced at 1 and 8 h after 
light onset by CO 

2
  asphyxiation. Eyecups were enucleated and immediately fi xed 

by immersion in formaldehyde/ethanol/acetic acid and embedded in paraffi n. All 
procedures were approved by the local institutional animal care and use committees 
and adhered to the ARVO statement for the use of animals in ophthalmic and vision 
research.  
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    93.2.2   Histology 

 Eight micrometer cross-sections of paraffi n-embedded eyecups from TG2 −/−  mice 
were preheated to 50°C for 20 min and paraffi n was removed using citrus clearing 
solvent (Richard-Allan Scientifi c) followed by rehydration with decreasing ethanol 
concentrations. To examine retinal layers, sections were stained with Hematoxylin 
followed by Eosin and subsequent dehydration by ethanol. Slides were coverslipped 
with Vectashield and imaged by brightfi eld microscopy.  

    93.2.3   Quantifi cation of POS Phagosomes in the RPE 

 Opsin-positive inclusions in the RPE were quantifi ed in 8  m m cross-sections from 
TG2 −/−  mice as a measure of RPE phagocytic activity (Nandrot et al.  2007  ) . Paraffi n 
was removed from sections as described above, and the tissue was bleached with 
1% sodium borohydrate and labeled with rhodopsin antibody B6–30 (a kind gift by 
P. Hargrave, University of Florida, Gainesville), antimouse IgG-AlexaFluor 488 
(Invitrogen), and DAPI. Sections were mounted in Vectashield, and x–y image 
stacks were acquired at 0.24- m m intervals on a Leica TSP5 confocal microscopy 
system. Opsin-labeled phagosomes in the RPE were counted on maximal projec-
tions of 5- m m-thick stacks. Phagosome counts were normalized to length of retina 
and averaged (for details please see Nandrot et al.  2007  ) .   

    93.3   Results 

    93.3.1   TG2 −/−  Mice Display Normal Retinal Architecture 

 We examined cross-sections of eyecups taken from TG2 −/−  mice and stained by 
H&E for obvious alterations in morphology of the neural retina or the RPE. We 
found that all retinal layers, namely the POS, photoreceptor outer nuclear layer 
(ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform 
layer (IPL), ganglion cell layer (GCL), as well as the RPE, were present and intact, 
with no obvious disruption (Fig.  93.1 ). Appearance of the RPE was normal as well. 
This was true for young adult mice at 2 months of age (not shown) and for aged 
mice at 1 year of age (Fig.  93.1 ).   

    93.3.2   The RPE in TG2 −/−  Mice Displays a Normal Diurnal 
Peak of Rod POS Phagocytosis 

 Phagocytosis of POS by the vertebrate RPE is synchronized to the light/dark cycle 
in wild-type animals, with a daily burst of phagocytosis of shed rod POS shortly 
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after the onset of light. To examine whether lack of TG2 alters rod POS phagocytosis 
by the RPE, we counted rhodopsin-labeled phagosomes that were present in the 
RPE of TG2 −/−  mice at the expected peak and off peak times of phagocytosis. 
Phagosomes were highly abundant in the RPE of TG2 −/−  mice 1 h after light onset 
(Fig.  93.2a ). As characteristic for wild-type mouse RPE, TG2 −/−  mouse RPE carries 
a signifi cantly higher number of phagosomes in the morning (1 h after light onset), 
and a decline in phagosome number later in the day (8 h after light onset). This was 
true of both young adult and aged mice (Fig.  93.2b ).    

    93.4   Discussion 

 The experimental results presented here demonstrate that complete and constitutive 
absence of TG2 does not affect the overall retinal architecture in either young or 
aged mice as TG2 −/−  mice exhibit the presence and normal morphology of all retinal 
layers. Based on the lack of any obvious difference in morphology of TG2 −/−  and 
wild-type retina, we decided not to expand the characterization of the TG2 −/−  retina 
to assess whether it is functionally normal, e.g., by recording electroretinograms. 
We can thus not exclude that lack of TG2 may cause subtle changes in retinal neu-
ronal or RPE functions that our postmortem tissue analysis failed to detect. 
Additionally, loss of TG2 does not affect the diurnal pattern of phagocytosis of POS 
by the RPE since TG2 −/−  mice exhibit the expected burst of phagosome number 
shortly after light onset and a decline 8 h later. Given that TG2 in the mouse eye is 
mainly expressed by the RPE (cf. Ruggiero and Finnemann in this issue) our data 
strongly suggest that TG2 expression is not essential for the development or main-
tenance of any retinal cell type or retinal cell interactions. 

  Fig. 93.1    Analysis of 
morphology of TG2 −/−  retinal 
tissue. Representative H&E 
stained cross-section of an 
eyecup from a 1-year-old 
TG2 −/−  mouse showing intact 
RPE, photoreceptor outer 
segments (POS), outer 
nuclear layer (ONL), outer 
plexiform layer (OPL), inner 
nuclear layer (INL), inner 
plexiform layer (IPL), and 
ganglion cell layer (GCL). 
Scale bar equals 25  m m       
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 Synchronized diurnal phagocytosis of rod POS by the RPE requires the ligand 
receptor pair  a v b 5 integrin and MFG-E8. Mice lacking  a v b 5 integrin or MFG-E8 
lose the peak of phagocytosis that occurs at the onset of light in wild-type mice. In 
this study, we examined the potential role of TG2 in phagocytosis of POS by RPE 
by quantifying phagosome accumulation in the RPE at light onset and 8 h later in 
TG2 −/−  mice. If TG2 was a necessary component for the recognition and engulfment 
of POS by RPE through interactions with  a v b 5 integrin and/or MFG-E8, we would 
expect similar numbers of phagosomes in TG2 −/−  RPE at both time points, like in 
 b 5 −/−  and MFG-E8 −/−  RPE. Instead, we found a pronounced diurnal rhythm of rod 
POS phagocytosis in TG2 −/−  mice similar to the rhythm in wild-type mice. We con-
clude that the av b 5 integrin-MFG-E8-dependent pathway does not require TG2 to 
function suggesting that it may utilize a different cofactor with similar functions as 
TG2 that remains to be identifi ed. 

 Macrophages and RPE cells share expression of many proteins involved in clear-
ance phagocytosis. All proteins known thus far to be involved in RPE phagocytosis 
have also been implicated in macrophage phagocytosis at least in in vitro settings. 
This study shows that RPE cells do not necessarily utilize the same proteins for 
phagocytosis as macrophages even if they express them. Macrophages use  a v b 3 to 
dispose of apoptotic cells in vitro, and TG2 has been shown to be functionally 
related only to  a v b 3 in this process. Dendritic cells and RPE cells, on the other 
hand, rely on  a v b 5. Although dendritic cells also express high amounts of TG2 on 
their cell surface (Hodrea et al.  2010  ) , we found that their phagocytosis is also inde-
pendent of TG2 (our unpublished observation). These data indicate that while  a v b 3 

  Fig. 93.2    Analysis of RPE phagocytosis of POS in TG2 −/−  mouse retina. ( a ) Representative image 
of a rhodopsin-labeled retinal cross-section indicating the presence of numerous phagosome inclu-
sions ( arrow  shows example) in the RPE layer of a 1-year-old TG2 −/−  mouse at 1 h after light onset. 
Scale bar equals 20  m m. ( b ) Average number of phagosomes detected in RPE of 2-month-old 
( black bars ) and 1-year-old ( gray bars ) TG2 −/−  mice sacrifi ced 1 or 8 h after light onset as indi-
cated.  Bars  represent mean ± s. e. m,  n  = 4       
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requires TG2 as a coreceptor for its function in the phagocytosis of apoptotic cells, 
 a v b 5 does not. These observations are in agreement with the fi ndings that TG2 acts 
as a coreceptor for  b 1 and  b 3, but not for all  b  integrins (Akimov et al.  2000  ) . RPE 
cells also express  a v b 3 integrin but they are unable to employ this alternate recogni-
tion receptor for POS uptake because  a v b 3 is restricted to the basolateral surface in 
the RPE where it likely mediates specifi c interactions with Bruch’s membrane pro-
teins. Thus, the highly polarized phenotype of the RPE may limit their repertoire of 
proteins available for phagocytosis. Whether TG2 physically or functionally inter-
acts with  a v b 3 in RPE cells will require further investigation.      
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     94.1   Introduction 

 The Cav1.4  a 1 subunit gates sustained neurotransmitter release at mammalian 
retinal ribbon synapses. Gain and/or loss of function mutations in the  Cacna1f  gene 
that encodes Cav1.4 result in enhanced or suppressed voltage-operated Ca 2+  infl ux 
in heterologously expressing cells (Hemara-Wahanui et al.  2005 ; Hoda et al.  2006 ; 
Peloquin et al.  2007  ) . In vivo,  Cacna1f  mutations cause night blindness in mice 
and humans (Strom et al.  1998 ; Bech-Hansen et al.  1998 ; Lodha et al.  2010  )  by 
compromising Ca 2+ -dependent exocytosis in terminals of rod and cone photorecep-
tors. Accordingly, CSNB2 patients are typically diagnosed by abnormal ERG 
b-waves and can exhibit reduced acuity, impaired night vision, refractive disorders, 
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strabismus, and nystagmus (Miyake et al.  1986  ) . The  Cacna1f   nob2   ( nob2 ) mouse 
model of CSNB2, which lacks ~90% of Cav1.4 transcripts, shows an absence of 
the b-wave but an essentially normal photopic optokinetic acuity (Doering et al. 
 2008  ) . In contrast, Cav1.4 knockout (KO;  Cacna1f   G305  ) mice created by excision 
of the fl oxed exon 7 exhibit neither b-waves nor optokinetic responses (Mansergh 
et al.  2005  ) . Both KO and  nob2  retinas are characterized by “fl oating” presynaptic 
ribbons and by extensive outgrowth of postsynaptic bipolar and horizontal den-
dritic processes into the outer retina (Bayley and Morgans  2007 ; Specht et al.  2009 ; 
Baehr and Frederick  2009  ) . It is unclear, however, whether compromised Ca 2+  
infl ux in  nob2  rods is associated with impaired development of photoreceptor syn-
apses and/or reorganization of presynaptic Ca 2+  homeostatic mechanisms. We have 
therefore investigated the function of Cav 1.4 subunits in organization of the pho-
toreceptor perisynaptic complex that regulates steady-state [Ca 2+ ] 

i
  and sustained 

glutamate release in rods and cones. Plasma membrane Ca 2+  ATPases (PMCAs) 
represent a high-affi nity Ca 2+  clearance mechanism that balances sustained infl ux 
via L-type channels located in photoreceptor terminals    (Križaj and Copenhagen 
 1998 ; Križaj et al.  2002  )  and controls the kinetics of the postsynaptic light response 
by regulating the rate of clearance of residual [Ca 2+ ] 

i
  within photoreceptor termi-

nals (Duncan et al.  2006  ) . We report here that PMCA transporters and RIBEYE 
proteins exhibit a profound mislocalization in photoreceptors from  nob2  retinas. 
This result suggests that steric interactions mediated through the Cav1.4 peptide 
and/or Ca 2+  fl uxes gated by the  a  

1F
  pore are essential for proper traffi cking of 

PMCAs to the synapse and for organization of the active zone in synaptic terminals 
of mouse photoreceptors.  

    94.2   Materials and Methods 

    94.2.1   Animals 

 C57BL6 wild type and AXB-6/PgnJ animals homozygous for  Cacna1f   nob2   were pur-
chased from Jackson laboratories (Bar Harbor, MN).  Bassoon  KO mice were a kind 
gift from Dr. Yong Wang (University of Utah). Animals were maintained in the 
University animal quarters on a 12 h:12 h light:dark cycle. Animal handling and 
anesthetic procedures were approved by University Institutional Animal Care com-
mittees and conform to NIH guidelines.  

    94.2.2   Immunohistochemistry 

 Immunostaining procedures were performed as described previously (Križaj 
et al.  2002 ; Mizuno et al.  2010 ). Polyclonal pan PMCA (used at 1:100), PMCA1 
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(1:350–1:500), and PMCA2 (1:350) antibodies were purchased from Affi nity 
Bioreagents (Golden, CO). The secondary antibodies utilized were goat antimouse 
or goat antirabbit IgG (H + L) conjugated to fl uorophores (Alexa 488 and Alexa 594 
conjugates, Invitrogen), diluted 1:500 or 1:1,000 or goat antimouse Cy3 from 
Jackson ImmunoResearch at 1:1,000.   

    94.3   Results 

    94.3.1   Nob2 Mutation of Cav1.4 Is Associated 
with Mislocalization of PMCA1 but not PMCA2 

 Steady-state [Ca 2+ ]i in rod and cone terminals is maintained by PMCA1 transport-
ers whereas PMCA2 is mainly localized to rods (Križaj et al.  2002 ; Duncan et al. 
 2006  ) . To determine whether compromised expression of L-type channels affects 
localization of PMCA transporters, we immunostained  nob2  retinas with the 5F10 
pan-PMCA antibody that recognizes all four PMCA isoforms (Križaj and 
Copenhagen  1998 ) and with PMCA1 and PMCA2-selective antibodies that had 
been validated in previous studies of the rodent retina (Križaj et al.  2002 ; Rentería 
et al.  2005  ) . As shown in Fig.  94.1c , pan PMCA-immunoreactive (ir) puncta were 
displaced from the outer plexiform layer (OPL) to irregularly spaced juxtanuclear 
locations across the outer nuclear layer (ONL). Regions of displaced PMCA-ir 
were typically shadowed by disorganized OPL underneath. Similar displacement 
into ONL was observed with the PMCA1 antibody (Fig.  94.1g ) whereas PMCA2-ir 
in  nob2  retinas showed no changes from controls (Fig.  94.1k ). Few obvious 
changes were evident in inner retinal expression of  nob2  PMCA1 (Fig.  94.1b, f ). 
While the PMCA1 transporter antibody stained the expected two IPL bands cor-
responding to b3/b7 cone bipolar cells (e.g., Križaj et al.  2002  ) , PMCA1-ir in 
 nob2  preparations was not displaced into the inner nuclear layer (INL). Dislocation 
of PMCA1-ir was paralleled by severe disorganization of RIBEYE-ir (Fig.  94.1n ). 
These results suggest that the Cav1.4 subunit is required for proper expression, 
sorting, and/or targeting of PMCA1 to photoreceptor, but not bipolar, synapses. 
Moreover, PMCA1 but not PMCA2 localization is compromised by the loss of 
Cav1.4 protein.  

 Bassoon is a large cytomatrix protein (420 kDa) located at the base of photore-
ceptor synapses where it may anchor the fi lamentous network associated with the 
active zone to the ribbon and the plasma membrane (tom Dick et al.  2003  ) . To deter-
mine whether PMCA1 is tethered to the perisynaptic region through bassoon, we 
analyzed PMCA1 expression in bassoon KO mice. Elimination of Bassoon induced 
a PMCA1 localization phenotype that was indistinguishable from the improper 
expression observed in  nob2  retinas. This data suggests that PMCA1 forms the 
arciform complex together with Cav1.4 and Bassoon.   
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    94.4   Discussion 

 The data presented in this study shows that proper targeting of synaptic proteins and 
PMCAs to photoreceptor terminals requires adequate expression of the Cav1.4 sub-
unit. Loss of Cav1.4 resulted in selective dislocation of the presynaptic machinery 
at photoreceptor, but not bipolar, ribbon synapses. 

 It has been suggested that the CSNB2-like phenotype of the  Cacna1f   nob2   mouse 
is caused by diminished production of full-length protein as well as failed targeting 
of the mutant protein to the plasma membrane (Doering et al.  2008  ) . Our data is 
consistent with this hypothesis. Displacement of RIBEYE in  nob2  retinas was 
accompanied by partial, but not complete, dislocation of the key PMCA Ca 2+  clear-
ance protein from OPL into ONL. Mislocalization of PMCA1-ir into “aggresome-
like” puncta to juxtanuclear positions within the  nob2  ONL rods suggests that 
Cav1.4 subunits are required for tethering the housekeeping PMCA1 mechanism 

  Fig. 94.1    PMCA1 is mislocalized following ablation of Cav1.4 and Bassoon. ( a – d ) pan-PMCA-ir 
in wild type, nob2, and Bassoon KO retinas shows prominent displacement into the ONL. ( e – f ) 
PMCA1-ir. ( i – k ) PMCA2-ir. ( l – n ) RIBEYE-ir in nob2 retinas       
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into a multimeric complex, possibly in association with MPP4 and PSD-95 MAGUK 
proteins that interact with the full-length “b” splice variant of PMCA1 (Križaj et al. 
 2002 ; Yang et al.  2007 ; Aartsen et al.  2009  ) . 

 It is not clear whether continuous Ca 2+  infl ux through “resting” release from ER 
stores, store-operated, and/or TRP channel conductances (Križaj et al.  2009 ; Szikra 
et al.  2009  )  can partially compensate for the loss of voltage-operated Ca 2+  infl ux at 
 nob2  rod synapses. Although RIBEYE signals also showed prominent dislocation 
into the  nob2  ONL, the displacement of the ribbon complex in itself was not suffi -
cient to block asynchronous exocytosis in bipolar and hair cells of Bassoon KO 
mice (Khimich et al.  2005 ; Midorikawa et al.  2007  ) . In addition to improper target-
ing and/or anchoring of PMCA1 (Fig.  94.1 ),  Bassoon -null retinas exhibit many of 
the same morphological and physiological features as  Cacna1f  and  Cabp4  mutant/
KO retinas, including decreased amplitudes and increased implicit times of the 
b-wave (Dick et al.  2003 ; Haeseleer  2008  ) . If Bassoon tethers both Ca 2+  channels 
and PMCA transporters into the arciform complex, synchronous vesicle release at 
photoreceptor ribbon synapses is likely to be governed by local Ca 2+  microdomains 
rather than average [Ca 2+ ]i levels that are typically measured with fl uorescent indi-
cator dyes. Other presynaptic components required for sustained signaling at rod 
synapses were observed to be displaced in  nob2  retinas in parallel with PMCAs 
(D.K. and W.X. in preparation), raising the question of whether such protein 
agglomerates within the distal ONL represent release-competent proto-synapses. In 
summary, our study shows that the Cav1.4  a  

1
  subunit is required for proper target-

ing of the presynaptic PMCA complex and for tethering of PMCA1 transporters and 
the Ca 2+  clearance mechanism into a multimeric presynaptic arciform complex.      
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     95.1   Introduction 

 The retinal pigment epithelium (RPE) is a monolayer of cuboidal cells located 
between the underlying choroidal vasculature and the outer segments of retinal pho-
toreceptor cells (Strauss  2005  ) . The major functions of RPE cells include: support-
ing the survival and normal functioning of photoreceptors by acting as part of the 
outer blood-retinal barrier to control exchange of nutrients and waste products; 
shuttling of retinoids required for visual pigment synthesis to photoreceptors; and 
phagocytizing shed photoreceptor outer segments (POS) membrane discs for photo-
receptor renewal (Strauss  2005  ) . RPE cells also produce immunological factors 
necessary for establishing immune privilege of the eye (Streilein et al.  2002  ) . Failure 
in performing these functions may contribute to the retinal degeneration observed in 
age-related macular degeneration (AMD), an idiopathic retinal degenerative disease 
that predominates among the elderly in the Western world as a cause of irreversible, 
profound vision loss (Qin  2007  ) . The pathogenic mechanisms that contribute to the 
development of AMD remain elusive. However, growing evidence indicates that 
oxidative stress-induced injury to the RPE plays an important role in the drusen 
biogenesis and the pathogenesis of AMD (Hageman et al.  2001  ) . Lipid peroxida-
tion, oxygen consumption, and daily phagocytosis of shed POS generate reactive 
oxygen species (ROS), putting RPE cells under chronic oxidative stress. Via react-
ing with proteins, DNA, and phospholipids, these ROS exhibit many biological 
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effects that cause selective modifi cation of cell signaling as well as cell toxicity. 
However, minimal mechanistic data are available about how oxidative stress affect 
physiological and pathophysiological functions of RPE cells. 

 AMP-activated protein kinase (AMPK) is a Ser/Thr kinase, consisting of  a , b, 
and g subunits, each of which has two or more isoforms that are encoded by distinct 
genes and are differentially expressed in various tissues (Carling  2004 ; Fogarty and 
Hardie  2010  ) . The catalytic subunit of AMPK a  has two major isoforms  a 1 and  a 2. 
The  a 1 isoform is primarily cytoplasmic, whereas  a 2 is predominantly nuclear and 
plays a role in transcriptional regulation (da Silva Xavier et al.  2000  ) . AMPK activa-
tion results in up-regulation of ATP-producing catabolic pathways such as the 
metabolism of fatty acids and glucose, while ATP-consuming anabolic pathways 
such as the synthesis of fatty acids and proteins are downregulated. In addition to 
being a key regulator of physiological energy dynamics, AMPK has been demon-
strated to play roles in regulating various cellular processes such as proliferation, 
apoptosis (Okoshi et al.  2008 ; Liu et al.  2010  ) , infl ammation and immune responses 
(Giri et al.  2004  ) , and cell polarity and permeability (Scharl et al.  2009  ) . In this 
review, the role of AMPK a  in regulating RPE cell monolayer integrity, phagocyto-
sis, cytokine production, and survival is discussed.  

    95.2   Mechanistic Regulation of AMPK Activity 

    95.2.1   Allosterical Activation of AMPK 

 AMPK is activated by increases in the concentration of AMP, arising from meta-
bolic and environmental stresses that consume or deplete ATP. AMP binds to the  g  
subunit, which allosterically activates AMPK by inducing a conformational change 
that prevents the pseudosubstrate domain from interacting with the  a  subunit kinase 
domain (Carling  2004 ; Fogarty and Hardie  2010  ) . The conformational change 
induced by AMP binding to AMPK also reduces the affi nity of AMPK as a sub-
strate for Thr 172  dephosphorylation by inactivating phosphatases such as protein 
phosphatase 2C (PP2C) (Fogarty and Hardie  2010  ) . A-769662, a synthetic AMPK 
agonist, works in a similar way as AMP to allosterically activate AMPK, but by 
binding to the  b  rather than the  g  subunit (Fogarty and Hardie  2010  ) .  

    95.2.2   Activation of AMPK via Thr 172 Pphosphorylation 
by AMPK Kinase 

 Conformational change exposes the activation T loop of the  a  subunit kinase domain 
to AMPK kinases, which activate AMPK via Thr 172  phosphorylation. Thr 172  phos-
phorylation is essential and suffi cient for AMPK activation (Carling  2004 ; Fogarty 
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and Hardie  2010  ) . LKB1, a tumor suppressor, is the major AMPKK in many cell 
types (Carling  2004  ) . Recent work reveals that the calcium/calmodulin-dependent 
protein kinase kinase  b  (CaMKK b ) and the transforming growth factor  b -activated 
kinase 1 are also AMPKKs in some cell systems (Fogarty and Hardie  2010  ) . The 
fact that CaMKK b  acts as a AMPKK suggests that AMPK can be activated in the 
absence of an increase in AMP. Increase in cytosolic Ca 2+  often causes ATP-
consuming processes such as ATP-driven membrane pumps to pump Ca 2+  back. In 
this case, AMPK activation could be a mechanism to anticipate the upcoming high 
demand for ATP.  

    95.2.3   AMPK Inactivation 

 Effect of AMP on AMPK activation is antagonized by ATP (Fogarty and Hardie 
 2010  ) , thus AMPK is sensitive to the change in ratio of AMP to ATP. Alternately, 
AMPK is inactivated via dephosphorylation of Thr 172  by protein phosphatases, in 
particular, PP2C (Fogarty and Hardie  2010  ) . In certain circumstances, AMPK activ-
ity can be inhibited by ubiquitin-dependent proteosome degradation of AMPK pro-
tein (Qi et al.  2008  )  or by LKB1inactivation via the formation of covalent adduct 
through Cys 210  modifi cation with chemically reactive lipids (Wagner et al.  2006  ) .   

    95.3   AMPK and RPE Cell Barrier Function 

 Tight junctions enable the RPE to form the outer retinal-blood barrier by joining 
neighboring cells together that controls the exchange of nutrients and waste prod-
ucts, and that helps establish cell polarity and maintain different protein composi-
tions of the apical and basolateral membranes. AMPK has recently emerged as a 
regulator of cell polarity in epithelial cells. Activation of AMPK is required for 
repolarization of Madin-Darby canine cells in responses to depletion of extracellu-
lar calcium (Zhang et al.  2006  ) . ATP depletion-dependent activation of AMPK 
induces polarization in an intestinal epithelial cell line (Lee et al.  2007  ) . Thus, as 
maintenance of the permeability barrier provided by epithelia is critical, AMPK 
activation is diverting what limited energy is available to a crucial survival function. 
The human RPE cell line, ARPE19, develops a relatively leaky monolayer  in vitro  
that has a transepithelial electrical resistance reading of around 40 ~ 50  W /cm 2 . 
ARPE19 cells express both AMPK a 1 and AMPK a 2 with a more predominant 
expression of AMPK a 1 (Qin and De Vries  2008  ) . Knockdown of AMPK a  by 
siRNA reveals that AMPK a  is not required for, but only delays the assembly of 
tight junctions. This delay is exclusively attributed to deletion of AMPK a 2. 
Consistent with this observation, AMPK a  has been reported not to be involved in 
regulating cell polarity in the retina of Drosophila eye (Amin et al.  2009  ) . 

 AMPK a  is required for the maintenance of epithelial cell polarity under ener-
getic stress (Mirouse et al.  2007  ) . Oxidative stress often causes ATP depletion and 
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RPE cells are under chronic oxidative stress in vivo. Oxidative stress induced by 
hydrogen peroxide activates AMPK a  in human RPE cells, but AMPK a  appears to 
have no role in hydrogen peroxide-induced breakdown of RPE cell monolayer (Qin 
and De Vries  2008  ) . Interestingly, the lipid peroxidation product, 4-hydroxy-2-
nonenal (4-HNE), inhibits AMPK a  and causes an increase in RPE cell monolayer 
permeability (Qin and Rodrigues  2010  ) . Knockout of AMPK a 2 but not AMPK a 1 
mostly restores the integrity of RPE monolayer damaged by 4-HNE, raising a pos-
sibility that AMPK a 2 regulates 4-HNE-induced disassembly of tight junctions in a 
energy-independent manner. AMPK effects seem to depend on cell type, cell status 
(cancer vs. normal), inducer, and AMPK a  activity. Therefore, caution should be 
used when interpreting experimental results in a particular cell type.  

    95.4   AMPK and RPE Cell Phagocytosis 

 RPE cells maintain survival and normal functions of photoreceptors via phagocytiz-
ing shed POS. The clearance of POS is also important for the maintenance of RPE 
monolayer integrity and function. Under normal conditions, knockdown of AMPK a  
inhibits the ability of RPE cells to phagocytize POS by 40%. Moreover, knockdown 
of AMPK a 2 inhibits phagocytosis of POS to a similar extent as knockdown of 
AMPK a , whereas there is no effect with knockdown of AMPK a 1, revealing that 
RPE cell phagocytosis depends, at least in part, on AMPK a 2 but not AMPK a 1 (Qin 
and De Vries  2008  ) . Under stress conditions, sublethal concentrations of hydrogen 
peroxide activate AMPK a  that then inhibits RPE cell phagocytosis. Similar results 
are observed when AMPK a  is activated by the AMP analog, AICAR. Again, 
AMPK a 2, but not AMPK a 1, mediates the effects of oxidative stress-induced inhi-
bition of RPE cell phagocytosis. AMPK a 2 rather than AMPK a 1 knockout causes a 
dramatic decrease in oxidative stress-induced AMPK signaling (Qin and De Vries 
 2008  ) . Currently, it is unclear why oxidative stress-induced inhibition of RPE cell 
phagocytosis is selectively regulated by AMPK a 2. One possible explanation could 
be that the differential localization of the  a 1 (cytosol) and  a 2 (nuclear) isoforms of 
AMPK contributes to the isoform-selective regulation of RPE cell phagocytosis in 
response to oxidative stress. What is the signifi cance of reduced phagocytosis of 
cells undergoing oxidative stress? Continued RPE phagocytosis of POS may add a 
further insult to the already stressed RPE cells. Reduction of RPE cell phagocytosis 
by AMPK a 2 activation could protect oxidative stressed-RPE cells from further 
damage by decreasing phototoxicity caused by the oxidized POS.  

    95.5   AMPK and RPE Cell Infl ammatory Responses 

 RPE cells play a role in creation and maintenance of the immune privilege of the 
subretinal space by providing the outer blood-retinal barrier and by expressing cell 
surface molecules and secreting soluble mediators that infl uence the immune system 
(Streilein et al.  2002  ) . RPE cell infl ammatory responses are involved in retinal 
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infl ammation and in the pathogenesis of AMD (Hageman et al.  2001 ; Qin and 
Rodrigues  2008  ) . Suppression of AMPK a 1 selectively enhances IL-6 production by 
~3 fold, whereas AMPK a 2 knockdown stimulates IL-8 production by ~4 fold. These 
effects appear to be isoform-specifi c since combined knockdown of both  a 1 and  a 2 
does not further elevate the levels of IL-6 and IL-8 (Qin et al.  2008  ) . Thus, AMPK 
might contribute to establish subretinal immune privilege by limiting production of 
infl ammatory cytokines. In response to TNF a - or IL-1 b , AMPK appears to have no 
role in the production of IL-6, IL-8, and MCP-1 by RPE cells (Qin et al.  2008  ) . 
Furthermore, dys-regulation of IL-8 and MCP-1 by 4-HNE in RPE cells is not asso-
ciated with AMPK inhibition (Qin and Rodrigues  2010  ) . However, this does not 
exclude the possibility that production of other cytokines and/or induction of cytokine 
production by other agonists is controlled by AMPK in activated RPE cells.  

    95.6   AMPK and RPE Cell Survival 

 AMPK maintains energy homeostasis by controlling a number of energetic processes 
through the augmentation of energy producing pathways such as fatty acid oxidation 
and glucose uptake, concomitant with the suppression of energetically consuming 
pathways of fatty acid synthesis and gluconeogenesis (Fogarty and Hardie  2010  ) . 
AMPK activation has been reported to enhance cell death (Okoshi et al.  2008  )  or 
protect cells from injury (Liu et al.  2010  ) . In actively dividing cancer cells, inhibition 
of ATP-consuming processes by AMPK may be less compatible with their survival, 
whereas in nondividing cells, where the protective effects of AMPK have been 
observed under acute stress, the shutdown of ATP-consuming pathways may show a 
protective effect. In RPE cells, knockdown of AMPK a 1 results in a modest increase 
in cell growth, while knockdown of AMPK a 2 does not affect RPE cell viability in 
untreated cells. Oxidative stress induced by hydrogen peroxide activates AMPK a , 
but activated AMPK a  has no role in hydrogen peroxide-induced RPE cell death (Qin 
and De Vries  2008  ) . However, oxidative stress induced by 4-HNE inhibits AMPK a  
and triggers RPE cell death. Inhibition of AMPK a  with a general AMPK a  inhibitor 
also triggers RPE cell death. Intriguingly, when challenged with 4-HNE, a specifi c 
knockdown of AMPK a 2 expression protects RPE cells, while knockdown of 
AMPK a 1 is found to sensitize RPE cells to 4-HNE toxicity (Qin and Rodrigues 
 2010  ) . The fact that inhibition of AMPK a 1 promotes RPE cell death is consistent 
with the reported role of AMPK a 1 in mediating expression of antioxidant genes (Liu 
et al.  2010  ) . The molecular mechanism by which knockdown of AMPK a 2 protects 
RPE cells from 4-HNE is not clear at present.  

    95.7   Perspectives 

 The role of AMPK in the regulation of RPE cell function and pathological responses 
is a relatively new area of investigation. It is evident that AMPK is an important 
modulator of a number of RPE cell functions; however, characterization of the 
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 signaling cascades regulated by AMPK has yet to be elucidated in the context of 
AMPK activation or inhibition. Furthermore, why should a signaling system that 
evolves to respond to energy defi ciency also have a crucial role in tight junction and 
immune regulation? Understanding AMPK-dependent signaling pathways will shed 
light on how AMPK modulates diverse processes such as energy balance, cell 
 survival, immunity, tight junction, and cell polarity. The development of isoform-
selective inhibitors of AMPK will aid in the discovery of these pathways and may 
provide novel therapeutic targets for retinal diseases.      
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     96.1   Introduction 

 Transcription regulatory network establishes and maintains gene expression programs, 
which lie at the center of development, physiology, and disease. Transcription factors 
regulate expression level, spatiotemporal pattern of their target genes by binding to 
 cis  DNA regulatory elements that are located within promoters close to transcrip-
tion start site (TSS), or distal enhancers (Maston et al.  2006  ) . One primary function 
of transcription factor is to recruit cofactors that perform chromatin-remodeling 
activities or can directly interact with the basal transcriptional machinery (Lemon 
and Tjian  2000  ) . Transcription factors, in some cases, mediate long-range chromo-
some looping that brings distal enhancers in close proximity to promoters, and 
hence, assist in the assembly of basal transcriptional machinery at the promoters 
(Miele and Dekker  2008  ) . Specifi c histone modifi cations have been associated with 
open vs. close chromatin conformation, thereby leading to gene activation or repres-
sion (Heintzman and Ren  2007  ) . To achieve tight control of gene regulation in a 
spatiotemporal-specifi c manner, multiple transcription factors within a transcription 
regulatory network collaborate to regulate common target genes (Heintzman and 
Ren  2007  ) . The current understanding of transcription regulation was largely devel-
oped from characterization of individual genes, and genome-wide studies are 
needed to re-examine these principles. Identifi cation of genome-scale occupancy of 
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transcription factors, components of basal transcription machinery, and modifi ed 
histones constitute the fi rst steps to uncover mechanism of global transcription 
regulation and should provide insight into development and disease.  

    96.2   ChIP-chip and ChIP-Seq by Illumina and ABI/SOLiD 

 Chromatin immunoprecipitation (ChIP) allows isolation and identifi cation of 
genomic fragments occupied  in vivo  by proteins such as transcription factors and 
histones (Kirmizis and Farnham  2004  ) . For ChIP,  in vivo  protein-DNA interactions 
are cross-linked by treatment of cells with formaldehyde and chromatin is frag-
mented by sonication or enzyme digestion. An antibody that recognizes protein of 
interest is used to immunoprecipitate the chromatin fragments that are cross-linked 
with the protein. A normal IgG is used as an immunoprecipitation control. After 
decross-linking, RNase treatment, and protein digestion, the chromatin is purifi ed 
either by phenol chloroform extraction and ethanol precipitation or using Qiagen 
kit. Particular candidate genes can be analyzed by PCR using primers fl anking puta-
tive binding sites, whereas unbiased genome-wide analysis can be performed by 
microarray (ChIP-chip) or high-throughput sequencing (ChIP-Seq) (Fig.  96.1 ).  

  Fig. 96.1    Chromatin 
immunoprecipitation 
(ChIP)-chip and ChIP-Seq. 
Retina cells are treated with 
formaldehyde to cross-link 
in vivo protein-DNA 
interaction. Cells are lysed 
and chromatin is fragmented 
by sonication. Protein-DNA 
complexes are 
immunoprecipitated by an 
antibody that recognizes the 
protein of interest. A normal 
IgG is used as an 
immunoprecipitation control. 
After decross-linking and 
removal of RNA and protein, 
DNA is isolated and purifi ed. 
The DNA can be analyzed by 
either hybridization to a chip 
(ChIP-chip) or by high-
throughput sequencing 
(ChIP-Seq)       
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 For ChIP-chip, ChIPed DNA and input DNA, as a control, are blunt-ended by T4 
DNA polymerase to allow ligation with a universal oligonucleotide linker, and then 
are amplifi ed in an unbiased fashion (Kim and Ren  2006  ) . The ChIPed DNA and 
input control are labeled with fl uorescent dyes and hybridized to microarrays (Kim 
and Ren  2006  ) . Signifi cantly higher fl uorescent intensity with ChIPed DNA than 
with input control indicates enriched binding of protein of interest with the genomic 
fragment, the identity of which is revealed by the corresponding probes on the 
microarray. ChIP-chip was used successfully in yeast (Ren et al.  2000  ) ; however, 
studies in higher eukaryotic genomes that are larger and more repetitive are a chal-
lenge to the technology. CpG island microarrays and promoter arrays focusing on 
certain genomic area were used in early studies (Ren et al.  2002 ; Weinmann et al. 
 2002  ) . Later, tiling microarrays utilizing short regularly spaced oligonucleotide 
probes to cover whole genomes were developed. Because the probes are designed to 
cover nonrepetitive area of the genome, ChIP-chip coverage is less complete than 
that achieved by direct sequencing. Applications of ChIP-chip are reviewed elsewhere 
(Zecchini and Mills  2009  ) . 

 For ChIP-Seq, ChIPed DNA is used to generate a library that is analyzed using 
high-throughput next-generation sequencing (NGS) platforms such as 454 (now 
Roche), Solexa (now Illumina), and ABI/SOLiD (now Life Technologies). To con-
struct a ChIP-Seq library for Illumina platform, the ChIPed DNA using either an 
antibody specifi c to the protein of interest or a normal IgG control are blunt-ended 
using DNA polymerase I and phosphorylated using T4 kinase. After adding adenine 
using Taq polymerase, ChIPed DNA is ligated to a universal adaptor that allows for 
automatic creation of an asymmetric PCR template. The resulting ChIP-Seq library 
undergoes linear amplifi cation in a small cycle number PCR, and then is hybridized 
a fl owcell to generate clusters in a PCR-like process. The clusters are linearized and 
sequenced in a sequencing-by-synthesis process. We conducted parallel ChIP assays 
to identify genome-wide occupancy of rod-specifi c transcription factor NRL and 
generated ChIP-Seq libraries for both Illumina and ABI NGS platforms. The proce-
dures for libraries construction are similar between two platforms and we acquired 
highly comparable results (unpublished data). False enrichment in ChIP-Seq can be 
a result of preferred fragmentation of “open” chromatin, nonspecifi c immunopre-
cipitation, or PCR preference (Barski and Zhao  2009  ) . It is important to include an 
IgG control library to distinguish these areas from true binding sites. In our study, 
sequencing of NRL antibody library detected 7011 binding sites, whereas 5040 was 
validated as true binding sites by comparing with result from IgG library (unpub-
lished data). 

 ChIP-Seq offers numerous advantages over ChIP-chip (Park  2009  ) . First, ChIP-
Seq offers higher resolution that is determined by the size of chromatin fragments 
used for ChIP and the depth of sequencing. We fragmented the chromatin to 150–
200 bp and achieved good results. The resolution of ChIP-chip is determined by 
the size of chromatin fragments used for ChIP and is largely limited by the probe 
density. Second, ChIP-Seq offers better sensitivity without having to suffer the 
noise generated in the hybridization step in ChIP-chip. Third, ChIP-Seq offers 
genome-wide coverage that is not limited by the repertoire of probes available on 
the chip. Finally, ChIP-Seq requires signifi cantly less ChIPed DNA than ChIP-chip. 
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We used 12 and 25 ng of ChIPed DNA for ChIP-Seq analysis using Illumina and 
ABI NGS platforms, respectively, whereas 2  m g of ChIPed DNA was required for a 
ChIP-chip experiment using the mouse genome-tiling array (Affymetrix). A major 
limiting factor in ChIP-Seq study is computational analysis of the large amount of 
data, which is reviewed elsewhere (Park  2009  ) .  

    96.3   Insights from Genome-Wide Occupancy Studies 

    96.3.1   Location of Transcription Factor Occupancy 

 ChIP-chip or ChIP-Seq analyses reveal genome-wide occupancies of transcription 
factors, relative to TSS, which provide insight into the mechanisms by which tran-
scription factors regulate transcription. Some factors including E2F transcription 
factor family members and basal transcription factors such as RNA polymerase II 
(RNAPII) bind almost exclusively to the proximal promoters (Farnham  2009  ) . 
However, most other analyzed factors bind to diverse regions of the genome, includ-
ing extragenic regions distant from the TSS and intragenic regions including introns 
and exons (Farnham  2009  ) . It poses a challenge to identify target genes when the 
transcription factor-binding site is distant from proximal promoters. Chromosome 
conformation capture (3C) assay that allows detection of long-range chromosome 
looping may be of assistance to detect such loopings between distant biding sites 
(also termed enhancers) with promoters (Simonis et al.  2007  ) . 

 Biotin ChIP-chip analysis determined promoter-binding targets for 9 transcrip-
tion factors within the mouse ES transcription network. A striking association was 
found between the number of factors bound to a promoter region and the chance of 
target gene expression in undifferentiated ES cells. The target gene promoter bound 
by multiple factors is more likely to be expressed rather than turned off in ES cells. 
It is not known whether multiple factor binding was limited only to promoter regions 
because the study used promote arrays instead of genome arrays   . ChIP-seq analysis 
of 13 transcription factors that are implicated in maintaining pluoripotency of mouse 
embryonic stem (ES) cells showed that specifi c distal genomic regions are bound by 
several factors in close proximity (Chen et al.  2008  ) . A subset of these regions 
showed strong enhancer activities in transfected ES cells (Chen et al.  2008  ) . This 
fi nding supports the notion that transcription factors can bind at distal enhancers to 
regulate transcription cooperatively. ChIP-Seq analyses of more transcription fac-
tors are needed for understanding the transcription regulatory networks underlying 
development, physiology, and disease.  

    96.3.2   Chromatin Signatures 

 Chromatin, composed of histone and DNA, contains information in the form of 
covalent modifi cations to histones that indicates the function and activity of the 
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underlying DNA sequences (Heintzman et al.  2007  ) . ChIP-chip and ChIP-Seq studies 
of various histone modifi cations enabled use of chromatin signatures to enumerate 
novel functional sequences and gene regulation in mammalian genomes (Barski and 
Zhao  2009 ; Hon et al.  2009  ) . For details on chromatin signatures composed of dis-
tinct sets of histone modifi cations marking active promoters, repressed promoters, 
enhancers, and transcribed regions, see reviews elsewhere (Barski and Zhao  2009 ; 
Hon et al.  2009  ) . Mikkelsen et al. found that chromatin signature changes during 
mouse ES cell differentiation refl ecting changes in gene expression patterns between 
pluripotent ES cells and lineage-committed cells (Mikkelsen et al.  2007  ) . Heintzman 
et al. discovered that H3K4me1 is specifi cally enriched at enhancers and can be 
used to identify functionally active enhancers (Heintzman et al.  2009  ) . ChIP-Seq 
analyses identifi ed a large number of binding events for transcription factors; how-
ever, only a portion of these sites are proved to be functional. H3K4me1 ChIP-Seq 
can be used to narrow down the functional binding events identifi ed by ChIP-Seq 
analysis of transcription factors.   

    96.4   Applications of ChIP-chip and ChIP-Seq 
to the Study of Photoreceptor 

 Rod and cone photoreceptors, being terminally differentiated neurons with high 
metabolic rates, are prone to genetic and environmental insults and photoreceptor 
cell death is a major cause of blindness in developed countries (Wright et al.  2010  ) .
Rod and cone photoreceptors along with other retinal cell types are differentiated 
from multipotent retinal progenitor cells in a conserved order of birth (Livesey and 
Cepko  2001 ; Marquardt and Gruss  2002  ) . Transcription factors (ROR b , OTX2, 
NRL, CRX, NR2E3, and TR b 2) play important roles in photoreceptor cell fate 
determination and development (Swaroop et al.  2010  ) . OTX2 is essential but not 
suffi cient to induce photoreceptor cell fate. Downstream of OTX2, CRX regulates 
photoreceptor terminal differentiation, whereas NRL determines rod vs. cone pho-
toreceptor cell fate. NR2E3, a direct transcriptional target of NRL, primarily 
represses the expression of cone photoreceptor-specifi c genes. Mutations in human 
CRX, NRL, and NR2E3 genes have been found in human patients with retinopa-
thies (Swaroop et al.  2010  ) . Transcription regulatory networks composed of tran-
scription factors, cofactors, and target genes remain largely uncharacterized during 
photoreceptor development and homeostasis. 

 Combining NRL ChIP-Seq and transcription profi ling, we identifi ed 333 direct 
NRL target genes in adult mouse retina (unpublished data).  In vivo  knockdown of 
NRL target genes identifi ed retinal candidate disease genes (unpublished data). 
Corbo et al. performed CRX ChIP-Seq and identifi ed thousands of in vivo binding 
events in adult mouse retina (Corbo et al.  2010  ) , suggesting that CRX plays an 
important regulatory role in maintaining homeostasis of mature photoreceptors. 
It would be interesting to combine this information with transcription profi ling 
data to identify direct CRX target genes. ChIP-chip analysis of tagged Cyclin D1 
knock-in mouse retina revealed that Cyclin D1 regulates Notch1 gene during 
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development (Bienvenu et al.  2010  ) . Mitton et al. performed ChIP-chip analysis of 
RNA polymerase II (Pol-II) and detected activation of over 800 additional genes 
that were undetected by previous microarray analysis during photoreceptor matu-
ration (Tummala et al.  2010  ) . High-resolution mapping of Pol-II, without complica-
tions from mRNA degradation in microarray analysis, provided a new resource for 
correlation to expression data (Tummala et al.  2010  ) . In an effort to defi ne chroma-
tin signatures in developing and mature retina, Barstable et al. performed ChIP-Seq 
analysis of multiple histone modifi cations using retina from wild-type mouse and 
control retina from mutant mouse with photoreceptor degeneration (unpublished 
data). This study provided the fi rst chromatin state analysis in developing and 
mature retinas. Transgenic mice that express GFP under the control of 2.5 kb  Nrl  
promoter allow isolating photoreceptors at various development stages by fl ow sort-
ing (Akimoto et al.  2006  ) . It would be interesting to compare chromatin signatures 
between retinal progenitor cells and individual differentiating retinal cell types 
including purifi ed photoreceptors at various developmental stages.  

    96.5   Conclusions and Perspectives 

 Genome-wide occupancy analyses of transcription factors and modifi ed histones 
are the fi rst steps toward understanding transcription regulation networks underly-
ing development, physiology, and disease. It is important to expand the analysis to 
more transcription factors at different developmental stages. It is also important to 
characterize chromatin signatures of purifi ed retinal cell types at various stages of 
development. Finally, to elucidate the transcription regulatory network in retina 
development and disease, the approaches must be multipronged and combine the 
genome-wide occupancy analysis with global expression profi ling and in vivo func-
tional analysis.      
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    97.1   RPE Lipofuscin Is Unique in Its Origin 

 Ageing cells, particularly those cell types that are nondividing, are often marked by 
nondegradable proteins and organelles that accumulate as lipofuscin (Yin  1996 ; 
Cuervo and Dice  2000 ; Sparrow and Boulton  2005  ) . The retinal pigment epithelial 
(RPE) cells of the eye carry an additional burden; However, these cells also amass 
fl uorescent compounds that are acquired by the RPE due to its role in phagocytosing 
photoreceptor outer segment membrane (Katz et al.  1986 ; Sparrow  2007  ) . All of the 
RPE lipofuscin pigments isolated to date are bisretinoid compounds and we have 
proposed biosynthetic pathways by which they form (Sakai et al.  1996 ; Parish et al. 
 1998 ; Ben-Shabat et al.  2002b ; Fishkin et al.  2005 ; Kim et al.  2007 ; Wu et al.  2009  )  
(Fig.  97.1 ). As expected, the lipofuscin of RPE is housed within organelles of the 
lysosomal compartment; these bodies are often referred to as lipofuscin granules 
(Feeney-Burns and Eldred  1983 ; Boulton et al.  1990 ; Clancy et al.  2000 ; Haralampus-
Grynaviski et al.  2003  ) . Amino acid analysis of lipofuscin granules purifi ed from 
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human RPE revealed very little protein (approximately 2%) (Ng et al.  2008  ) . On the 
other hand there is abundant evidence that the formation of lipofuscin bisretinoids, 
in one way or another, involves reactions with phosphatidylethanolamine sitting in 
the outer segment membrane. Once the bisretinoids are deposited in RPE lyso-
somes, these compounds can undergo an initial phosphate cleavage to varying 
extents (discussed below). Further degradation of A2E does not occur, however, 
probably because the unusual structure of this pigment makes it unrecognizable by 
the various lysosomal enzymes.   

  Fig. 97.1    Biosynthetic pathways by which RPE bisretinoids form in photoreceptor outer 
 segments. Condensation reactions between phosphatidylethanolamine (PE) and all- trans -retinal 
generate  N -retinylidene-PE. The multistep pathway proceeds through intermediates that include an 
unstable phosphatidyl-dihydropyridinium compound (dihydropyridinium-A2PE). Elimination of 
one hydrogen from the central ring would lead to the formation of the stable compound 
A2-dihydropyridine-phosphatidylethanolamine (A2-DHP-PE) while loss of two hydrogens would 
produce the phosphatidyl-pyridinium bisretinoid A2PE. Alternatively, two molecules of all- trans -
retinal can condense to form an aldehyde-bearing dimer (all- trans -retinal dimer) that then through 
a Schiff base linkage with phosphatidylethanolamine forms all- trans -retinal dimer-PE. Phosphate 
hydrolysis of A2PE releases A2E. This cleavage occurs in RPE cell lysosomes via phospholipase 
D. Similarly, phosphate hydrolysis of A2-DHP-PE and all- trans -retinal dimer-phosphatidyletha-
nolamine generates A2-DHP-ethanolamine and all- trans -retinal dimer-ethanolamine, respectively 
(not shown)       
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    97.2   A2E, Isomers, and Precursors 

 A prominent component of RPE lipofuscin is the di-retinal conjugate A2E (Sakai 
et al.  1996 ; Parish et al.  1998  ) . The polar head of A2E consists of an aromatic ring 
carrying a positive charge conferred by a quaternary amine nitrogen. Two side-arms 
extend from the ring, each arm being derived from a molecule of all- trans -retinal 
(Sakai et al.  1996  ) . The alternating double and single bonds that extend the length of 
the long arm and into the pyridine and ionone rings of A2E provide the extended 
conjugation system that imparts absorbance at wavelengths in the visible range of the 
spectrum (~440 nm). The absorbance at ~340 nm is generated within the short arm. 

 The double bonds along the side-arms of A2E are all in the  trans  ( E ) position, a 
lower energy confi guration. However, photoisomerization of A2E generates several 
cis-isomers the most abundant of which is iso-A2E, wherein the double bond at 
the C13-14 position assumes the cis ( Z ) confi guration (Parish et al.  1998  ) . Other 
cis-isomers having Z-olefi ns at the C9/9 ¢ -10/10 ¢  and C11/11 ¢ -12/12 ¢  positions are 
also detected in eye extracts (Ben-Shabat et al.  2002b  ) . For all of these photoiso-
mers of A2E, absorbance spectra are slightly blue shifted relative to A2E (e.g., A2E: 
 l  

max
  338, 439; iso-A2E:  l  

max
  337, 428).  

    97.3   The All- Trans -Retinal Dimer Series 
of Lipofuscin Fluorophores 

 While A2E absorbs in the visible spectrum at about 440 nm (the blue region), at 
least two compounds in RPE lipofuscin have ~510 nm absorbance. One of these, the 
pigment all- trans -retinal dimer-phosphatidylethanolamine (all- trans -retinal dimer-PE) 
is produced when two molecules of all- trans -retinal condense to form an aldehyde-
bearing dimer (all- trans -retinal dimer) that can proceed to form a conjugate with 
phosphatidylethanolamine via a Schiff base linkage that exhibits pH-dependent 
protonation (Fishkin et al.  2005 ; Kim et al.  2007  ) . The second ~510 nm absorbing 
species    all- trans -retinal dimer-E can be generated subsequently by phosphate cleav-
age of all- trans -retinal dimer-PE. Moreover, with deprotonation and Schiff base 
hydrolysis of all- trans -retinal dimer-PE and -E, unconjugated all- trans -retinal dimer 
can re-form. We detect the protonated (all- trans -retinal dimer-PE and -E) and 
unprotonated unconjugated (all- trans -retinal dimer) forms of this group of com-
pounds in extracts of RPE lipofuscin from humans and mice (Fishkin et al.  2005 ; 
Kim et al.  2007  ) . 

 As with the other lipofuscin pigments, the all- trans -retinal dimer series of com-
pounds are housed in lysosomes (pH ~ 5). Conditions in the lysosome appear to 
support both protonated and unprotonated forms; nevertheless the relative levels of 
these three pigments are pH dependent. We observed pH modulation of all- trans -retinal 
dimer/all- trans -retinal dimer-PE when we exposed posterior eyecups of  Abca4  −/−  
mice to chloroquine, a weak base amine that in its neutral form enters lysosomes 
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where it becomes protonated, accumulates, and increases the pH of these acidic 
organelles, Chloroquine-induced alkalinization of lysosomes shifted the balance 
toward deprotonation and hydrolysis of all- trans -retinal dimer-PE, resulting in lower 
levels of the latter along with higher levels of unconjugated all- trans -retinal dimer. 
The detection of pH-sensitive lipofuscin compounds that protonate–deprotonate is of 
additional interest because this is a property that has often been erroneously attrib-
uted to A2E. However, A2E/isoA2E are pyridinium salts containing a quaternary 
amine nitrogen that confers a permanent positive charge on the head group; A2E 
cannot deprotonate or reprotonate (Parish et al.  1998  ) .  

 The pigments all- trans -retinal dimer-PE and all- trans -retinal dimer-E are com-
posed of long (seven double-bond conjugations) and short (four conjugations) poly-
ene arms extending from a cyclohexadiene ring. The relatively long wavelength 
absorbance of all- trans -retinal dimer-PE and all- trans -retinal dimer-E (all- trans -
retinal dimer-PE,  l  

max
  ~ 290, 510 nm) is attributable to protonation of the Schiff base 

linkage in these compounds. The absorbance spectrum of unconjugated all- trans -
retinal dimer exhibits maxima at ~290 and 432 nm.  

    97.4   The Bisretinoid A2-DHP-PE 

 Yet another RPE bisretinoid A2-dihydropyridine-phosphatidylethanolamine 
(A2-DHP-PE) has been isolated from RPE lipofuscin extracted from human, mouse, 
and bovine eyes (Wu et al.  2009  ) . It is notable that, unlike A2E, A2-DHP-PE presents 
with a noncharged dihydropyridinium ring. Nevertheless, like A2E, its emission 

  Fig. 97.2    An increase in lysosomal pH changes the relative levels of all- trans -retinal dimer vs. 
all- trans -retinal dimer-PE. Eyecups of  Abca4  −/−  mice (age 2 months; pigmented Rpe65 Met450; 4 
eyecups/sample) were incubated with chloroquine (100  m M in Hepes-buffered DMEM; 37°C, 
20 min)       
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maximum is approximately 600 nm (golden yellow autofl uorescence) although it 
has an excitation maximum of 490 nm (Sparrow et al.  2010  ) . In normal human RPE, 
the ratio of A2E to A2-DHP-PE is approximately 1:1; the same ratio is observed in 
wild-type mouse eyes (Wu et al.  2009  ) . As with the other phosphatidyl-bisretinoids 
(A2PE and all- trans -retinal dimer-PE) that form in photoreceptor outer segments, 
A2-DHP-PE is subject to phosphate hydrolysis in the lysosomes of RPE; the cleavage 
product A2-DHP-E is detected, although at low levels (Wu et al.  2009  ) . Our experi-
ments indicate that while A2PE is readily cleaved (to A2E) in RPE lysosomes, 
A2-DHP-PE and all- trans -retinal dimer-PE undergo phosphate hydrolysis less readily 
(Sparrow et al.  2008 ; Wu et al.  2009  ) . The resistance of A2-DHP-PE to phosphate 
cleavage explains why A2-DHP-PE is a substantial peak in RPE extracts, although 
the reason for this is not known.  

    97.5   Photooxidized Forms of Bisretinoid Pigments 
in RPE Lipofuscin 

 The complex mixture of lipofuscin pigments in the RPE includes several photooxi-
dized species of bisretinoid (Jang et al.  2005 ; Kim et al.  2007  ) . For instance, A2E 
and all- trans -retinal dimer when irradiated at an excitation maximum in the blue 
region of the spectrum serve as photosensitizers generating various reactive forms 
of oxygen with singlet oxygen adding to these bisretinoids at carbon–carbon double 
bonds (Sparrow et al.  2000,   2002 ; Ben-Shabat et al.  2002a ; Jang et al.  2005 ; Kim 
et al.  2008  ) . The reactive species generated within photooxidized A2E include 
endoperoxides, epoxides, and furanoid moieties and these oxidized forms of bis-
retinoid have been identifi ed in hydrophobic extracts of human RPE and  Abca4  −/−  
mouse eyecups (Jang et al.  2005 ; Kim et al.  2007  ) . Importantly, the photodegradation 
of bisretinoid that follows from photooxidation releases methylglyoxal (MG), a 
dicarbonyl that is known for mediating advanced glycation end product (AGE) 
modifi cation of proteins (Wu et al.  2010b  ) . Thus, photodegradation of bisretinoid is 
likely a source of the AGE detected in aging Bruch’s membrane and drusen (Handa 
et al.  1999 ; Crabb et al.  2002  ) .  

    97.6   Discussion 

 The fl uorescent bisretinoids that accumulate as lipofuscin in RPE cells form when 
all- trans -retinal escapes reduction to all- trans -retinol and instead undergoes reac-
tion. Notable behaviors of these bisretinoids include a photosensitivity to visible 
light and an interplay between these compounds and lysosomal functioning. The 
extensive systems of conjugated double bonds that occupy the side-arms and that in 
some cases also extend into the central rings are responsible for the ability of these 
compounds to absorb light in the visible spectrum. The fl uorescence emissions of 
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these pigments are similar and peak at approximately 600 nm. The bisretinoids of 
RPE are increased several-fold in the  Abca4  null mutant mouse, a model of recessive 
Stargardt macular degeneration (Weng et al.  1999 ; Mata et al.  2000,   2001 ; Kim 
et al.  2004 ; Maiti et al.  2006 ; Wu et al.  2009  ) , and the enhanced formation of these 
bisretinoids is associated with photoreceptor cell degeneration that is readily detect-
able at 8–9 months of age (Wu et al.  2010a  ) . Less pronounced increases in A2E are 
also observed in  Elovl4  5-bp deletion knock-in mice (Vasireddy et al.  2009  )  and in 
transgenic mice carrying the mutated human ELOVL4 gene under control of the 
interphotoreceptor retinoid-binding protein (Kuny et al.  2010  ) .      
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     98.1   Introduction 

 Photoreceptor cyclic nucleotide-gated (CNG) channels play a pivotal role in 
 phototransduction (Kaupp and Seifert  2002  ) . Structurally, CNG channels belong to 
the superfamily of voltage-gated ion channels. The channel comprises two structur-
ally related subunit types, the A and B subunits. Rod CNG channel is composed of 
CNGA1 and CNGB1 while cone CNG channel is composed of CNGA3 and 
CNGB3. It is known that the proper subunit interaction and complex formation are 
critical for the channel function (Trudeau and Zagotta  2002  ) . The structure of the 
native rod CNG channel has been well studied using bovine retina, showing a stoi-
chiometry of three CNGA1 and one CNGB1 (Weitz et al.  2002 ; Zhong et al.  2002  ) . 
In contrast, our understanding of the cone CNG channel structure is quite limited. 
This is due to the diffi culty of studying cone-specifi c protein in a rod-dominant 
retina and the structural feature of the cone CNG channel subunits. The molecular 
masses of CNGA3 and CNGB3 are similar to each other (72 vs. 80 kDa), which 
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makes the study of composition and stoichiometry of cone CNG channel quite 
challenging using the conventional approaches. We have shown that the cone-
dominant Nrl−/− retina is a valuable tool to study cone CNG channel (Matveev 
et al.  2008  ) . This work examined the complex structure of cone CNG channel 
prepared from Nrl−/− retina using the infrared fl uorescence Western detection com-
bined with chemical cross-linking and blue native-PAGE and the fi ndings improved 
our understandings of the cone CNG channel structure.  

    98.2   Materials and Methods 

    98.2.1   Infrared Fluorescence Western Detection 
of Cone CNG Channel 

 Mouse retinal membrane protein extracts were prepared as described previously 
(Ding et al.  2009  ) . The membrane proteins were separated by 10% SDS-PAGE, 
followed by transferring onto polyvinylidene fl uoride (PVDF) membrane for infra-
red fl uorescence Western Detection. The rabbit anti-CNGA3 and anti-CNGB3 were 
labeled with the IRDye-800CW and IRDye-680 fl uorescence dyes (LI-COR 
Biosciences UK Ltd). The Odyssey ®  Infrared Imaging System (LI-COR Biosciences 
UK Ltd) was used for the imaging quantitative analysis. Peptide competition experi-
ments were performed as described previously (Matveev et al.  2008  ) .  

    98.2.2   Chemical Cross-Linking 

 Chemical cross-linking experiments were performed using Nrl−/− retinal membrane 
preparations as described previously (Matveev et al.  2008  ) . The amino-specifi c 
cross-linker BS 3  at varying concentrations was used; the cross-linking reactions 
were terminated by addition of 5.0 mM DTT; and cross-linking products were 
resolved onto 3–8% Nu-PAGE, followed by infrared fl uorescence detection.  

    98.2.3   Blue Native-PAGE 

 Blue native-PAGE was performed as described by Wittig et al.  (  2006  ) . Several types 
of detergents, including digitonin, Brij 96, Triton X100, and dodecylmaltoside 
(DDM), were tested to solubilize the membranes, and DDM was shown to produce 
an optimal solubilization and was used in this study.   
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    98.3   Results 

    98.3.1   Simultaneous Detection of CNGA3 and CNGB3 
in the Mouse Retina by Infrared Fluorescence 
Western Detection 

 CNGA3 and CNGB3 in the mouse retina were detected by the respective antibodies 
labeled with both IRDye-800CW (green) and IRDye-680 (red) dyes with a linear 
range (r 2   ³  0.97) (Fig.  98.1a ). Simultaneous detection of CNGA3 and CNGB3 on 

  Fig. 98.1    Simultaneous detection of CNGA3 and CNGB3 in the mouse retina by infrared 
fl uorescence Western detection. Increasing amounts (2.5–75  m g) of Nrl−/− retinal membranes 
were resolved by 10% SDS-PAGE, followed by immunoblotting using anti-CNGA3 and anti-CNGB3 
labeled with IRDye-680 and IRDye-800CW. ( a ) Quantitative detection of CNGA3 and CNGB3 in 
the mouse retina. ( b )  Left panel,  simultaneous detection of CNGA3 and CNGB3 in the mouse 
retina using infrared fl uorescence detection.  Right panel,  peptide competition experiments showed 
specifi city of the detection. The blots were incubated with antibodies in the absence and presence 
of the specifi c peptides (150  m g/mL) followed by fl uorescence scanning and imaging       
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the same blots was achieved (Fig.  98.1b , left panel), and the specifi c detection was 
shown by peptide competition experiments (Fig.  98.1b , right panel).   

    98.3.2   Analysis of Cone CNG Channel Complexes 
Using Chemical Cross-Linking and Infrared 
Fluorescence Detection 

 Chemical cross-linking is a useful approach to evaluate the composition of a protein 
complex and the spatial proximity between two or more macromolecules (Matveev 
et al.  2008 ; Schwarzer et al.  2000  ) . We analyzed the cone CNG channel complexes 
by chemical cross-linking combined with infrared fl uorescence detection. 
Figure  98.2  shows a typical gel separation of the cross-linked products with varying 
concentrations of BS 3 , analyzed by infrared fl uorescence detection. The cross-linked 
products equivalent to the dimer (~150 kDa), trimer (~240 kDa), and tetramer 
(~320 kDa) of the channel complexes, respectively, were detected by both anti-
CNGA3 and anti-CNGB3 antibodies. The overlay image shows the co-detections of 
CNGA3 and CNGB3 subunits at varying sizes of the complexes. The relative sig-
nals of CNGB3 were more abundant in the dimeric and trimeric complexes but less 
abundant in the tetrameric complexes. Quantifi cation of the fl uorescence intensities 
of the tetrameric complexes shows that the CNGA3 signal was nearly threefold 
higher than the CNGB3 signal.   

  Fig. 98.2    Analysis of cone CNG channel complexes using chemical cross-linking and infrared 
fl uorescence detection. The reactions were performed using Nrl−/− retinal membranes and the 
amino-specifi c cross-linker BS 3  at varying concentrations as indicated at room temperature for 
30 min. The cross-linking products were separated by 3–8% Nu-PAGE, followed by infrared fl uo-
rescence Western detection       

 



77398 Biochemical Characterization of Cone Cyclic Nucleotide-Gated…

    98.3.3   Analysis of Cone CNG Channel by Blue Native-PAGE 

 Blue native-PAGE has been widely used to study the structure of a protein complex 
(Chavan et al.  2006 ; Pyndiah et al.  2007  ) . We applied this technique to evaluate the 
structure of cone CNG channel under native conditions. Figure  98.3  shows a typical 
blue native-PAGE separation of Nrl−/− retinal membranes visualized by Coomassie 
blue staining (Fig.  98.3a ) and by infrared fl uorescence Western detection (Fig.  98.3b ). 
The channel complexes migrated to an area between 300 and 480 kDa, which is 
close to the results obtained from the chemical cross-linking experiments.    

    98.4   Discussion 

 Unlike that of the rod CNG channel our understanding of the cone CNG channel 
structure is quite limited. Two reports so far have described the stoichiometry of cone 
CNG channel using heterologous expression systems. The study by Zhong et al. 
proposed a three CNGA3 and one CNGB3 stoichiometry based on the identifi cation 

  Fig. 98.3    Analysis of cone CNG channel by blue native-PAGE. ( a ) Blue native-PAGE separation 
of Nrl−/− retinal membranes solubilized by various concentrations of DDM. The membrane proteins 
were resolved by 3–12% native gel using a blue native gel electrophoresis system.  CB  Coomassie 
blue. ( b ) Proteins resolved on blue native gel were transferred onto PVDF membranes, followed by 
infrared fl uorescence Western detection using anti-CNGA3 labeled with IRDye-800CW       
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of a C-terminal leucine zipper homology domain in all the A subunits of CNG channel 
(Zhong et al.  2002  ) . In contrast, a 2A:2B stoichiometry was proposed by Peng et al. 
based on their electrophysiological recordings and biochemical studies using a 
 Xenopus oocytes  expression system (Peng et al.  2004  ) . With co-immunoprecipitation 
and chemical cross-linking, we have shown that the native cone CNG channel is a 
heterotetrameric complex. This work utilizes the advantages of infrared fl uorescence 
detection to analyze the complex structure of the native cone CNG channel. The 
infrared fl uorescence Western detection has been shown to provide a valuable tool 
for quantitative, two-color detection of proteins and analysis of components of a 
protein complex (Yashiro et al.  2005  ) . This especially gives advantages in detecting 
proteins that migrate on a gel at a similar position. By using this technique combined 
with chemical cross-linking, we detected more abundant CNGA3 in the tetrameric 
complex. Taken together with the fi ndings of the specifi c interactions between 
CNGA3 and CNGB3 and between two CNGA3 but not between two CNGB3 
(Matveev et al.  2010  ) , this work provided experimental evidence supporting three 
CNGA3 and one CNGB3 stoichiometry. 

 We also analyzed the channel complexes that were resolved under native condi-
tions using blue native-PAGE. This technique permits a high-resolution separation 
of multiprotein complexes under native conditions and is specially designed for 
membrane proteins. We successfully resolved the channel complexes on a blue 
native-PAGE. Combined with a subsequent SDS-PAGE in the second dimension, 
protein complexes separated by blue native-PAGE can be dissected into their subunits. 
Success in the blue native-PAGE enables us to further analyze the channel com-
plexes with a blue native-PAGE/SDS-PAGE 2D system. 

 In summary, we analyzed native cone CNG channel complexes using infrared 
fl uorescence detection combined with chemical cross-linking and blue native-PAGE. 
The experimental results suggest that the cone CNG channel is a heterotetrameric 
complex likely at a stoichiometry of three CNGA3 and one CNGB3.      
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     99.1   Introduction 

 Like almost all major biological processes, phototransduction is achieved by the 
interaction of proteins, leading to manifold functional outcomes. Cyclic nucleotide-
gated (CNG) channels comprise an indispensable element in phototransduction and 
as such are apt and inclined to play a regulatory role. CNG channels play important 
roles in visual and olfactory transduction (Yau and Baylor  1989 ; Biel et al.  1999 ; 
Kaupp and Seifert  2002 ; Yau and Hardie  2009 ; Gerstner et al.  2000  ) . In the visual 
system, a cyclic guanosine monophosphate (cGMP)-gated channel is found in the 
outer membrane of retinal photoreceptor cells. The cGMP-sensitive cation channel 
is the sensor of the changes in cytoplasmic cGMP concentration brought about by 
light (Yau and Baylor  1989  ) . CNG channels comprise two structurally related sub-
unit types: A and B (Kaupp and Seifert  2002  ) . The rod channel consists of CNGA1 
and CNGB1 subunits, whereas the cone channel contains CNGA3 and CNGB3 
subunits. Heterologous expression studies have shown that the A subunits are 
responsible for the ion-conducting activity of the channel, whereas the B subunits 
function as modulators (Gerstner et al.  2000  ) . The CNG channel sensitivity toward 
cGMP has been studied extensively and has been shown to depend on and regulated by 
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several other factors prominent of which are Ca 2+ /CaM, divalent ions, diacylglycerol, 
phospholipids, and phosphorylation state (reviewed in Kaupp and Seifert  2002  ) . 
These channels have an N-terminal and a C-terminal cytoplasmic region, which are 
freely available in the cytoplasm for a multitude of factors to interact with. We 
recently reported that Ras-associating domain of growth factor receptor-bound pro-
tein 14 (Grb14) binds to the C-terminal region of rod CNGA1 subunit and modu-
lates its activity in vivo (Gupta et al.  2010  ) . Studies from several    laboratories have 
shown that RA/RBD domain-containing proteins are expressed in the retina which 
include c-Raf (Pimentel et al.  2000  ) , Pi3k (Rajala et al.  2002  ) , AF-6 (Kanai-Azuma 
et al.  2000  ) , Tiam1 (Tanaka et al.  2004  ) , PHLPP1 and 2 (Kanan et al.  2010  ) , Grb14 
(Rajala et al.  2005  ) , and EPAC (Ivins et al.  2004  ) , however, no information is avail-
able on their effect on channel. PHLPP1 and PHLPP2 (PH domain and Leucine-rich 
repeat Protein Phosphatases) (Gao et al.  2005  )  are the two putative RA domain-
containing proteins which play an important role in IR signaling (Kanan et al.  2010  ) . 
In this study, we have investigated the effect of RA domain-containing proteins, 
PHLPP1 and PHLPP2, on rod CNG channel sensitivity.  

    99.2   Materials and Methods 

    99.2.1   Cell Culture Studies and Vectors 

 HEK293T cells (2.5 × 10 5 ) were seeded in each dish 12–18 h before transfection and 
transfected with the cDNA constructs (Wigler et al.  1978  ) . The generation of 
CNGA1, Grb14 (Myc), PHLPP1, and PHLPP2 (FLAG) vectors has been described 
previously (Gupta et al.  2010 ; Kanan et al.  2010 ; Rajala et al  2009 ). The fl uorescent 
indicator Indo-1/AM was used to quantify Ca 2+  infl ux through CNGA1 channels in 
HEK293T cell suspensions (Gupta et al.  2010  ) .  

    99.2.2   Sequence Alignment and Domain Assessment 

 The RA domain of Grb14 (106–192; Uniprot id. Q6ZVD8) was used to align with 
the human PHLPP2 (Uniprot id. Q14449) sequence using multiple sequence align-
ment portals (Corpet  1988  ) . Having ascertained the span of RA domain in PHLPP2, 
this sequence was further aligned with the human PHLPP1 ( b ) (Uniprot id. Q14449) 
and the exact position of PHLPP1 ( b ) RA domain determined.  

    99.2.3   Statistical Methods 

 Data were analyzed using Graphpad Prism software (GraphPad Software, San 
Diego, CA), expressed as the mean ± S.D., and compared the differences by Student’s 
 t  test. The critical level of signifi cance was set at  p  < 0.05.   
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    99.3   Results 

    99.3.1   Assessment of RA Domains in PHLPP1 and PHLPP2 

 We have reported recently that Grb14 inhibits CNGA1 channel activity through its 
RA domain (Gupta et al.  2010  ) . Both PHLPP1 ( b ) and 2 have been speculated to 
possess a putative RA domain (Gao et al.  2009  ) . Primary structural analysis indi-
cates that both PHLPP1 ( b ) and PHLPP2 possess a discernible RA domain followed 
by a PH domain like the Grb14 family members (Fig.  99.1 ). The domain organiza-
tion of both PHLPP1 ( b ) and PHLPP2 are shown in Fig.  99.1 . The RA domain-like 
sequence was assigned to regions 430–515 and 44–129 in human PHLPP1 and 
PHLPP2 isoforms based on the primary structure comparison with human Grb14 
RA domain (106–192). No such sequence was observed in PHLPP1 ( a ) isoform. A 
similarity of 20–25% was observed at the primary structural level (with what). Both 
of these isoforms were observed to be present in retina; however, PHLPP2 is highly 
expressed in rod photoreceptors (Kanan et al.  2010  ) . The sequence comparison 
indicates that RA domain in the two families of proteins is not highly homologous 
further highlighting the structural and functional heterogeneity among the RA 

  Fig. 99.1    Comparative domain analysis of the Grb14 with PHLPP1 ( b ) and PHLPP2. ( a ) The 
primary structure analysis of the PHLPP1 ( b ) and PHLPP2 shows that these proteins contain RA 
and PH domain in a pattern similar to the Grb14 family. Various domains of the proteins are shown 
diagrammatically. ( b ) The primary structural homology between RA domains of these proteins 
was established by multiple sequence alignment. The similarity consensus is 90% ( red : Grb14 and 
PHLPP1 ( b ) and 2;  blue : Grb14 and either PHLPP1 ( b ) or PHLPP2).  Pro  proline-rich region;  RA  
Ras-associating;  PH  pleckstrin homology;  BPS  between PH and SH2;  SH2  Src-homology-2 
region;  LRR  leucine-rich repeat;  PP2C  protein phosphatase 2C;  PDZ  postsynaptic density protein 
(PSD95);  drosophila  disc large tumor suppressor (DlgA), and zonula occludens-1 protein (zo-1)       
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domains, although a phylogenetic convergence cannot be ruled out. A similar 
structural organization of the PHLPP (1, 2) isoforms with Grb14 protein suggests 
that PHLPP1 and PHLPP2 isoforms may also modulate the CNG channel activity.   

    99.3.2   PHLPP1 and 2 Do Not Have Channel 
Modulatory Properties 

 PHLPP1 and 2 are present in the retina and their activity is known to be regulated by 
the Akt which in turn gets activated upon activation of IR pathway (Kanan et al.  2010  ) . 

  Fig. 99.2    Effect of PHLPP1 and PHLPP2 on CNG channel activity. ( a ) Myc-CNGA1 was tran-
siently coexpressed with myc-Grb14, FLAG-PHLPP1, or FLAG-PHLPP2 and examined for their 
effect on channel activity. Cells transfected with Grb14, PHLPP1 ( b ), or PHLPP2 alone were used 
to measure the nonchannel-mediated Ca 2+  permeability. CNGA1 cotransfected with empty plas-
mid was used as control. ( b ) Lysates were subjected to immunoblot analysis with anti-Myc anti-
bodies for CNGA1 and anti-FLAG antibodies for PHLPP1 and PHLPP2, respectively. Data 
mean ± SD,  n  = 3;  p  < 0.05       
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The effect of each of the PHLPP1 ( b ) and PHLPP2 was investigated on CNGA1 
channel function upon overexpression in HEK293 cells, and it was observed that 
none of these proteins is capable of modulating CNG channel function (Fig.  99.2a ). 
Grb14 coexpression with CNGA1 was used as a control (Gupta et al.  2010  ) . CNGA1 
coexpression with empty plasmid was used as a positive control. The lack of modu-
lation was not due to lack of the protein expression as each of these proteins was 
expressed to comparable levels (Fig.  99.2b ). The individual protein expression of 
Grb14, PHLPP1 ( b ), and PHLPP2 was used to subtract the nonspecifi c effect of 
autofl uorescence and Indo-1AM/Ca 2+  bleeding through membranes (Fig.  99.2a ).    

    99.4   Discussion 

 cGMP-gated channels play a pivotal role in phototransduction and light adaptation 
through maintenance of photoreceptor homeostasis. Mutations in the rod CNG 
channel are found in patients with r etinitis pigmentosa  (Driyja et al. 1995   ) whereas 
mutations in the cone CNG channel are associated with achromatopsia, progressive 
cone dystrophy, and early-onset macular degeneration (Kohl et al.  2000,   2005 ; 
Nishiguchi et al.  2005 ; Wissinger et al.  2001  ) . This necessitates a thorough under-
standing of the physiological role and regulation of these channels for eventual 
therapeutic intervention. We recently reported that the RA domain of Grb14 is self-
suffi cient to promote the channel to be in an  off  state (Gupta et al.  2010  ) . This opens 
up myriad possibilities that the other RA domain-containing proteins may have 
analogous role in modulating CNG channel function. Even though PHLPP1 and 2 
are RA domain proteins, they failed to inhibit the channel activity. Our data suggest 
that not all RA domain proteins are modulators of CNG channel, suggesting the 
existence of heterogeneity among several RA domains. Interestingly, several RA 
domain-containing proteins also contain PH domains (Raaijmakers and Bos  2009  ) , 
which help these proteins to localize to the plasma membrane through their interac-
tion with phosphoinositides (PIs). Grb14 also contains a PH domain; however, we 
did not observe any channel modulatory property associated with this domain 
(Gupta et al.  2010  ) . Proper localization of RA domain proteins through PH–PI 
interaction on CNG channel modulation cannot be ruled out. This study also opens 
up numerous possibilities for looking up other RA domain proteins as modulators 
of CNG channel in photoreceptors, and perhaps these domains may be used as ther-
apeutic agents to treat retinal degenerations. 

 One of the biggest future challenges is to understand the RA/RBD-containing 
protein interactions with Ras or Ras-like domain-containing proteins in a quantita-
tive manner in their three-dimensional orientations and study the underlying energet-
ics. This study however makes it clear that effect of RA domain-containing proteins 
is discriminatory and that RA domains cannot be considered as rigid bodies.      
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     100.1   Introduction 

 Retinitis pigmentosa (RP) refers to a large number of genetically and phenotypically 
heterogeneous inherited retinal disorders that affect over one million people world-
wide (Boughman et al.  1980 ; Bunker et al.  1984  ) . RP is characterized by photore-
ceptor degeneration, with the initial development of night blindness leading to the 
eventual loss of all useful vision (Berson  1993  ) . Mutations in the gene  TULP1  have 
been shown to be the underlying cause of an early onset form of autosomal reces-
sive RP (Hagstrom et al.  1998 ; Banerjee et al.  1998 ; Gu et al.  1998 ; Paloma et al. 
 2000 ; Mataftsi et al.  2007 ; Abbasi et al.  2008  ) . TULP1 is a member of the Tubby-
like protein family which includes TULP2, TULP3, and TUB (North et al.  1997  ) . 
While TUB and TULP3 are widely dispersed throughout the central nervous 
system, the expression of TULP1 and TULP2 is largely restricted to photore-
ceptor cells and testis, respectively (North et al.  1997 ; Kleyn et al.  1996 ; Nishina 
et al.  1998 ; Sahly et al.  1998 ; Ikeda et al.  1999 ; He et al.  2000  ) . Though the role 
of TULPs remains unclear, TULP proteins are important in neuronal function. 
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This is emphasized by the association of  TUB  and  TULP1  mutations with neurosensory 
disease phenotypes. 

 To investigate Tulp1, we generated a mouse model that mimics the rapid photore-
ceptor degeneration described in patients (Hagstrom et al.  1999  ) . Our model has 
provided evidence that Tulp1 plays a key role in protein traffi cking in the photore-
ceptor inner segment (IS) (Hagstrom et al.  1999,   2001 ; Xi et al.  2005,   2007 ; Grossman 
et al.  2009  ) . Tulp1 is expressed exclusively in photoreceptors and is localized to the 
IS, connecting cilium (CC) and synaptic terminals (Hagstrom et al.  1999,   2001 ; 
Ikeda et al.  2000  ) . In  tulp1−/−  mice, retinal function declines in parallel with photo-
receptor degeneration. At an early age prior to photoreceptor degeneration, rhodop-
sin is mislocalized, and rhodopsin-bearing vesicles accumulate around the ellipsoid 
region of the IS (Hagstrom et al.  1999  ) . However, other outer segment (OS) proteins 
are not mislocalized in the  tulp1−/−  retina. These defects initiated the hypothesis 
that Tulp1 may be involved in vectorial protein transport from the IS to the OS 
(Hagstrom et al.  1999,   2001 ; Xi et al.  2005,   2007 ; Grossman et al.  2009  ) . 

 Our understanding of the molecular processes that regulate protein traffi cking in 
photoreceptors is limited. This is of particular importance in light of the highly 
polarized and compartmentalized structure of photoreceptors and the large amounts 
of proteins that are synthesized in the IS and delivered to the OS on a daily basis. It 
is clear that this process involves the sorting of proteins into vesicles at the trans-
Golgi network (TGN), the directional translocation of these vesicles through the IS, 
and the delivery of vesicles to the synaptic terminal or the apical IS plasma mem-
brane where they dock and fuse for incorporation into the OS (Deretic  2006  ) . The 
role of Tulp1 in this process and the mechanism by which  TULP1  mutations lead to 
RP remain undefi ned. 

 Proposed OS protein transport pathways have been deduced from the study of a 
handful of mutant mouse models (Yang et al.  1999 ; Baehr et al.  2007 ; Zhang et al. 
 2007 ; Karan et al.  2008  ) . Therefore, it is critical to study additional mouse mutants 
which present phenotypes showing OS protein transport defects. To defi ne the pro-
tein transport pathways which are affected in the Tulp1 mutant mouse, we analyzed 
the localization of several categories of OS resident proteins and chaperone proteins 
known to be critical in the transport of OS proteins in  tulp1−/−  retinas as compared 
to wild-type (wt) retinas. These results reveal that OS proteins are affected differ-
ently in  tulp1−/−  mice, providing evidence that Tulp1 functions in selective OS 
transport pathways.  

    100.2   Materials and Methods 

    100.2.1   Animals 

  Tulp1−/−  mice were generated and genotyped as described previously (Hagstrom 
et al.  1999  ) . Mice were euthanized by CO 

2
  inhalation followed by cervical disloca-

tion. All experiments on animals were approved by the Institutional Animal Care 
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and Use Committee of the Cleveland Clinic and were performed in compliance with 
the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research.  

    100.2.2   Immunofl uorescent Staining of Retinal Sections 

 Mouse eyes were prepared as previously described (Xi et al.  2007  ) . Briefl y, after 
removal of the cornea and lens, the posterior poles were fi xed in 4% paraformalde-
hyde, immersed through a graded series of sucrose solutions, embedded in OCT 
freezing medium, fl ash frozen on powderized dry ice, and immediately transferred 
to  − 80°C. The tissue was sectioned at 10- m m thickness using a cryostat at  − 30°C. 
Retinal sections were blocked before incubation with primary antibodies overnight 
at 4°C. Primary and secondary antibodies and dilutions were used as previously 
described (Grossman et al.  2011  ) . Sections were imaged using an Olympus BX-61 
fl uorescent microscope equipped with a CCD monochrome camera.   

    100.3   Results 

 We have previously shown that  tulp1−/−  photoreceptors exhibit an aberrant local-
ization of rhodopsin but not of peripherin/RDS (Hagstrom et al.  1999  ) . Therefore, 
we sought to determine whether additional OS proteins rely on the presence of Tulp1 
for their transport to the OS compartment. To this end, we surveyed a panel of OS 
resident proteins in the  tulp1−/−  retina as compared to the wt retina. Table  100.1  
presents the results of the immunolocalization of several well-studied phototransduc-
tion and structural OS proteins. All studies were conducted at P16, an age at which 
photoreceptor development is complete in wt mice, but precedes photoreceptor 
degeneration in  tulp1−/−  mice (Hagstrom et al.  1999 ; Grossman et al.  2009  ) .  

   Table 100.1    Localization of OS proteins in the  tulp1−/−  retina   

 OS protein  Outer segment  Inner segment  Soma  Synapse 

 Peripherin/rds  � 
 ROM1  � 
 GRK1  � 
 PDE6- b   � 
 CNGB1  � 
 GC1  �  � 
 GCAP1  �  �  �  � 
 GCAP2  �  �  �  � 
 Blue cone opsin  �  �  �  � 
 Rhodopsin  �  �  �  � 

  This table summarizes the results of our immunolocalization studies of the OS proteins in  tulp1−/−  
mice at P16. A check mark denotes the presence of immunoreactivity in the specifi c photoreceptor 
compartment, while an empty box denotes a lack of signal  
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 We identifi ed several proteins that retain their normal localization in the  tulp1−/−  
retina. These proteins include ROM1, GRK1, PDE6, and CNGB1. However, in 
addition to rhodopsin, four additional OS resident proteins are mislocalized to other 
photoreceptor compartments. Although staining of GCAP1 and 2, GC1 and blue 
cone opsin is still apparent in the OS, all four proteins are mislocalized to additional 
compartments. 

 Next we analyzed whether photoreceptor proteins that exhibit light-dependent 
movement in and out of the OS are affected in the  tulp1−/−  retina. Transducin and 
arrestin are two signal transduction proteins that translocate in response to lighting 
conditions (Calvert et al.  2006 ; Slepak and Hurley  2008  ) . Immunolocalization 
reveals that in response to light, transducin is able to translocate properly in the 
 tulp1−/−  retina, whereas arrestin is not. 

 Next we compared the distribution of chaperone proteins that regulate the traf-
fi cking of OS proteins (Deretic  2006 ; Norton et al.  2005  ) . Our results show that 
three of the chaperone proteins that are involved in the transport of rhodopsin 
are severely mislocalized in the  tulp1−/−  retina. These are Rab6, Rab8, and Rab11. 
By contrast, one of the chaperones implicated in the transport of peripheral mem-
brane-associated proteins (PMAPs), PrBP/ d , is not mislocalized.  

    100.4   Discussion 

 In this study, we surveyed the localization of several OS proteins in the  tulp1−/−  
retina as compared to the wt retina to defi ne Tulp1-dependent OS transport path-
ways. Representative OS proteins of different functional classes (i.e., 
phototransduction and structural) and different membrane affi liations (i.e., integral 
membrane, peripheral membrane-associated, and cytosolic) were analyzed. In addi-
tion, we also evaluated several IS proteins that function as OS protein chaperones in 
an attempt to pinpoint the defective transport step. 

 Our results indicate that the traffi cking of several PMAPs, including PDE, GRK1, 
and transducin, do not appear to be affected in the  tulp1−/−  retinas. These proteins 
are posttranslationally processed solely in the ER and involve protein transfer to 
vesicular carriers. As expected, the chaperone protein known to interact with the 
prenyl chains of GRK1 and PDE, PrBP/ d , is correctly localized in  tulp1−/−  retinas. 
GCAP1 is a PMAP that is mislocalized in the  tulp1−/−  retina; however, this mislo-
calization may be due to a secondary effect. It has been postulated that nontrans-
membrane proteins are transported in vesicles with their integral membrane protein 
(IMPs) partners (Karan et al.  2008  ) . Thus, the mislocalization of GCAP1 may be 
the result of traveling in vesicles with its integral membrane-binding partner GC1. 
This hypothesis is supported by our current results showing that GC1 is mislocal-
ized in Tulp1’s absence. In addition, the cytosolic protein GCAP2 was also mistraf-
fi cked in Tulp1’s absence. IMPs are posttranslationally processed in the Golgi and 
bud from vesicles derived from the TGN surface. Although two OS-specifi c IMPs, 
rhodopsin and GC1, are mistargeted in Tulp1’s absence, there are other OS IMPs 
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that are able to localize properly without Tulp1, specifi cally peripherin/rds and 
ROM-1. Therefore, Tulp1 appears to be involved in the transport of specifi c IMPs 
and the proteins that cotransport with them. 

 In sum, Tulp1 is involved in the traffi cking of selective IMPs, as well as their 
binding partners with which they cotransport in post-Golgi vesicles (Fig.  100.1 ). 
Tulp1 participates in two separate OS protein transport pathways; one that trans-
ports GC1 along with its binding partner GCAP1 and another that transports rho-
dopsin and its associated protein arrestin. Alternative pathways that transport other 
IMPs, such as ROM1, peripherin, and CNGB1, are not Tulp1 dependent. Tulp1 
does not appear to be involved with the transport of PMAPs.       
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Research to Prevent Blindness (RPB) Center Grant, RPB Sybil B. Harrington Special Scholar 
Award (SAH), and Hope for Vision (SAH).  

  Fig. 100.1    A proposed model of OS protein transport in photoreceptors. Lack of Tulp1 affects 
selective TGN-associated transport pathways ( black dashed lines ) but not others ( green dashed 
lines )       
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     101.1   Introduction 

 Vesicle traffi c and fusion are essential, not only for cellular homeostasis but also 
for neuronal signal transmission across the synaptic junction of nerves, cell 
growth, and membrane repair. The basic fusion process is mediated by vesicle 
(v)-soluble  N -ethylmaleimide sensitive factor attachment proteins receptors 
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(SNAP receptors; SNAREs) on the secretory vesicle with their cognate target 
(t)-SNAREs on the target membrane (Sollner et al.  1993  ) , which assemble in 
trans-configuration into four-helix bundle complexes, bringing the membranes 
into close proximity (Jahn and Scheller  2006 ; Rizo and Rosenmund  2008 ; Martens 
and McMahon  2008  ) , which then directly or indirectly leads to fusion. After 
membrane fusion, all SNAREs constituting one complex are anchored in a relaxed 
 cis -confi guration to one membrane. Disassembly of these SNAREs complexes for 
subsequent vesicle transport and recycling is achieved by the concerted action of 
 a -SNAP and NSF. 

  N -ethylmaleimide sensitive factor (NSF) is a homo-hexameric member of the 
ATPase-associated family with various cellular activities protein (AAA) family, 
required for intracellular membrane fusion. NSF functions as a SNAP receptor 
(SNARE) chaperone that binds through soluble NSF attachment proteins (SNAPs) 
to SNARE complexes and utilizes the energy of ATP hydrolysis to dissociate 
SNARE complexes after membrane fusion, thus facilitating SNAREs recycling. 

 Each NSF protomer contains an N-terminal domain (NSF-N) and two AAA-
domains: a catalytic NSF-D1 and a structural NSF-D2 (Fig.  101.1 ). The amino 
acid residues 1–205 in the NSF-N domain are required for SNAP–SNARE bind-
ing; residues 206–477 in the NSF-D1 domain are responsible for the majority of 
the ATP hydrolysis, while the carboxy-terminal residues 478–744 in the NSF-D2 
domain are required for hexamerization (Tagaya et al.  1993 ; Nagiec et al.  1995  ) . 
Within the N-terminal subdomain of both NSF-D1 and NSF-D2, there is a highly 
conserved region called Second Region of Homology (SRH), which is highly con-
served in AAA proteins (Hanson and Whiteheart  2005  ) . By using detailed muta-
genesis analysis, Zhao and collaborators (Zhao et al.  2010  )  showed that a positively 
charged surface on NSF-N, bounded by R67 and K105, and the conserved central 

  Fig. 101.1    Structure of NSF domains. Each NSF monomer is comprised of three domains: an 
N-terminal domain (amino acid 1–205) that is responsible for the interaction with a-SNAP and 
SNAREs; and two homologous ATP-binding domains, D1 (amino acids 206–477), in which the 
hydrolytic activity is associated with NSF-driven SNARE complex disassembly, and D2 (amino 
acids 478–744), which is responsible for hexamer formation. Critical residues involved in post-
translational processing include Cys21, 91 and 264, Tyr83, Ser237, and Ser569       
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pore motifs in NSF-D1 (Y296 and G298) are involved in SNAP–SNARE binding 
but not basal ATP hydrolysis. Sensor 1 is at the N-terminus of the SRH and is 
important for basal ATPase activity and nucleotide binding. At its carboxy-terminus 
are two arginine residues, termed Arginine Fingers, which are critical for ATP 
hydrolysis by the NSF hexamer. Sensor 2 comes from C-terminal helical subdo-
main and plays a role in ATP- and SNAP-dependent SNARE complex binding and 
disassembly.  

 NSF binds to SNARE complexes via its adaptor protein, a-SNAP, only in the 
presence of ATP (Nagiec et al.  1995  ) . The intrinsic ATPase activity of NSF is low 
(Tagaya et al.  1993  ) . NSF binding to immobilized a-SNAP stimulates the ATPase 
activity (Morgan et al.  1994  ) , and maximal stimulation of ATPase activity is 
achieved when both  a -SNAP and SNARE complexes are included (Matveeva and 
Whiteheart  1998  ) .  

    101.2   NSF in Photoreceptor Synaptic Regulation 

 In the G-protein-coupled receptor (GPCR) phototransduction cascade, visual 
Arrestin1 (Arr1) binds to and deactivates phosphorylated, light-activated opsins, a 
process that is critical for effective recovery and normal vision. We discovered a 
novel synaptic protein–protein interaction between Arr1 and NSF that is enhanced 
in a dark environment when photoreceptors are depolarized and the rate of exocyto-
sis is elevated compared to a light environment (Huang et al.  2010 ; Huang  2010  )  
(Fig.  101.2a, b ). In Figs.  101.2  and  101.3 , representative images of sections from 
either dark- or light-adapted retinas highlight differences in immunohistochemical 
retinal dual localization in mouse of Arr1 and NSF, respectively (Figs.  101.2a–d  and 
 101.3a–d ). We also provided convincing in vitro evidence supporting the interaction 
of Arr1 with NSF to modulate its ATPase activity and to drive disassembly of the 
SNARE complex. Furthermore, we observed with in vivo studies using FM-143 
imaging that synaptic vesicle recycling in photoreceptors is dramatically decreased 
with depolarization and photopic electroretinogram (ERG) b-wave analysis in 
 Arr1   −/−   compared to control mice is defective in light adaptation (Brown et al.  2010  ) . 
Not only does Arr1 bind to the junction of NSF N-terminal and the fi rst ATPase 
domains in an ATP-dependent manner, but Arr1 also enhances both NSF ATPase 
and NSF disassembly activities. In mouse retinas with no Arr1 expression, the 
expression levels of NSF and other synapse-enriched genes are markedly reduced 
and lead to a substantial decrease in the exocytosis rate. These cumulative fi ndings 
demonstrate that normal photoreceptor synaptic function involves the ability of 
Arr1 to regulate and to enhance the dark-associated activity of NSF in the photore-
ceptor synapse.    
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    101.3   NSF in Photoreceptor Membrane Protein Traffi cking 

 While the major function of NSF is involved in vesicle transport and recycling, it 
also interacts with other proteins such as the AMPA receptor subunit (Osten et al. 
 1998  ) ,  b -arrestin1 (McDonald et al.  1999  ) , GluR2 (Nishimune et al.  1998  ) , and 
 b 2-AR (Cong et al.  2001  )  and is thought to affect their traffi cking pattern. More 
evidence suggests that NSF may be regulated by transient posttranslational modifi -
cations such as phosphorylation and nitrosylation. These modifi cations are ideal 
mechanisms for reversible regulation of membrane traffi cking. 

  Fig. 101.2    NSF and Arr1 localization in dark-adapted retinas. Immunohistochemical fl uorescent 
labeling of retinal sections with dual localization of NSF and Arr1 staining in the WT mice dark-
adapted (DA) overnight and killed in the dark. Adult WT mouse retina frozen sections were triple 
labeled fl uorescently with the antimouse Arr1 MAb D9F2 ( red , 1:20,000), antirabbit NSF PAb 
( green , 1:2,500, Abcam), and secondary antibodies conjugated to Alexa Fluor 488 or 568, respec-
tively (1:500, invitrogen), and DAPI for the nuclei ( blue , ( a ,  b )). NSF immunoreactive staining 
pattern of NSF is mainly in the OPL and IPL in dark-adapted retinas ( c ,  d ). Arr1 immunoreactive 
pattern is predominantly in the inner segment, perinuclear area and a fraction in the photoreceptor 
terminal in DA retinas (( c ), higher magnifi cation;  large arrows ).  OS  outer segment;  IS  inner seg-
ments;  ONL  outer nuclear layer;  OPL  outer plexiform layer;  INL  inner nuclear layer;  IPL  inner 
plexiform layer;  GLC  ganglion cell layer. Scale bar, 20  m m in  upper  panels; 10  m m in  lower  panels       
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 Recently, Molday and his collaborators observed that NSF specifi cally interacts 
with RP2 in the retina (Holopainen et al.  2010  ) , which is a ubiquitously expressed 
protein encoded by a gene associated with X-linked retinitis pigmentosa (Breuer 
et al.  2002 ; Miano et al.  2001 ; Schwahn et al.  1998 ; Sharon et al.  2003  ) . RP2 is 
known to bind to the GTP-bound form of ADP ribosylation factor like 3 (Arl3), a 
member of the Arl subfamily of Ras-related GTP-binding proteins (Bartolini et al. 
 2002 ; Kuhnel et al.  2006 ; Veltel et al.  2008  )  and acts as an effi cient GTPase-
activating protein (GAP) for Arl3 (Veltel et al.  2008  ) . NSF and RP2 was shown to 
colocalize in the ciliary region, inner segment, outer nuclear layer, and synaptic 
region in the photoreceptor. Furthermore, RP2 binds to the N-terminal domain of 
NSF and this binding is abolished for the E138G and  D I137 mutation of RP2 known 

  Fig. 101.3    NSF and Arr1 localization in light-adapted retinas. Immunohistochemical fl uorescent 
labeling of NSF and Arr1 in retinal sections from WT mouse exposed to light for 2 h prior to kill-
ing (light-adapted [LA]). Adult WT mouse retina frozen sections were triple labeled fl uorescently 
as in Fig.  101.2  (( a ,  b ) DAPI stains nuclei blue). NSF immunoreactive staining pattern of NSF is 
mainly in the OPL and IPL in light-adapted retinas ( c ,  d ). Arr1 immunoreactive pattern is translo-
cated to the outer segment in LA retinas. Arr1 immunoreactivity is extensively dual localized with 
NSF immunological staining and limited punctate dual staining in the OPL in LA retina (( d ) higher 
magnifi cation;  smaller arrows ). Abbreviations are listed in Fig.  101.2 . Scale bar, 20  m m in  upper  
panels; 10  m m in  lower  panels       
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to cause X-linked retinitis pigmentosa. These data may indicate RP2 binding to 
NSF, and Arl3 may play a crucial role in the vesicle traffi cking of proteins to the 
photoreceptor ciliary region as well as in the photoreceptor synapse.  

    101.4   Summary 

 Recent work has established potential new functional roles for NSF in the photore-
ceptor. First, the interaction of Arr1 and NSF is ATP-dependent, and the N-terminal 
domain of Arr1 interacts with the N and D1 junctional domains of NSF. The Arr1–
NSF interactions are greater in the photoreceptor synaptic terminal in the dark. 
Furthermore, Arr1 enhances the NSF ATPase activity and increases the NSF disas-
sembly activities, which are critical for NSF functions in sustaining a higher rate of 
exocytosis in the photoreceptor synapses and the compensatory endocytosis to 
retrieve vesicle membrane and vesicle proteins for vesicle recycling. These data 
demonstrate the Arr1 and NSF interaction are necessary for both maintenance and 
modulation of normal photoreceptor synaptic regulation. Second, NSF colocalizes 
and specifi cally binds to RP2, especially in the ciliary and synaptic region of the 
photoreceptor, and NSF–RP2 interaction may play an important role in membrane 
protein traffi cking in the photoreceptor. 

 Inherited retinal degeneration affects about 1 in 2,000–3,000 individuals in the 
world and is the leading cause of visual loss in young people and accounts for a 
large proportion of blindness in adult life. These studies accelerate our ability to 
gain insight into the diverse roles of the NSF in the photoreceptor cells and enable 
us to understand more precisely the molecular mechanisms underlying night blind-
ness associated with clinically diagnosed Oguchi disease or other forms of retinitis 
pigmentosa.      
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     Keywords   PEDF-R antibody  •  Epitope  •  PEDF  •  Phospholipase A 
2
   •  PNPLA2     

     102.1   Introduction 

 PEDF-R is a PNPLA2 protein with demonstrable triglyceride lipase, triacylglycerol 
transacylase, and phospholipase activities. It has an N-terminal acyltransferase/
lysophospholipase domain (human amino acid sequence numbers 3–178) and a 
patatin domain (human amino acid sequence numbers 10–179). PEDF-R is also 
known as TTS-2.2, iPLA 

2
  z , ATGL and desnutrin (Notari et al.  2006  ) . Among 

human, rat, and mouse species, PEDF-R is highly conserved (87% identity for both 
human/mouse and for human/rat and 96% for mouse/rat). 

 The gene of PEDF-R ( pnpla2 ) has been identifi ed in the retina (Notari et al. 
 2006  ) . Although  PEDF-R  transcripts are abundantly identifi ed in adipose tissues, 
the ARPE-19 cell line and the retina precursor R28 and RGC-5 cell lines also 
express PEDF-R transcripts (Notari et al.  2006  ) . In the native retina, the PEDF-R 
protein is distributed in the RPE and in the inner segments of the photoreceptors, 
and at lower levels, in the inner nuclear and retinal ganglion cell layer (Notari et al. 
 2006  ) . Several lines of evidence point to the subcellular localization of PEDF-R to 
plasma membranes having four transmembrane domains, two extracellular loops, 
one intracellular loop, and intracellular N-end and C-end tails (Notari et al.  2006  ) . 
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 PEDF-R is an enzyme with phospholipase A activity that hydrolyzes phospholipids 
into fatty acids and lysophospholipids. In particular, phospholipase A 

2
  can specifi -

cally hydrolyze the sn-2 acyl bond of phospholipids releasing fatty acid, like arachi-
donic acid or docosahexaenoic acid. These products can act as lipid second 
messengers and cause further downstream signaling. Thus, regulation of this enzyme 
can result in important downstream biological events. In this regard, we have dem-
onstrated that PEDF-R has high affi nity binding for PEDF (Notari et al.  2006  ) , a 
multifunctional protein involved in retinal neuronal survival and differentiation, and 
in preventing angiogenesis and the growth and invasion of tumor cells and has anti-
infl ammatory properties (Crawford et al.  2001 ; Bouck  2002 ; Wang et al.  2003 ; 
Barnstable and Tombran-Tink  2004 ; Garcia et al.  2004  ) . More interestingly, PEDF 
can stimulate the in vitro PLA activity of PEDF-R (Notari et al.  2006  )  and it can 
enhance the liberation of a DHA derivative termed neuroprotectin D1 (Bazan et al. 
 2005  ) , which is a neuronal survival and anti-infl ammatory agent (Bazan  2005  )  like 
PEDF. Therefore, it has been proposed that the signaling activated by PEDF is 
mediated by the interactions between PEDF and PEDF-R to enhance retina cell 
survival. 

 Given that understanding the interactions between PEDF-R and PEDF are of 
interest to elucidate mechanisms of action of PEDF, it is important to have well-
characterized tools for studying PEDF-R. In this study, we have characterized an 
antibody for PEDF-R available through commercial source (R&D systems) that can 
be used to detect PEDF-R in samples from human, mouse, and rat. We have explored 
the antibody-binding site(s) on PEDF-R using recombinant PEDF-R polypeptides 
and peptides. We have also used rat retina R28 cells as native source, because recent 
studies have shown that PEDF is a survival factor for R28 cells in response to serum 
starvation (Notari et al.  2005 ; Murakami et al.  2008  ) . We provide information for an 
epitope and blocking peptides for the anti-PEDF-R as tools for further PEDF-R 
studies.  

    102.2   Materials and Methods 

    102.2.1   Peptides, Proteins, and Antibodies 

 Peptides were designed from exons 4, 5, 6, 7, and 8 of human PEDF-R and were 
chemically synthesized by a commercial source (Aves labs). Expression vectors 
for PEDF-R and PEDF-R4 were constructed into pEXP1-DEST vector with 
N-terminal epitope-tags (Xpress and His) as described (Notari et al.  2006  ) . 
Recombinant proteins were expressed by cell-free in vitro protein synthesis using 
the pEXP-based vectors and  Escherichia coli  extracts from IVPS™ (Invitrogen). 
Recombinant proteins were purifi ed using His tag affi nity column chromatography 
with Ni-NTA resin (Invitrogen). Sheep polyclonal anti-PEDF-R was from R&D 
systems (Cat# AF5365); Secondary antibody HRP-conjugated donkey anti-sheep 
IgG was from SIGMA.  
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    102.2.2   Slot Blot 

 Solutions of synthetic peptides (1  m g) were applied to wells in a manifold (Life 
Technologies) containing a nitrocellulose membrane (Bio-rad, Cat# 162-0116, 
0.45  m m) presoaked in transfer buffer (Tris/Glycine/methanol). Peptides were trans-
ferred to membranes using vacuum as a driving force and the membrane subjected 
to immuno-blot.  

    102.2.3   Membrane Fractionation 

 R28 cells (kind gift of Dr. Gail Seigel, University of Buffalo) were cultured in 
DMEM media with 10% of fetal calf serum (FCS) and 1% of Penicillin/Streptomycin 
(P/S) at 37°C with 5% CO 

2
 . Confl uent cells (90%) were harvested and separation of 

cytosolic and membrane fraction was obtained by centrifugation at 80,000 ×  g  as 
described previously (Notari et al.). Protein concentration was determined with 
Protein Assay (Bio-Rad).  

    102.2.4   Polyacrylamide Gel Electrophoresis 

 Protein samples were resolved using NuPAGE 4–12% polyacrylamide gel in Bis-Tris 
buffer with NuPAGE MOPS-SDS as running buffer (Invitrogen). After electropho-
resis, proteins from gel were then transferred to nitrocellulose membranes using the 
iBlot Gel Transfer system (Invitrogen) for immuno-blot. Prestained markers were 
from Bio-Rad (Cat# 161-0305).  

    102.2.5   Immuno-Blot 

 The membrane was incubated in blocking solution (1% BSA in Tris buffered saline 
plus 0.1% Tween-20, TBS-T) for 1 h at room temperature. The primary antibody 
was 0.25 mg/mL anti-PEDF-R in 1% BSA/TBS-T, and the secondary was HRP-
conjugated donkey anti-sheep IgG (diluted 1:20,000 in 1% BSA/TBS-T). To block 
the binding of anti-PEDF-R, the antibody was preincubated with E4a and E4b pep-
tides (at 1 mg/mL each) for 1 h at room temperature, followed by 16 h at 4°C before 
addition to the blot. Washes between primary and secondary antibody incubations 
were with TBS-T for 5 min each and 3 times. For immunodetection, SuperSignal 
West Dura Extended Duration Substrate (Pierce) was used following the manufac-
turer’s protocol. The blot was exposed to an X-ray fi lm to visualize the immunore-
active signal by chemiluminescence.   
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    102.3   Results 

    102.3.1   Immunoreactivity to Recombinant PEDF-R 
Polypeptide Fragments 

 We tested the immunoreactivity of anti-PEDF-R to recombinant PEDF-R poly-
peptide fragments fused to Xpress and His tags. We expressed full-length PEDF-R 
and PEDF-R4, a C-terminal truncated version that is derived from the fi rst four exons 
of PEDF-R. Given that these recombinant polypeptides have the Xpress tag, we used 
anti-Xpress antibody to confi rm their expression (Fig.  102.1a ). The PEDF-R antibody 
recognized both recombinant proteins of apparent molecular weights ~81 kDa for the 
full-length PEDF-R and ~40 kDa for the truncated PEDF-R4 version (Fig.  102.1b ). 
The results suggest that the antibody recognition site does not require the C-terminal 
half of PEDF-R, and it could be located within the fi rst four exons 1–4.   

    102.3.2   Immunoreactivity to Synthetic PEDF-R Peptides 

 Ten peptides spanning exons 4, 5, 6, 7, and 8 (Fig.  102.2 ) were generated synthetically. 
With equal amounts of each peptide transferred onto the membrane immunoreac-
tions with anti-PEDF-R antibody revealed that only three peptides E4a, E4b, and P1 
were detected (Fig.  102.3 ). Anti-PEDF-R bound with highest affi nity to E4a followed 
by E4b and then P1. The results demonstrate that the exon 4 region contains the 
epitope for anti-PEDF-R, the E4a region being more antigenic than E4b.    

  Fig. 102.1    Western blot of recombinant PEDF-R polypeptides. Full-length PEDF-R and C-terminal 
truncated PEDF-R4 were expressed using in vitro cell-free  Escherichia coli  expression system. 
Purifi ed proteins were resolved by SDS-PAGE and electrotransfered to a membrane for immu-
nostaining. Photographs of blots immunostained with anti-Xpress ( a ) and anti-PEDF-R ( b ) are 
shown. Lanes 1 and 3 were PEDF-R, lanes 2 and 4 were PEDF-R4. Migration positions of PEDF-R 
and PEDF-R4 are indicated with  arrows , and of molecular weight markers are in between the 
two blots       
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    102.3.3   Immunoreactivity to Native Rat PEDF-R 

 Western blots of R28 cell membrane proteins with anti-PEDF-R antibody revealed 
three distinct immunoreactive protein bands (Fig.  102.4 ). The molecular sizes for 
these proteins were estimated to be 81, 70, and 65 kDa, relative to the migration 
pattern of the prestained markers. The signal for the three bands decreased when 
anti-PEDF-R was preincubated with a mixture of E4a and E4b peptides (Fig.  102.4 ), 
indicating that the immunoreactivity was blocked with E4, the antibody-binding 
region. This demonstrated that these three rat R28 proteins were specifi cally recog-
nized by anti-PEDF-R.    

  Fig. 102.2    Schematic of rat PEDF-R transcript. Transcript summary information for rat PEDF-R 
was obtained from   http://www.ensembl.org     for ENSRNOT00000025319. Exons are illustrated by 
 boxes ; coding regions are  black  and  gray ; introns are the  lines  fl anking the boxes. Expanded region 
illustrates the design of synthetic peptides       

  Fig. 102.3    Slot blot of PEDF-R peptides. Peptides (1 mg) were applied to a nitrocellulose mem-
brane using a slot-blot technique and immunostained with anti-PEDF-R. Peptides are indicated to 
the  top  of the photograph       
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    102.4   Discussion 

 In this study, we have identifi ed the epitope of the antibody that detects PEDF-R. 
We have mapped the epitope to the coding region of exon 4 of PEDF-R. Antibody 
anti-PEDF-R recognizes native rat PEDF-R, full-length recombinant human 
PEDF-R and the C-terminal-truncated PEDF-R4. PEDF-R4 terminates after exon 4, 
thereby retaining the antibody epitope. Given that the intensity of PEDF-R immu-
noreactivity decreased in this order E4a > E4b > P1, and that peptide E5 is not immu-
nostained with anti-PEDF-R, the signal with P1 was most likely due to detection of 
its overlap with the E4b region. The antibody did not recognize any other region of 
PEDF-R. These results lead us to conclude that the epitope is located on the coding 
region of exon 4 of PEDF-R. 

 The rat  PEDF-R  gene contains nine exons with a coding capacity of 478 amino 
acids, in contrast to the 504 amino acid for the human product. Immunoreactions of 
rat R28 cell membrane fractions with anti-PEDF-R revealed three proteins with appar-
ent molecular weights of 81, 70, and 65 kDa that contain the E4 region of PEDF-R. 
These proteins were specifi cally recognized to be PEDF-R as they were blocked upon 
preincubation of the antibody with the peptides E4a and E4b. While the 81-kDa protein 
corresponds to the full-length PEDF-R, the smaller proteins may result from alter-
native splice transcripts of PEDF-R. Ensembl reveals a splice variant lacking exon 6 
in rat  PEDF-R , thus resulting in a shorter polypeptide. R&D Systems reports three 
alternative splice mouse mRNAs with coding regions for three polypeptides of 

  Fig. 102.4    Western blot of native PEDF-R from retina R28 cells. Membrane fractions obtained 
from R28 cells were resolved by SDS-PAGE. Total protein loaded in lanes 1–4 was 6  m g each. 
Lanes 1 and 2, and lanes 3 and 4 were replicates. Immunoreactions with anti-PEDF-R were for 
lanes 1 and 2, and with anti-PEDF-R preincubated with peptides E4a and E4b were for lanes 3 and 
4. Migration positions of PEDF-R isoforms are indicated with  arrows , and molecular weight markers 
are in the  center        
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molecular weights similar to those in the present study. Another possibility is that the 
70- and 65-kDa protein versions result after posttranslational modifi cations. Previous 
studies demonstrated a single PEDF-R immunoreactive band of ~83-kDa protein in 
R28 cells with an antibody to RA peptide derived from the N-terminal half of E4b 
(Subramanian et al.  2010  ) . This suggests that the RA region might be missing in 
the 71- and 65-kDa PEDF-R proteins. More importantly, our results demonstrate that 
R28 cells contain PEDF-R protein versions with the E4 region, which contains the 
PEDF-binding region (Locatelli-Hoops et al.  2008  )  important for stimulating the PLA 
activity of PEDF-R. 

 In summary, the antibody for PEDF-R used in this study is a useful tool to iden-
tify PEDF-R protein, and the E4a and E4b peptides are excellent blocking peptides 
for this antibody, which will prove useful in characterization of PEDF-R isoforms.      
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     103.1   Introduction 

 In mammals, there are four genes encoding hyperpolarization-activated and cyclic 
nucleotide-gated (HCN) channels (HCN1-4) which are expressed in the heart and 
the nervous system including the retina (Moosmang et al.  2001 ; Müller et al.  2003  ) . 
Among the four HCN channel isoforms, HCN1 has the fastest kinetics and is 
strongly voltage-dependent; therefore, HCN1 channels were considered to be 
important for the shaping and shortening of photoreceptor voltage responses 
(Demontis et al.  1999 ; Fain et al.  1978  ) . In the mammalian retina, particularly strong 
expression of HCN1 channels is detected in the membrane of the photoreceptor 
inner segments (Knop et al.  2008 ; Müller et al.  2003  ) . It has been found that a 
knockout of HCN1 in mice (Nolan et al.  2003  )  leads to exaggerated, prolonged rod 
responses in the ERG, together with a reduced fl icker fusion frequency (Knop et al. 
 2008  ) . In this chapter, the functional properties of HCN1 channels in the mouse 
retina are described by comparing single-fl ash and fl icker ERG responses between 
HCN1 knockout and control wild-type animals.  
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    103.2   Mechanism of HCN1 Channel Activity 
in Normal Photoreceptor 

 A fl ash of light activates phototransduction, which leads to the closure of cyclic 
nucleotide-gated channels in the outer segments. This diminishes the dark current 
resulting in a hyperpolarization of the plasma membrane. The hyperpolarizing voltage 
change induces the opening of HCN1 channels in the inner segments after a delay 
of about 30 ms in mammalian rods at body temperature. An inward current through 
the open HCN1 channels reduces the level of the hyperpolarization, i.e., the mem-
brane potential is shifted back toward the resting state, making the light response 
transient.  

    103.3   Altered Single-Flash ERG Responses in HCN1 −/−  Mice 

 The murine Ganzfeld ERG is a measure of overall retinal function. ERGs were 
recorded according to procedures previously described (Seeliger et al.  2001 ; 
Tanimoto et al.  2009  ) . Single-fl ash ERG recordings were performed under dark-
adapted (scotopic) conditions with different stimulus intensities (Fig.  103.1 ). 
HCN1 −/−  mice and wild-type (wt) littermates were 6 weeks old. Typical normal 
ERG responses are seen at middle to high stimulus intensities under scotopic condi-
tions (the  left column  in Fig.  103.1a ). Typically, an ERG response begins with a 
negative defl ection initiated by photoreceptors which is called a-wave. The large 
positive defl ection refl ects the activity of ON bipolar cells, which is called b-wave. 
The amplitude of the b-wave is usually much larger than that of the a-wave in mice. 
The small oscillations on top of the b-wave, which are called oscillatory potentials, 
involve inner retinal circuitry with different origins. Under scotopic conditions, the 
responses at low stimulus intensities are composed of a b-wave only. The responses 
were comparable between HCN1 −/−  and wt mice up to the stimulus intensity of 
−3.0 log  cd *s/m 2  (the top two overlays in Fig.  103.1b ), showing that deletion of 
HCN1 has no effect on the sensitivity of the light responses. At the stimulus inten-
sity of −2.0 log  cd *s/m 2 , the response onset and the activation phase of the b-wave 
did not differ between the two mouse lines; however, the trailing edge of the b-wave 
became larger in HCN1 −/−  mice. The difference between wt and HCN1 −/−  grew more 
prominent at the intensity of −1.5 log  cd *s/m 2  ( arrows  in Fig.  103.1b ). This inten-
sity dependency of the HCN1 channel effect is supported by pharmacological stud-
ies (Demontis et al.  1999 ; Fain et al.  1978  ) . At the stimulus intensity of −1.5 log  cd *s/
m 2  and above, no difference was observed in the a-wave between both mouse lines, 
in agreement with HCN1 channels being expressed in the inner segment of photo-
receptors, but not in the outer segment. It has been also demonstrated that the loss 
of HCN1 channels does not affect photoreceptor outer segment currents using the 
paired-fl ash ERG protocol (Knop et al.  2008  ) . The initial part of the b-wave was not 
altered in HCN1 −/−  mice, because HCN1 channels are not involved in the onset of 
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the light response. The shape of the trailing edge of the b-wave was concave in wt 
mice, whereas its concavity almost disappeared in HCN1 −/−  mice. As a result, the 
light-evoked responses in HCN1 −/−  mice returned to baseline much more slowly 
than those in wt mice. In HCN1 −/−  mice, the prolonged photoreceptor response 
induces a sustained decrease of glutamate release to ON-bipolar cells upon stimula-
tion with bright light; therefore, bipolar cell responses become prolonged, which 
was observed as a prolonged ERG b-wave.   

  Fig. 103.1    Prolonged retinal photoresponses in HCN1 −/−  mice. ( a ) Representative single-fl ash 
electroretinograms (ERGs) recorded under dark-adapted (scotopic) conditions from a wild-type 
(wt,  left ) and a HCN1 −/−  mouse ( right ). Flash intensities are indicated in (log( cd *s/m 2 )). The  verti-
cal line  indicates the timing of the light fl ash. ( b ) Overlay of the single-fl ash ERG responses shown 
in ( a ). There was no evidence for differences in b-wave amplitude or waveform between the two 
mouse lines in the low-intensity range up to −3.0 log  cd *s/m 2  under scotopic conditions. A wave-
form difference between HCN1 −/−  and wt mice became manifest at and above −2.0 log  cd *s/m 2  
( arrows  in ( b )). In the higher intensities, the b-wave was noticeably prolonged in HCN1 −/−  animals, 
which led to a delayed return of the light-evoked responses to baseline. The a-wave and the initial 
portion of the b-wave were not altered in HCN1 −/−  mice       
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    103.4   Reduction in Scotopic ERG Flicker Fusion 
Frequency in HCN1 −/−  Mice 

 The ability to respond to train of fl ashes (fl icker) was tested in order to investigate 
the infl uence of prolonged single-fl ash ERG responses. Responses to repetitive 
fl ashes for a fi xed intensity (−2.0 or −0.5 log  cd *s/m 2 ) with varying frequency (0.5, 
1, 2, 3, 5, 7, 10, 12, 15, and 30 Hz) were recorded under dark-adapted conditions 
(Fig.  103.2 ). Flicker responses were averaged either 20 times (for 0.5, 1, 2, and 
3 Hz) or 30 times (for 5 Hz and above), i.e., steady-state fl icker responses were 
analyzed. At the intensity of −2.0 log  cd *s/m 2 , the effect of HCN1 channel knockout 
on b-wave confi guration was very small (Fig.  103.1b ), most probably because the 
hyperpolarization of the photoreceptors at the given light intensity was too small to 
substantially activate HCN1 channels. The phenotype of HCN1 knockout detected 
at 0.5 Hz in the fl icker ERG was similar to that observed in single-fl ash ERG, e.g., 
normal onset and normal activation phase of the b-wave analogue, and mild prolon-
gation of the trailing edge of the b-wave analogue. With increasing stimulus fre-
quency, a regular amplitude decline was observed up to 12 Hz in wt and in 
HCN1 −/−  mice (Fig.  103.2a, c ). At 30 Hz, neither the wt nor the HCN1 −/−  retina could 
resolve the fl ickering stimulus. By contrast, at the intensity of −0.5 log  cd *s/m 2 , the 
fl icker response in HCN1 −/−  mice showed manifest prolongation of the b-wave ana-
logue at the stimulus frequency of 0.5 Hz (Fig.  103.2b, d ), which is quite similar to 
the prolongation of the b-wave that was clearly seen in the scotopic single-fl ash 
ERG (Fig.  103.1b ). As seen in the scotopic single-fl ash ERGs, the a-wave analogue 
and the initial part of the b-wave analogue were comparable between wt and HCN1 −/−  
mice. With increasing stimulus frequency, amplitudes decreased dramatically in 
HCN1 −/−  mice, and no responses were detectable above 7 Hz, whereas wt mice 
showed fl icker responses in the higher frequency range up to 12 Hz. This demon-
strated a remarkable reduction of the ability to follow higher-frequency fl icker in the 
HCN1 −/−  animals above threshold of HCN1 channel activation.   

    103.5   Summary and Perspective 

 In this chapter, the impact of HCN1 channels on the retinal functional properties 
was presented. HCN1 channel loss led to an intensity-dependent prolongation of the 
rod system response, in agreement with the threshold mechanism of activation of 
the channel. Rod outer segment functionality was not altered, supporting the main 
site of action in the inner segment. Fixed-intensity variable frequency fl icker series 
showed a regular amplitude decline near threshold and a reduced fl icker fusion 
frequency above threshold due to increased waveform width. It was suggested 
that shortening and shaping of light responses by activation of HCN1 is an impor-
tant step at least in the scotopic pathways. The retina of HCN1 knockout animals 
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  Fig. 103.2    Effect of lack of HCN1 channels on fl icker fusion frequency. ( a ,  b ) Representative 
records of scotopic fl icker frequency series at the intensity of −2.0 log  cd *s/m 2  ( a ) and −0.5 log  cd *s/m 2  
( b ) from a wt ( left ) and a HCN1 −/−  mouse ( right ). The  arrowheads  indicate the timing of the light 
stimuli. ( c ,  d ) Overlay of the fl icker responses shown in ( a ) and ( b ) ( c ; −2.0 log  cd *s/m 2 ,  d ; 
−0.5 log  cd *s/m 2 ). At high stimulus intensities such as −0.5 log  cd *s/m 2  ( b ,  d ), the remarkable 
prolongation of the waveform in the absence of HCN1 led to a reduced fl icker fusion frequency (at 
around 7 Hz,  arrow  in ( b )), whereas due to a mild prolongation of the waveform at −2.0 log  cd *s/m 2  
( a ,  c ), response amplitudes do not differ signifi cantly between wt and HCN1 −/−  mice       
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provides a valuable system with which to study the role of HCN1 in the shaping and 
processing of retinal light responses especially to repetitive stimulation.      
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     104.1   Introduction 

    104.1.1   ATP and Purinergic Receptors 

 Adenosine 5 ¢ -triphosphate (ATP) has long been known for its role in energy metabolism 
within the cell; however, in the last 40 years, the role of extracellular ATP as a sig-
nalling molecule has been the subject of intense research (Abbracchio et al.  2009  
for review). ATP and its breakdown products adenosine and ADP, and other related 
purines such as UDP and UTP, have been found to act as transmitters at a wide 
range of purine receptors. The purinergic signalling system is expressed through-
out both the central and peripheral nervous system and is not limited to traditional 
exocytotic neurotransmission (Abbracchio et al.  2009  ) . In the retina, the purinergic 
system plays a role in signalling between all cell types: neurons, endothelial cells 
(blood vessels) and glia, including Müller cells, astrocytes, and microglia (Housley 
et al.  2009  ) .  
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    104.1.2   ATP Storage, Release and Degradation 

 There are multiple mechanisms for the storage and release of ATP (Abbracchio 
et al.  2009  ) . The traditional mechanism of vesicular storage and exocytotic release 
of ATP has been shown to occur in both the peripheral and central nervous sys-
tems. In the retina, ATP may be co-released with other transmitters in an exocytotic 
manner from both inhibitory (e.g. GABAergic) and excitatory neurons (e.g. 
Cholinergic). Other non-traditional mechanisms for ATP release have also been 
proposed. These include ATP release from astrocytes by lysosome exocytosis and 
release from pannexin and/or connexin hemi-channels. In the retina, there is evi-
dence for hemi-channel release of ATP from the retinal pigment epithelium (RPE) 
(Pearson et al.  2005  )  and mechanical stimulation-induced ATP release from glia 
(Newman  2001  ) . ATP release from dying neurons has also been suggested to be a 
potential signal in propagating cytotoxic response mechanisms and further cell 
death in the surrounding cells. 

 Once released into the extracellular space, ATP is rapidly degraded by ectonucle-
otidases to ADP and/or AMP and then further degraded to adenosine (Corriden and 
Insel  2010  ) . Ectonucleoside triphosphate diphosphohydrolases (E-NTPDases) 
hydrolyse nucleotide triphosphates and diphosphates to monophosphates. Ecto-5 ¢ -
nucleotidases then further hydrolyse AMP to adenosine (Corriden and Insel  2010  ) . 
In the retina, there is evidence for ectonucleotidase degradation of ATP at synaptic 
terminals (Puthussery et al.  2006  )  and both NTPDases 1 and 2 have been found to 
be expressed (Ricatti et al.  2009  ) . This suggests that ATP, ADP and adenosine are 
present as bioactive ligands in the retina.  

    104.1.3   Purine Receptors 

 There are two main classes of purine receptors, P1 and P2 (Abbracchio et al.  2009  ) . 
The P1 receptors are activated by adenosine and four subclasses have been identi-
fi ed so far. The P2 receptors can be further divided into two general classes, the P2X 
and P2Y-receptors. The P2X-receptors are ligand-gated ion channels that are acti-
vated primarily by ATP. There are seven subclasses of P2X-receptors, P2X1-7. The 
P2Y-receptors are seven transmembrane, G-protein-coupled receptors. At least 
eight subclasses have currently been identifi ed which may be activated by ATP, 
ADP, UTP and/or UDP, depending on the receptor subclass. All classes of purine 
receptors have been found to be expressed in the retina. Furthermore, all cell types 
in the retina, neurons, glia and microglia express some complement of purine recep-
tors (Ward et al.  2010  for review). The remainder of the current review will focus 
specifi cally on the role of the P2X7 receptor in the retina with regard to cell signalling 
and neuronal degeneration.   
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    104.2   The P2X7 Receptor 

 The P2X7 receptor was fi rst cloned in 1996 from the rat brain and was allocated to the 
class of P2X receptors based on comparable sequence homology (Surprenant et al. 
 1996  ) . However, P2X7 receptors are unique when compared with the other P2X 
receptors. While they are permeable to sodium, calcium, and potassium, causing cell 
membrane depolarisation, they are relatively insensitive to ATP (Surprenant et al. 
 1996  ) . Moreover, the P2X7 receptor has a long intracellular C-terminus which is criti-
cal for ion channel function, but also allows the receptor to form a pore in the plasma 
membrane allowing molecules of up 900 kDa into the cell following prolonged stimu-
lation with ATP. Indeed, the involvement of the P2X7 receptor pore in mediating cell 
apoptosis had caused the receptor to initially be labelled the P2Z “death” receptor 
(Ferrari et al.  1999  ) . Thus, the P2X7 receptor has the dual capacity to act in modulat-
ing cell signalling and also in modulating responses in pathological situations. 

    104.2.1   Role of the P2X7 Receptor in Neuronal 
Modulation in the Retina 

 P2X7 receptor mRNA and protein have been detected in neuronal cells within the 
rodent and primate retina (Wheeler-Schilling et al.  2001 ; Ishii et al.  2003 ; Puthussery 
and Fletcher  2004 ; Puthussery et al.  2006  ) . Specifi c labelling has been detected on 
rods near the ribbon synapses, and on horizontal cells, amacrine cells and ganglion 
cells. In the inner retina, P 2X7  receptors were found to be expressed in amacrine cell 
synapses presynaptic to rod bipolar cell terminals, close to the dyad synapses. This 
suggests that the P2X7 receptor may modulate signal transmission within the rod 
pathway (Puthussery and Fletcher  2004  ) . In line with this fi nding, administration of 
benzoyl ATP (Bz-ATP), a P2X receptor agonist selective for P2X7, has been found 
to alter the function of the rod and cone pathways in the rat (Puthussery et al.  2006  ) . 
This implicates a role for the P2X7 receptor in neuronal transmission within the 
retina.  

    104.2.2   Role of the P2X7 Receptor in Neuronal 
Degeneration in the Retina 

 In addition to a putative functional role of the P2X7 receptor in modulating retinal 
output, the receptor has also been implicated in mediating direct neurotoxicity in the 
brain and retina. Pathological increases in the expression of P2X7 receptor mRNA 
occur in many models of neurodegeneration such as Alzheimer’s disease, Parkinson’s 
disease, cerebral ischemia and spinal cord injury (Monif et al.  2010  for review). 
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In the retina, P2X7 receptor mRNA is upregulated in a mouse model of retinitis 
pigmentosa during the period of photoreceptor degeneration (Franke et al.  2005  ) . 
Indeed, excess stimulation of P2 receptors by injection of ATP into the vitreous of 
the adult rat eye has been shown to induce photoreceptor cell death and defi cits in 
photoreceptor function, likely via the direct activation of P2X7 receptors on photo-
receptors (Puthussery and Fletcher  2009  ) . Puthussery and Fletcher  (  2009  )  suggest 
that an increase in P2X7 receptor expression during retinal degeneration may 
increase the sensitivity of the photoreceptors to ATP, predisposing them to calcium-
induced neurotoxicity and apoptosis due to excessive stimulation. In line with this 
proposal, photoreceptor degeneration can be slowed in the rd1 mouse model of 
retinitis pigmentosa by intravitreal administration of a P2X receptor antagonist; 
however, further work is required to confi rm the specifi c involvement of the P2X7 
receptor in this process (Puthussery and Fletcher  2009  ) . 

 The P2X7 receptor has also been implicated in ganglion cell death in glaucoma 
(Zhang et al.  2005 ; Resta et al.  2007 ; Hu et al.  2010  ) . The levels of ATP are increased 
in the aqueous humour of human patients with acute glaucoma (Zhang et al.  2007  )  
and in rat eyes with experimentally induced pressure damage (Resta et al.  2007  ) . 
Stimulation of P2X7 receptors on ganglion cells using the agonist Bz-ATP causes a 
rise in intracellular calcium levels and cell death in vitro (Zhang et al.  2005  ) . Also 
in vivo, intravitreal administration of BzATP has been shown to induce ganglion 
cell death in neonatal rats (P14-P28). This effect can be blocked by the relatively 
selective P2X7 receptor blockers brilliant blue G and MRS 2540, suggesting that 
excess stimulation of PX7-receptors on ganglion cells may induce their death (Hu 
et al.  2010  ) . In line with this theory, administration of brilliant blue G has been shown 
to reduce the occurrence of ganglion cell trauma and death in retina from rats with 
experimentally induced pressure damage (Resta et al.  2007  ) . Given these fi ndings, 
P2X7 receptor antagonists may provide a potential therapy for slowing or preventing 
neuronal cell loss in diseases such as retinitis pigmentosa and glaucoma.  

    104.2.3   Role of the P2X7 Receptor in Müller Cells 

 Müller cells along with astrocytes represent the macroglia of the retina. In particu-
lar, Müller cells, which are radial glia that span the thickness of retina, are important 
for providing support for neighbouring neurons in the form of neurotransmitter 
recycling, provision of energy and ion homeostasis (Bringmann et al.  2006  ) . There 
is currently debate in the literature regarding the expression of P2X7 receptors in 
Müller cells. It has been suggested that Müller cells do not express P2X7 receptor 
mRNA (Jabs et al.  2000  )  nor protein (Ishii et al.  2003  ) . However, other studies sug-
gest that they do produce P2X7 receptor mRNA and protein, and these studies pro-
vide additional functional evidence for P2X7 receptor-mediated calcium currents 
in Müller cells induced by BzATP (Bringmann et al.  2001  ) . These studies have 
shown that P2X7 receptors in Müller cells may modulate gliosis in retinal disease. 
P2X7 receptor-mediated currents in Müller cells are upregulated in proliferative 
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vitreoretinopathy (Bringmann et al.  2001  )  and in proliferative diabetic retinopathy 
(Bringmann et al.  2002  ) , causing Müller cell dysfunction such as alterations in 
potassium conductance, hypertrophy and proliferation. Further research is required 
to determine if blockade of the P2X7 receptor-induced currents restores Müller cell 
function in these diseases.  

    104.2.4   Role of the P2X7 Receptor in Retinal Microglial Cells 

 Microglia are the resident macrophages of the central nervous system (Monif et al. 
 2010  ) . In development, they are involved in pruning neuronal synapses and removing 
apoptotic cells. Following injury, microglia migrate to the source of damage, release 
neuroinfl ammatory mediators and phagocytose dying cells (Monif et al.  2010  ) . In 
pathological situations, excessive extracellular ATP not only activates the P2X7 
receptor ion channel on microglia, but also stimulates formation of the receptor pore 
(Monif et al.  2009  ) . This activation of P2X7-receptors causes the microglia to alter 
from their quiescent, ramifi ed state to become amoeboid or activated and to proliferate. 
Once activated, microglia release chemokines for recruitment of other microglia 
and also bioactive factors including cytokines that can be neuroprotective or neuro-
toxic (Monif et al.  2010  ) . In particular, microglia are prone to exacerbating a chronic 
infl ammatory response inducing further neuronal trauma in response to injury and 
some of this effect can be blocked by inhibition of the P2X7 receptor. 

 Although this pathway has been studied extensively in other regions of the central 
nervous system, very few studies have investigated the role of the P2X7 receptor in 
modulating microglial activity in the retina or in retinal disease. Stimulation of the 
P2X7 receptor with BzATP has been shown to cause pore formation in microglia 
only and not other cells in the intact rat retina, even though many neuronal popula-
tions have been shown to express P2X7 receptors (Innocenti et al.  2004  ) . This sug-
gests that P2X7 receptor pore formation may be microglia-specifi c in the retina and 
that this plays a role in microglial activation in infl ammation. In addition, BzATP 
stimulation of the P2X7 receptor on cultured retinal microglia has been shown to 
cause release of infl ammatory cytokines such as interleukin 1 b  and tumour necrosis 
factor  a  (Morigiwa et al.  2000  ) . These data suggest that activation of P2X7 recep-
tors may play an important role in microglial responses in the retina; however, 
further research is required to elucidate the role of the P2X7 receptor in microglia 
in retinal disease.   

    104.3   Conclusion 

 The purinergic system plays a role in signalling between all cell classes in the retina 
including neurons and glia. In particular, the P2X7 receptor has an unusual role. 
Under physiological conditions, it is involved in modulation of neuronal signalling in 
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the rod and cone pathway, Müller cell membrane conductance and microglial activity. 
Under pathological conditions, it plays a role in neuronal and Müller cell dysfunction 
and in the activation of microglia in response to injury. Understanding the mecha-
nisms that regulate the physiological vs. pathological roles of the P2X7 receptor in 
the retina may provide a target for therapy of a variety of retinal diseases.      
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     105.1   Introduction 

 The G protein-coupled receptor kinase (GRK) family of serine/threonine kinases 
contains seven members with varying tissue localization in vertebrates. Rhodopsin 
kinase (GRK1) was the fi rst member of the family identifi ed and was shown to limit 
the lifetime of its substrate, rhodopsin, via phosphorylation followed by arrestin 
binding (Wilden and Kühn  1982 ; Kühn and Wilden  1987  ) . A central role for GRK1 
in retinopathies was identifi ed when Oguchi disease, a form of stationary night 
blindness, was found to be due to an inactivating mutation in GRK1. Although the 
vision of patients with this disease is fairly normal in bright light, they have diffi -
culty seeing in dim light. Later, individuals with similar visual problems were iden-
tifi ed with mutations that interfere with the function of arrestin. Defects in either of 
these genes cause patients to suffer from an inability to properly deactivate rhodopsin, 
leading to problems with recovery and dark adaptation (Dryja  2000  ) . 
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 One question that arose from studying patients with Oguchi disease was, if GRK1 
is the only GRK involved in phototransduction in rods and cones, why do Oguchi 
patients exhibit relatively mild defects in cone recovery (Cideciyan et al.  1998  ) ? In 
contrast, mice null for GRK1 (GRK1 −/−  mice) do exhibit severe defects in cone recov-
ery (Chen et al.  1999 ; Lyubarsky et al.  2000  ) . A potential explanation would be that 
human cones express a second GRK that also phosphorylates the cone opsins. In 
1998, the full-length cloning of GRK7 from medaka fi sh (Hisatomi et al.  1998  )  and 
the 13-lined ground squirrel, a cone-dominant mammal (Weiss et al.  1998  ) , was 
reported. Ultimately, GRK7 was also cloned from a number of rod dominant mam-
mals, such as human, pig, and cow, as well as additional species of fi sh and frog (Chen 
et al.  2001 ; Weiss et al.  2001 ; Shimauchi-Matsukawa et al.  2005 ; Wada et al.  2006 ; 
Osawa et al.  2008  ) . These discoveries explain why Oguchi patients have only a mild 
defect in cone recovery; humans express both GRK1 and GRK7 in cones and when 
GRK1 is missing, there is partial compensation by GRK7 (Cideciyan et al.  2003  ) . 

 These genetic studies reveal an interesting heterogeneity in the expression of 
GRK1 and GRK7 (Table  105.1 ) that spans 400 million years of vertebrate evolution 
(Futuyama  1998  ) . All vertebrates examined to date express GRK1 in rods. On the 
other hand, some vertebrates express only GRK7 in cones and others (including 
primates) express both GRK1 and GRK7 (Zhao et al.  1999 ; Weiss et al.  2001 ; 
Shimauchi-Matsukawa et al.  2005 ; Wada et al.  2006 ; Imanishi et al.  2007  ) . 
Surprisingly, mice and rats have lost the gene for GRK7 and express only GRK1 in 
cones (Weiss et al.  2001 ; Caenepeel et al.  2004  ) , also explaining why GRK1 −/−  mice 
have more severely impaired vision under phototopic conditions than Oguchi 
patients (Lyubarsky et al.  2000  ) .   

    105.2   The Function of GRK7 

 Because cones function under a larger dynamic range of light than rods, they 
undergo different kinetics of deactivation and recovery (Baylor  1987 ; Knox and 
Solessio  2006  ) . Differences in the structure, protein profi le, and ionic balance 

   Table 105.1    Distribution 
of GRK1 and GRK7 in 
vertebrate photoreceptor cells   

 Rods  Cones 

 Human  1  1, 7 
 Monkey  1  1, 7 
 Xenopus  1  1, 7 
 Chicken  1  1, 7 a  
 Zebrafi sh  1A  1B, 7 
 Carp  1A  1B, 7 
 Pig  1  7 
 Dog  1  7 
 Medaka  1–1, 1–2  7 
 Mouse  1  1 

   a Expression of chicken GRK7 is 
speculative  
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between rods and cones may play a role in the distinct properties of these cells, as 
described in an excellent recent review by Kawamura and Tachibanaki  (  2008  ) . How 
GRK7 might contribute to the unique properties of cones is an area of active research 
in several laboratories. Our laboratory determined that GRK7 phosphorylates the 
cone opsins in mammals (Liu et al.  2005  )  and Rinner et al.  (  2005  )  provided direct 
evidence that GRK7 is required for cone recovery in zebrafi sh. Information on the 
relative roles of GRK1 and GRK7 in humans may be derived from comparative 
studies of individuals with different retinopathies. For example, the visual proper-
ties of individuals with normal vision were compared with Oguchi disease patients 
lacking functional GRK1 and patients with Enhanced S Cone Syndrome (ESCS), 
whose retinas have large numbers of S cones expressing no GRK and L/M cones 
lacking GRK7 (Cideciyan et al.  2003  ) . Electroretinographic studies indicate that 
cones lacking either GRK1 or GRK7 exhibit a reduction in normal deactivation 
after light exposure, but not as severe as those lacking both GRKs (Cideciyan et al. 
 2003  ) . Therefore, GRK1 and GRK7 can partially compensate for each other if either 
one of them is missing. 

 The activities of GRK1 and GRK7 have been compared in several model sys-
tems. Using rods and cones isolated from carp retina, Kawamura and colleagues 
evaluated the rates of rod (rhodopsin) and cone opsin phosphorylation by their 
endogenous GRKs. They reported that GRK7 is 10 times more abundant in cones 
than GRK1 in rods and that the catalytic activity of GRK7 is 10 times higher than 
GRK1 (Tachibanaki et al.  2005  ) . Although the absolute values were different, 
Fukada and coworkers came to a similar conclusion regarding the higher intrinsic 
activity of zebrafi sh GRK7 compared to GRK1 (Wada et al.  2006  ) . In contrast, work 
by Horner et al.  (  2005  )  using FLAG-tagged human GRK1 and GRK7 indicated that 
the  K  

m
  and  V  

max
  values of human GRK1 and GRK7 for rhodopsin and ATP were 

fairly similar in vitro. Additional studies of these two kinases in vivo may further 
clarify their distinct or overlapping roles in cone visual signaling.  

    105.3   Regulation of GRK1 and GRK7 Activity 
Under Changing Light Conditions 

 GRK1 activity has been studied extensively in mammalian rods (Maeda et al.  2003  )  
and was the fi rst GRK family member found to be allosterically regulated by its 
substrate, rhodopsin, such that the light-activated form of the rhodopsin activates 
the kinase (Fowles et al.  1988 ; Palczewski et al.  1991  ) . This has also been shown for 
GRK2 (Chen et al.  1993  )  and is likely to be true for all other GRKs (Huang et al. 
 2009  ) . GRK1 is also regulated by the Ca 2+ -sensor protein, recoverin (Kawamura 
 1993 ; Chen et al.  1995 ; Klenchin et al.  1995  ) . In dim light, when Ca 2+  levels are 
high, inhibition of rhodopsin phosphorylation by recoverin prolongs the lifetime of 
the photoreceptor (Makino et al.  2004 ; Chen et al.  2010  ) . Arinobu et al.  (  2010  )  
compared the effect of recoverin on GRK1 activity with the effect of visinin 
(a cone-specifi c paralog of recoverin in lower vertebrates) on GRK7 activity using 
rod and cone membranes prepared from carp retina. They reported that the  K  

D
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values for recoverin and visinin are similar for GRK1 and GRK7. However, cone 
opsin phosphorylation by GRK7 is inhibited by visinin to a greater extent than rho-
dopsin phosphorylation by GRK1 inhibited by recoverin. The authors propose that 
these results are due to structural differences whereby GRK7 is more sterically 
constrained in the binding of its substrate than GRK1. 

 Although cGMP is clearly the critical second messenger for phototransduction, 
there is evidence of a role for cAMP in photoreceptor physiology. Cyclic AMP 
levels are high in the dark and low in the light in photoreceptor cells (Farber et al. 
 1981 ; Cohen et al.  1992  )  and regulate a variety of physiological processes in a 
circadian fashion that involve a feedback loop between dopamine, synthesized in 
amacrine/interplexiform cells, and melatonin, synthesized primarily in photore-
ceptors (Tosini et al.  2008 ; Wiechmann and Summers  2008  ) . Several substrates for 
cAMP-dependent protein kinase (PKA) have been identifi ed in photoreceptors, 
including phosducin, arylalkylamine N-acetyltransferase (AANAT; a key enzyme 
in melatonin synthesis), the  g  subunit of cGMP-phosphodiesterase, and several 
transcription factors (Bauer et al.  1992 ; Lee et al.  1992 ; Xu et al.  1998 ; Ganguly 
et al.  2001 ; Liu and Green  2002 ; Ivanova and Iuvone  2003 ; Yu et al.  2007  ) . Our 
laboratory identifi ed sites in the amino terminus of GRK1 and GRK7 (Ser21 and 
Ser36, respectively) that are phosphorylated by PKA in vitro (Horner et al.  2005  ) . 
We also observed that phosphorylation by PKA reduces the ability of these kinases 
to phosphorylate rhodopsin. Using phospho-specifi c antibodies, we have deter-
mined that GRK1 and GRK7 are phosphorylated in vivo. Phosphorylation by PKA 
is high in the dark and low in the light, consistent with the light-dependent changes 
in cAMP levels (Osawa et al.  2008 ; Weiss et al.  2008  ) . These experiments intro-
duce the possibility of a novel mechanism for regulating the lifetime of rhodopsin 
and the cone opsins via light-dependent changes in GRK activity, resulting in 
higher sensitivity of the visual response under dim light and reduced sensitivity 
under more intense light. 

 It is clear from recent studies that at least one GRK is essential to deactivate the 
photoresponse in cones (Cideciyan et al.  1998,   2003 ; Lyubarsky et al.  2000  ) , but 
why do many vertebrates, including humans, express two GRKs in cones? There are 
several possibilities: the expression of two GRKs may simply have an additive 
effect. This may provide a quantitative advantage for survival in specifi c environ-
ments where quick signal termination by higher levels of GRKs may improve visual 
acuity in animals that are active in daylight. Alternatively, these two kinases may 
have distinct biochemical properties that may differentiate their roles in cones. 
A better understanding of the function of these two kinases in cones will advance 
our knowledge of how the retina adapts to a broad range of light intensities in the 
natural environment.      
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     106.1   Introduction 

 The activity of receptor tyrosine kinases (RTKs) is regulated by the extent of 
phosphorylated tyrosine residues that dictate their signaling output. Protein tyrosine 
phosphatases (PTPs) are the major negative regulators of RTKs and their down-
stream effector signaling (Ostman and Böhmer  2001  ) . PTP1B is a prototypical 
member of the PTP family, considered as a direct negative regulator of several 
receptor and receptor-associated tyrosine kinases (Tonks  2003 ; Haj et al.  2003 ; 
Stuible and Tremblay  2010  ) . PTP1B is widely expressed nonreceptor PTP that is 
associated with the endoplasmic reticulum (ER) and other intracellular membranes 
via a hydrophobic interaction of its C-terminal targeting signal (Frangioni et al. 
 1992 ; Haj et al.  2002  ) . Full-length PTP1B contains 435 amino acids and the cata-
lytic domain is constituted by N-terminal residues 30–278, while the 35 C-terminal 
residue sequence targets the enzyme to cytosolic face of the endoplasmic reticulum 
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(Frangioni et al.  1992 ; Barford et al.  1994  ) . PTP1B dephosphorylates and inactivates 
several membrane receptors tyrosine kinases (RTKs) such as the epidermal growth 
factor receptor (EGFR) (Flint et al.  1997  ) , the platelet-derived growth factor recep-
tor (PDGFR) (Haj et al.  2003  ) , the insulin receptor (IR) (Salmeen et al.  2000 , and 
the insulin-like growth factor-1 receptor (IGF-1R) (Buckley et al.  2002  ) . PTP1B is 
also involved in down-regulation of JAK/STAT pathway (Cook and Unger  2002 ; 
Myers et al.  2001 ; Gu et al.  2003  ) . Dysregulation of PTP1B activity has been shown 
to contribute towards the pathogenesis of several human diseases including cancer, 
diabetes, obesity, and immune disorders (Zhang and Zhang  2007 ; Combs  2010  ) . 
The importance of PTP1B in diverse pathophysiological conditions has made 
PTP1B as the focus of intense interest for drug targeting.  

    106.2   Importance of Insulin Receptor Signaling in Retina 

 Insulin receptor (IR) signaling in retina has received a considerable attention due to 
its importance in photoreceptor survival. Retinal neurons contain high affi nity 
receptors for insulin (Reiter et al.  2003 ; Rajala et al.  2008  ) . The IR signaling has 
been demonstrated as an important pathway for retinal development, physiology, 
and survival (Rajala et al.  2008 ; Song et al.  2003 ; Barber et al.  2001  ) . The IR activa-
tion provides a trophic signaling for retinal neurons via phosphatidylinositol 
3-kinase (PI3K)/Akt pathway (Rajala et al.  2002 ; Barber et al.  2001  ) . IR/PI3K/Akt 
signaling pathway has been shown to protect retinal neurons from anti-apoptotic 
mechanisms, primarily by Akt-mediated phosphorylation and inhibition of many 
proapoptotic targets (Dudek et al.  1997 ; Datta et al.  1999  ) . IR signaling is also 
involved in 17 b -estradiol-mediated neuroprotection in the retina (Yu et al.  2004  ) . A 
growing body of evidence suggests that diabetic retinopathy is characterized by 
early onset of retinal neuronal cell death (Barber et al.  1998  ) . Several studies have 
demonstrated that diabetes progressively impairs the retinal IR signaling pathway 
and that the loss of this survival pathway may contribute to the initial stages of dia-
betic retinopathy (Barber et al.  1998 ; Reiter et al.  2006 ; Rajala et al.  2009  ) .  Retinitis 
pigmentosa  is an inherited retinal degenerative disease that leads to blindness and 
studies have shown that stimulation of insulin/mTOR pathway delays cone cell 
death in  retinitis pigmentosa  mouse model (Punzo et al.  2009  ) . Studies from our 
laboratory for the past decade clearly show that IR and its downstream effect signal-
ing is functionally important for both the rod and cone photoreceptor survival 
(Rajala et al.  2008 ; Ivanovic et al.  2009  ) .  

    106.3   Interaction Between PTP1B and IR 

 PTP1B has been implicated as a major negative regulator of insulin receptor signal-
ing by dephosphorylating IR and its effector proteins (Byon et al.  1998 ; Goldstein 
et al.  1998 ; Dadke et al.  2000 ; Calera et al.  2000  ) . The ability of PTP1B to regulate 
insulin-receptor kinase activity has been established at the molecular level by examining 
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the crystal structure of PTP1B in complex with the triphosphorylated insulin-receptor 
kinase activation loop (Salmeen et al.  2000 ). The overexpression of PTP1B results 
in the inhibition of IR signaling and the introduction of anti-PTP1B antibodies into 
cells enhances IR signaling (Ahmad et al.  1995  ) . A number of systemic and tissue-
specifi c mouse models of PTP1B defi ciency have confi rmed its physiological effect 
on insulin sensitivity and high fat diet-induced weight gain (Elchebly et al.  1999 ; 
Klaman et al.  2000 ; Bence et al.  2006 ; Delibegovic et al.  2009  ) . Neuronal PTP1B 
has also been shown to regulate body weight, adiposity, and leptin action (Bence 
et al.  2006  ) . The expression, activity, and functional role of PTP1B activity in the 
retina have been well documented (Rajala et al.  2009,   2010  ) . Interestingly, the 
photoreceptor-specifi c deletion of PTP1B resulted in enhanced IR survival signaling. 
These studies indicate that the IR activation in photoreceptor cells is regulated by 
PTP1B activity (Rajala et al.  2010  ) .  

    106.4   Implication of PTP1B Activity in Retinal Diseases 

 In retina, the PTP1B activity is regulated in a light-dependent manner through 
photobleaching of rhodopsin (Rajala et al.  2010  ) . One of the important issues in the 
retina research is how the mutations in human rhodopsin gene slowly disable and 
eventually disrupt the photoreceptor function and survival. Defects in the photo-
bleaching of rhodopsin and mutations in the rhodopsin gene enhance the activity of 
PTP1B. This enhanced PTP1B activity may contribute to the progression of retinal 
degenerations. Further, the PTP1B activity is also elevated in Rpe65 −/−  mice, a 
mouse model of leber congenital amaurosis (LCA-type 2) (Rajala et al.  2010  ) . 
 Retinitis pigmentosa  (RP) is one of the most common forms of inherited retinal 
degeneration and an elevated PTP1B activity in RP models has also been observed 
(Rajala et al.  2010  ) . Decreased retinal IR signaling has been observed in the diabe-
tes (Barber et al.  1998 ; Reiter et al.  2006 ; Rajala et al.  2009  ) . This reduction of IR 
signaling is associated with the increased PTP1B activity in diabetes (Rajala et al. 
 2009  ) . In addition, PTP1B is known to act as negative regulator of JAK/STAT path-
way (Myers et al.  2001 ; Gu et al.  2003  ) . This pathway has also been demonstrated 
as neuroprotective signal in light stress-induced degeneration models (Samardzija 
et al.  2006 ; Ueki et al.  2009  ) . The dysregulation of PTP1B activity may contribute 
to the death of retinal neurons and ultimately lead to retinal degeneration.  

    106.5   PTP1B as a Therapeutic Target 

 PTP1B has been considered as a suitable target in the resolution of several disease 
pathologies. It is a preferred target for diabetes and obesity treatments (Zhang and 
Zhang  2007 ; Combs  2010  ) . In order to effectively target this protein in alleviation 
of retinal pathologies mediated through its high activity, it is essential to have a 
thorough understanding of the structure, physiological mechanism of action, and 
regulatory control of this enzyme. It is essential that the drug used specifi cally 
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discriminates between the PTP1B and other phosphatases, most of which act by 
similar catalytic mechanisms and exhibit a striking similarity in their active sites 
and structures. The resolution of crystal structures in complex with IR (Salmeen 
et al.  2000 ) and EGFR (Jia et al.  2001  )  has enabled in understanding its mechanism 
of action to a great extent. The requisite inhibitor(s) should be targeted to both 
active site and the secondary binding regions in such a way that it achieves a unique 
selectivity among the tyrosine phosphatases but without signifi cantly compromis-
ing their potency (Combs  2010  ) . The postmitotic nature of the retina and the pres-
ence of blood retinal barrier necessitate that the potential drug has minimal toxicity 
and high pharmacodynamic turnover rate in eye. Genetic engineering to promote 
the expression of physiological inhibitors of PTP1B may be the best strategy, but 
considering the practical limitations and lack of complete knowledge of retinal 
physiology, administering a selective potential PTP1B peptide mimetic inhibitor or 
antisense oligonucleotides may be a step forward to rescue or delay the photorecep-
tor cell death in retinal degenerative diseases. Consistent with this idea, we recently 
reported that intravenous injection of an allosteric inhibitor of PTP1B protects the 
rats against light stress-induced retinal degeneration through the protection of IR 
phosphorylation (Rajala et al.  2010  ) .  

    106.6   Conclusions 

 PTP1B has emerged as the best-validated drug target for diabetes and obesity. 
PTP1B is considered as a major negative regulator of IR and JAK/STAT signaling, 
which have been demonstrated as neuroprotective pathways in retina. The emerging 
understanding of retinal physiology indicates that phototransduction is integrated 
with the RTK survival signaling. Defects in phototransduction can either manifest 
their effects or their effects might be aggravated through the key players in RTK 
signaling. This is coupled with the fact that enhanced PTP1B activity has been asso-
ciated with several retinal degenerative diseases. All these observations steer us to 
an understanding that PTP1B is an extremely important regulatory valve whose 
malfunction can lead to severe degenerative phenotypes and the key role of this 
enzyme provides an opportunity to manipulate its in vivo properties and thereby 
regulate several phenotypes, which are mediated through its malfunction.      

  Acknowledgments   This work was supported by grants from the NIH (EY016507-05; EY00871).  

   References 

    Ahmad F, Li PM, Meyerovitch J et al (1995) Osmotic loading of neutralizing antibodies demon-
strates a role for protein-tyrosine phosphatase 1B in negative regulation of the insulin action 
pathway. J Biol Chem 270:20503–20508  

    Barber AJ, Lieth E, Khin SA et al (1998) Neural apoptosis in the retina during experimental and 
human diabetes: early onset and effect of insulin. J Clin Invest 102:783–791  



833106 Protein Tyrosine Phosphatase 1B…

    Barber AJ, Nakamura M, Wolpert EB et al (2001) Insulin rescues retinal neurons from apoptosis 
by a phosphatidylinositol 3-kinase/Akt-mediated mechanism that reduces the activation of 
caspase-3. J Biol Chem 276:32814–32821  

    Barford D, Flint AJ, Tonks NK (1994) Crystal structure of human protein tyrosine phosphatase 1B. 
Science 263:1397–1404  

    Bence KK, Delibegovic M, Xue B et al (2006) Neuronal PTP1B regulates body weight, adiposity 
and leptin action. Nat Med 12:917–924  

    Buckley DA, Cheng A, Kiely PA et al (2002) Regulation of insulin-like growth factor type I (IGF-
I) receptor kinase activity by protein tyrosine phosphatase 1B (PTP-1B) and enhanced IGF-I-
mediated suppression of apoptosis and motility in PTP-1B-defi cient fi broblasts. Mol Cell Biol 
22:1998–2010  

    Byon JC, Kusari AB, Kusari J (1998) Protein-tyrosine phosphatase-1B acts as a negative regulator 
of insulin signal transduction. Mol Cell Biochem 182:101–108  

    Calera, M.R, Vallega G, Pilch PF (2000) Dynamics of protein-tyrosine phosphatases in rat adipo-
cytes. J Biol Chem 275:6308–6312  

    Combs AP (2010) Recent advances in the discovery of competitive protein tyrosine phosphatase 
1B inhibitors for the treatment of diabetes, obesity, and cancer. J Med Chem 53:2333–2344  

    Cook WS and Unger RH (2002) Protein tyrosine phosphatase 1B: a potential leptin resistance fac-
tor of obesity. Dev Cell 2:385–387  

    Dadke S, Kusari J, Chernoff J (2000) Down-regulation of insulin signalling by protein-tyrosine 
phosphatase 1B is mediated by an N-terminal binding region. J Biol Chem 275:23642–23647  

    Datta SR, Brunet A, Greenberg ME (1999) Cellular survival: a play in three Akts. Genes Dev 
13:2905–2927  

    Delibegovic M, Zimmer D, Kauffman C et al (2009) Liver-specifi c deletion of protein-tyrosine 
phosphatase 1B (PTP1B) improves metabolic syndrome and attenuates diet-induced endoplas-
mic reticulum stress. Diabetes 58:590–599  

    Dudek H, Datta SR, Franke TF, et al (1997) Regulation of neuronal survival by the serine-threo-
nine protein kinase Akt. Science 275:661–665  

    Elchebly M, Payette P, Michaliszyn E et al (1999) Increased insulin sensitivity and obesity resis-
tance in mice lacking the protein tyrosine phosphatase-1B gene. Science 283:1544–1548  

    Flint AJ, Tiganis T, Barford D, Tonks NK (1997) Development of “substrate-trapping” mutants to 
identify physiological substrates of protein tyrosine phosphatases. Proc Natl Acad Sci USA 
94:1680–1685  

    Frangioni JV, Beahm PH, Shifrin V et al (1992) The nontransmembrane tyrosine phosphatase 
PTP-1B localizes to the endoplasmic reticulum via its 35 amino acid C-terminal sequence. Cell 
68:545–560  

    Goldstein BJ, Ahmad F, Ding W et al (1998) Regulation of the insulin signalling pathway by cel-
lular protein-tyrosine phosphatases. Mol Cell Biochem 182:91–99  

    Gu F, Dube N, Kim JW et al (2003) Protein tyrosine phosphatase 1B attenuates growth-hormone-
mediated JAk2-STAT signaling. Mol Cell Biol 23:3753–3762  

    Haj FG, Markova B, Klaman LD et al (2003) Regulation of receptor tyrosine kinase signaling by 
protein tyrosine phosphatase-1B. J Biol Chem 278:739–744  

    Haj FG, Verveer PJ, Squire A et al (2002) Imaging sites of receptor dephosphorylation by PTP1B 
on the surface of the endoplasmic reticulum. Science 295:1708–1711  

   Ivanovic I, Le YZ, Anderson RE, Rajala RV (2009) Deletion of the p85 regulatory subunit of 
phosphoinositide 3-kinase in cone photoreceptor cells results in cone photoreceptor degenera-
tion. ARVO abstract A389  

    Jia Z, Barford D, Flint AJ et al (2001) Structural basis for phosphotyrosine peptide recognition by 
protein tyrosine phosphatase-1B. Science 268:1754–1758  

    Klaman LD, Boss O, Peroni OD et al (2000) Increased energy expenditure, decreased adiposity, 
and tissue-specifi c insulin sensitivity in protein-tyrosine phosphatase1B-defi cientmice. Mol 
Cell Biol 20:5479–5489  

    Myers MP, Anderson NJ, Cheng A et al (2001) TYK2 and JAK2 are substrates of protein tyrosine 
phosphatase 1B. J Biol Chem 276:47771–47774  



834 D.K. Basavarajappa et al.

    Ostman A and Böhmer FD (2001) Regulation of receptor tyrosine kinase signaling by protein 
tyrosine phosphatases. Trends Cell Biol 11:258–266  

    Punzo C, Kornacker K, Cepko CL (2009) Stimulation of the insulin/mTOR pathway delays cone 
death in a mouse model of retinitis pigmentosa. Nat Neurosci 12:44–52  

    Rajala A, Tanito M, Le YZ et al (2008) Loss of neuroprotective survival signal in mice lacking 
insulin receptor gene in rod photoreceptor cells. J Biol Chem 283:19781–19792  

    Rajala RV, McClellan ME, Ash JD, et al (2002) In vivo regulation of phosphoinositide 3-kinase in 
retina through light-induced tyrosine phosphorylation of the insulin receptor beta-subunit. 
J Biol Chem 277:43319–43326  

    Rajala RV, Tanito M, Neel BG et al (2010) Enhanced retinal insulin receptor-activated neuropro-
tective survival signal in mice lacking the protein-tyrosine phosphatase-1B gene. J Biol Chem 
285:8894–8904  

    Rajala RV, Wiskur B, Tanito M (2009) Diabetes reduces autophosphorylation of retinal insulin 
receptor and increases protein-tyrosine phosphatase-1B activity. Invest Ophthalmol Vis Sci 
50:1033–1040  

    Reiter CE, Sandirasegarane L, Wolpert EB et al (2003) Characterization of insulin signaling in rat 
retina in vivo and ex vivo. Am J Physiol 285:E763-E774  

    Reiter CE, Wu X, Sandirasegarane L (2006) Diabetes reduces basal retinal insulin receptor sig-
naling: reversal with systemic and local insulin. Diabetes 55:1148–1156  

       Salmeen A, Andersen JN, Myers MP et al (2000) Molecular basis for recognition and dephospho-
rylation of the activation segment of the insulin receptor by protein tyrosine phosphatase 1B. 
Mol Cell 6:1401–1412  

       Salmeen A, Andersen JN, Myers MP, Tonks NK, Barford D (2001) Molecular basis for the dephos-
phorylation of the activation segment of the insulin receptor by protein tyrosine phosphatase 
1B. Mol Cell 6:1401–1412  

    Samardzija M, Wenzel A, Aufenberg S, et al (2006) Differential role of Jak-STAT signaling in retinal 
degenerations. FASEB J 20:E1790–E1801  

    Song J, Wu L, Chen Z (2003) Axons guided by insulin receptor in  Drosophila  visual system. 
Science 300:502–505  

      Stuible M and Tremblay ML (2010) In control at the ER: PTP1B and the down-regulation of RTKs 
by dephosphorylation and endocytosis. Trends Cell Biol 20: 672–679  

    Tonks NK (2003) PTP1B:from the sidelines to the front lines! FEBS Lett 546:140–148  
    Ueki Y, Le YZ, Chollangi S et al (2009) Preconditioning-induced protection of photoreceptors 

requires activation of the signal-transducing receptor gp130 in photoreceptors. Proc Natl Acad 
Sci USA 106:21389–21394  

    Yu X, Rajala RV, McGinnis JF et al (2004) Involvement of insulin/phosphoinositide 3-kinase/Akt 
signal pathway in 17 beta-estradiol-mediated neuroprotection. J Biol Chem 279:13086–13094  

    Zhang S and Zhang ZY (2007) PTP1B as a drug target: recent developments in PTP1B inhibitor 
discovery. Drug Discov Today 12:373–81    



835M.M. LaVail et al. (eds.), Retinal Degenerative Diseases, Advances in Experimental 
Medicine and Biology 723, DOI 10.1007/978-1-4614-0631-0_107, 
© Springer Science+Business Media, LLC 2012

     Keywords   Protein tyrosine- O -sulfation  •  Tyrosylprotein sulfotransferase  •  Soluble 
interphotoreceptor matrix  •  Insoluble interphotoreceptor matrix  •  Soluble interretinal 
pigment epithelium matrix  •  Insoluble interretinal pigment epithelium matrix  
•  Sulfation     

     107.1   Introduction 

 Protein tyrosine- O -sulfation (henceforth, will be referred to as sulfation) is a post-
translational modifi cation that involves the addition of a sulfate group from the uni-
versal sulfate donor 3 ¢ -phosphoadenosine 5 ¢ -phosphosulfate (PAPS) onto a tyrosine 
residue of a protein. The reaction occurs in the trans-Golgi network and is catalyzed 
by two enzymes, tyrosylprotein sulfotransferase 1 and 2 (TPST 1 and 2, EC 2.8.2.20) 
(Lee and Huttner  1983  ) . These enzymes are type II transmembrane proteins with 
their catalytic activity directed towards the lumen (Lee and Huttner  1985  ) . So far, it 
has been observed that only proteins that traverse the Golgi network (secretory and 
transmembrane proteins) are sulfated by TPSTs. Sulfation is a constitutive post-
translational modifi cation and so far no enzyme has been detected that removes the 
sulfate group from the tyrosine residues. 

 Sulfation has been observed in every multicellular eukaryote examined from 
plants (Komori et al.  2009  )  to humans (Moore  2009  ) . Prokaryotes and unicellular 
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eukaryotes are incapable of sulfation. Therefore, sulfation is a posttranslational 
modifi cation that occurs only in multicellular eukaryotes. 

 Sulfation can modulate a protein’s function by infl uencing the interaction of the 
protein with its partner(s). Studies have shown that sulfation of chemokine receptors 
enhances the affi nity to their cognate receptors (Fong et al.  2002 ; Farzan et al.  2002 ; 
Veldkamp et al.  2006  ) . Sulfation of the leukocyte protein PSGL-1 is required for the 
high-affi nity interaction with P-selectin on endothelial cells (Wilkins et al.  1995  ) . 
Also, sulfation of the human coagulation factor VIII is required for the optimum 
binding to von Willebrand factor, which acts as a carrier for factor VIII in the plasma 
(Leyte et al.  1991  ) . Defi cient sulfation of Factor VIII disrupts this binding and 
causes mild-to-moderate hemophilia in patients (Higuchi et al.  1990  ) . 

 It was recently reported that sulfated proteins are present in the retina and retinal 
pigment epithelium (RPE) of a wide variety of species including human and mouse 
(Kanan et al.  2009a  ) . It was also shown that sulfation is important for vision since 
in its absence electroretinographic (ERG) response for rods and cones was drasti-
cally reduced (Sherry et al.  2010  ) . To further understand the functional signifi cance 
of sulfation, the current report examines the distribution of sulfated proteins in vari-
ous ocular tissues from the bovine eye with an intention to ultimately identify the 
sulfated proteins from these tissues and determine their role in vision.  

    107.2   Materials and Methods 

    107.2.1   Isolation of Tissues from Bovine Eyes 

 Bovine eyes were collected from a slaughter house (Country Home Meats Co., 
Edmond, Oklahoma). The cornea, aqueous humor, lens, iris, vitreous humor, retina, 
RPE, and sclera were harvested directly into Urea/Thiourea buffer (7M Urea, 2M 
Thiourea, 2% CHAPS) to effi ciently solubilize all proteins including those that are 
membrane-bound. In addition, to identify secreted proteins from the retina and RPE, 
soluble interphotoreceptor matrix (S-IPM) was isolated by incubating retina and 
RPE in cold PBS containing protease inhibitors (Halt Protease Inhibitor Cocktail, 
Pierce, Rockford, IL) for 10 min, followed by centrifugation at low speed to pellet 
out the retina and RPE tissue. The supernatant from the retina contained the soluble 
interphotoreceptor matrix (S-IPM) components and that from the RPE contained 
the soluble interretinal pigment epithelium matrix (S-IRPEM) components. The 
precipitant contained insoluble part of the matrix and the membrane-bound proteins 
and is designated IS-IPM for the retina and IS-IRPEM for the RPE.  

    107.2.2   Western Blot of Tissue Lysates 

 About 15  m g of total protein lysates from different parts of the bovine eye were run on 
a 10% SDS polyacrylamide gel (SDS-PAGE) and transferred to nitrocellulose 
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 membranes (Bio-Rad, Hercules, CA) and probed with the PSG2 antibody (Hoffhines 
et al.  2006a  ) . The blots were imaged using a Kodak Imager (Rochester, New York).   

    107.3   Results 

 When the membrane containing total lysates from different bovine ocular tissues 
was probed with the PSG2 antibody, all samples showed the presence of multiple 
sulfated proteins (Fig.  107.1a ). However, the lane containing lens extracts shows 
two protein bands (asterisks in Fig.  107.1a ) that were identifi ed by PSG2. However, 

  Fig. 107.1    ( a )Western blot analysis of tyrosine- O -sulfated proteins in bovine ocular tissues. 
About 15  m g of total protein lysates from lens, cornea, iris, sclera, RPE, retina, vitreous humor, and 
aqueous humor were run on a 10% SDS-PAGE and transferred to nitrocellulose membrane and 
probed with PSG2 antibody to reveal tyrosine- O -sulfated proteins. HCII was used as positive con-
trol for sulfation. ( b ) A sister gel to the one presented in ( a ) was stained with coomassie blue to 
demonstrate equivalent amounts of proteins loaded       
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these two bands are present in very small amounts suggesting that sulfation is not 
highly utilized in the lens.  

 Bovine cornea (Fig.  107.1a ) harbors several distinct sulfated proteins with sizes 
between 50 and >250 kDa. Bovine aqueous humor expresses three separate sulfated 
proteins with a major band at 60 kDa. The iris lanes exhibited several bands of sul-
fated proteins of sizes between 50 and >250 kDa. The vitreous humor appears to be 
the richest source of sulfated proteins with bands detected with PSG2 between 30 
and >250 kDa. Bovine retina expresses a single prominent band at 140 kDa and 
several minor species of sulfated proteins. The RPE expresses at least six sulfated 
proteins of sizes between 50 and >250 kDa. The sclera exhibited a pattern close to 
that observed for the iris. HCII, a 75 kDa protein (human heparin cofactor II), is a 
known sulfated protein and therefore served as a positive control for the PSG2 anti-
body in the blot. To show that equal amounts of different samples were loaded on 
the SDS-PAGE, coomassie blue-stained gel is shown (Fig.  107.1b ). 

 Since sulfated proteins are secreted and either compose the soluble fraction of 
the extracellular matrix (ECM), or the insoluble fraction of the ECM including 
those that are membrane-bound, S-IPM, IS-IPM, S-IRPEM, and IS-IRPEM were 
isolated and run on SDS-PAGE and probed with PSG2 (Fig.  107.2a ). Comparing 
the pattern obtained with S-IPM and IS-IPM shows that the 140 kDa band is promi-
nent only in the IS-IPM, while a 60 kDa band is prominent in the S-IPM. This band 
was barely obvious in total retinal extracts (Fig.  107.1a ).  

 Comparing the S-IRPEM to IS-IRPEM shows that there are multiple sulfated pro-
teins of sizes between 37 and 200 kDa in the S-IRPEM with a band at ~60 kDa as the 
most prominent (Fig.  107.2a ). However, the higher molecular weight sulfated bands 
seem to be retained in the IS-IRPEM. To demonstrate that equivalent amounts of pro-
teins were loaded on SDS-PAGE, coomassie blue-stained gel is shown (Fig.  107.2b ).  

    107.4   Discussion 

 Protein sulfation is a posttranslational modifi cation that was discovered more than 
half a century ago; however, its role in the eye was not studied until recently (Kanan 
et al.  2009b ; Sherry et al.  2010  ) . Its importance to vision was evaluated by studying 
animal models that lack both tyrosine sulfating enzymes TPST-1 and TPST-2. These 
animals show reduced rod and cone ERGs, and abnormalities in photoreceptor outer 
segments and synaptic termini, providing evidence that sulfated proteins are impor-
tant for vision (Sherry et al.  2010  ) . 

 To further understand the role of sulfated proteins in the eye, the current study 
was undertaken. The goal was to identify sulfated proteins in ocular tissues other 
than the retina and RPE. 

 Western blotting and probing with the PSG2 antibody (Hoffhines et al.  2006a  )  
were utilized. This antibody was generated using phage display technology and can 
detect sulfotyrosine residues within proteins (Hoffhines et al.  2006b  ) . This anti-
body has also been used to isolate sulfated proteins from mouse epididymis by 
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immunoaffi nity purifi cation (Hoffhines et al.  2009  ) , and therefore, is an excellent 
tool for detecting sulfated proteins in tissues. A notable fi nding in this study is that 
the lens expresses very low levels of sulfated proteins. Among the other tissues 
tested, the vitreous humor was the richest source of sulfated proteins. Another nota-
ble fi nding is the observation of a band at 60 kDa that was common to all ocular 
tissues and therefore could be the same protein that is expressed in different parts 
of the eye or may be expressed and secreted from a single ocular tissue. Interestingly, 
this band is present in S-IPM as well as in the IS-IPM in the retina and similarly in 
the RPE. If this band is of the same protein, then the commonality of this protein to 
all ocular tissues may point to the functional signifi cance of this sulfated protein. 
However, it is yet to be shown whether this protein is unique to ocular tissues or is 

  Fig. 107.2    ( a ) Western blot analysis of tyrosine- O -sulfated proteins in the soluble interphotore-
ceptor matrix (S-IPM) and soluble interretinal pigment epithelium matrix (S-IRPEM) vs. insoluble 
interphotoreceptor matrix (IS-IPM) and insoluble interretinal pigment epithelium matrix 
(IS-IRPEM) in bovine eye. About 15  m g protein samples from bovine ocular tissues and 50 ng of 
HCF II (positive control) were run on a 10% SDS-PAGE and blotted onto nitrocellulose and then 
probed with the PSG2 antibody to reveal tyrosine- O -sulfated proteins. ( b ) A sister gel to the one 
presented in ( a ) was stained with coomassie blue to show that equivalent amounts of proteins were 
loaded in each lane       
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an important component of all ECMs. The presence of proteins of similar sizes is 
not limited to the 60 kDa band, but other protein bands of similar sizes were 
observed in different tissues. That does not preclude the possibility that the same 
protein may exist in different ocular tissues. 

 Future plans include identifi cation of the sulfated proteins in different ocular 
 tissues. This can be accomplished by subjecting extracts from tissues to immunoaf-
fi nity purifi cation with PSG2 antibody. Once these proteins are identifi ed, their sul-
fation status will be further confi rmed by immunoprecipitation with antigen-specifi c 
antibodies and immunoblotting with the PSG2 antibody. Then the sulfated tyrosine 
will be determined by site-directed mutagenesis followed by immunoprecipitation 
with antigen-specifi c antibodies and immunoblotting with PSG2 antibody. The role 
of sulfation in the overall function of the protein in vision will be studied using gene 
“knock-in” mice that have the sulfotyrosine mutated to phenylalanine followed by 
ERG and other means of assessments of visual function.      
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