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PREFACE

A Symposium on Retinal Degenerations has been held in conjunction with the bien-
nial International Congress of Eye Research (ICER) since 1984. These Retinal Degenera-
tion Symposia have allowed scientists and clinicians from around the world to convene and
present their new research findings. The Symposia have been organized to allow sufficient
time for discussions and one-on-one interactions in a relaxed atmosphere, where interna-
tional friendships and collaborations would be fostered.

The XI International Symposium on Retinal Degeneration (also known as RD2004)
was held from August 23-28, 2004 in Perth, Western Australia. The meeting brought together
151 scientists, retinal specialists in ophthalmology and trainees in the field from all parts of
the world. In the course of the meeting, 36 platform and 80 poster presentations were given,
and a majority of these are presented in this proceedings volume. New discoveries and state
of the art findings from most research areas in the field of retinal degenerations were pre-
sented. The RD2004 meeting was highlighted by three special lectures. The first was given
by Dr. Paul Sieving, Director of the National Eye Institute, National Institutes of Health,
Bethesda, Maryland, USA. Dr. Sieving discussed the evolution of understanding ocular dis-
eases. The second lecture by Professor Ian Constable, Director of the Lions Eye Institute,
Nedlands, Western Australia, covered clinical imperatives in retinal degeneration research.
The third was by Professor Thaddeus Dryja, Harvard Medical School, Boston, Massachu-
setts, USA, who discussed the progress to date on understanding the etiology of RP and
allied diseases.

We want to give special acknowledgement to the local organizers of the Symposium,
Drs. Elizabeth P. Rakoczy, Sasha Pendal and Brian King from Perth. Mrs. Stacey Scaffardi,
Administrative Assistant to Professor Rakoczy, worked tirelessly for months preparing an
extraordinarily smooth meeting, a wonderful social program and excursion. We also thank
the staff of the Burswood International Resort Hotel, the venue of the meeting, for all their
help.

The Symposium received international financial support from a number of organiza-
tions. We are particularly pleased to thank The Foundation Fighting Blindness, Owings
Mills, Maryland, for its continuing support of this and the previous biennial Symposia,
without which we could not have held these important meetings. In addition, for the second
time, the National Eye Institute of the National Institutes of Health contributed to the

vii



meeting. This additional funding allowed us to provide 20 Travel Awards to young investi-
gators and trainees working in the field of retinal degenerations. The Foundation Fighting
Blindness also contributed to the Travel Awards program providing 14 Travel Awards. The
response to the Travel Awards program was extraordinary, with 74 applicants competed for
the 34 Awards.

We also acknowledge the diligent and outstanding efforts of Ms. Holly Whiteside, who
carried out most of the administrative aspects of the RD2004 Symposium, designed and
maintained the meeting website. Holly is the Administrative Manager of Dr. Anderson’s lab-
oratory at the Oklahoma Health Sciences Center, and she has become the permanent Coor-
dinator for the Retinal Degeneration Symposia. Her dedicated efforts with the Symposia
since RD2000 have provided continuity heretofore not available, and we are deeply indebted
to her.

We thank Ms. Laura Hogan, Administrative Assistant in Dr. Hollyfield’s program in the
Cole Eye Institute at The Cleveland Clinic Foundation, for her help in assembling this
volume. Thanks also go to Springer Science+Business Media for its publication.

Joe G. Hollyfield
Robert E. Anderson
Matthew M. LaVail

Cleveland, Ohio
April 2005
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PART I

MOLECULAR GENETICS AND CANDIDATE GENES



CHAPTER 1

GENETIC FACTORS MODIFYING CLINICAL
EXPRESSION OF AUTOSOMAL DOMINANT RP

Stephen P. Daiger1, Suma P. Shankar1, Alice B. Schindler1,
Lori S. Sullivan1, Sara J. Bowne1, Terri M. King2, E. Warick Daw3,
Edwin M. Stone4, and John R. Heckenlively5

1. INTRODUCTION

Factors modifying clinical expression of inherited diseases are likely to be complex,
involving genetic factors, environmental factors and stochastic effects. One way to reduce
the complexity is to focus on individuals who share a dominant mutation identical by
descent, thus eliminating variability in the underlying mutation and variation in cis to the
mutation. A further simplification is to limit analysis to a single, extended family, which
may reduce, though not eliminate, environmental effects.

Autosomal dominant retinitis pigmentosa (adRP) offers a number of opportunities for
such studies. We are investigating factors which modify clinical features consequent to an
Arg677ter stop mutation in the RP1 gene, a mutation which causes adRP with variable age-
of-onset, progression and end stage consequences, that is, variable severity (Berson et al.,
2002; Jacobson et al., 2000; Sullivan et al., 1999).

The RP1 locus was mapped by linkage testing to 8q13 in a large, extended adRP family,
RP01, largely situated in southeastern Kentucky (Blanton et al., 1991; Field et al., 1982).
Subsequently, the RP1 gene was identified by positional cloning and mutation screening in
RP01 and additional adRP families (Guillonneau et al., 1999; Pierce et al., 1999; Sullivan
et al., 1999). Mutations in the RP1 gene account for approximately 4% of adRP families in
the United States. The RP1 Arg677ter mutation, found in RP01 and other families, accounts
for approximately 1⁄2 of the total (Bowne et al., 1999).

The RP1 gene codes for a novel protein, 2,156 amino acids in length, with high
sequence similarity over the first 10% of the amino terminus to doublecortin, a protein
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involved in cortical folding, but with very little sequence similarity elsewhere. The protein
is photo-receptor-specific; localizes to the rod interconnecting cilium; stabilizes disc 
architecture in outer segments; and is most likely involved in ciliary matrix assembly and
function (Gao et al., 2002; Liu et al., 2002; Liu et al., 2003; Liu et al., 2004; Pierce et al.,
2004).

The Arg677ter mutation is in the final, 4th exon of the gene and probably escapes 
nonsense-mediated decay. If so, the product of the mutant message would be a severely 
truncated protein, retaining the doublecortin domain, but lacking most of the remaining
sequence. Thus the pathophysiology probably involves a dominant negative or gain of func-
tion effect, rather than haploinsufficiency.

Factors modifying simple mendelian diseases, such as retinitis pigmentosa, may be just
as complex as factors contributing to multifactorial diseases such as age-related macular
degeneration (Haider et al., 2002; Nadeau, 2003). However, for dominant-acting diseases
one factor is particularly likely: the “wild type” allele in trans to the mutation. For example,
alleles in trans to alpha-spectrin mutations modify the severity of elliptocytisis (Gratzer,
1994; Randon et al., 1994). Also, of direct relevance to retinitis pigmentosa, variability in
expression of the allele in trans to disease-causing mutations in PRPF31 modify penetrance
of the RP11 form of adRP (McGee et al., 1997; Vithana et al., 2003). This is particularly
relevant to RP1 because several polymorphic amino acid substitutions exist at the locus
which result in at least 6 distinct amino acid haplotypes, i.e., distinct proteins, in Caucasian
populations (Bowne et al., 1999). These protein haplotypes in trans are potential modifiers
of clinical expression of the RP1 Arg677ter mutation.

2. CLINICAL AND MOLECULAR CHARACTERIZATION OF RP01

A published genealogy traces retinitis pigmentosa in the RP01 family to a single indi-
vidual born in 1803 (Breeding, 1982). Over 100 living, affected family members have been
identified by pedigree reconstruction (Blanton et al., 1991). The family has been the subject
of clinical and genetic studies for more that 30 years, including field studies in Kentucky
and ophthalmic evaluations at the Jules Stein Eye Institute, UCLA (Field et al., 1982; 
Heckenlively et al., 1982; Lehmer et al., 1992).

RP01 has classical type 2 adRP with late onset of night blindness, usually by the third
decade of life, and slow progression. Characteristic findings include diffuse retinal pig-
mentation, progressive decrease in recordable ERGs, and concentric visual field loss. Fun-
doscopic findings include retinal atrophy, bone spicule-like pigment deposits, and vascular
attenuation.

The family also shows substantial within-family variability. For example, three
members, examined in their 50s, had only small areas of regional pigmentation while two
of these had children with typical RP. Early changes in the children included focal depig-
mented spot atrophy with pigmentation of the edge and abnormal RPE granularity. By con-
trast, typical late changes in adults vary from diffuse atrophy with pavingstone-type changes
to typical bone spicule pigmentation. Further, at least two instances of a “skipped genera-
tion” have been documented in RP01.

We have DNA samples, and in many cases, lymphoblastoid cell lines, from 96 members
of the family. Of these, 66 have the Arg677ter mutation. Of the 66, we have at least minimal
clinical data on 44 and detailed clinical records, including fundus photographs, on 35. For

4 S.P. DAIGER ET AL.



linkage and segregation analysis we use a pedigree structure with 150 individuals, includ-
ing two inbreeding loops (Blanton et al., 1992).

3. DO GENETIC FACTORS PLAY A ROLE?

To answer this question we assigned an age-adjusted affectation status to the 44 indi-
viduals with at least minimal records and tested for segregation of severity using the non-
parametric pedigree analysis program Loki (Daw et al., 1999; Daw et al., 1999a; Heath,
1997). Loki uses an iterated, Monte Carlo Markoff-chain approach to estimate the extent to
which genetic differences play a role in variation of a trait (severity in this case) and the
potential number of contributing genes. Based on this evaluation, 36% of the differences in
severity in RP01 can be explained by variation at the RP1 locus (other than the mutation
itself) and 18% can be explained by unlinked loci. For the unlinked loci, Loki estimated
that there is an 80% probability that 6 or fewer loci are involved, and that one of these loci
may account for at least 9% of the total variation (Figure 1.1; unpublished). These results
are provisional, given the “soft” nature of the clinical phenotype, but they support the like-
lihood that genetic differences play a role in the variability of adRP caused by the Arg677ter
mutation.

4. POLYMORPHIC AMINO ACID HAPLOTYPES AT THE RP1 LOCUS

Numerous non-pathogenic amino acid substitutions have been reported at the RP1 locus
(Berson et al., 2002; Bowne et al., 1999; Sohocki et al., 2001; Sullivan et al., 1999). Of

1. GENETIC FACTORS MODIFYING CLINICAL EXPRESSION OF adRP 5

Figure 1.1. Number of genes estimated to contribute to RP1 Arg677ter severity based on Loki analysis in RP01.



these, at least 5 have high heterozygosity, that is, the lesser allele has a frequency of 10%
or greater (Table 1.1). Although there is considerable linkage disequilibrium between these
alleles, 6 distinct amino acid haplotypes were found in 100 unrelated CEPH parents, using
offspring genotypes to reconstruct haplotypes, as shown in Table 1.1 (Sohocki et al., 2001;
and unpublished). These polymorphic protein haplotypes are potential modifiers, in trans,
of the Arg677ter mutation.

5. DO THE HAPLOTYPES IN TRANS PLAY A ROLE?

To test this possibility, we determined the protein haplotype in trans in each of the 66
individuals carrying the Arg677ter mutation. Since a sequence of approximately 3
megabases on 8q13 is tracking with disease in the family, i.e., without recombination, there
is effectively no variation in cis to the mutation (Blanton et al., 1992). (Not all Arg677ter
mutations descend from a common ancestor [Bowne et al., 2002; Schwartz et al., 2003]).
The haplotype in cis to the mutation in RP01 is haplotype 2 in Table 1.1; thus the allele in
trans can be determined deductively from each individual’s genotype.

For this analysis we evaluated fundus photographs and clinical findings for the 33 indi-
viduals with detailed records. As dependent variables we considered age-of onset, other age-
based landmarks, professionally graded fundus photographs and a composite, age-adjusted
severity score. The independent variables in this case were the polymorphic amino acid
alleles in trans, tested individually, and the protein haplotypes. Analytic methods included
parametric significance testing and analysis of variance, and Kaplan-Meier survival model-
ing, implemented using the SAS statistical package (Allen, 1995).

In summary, a few combinations of dependent variables with independent variables
show significant association, but are not significant if corrected for multiple comparisons.
However, one of the significant associations, based on survival analysis, shows a protective
effect of haplotype 3 in females (Figure 1.2). Because of the preliminary nature of the analy-
sis, this should be taken as simply suggestive, but it is consistent with the Loki analysis and
justifies further research.

6 S.P. DAIGER ET AL.

Table 1.1. Polymorphic amino acid substitutions and haplotypes in RP1.

Substitution Frequencies

Arg872His (CGT Æ CAT) 75%, 25%
Asn985Tyr (AAT Æ TAT) 54%, 46%
Ala1670Thr (GCA Æ ACA) 78%, 22%
Ser1691Pro (TCT Æ CCT) 77%, 23%
Cys2033Tyr (TGT Æ TAT) 46%, 54%

Haplotype Frequencies

1: Arg – Tyr – Ala – Ser – Tyr 41%
2: Arg – Asn – Ala – Ser – Cys 30%
3: His – Asn – Thr – Pro – Cys 26%
4: Arg – Tyr – Ala – Ser – Cys 1%
5: His – Tyr – Ala – Ser – Tyr 1%
6: His – Asn – Ala – Pro – Cys 1%
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CHAPTER 2

DISEASE-ASSOCIATED VARIANTS OF THE ROD-
DERIVED CONE VIABILITY FACTOR (RdCVF) IN

LEBER CONGENITAL AMAUROSIS

Rod-derived cone viability variants in LCA

Sylvain Hanein1, Isabelle Perrault1, Sylvie Gerber1, Hélène Dollfus2,
Jean-Louis Dufier3, Josué Feingold1, Arnold Munnich1,
Shomi Bhattacharya4, Josseline Kaplan1, José-Alain Sahel5,
Jean-Michel Rozet1, and Thierry Leveillard5

1. INTRODUCTION

Leber congenital amaurosis (LCA) is the most early and severe form of all inherited
retinal dystrophies, responsible for congenital blindness. The genetic heterogeneity of LCA
has been accepted for a long time but it turned out to be largely higher than all odds. So
far, 11genes have been mapped on human chromosomes and eight identified. i) the retinal
specific guanylate cyclase gene (GUCY2D, retGC1; 17p13.1; LCA1; MIM 600179), ii) the
gene encoding the 65-kD protein specific to the retinal pigment epithelium (RPE65; 1p31;
LCA2; MIM180069), iii) the cone-rod homeobox-containing gene (CRX; 19q13.3; LCA7;
MIM 60225), iv) the gene encoding the arylhydrocarbon receptor interacting protein-like 1
(AIPL1; 17p13.1; LCA; MIM 604392), v) the gene encoding the retinitis pigmentosa
GTPase regulator-interacting protein 1 (RPGRIP1; 14q11; LCA6; MIM 605446), vi) the
human homologue of the drosophila melanogater crumbs gene (CRB1; 1q31; LCA8; MIM
604210), vii) the gene encoding the tubby-like protein 1 (TULP1; 6q21.3; LCA10; MIM
602280), viii) the retinol dehydrogenase 12 (RDH12; 14q24; LCA11; MIM 608830), ix)
LCA3 (14q24; MIM 604232), x) LCA5 (6q11-16; MIM 604537) and xi) LCA9 (1p36;
MIM608553).
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Interestingly, all LCA genes hitherto identified are involved in strikingly different 
physiologic pathways resulting in a wide physiopathologic variety.

So far, 50% of all cases have been related to a known disease-causing gene. If in 60%
of these cases, the affection develops like a congenital severe cone-rod dystrophy, in about
40% of them, the disease appear to develop as a severe yet progressive rod-cone dystrophy
and may represent the extremity of a spectrum of severity of retinitis pigmentosa (RP),
(Hanein et al., 2004).

On the other hand, it has been shown that factors secreted from rods are an essential
requirement for cone viability (Mohand-Saïd et al., 1998). One such trophic factor has just
been identified by expression cloning and named rod-derived cone viability factor (RdCVF).
RdCVF is a novel protein specifically expressed by photoreceptors. By immunodepletion
with specific antibodies it has been demonstrated that RdCVF is required for cone rescue
in mouse retinal cultured explants. The injection of recombinant RdCVF is able to prevent
40% of cones from degeneration in the rd1 mouse over a period of two weeks. These results
provide a biochemical basis for the previously described paracrine interaction between rod
and cone photoreceptors that appears to play a key role in maintaining cone cell viability.

The aim of the present study was to look for mutations in LCA patients in RdCVF, by
screening the thioredoxin-like 6 gene which encode this novel protein (TXNL6; Leveillard
et al., 2004).

2. MATERIAL AND METHODS

2.1. Patients Panel

A total of 200 unrelated patients were either seen at the Ophthalmo-Genetics Center of
Necker–Enfants Malades Hospital or sent to the laboratory by referent ophthalmologists or
geneticists from France or other countries worldwide.

Our inclusion criteria were: i) severe impairment of visual function detected at birth or
during the first months of life with pendular nystagmus, roving eye movements, eye poking,
inability to follow light or objects and normal fundus, ii) extinguished ERG, iii) exclusion
of ophthalmologic or systemic diseases sharing features with LCA. Detailed clinical data
were required for each patient ie i) age and mode of onset, ii) light behaviour since birth,
iii) natural history of the visual impairment since the first months of life including the sub-
jective impressions of parents, iv) refraction data, v) ophthalmologic findings (anterior
chamber and fundus), vi) visual acuity (if measurable) and vii) electrophysiology record-
ings. The course of the disease was determined by interviewing the patients or their parents
and a pedigree was established.

Genomic DNA was extracted from whole blood or immortalized lymphoblast cell lines
of patients using standard methods. When a mutation was identified we examined the parents
and other family members when available in both sporadic and familial cases.

2.2. Controls Panel

Genomic DNA obtained from 125 unrelated healthy individuals and a cohort of 55
patients affected with Stargardt (STGD) disease were used as a control panel for molecu-
lar studies.
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2.3. Mutational Screening of TXNL6

Mutational screening of TXNL6 gene was performed on genomic DNA from the
patients using primers designed to flank the splice junctions of each coding exon (Table
2.1). After standard PCR amplification (conditions available on request), products were
screened for mutations using denaturing high-pressure liquid chromatography (DHPLC).
heteroduplex formation was induced by heat denaturation of PCR products at 94°C for 
10min, followed by gradual reannealing from 94°C to 25°C over 30min. DHPLC analysis
was performed with the WAVE DNA fragment analysis system [Transgenomic, Cheshire,
UK]. PCR products were eluted at a flow rate of 0.9ml/min with a linear acetonitrile gra-
dient. the values of the buffer gradients (buffer A, 0.1M triethylammoniumacetate; buffer
B, 0.1M triethylammoniumacetate/25% acetonitrile), start and end points of the gradient,
and melting temperature predictions were determined by the WAVEMAKER software
(Transgenomic, Cheshire, UK). Optimal run temperatures were empirically determined.

PCR fragments displaying DHPLC abnormal profiles were further sequenced using the
Big Dye Terminator Cycle Sequencing Kit v3 (ABI Prism, Applied Biosystems, Foster City,
USA on a 3100 automated sequencer).

2.4. Mutation Nomenclature

We have chosen to number the A of the start codon (ATG) of the TXNL6 cDNA
sequence (Genbank accession number BC014127) as nucleotide 1.

2.5. Statistical Test

Comparison of the genotype and allele frequencies in patients and controls were per-
formed by the Fisher’s exact test (two sided).

3. RESULTS

3.1. Mutational Screening of the TXNL6 Gene

Sequence analysis of the 2 TXNL6 exons allowed to identify eleven variant alleles (9/11
different) in 7/200 unrelated LCA patients excluding all eight known LCA genes and in
2/56 other patients for whom the genetic screening of LCA genes is still ongoing. Single
or compound heterozygosity for non-conservative amino acid substitutions was identified
in seven patients (3 consanguineous) and two patients (1 consanguineous), respectively
(Table 2.2). For both compound heterozygous patients, the variants were inherited from
healthy parents and co-segregated with the disease.
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Table 2.1. Sequences of forward and reverse primers used for the mutational screening of the TXNL6 gene.

Exon number Forward sequence (5¢-3¢) Reverse sequence (5¢-3¢)

1 GAGAGGAGCCAGTCAGCAGA TGGATGCTTCACTTTCAGCG
2 TCAGCATCAGGGATGTGGAT TGGAGGTTCATCAACAAACC



All 11 variant alleles resulted from non-conservative amino acid substitutions. None of
them was found either in 125 unaffected control individuals or in 55 patients affected with
typical Stargardt disease (Table 2.3).

3.2. TXNL6 Variants in LCA

The proportions of TXNL6 variant alleles in LCA patients versus controls and 
STGD patients were compared by the Fisher exact test. A statistically significant dif-
ference in TXNL6 genotype frequencies was evidenced between LCA patients and control
individuals: PLCA = 9/200 vs Pcontrols = 0/125, p = 0.024. This difference was even more 
significant when STGD patients were added to the control populations: PLCA = 10/200 vs
Pcontrols+STGD patients = 0/180, p = 0.006. TXNL6 allele frequencies were also compared: PLCA

= 9/400 vs Pcontrols = 0/250, p = 0.009 and PLCA = 10/400 vs Pcontrols+STGD patients = 0/360,
p = 0.0008.

4. DISCUSSION

We report here the identification of compound or single heterozygosity for TXNL6
variant alleles in 2 and 7 unrelated LCA patients, respectively.
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Table 2.2. Sequence changes in patients affected with LCA.

ALLELE 1 ALLELE 2 Control
Family Exon Base Change Predicted Exon Base Change Predicted Change Panel

*91 F Intrron2 c.327-9G>A “?” “?” “?” 0/180
94 S 2 c.485 A>G p.Asn162Ser 2 c.533 C>T p.The178Ile 0/180
*103 F 2 c.533 C>T p.The178Ile “?” “?” 0/180
105 S 2 c.334 G>T p.Gly112Trp “?” “?” 0/180
*110 S 2 c.485 A>G p.Asn162Ser “?” “?” 0/180
211 S 1 c.189 G>A p.Glu64Lys “?” “?” 0/180
247 F 1 c.282 G>C p.Met94Ile “?” “?” 0/180
*284 S 1 c.46 G>A p.Asp18Asn 2 c.533 C>T p.The178Ile 0/180
285 S 1 c.275 A>G p.Lys92Arg “?” “?” 0/180

* Indicate consanguinity of the parents of LCA patients. S: sporadic case, F: familial case. A of the start codon
(ATG) of the cDNA sequences of TXNL6 (Genbank accession numbers BC014127) as nucleotide 1.

Table 2.3. Sequence changes in 125 control individuals and 55 STGD patients.

Exon Base change Predicted change Frequency

2 c.461 A>G p.Glu154Val 33%
1 c.83 G>C p.Arg28Pro 30%
1 c.93 G>C p.Glu31Asp 2%
Intron 1 c.326+7A>C “?” 2%
1 c.108 G>A p.Leu91Leu 1%
2 c.457 G>A p.Gln153Lys 1%

A of the start codon (ATG) of the TXNL6 cDNA sequence (Genbank acces-
sion number BC014127) as nucleotide 1.



None of the 9 different variants identified in LCA patients was found in a control pop-
ulation of 125 healthy individuals and 55 patients affected with Stargardt disease support-
ing the involvement of these alterations in LCA.

The identification of compound heterozygous variants in a LCA patient born to non-
consanguineous parents was consistent with a recessive inheritance. However, four patients
born to consanguineous were either compound heterozygous (1/4) or single heterozygous
(3/4) for TXNL6 substitutions. This observation ruled out a simple recessive transmission
and supported the view that TXNL6 variants may act as modifiers of the phenotype or may
be disease-causing mutations in a multiallelic mode of inheritance.

The absence of variants in control individuals and STGD patients makes the hypothe-
sis of a modifier role of TXNL6 in LCA less likely than a possible multiallelic inheritance.
From this point of view, one has to mention that a triallelism have been demonstrated in
Bardet-Biedl syndrome by the identification of several patients harbouring two mutations
in the BBS2 gene and one mutation in the BBS6 gene and some asymptomatic individuals
carrying two BBS2 gene mutations (Katsanis et al., 2002). These data could be related to
the microarray-based mutation analysis of all LCA genes (>260 mutations) in large cohorts
of LCA patients showing that i) more than two (expected) variants in a substantial fraction
of patients and that ii) the third allele segregated with a more severe disease phenotype in
several families (Allikmets et al., 2004). Along the same lines, it is worth noting that all
nine patients harbouring TXNL6 variants are affected with a severe form of congenital cone-
rod dystrophy according to the description recently by Hanein et al. (2004).

In conclusion, our data suggest that TXNL6 variants may be associated to 7.5% of LCA
patients in our series. Further experiments are now necessary to confirm this hypothesis by
showing, for instance, that the TXNL6 variants identified in LCA patients are responsible
for a significant reduction of the capacity of the RdCVF protein to maintain cone cell 
viability.
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CHAPTER 3

LEBER CONGENITAL AMAUROSIS:
SURVEY OF THE GENETIC HETEROGENEITY,

REFINEMENT OF THE CLINICAL DEFINITION AND
PHENOTYPE-GENOTYPE CORRELATIONS AS A

STRATEGY FOR MOLECULAR DIAGNOSIS

Clinical and molecular survey in LCA

Sylvain Hanein, Isabelle Perrault, Sylvie Gerber, Gaëlle Tanguy, 
Jean-Michel Rozet, and Josseline Kaplan*

1. INTRODUCTION

Leber congenital amaurosis (LCA, MIM 204000) is the earliest and most severe form
of all hereditary retinal dystrophies, responsible for congenital blindness. Its frequency, 
estimated until recently to 5% of all inherited retinal dystrophies1, has been re-evaluated 
as some LCA cases might represent the extreme end of a spectrum of severity of retinal
dystrophies.2-4

LCA is a genetically heterogeneous condition.3,4 To date, 11 genes have been mapped
on human chromosomes and eight identified which encode proteins involved in strikingly
different physiological pathways (Table 3.1). Mutations in these genes are consistent with
autosomal recessive inheritance with the exception of extremely rare autosomal dominant
CRX mutations.5

The genetic heterogeneity of LCA that could largely increase in the coming years rep-
resents an obstacle to the molecular diagnosis in patients. Thus we performed the mutational
screening of the eight hitherto identified LCA genes in a series of 195 unrelated LCA
patients in search for genotype-phenotype correlations, mutational hot spots and founder
effects as criteria that could help to guide genetic studies in LCA.
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2. MATERIAL AND METHODS

The minimal criteria for inclusion of patients (n = 195) were a severe impairment of
visual function since birth or the first months of life, a normal fundus and an unrecordable
ERG.

Among the families included in this study, 141/195 were simplex (29 consanguineous)
and 54/195 were multiplex (26 consanguineous). Most of them hailed from Europe and
North Africa.3

Prior to the mutational screening, the linkage status of familial cases and sporadic con-
sanguineous patients was determined using a set of highly polymorphic markers specific to
all known LCA loci. LCA genes were subsequently screened using combination of dena-
turing high-pressure liquid chromatography (DHPLC) and direct sequencing as described
elsewhere.3,4

3. RESULTS

3.1. Spectrum of LCA Genes Mutations

In most cases, the genetic studies were not informative. Hints of linkage pointed to a
LCA locus in only 13/52 familial cases and 6/27 consanguineous sporadic cases. One
hundred seventy-four disease alleles were identified in 93/195 unrelated patients. The fre-
quency of mutations varied greatly from gene to another, the GUCY2D gene being by far
the most frequently involved in the disease. In this gene, most mutations were clustered in
exons 2, 15 and 17 and two were shown to result from a founder effect: the 2000-3000 years

16 S. HANEIN ET AL.

Table 3.1. The genetic heterogeneity of Leber congenital amaurosis.

Locus Gene (symbol, number of exons and Physiological pathways 
(localisation) MIM number) (subtissular expression)

LCA1 (17p13.1) Retinal guanylate cyclase (GUCY2D; 20 exons; transduction cascade 
MIM600179) (photoreceptors)

LCA2 (1p31) 65-kD RPE-specific protein (RPE65; 14 exons; visual cycle (retinal pigment
MIM180069) epithelium)

LCA3 (14q24) Not identified (MIM604232)
LCA4 (17p13.1) Arylhydrocarbon interacting protein like 1 (AIPL1; protein chaperoning 

6 exons; MIM604392) (photoreceptors)
LCA5 (6q11-16) Not identified (MIM604537)
LCA6 (14q11) Retinitis Pigmentosa GTPase regulator-interacting transport along connecting 

protein 1 (RPGRIP1; 24 exons; MIM605446) cilia (photoreceptors)
LCA7 (19q13.3) Cone-rod homeobox-containing gene; (CRX; 3 exons; photoreceptor development 

MIM602225) (photoreceptors)
LCA8 (1q31) Homologue of the drosophila crumbs gene (CRB1; polarity of photoreceptors 

12 exons; MIM604210) (retina, brain)
LCA9 (1p36) Not identified (MIM608553)
LCA10 (6q21.3) Tubby-like protein 1 (TULP1; 14 exons; MIM602280) transport of rhodopsin

(photoreceptors)
LCA11 (14q24) Retinol dehydrogenase 12 (RDH12; 8 exons; visual cycle (photoreceptors)

MIM608830)



old c.387delC mutation identified in 6/15 North African families and the 3000 years old
c.2943 delG mutation found in the 5 apparently unrelated Finnish family.3,6

In CRB1, most mutations reside in exons 7 and 9 and several were recurrent. Con-
versely, in the RPE65, RPGRIP1, RDH12, AIPL1 and TULP1 genes, the mutations were
spared through out the sequences and were family-specific mutations in all cases but one
(AIPL1 p.Trp278X mutation). Finally, in the CRX gene, only one heterozygous 1bp de novo
deletion was identified in a family affected with a dominant form of LCA.3,5

3.2. Phenotype-Genotype Correlations

We previously reported that LCA could be divided into two types a congenital severe
and stationary cone-rod dystrophy and a less severe and progressive rod-cone dystrophy.2

The study of the eight LCA genes in an enlarged cohort of patients confirmed this sub-
division of the disease and even allowed to recognize two subgroups for the first type and
three subgroups for the second (Figure 3.1).

On the other hand, it is worth noting that mutations in all LCA genes were shown to
account for other retinal dystrophies inherited as autosomal recessive or dominant traits
(Table 3.2). In GUCY2D, genotype-phenotype correlations have been proposed: homozy-
gosity for null alleles or missense mutations encoding non functional cyclases constantly
results in LCA7,8 while homozygosity for alleles encoding a partially functional cyclase may
be responsible for early-onset severe retinitis pigmentosa10 and finally, single heterozygos-
ity for a missense mutation located in the dimerisation domain results in autosomal domi-
nant cone-rod dystrophy (CORD6, MIM601777). With regard to the other LCA genes, no
genotype-phenotype correlations have been reported. However, no haploidentity has ever
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Figure 3.1. Clinical flowchart. LCA and early-onset RP are divided on the basis of light behaviour, the refraction
data, the aspect of the retina, and the visual acuity (VA). CF, counting fingers; LP, light perception. This flowchart
allows to direct the molecular analysis of selected LCA genes.



been evidenced between LCA and other retinal dystrophies. Furthermore, a high prevalence
of null alleles has been evidenced in our series of LCA patients: (in decreasing order, CRX
non included) 83.3% in RPGRIP1, 66.7% in AIPL1, 62.7% in GUCY2D, 57.9% in RPE65,
50% in RDH12, 36.1% in CRB1 and 33.3% in TULP1. Therefore, we propose that the LCA
phenotype is consistently accounted for by the knocking-out of one of these genes while
moderate mutations are responsible for less severe progressive retinitis pigmentosa or cone-
rod dystrophy with onset ranging from infancy to adulthood.

4. DISCUSSION

To date, mutations in 11 genes encoding proteins involved in strikingly different phys-
iologic pathways have been shown to cause LCA. The genotyping of 195 unrelated LCA
patients enabled us to determine the prevalence of each genetic subtype. Mutations were
identified in 93/195 patients: GUCY2D (21.2%), CRB1 (10%), RPE65 (6.1%), RPGRIP1
(4.5%), RDH12 (4.1%), AIPL1 (3.4%), TULP1 (1.7%) and CRX (0.6%).

The high prevalence of GUCY2D mutations in our series might be explained by the
identification of several population-specific mutations accounting for 19/38 (50%) of
patients with mutation in this gene3,6 (c.387delC, p.Phe565Ser, 620delC and p.Ser448X in
14 North African families; c.2943delG in 5 Finish families).

Whatever the gene (CRX apart), most patients (86/93, >92.5%) were found to be
homozygous (n = 50) or compound heterozygous (n = 34) for mutations. Only seven patients
were single heterozygous (RPGRIP1, n = 3; RPE65, n = 3; GUCY2D, n = 1; respectively).
It is likely that the second mutation lie in unscreened regions of the genes (promoter region,
intragenic sequences, 3’ untranslated regions).

For about 48% the patients the disease gene remained to be identified. Considering that
genome wide search for homozygosity in large multiplex and consanguineous families
failed to identify a major locus, it is likely that many disease genes accounting for a small
proportion of patients have to be identified.

The growing number of LCA genes leads to growing difficulties in genotyping patients.
However, genotyping remains essential prior to any therapeutic approach and it is thus nec-
essary to identify criteria to direct genetic analyses. The survey of the molecular pathology
in LCA enabled us to identify hot spots mutations as well as population-specific mutations
that might be search in first intention. But more importantly, this study allowed identifying
sound genotype-phenotype correlations as a main criterion to select genes to screen in pri-
ority. Indeed, we not only confirmed the subdivision of LCA into two main forms (types I
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Table 3.2. LCA genes involved in other retinal dystrophies.

Genotype-phenotype correlations

GUCY2D CORD6 (MIM601777) +++ (R838C, R838H, E837D, R838S)
Early-onset severe RP8 +++ (insACCA)

RPE65 RP20 (MIM180069)
CRX CORD2 (MIM120970) LCA & [RP or CRD] patients
CRB1 RP12 (MIM600105) 1/2 disease allele in common = Yes
TULP1 RP14 (MIM600132) 2/2 disease alleles in common = No
RPGRIP1 CORD9 (MIM608194)



and II) but we also subdivided each of them into distinct clinical subtypes on the basis of
the progression course the disease, the refraction error, the severity of the visual deficiency,
and the aspect of the retina. Each clinical subtype was specific to one or two LCA genes.

The clinical description of the congenital severe stationary cone-rod dystrophy form of
the disease (LCA type I) appeared to be consistent with the traditional definition of LCA.
Conversely, the boundary between LCA and early onset severe retinal dystrophy was unclear
when the second subtype of the less severe and progressive rod-cone dystrophy form of the
disease was considered (LCA type II, subtype II; Figure 3.1). This notion led to the idea
that some LCA cases might represent the extreme end of severity in the clinical spectrum
of RP.

Altogether these findings allowed us to draw a decisional flowchart to direct the geno-
typing of selected LCA genes (Figure 3.2). This flowchart is undoubtedly helpful to lighten
the molecular diagnosis in a remarkably genetically heterogeneous condition in which
linkage analyses turned out to be little useful to guide the molecular diagnosis in patients
(genome identity often found by random, several homozygous loci in consanguineous cases
despite informative markers).

5. ELECTRONIC DATABASE INFORMATION

OMIM: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
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CHAPTER 4

A FIRST LOCUS FOR ISOLATED AUTOSOMAL
RECESSIVE OPTIC ATROPHY (ROA1) MAPS TO

CHROMOSOME 8q21-q22

Fabienne Barbet1, Sylvie Gerber1, Sélim Hakiki2, Isabelle Perrault1,
Sylvain Hanein1, Dominique Ducroq1, Gaëlle Tanguy1, Jean-Louis Dufier2,
Arnold Munnich1, Josseline Kaplan1, and Jean-Michel Rozet1

1. INTRODUCTION

Genetically determined optic atrophies (OA) affect the retinal ganglion cells, the 
retinal fibre layer or the intra-ocular portion of the optic nerve. Autosomal dominant optic
atrophies (DOA) are the most common form of hereditary optic neuropathy (prevalence
1 :50,000). The genetic heterogeneity of DOA has been demonstrated. Three loci have been
reported: OPA1 [3q28-q29; MIM 165500], OPA4 [18q12.2-q12.3; MIM 605293, and OPA5
(22q12.1-q13.1).1 OPA1 which accounts for about 90% of DOA is due to mutations in the
Msp1 protein [MIM 605290].

In sharp contrast to DOA, in which the optic atrophy is usually an isolated event, the
recessive optic atrophies (ROA) are often multisystemic diseases involving the central
nervous system and other organs. Only three loci (2/3 genes identified) of syndromic 
ROA have been reported: OPA3 (19q13.2-q13.3; 3-methyl-glutaconicaciduria type III;
MIM606580), WFS1 (4p16.1; Wolfram syndrome; MIM 606201) and WFS2 (4q22-q24;
MIM 604928).

Compared to syndromic ROA, isolated autosomal recessive optic atrophies are uncom-
mon (MIM 258500).2,3 These cases have been described as congenital or early infantile total
OA, i.e. with alteration of both macular and peripheral bundles of the optic nerve resulting
in the perturbation of both central and peripheral areas of the visual field before the age of
3. The visual impairment is severe: a nystagmus and a severe dyschromatopsia close to
achromatopsia are usually noted. A profound alteration in visual acuity is almost always
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reported. Since their description, these observations have been largely dismissed or over-
looked.2,3 In 1992, Moller opened a debate about the existence of these isolated recessively
inherited simple optic atrophy and concluded that: “a very clear-cut well documented pedi-
gree has yet to be published”.1

Here, we report a large multiplex consanguineous family segregating a true isolated
autosomal recessive optic atrophies and the mapping of the disease-causing gene on chro-
mosome 8q21-q22 at the ROA1 locus.

2. MATERIALS AND METHODS

A large multiplex consanguineous family of French origin affected with isolated auto-
somal ROA was ascertained through the Ophthalmologic Consultation of the “Hôpital des
Enfants Malades” of Paris (Figure 4.3). All family members underwent general and oph-
thalmologic examinations and the mitochondrial DNA was analysed to exclude the diagno-
sis of Leber Optic Neuropathy (LHON [MIM 535500]).

A genome-wide search for homozygosity was undertaken with 382 pairs of fluorescent
oligonucleotides of the Genescan Linkage Mapping Set, Version II (Perkin Elmer Cetus)
under conditions recommended by the manufacturer. The polymorphic markers have an
average spacing of 10cM. Amplified fragments were electrophoresed and analysed on an
automatic sequencer (ABI 3100, Applied Biosystems, Foster City, USA). Linkage analyses
were performed using M-LINK and LINKMAP of the 5.1 version of the Linkage program.5,6

(gene frequency ~1/1000, penetrance = 1; allele frequencies available from the CEPH 
database).

All candidate genes at the ROA1 locus were screened by direct sequencing.

3. RESULTS

3.1. Clinical Evaluation of Isolated ROA1 Family

Four out of the five sibs of the ROA1 family (Figure 4.3) were affected with an iso-
lated, early-onset but slowly progressive optic neuropathy. Between 2 and 6 years of age,
all patients complained of a visual impairment that could not be corrected by glasses. At
age 10, fundus examination, fluorescein angiography, visual field testing, colour vision
analysis and electrophysiological recordings of individual V2, led to the diagnosis of optic
atrophy without retinal degeneration. The three younger sibs displayed the same phenotype
(Figures 4.1 and 4.2). In all affected sibs, the progression of the disease was very slow
(visual acuity ranging from 1/10 to 2/10 for distant vision at 36 < age of patients < 45 years
old). Moderate photophobia and dyschromatopsia with red-green confusion was noted.
None of the four patients had nystagmus. Both parents (IV1 and IV2), and V1 underwent
complete ophthalmologic exploration and no symptom of optic neuropathy was noted. A
normal ocular pressure was measured for all members of the family, as well as a normal
cup/disc ratio of the optic disk. Neurological examination failed to reveal any developmen-
tal failure, pyramidal or extra pyramidal signs, ataxia or hearing loss. Furthermore, no alope-
cia, diabetes or any malformation was noted, allowing the exclusion of all known syndromes
associated with ROA.
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The four patients were born to healthy second-cousins (Figure 4.3). This consanguin-
ity associated with i) the existence of a common affected ancestor, ii) the absence of any
affected individual in the common branch, ruling out autosomal dominant inheritance with
incomplete penetrance, iii) the transmission of the disease gene through four healthy men
(II2, III2, III3, and IV3), ruling out X-linked inheritance and iv) the affected male-female
ratio of 1, strongly support the conclusion of autosomal recessive inheritance.

3.2. Primary Mapping of the Disease-Causing Gene

The 10-cM genome-wide search in the ROA1 multiplex family showed only one chro-
mosomal region in which informative markers were found to be homozygous in all four
patients. Indeed, all patients shared a common homozygote haplotype on chromosome 8q21-
q22. One recombination event detected in V2 as well as a loss of homozygosity detected in
all patients allowed to define a critical homozygote region between D8S1702 and D8S1794
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Figure 4.1. Visual field and colour vision testings in normal control and patient V4 (age = 32 years).
A) Dynamic perimetry using a Goldman apparatus to test the visual field. The visual field of the patient is almost
normal, except for the existence of a relative and partial scotoma at II1. B) Colour vision was tested using the D-
15 Farnsworth’s panel. The circling line on the left indicates that the normal individual was able to harmoniously
classify the D colour chips 15 while the patient made a disorganized classification with confusion in the red-green
axis.
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atypical morphology for white, red and blue light-components. C) The responses of VER derived from alternating
checkerboard are badly detectable. Note the reduced amplitude measurements for the 15¢, 30¢ and 60¢ check size,
respectively.

D8S525
D8S1702
D8S1838
D8S167
D8S271
D8S88
D8S1724
D8S270
D8S1818
D8S1794
D8S1699
D8S1756
D8S1822

1
2
1
9
3
6
1
4
2
6
2
B
A

1
1
1
2
6
2
1
7
2
1
1
A
C

3

2

23

I

II

III

IV

V

VI

1                                            2

1                    2                    3                     4                     5

D8S525
D8S1702
D8S1838
D8S167
D8S271
D8S88
D8S1724
D8S270
D8S1818
D8S1794
D8S1699
D8S1756
D8S1822

1
1
1
2
6
2
1
7
2
8

11
C
B

5
2
5
4
5
7
2
1
1
1
7
B
A

1
1
1
2
6
2
1
7
2
8
11
C
B

1
1
1
2
6
2
1
7
2
8

11
C
B

1
1
1
2
6
2
1
7
2
8
11
C
B

1
1
1
2
6
2
1
7
2
8

11
C
B

1
1
1
2
6
2
1
7
2
1
1
A
C

1
1
1
2
6
2
1
7
2
1
1
B
A

1
1
1
2
6
2
1
7
2
1
1
A
C

5
2
1
2
6
2
1
7
2
1
1
A
C

1
2
1
9
3
6
1
4
2
6
2
B
A

5
2
5
4
5
7
2
1
1
1
7
B
A

1

D8S525
D8S1702
D8S1838
D8S167
D8S271
D8S88
D8S1724
D8S270
D8S1818
D8S1794
D8S1699
D8S1756
D8S1822

1
2
1
9
3
6
1
4
2
6
2
B
A

1
1
1
2
6
2
1
7
2
1
1
A
C

3

2

23

I

II

III

IV

V

VI

1                                            2

1                    2                    3                     4                     5

D8S525
D8S1702
D8S1838
D8S167
D8S271
D8S88
D8S1724
D8S270
D8S1818
D8S1794
D8S1699
D8S1756
D8S1822

1
1
1
2
6
2
1
7
2
8

11
C
B

5
2
5
4
5
7
2
1
1
1
7
B
A

1
1
1
2
6
2
1
7
2
8
11
C
B

1
1
1
2
6
2
1
7
2
8

11
C
B

1
1
1
2
6
2
1
7
2
8
11
C
B

1
1
1
2
6
2
1
7
2
8

11
C
B

1
1
1
2
6
2
1
7
2
1
1
A
C

1
1
1
2
6
2
1
7
2
1
1
B
A

1
1
1
2
6
2
1
7
2
1
1
A
C

5
2
1
2
6
2
1
7
2
1
1
A
C

1
2
1
9
3
6
1
4
2
6
2
B
A

5
2
5
4
5
7
2
1
1
1
7
B
A

1

Figure 4.3. ROA1 pedigree and haplotype at the 8q21-q22 region. The homozygote haplotype is squared. A recom-
bination event in V2 and loss of homozygosity in all patients defined a critical homozygous region between
D8S1702 and D8S1794. Between D8S1818 and D8S1756 all patients were haploidentical.



(Zmax = 3.41 at q = 0 at the D8S270 locus; Figure 4.3). Moreover two markers were hap-
loidentical for the four affected sibs allowing to define a 2,5Mb haploidenticial region
between the D8S1818 and D8S1756 loci.

3.3. Genetic Heterogeneity of ROA

Among the 11 other families of isolated ROA available in the laboratory, only one may
be linked to the ROA1 locus (3/3 affected children haploidentical in a 62Mb region includ-
ing the ROA1 locus; Figure 4.4).

3.4. Candidate Genes Study at the ROA1 Locus

The [D8S1702-D8S1794] 12Mb region contained 25 known genes and >100 predicted
genes (UCSC Human Genome Project Working Draft database, April 2003 release). The
study of all known and of several hypothetical genes of the homozygous region failed to
identify the disease-causing mutation. These genes encode: i) the b subunit of the cone
cGMP gated channel, responsible for achromatopsia, ii) the mitochondrial 2,4-dienoyl CoA
reductase 1 and protein phosphatase 2C, iii) the potentially mitochondrial (MITOPROT and
PSORT) carbonic anhydrase III, 38kDa lysosomal ATPase H+ transporting, V0 subunit d
isoform 2, copine III, EF hand calcium binding protein 1, core-binding factor, runt domain,
alpha subunit 2, CGI-90, FL35802; AL136588; AL834364; CBFA2T1 and LOC137392, 
iv) the E2F transcription factor 5, p130-binding protein, carbonic anhydrases II and XIII,
protein serine kinase H2, solute carrier family 7 member 13; WW domain containing E3
ubiquitin protein ligase 1, matrix metalloproteinase 16, receptor-interacting serine-threonine
kinase 2, Nijmegen breakage syndrome 1, calbindin 1, solute carrier family 26 member 
7 and CGI-77 encoding genes and v) the KIAA1764; FLJ35775; C8ORF1 and
DKFZp7620076 hypothetical proteins.
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Figure 4.4. Pedigree of eleven families with an isolated ROA and haplotype of family 5 at the 8q region. The
three patients are hapoidentical in a 62 Mb region containing the ROA1 locus.



4. DISCUSSION

In 1992, Moller pointed out that the survey on causes of blindness in children reported
by Fraser and Friedmann in 19677 and the review over 18 years of registration of visually
impaired Danish children did not mention any recessive form of simple optic atrophy and
concluded that “a clear-cut, well-documented pedigree had yet to be published”.4 Here, we
describe a family with an unambiguous isolated ROA. In contrast to the few cases formerly
reported with a very early and severe form of isolated ROA, the four patients of this family
were affected with an early-onset but moderately progressive form of the disease. The 
clinical phenotype was strikingly different from AOD (no central scotoma, red-green
dyschromatopsia).

A genome-wide search for homozygosity led to the identification of a single homozy-
gous region on chromosome 8q21-q22 (ROA1 locus). This result excluded linkage and thus
allelism of ROA1 with all known syndromic ROA (see OMIM).

Among the genes of the [D8S1702-D8S1794] 12Mb physical interval, CNGB3 was
first considered. Indeed, although the phenotype of all patients was strikingly different from
that described in total colour blindness, the report of severe dyschromatopsia close to achro-
matopsia in the few known cases of isolated ROA2,3 prompted us to search for mutations in
this gene but no mutation was found.

Subsequently, we screened all genes encoding mitochondrial proteins owing to the view
that known hereditary optic neuropathies genes are either mitochondrial (LHON) or encode
proteins with high mitochondrial targeting (OPA1, OPA3, TIMM8A [MIM 300356]). Thus
we first decided to screen genes known to encode mitochondrial protein such as DECR1
and PDP and proteins potentially targeted to the mitochondria, using the prediction pro-
grams MITOPROT and PSORT. The exclusion of these candidate genes prompted us to
screen all known genes lying within the interval and subsequently several hypothetical
genes. Since no mutation was found, we decided to screen several genes lying within the
haploidenticial region defined by the D8S1794 and D8S1699 loci following the hypothesis
that, in this family, the common ancestor might be affected with ROA and could carry two
different mutations segregating through each branch of the family. No mutation was found
and further studies are now required i) to identify the causative gene in this family and 
ii) to delineate the role of this locus in small non-consanguineous families affected with
ROA in which linkage analysis can not be conclusive.

Finally, one can expect that the identification of the ROA1 gene and other genes
involved in ROA will allow the dissection of molecular mechanisms underlying optic 
neuropathies to aid genetic counselling and to develop rational therapeutic tools.
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CHAPTER 5

RCC1-LIKE DOMAIN AND ORF15:
ESSENTIALS IN RPGR GENE

Zi-Bing Jin1, Mutsuko Hayakawa2, Akira Murakami2, and Nobuhisa Nao-i1*

1. INTRODUCTION

Retinitis Pigmentosa (RP) is a group of disease with progressive degeneration of 
photoreceptor. Patients present with night blindness, progressive loss of peripheral vision,
and pigmentary alterations in the retina with the appearance of “bone-spicules”. X-Linked
Retinitis Pigmentosa (XLRP) accounts for about 15-30% of all RP cases,1-4 and produces
severe symptoms, with early onset and rapid deterioration. Five XLRP-related loci, RP2,
RP3, RP6, RP23 and RP24, were mapped on the X chromosome through linkage analyses.
RP3 and RP2 account for 56-90% and 10-20% of XLRP, respectively.5-9 The two major loci,
RP2 and RPGR (RP3) genes, have been cloned successfully.10-13 Retinitis Pigmentosa
GTPase Regulator (RPGR), locus on the X chromosome (Xp21.1), accounted for about 30-
60% of XLRP cases in molecular screening studies.13,14 Positional cloning of the RPGR gene
originally revealed a 2784-nucleotide (nt) ubiquitously expressed transcript which include
19 exons coding for 815 amino acids. Exon ORF15 which was identified later, encodes 567
amino acids, and was shown to be a mutation hot spot. Disease-causing mutations reported
so far are localized in 5-prime exons and ORF15, while none have been reported in exons
16-19. The N-terminal sequence of RPGR spanning exons 1-11 shows homology to the 
regulator of chromatin condensation (RCC1),10 a nuclear protein that catalyzes guanine
nucleotide exchange for the small GTPase Ran and regulates nuclear import and export.15

On the basis of RCC1 crystal structure, the RPGR protein is predicted to have a seven-blade
beta-propeller structure and to function as a GEF for a small GTP-binding protein. The
mutations exclusively affect the RCC1-like domain (RLD) of RPGR and ORF15, which
suggests that these regions are contribute to the physiological role of RPGR in the retina.
Although a growing number of novel mutations of RPGR are being reported, its function
in vivo is still unclear. Through a yeast two-hybrid screens, two proteins, the delta subunit
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of rod cyclic GMP phosphodiesterase (PDEd) and RPGR interaction protein (RPGRIP1),
were identified to interact with the RLD of RPGR.16-18

2. MUTATION SPECTRUM

The RPGR gene was previously identified in the RP3 region of Xp21.1. Mutational
screening studies showed it was mutated in only 10-20% of patients with XLRP, however,
this differed with the results from linkage analysis which suggested a 56-90% frequency in
RP3.19-23 Because of the possibility of undiscovered exons in RPGR, Veroort et al sequenced
a 172kb region containing the entire gene and disclosed a new 3¢terminal exon that was
mutated in 60% of XLRP patients examined.13 This exon, named ORF15, encodes 567
amino acids, with a repetitive domain rich in glutamic acid residues. Many mutations in the
RPGR gene have been found through further mutational screening studies. To date (through
Medline searching and conventional information), at least 300 patients had been identified
with RPGR-ORF15 mutations, and at least 185 mutations were identified; 88 mutations in
RPGR, and 97 in ORF15 (data not shown). Over 90% of the patients identified with muta-
tions were from North America and Europe. Only 3% were from other continents; 6 were
Asian, 1 South American and 1 South African. The mutations include nonsense and
frameshift mutations, missense and inframe deletions, splice mutations, and deletions
reported previously Frameshift mutations always lead to an aberrant amino acid sequence
and early termination. Figure 5.1 shows the previously reported frameshift, nonsense, mis-
sense mutations and inframe deletions on RPGR-ORF15. No mutations have been reported
in exons 15a, 15b1, 15b2 and 16-19 so far. It was suspected that these conserved regions
are necessary for normal function in the retina, and targeted mutagenesis or transgenic
experiments may help to verify this.

2.1 Mutation and Function

Several mutation-screening studies have revealed a high rate of mutations in ORF15
and exons 1-15 of RPGR. Phenotype-genotype relations were analyzed between the patients
with mutations in the RP2 and RPGR genes,24 but it would be interesting to find if a 
phenotypic difference presents in mutations in RLD and exon ORF15. In vivo studies to
find interacting proteins in the retina cDNA library revealed two proteins, the delta subunit
of rod cyclic GMP phosphodiesterase (PDEd) and RPGR interaction protein (RPGRIP1),
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Figure 5.1. Schematic diagram of the RPGR gene containing exon ORF15 indicating the sites of mutation in
XLRP to date. The exons are numbered; the sparse indicate the purine-rich domain of ORF15.



interacting with RPGR. Furthermore, using RCC1-like domain of RPGR as bait, two-hybrid
screening suggested that the RLD is a key region for this interactions. A RPGR-deficient
mouse model for XLRP was created by gene knockout with homologous recombination.25

In that study, exons 6-8 were knocked out, and the authors did not detect any RPGR expres-
sion in variant organs of the knockout mice through RT-PCR or Northern blot. It indicated
that transcripts lacking of exons 6-8 within RCC1-like domain was insufficient for the
normal function of RPGR in the retina.

3. MACRODELETION OF RCC1-LIKE DOMAIN IN XLRP

So far, six deletions larger than one kilobase within RPGR gene were reported10,11,13,26-28

(Table 5.1). Before the cloning of the RPGR gene, Roepman et al screened 30 unrelated
patients with XLRP and identified one deletion spinning exons 15, ORF15 and exon 15a.
Meindl et al identified another deletion from IVS13 to IVS15 which the exon 14-15 were
absent. Other studies confirmed two deletions within RCC1-like domain, exons 8-l0 and
part of exon 8. Here, we describe a XLRP family with novel macrodeletion of the RPGR
gene spanning from exon 1 to exon 11. Two affected males had severe symptoms with early
onset and rapid deterioration. In the beginning, exons 1-11 could not be amplified by PCR
while other exons were amplified successfully. To determine the suspected deletion, south-
ern blot analysis was performed with a probe from the normal PCR products of exon 2 to
exon 11, respectively. However, the result appeared normal. A Macrodeletion less than 2M
base was suspected and the two sides of the suspected deletion were amplified with designed
primer sets. The deletion spanning the RCC1-like domain was confirmed with direct PCR-
sequencing. The deletion start-point was located 79bp in front of exon 1, and the end-point
was 42bp downstream of exon 11 (Figure 5.2). We did not detect the pattern of the expres-
sion in the two patients, but it suggested the deletion of the RCC1-like domain could be
involved in Japanese XLRP. It is suspected that transcripts lacking RLD would lose com-
bining sites with PDE-delta or RPGRIP1, and that RLD is essential for the normal function
of RPGR in the human retina.

4. SUMMARY

Clinical research into mutations of the RPGR gene showed that lack of either the RCC1-
like domain of the ORF15 causes X-linked retinitis pigmentosa. Thus, the ORF15 and
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Table 5.1. Deletions in RPGR Gene.

Deletions Localization breakpoints Reference

g.EX8+57_IVS8 EX8+58 and IVS8+1317 Vervoort et al. 2000
EX8_EX10del IVS7 and IVS10 Buraczynska et al. 1997; Andreasson et al. 1997
EX14_EX15del IVS13 and IVS15 Meindl et al. 1996
ORF15_EX15Adel IVS15+1.5kb and IVS15+7.9k Roapman et al. 1996
MO deletion RPGR IVS10 and SRPX IVS1 Kirschner et al. 1999
SB deletion RPGR IVS9 and telomoric of XK Kirschner et al. 1999
EX1_EX11del EX1-79 and EX11+42 described in present



RCC1-like domain play a crucial role in the human retina. Further studies on the role of the
RCC1-like domain in the visual Cascade and additional findings of related proteins in the
retina or even other organs, will give us a more precise understanding of this protein.
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CHAPTER 6

CHOROIDAL NEOVASCULARIZATION IN PATIENTS
WITH ADULT-ONSET FOVEOMACULAR 

DYSTROPHY CAUSED BY MUTATIONS IN THE
RDS/PERIPHERIN GENE

Darius M. Moshfeghi1, Zhenglin Yang2, Nathan D. Faulkner2,
Goutam Karan2, Sukanya Thirumalaichary2, Erik Pearson2, Yu Zhao2,
Thomas Tsai3, and Kang Zhang2

1. INTRODUCTION

Adult-onset foveomacular dystrophy (AOFMD) was first described as a peculiar foveo-
macular dystrophy in 1974 (Gass, 1974). A mutation in the RDS/peripherin gene (Pro-210-
Arg) was identified in this particular kindred (Gorin et al., 1994). Subsequently, Feist and
coworkers reported a case of choroidal neovascularization associated with AOFMD in a
patient with the Pro-210-Arg mutation (Feist et al., 1994). To our knowledge, CNV in
AOFMD is rare as demonstrated by only two other descriptions of it in the literature: 1)
Vine and Schatz described three instances in two patients, neither of whom had an identi-
fied mutation (Vine et al., 1980); and 2) Battaglia Parodi and coworkers described a case of
subfoveal CNV in a vascularized pigment epithelial detachment in a patient with AOFMD
(Battaglia et al., 2000). Recently, an A to G change, predicting a Tyr-141-Cys substitution
in the RDS/peripherin gene has been described that results in AOFMD which is dominantly
transmitted (Yang et al., 2004). In addition, a frameshift mutation in exon 1 of the
RDS/peripherin gene, that results in a guanine deletion at nucleotide position 112, leads to
a premature termination of the gene product at amino acid 38 and has been implicated in
the genesis of AOFMD in a 13-family member kindred (Yang et al., 2003). We present three
cases of subfoveal CNV in patients with AOFMD, which were caused by RDS/peripherin
gene mutations.
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2. METHODS

Patients with AOFMD and CNV underwent ophthalmoscopic examination and fluores-
cein angiography. They also donated peripheral venous blood and underwent mutational
screening to detect RDS/peripherin gene mutations using standard techniques (Zhang et al.,
2001).

3. RESULTS

3.1. Case 1

A 68-year-old Caucasian female presented to an outside ophthalmologist with a com-
plaint of diminished visual acuity in her right eye. Her best-corrected visual acuity was
20/40 OD and 20/20- OS. Slit-lamp biomicroscopy demonstrated mild pseudophakic
bullous keratopathy changes and posterior chamber intraocular lenses in each eye. She had
a central distortion on Amsler grid testing in her right eye. Dilated fundus examination
revealed a subfoveal choroidal neovascularization (CNV) with surrounding hemorrhage and
lipid in the right eye (Figure 6.1A) and geographic atrophy with retinal pigment epithelial
mottling in the left eye (Figure 6.1B). Fluorescein angiography demonstrated subfoveal
CNV with a predominantly classic pattern (Figure 6.1C,D). She was offered verteporfin
OPT and underwent treatment at that time. On two subsequent three month follow-up exams,
her visual acuity was stable at 20/40 OD, and her fluorescein angiogram demonstrated mild
leakage (Figure 6.1E,F). She underwent repeat verteporfin OPT at those visits. A family
history survey revealed that she belonged to a family with nine relatives diagnosed with
AOFMD transmitted in an autosomal dominant pattern. DNA analyses showed that all
affected individuals in this family inherited a Tyr-141-Cys mutation. She has had no evi-
dence of recurrence of her CNV either by fundus examination or as demonstrated by leakage
on fluorescein angiography (data not shown), and her vision has remained stable at 
20/40 OD.

3.2. Case 2

An 80-year-old Caucasian female presented to an outside ophthalmologist with a com-
plaint of diminished visual acuity in the right eye. Her best-corrected visual acuity was
20/60-2 OD and 20/100+ OS. Slit-lamp biomicroscopy demonstrated 1+ cortical changes and
nuclear sclerosis in each eye. She had a central distortion on Amsler grid testing in her right
eye. Dilated fundus examination revealed a subfoveal choroidal neovascularization with sur-
rounding hemorrhage and lipid in the right eye (Figure 6.2A) and geographic atrophy involv-
ing the center of the macula of the left eye (Figure 6.2B). Fluorescein angiography
demonstrated a minimally classic, subfoveal CNV (Figure 6.2C,D). She has been observed
for over 1 year without change in her visual status.

3.3. Case 3

A 53-year-old Caucasian female (daughter of Case 2) presented with a complaint of
diminished visual acuity in her right eye. She had previously undergone laser photocoagu-
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lation for a subfoveal choroidal neovascular membrane in her left eye two years earlier. Her
best-corrected visual acuity was 20/30- OD and 20/400OS. Slit-lamp biomicroscopy demon-
strated 1+ nuclear sclerosis in each eye. She had a central distortion on Amsler grid testing
in the right eye and a large central scotoma in the left eye. Dilated fundus examination
revealed a subfoveal choroidal neovascularization with surrounding hemorrhage and lipid
in the right eye (Figure 6.3A) and a laser photocoagulation scar involving the center of the
macula of the left eye (Figure 6.3B). Fluorescein angiography demonstrated a fibrovascular
pigment epithelial detachment involving the fovea of the right eye (Figure 6.3C,D). She has
been observed for 12 months without change in her visual status.
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Figure 6.1. Case 1. A 68-year-old Caucasian female with adult-onset foveomacular dystrophy. Note the choroidal
neovascularization in the right eye with surrounding lipid and hemorrhage (Figure 6.1A). The left fundus demon-
strates a central area of retinal pigment epithelial atrophy (Figure 6.1B). Early fluorescein angiogram of the right
eye demonstrates a predominantly classic, subfoveal choroidal neovascular membrane with surrounding blocking
defect from hemorrhage (Figure 6.1C). On late frames, there is extensive fluorescein leakage (Figure 6.1D). Six
months after PDT treatment, the right eye demonstrates early hyperfluorescence (Figure 6.1E) with mild late
leakage (Figure 6.1F).
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Figure 6.3. Case 3. A 53-year-old Caucasian female with adult-onset foveomacular dystrophy (daughter of case
2). Fundus examination of the right eye showed diffuse elevation of the RPE with gray coloring and a hyperpig-
mented spot (Figure 6.3A). Examination of the left eye demonstrated a previous laser photocoagulation scar with
RPE hyperplasia, temporal RPE atrophy, and fibrosis overlying the fovea (Figure 6.3B). Fluorescein angiogram in
the right eye demonstrated patchy, granular early hyperfluorescence (Figure 6.3C), that hyperfluoresced and stained
intensely in late frames (Figure 6.3D).

Figure 6.2. Case 2. An 80-year-old Caucasian female with adult-onset foveomacular dystrophy. In the right eye
there is a choroidal neovascular membrane juxtafoveally situated with hemorrhage, elevation of the retinal pigment
epithelium (RPE), and lipid exudation (Figure 6.2A). The left eye demonstrated RPE atrophy as well as subreti-
nal yellow deposits (Figure 6.2B). Fluorescein angiogram of the right eye showed patchy early fluorescence with
blocking defect corresponding to areas of hemorrhage (Figure 6.2C), as well as intense hyperflourescence and late
staining (Figure 6.2D).



4. DISCUSSION

This case series describes 3 patients with AOFMD, subfoveal CNV, and a mutation 
of the RDS/Peripherin gene. One patient had a Tyr-140-Cys substitution in the RDS/
Peripherin gene and two patients (mother and daughter) had a single guanine base deletion
at position 112 of the RDS/Peripherin gene. The Tyr-141-Cys mutation is seen with both
butterfly-shaped pattern dystrophy and AOFMD, and is associated with moderate visual loss
(Yang, 2004). The guanine base deletion at position 112 is associated with advanced macular
degeneration and poor visual acuity (Payne, 2004). One patient was successfully treated
with a course of verteporfin OPT, with stabilization of visual acuity in the treated eye. This
represents the first documented case of a choroidal neovascular membrane secondary to a
known genetic mutation treated with photodynamic therapy. The remaining two patients
have been observed for over a year without precipitous decline in visual acuity.

5. CONCLUSION

Further understanding of genotype/phenotype correlations between the mutations of the
RDS/peripherin gene and CNV due to AOFMD may be useful to provide prognostic infor-
mation and determine which patients with AOFMD and subfoveal CNV may be candidates
for treatment.
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CHAPTER 7

BIOCHEMICAL CHARACTERISATION OF THE
C1QTNF5 GENE ASSOCIATED WITH LATE-ONSET

RETINAL DEGENERATION

A genetic model of age-related macular degeneration

Xinhua Shu1, Brian Tulloch1, Alan Lennon1, Caroline Hayward1,
Mary O’Connell1, Artur V. Cideciyan2, Samuel G. Jacobson2, and 
Alan F. Wright1,*

1. INTRODUCTION

Age-related macular degeneration (AMD) is the commonest cause of severe vision loss
in adults, affecting up to 30% of the elderly population and accounting for 50-60% of new
blind registration in western countries (Green and Enger, 1993; Seddon, 2001). It is char-
acterised by a late-onset degeneration of the retinal macula and represents the advanced
stage of a more common disorder, age-related maculopathy. There are two clinical subtypes
of AMD, one is a “dry” form characterised by geographic atrophy, the other a “wet” form
characterised by choroidal neovascularisation (CNV). This “wet” form represents only 10%
of cases but accounts for about 90% of registered blindness (Ferris et al., 1984). The impor-
tant early pathological features of AMD are the presence of both focal (drusen) and diffuse
extracellular (basal) deposits in the macula, between the retinal pigment epithelium (RPE)
and inner collagenous layer of Bruch’s membrane, a pentalaminar structure bounded by the
basement membranes of RPE and choroidal capillary 1endothelium. These deposits lead to
dysfunction and later death of RPE and associated photoreceptors. The nature of the pro-
teins within the diffuse extracellular deposits have not been elucidated but the focal deposits
(drusen) include >100 proteins, together with esterified and non-esterified cholesterol and
other lipids and glycosaminoglycans (Crabb et al., 2002; Malek et al., 2003). Risk factors
for AMD include age, sex, family history, APOE genotype, smoking, ethnicity and cardio-
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vascular disease (Seddon, 2001). Genetic factors are implicated in AMD on the basis of
twin and family studies but it appears to be a genetically complex disorder (Hammond 
et al., 2002).

An important means of elucidating diseases mechanism in genetically complex disor-
ders such as AMD, is to take advantage of information from simple, often rare genetic abnor-
malities associated with these disorders. Late-onset retinal degeneration (L-ORD) is a rare
autosomal dominant disorder characterised by onset in the fifth to sixth decade with punc-
tate drusen-like deposits in the posterior pole of the retinal fundus, followed by macular
degeneration and a diffuse chorioretinal atrophy with, in late stages, CNV and disciform
scarring (Jacobson et al., 2001; Kuntz et al., 1996; Milam et al., 2000). A major and prob-
ably feature of the disease is a thick extracellular sub-RPE deposit similar to, but more
extensive than that seen in AMD (Kuntz et al., 1996; Milam et al., 2000). This disorder is
an excellent model for the most severe “wet” form of AMD. The causal gene in L-ORD was
identified by positional cloning, which identified a Ser163Arg mutation in the C1QTNF5
short-chain collagen gene in affected members of 7 out of 14 L-ORD families, suggesting
genetic heterogeneity (Hayward et al., 2003). The C1QTNF5 gene is strongly expressed in
RPE cells and may be involved with adhesion between RPE and Bruch’s membrane. The
protein is predicted to contain an N-terminal secretory signal, a short helical collagen repeat
and a C-terminal globular complement 1q (gC1q) domain concerned with trimerisation. The
functional consequences of the Ser163Arg mutation in the gC1q domain appear to be desta-
bilisation and aggregation of the protein as a result of an abnormal surface charge (Hayward
et al., 2003). To better understand the function of C1QTNF5, we investigated the biochem-
ical properties of its gC1q domain and found that the native protein is capable of oligomeri-
sation into both trimeric and hexameric forms which are unstable under denaturing
conditions.

2. MATERIALS AND METHODS

2.1. Preparation of C1QTNF5 gC1q Domain Constructs

C1QTNF5 gC1q domain was cloned by amplification using primers C1q N1:-5¢-GTGC-
CTCCGCGATCCGCCTTC - and C1q C1:-5¢-AGCAAAGACTGGGGAGCTGTGCCA -
using Human Retina Marathon-Ready cDNA (Clontech) as template. The amplification was
carried out using Expand High Fidelity PRC System (Roche) with cycling conditions of
95°C for 30sec, 56°C for 1min and 72°C for 30sec over 35 cycles. The amplified fragment
was purified and ligated into pBAD/TOPO ThioFusion vector (Invitrogen). Positive clones
were plasmid-purified and sequenced to determine the correct orientation of the insert. To
construct the C1QTNF5 gC1q Ser163Arg mutant, one PCR was carried using primers C1q
N1 and C1qmut C1:-5¢-CAGATCAAACTGCAGCCTGGCCCGGTAGACGGT.

The second PCR was carried out using primer C1qmut N1:-5¢-ACCGTCTAC
CGGGCCAGGCTGCAGTTTGATCTG - and C1q C1, the two reactions used Human
Retina Marathon-Ready cDNA (Clontech) as templates. The two PCR products were puri-
fied, mixed and used as template in the overlapping PCR with primers C1q N1 and C1q C1.
The conditions of the three separate PCR were as mentioned above. The recombinant 
mutant PCR fragment was purified and ligated into the pBAD/TOPO ThioFusion vector
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(Invitrogen) and the plasmids from positive clones were sequenced to ensure the correct
mutation was introduced and that there were no PCR errors.

2.2. Expression and Purification of the Recombinant gC1q Domain

Escherichia coli LMG194 cells harbouring the above recombinant plasmids were grown
in LB medium containing 100mg of ampicillin at 37°C with agitation at 220rpm. The
expression of the recombinant gC1q domain (wildtype and mutant) were induced at 18°C
overnight by addition of 0.02% arabinose when the absorbance at 600nm (A600) reached
0.4-0.6. Cells were harvested by centrifugation and resuspended in 50mM Tris-HCl buffer,
pH8.0, containing 150.mM NaCl and 10% glycerol with proteinase inhibitors (Roche). The
cells were disrupted by a French press and centrifuged at 13000rpm for 30min to collect
the supernatant. The fusion proteins were affinity purified with Ni-NTA superflow
(QIAGEN) according to the manufacturer’s instructions.

2.3. Sucrose Gradient Sedimentation

150ml of purified gC1q domain protein was applied to 4.2ml 5-20% sucrose gradient
in 50mM Tris-HCl buffer (pH8.0) containing 150mM NaCl. Protein standards were applied
to parallel gradients: chymotrypsinogen A (25kDa), ovalbumin (43kDa), bovine serum
albumin (67kDa), catalase (250kDa) and urease (272kDa). The gradients were spun for 
22hr at 4°C in a Sorvall TH-641 rotor at 50,000rpm and 23 fractions were sequentially col-
lected from the bottom of the gradient and analysed by their UV absorbance at 280nm and
western blotting.

2.4. Determination of the Native Molecular Size of gC1q Domain

Purified gC1q domain and non-denatured protein markers of known molecular size
(Sigma) were separated in 6, 8, 10 and 12% polyacrylamide (PAGE) gels under non-
denaturing conditions. Gels were stained with Coomassie Brilliant Blue R250. The 
Relative Mobility (Rf) of each protein compared to the tracking dye was determined on a
set of gels with various polyacrylamide concentrations; 100[Log (Rf ¥ 100)] values were
plotted against the gel concentration as percentages and the negative slopes of the plots were
plotted against the known molecular weights of the standards. This produced a linear plot
and the molecular size of the unknown protein was determined by its negative slope.

2.5. SDS-polyacrylamide Gel Electrophoresis (PAGE) and Blotting

The samples were loaded on a 12% SDS-PAGE gel for electrophoresis. Samples were
boiled for 5min before loading as required. Gels were stained with Coomassie Brilliant Blue
R250 or transferred to nitrocellulose membranes. For the blotting, membranes were blocked
in 5% non-fat dried milk in PBS and primary antibody (anti-His tag, Invitrogen) was used
at 1:300 dilution. Anti-mouse HRP-conjugated secondary antibody (Amersham) was used
at 1:5000 dilution. Bound antibody was visualised using ECL kit (Amersham).
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3. RESULTS

3.1. Expression and Purification of the C1QTNF5 gC1q Domain

cDNA fragments of both wildtype (163Ser) and mutant (163Arg) C1QTNF5 gC1q
domain expressed a major 32kDa hexa-histidine (His) tagged fusion protein when induced
with arabinose (Fig. 7.1a,b) and separated by polyacrylamide gel electrophoresis (PAGE)
under denaturing conditions in the presence of 0.1% SDS. This represents the monomeric
form of the proteins. Wildtype gC1q and mutant expressed at similar levels in vitro but the
mutant gC1q was less soluble (Fig. 7.1a,b). The wildtype but not mutant gC1q protein run
under denaturing conditions also showed a weak band of about 64kDa, representing the
dimer and indicating a strong multimeric association (Fig. 7.1a,b). However, if five-fold
larger amounts of wildtype and mutant gC1q were loaded onto SDS-PAGE gels, both pro-
teins showed a major monomeric band, and progressively weaker bands at 64kDa (dimer)
and 96kDa (trimer), although the oligomeric bands were weaker in the mutant, probably
because of its instability (Fig. 7.1c). These data show that both the 163Ser wildtype and
163Arg mutant gC1q domains are capable of oligomerisation, even under denaturing 
conditions.
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Figure 7.1. Expression and purification of CTRP5 gC1q domain. Expression of wildtype (Ser163) (a) and mutant
(Arg163) (b) gC1q domain fusion protein induced (IND) or uninduced (UNIND) with arabinose. The soluble frac-
tions (SOL) and purified (PUR) extract, obtained with a nickel affinity resin are shown. The proteins were also
detected with anti-hexa-Histidine epitope tag antibody by western blot (WB). In (c), monomer, dimer and trimer
of the fusion protein are detectable when more protein is loaded (5-fold the amounts loaded in a,b). The position
of molecular weight (Mr) markers are shown on the left in kiloDaltons.



3.2. Assembly of the C1QTNF5 gC1q Domain

The C1QTNF5 gC1q domain shows significant homology to several other members of
the gC1q/TNF superfamily, such as the complement C1q component, ACRP30, Emilin, and
type VIII and X short-chain collagens. To further investigate whether the gC1q domain of
C1QTNF5 can form homo-multimers, similar to other members of the C1q/TNF super-
family, the purified gC1q domain was analysed by sucrose gradient sedimentation. The
results showed that two distinct peaks as judged by sucrose gradient sedimentation, corre-
sponding to gC1q domains with the molecular mass of gC1q trimers (~96kDa, major peak)
and hexamers (~192kDa, minor peak) (Fig. 7.2).

Systematic examination of the mobility of native wildtype gC1q domain protein using
non-denaturing PAGE gels of different porosity (6, 8, 10 and 12% acrylamide concentra-
tion), compared with molecular weight standards (a-lactalbumin, carbonic anhydrase,
chicken egg albumin, bovine serum albumin, urease), again showed molecular sizes con-
sistent with a native gC1q trimer and hexamer, plus a high molecular weight aggregate which
was not resolved (Fig. 7.3). This further confirms the observations using sucrose gradient
sedimentation analysis.

3.3. C1QTNF5 gC1q Domain is Unstable Under Denaturing Conditions

To test the stability of the wildtype gC1q multimers to denaturation, wildtype His-
tagged gC1q fusion protein was subjected to increasing concentrations of SDS (0-2%) prior
to analysis by SDS-PAGE and western blot using anti-His tag antibody (Fig. 7.4a). In each
case, the C1QTNF5 gC1q domain remains detectable as a major monomer and a weak dimer.
Under non-denaturing conditions, multimerisation of the gC1q domain is seen to be sensi-
tive to 8M Urea and 10% trichloroacetic acid (especially at 60°C), all of which enhance the
denaturation of the gC1q domain (Fig. 7.4b).
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Figure 7.2. Sedimentation analysis of CTRP5 Ser163 gC1q domain. Purified Ser163 gC1q domain and size
markers were applied to 5-20% sucrose gradients and detected by UV absorbance. This shows a major peak cor-
responding to the native trimer (~96kDa) and a small peak consistent with a hexamer (~192kDa).
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Figure 7.3. Determination of the molecular weight of CTRP5 163Ser gC1q domain (WT-gC1q) by non-
denaturing polyacrylamide gel electrophoresis. a, an example of the separation shown for an 8% polyacrylamide
gel run under native conditions. Size standards include a-lactalbumin (a-L), carbonic anhydrase (CA), chicken
egg albumin (ACE), bovine serum albumin (BSA, monomer (m) or dimer (d)) and urease (not shown). b, the cal-
culated sizes of the gC1q trimer and hexamer are shown.

Figure 7.4. a, Bacterially expressed C1QTNF5 Ser163 gC1q domain was treated with SDS (from 0% to 2.0%)
at room temperature for 10min, separated by denaturing SDS-PAGE and detected by western blotting with anti-
His antibody. The strong lower band represents gC1q monomer and the weak upper band gC1q dimer. band gC1q
dimer. Molecular weight (Mr) size standards in kiloDaltons are shown on the left. b, Ser163 gC1q domain was
treated with urea (8M) or 10% trichloacetic acid (TCA) for 10min at 20°C or 60°C, then separated by non-
denaturing PAGE and stained for protein with Coomassie Blue. c, Thermostability of Ser163 gC1q domain 
subjected to heating at indicated temperatures for 10min under non-reducing conditions before loading on a 12%
non-denaturing PAGE gel and staining for proteins with Coomassie Blue.



In a thermostability analysis of C1QTNF5 gC1q domain, the wildtype (Ser163) gC1q
domain was incubated at different temperatures (60°C-84°C) in sample buffer for 10min
and run on a 12% non-denaturing polyacrylamide gel electrophoresis (PAGE) gel. The wild-
type gC1q domain is stable at temperatures up to 70°C, but starts to degrade or aggregate
at higher temperatures, so that most has degraded at 80°C (Fig. 7.4c).

4. DISCUSSION

The short-chain collagen C1QTNF5, like other members of this protein family, such as
collagen VIII and X, includes both a short-chain collagen and a gC1q domain, which is
thought to be necessary for trimerisation and “zippering” of the collagen trimer. The gC1q
domain contains a group of highly conserved aromatic amino acids which are proposed to
be involved in this trimerisation step (Brass et al., 1992). In the related protein collagen X,
this aromatic motif is critical for the interaction of the gC1q domains (Chan et al., 1999).
Deletion of the same aromatic motif in C1QTNF5 also shows loss of trimerisation (unpub-
lished data). Collagen X exists as a major trimer and as a high molecular weight multimer
(Frischholz et al., 1998), while EMILIN initially assembles into trimers but also forms large
multimers (Mongiat et al., 2000). The results presented here suggest that the native form of
C1QTNF5 gC1q domain also exists as a trimer but a hexameric form is also detectable so
that the possibility of higher order multimers or a hexagonal lattice, as found in some other
members of this protein family, is not excluded. C1QTNF5 is predicted to be secreted by
retinal pigment epithelial (RPE) cells so that one possible role in late-onset retinal degen-
eration is in cell adhesion to the underlying Bruch’s membrane. Further work is required to
establish whether or not the 163Arg mutation compromises such cell adhesion by assay in
transfected RPE cells.

Why is there a close resemblance between L-ORD and age-related macular degenera-
tion? The most likely explanation is the common occurrence of a thick sub-RPE deposit 
in both conditions, which impairs transport of nutrients between choroid and RPE and/or
adhesion between RPE and its basement membrane. The molecular basis of C1QTNF5
Ser163Arg pathogenicity could firstly be due to lack of wildtype protein (haploinsuffi-
ciency), since the mutant protein is unstable and readily aggregates in vitro (Hayward et al.,
2003), so that a 50% reduction in functional C1QTNF5 is likely. Alternatively, this study
shows that multimerisation is apparently normal in the 163Arg mutant, so that formation of
heteromultimers of wildtype and mutant monomers, which are found in vitro (data not
shown) could substantially reduce the amount of normal multimer. For example, assuming
equal expression and random oligomerisation of subunits, the amount of functional trimer
could be as little as 12.5% of normal, if the mutant monomer de-stabilises or disrupts the
function of all heterotrimers. The mutation could therefore exert a dominant-negative effect
on C1QTNF5 function. Further work is required to distinguish between these alternative
disease models.
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CHAPTER 8

BIETTI CRYSTALLINE CORNEORETINAL
DYSTROPHY ASSOCIATED WITH 

CYP4V2 GENE MUTATIONS

Makoto Nakamura, Jian Lin, Koji Nishiguchi, Mineo Kondo, Jiro Sugita,
and Yozo Miyake*

1. SUMMARY

Bietti crystalline corneoretinal dystrophy (BCD) is an autosomal recessive chorioreti-
nal dystrophy characterized by progressive night blindness, tiny, yellowish, glistening retinal
crystals, choroidal sclerosis, and crystalline deposits in the peripheral cornea. Recent studies
have demonstrated that the CYP4V2 gene which encodes a CYP450 family protein is the
causative gene of the disease. We have identified a homozygous mutation in the CYP4V2
gene in 8 separate Japanese patients with BCD and conclude that mutations in the CYP4V2
gene are the major cause of BCD. The IVS6-8_c.810del/insGC mutation is found at a higher
frequency in the Asian populations suggesting a founder effect.

2. INTRODUCTION

Bietti crystalline corneoretinal dystrophy (BCD) is an autosomal recessive chorioreti-
nal dystrophy characterized by progressive night blindness, tiny, yellowish, glistening retinal
crystals, choroidal sclerosis, and crystalline deposits in the peripheral cornea. Fluorescein
angiography shows varying degrees of RPE atrophy and choriocapillaris loss. The atrophy
of the retinal pigment epithelium (RPE) and choroidal sclerosis are progressive.1-9 The
patients complain of progressive night blindness associated with a reduction of visual acuity
and loss of visual field.8 Some patients show crystalline deposits in superficial limbal cornea
as well as in circulating lymphocytes.1,3-5,8 Patients with BCD have been reported to be more
common in Asia especially in Japan and China.4,7,8,10
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A recent study has revealed that mutations of the CYP4V5 gene, which encodes a
member of the cytochrome p450 (CYP450) family proteins and is expressed abundantly in
the retina, are the cause of this disease.11 The protein encoded by CYP4V5 is suggested to
play a role in the lipid processing pathways,11 because some other members of the CYP450
proteins are implicated in lipid metabolism, and because cultured lymphocytes from patients
with BCD showed abnormally high levels of triglyceride and cholesterol and absence of two
fatty acid-binding proteins.12

We have examined the CYP4V5 gene in 8 separate Japanese patients with BCD and
have identified a mutation in this gene in all. This would indicate that defects in this gene
are the major cause of BCD.13 The patients had characteristic clinical features of BCD.13

3. PATIENTS AND METHODS

The procedures used in this study conformed to the tenets of the Declaration of
Helsinki, and informed consent was obtained from each patient after an explanation of this
study. Eight Japanese patients with BCD were examined. None of the other family members
was affected, and to the best of our knowledge, the families were not related. Three unre-
lated patients were the offsprings of three consanguineous marriages. All individuals exam-
ined have been followed in the Departments of Ophthalmology, Nagoya University. Each
patient received a complete ophthalmologic examination including best-corrected visual
acuity, slit-lamp and fundus examination, fundus photography, Goldmann kinetic perime-
try, fluorescein angiography, and electroretinography.

Genomic DNA was extracted from peripheral leukocytes. Exons 1 through 11 with
flanking intron splice sites of the CYP4V5 gene were individually amplified by polymerase
chain reaction (PCR), and the PCR products were purified and directly sequenced.

Standardized electroretinograms (ERGs) were elicited by ganzfeld stimuli after 30
minutes of dark-adaptation. The rod (scotopic) ERGs were elicited by a blue light at an
intensity of 5.2 ¥ 10-3 cd/m2/sec. The mixed rod:cone single flash ERGs were elicited by a
white stimulus at an intensity of 44.2cd/m2/sec. The cone ERGs and the 30Hz flicker ERGs
were elicited by a white stimulus at an intensity of 4cd/m2/sec and 0.9cd/m2/sec, respec-
tively, on a white background of 68cd/m2.

4. RESULTS

A homozygous mutation in the CYP4V5 gene was found in the 8 patients with BCD.13

Seven patients had an IVS6-8_c.810del/insGC mutation with 17-bp deletion and 2-bp inser-
tion that affected the IVS6 splice acceptor site probably resulting in an in-frame skipping
of exon 7.11,13 The remaining patient had an L173W mutation in the gene.13

The clinical characteristics of the BCD patients are summarized in Table 8.1. The ages
of the subjective onset of symptoms were between 35- and 54-years-old. Four patients com-
plained of night blindness. The first symptoms were nyctalopia in 3 patients, a reduction of
central vision in 2, a disturbance of peripheral visual fields in 2, and 1 patient had no symp-
toms and his disease was detected during a health examination. The visual acuities of the
patients ranged between 0.2 and 1.5 (Table 8.1).

50 M. NAKAMURA ET AL.



Slit-lamp examination revealed crystalline deposits in the peripheral cornea in 5
patients. Each patient had a central, a paracentral, or a ring scotoma that was detected by
Goldmann kinetic visual perimetry. The scotomas enlarged with age.

All patients characteristically had numerous, small retinal crystalline deposits concen-
trated in the posterior pole (Figure 8.1A). Fluorescein angiography showed varying degrees
of RPE atrophy and choriocapillaris loss at the posterior pole and sometimes extending to
the midperiphery (Figure 8.1B). The area of choriocapillaris loss enlarged with age.

Full-field ERGs showed different degrees of rod and cone dysfunction ranging from
normal to severe reduction. The large variability in the amplitudes was noted even among
patients carrying the same mutation and at a similar age (Figure 8.2). In patients with
reduced ERG responses, both rod and cone ERG responses were reduced, and neither was
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Table 8.1. Clinical and genetic findings of patients with BCD.

Visual *ERG
Age acuity Goldmann Corneal amplitudes

Case (y) Sex OD, OS visual field deposits R,L (mV) Mutation

1 50 M 1.0, 0.6 ND - 120, ND IVS6-8_c.810del/insGC
2 52 F 0.6, 1.0 ring scotoma - ND, 27 IVS6-8_c.810del/insGC
3 46 F 0.8, 0.9 paracentral scotoma + 207, ND IVS6-8_c.810del/insGC
4 38 F 0.2, 1.5 central/paracentral - 274, 296 IVS6-8_c.810del/insGC

scotoma
5 54 F 1.0, 1.2 central scotoma + 296, ND c.518T>G
6 52 M 0.9, 0.7 paracentral scotoma + 385, ND IVS6-8_c.810del/insGC
7 54 M 0.5, 0.5 central scotoma + 311, ND IVS6-8_c.810del/insGC
8 47 F 1.2, 1.2 ring scotoma + 312, ND IVS6-8_c.810del/insGC

* B-wave amplitudes from single white flash ERGs extracting mixed rod and cone responses. (normal range 
≥314 mV).
ND, not determined.

Figure 8.1. Fundus photographs and a fluorescein angiograms of patients with Bietti crystalline corneoretinal dys-
trophy associated with a mutation of the CYP4V5 gene (IVS6-8_c.810del/insGC). (A) right eye, case 3: numer-
ous crystalline deposits scattered throughout the fundus and diffuse atrophy of the retinal pigment epithelium are
seen. (B) right eye, case 5: atrophy of the retinal pigment epithelium and choriocapillaris loss at the posterior. The
case number and the age (years) are indicated in each photograph.
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predominant. There seemed to be no direct correlation between the degrees of reduction of
the visual acuity and the degrees of reductions of the full-field ERG amplitudes. In a patient
(case 2), the ERG responses recorded after a 17-year follow-up had decreased significantly
(Figure 8.2).

5. DISCUSSION

We analyzed the CYP4V5 gene in 8 unrelated Japanese patients with BCD and identi-
fied mutations in the gene in all. Combining these findings with previous results that muta-
tions in the CYP4V5 gene were found in 23 of 25 unrelated patients with BCD,11 we conclude
that mutations in the CYP4V5 gene are the major cause of BCD.13

Seven of our 8 patients were found to have the IVS6-8_c.810del/insGC mutation in a
homozygous state.13 In the previous study the same mutation was found in 7 of 8 unrelated
Japanese BCD families as well as in 7 of 10 unrelated Chinese families.11 Thus, this muta-
tion is considered to have a high incidence in the Japanese and Chinese populations. A
founder effect rather than a mutational hot spot was considered for this mutation, because
the mutation has never been identified in other populations including Caucasian.11,13 The
founder of the mutation was likely to be a very old ancestor, because the region of the con-
served linked markers extended less than 17.1kb.13

All patients with the CYP4V5 gene mutations shared characteristic clinical features of
BCD such as retinal crystalline deposits, RPE atrophy, and choriocapillaris loss. However,
full-field ERGs showed remarkable variability in amplitudes even among patients with the
same mutations and at a similar age. These observations would indicate the possibility that
other genetic or environmental factors influenced the course of the disease.13
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Figure 8.2. Full-field electroretinograms recorded from a normal subject and a patient with Bietti crystalline cor-
neoretinal dystrophy associated with a mutation of the CYP4V5 gene. The arrows indicate the stimulus onset. The
case number and the age (years) of each patient is noted under the case number in the left column.
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CHAPTER 9

FUNDUS APPEARANCE OF CHOROIDEREMIA USING
OPTICAL COHERENCE TOMOGRAPY

Bradley J. Katz1, Zhenglin Yang1,2, Marielle Payne1,2, Yin Lin1,2,3,
Yu Zhao1,2, Erik Pearson1,2, Shan Duan1,2, Shin Kamaya1,2,
Goutam Karan1,2, and Kang Zhang1,2

1. INTRODUCTION

Choroideremia is an X-linked recessive disorder characterized by progressive degener-
ation of the choroid, RPE and retina Goedblood et al., 1942). Patients initially present with
night blindness in the first or second decade that progresses to severe constriction of the
visual field. Central acuity is lost late in life (Kril et al.).

The initial fundus change is pigment stippling and focal atrophy of the RPE. With time,
areas of choroidal atrophy become apparent with exposure of the underlying choroidal
vessels. Eventually, only islands of intact retina and choroid remain in the macula and periph-
ery (Kril et al., 1971). Histopathologically there is loss of the outer retinal layers and RPE.
Bruch’s membrane may remain, as well as a remnant of the inner retinal layers. Fibrosis of
the choroid may also be observed (Rafuse et al., 1968). The pathophysiology of choroi-
deremia is not understood. However, linkage analysis has localized the gene defect to Xq13-
q22 (Lewis et al., 1985) and the gene has subsequently been cloned (Bokhoven et al., 1994.
The protein product of this gene is a Rab escort protein (REP-1) functioning as a RAB ger-
anylgeranyl transferase involved in intracellular vesicular transport (Seabra et al., 1993).

2. PURPOSE

To characterize the appearance of the fundus of a patient with choroideremia using
optical coherence tomography (OCT) and identify the underlying gene defect.
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3. CASE REPORT

A 24-year-old male presented for evaluation of decreased vision. Acuity was 20/25 and
visual fields were constricted in each eye. Anterior segments were clear and quiet and
intraocular pressures were normal. On fundus examination of both eyes, the optic 
nerves appeared normal. The retinal arterioles were attenuated. There was an island of intact
retina in the center of each macula. The remainder of the fundus was characterized by exten-
sive atrophy of the retina and choriocapillaris with exposure of the underlying large
choroidal vasculature (Figures 9.1 and 9.2). A few pigment clumps were seen throughout
the fundi.
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Figure 9.1. Fundus photographs of the posterior pole, OD (above left) and OS (above right). The retinal arteri-
oles are attenuated. Within the macula, there is an island of normal retina. Surrounding this island there is exten-
sive atrophy with exposure of the underlying choroidal vessels. A few areas of pigment clumping are evident.

Figure 9.2. Fluorescein angiogram of he posterior pole, OD (above left) and OS (above right) at a late phase of
angiogram demonstrating extensive atrophy of choriocapillaris and RPE except small islands of remaining retina
in the macula and peripapillary regions.



4. RESULTS

Optical coherence tomography through the patient’s optic nerve and macula revealed
an abrupt demarcation line between the island of remaining retina within the macula and
the surrounding area of chorioretinal atrophy (Figure 9.3). The outer retina and RPE corre-
sponding to the atrophic areas identified by fundus photograghs and fluorescein angiogram
were missing. The OCT appearance of the area of chorioretinal atrophy is consistent with
previous reports of the histopathology of choroideremia (Figure 9.4).

5. DISCUSSION

We describe the fundus characteristics of choroideremia using OCT. The appearance is
consistent with the findings of previous histologic studies. To the best of our knowledge,
this is the first report of fundus appearance of choroideremia using OCT. The gene for REP-
1 has been successfully re-introduced in vitro into deficient lymphocytes and fibroblasts with
a recombinant adenovirus (Anand et al., 2003) holding open the possibility that treatment
of patients with choroideremia may become available in the future. With the use of high
resolution OCT, the sub-retina structures can be visualized in a fine detail. OCT will become
a valuable tool in monitoring the effect of retina preservation of patients with choroideremia
who undergo treatments with gene or drug based therapies.
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Figure 9.3. Ocular coherence tomography (OCT) through the optic nerve (arrowheads) and macula of the right
eye shows an abrupt demarcation (asterisk) between the island of intact retina and the area of atrophy. The outer
retina and RPE are absent, but a thin layer of inner retina and Bruch’s membrane (arrows) are intact within the
area of atrophy, consistent with histopathological samples from other patients with choroideremia (Compare to
Figure 9.4). Increased signal from the choroid underlying the atrophic area could be consistent with fibrosis of the
choroid. See also color insert.
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Figure 9.4. Histopathology of choroideremia in a specimen taken from another patient. There is fibrosis of the
choroid and only a single choroidal artery remains. The retinal pigment epithelium and outer nuclear layers 
are absent. The inner nuclear layer rests against Bruch’s membrane. H&E ¥330. (Reprinted from: Spencer WH,
Ophthalmic Pathology, An Atlas and Textbook, 4/e, Figure 9-723, 1997, with permission from Elsevier). See also
color insert.

CTTCTAATCAAATCTAATGTTAGTTGATATGCAGAGTTTAAAAATATTAC

757 C > T
(R253X)

Figure 9.5. DNA tracing of above patient showing a change at nucleotide position 757 from C to T resulting in
the placement of a premature stop codon at amino acid 253.
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CHAPTER 10

A2E, A FLUOROPHORE OF RPE LIPOFUSCIN,
CAN DESTABILIZE MEMBRANE

Janet R. Sparrow, Bolin Cai, Young Pyo Jang, Jilin Zhou, and 
Koji Nakanishi*

1. INTRODUCTION

Studies of Stargardt disease suggest a role for RPE lipofuscin in the RPE cell atrophy
that characterizes macular degeneration. The best known constituent of RPE lipofuscin is the
pyridinium bisretinoid, A2E (Eldred and Lasky, 1993; Parish et al., 1998). Amongst the prop-
erties of A2E that may be damaging to the RPE cell is its ability to destabilize cell mem-
branes (Sparrow et al., 1999). A hydrophilic head group combined with a pair of hydrophobic
side-arms are the structural correlates of this behavior. This amphiphilic structure accounts
for the tendency of A2E to aggregate (Sakai et al., 1996; De and Sakmar, 2002), a behavior
first recognized in deuterated chloroform (CDCl3), the broadening of the 1H NMR signal
indicating that the protonated pyridinium moieties of A2E were closely packed within the
interior of micelles while the hydrophobic chains contacted the solvent. Further evidence of
the detergent-like behaviour of A2E has been revealed in experiments demonstrating the
ability of A2E to induce concentration-dependent membrane leakage (Sparrow et al., 1999).
In studies employing unilamellar vesicles, it has also been shown that A2E, at critical micel-
lar concentrations, can solubilize membranes (De and Sakmar, 2002).

In an effort to further our understanding of the ability of A2E to alter membrane
integrity, we developed an experimental paradigm for the detection of membrane blebbing
using ARPE-19 cells transduced to express wild-type green fluorescent protein. In addition,
we compared the behavior of A2E to the mono-retinoid, A1E, a single side- arm counter-
part to A2E. Here we report the results of these studies.

2. METHODS

ARPE-19 cells, A1E and A2E. A human RPE cell line (ARPE-19) was grown as for-
merly described. A2E and A1E were synthesized using published methods (Parish et al.,
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1998; Jockusch et al., 2004) and were incubated with cells as previously reported (Sparrow
et al., 2000). For the imaging of A2E and A1E accumulation by epifluorescence microscopy,
the filters and dichroic mirror utilized permitted 330 ± 80nm excitation and >400nm emis-
sion. For laser scanning confocal microscopy, cell borders were defined by immunolabeling
with rabbit antibody to human ZO-1 (Zymed Laboratories, South San Francisco CA) and
TRITC-labeled donkey anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA). Nuclei
were stained with propidium iodide (Molecular Probes, Eugene OR) and A1E was visual-
ized with fluorescein-appropriate filters so that its fluorescence appeared green, in contrast
with the cell borders and nuclei.

GFP-expressing ARPE-19 cells. A lentivirus-based vector (CMV promotor and VSV-
G envelope protein) was used to transfer the gene for wild-type green fluorescent protein
(GFP) (Lai et al., 1999) to ARPE-19 cells. For viral transduction the cells were grown to
70-80% confluence and were then incubated with GFP-expressing lentivirus (105-107 trans-
ducing units) in serum free medium. After 24 hours the infection medium was replaced with
normal growth medium and maintained for 4 days. The transfected cells were then replated
in eight-well plastic chamber slides (LabTek; Nunc, Naperville, IL) and at subconfluent cell
densities, synthesized A2E was added to the cells at concentrations of 20 and 100mM.

Assays of cell permeability. To assay membrane integrity, cultures were incubated with
the membrane impermeable dye Dead Red (Molecular Probe, Eugene OR) (Sparrow et al.,
1999) and postfixation, were stained with DAPI (6-diamidino-2-phenylindole). Release of
the cytoplasmic enzyme lactate dehydrogenase (LDH) into culture media was measured as
previously described (Sparrow et al., 1999).

3. RESULTS

A2E-induced membrane blebbing is indicative of the ability of this fluorophore to
perturb membrane. To test for evidence that A2E can induce membrane blebbing, we
employed the plasma membrane of ARPE-19 cells as a model membrane bilayer and labeled
the cytosol by transducing the cells to express wild-type GFP. The cells were then exposed
to exogenous A2E at concentrations of 20mM and 100mM for 3-4 hours. As shown in Fig.
10.1, GFP-filled membrane blebs formed on A2E-treated but not control cells. The effect
was also concentration-dependent with blebbing occurring at 100mM but not 20mM A2E.
The DAPI-stained nuclei of many of the cells exhibiting membrane blebs were not co-
labeled with a membrane impermeable dye (Dead Red; Molecular Probes). Exclusion of the
dye indicates that, at least during the early stages of membrane blebbing, the cells retained
normal membrane impermeability.

The wedge-shaped structure of A2E influences its ability to penetrate and perturb cell
membranes. To begin to understand how the structure of A2E determines the manner in
which it interacts with membranes, we designed and synthesized A1E [molecular weight
(mw) 352.7; UV lmax 411 and 248nm], a mono-retinoid single side arm counterpart to A2E
that is not naturally occurring (Fig. 10.2). Like A2E and iso-A2E (mw 592; UV lmax 430
and 335nm), this compound presents with a positively charged pyridine ring and retains
both hydrophobic and hydrophilic elements. Just as A2E is amassed by cells in culture
(Sparrow et al., 1999), it was evident by confocal microscopy that A1E accumulates in cells
(Fig. 10.3). However, A1E accumulation occurred more rapidly. For instance, when we incu-
bated cells with either A2E or A1E at 20mM for 2 days, A1E fluorescence was readily appar-
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Figure 10.1. A2E induces membrane blebbing. Concentration dependent-bleb formation is visualized in non-
confluent ARPE-19 cells transduced to express cytoplasmically-located wild-type green fluorescent protein (GFP)
(A–C). At the time of bleb formation (C,D), many of the cells maintain membrane impermeability as evidenced
by the absence of nuclear labeling by a membrane impermeable dye (E). The nuclei of the cells are visualized with
DAPI (F).

Figure 10.2. Structures of A2E, the photoisomer iso-A2E and the non-biological compound A1E.

ent in the cells, but no A2E fluorescence was yet visible (Fig. 10.4A). Within this 2 day
interval, 20mM A1E, but not A2E, also induced membrane permeabilization (Fig. 10.4B).

Rapid membrane permeabilization induced by A1E was also demonstrated by assaying
for the release of cytoplasmic LDH into the culture medium. Thus when cells were incu-
bated with A1E for 2 hours, LDH levels in culture supernatants increased in a concentra-
tion-dependent manner. However, although A2E is well known to cause membrane
permeabilization (Sparrow et al., 1999), a 2 hour incubation in A2E was not of sufficient
duration to elicit a detectable increase in LDH-associated absorbance in the media.
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Figure 10.3. A1E is internalized by ARPE-19 cells. Detec-
tion by fluorescence confocal microscopy (1mM optical
section). Cell borders were labeled by immunostaining with
antibody to ZO-1 (A,B) and nuclei were stained with pro-
pidium iodide (B). Internalized A1E presents as punctate-
filling of the cells.

Figure 10.4. Comparison of effects of A1E and A2E on
membrane integrity. A. Epifluorescence detection of A1E
and A2E in ARPE-19 cells after 2 days of accumulation
from 20mM concentrations in media. Nuclei stained with
DAPI. A1E visible in cytoplasmic region. A2E not accu-
mulated to detectable levels. Note reduced nuclear density
in A1E cultures due to cell loss. B. Percent permeabilized
cells was determined by labeling with membrane imper-
meable dye. All nuclei labeled with DAPI. Percent of
labeled cells in A2E-accumulating cultures is similar to that
in control untreated cultures (data not shown). Mean ±
SEM, 3-5 fields/well; 3 wells/condition. C. Loss of mem-
brane integrity as evidenced by egress of LDH into culture
medium, assayed colorimetrically after incubating with
either A1E or A2E at various concentrations for 2 hours. 
D, DMSO; N, non-treated. Mean ± SEM.



4. CONCLUSIONS

The properties of A2E that are likely to determine its behavior in a phospholipid bilayer
are its amphiphilic structure, size, shape and cationic nature. Since A2E and A1E are both
amphiphilic molecules, it is to be expected that both compounds would exhibit detergent-
like properties. However the linear configuration of the non-biological compound A1E is
more typical of a detergent and probably because of this stream-lined structure, A1E was
able to penetrate the membrane more rapidly than A2E. In the current assays in which mem-
brane permeabilization was assessed over a short period of time, A1E also induced a faster
rate of loss in membrane integrity. The two widely displaced retinal-derived chains of A2E
confer a bulky structure that likely displaces a relatively large area of membrane and may
impede passage as it penetrates. Electrostatic attractions between amphiphiles with a
cationic head-group and acidic phospholipids, such as phosphatidylserine can also influence
the movement of the compound through the membrane and fluorescence anisotropy studies
(De and Sakmar, 2002) suggest that this may be the case for A2E, despite the presence of
its counterion.

As further evidence of the ability of A2E to perturb membrane integrity, we have shown
here using the plasma membrane as a model phospholipid bilayer, that A2E can provoke
membrane blebbing. These membrane blisters were observed in cells that had not yet under-
gone a change in permeability. While the mechanism by which A2E induces membrane bleb-
bing has not been demonstrated, it is possible to speculate as to some of the events. For
instance, A2E, because of its cationic head group may distribute preferentially in the inner
leaflet of the membrane due to an attraction to negatively charged phosphatidylserine that
is concentrated on the cytoplasmic side of the bilayer (Sheetz and Singer, 1974). Within the
cytoplasmic leaflet of the membrane, wedge-shaped A2E would become oriented with its
hydrophilic pyridinium portion interacting with the polar heads of the phospholipids and its
broadly-spaced hydrophobic side-arms intermingling with the phospholipid hydrocarbon
tails (Sparrow et al., 1999). Accordingly, the bulky side arms of A2E could force a large
separation of the lipid acyl chains and expand the inner leaflet relative to the outer, the neg-
ative curvature of the inner leaflet producing a surface protrusion or bleb. Since A2E
becomes sequestered within the lysosomal compartment of the cell, at sufficient concen-
tration, A2E may exert similar effects on the lysosomal membrane.
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CHAPTER 11

AMINO-RETINOID COMPOUNDS IN THE HUMAN
RETINAL PIGMENT EPITHELIUM

Heidi R. Vollmer-Snarr,* McKenzie R. Pew, Mary L. Alvarez, 
D. Joshua Cameron, Zhibing Chen, Glenn L. Walker, Josh L. Price, 
and Jeffrey L. Swallow

1. INTRODUCTION

For many years, blue light damage associated with retinal pigment epithelial (RPE) cell
lipofuscin (LF) has been implicated in the cause of age-related macular degeneration (AMD)
(Young, 1988; Winkler et al., 1999; Bressler et al., 2000) and other retinal degenerative dis-
eases, such as Stargardt’s disease, (Lopez et al., 1990; Birnbach et al., 1994), Best’s macular
dystrophy (Weingeist et al., 1982) and cone-rod dystrophy (Rabb et al., 1986). A2E and
isomers, pyridinium bis-retinoid compounds and only major blue-light absorbing fluo-
rophores isolated from human LF, (Eldred and Katz, 1988; Eldred and Lasky, 1993; Sakai
et al., 1996; Parish et al., 1998;) account for a small fraction of the composition of LF. Pro-
teins account for 30-70% (Schutt et al., 2002; Haralampus-Grynaviski et al., 2003). The per-
centage of A2E oxidation products, retinol and retinyl palmitate has not been quantified, yet
these compounds, too, make up only a fraction of the composition of LF. Evidence for A2E
and especially A2E photo-oxidation products’ involvement in AMD is strong (Sparrow 
et al., 1999; Sparrow et al., 2000; Sparrow and Cai, 2001; Ben-Shabat et al., 2002a; 
Finnemann et al., 2002; Sparrow et al., 2002; Sparrow et al., 2003); however, their involve-
ment does not rule out the possibility of AMD’s etiology being multifactorial. There are
many compounds in LF that have not been characterized, some of which may also play a
role in the pathogenesis of AMD and other retinal degenerative diseases.

The biosynthetic pathway of A2E begins with the formation of A2PE in the rod outer
segments (ROS) of the eye (Parish et al., 1998; Liu et al., 2000; Mata et al., 2000; 
Ben-Shabat et al., 2002b). In the formation of A2PE, one molecule of phosphatidyl
ethanolamine reacts with two molecules of all-trans-retinal. A2PE’s phosphatidyl group is
then cleaved to form A2E. A2E is deposited into RPE LF during phagocytosis of ROS. In
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common with phosphatidyl ethanolamine, other biogenic amines found in the retina
(Makino-Tasaka et al., 1985; Drujan et al., 1989; Djamgoz and Wagner, 1992; Gulcan 
et al., 1993; Taibi and Schiavo, 1993; Witkovsky et al., 1993) and specifically in ROS (Crain
et al., 1978; Macaione and Calatroni, 1978; Aveldano and Bazan, 1983; Lentile et al., 1986;
Taibi et al., 1995) also have a free amine functionality necessary for reaction with all-trans-
retinal. Serotonin, tryptamine, norepinephrine, putrescine, spermidine, tyramine, spermine,
and dopamine represent a small selection of biogenic amines with known abundances in the
retina. All of these amines react with all-trans–retinal to form amino-retinoid compounds.
These compounds may account for some of the uncharacterized compounds within RPE LF.

2. SYNTHETIC AMINO-RETINOID COMPOUNDS

Serotonin, tryptamine, norepinephrine, putrescine, spermidine, tyramine, spermine, and
dopamine were reacted with all-trans-retinal in order to form amino-retinoid standard com-
pounds for use in their detection in the RPE (Scheme 11.1). Fast atom bombardment (FAB+)
mass spectrometry (MS), high performance liquid chromatography (HPLC) and nuclear
magnetic resonance spectroscopy (NMR) data were used to characterize the structures of
the products formed in these reactions (figs. 11.1 and 11.2). A mixture of pyridinium, “A2E-
like,” products and single retinoid side-arm products resulting from Pictet-Spengler and
modified Pictet-Spengler type mechanisms were formed in these reactions. Mono- and bis-
retinoid compounds were observed in reactions of serotonin, tryptamine and norepineph-
rine with all-trans-retinal; bis- and tetra-retinoid compounds were observed in reactions with
putrescine, spermidine and spermine with all-trans-retinal; and only bis-retinoid products
were observed in the reaction of tyramine with all-trans-retinal (fig. 11.1). In the reaction
between dopamine and all-trans-retinal, the same Pictet-Spengler or mono-retinoid prod-
ucts were observed as reported by Pezzella and Prota (2002); bis-retinoid compounds were
also observed (fig. 11.2).

Because the tetra-retinoid compounds observed in the reactions reported above have
two bis-retinoid pyridinium ring moieties similar to the single bis-retinoid pyridinium struc-
ture of A2E, the bioactivity of these compounds may be similar to A2E. However, because
A2E is most damaging to cells through its oxidation products, (Ben-Shabat et al., 2002a;
Sparrow et al., 2002; Sparrow et al., 2003) products resulting from reactions with putrescine,
spermidine and spermine (tetra-retinoid compounds) may form double the number of oxi-
dation products of A2E. Therefore, their oxidation products may prove to be even more dam-
aging to RPE cells than photo-oxidized A2E. The observed Pictet-Spengler or mono-retinoid
reaction products may also exhibit different cytotoxic mechanisms to those observed by
A2E. Furthermore, the new bis-retinoid compounds formed may also exhibit alternative
mechanisms of RPE cytotoxicity to that of A2E. It is therefore important to determine
whether any of these compounds exist in RPE LF.
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Scheme 11.1. General reaction between all-trans-retinal – 1 and any given biogenic amine found in the retina.



3. EVIDENCE OF AMINO-RETINOID COMPOUNDS IN THE HUMAN RPE

It has been suggested that extraction of RPE cells provide the same fluorophores as
extraction of RPE LF (Eldred and Katz, 1988). Therefore, organic extractions were per-
formed directly on RPE cells. Modifications using dichloromethane were made to extrac-
tion procedures described by Eldred and Katz (1988) and Parish et al. (1998) which have
resulted in the observation of additional peaks on HPLC chromatograms that appear to be
amino-retinoid compounds.

During HPLC analysis of the extracted material, a peak was observed with a retention
time of eight minutes, which has a very similar UV spectrum to that of A2E (fig. 11.3). This
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data suggests that the compound with the eight minute retention time may be an amino-
bis-retinoid. A co-injection of A2E with the extracts confirmed that the new peak was not
A2E. A2E was observed with a retention time of 13 minutes. The structure of the unknown
amino-retinoid compound is in the process of being elucidated; it is not yet certain if the
compound is one of the standard amino-retinoids described above, although the UV matches
nicely with several of these compounds.

In addition to the peak observed at eight minutes, retention times and UV spectra asso-
ciated with A2N and isomers are remarkably similar to those of A2E and isomers, which
suggests that bis-retinoid compounds, such as A2N and isomers that are similar to A2E in
structure may be masked on HPLC chromatograms by A2E. Co-injections of A2N and A2E
have been made and confirm that the 2 sets of peaks are on top of each other. Method sets
are being worked out to separate these isomers, and to determine if other bis-retinoid peaks
in RPE extracts may be hidden underneath the A2E peaks.

The goals of the research efforts described above were to: 1) chemically synthesize
amino-retinoid standard compounds for use in their detection in RPE LF; and 2) perform
organic extractions on human RPE cells to determine whether standard compounds or other
amino-retinoid compounds may be present. Standard amino-retinoid compounds have been
made, which have proved useful in the search for these and related compounds in the RPE.
New peaks on HPLC chromatograms of injected human RPE extracts have also been
observed, which appear to be yet uncharacterized amino-retinoid compounds. The results
of this research are promising, and further research will continue in the synthesis of addi-
tional amino-retinoid standard compounds and in the characterization of novel amino-
retinoids from the human RPE. A long term goal is to extensively characterize human RPE
LF, which has been implicated in the cause of AMD, but has never been completely char-
acterized. As new RPE LF compounds are isolated, a more complete understanding of the
role of LF in the RPE will begin to be established. It is hoped that this knowledge will

72 H.R. VOLLMER-SNARR ET AL.

Figure 11.3. A: UV spectrum of an unknown amino-retinoid compound; B:
UV spectrum of A2E; C: HPLC chromatogram from which the UV spectra
were observed. The peak at 8 minutes represents the unknown amino-retinoid
and the peak at 13 minutes is A2E.



enable new preventative and therapeutic approaches to the retinal degenerative diseases
which afflict so many.
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CHAPTER 12

ANNEXINS IN BRUCH’S MEMBRANE AND DRUSEN

Mary E. Rayborn*, Hirokazu Sakaguchi, Karen G. Shadrach, 
John W. Crabb, and Joe G. Hollyfield

1. INTRODUCTION

Annexins (also known as lipocortins) are a family of calcium and phospholipid-binding
proteins. At least 20 members of this family are known, and they have a wide range of poten-
tial functions, such as vesicular transport and trafficking, endocytosis, exocytosis and cell-
cell adhesion. Annexins have molecular weights ranging between 30 and 40kDA (the
exception is annexin VI which is 66kDA) and possess striking structural features. To qualify
as an annexin, a protein must have 1) the presence of a conserved 70 amino acid domain
repeated either 4 or 8 times in the overall structure (annexin VI has an 8 repeating amino
acid domain; whereas the rest have 4), 2) the ability to bind phosopholipids in the presence
of calcium. Annexins are exported from the cytosol to the exterior of cells across the plasma
membrane by an unknown mehanism. When located extracellular, some annexins have been
shown to function as receptors for other extracellular proteins: annexin II binds to tenascin
and tissue plasminogen activator, while annexin V binds to collagen (Kojima, 1997).

Several annexins were identified in a recent proteomic study of drusen (Crabb et al,
2002). Specifically, peptides from annexins I, II, IV, and VI were found by LC MS/MS Q-
Tof analysis of trypsin digested drusen proteins. To define the precise the distribution of
these annexins in drusen and Bruch’s membrane/choroid interface, we conducted immuno-
cytochemical studies using a series of commercially available annexin antibodies.

2. METHODS

Bruch’s membrane/choroid complexes from 70–90 year old donor eyes were isolated
as described previously (Crabb et al, 2002). After fixation in 4% paraformaldehyde, the
tissues were embedded in paraffin. Threemm thick sections were cut, placed on microscope
slides and deparaffinized. After washing in PBS for 15min, sections were incubated in 0.3%
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H2O2 in PBS for 20min at room temperature. Sections were washed in PBS for 10min and
then incubated in 5% BSA and 0.3% triton X-100 in PBS for 2 hours. The sections were
then probed with antibodies or anti-serum (below) in 1% BSA in PBS overnight at 4°C. For
the control incubations, mouse IgG1 or rabbit normal serum at a concentration corre-
sponding to that of the primary antibody or serum was used. After washing in 0.3% triton
X-100 in PBS and incubation in biotin conjugated anti-mouse or- rabbit IgG antibody, the
sections were washed in PBS and incubated in avidin and biotin in PBS for 30min, the sec-
tions were washed in PBS and then developed with DAB for 2 minutes. After dehydration,
the sections were mounted with mounting medium. The sections were examined by light
microscopy and the images were digitized using a Hamamatsu CCD camera and processed
with Adobe Photoshop 4.0 software on a Power Macintosh computer.

3. DISCUSSION AND RESULTS

Annexin I immunoreactivity was intense in drusen, both on the surface and in the inte-
rior. Annexin I antibody also intensely labeled Bruch’s membrane and the choroid. Annexin
II immunoreactivity was present on the surface of drusen associated with remaining 
basal lamina of the RPE that had not been completely removed when the Bruch’s 
membrane/choroid preparations had been initially isolated. No immunoreactivity was
present in the interior of drusen, but punctate labeling was evident in the choriocapillaris.
Annexin IV showed no immunoreactivity in drusen or in Bruch’s membrane, but the choroid
appeared to be lightly labeled. Annexin VI showed heavy labeling of drusen and Bruch’s
membrane. Additionally, this antibody stained the surface of drusen more intensely than any
of the other annexin antibodies employed. Examples of this staining pattern are shown in
the accompanying figures.

Of the four antibodies used, only annexin I and annexin VI clearly indicate that these
two proteins are present in the interior of drusen. Annexin II antibody labeled the basal
lamina of the RPE that remained associated with the drusen surface. It was not seen in the
interior of drusen, and therefore this protein that was identified in our previous proteomic
analysis of drusen must be considered as a part of closely associated cellular contaminants
in the drusen preparation utilized (Crabb et al, 2002).

Only annexin IV antibody failed to label any component of the Bruch’s membrane-
choroid sample. We did observe annexin IV immunoreactivity at the level of the inner lim-
iting membrane of the retina (not shown). Either annexin IV is only occasionally found in
drusen and the three samples we have studied did not contain this annexin type, or the anti-
body employed does not function well with the fixation techniques employed. Since this
antibody stains the outer limiting membrane of the retina, this latter interpretation is
unlikely.

Annexins are a family of proteins that bind calcium ions and acidic phospholipids. Pos-
sible functions include being anti-inflammatory via the inhibition of phospholipase A2
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Table 12.1 Annexin antibodies used in this study.

Antibody Annexin I Annexin II Annexin IV Annexin VI

Company Zymed Lab BD transduction BD transduction Zymed Lab
Concentration used 1mg/ml 5mg/ml 5mg/ml 5mg/ml
Type Rabbit serum Mouse IgG1 Mouse IgG1 Mouse IgG1
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Annexin I. Immunocytochemistry. Serial sections from a 75 year old donor eye. Tissue in the left panel that was
treated with the antibody shows intense immunoreactivity over the druse interior, as well as Bruch’s membrane
and the choroid. The right control panel that was treated with non-immune rabbit serum shows no label. Some
remaining melanin from the RPE decorates the upper surface of the druse in both sections.

Annexin II. Immunocytochemistry. The left panel treated with the antibody shows no immunoreactivity over the
drusen interior and only light labeling of the drusen surface (arrow). Staining in this area represents Annexin II
associated with the remaining basal lamina of the RPE. Bruch’s membrane is not labeled but choroidal vessels
(**) are labeled. Right control panel treated with non-immune mouse IgG shows no labeling. Remaining melanin
from the RPE decorates the druse surface in both panels.

Annexin IV. Immunocytochemistry. No immunoreactivity was evident using this antibody in the panel on the left.
It is virtually identical to the control in the panel on the right that employed non-immune mouse IgG.

Annexin VI. Immunocytochemistry. Annexin-VI immunoreactivity was evident on the surface and interior of
drusen. Labeling of Bruch’s membrane is also observed. Intense labeling in remaining RPE debris is present. No
labeling is evident in the control section on the right that was treated with non-immune mouse IgG.



(annexins I-VI), inhibiting blood coagulation (annexins I-VI), mediating exocytosis via
membrane to membrane fusion, and regulating cytoskeletal organization via actin binding
(annexins 1 and 2). Numerous studies are available on identification of annexins in the vas-
cular and skeletal systems, but few on annexins in the visual system. There are reports of
annexins identified in the rat cornea during inflammation (Matsuda et al, 1999) and in galac-
tose-induced cataracts in rats (Koshimoto et al, 1992). Zernii et al (2003) recently detected
and isolated annexin IV in bovine retinal rod outer segments. Further studies are needed to
determine the role of the annexins in the retina and posterior layers of the eye.
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PART III

ANIMAL MODELS OF RETINAL DEGENERATION



CHAPTER 13

MOLECULAR MECHANISMS OF PHOTORECEPTOR
DEGENERATION IN RP CAUSED BY 

IMPDH1 MUTATIONS

Aileen Aherne1, Avril Kennan1, Paul F. Kenna1, Niamh McNally1,
G. Jane Farrar1, and Pete Humphries1

1. INTRODUCTION

Mutations within the gene encoding inosine monophosphate dehydrogenase 1
(IMPDH1), the rate-limiting enzyme of the de novo pathway of guanine nucleotide biosyn-
thesis, have been shown to cause the RP10 form of autosomal dominant retinitis pigmen-
tosa (RP). This form of RP is generally early-onset and severe in those patients that have
been identified to date. The two mutations originally identified in large RP10 families in
2002 were Arg224Pro and Asp226Asn substitutions, and since then several additional muta-
tions have been identified in RP families and individual patients (Kennan et al., 2002; Bowne
et al., 2002; Daiger et al., 2003; Grover et al., 2004).

IMPDH1 is specifically responsible for the conversion of inosine monophosphate (IMP)
to xanthosine monophosphate (XMP), which is a precursor for guanine nucleotides includ-
ing GMP and GTP. The IMPDH1 protein is expressed in many tissues of the body but it
remains unknown why mutations in this gene manifest in clinical symptoms only in retinal
tissues. We have previously shown that IMPDH1 transcript is expressed at high levels specif-
ically in the photoreceptor cells in the outer nuclear layer of the retina (Kennan et al., 2003).
It is likely that high levels of IMPDH1 are required here for the generation of GTP and
cGMP which are essential at several stages during phototransduction processes, and also
for the provision of guanine nucleotides as RNA precursors for rhodopsin transcript, also
required in large quantities in photoreceptor cells. Almost all the confirmed RP mutations
identified to date, however, are located in a region of the protein referred to as the CBS
domain, which is not close to the active site of the IMPDH1 enzyme. We have in fact shown
previously that two of these substitutions (Arg224Pro and Asp226Asn), when introduced
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into the protein sequence, do not have an adverse effect on the enzyme activity of IMPDH1
(Aherne et al., 2004). It appears therefore that lack of enzyme activity alone is not the cause
of disease symptoms.

A mouse deficient in the Impdh type 1 gene was generated using standard gene target-
ing techniques by Beverly Mitchell and colleagues, University of North Carolina, USA, and
was kindly made available for this study. This group reported that the Impdh1-/- mouse
appears to have a normal phenotype and concluded that IMPDHI enzymatic activity is not
essential for normal mouse development or fertility (Gu et al., 2003). In the present study
we show following electroretinographic (ERG) and histological analysis, that Impdh1-/-

knockout mice display symptoms of a mild retinopathy. In addition, both wild-type and
mutant IMPDH1 proteins have been expressed in cell culture systems in an effort to under-
stand the molecular mechanisms causing photoreceptor degeneration in this form of RP.
Results from these studies point to a probable dominant negative effect of mutant IMPDH1
protein causing the RP10 form of RP, and indicate that protein misfolding and aggregation,
rather than reduced IMPDH1 enzyme activity or simply deficiency of IMPDH1, is the likely
cause of photoreceptor degeneration causing the severe RP phenotype experienced by
human subjects.

2. MATERIALS AND METHODS

2.1. Retinal Histology and Electroretinography

Eyes were perfused overnight with a mixture of 2.5% glutaraldehyde and 2%
paraformaldehyde on 0.1M phosphate buffer, pH7.4, and processed in Epon. Sections 1mm
thick were cut through the optic nerve head, along the vertical meridian of the eye, and were
stained with toludine blue for light microscopy. Mouse ERGs were recorded at 6 weeks of
age (2 animals), 5 months (6 animals), 8 months (4 animals) 11 months (5 animals) and 13
months (3 animals). Animals were dark-adapted overnight and prepared for electroretinog-
raphy under dim red light. ERGs were carried out as described fully in Aherne et al. 2004.
Rod isolated responses were recorded using a dim white flash (-25dB maximal intensity)
presented in the dark-adapted state. The maximal combined rod/cone response to the
maximal intensity flash was then recorded. Following light adaptation for 10 minutes to a
background illumination of 30 candelas per m2 presented in Ganzfeld bowl the cone-
isolated responses were recorded to the maximal intensity flash (3 candelas per m2 per
second) presented as a single flash and 10Hz flickers.

2.2. Expression of IMPDH1 Proteins in Mammalian Cells

The Arg224Pro and Asp226Asn amino acid substitutions were introduced into the WT
IMPDH1 cDNA sequence using the Quikchange site-directed mutagenesis kit (Stratagene).
The WT and two mutant IMPDH1 cDNA sequences were sub-cloned into the
pcDNA3.1/HisC (Invitrogen) vector, which incorporates an N-terminus His-tag in the result-
ing protein. Human embryonic kidney 293 (HEK 293T) cells were cultured in DMEM with
10% fetal bovine serum at 37°C and an atmosphere of 5% CO2. Cells were seeded at a
density of 106 cells per 10cm dish overnight and were transiently transfected using 20mg
of DNA and the calcium phosphate method. Cells were harvested by trypsinisation after 
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48 hours, washed twice with PBS and centrifuged gently to pellet. A protein isolation pro-
tocol for extraction of cell fractions involved a series of lysis and centrifugation steps which
was adapted from Deery et al. 2002. Aliquots containing equal amounts of total protein 
(30mg) were loaded onto 10% SDS-PAGE gels in duplicate. One gel was stained with
Coomassie blue and the proteins on the second gel were transferred by electroblotting onto
nitrocellulose membrane. Blots were probed with an Anti His-tag monoclonal antibody
(Novagen 200ng/ml) and HRP-conjugated anti-mouse IgG secondary antibody (Sigma).

3. RESULTS

ERG analysis of retinal function was carried out on Impdh1-/- mice at a number at a
number of different ages. Rod-isolated responses (Fig. 13.1a), maximal dark-adapted, com-
bined rod and cone responses (Fig. 13.1b) and light-adapted cone responses to a single flash
(Fig. 13.1c) were recorded at 6 weeks, 5 months, 8 months, 11 months and 13 months of
age. By 11 months, all responses showed a significant reduction in a- and b-wave ampli-
tudes and, in the case of the cone responses, significant delay in b-wave timing (Fig. 13.1c).
In the maximal, dark-adapted, combined rod and cone responses, progressive reduction in
wave amplitudes was noted from 5 months of age indicating disturbance of phototransduc-
tion. It appears that the reduction in ERG amplitudes observed in Impdh1-/- mice are much
milder than those recorded in humans with dominant IMPDH1 mutations, where generally
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Figure 13.1. ERG analysis of Impdh1-/- mice. (a) Rod-isolated responses, (b) light-adapted cone responses to
single flash and (c) maximal, dark-adapted, combined rod and cone responses were recorded in a 12-month C57
wild-type animal, and Impdh1-/- animals at 6 weeks of age, 5 months, 8 months, 11 months and 13 months. 
(d) ERG analysis of combined rod and cone response in a 17-year old affected patient harbouring an Arg224Pro
IMPDH1 mutation.



all ERG responses are unrecordable by the end of the second decade. The Impdh1-/- mouse
model at 4 months of age, which we estimate to be approximately equivalent to a teenage
human subject in terms of relative lifespan, displays no detectable structural or functional
degeneration of the retina. In contrast the response in an affected 17-year old male from a
large RP10 family to the maximal intensity flash presented in the dark adapted state indi-
cates that there is no recordable photoreceptor activity (Fig. 13.1d) (Jordan et al., 1993;
Kennan et al., 2002). Photoreceptor dysfunction in the Impdh1-/- mouse does not appear to
be the result of degeneration of photoreceptor cells, since the outer nuclear layer thickness
of the retinas in these mice is similar to wild type retinas up to 10 months of age, and even
by 13 months of age we have found that there is only marginal loss of nuclei from the outer
nuclear layer of the retina (Fig. 13.2). There is evidence of some degree of disorganisation
of photoreceptor outer segments in older animals, but the actual number of ONL nuclei does
not appear to be affected. Thus, IMPDH1 does not appear to be essential for normal retinal
development or early visual function, and photoreceptor cells appear to survive in it’s
absence.

Expression studies were carried out on wild-type and mutant IMPDH1 proteins in mam-
malian cells and involved transfection of constructs expressing IMPDH1 sequences into
cells and subsequent extraction of cytosolic and nuclear protein fractions. This analysis indi-
cated that a significant difference in protein solubility was detectable between the wild-type
and two mutant forms of the IMPDH1 protein (Fig. 13.3). This suggests that the mutant
forms of IMPDH1 protein may be misfolded, causing them to form insoluble aggregates
when expressed at high levels in cells.

4. DISCUSSION

Mutations within the IMPDH1 gene are thought to account for 3-5% of autosomal dom-
inant RP (Daiger et al., 2003). Previous studies carried out in this laboratory have shown
that two of the confirmed IMPDH1 mutations studied to date (Arg224Pro and Asp226Asn)
do not appear to affect the enzymatic activity of IMPDH1 (Aherne et al., 2004). Expres-
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Figure 13.2. Light micrographs of retinal sections from Impdh1-/- mice. Sections shown are (a) 6 month 
Impdh1-/-, (b) 10 month Impdh1-/-, (c) 10 month wild-type C57/BL6. The outer nuclear layer thickness of 
Impdh1-/- retina is virtually indistinguishable to that of wild-type up to 10 months of age. (Figures adapted from
Aherne et al., Human Molecular Genetics: On the molecular pathology of neurodegeneration in IMPH1-based
retinitis pigmentosa, 2004, 13:641–50, by permission of Oxford University Press).



sion of IMPDH1 proteins in mammalian cells has shown that a substantial difference in sol-
ubility exists between the wild-type and mutant forms of the protein, with the mutant pro-
teins being less soluble. This is most likely caused by a detrimental effect on normal protein
folding brought about by the presence of pathogenic mutations. This is believed to be the
situation in the case of the Arg224Pro mutation and has also been predicted by computer
molecular modelling studies on wild-type and mutant IMPDH1 proteins (Aherne et al.,
2004). Analysis of retinal function and structure in the Impdh1-/- mouse has shown that this
animal model displays symptoms of a mild retinopathy. The retina has the highest meta-
bolic rate of any tissue of the body, with photoreceptors having a particularly high require-
ment for GTP in visual transduction processes (La Cour, 2002). Therefore, we suggest that
depletion of the GTP pool over time is the most likely explanation for the reduction in ERG
amplitudes seen in the retinas of older Impdh1-/- mice.

The Impdh1-/- mouse model displays relatively normal ERG amplitudes and histologi-
cal features up to the age of 5 months, which when compared to other mouse models of RP
that have been generated, would not be considered a severe degenerative retinopathy. There-
fore, it appears unlikely that the autosomal dominant segregation pattern which is charac-
teristic of the RP10 form of retinitis pigmentosa, is caused as a result of ‘haploinsufficiency’
for the normal IMPDH1 gene product. Rather, disease pathology is probably caused by a
gain-of-function or dominant-negative phenotypic effect exerted by mutant protein. Protein
misfolding now appears to be a common theme in discussions of the molecular mechanisms
of degeneration in adRP. A number of groups have reported that misfolded RP-associated
proteins can initiate the ‘unfolded protein response’ (UPR) in cells, which is a stress
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Figure 13.3. Wild-type and mutant IMPDH1 proteins expressed in HEK293T cells. (a) SDS-PAGE with
Coomassie Blue staining of protein extracts from cells transfected with pcDNA3.1/His wild-type (WT), Arg224Pro
and Asp226Asn mutant IMPDH1 sequences, and pcDNA vector alone (negative control). Whole cell extracts
(WCE), soluble cytosolic, nuclear and final pelleted protein fractions were extracted, (b) Western blot probed with
Anti-His antibody (Figure adapted from Aherne et al., Human Molecular Genetics: On the molecular pathology
of neurodegeneration in IMPH1-based retinitis pigmentosa, 2004, 13:641–50, by permission of Oxford University
Press).



response activated by the appearance of misfolded and/or aggregated proteins in the endo-
plasmic reticulum (ER) of the cell. There is evidence that rhodopsin and the recently iden-
tified carbonic anhydrase IV mutant proteins can upregulate the production of a number of
proteins associated with the UPR (Rebello et al., 2004; Frederick et al., 2001). Differences
in solubility between wild-type and mutant proteins, similar to those seen here with
IMPDH1, have previously been noted with the RP-associated splicing factor protein,
PRPF31 (Deery et al., 2002). In addition, protein folding defects associated with rhodopsin
mutations have been demonstrated to cause the formation of insoluble aggresomes in cells
(Illing et al., 2002; Saliba et al., 2002).

Interestingly, the results shown here may present a new option for therapy in this form
of RP. It is possible that the suppression of both wild-type and mutant IMPDH1 alleles may,
in principle, be sufficient to remove the major dominant negative pathological effect of
mutant IMPDH1 protein. This may be particularly beneficial given that using current gene
suppression technologies such as RNA interference, it has proven difficult to target single
base pair mutations (Miller et al., 2003). Targeting both wild-type and mutant IMPDH1
alleles may result in a situation in which photoreceptor neurons continue to survive and
remain sufficiently functional such as to provide useful vision, possibly well into adult life.
In addition, supplementation with XMP or GTP molecules may be sufficient to ameliorate
disease symptoms, without the need for gene replacement. The current focus of our research
is on the generation of dominant animal models of RP caused by mutations within the
IMPDH1 gene and on the assessment of novel therapies for this form of RP.
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CHAPTER 14

BIOCHEMICAL FUNCTION OF THE LCA LINKED
PROTIEN, ARYL HYDROCARBON RECEPTOR

INTERACTING PROTEIN LIKE–1 (AIPL1)

Role of AIPL1 in retina

Matthew L. Schwartz, James B. Hurley, and Visvanathan Ramamurthy*

1. INTRODUCTION

Leber congenital amaurosis (LCA) is a clinically and genetically heterogeneous form
of early-onset retinal dystrophy that is usually recessively inherited. LCA is the most rapid
and severe form of congenital blindness, and it represents approximately 5% of all inher-
ited retinopathies.1 Clinically, LCA is characterized by severely impaired vision and a weak
or absent electroretinogram evident within the first year of life. To date, seven genes have
been independently linked to LCA.2 The majority of mutations implicated in the causation
of LCA are genetically consistent with recessively inherited loss-of-function pathogenesis
mechanisms.2

The gene AIPL1 was originally identified by genetic analysis of patients with LCA.3

The gene was given the name AIPL1 (aryl hydrocarbon receptor-interacting protein like-1)
because it encodes a protein (AIPL1) with sequence homology (49% identity, 69% simi-
larity) to the protein AIP (aryl hydrocarbon receptor-interacting protein).3 Human AIPL1
contains 6 exons encoding a 384 amino acid protein that contains 3 tetratricopeptide repeat
(TPR) domains and a C-terminal proline-rich region.3 The TPR domains are highly con-
served amongst mammals, whereas the proline-rich region is thought to be present only in
primates and shows considerable sequence variation amongst primates.4 AIPLI is expressed
exclusively in the retina and the pineal gland.3, 5, 6 During photoreceptor development in
humans, AIPL1 is expressed in both rod and cone photoreceptors, but it’s expression is
restricted to rods in the adult.7

AIPL1 mutations result in the most clinically severe forms of LCA, and it is estimated
that AIPL1 mutations are responsible for approximately 7% of all LCA.8 LCA-linked muta-
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tions include missense mutations, nonsense mutations, and short deletions.8 AIPL1 muta-
tions linked to LCA are present in either the N-terminal immunophilin like domain (class
I) or in the TPR domain (class II). Mutations in the C-terminal proline rich domain 
(class III) have been linked to dominant cone-rod dystrophy or juvenile retinitis pigmentosa
and LCA.9

2. ROLE OF AIPL1 IN RETINA- FINDINGS FROM AIPL1 DEFICIENT MICE

To elucidate the role of AIPL1 in the retina and to develop an animal model to study
LCA caused by AIPL1 deficiency, we created an AIPL1 knock out mouse. AIPL1-/- mice
demonstrate a phenotype consistent with LCA. Specifically, AIPL1-/- mice exhibit no mea-
surable electroretinogram (ERG) response at any age and are completely blind at birth10

(Fig. 14.1). Ultra-structural details of the retina analyzed by electron microscopy show no
obvious difference between wild type and knock out mice at post natal day 8 (P8) (Fig.
14.1).10 At P8, AIPL1 deficient mice show a normal complement of rod and cone photo-
receptor cells with morphologically normal rod and cone outer segments. This suggests 
that AIPL1 does not play an essential role in the initial formation of rods and cone pho-
toreceptor cells. At P11, the photoreceptor layer of the retina in the knock out mouse is 
morphologically indistinguishable form that of wild type by light microscopy, but ultra
structural details observed by electron microscopy show disorganized and fragmented outer
segments compared to wild type.10 This suggests that AIPL1 plays an essential role in either
maintaining the outer segment and/or further photoreceptor cell differentiation after P9 in
mice. The photoreceptor nuclear layer is reduced to half at P14 and at P18 the photorecep-
tor nuclear layer is only 1 cell thick in mice lacking AIPL1.10 By four weeks after birth, the
degeneration is complete (Fig. 14.1). Both rod and cone photoreceptor cells degenerate at
a similarly rapid rate.10

At the molecular level, differences between wild type and AIPL1-/- retinas appear earlier
than the morphological differences. At P8, prior to the onset of retinal degeneration, AIPL1
deficient mice show reduced levels of cGMP phosphodiesterase (PDE) protein.10 The reduc-
tion in level of PDE is specific, as the levels of other photoreceptor-specific proteins such
as Rhodopsin (Rho), Guanylyl cyclase (GC-E) are normal.10 All three subunits of PDE abg
are reduced by 90% despite normal levels of the mRNAs.10 Additionally, no cGMP-
dependent PDE activity can be detected in the knockout retinas, implying that the PDE that
is present in AIPL1-/- is dysfunctional. Consistent with the loss of PDE activity, cGMP levels
are high starting at P8.10 Destabilization of rod cGMP PDE as a pathogenic mechanism has
precedent in the mouse. The well-characterized rd (retinal dystrophic) mouse results from
a truncation mutation and/or a viral insertion in the rod PDEb gene that causes a reduction
in PDEb mRNA and loss of rod cGMP PDE.11,12 In rd/rd mice, there is a pattern of rapid
photoreceptor cell degeneration similar to the degeneration that occurs in AIPL1-/- mice.12

However, there are significant differences between rd/rd and AIPL1-/- mice.
In AIPL1-/- mice, both rods and cone photoreceptor cells degenerate at a similar rapid

rate, whereas in rd/rd mice, rods degenerate faster than cones.10,12 In AIPL1-/- mice there is
no recordable ERG at any age, whereas in rd/rd mice there are some cone responses at post-
natal day 12.10,12 This is consistent with the fact that in humans, mutations in AIPL1 cause
severe blindness that affects both rods and cones whereas deficiencies in PDE cause retini-
tis pigmentosa, primarily a rod disease.13
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In addition to the knockout mouse, an AIPL1 knockdown mouse was created in which
AIPL1 expression was reduced to 20-25% of wild-type levels.14 The knockdown mouse
exhibits normal development and normal retinal morphology up to three months of age. At
three months, the rod photoreceptor outer segments become disorganized, and by 8 months,
more than half of the photoreceptors are lost. Similar to the AIPL1 knock out mouse, PDE
protein levels were drastically reduced despite normal mRNA message levels prior to the
onset of retinal degeneration.14 The knockdown mice exhibit ERG responses with lower gain
and a longer response delay, consistent with a reduced level of rod PDE.14 Surprisingly,
cGMP levels were found to be lower in the AIPL1 knockdown rods. This is in contrast to
the AIPL1 knockout mice, where reduced levels of PDE result in higher levels of cGMP.14

The phenotype of the AIPL1 knockdown mice further supports the hypothesis that the
LCA-related defect in AIPL1 is caused by a defect in the maintenance of rod photorecep-
tors, as the knockdown mice show normal development and persist with functional pho-
toreceptors for several months prior to onset of the degeneration. The AIPL1 deficient mice
suggest that the essential role of AIPL1 in retina is to stabilize the active rod cGMP phos-
phodiesterase holoenzyme.
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Figure 14.1. Rapid degeneration (a-b) and electrophysiological responses (c-d) in mice lacking AIPL1. Paraffin
sections (5mm) from whole eye stained with hematoxylin and eosin. RPE, retinal pigment epithelium; OS, outer
segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer a) At
P8, there is no difference in the thickness of ONL between wild-type and Aipl1-/- littermates b) By P30, the degen-
eration of photoreceptor is complete with no ONL. Aipl1-/- section is shown at 100X magnification compared to
wild-type, which is shown at 20X magnification. c and d) ERG responses to moderate (300nJ/cm2, lighter traces)
and bright (300mJ/cm2, darker traces) flashes recorded from P12 wild-type (c) and P12 Aipl1-/- retinas. No ERG
responses could be elicited from any of the Aipl1-/- mice examined. (Figure reproduced from Ramamurthy et al.,
PNAS (2004), 101, 38, 13897-902).



3. ROLE OF AIPL1 IN THE STABILITY OF PDE HOLOENZYME

At P8, before the degeneration, AIPL1 deficient mice express 10% or less of all three
PDE subunits (a,b and g) despite normal message levels.10 The link between AIPL1 and the
stability of PDE holoenzyme is not clear. However, a previous yeast-two hybrid screen
together with HEK cell expression studies suggest the involvement of the post-translational
modification farnesylation.6

Farnesylation, a type of prenylation, is a post-translational modification that occurs at
the C-termini of proteins that contain a C-terminal “CaaX” box signal sequence (Cys-
aliphatic-aliphatic-specific amino acid). Farnesylation is a multi-step process. In the first
step, farnesyl transferase (FTase) catalyzes the covalent attachment of a farnesyl (C-15)
group to the conserved cysteine of the CaaX box. The farnesylated protein is then targeted
to the endoplasmic reticulum where the C-terminal three amino acid residues (-aaX) are
removed, and the exposed farnesyl cysteine is carboxymethylated.15 Geranylgeranylation is
a similar modification that adds a geranylgeranyl (C20) group instead of the farnesyl group
to the C-terminus of the protein. PDE-a and PDE-b are known to be farnesylated and ger-
anylgeranylated, respectively.16 The prenylation of PDE-a and b subunits is essential for sta-
bility and membrane interactions.17 PDE-a and b subunit mutants, in which conserved CaaX
box cysteine is replaced by serine to prevent prenylation, are unstable and degrade rapidly
when expressed in insect cells.17 It is not clear whether the methylation or the prenylation
modification is essential for the stability of PDE. Inhibition of prenylation in adult rat retina
causes the whole retinal cytoarchitecture and photoreceptor structure to fall apart rapidly,
suggesting that prenylation is required for photoreceptor structure maintenance.18

The three TPR domains of AIPL1 suggest that the protein is involved in multi-protein
complexes with chaperone, transcriptional, cell-cycle regulation, or protein transport activ-
ities.19 TPR domains participate in protein-protein interactions by interacting with the C-
termini of proteins.19 In agreement with this, AIPL1 interacts with proteins that have a
conserved farnesylation signal at their C-termini.6 Furthermore, in cultured human embry-
onic kidney cells (HEK-293), AIPL1 enhances the farnesylation of proteins.6 However, the
mechanism of this enhancement is not presently known. In AIPL1-/- mice, photoreceptor
degeneration seems to be primarily due to loss of PDE subunits. AIPL1 specifically enhances
the stability of all three PDE subunits. Surprisingly, the stability of other known farnesy-
lated retinal proteins, such as rhodopsin kinase and transducin gamma subunit are not altered
in the absence of AIPL1.10,14 This suggests that the role of AIPL1 is complex and that it may
not play a general role in enhancing the farnesylation of retinal proteins. Alternatively, this
could reflect the importance of prenylation specifically for stability of PDE.

AIPL1 also interacts with Nedd8 ultimate buster (NUB1), a protein ubiquitously
expressed and thought to be involved in proteolysis.20 AIPL1-NUB1 interaction could play
a role in the stability of PDE. The presence of an immunophilin like domain in AIPL1 sug-
gests that AIPL1 may play a role as a chaperone of PDE subunits. AIPL1 could either sta-
bilize them or aid in the assembly of the three PDE subunits. Further studies are warranted
to understand the requirement of AIPL1 for the stability of rod PDE subunits. At present it
is not known if AIPL1 also plays a role in the stability of cone PDE subunits. It seems
unlikely, as AIPL1 is not expressed in mature human cones.

It has been suggested that AIPL1 like other immunophilin and TPR containing proteins,
could be involved in protein transport. However, our experiments so far do not support a
role for AIPL1 in the transport of retinal proteins frorm inner to outer segments.10 Most of
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the retinal proteins including the residual PDE are localized normally in the absence of
AIPL1.

4. AIPL1 AND RETINAL DEVELOPMENT

The phenotype of AIPL1 deficient mice shows that AIPL1 is necessary for either pho-
toreceptor differentiation and/or maintenance.10 It has been suggested that AIPL1 plays a
critical role in the early development of both rod and cone photoreceptors. AIPL1 is
expressed in both rod and cone photoreceptors in early human retinal development, and
mutations in the AIPL1 gene are associated with severe blinding disease.7,9 NUB1, a protein
that interacts with AIPL1, is thought to be involved in cell-cycle progression.20 This has lead
to the hypothesis that AIPL1 plays an early role in regulating retinal cell fate decision and
or retinal progenitor cell proliferation.20 However, we have not seen much evidence so far
to support a developmental role for AIPL1.10 Ultrastructural details of retina analyzed at
post-natal day 8 do not show any obvious alterations in mice lacking AIPL1.10 A recent
AIPL1 knock out mouse model with a rapid retinal degeneration similar to our AIPL1 knock-
out, shows no significant defects in number of rods, cones or any second order neuronal
cells, such as bipolar, amacrine or ganglion cells.21 However, unlike rd/rd mice, which also
have a defective PDE, AIPL1-/- never exhibit any electrical response to light at any age tested,
reflecting the rapid cone degeneration seen in AIPL1-/- mice in comparison to rd/rd mice.10,21

It is possible that the rapid cone degeneration seen in AIPL1-/- is an indirect effect due to
the early and severe rod photoreceptor cell degeneration. In agreement with this, recent
studies show that rod photoreceptor cells produce viability factors (RdCVF) that are essen-
tial for survival of cones.22 Alternatively, AIPL1 may play an important role in early cones,
which is consistent with its early expression in cones.7 In mature human retina, AIPL1 is
expressed exclusively in rod photoreceptor cells suggesting that AIPL1 is necessary for
maintenance of rod photoreceptors.7 Whether the shift in the expression from developing
cone and rod photoreceptor cells to only mature rods reflects a shift in the function of AIPL1
is presently not known. More studies are needed to address the role of AIPL1 in develop-
ing cones, as these will be crucial in the design of suitable therapies for treating patients
with AIPL1 associated LCA.

5. CONCLUSIONS

The AIPL1 knockout mouse replicates the human LCA caused by AIPL1 mutations and
is a suitable animal model to test novel therapies. Similar to human patients with LCA, mice
lacking AIPL1 do not exhibit any electrical responses. Both rod and cone photoreceptor
cells degenerate rapidly. The role of AIPL1 in cones is not clear. However, the rapid cone
degeneration in AIPL1-/- mice suggests that AIPL1 is necessary for the survival of the cones.
Our study shows that the rapid rod photoreceptor cell degeneration is due to lack of stable
PDE trimeric holenzyme. The mechanism by which AIPL1 contributes to the stability of
PDE is unknown. Further study of the biochemical function of AIPL1 is required to under-
stand the significance of AIPL1 to photoreceptor differentiation and or maintenance. In addi-
tion to the direct application to therapies for LCA patients, such information may enhance
our understanding of photoreceptor development and long-term photoreceptor survival.

14. ROLE OF AIPL1 IN RETINA 93



6. REFERENCES

1. Cremers, F.P., van den Hurk, J.A. & den Hollander, A.I. Molecular genetics of Leber congenital amaurosis.
Hum Mol Genet 11:1169-76 (2002).

2. Hanein, S. et al. Leber congenital amaurosis: comprehensive survey of the genetic heterogeneity, refinement
of the clinical definition, and genotype-phenotype correlations as a strategy for molecular diagnosis. Hum
Mutat 23:306-17 (2004).

3. Sohocki, M.M. et al. Mutations in a new photoreceptor-pineal gene on 17p cause Leber congenital amauro-
sis. Nat Genet 24:79-83 (2000).

4. Sohocki, M.M., Sullivan, L.S., Tirpak, D.L. & Daiger, S.P. Comparative analysis of aryl-hydrocarbon recep-
tor interacting protein-like 1 (Aipl1), a gene associated with inherited retinal disease in humans. Mamm
Genome 12:566-8 (2001).

5. van der Spuy, J. et al. The Leber congenital amaurosis gene product AIPL1 is localized exclusively in rod pho-
toreceptors of the adult human retina. Hum Mol Genet 11:823-31 (2002).

6. Ramamurthy, V. et al. AIPL1, a protein implicated in Leber’s congenital amaurosis, interacts with and aids in
processing of farnesylated proteins. Proc Natl Acad Sci U S A 100:12630-5 (2003).

7. van der Spuy, J. et al. The expression of the Leber congenital amaurosis protein AIPL1 coincides with rod and
cone photoreceptor development. Invest Ophthalmol Vis Sci 44:5396-403 (2003).

8. Dharmaraj, S. et al. The phenotype of Leber congenital amaurosis in patients with AIPL1 mutations. Arch
Ophthalmol 122:1029-37 (2004).

9. Sohocki, M.M. et al. Prevalence of AIPL1 mutations in inherited retinal degenerative disease. Mol Genet Metab
70:142-50 (2000).

10. Ramamurthy, V., Niemi, G.A., Reh, T.A. & Hurley, J.B. Leber congenital amaurosis linked to AIPL1: a mouse
model reveals destabilization of cGMP phosphodiesterase. Proc Natl Acad Sci U S A 101:13897-902 (2004).

11. Pittler, S.J. & Baehr, W. Identification of a nonsense mutation in the rod photoreceptor cGMP phosphodi-
esterase beta-subunit gene of the rd mouse. Proc Natl Acad Sci U S A 88:8322-6 (1991).

12. Farber, D.B., Flannery, J.G. & Bowes-Rickman, C. The rd Mouse Story: Seventy Years of Research on an
Animal Model of Inherited Retinal Degeneration. Prog in Retinal and Eyes Res 13:31-65 (1994).

13. Huang, S.H. et al. Autosomal recessive retinitis pigmentosa caused by mutations in the alpha subunit of rod
cGMP phosphodiesterase. Nat Genet 11:468-71 (1995).

14. Liu, X. et al. AIPL1, the protein that is defective in Leber congenital amaurosis, is essential for the biosyn-
thesis of retinal rod cGMP phosphodiesterase. Proc Natl Acad Sci U S A 101:13903-8 (2004).

15. Choy, E. et al. Endomembrane trafficking of ras: the CAAX motif targets proteins to the ER and Golgi. Cell
98:69-80 (1999).

16. Anant, J.S. et al. In vivo differential prenylation of retinal cyclic GMP phosphodiesterase catalytic subunits.
J Biol Chem 267:687-90 (1992).

17. Qin, N. & Baehr, W. Expression and mutagenesis of mouse rod photoreceptor cGMP phosphodiesterase. 
J Biol Chem 269:3265-71 (1994).

18. Pittler, S.J., Fliesler, S.J., Fisher, P.L., Keller, P.K. & Rapp, L.M. In vivo requirement of protein prenylation
for maintenance of retinal cytoarchitecture and photoreceptor structure. J Cell Biol 130:431-9 (1995).

19. Blatch, G.L. & Lassle, M. The tetratricopeptide repeat: a structural motif mediating protein-protein interac-
tions. Bioessays 21:932-9 (1999).

20. Akey, D.T. et al. The inherited blindness associated protein AIPL1 interacts with the cell cycle regulator protein
NUB1. Hum Mol Genet 11:2723-33 (2002).

21. Dyer, M.A. et al. Retinal degeneration in Aipl1-deficient mice: a new genetic model of Leber congenital amau-
rosis. Brain Res Mol Brain Res 132:208-20 (2004).

22. Leveillard, T. et al. Identification and characterization of rod-derived cone viability factor. Nat Genet 36:55-9
(2004).

94 M.L. SCHWARTZ ET AL.



CHAPTER 15

CHARACTERIZATION OF MOUSE MUTANTS WITH
ABNORMAL RPE CELLS

Chun-hong Xia1, Haiquan Liu1, Meng Wang1, Debra Cheung1, Alex Park1,
Yang Yang1, Xin Du2, Bo Chang3, Bruce Beutler2, and Xiaohua Gong

1. INTRODUCTION

Retinal pigment epithelium (RPE) is essential for the function and survival of pho-
toreceptor cells by playing supporting roles including shedding the outer segments of the
photoreceptor cells, removing metabolic wastes, transporting nutrients and maintaining
visual cycle. RPE defects have been found in various human retinal disorders, such as age-
related macular degeneration (Zarbin, 1998), Best disease (Petrukhin et al., 1998; 
Marmorstein et al., 2000), Sorsby fundus dystrophy (Weber et al., 1994; Ruiz et al., 1996;
Della et al., 1996), and childhood-onset severe retinal dystrophy (Gu et al., 1997). Animal
models with RPE defects have been used to study the molecular basis for the function of
the RPE cells. The Royal College of Surgeons (RCS) rat, a model for recessive inherited
retinal degeneration, is characterized by the dysfunction of RPE due to a null mutation of
the receptor tyrosine kinase Mertk gene (D’Cruz et al., 2000). RPE cells fail to shed the
outer segments of the photoreceptor cells in the RCS rat (Mullen et al., 1996). Recently,
mice with a targeted disruption of the Mertk gene manifest retinal dystrophy similar to RCS
rats (Duncan et al., 2003). In addition, mutated Mertk gene has been identified in patients
with retinitis pigmentosa (Gal et al., 2002).

In order to identify new gene mutations that cause eye diseases and to establish impor-
tant animal models for human eye diseases, we have carried out a forward genetic study by
using clinical methods to screen a mouse germline mutagenesis program (Hoebe et al.,
2003). Mice of C57BL/6J background mutated by the alkylating agent N-ethyl-N-
nitrosourea (ENU) have been screened for eye defects based on their fundus abnormality.
We have identified and determined that mouse lines, BEMr15 (r15) and BEMr18 (r18), are
two recessive mutations. Furthermore, histopathological data show abnormal RPE cells, dis-
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organized outer segments of photoreceptor cells and a progressive reduction of outer nuclear
layers in both mutant lines. Here, we present the preliminary morphological characteriza-
tion of RPE and photoreceptor cells in both r15 and r18 mutant mice. Since some unique
features in these mutants have not been observed in any previous animal models, we hypoth-
esize that both mouse lines are new mutations in genes that play important roles in the RPE
cells. These mutations could be useful new animal models for studying the functions of RPE
cells and the degeneration of photoreceptor cells.

2. BEMR15 SHOWS DISORGANIZED RPE CELLS AND 
PROGRESSIVE RETINAL DEGENERATION

The wild type male mice of C57BL/6J strain were intraperitoneally injected with ENU
to become the F0 generation of ENU-induced mutant mice (Du et al., 2004). Each F0 male
was bred with normal C57BL/6J female to generate the F1 male animals, which mate with
wild type C57BL/6J female to generate F2 female, and then the backcross of F2 female mice
to the F1 male mice produced the F3 mice. Both F1 (for dominant trait) and F3 (for reces-
sive trait) mice at the age of 2 to 3 months were examined for their retinal fundus by indi-
rect ophthalmoscope.

The founder of the BEMr15 line is a F3 mouse and additional genetic test has verified
its recessive inheritance. The r15 homozygous mice are viable and develop retinal pheno-
type showing depigmented patches in the fundus photo (Fig. 15.1). These depigmented
patches could be observed in 3-week-old mice whose retinal vessels appear normal. Like
many other mouse mutants that develop retinal degeneration, retinal vessel attenuation is
also observed in the r15 mutant as mice grow old (Fig. 15.1).

Histology analysis, using plastic sections stained with toluidine blue, has been per-
formed to examine the retinal morphology at different age. As shown in Fig. 15.2, r15
homozygous mutant has disorganized outer segments of photoreceptor cells and obvious
disrupted RPE cell layer. Abnormal changes that include attenuated RPE layer, vacuoles and
hypertrophy of RPE cells are observed. Most strikingly, abnormal pigmented structures
appear in the subretinal space as well as in the deep regions of the outer segments (arrows
in Fig. 15.2B, 15.2D, and 15.2F). The loss of photoreceptor is less obvious in r15 homozy-
gous mutant at the age of 2 months. However, homozygous mutant shows a loss of 4-5 layers
of photoreceptor cells at the age of 6.5-months (Fig. 15.2B) and contains only a few layers
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Figure 15.1. Fundus photos of the eyes of 12-months old littermates. The r15 homozygous mutant shows depig-
mented patches with retinal vessel attenuation (right panel) while the heterozygous eye seems normal.



of photoreceptor nuclear at the age of 17.5-months (Fig. 15.2F). Therefore, the r15 muta-
tion develops a slow degeneration of photoreceptor cells.

Transmission electron microscopic analysis verifies that the RPE cells of homozygous
r15 mutant lack apical microvilli and form membranous whorls in the subretinal space (Fig.
15.3B). It suggests that mutant RPE cells may fail to shed the outer segments of photo-
receptor cells, and the unphagocytosed outer segments could form membranous whorls at
the subretinal space. Mutant RPE cells contain intracellular vacuoles (Fig. 15.3D) and
degenerative RPE layer gives rise to the aberrantly displaced structures in the subretinal
space (data not shown). Therefore, the r15 mutation recapitulates some of the defects
observed in mouse Mertk mutation, this suggests that the causative gene for r15 mutation
is essential for the phagocytosis of RPE cells. Currently, it is not clear whether r15 muta-
tion is mechanistically related to the Mertk mutation. We continue our efforts to map the
chromosome location of the r15 mutation and to identify the causative gene. We believe that
the r15 mutant line provides us an alternative model to study the molecular basis for the
regulation and function of the RPE phagocytosis.

2.1. BEMR18 is Another ENU-Induced Mouse Mutation with RPE Abnormality

BEMr18 is also an ENU-mutagenized recessive mutation that shows retinal vessel
attenuation. Histology analysis reveals that RPE cell hypertrophy can be observed in the r18
homozygous mice at as early as 4-weeks old (data not shown). RPE cell hypertrophy and
RPE layer disorganization become more obvious as the mice grow old (Fig. 15.4D and 4E).
Shortening of outer segments and loss of 3-4 layers of photoreceptor cells have been
observed in the 1-year-old r18 homozygous mutant, but not in the heterozygous control 
littermate (Fig. 15.4).
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Figure 15.2. Light micrographs of the toluidine blue stained retinal sections show abnormal RPE cells and a loss
of photoreceptor cells in the homozygous r15 mice but not in the heterozygous mice. (A) and (C) show relative
normal retina of 6.5-month-old r15 heterozygous mouse; (B) and (D) show abnormal RPE cell layer and displaced
RPE cells in the subretinal space of 6.5-month-old r15 homozygous mutant retina; (E) is a section of 17.5-month-
old r15 heterozygous control; (F) is a section of 17.5-month-old r15 homozygous mutant. Note the reduced pho-
toreceptor layers in the homozygous sections. Arrows (in B, D and F) indicate the abnormal pigmented structures.
Scale bars: 20mm in (A), (B), (E), and (F); 10mm in (C) and (D).
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Figure 15.3. Electron micrographs show relative normal RPE and outer segments in the 6.5-month-old r15 het-
erozygous control (A and C), and disorganized photoreceptor outer segments with membranous whorls (asterisks
in B) and vacuoles in the RPE cells in the homozygous littermate (B and D). Scale bars: 2mm in (A) and (B); 
1mm in (C) and (D).

Figure 15.4. Histology analysis of 1-year-old heterozygous (A and C) and homozygous (B, D, and E) r18 litter-
mates. RPE hypertrophy and loss of outer nuclear layers are seen in homozygous r18 retina compared to the het-
erozygous retina. Scale bars: 50mm in (A) and (B); 20mm in (C) and (D); 10mm in (E).



EM study of the r18 mutant retina reveals that substantial amount of microvilli from
the apical side of RPE cells accumulate in the subretinal space in the homozygous muta-
tion but not in the heterozygous control (Fig. 15.5).

Thus, in comparison to homozygous r15 mutation, r18 homozygous mutation repre-
sents a different phenotype in the RPE cells with a much slower degeneration of photore-
ceptor cells. We hypothesize that both r15 and r18 gene mutations either directly or indirectly
modulate the apical microvilli to cause the degeneration of photoreceptor cells. We believe
that further investigation of both mutations will lead to new knowledge for genes that play
important roles in the functions of RPE cells.
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CHAPTER 16

ROD AND CONE PIGMENT REGENERATION 
IN RPE65-/- MICE

Baerbel Rohrer1,2* and Rosalie Crouch1

1. INTRODUCTION

RPE65 is a major protein in the retinal pigment epithelium (RPE) (Hamel et al., 1993),
where it is required for the regeneration of 11-cis retinal, the native ligand of rod and cone
opsins, in the dark (Redmond et al., 1998). Therefore, the retina of the Rpe65-/- mouse is
almost completely depleted of 11-cis retinal, resulting in a minimal level of photosensitiv-
ity. This observation poses several questions, of which we will only address three: first,
which cell type (rods and/or cones) is responsible for the remaining photosensitivity; second,
if only one cell type remains photosensitive, what happens to the other one; and third, what
is the chromophore that enables the formation of light-sensitive pigment? Early reports have
disagreed whether the remaining photosensitivity can be attributed to rod (Seeliger et al.,
2001) or cone function (Redmond et al., 1998; Ekesten et al., 2001). Double knockout exper-
iments, crossing the Rpe65-/- with either the rhodopsin or the cone cGMP-gated channel
knockout, respectively, revealed that the remaining photosensitivity in the young adult and
old Rpe65-/- mouse retina (>6 weeks-of-age) can be attributed to rod sensitivity (Seeliger 
et al., 2001). This leaves open the question as to the possible fate of the cone photorecep-
tors in the absence of RPE65. Likewise, early reports demonstrated a slow degeneration in
particular of the rod photoreceptors (Redmond et al., 1998), suggesting that the accumula-
tion of the retinyl ester in the RPE might contribute to the demise of the photoreceptors.
However, in the Rpe65-/-::Gnat1-/- mouse, in which similar elevated amounts of retinyl 
ester have been reported to accumulate in the RPE, no rod degeneration occurs (Woodruff
et al., 2003). And finally, with respect to the available chromophore; several groups have
tried to obtain a spectrum of the pigment from pooled tissue and have failed to do so
(Ablonzcy et al., 2001; C. H. Remé, personal communication). Thus, here we would like 
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to further address these three key issues and how our laboratories have investigated them
over the past 5 years.

2. RESULTS

2.1. Rod Responses in Rpe65-/- Mice

Patients, in which the function of RPE65 is eliminated, have impaired light sensitivity,
with the main loss in sensitivity under dark-adapted conditions (e.g., Van Hooser et al.,
2000). This has led to the classification of this condition in Rpe65 patients as a rod-cone
dystrophy. However, Seeliger and coworkers (2001) have demonstrated convincingly that
the remaining light sensitivity in the young adult Rpe65-/- mouse retina (>6 weeks-of-age)
results from the activity of rod photoreceptors. Interestingly, this activity, and thus the mech-
anism for chromophore generation, persists even in old animals (18 months-of-age) (Rohrer
et al., 2003). However, what was puzzling was that these apparent rod responses from the
Rpe65-/- mouse retina appeared to have different kinetics than those recordable from the age-
matched wild type mice. This was easiest seen in the scotopic flicker ERG (see Figure 16.1).
Responses with faster kinetics are indicative of light-adapted rod responses. Light-adapted
responses might also in part explain the reduced light-sensitivity (Cornwall and Fain, 1994;
Cornwall et al., 1990). This hypothesis was tested by Woodruff and colleagues (2003), who
used single cell recordings in isolated Rpe65-/- mouse rods. In this preparation they were
able to demonstrate that Rpe65-/- mouse rods have significantly smaller circulating current,
reduced light sensitivity, and accelerated response kinetics. In accordance with the light-
adaptation hypothesis, these rods were also found to exhibit lower intradiscal calcium 
concentrations, due to the partial closure of the cGMP-gated cation channels in the pho-
toreceptor outer membrane.

The lack of RPE65 has been shown to result in slow rod photoreceptor degeneration
(Redmond et al., 1998; Katz and Redmond, 2001; Rohrer et al., 2003). Opsin in the absence
of ligand has been shown to activate the photoreceptor signal transduction cascade, albeit
at a much lower rate than activated rhodopsin (Cornwall and Fain, 1994; Cornwall et al.,
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Figure 16.1. Flicker ERGs in young Rpe65-/- and
C57BL/6 mice. 10Hz flicker ERGs were recorded under
scotopic conditions. Light intensities were adjusted to elicit
flicker ERGs of approximately equal amplitudes (Rpe65-/-:
1.9 ¥ 1012 photons/mm2; C57BL/6: 3.1 ¥ 107 photons/mm2).
Flicker ERG responses peaked earlier in the mutant than in
the wild type responses. (Redrawn from Ablonczy et al.,
2001; © Journal of Biological Chemistry.)



1995). Interestingly, this constant background activity has been proposed to lead to pho-
toreceptor degeneration (Fain and Lisman, 1993). However, rod photoreceptors also possess
a protective mechanism to prevent the activity of bleached, unliganded opsin, which is opsin
phosphorylation and arrestin binding. We have shown that in the Rpe65-/- mouse retina, opsin
is constitutively phosphorylated at an elevated level of ~25%. This level of phosphorylation
is approximately half of the maximal light-inducible (transient) amount of phosphorylation
in the wild type retina (Ablonczy et al., 2001). In addition, this constitutively phosphory-
lated opsin was found to bind arrestin at similar levels as bleached wild type opsin (Crouch
et al., 2003). Accordingly, it was not surprising that arrestin distribution in the Rpe65-/- retina
has been shown to mimic that of a light-adapted wild type retina (Mendez et al., 2003). We
therefore argue that the kinetics of rod degeneration is controlled by both constitutive opsin
activity and constitutive opsin phosphorylation.

2.2. Cone Responses in Rpe65-/- Mice

Rod photoreceptors appear to be more susceptible to degeneration either during aging
(e.g., Gresh et al., 2003; Curcio, 2001) or as a consequence of insults (light damage;
Cicerone, 1976). Thus, we chose to revisit the question of cone function and survival in the
Rpe65-/- mouse. Classically, cone responses are recorded in single flash experiments in the
presence of a rod-adapting background, or in flicker ERGs. However, due to the reduced
light sensitivity in the Rpe65-/- rods, it is impossible to bleach them sufficiently to be certain
that they no longer contribute to the elicited light response. To be able to record unequivo-
cally from Rpe65-/- cones, we obtained the Rpe65-/-::Rho-/- cross, in which rod responses are
eliminated genetically (Seeliger et al., 2001). Elimination of rhodopsin causes a delayed rod
degeneration (onset ~P60), thus all experiments were performed in animals <1 month-of-
age. Interestingly, if photopic ERGs were recorded using normal averaging conditions (aver-
aging 3-5 traces) using a maximal white flash of ~2.2 ¥ 1013 photons/mm2, no ERGs could
be recorded; however, if averaging was increased to 50 traces, a small but reliable cone ERG
response (13.7 ± 1.87mV; n = 9) could be recorded from these mice.

If constitutive cone opsin activity were to contribute to the reduced sensitivity of the
cones, one would predict that cone degeneration would likewise occur. However, as the
amplification in the signal transduction cascade is lower in cones then in rods, one might
predict cone degeneration to be slower than rod degeneration. However, the small cone ERG
response was virtually eliminated by 4 months-of-age (unpublished results; BR 2004), sug-
gesting that a different mechanism is responsible for the demise of the cones. Interpretation
of these data is complicated by the finding that RPE65 is present in all mouse cones (Znoiko
et al., 2002). The role of this protein in cones is unknown.

2.3. Rod and Cone Opsin Distribution in the Rpe65-/- Mouse Retina

Recently, Chapple and coworkers (2001) have speculated that the chromophore 11-cis
retinal might act as a pharmacological chaperone that facilitates opsin folding into an appro-
priate conformational state that allows for its proper transport through the trans-Golgi
network and integration into the photoreceptor outer membrane. Likewise, it would allow
for appropriate posttranslational modifications. Wild type rhodopsin is a relatively stable
protein that appears to be transported appropriately in the absence of 11-cis retinal (Figure
16.2A). However, the P23H mutation, which does not fold properly, can only be targeted
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appropriately in the presence of ligand (either 9-cis or 11-cis retinal; Noorwez et al., 2003).
The accumulation of misfolded P23H rhodopsin apparently leads to photoreceptor degen-
eration (e.g., Olsson et al., 1992). Cone opsins appear to be more thermally unstable 
(Matsumoto et al., 1975), suggesting that they may be more dependent on a pharmacolog-
ical chaperone for stabilization. We therefore tested the hypothesis that the cone opsin
apoproteins are mislocalized in the cones of the Rpe65-/-::Rho-/- mice. Cone opsin in the
absence of 11-cis retinal was found to be localized throughout the cones. Here we show the
distribution of UV cone opsin (Figure 16.2B), a distribution profile that is recapitulated by
green cone opsin (data not shown). Whether cone opsin is misfolded in the Rpe65-/-::Rho-/-

retinas will be difficult to determine. One of the presumed results of misfolding is the lack
of appropriate glycosylation. However, these retinas contain such small amounts of 
cone opsin that Western blotting to determine a difference in molecular weight will be a
challenge.

2.4. Isolation of the Chromophore for Rhodopsin

Rpe65-/- mouse photoreceptors have been found to exhibit minimal levels of light 
sensitivity. However, even after careful pooling of retinas isolated from Rpe65-/- mice, no
pigment could be measured. We recently found, however, that prolonged dark-adaptation
resulted in slow accumulation of chromophore (~0.4pmol/day), demonstrating that the
process is very inefficient (Fan et al., 2003). Young adult Rpe65-/- mice were transferred into
complete darkness, and retinas were collected at weekly intervals. The two retinas from each
animal were pooled for pigment measurements in 1% dodecylmaltoside, determining the
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Figure 16.2. UV-cone and rod opsin distribution in C57BL/6 (wt) and Rpe65-/- mice. (Top row) UV cone opsin
localization at P25 (using a polyclonal antibody against mouse UV cone opsin, generously provided by J. Chen,
University of Southern California, Los Angels, CA, USA). (A) In the wt retina, cone opsin was localized pre-
dominantly to the outer segment (OS). (B) UV cone apoprotein was found to be distributed throughout the entire
cone in Rpe65-/-::Rho-/- mice. [Green cone opsin (localized with a polyclonal antibody against human MWL cone
opsin, generously provided by J. Nathans, Johns Hopkins University School of Medicine, Baltimore, MD, USA)
showed a similar distribution profile, but is not depicted here.] (Bottom row) Rod opsin localization at P30 (using
monocolonal antibody against bovine rhodopsin, generously provided by R. Molday; University of British Colum-
bia, Vancouver, BC, Canada). Rhodopsin (C) and apoprotein (D) localization was indistinguishable between the
wt and Rpe65-/- mouse retina, respectively. Scalebar: 15mm.



difference spectra from measurements before and after bleaching. Interestingly, the pigment
isolated from the Rpe65-/- mouse retinas was found to be isorhodopsin, which is the rod
pigment regenerated with 9-cis rather then 11-cis retinal (Figure 16.3). The presence of 9-
cis retinal in these retinas and the RPE was confirmed by higher performance liquid chro-
matography (Fan et al., 2003). It is unclear at this point as to how 9-cis retinal is formed;
the only definitive statements that can be made are that it is independent of light (see Figure
16.3), the light-dependent, RGR-mediated mechanism (unpublished results; J. Fan, 2003)
and RPE65 (Fan et al., 2003). In addition, it is unclear whether 9-cis retinal is also the chro-
mophore for the cones, as the amount of cone pigment generated in these retinas is too
minute to be measured. Single cell spectrophotometry or electrophysiology may shed some
light on this question. However, our experiments do provide indirect evidence that the pro-
posed Müller-cell-mediated mechanisms for chromophore regeneration in cone-dominant
retinas, which is independent of RPE65 (Mata et al., 2003), does not exist in the rod-
dominant mouse retina.

3. DISCUSSION

Here we have discussed the differences in behavior between rods and cones in the
absence of RPE65 and thus endogenous chromophore. We have presented evidence that both
rod and cone responses can be recorded in the young Rpe65-/- mice. Rods degenerate very
slowly and those kinetics are controlled by the constitutive activity of the free opsin and
opsin phosphorylation. In the absence of chromophore, the apoprotein appears to be folding
correctly and thus proper targeting to the rod outer segments occurs. In contrast, cones
degenerate very quickly in the absence of chromophore. Cone opsin is not targeted prop-
erly to the outer segments, but is distributed throughout the entire cell membrane. We are
suggesting that folding and thus targeting of the cone opsin to the cone outer segment
requires a chromophore as a pharmacological chaperone.

In addition, we have demonstrated that the chromophore available for the formation of
pigment in the Rpe65-/- mouse retina is 9-cis retinal. For the sake of argument, let’s assume
that the cones in the Rpe65-/- mouse retina use the same chromophore. Based on the amount
of chromophore generated (~0.4pmol/day; Fan et al., 2003), the Rpe65-/- mouse retina con-
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Figure 16.3. Isolation of isorhodopsin from Rpe65-/-

mouse retinas. Absorption spectra of endogenous pigments
isolated after 2 months of dark adaptation from a wild type
(black trace) and a Rpe65-/- mouse (grey trace). Nomograms
were fitted to the difference spectra to determine a peak of
the absorbance. The wild type spectrum could be fitted with
a nomogram with a peak absorbance of 500nm, which cor-
responds to rhodopsin, whereas the pigment isolated from
the Rpe65-/- mouse had a blue-shifted spectrum, indicative of
isorhodopsin, which is formed in the presence of 9-cis
retinal. (Adapted from Fan et al., 2003; © PNAS.)



tains less then 0.2% of normal levels of chromophore. As rods outnumber cones by a factor
of ~100:1 (Jeon et al., 1998), cone opsin has a lower affinity for chromophore than
rhodopsin (Matsumoto et al., 1975) and the cone outer segments are further away from the
RPE (the presumed source of the chromophore); it is, therefore, difficult to understand how
any cone pigment is formed in the Rpe65-/- mouse retina. We suggest that chromophore
delivery in the rods is dependent upon diffusion of IRBP-bound chromophore to the outer
segments, whereas chromophore delivery to the cones is aided by the presence of the cone
sheath, an extension of the RPE that ensheathes the entire cone outer segment (Fisher and
Steinberg, 1982). These observed differences between rods and cones need to be addressed
when considering treatment strategies for LCA patients.
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CHAPTER 17

INITIAL OBSERVATIONS OF KEY FEATURES OF 
AGE-RELATED MACULAR DEGENERATION IN 

APOE TARGETED REPLACEMENT MICE

For contributed volumes

Goldis Malek1A, Brian Mace1B, Peter Saloupis1A, Donald Schmechel1B,C,
Dennis Rickman1A,B, Patrick Sullivan1B, and Catherine Bowes Rickman1A,D

1. INTRODUCTION

Age-related macular degeneration (AMD) is a late-onset, neurodegenerative disease of
the retina and is the leading cause of catastrophic vision loss in the elderly. AMD usually
occurs in people over the age of 65 years (Javitt et al., 2003) and accounts for approximately
50% of registered blindness in Western Europe and North America (Mitchell et al., 1998;
Vingerling et al., 1995a). It develops as either dry AMD, geographic atrophy, or wet AMD
(exudative) (Bird et al., 1995; Green, 1999). Dry AMD is characterized by the presence of
sub-retinal pigment epithelium (RPE) deposits including drusen, basal linear deposits and
basal laminar deposits (Curcio and Millican, 1999; Sarks, 1976). Geographic atrophy is
characterized by RPE atrophy and wet or exudative AMD is characterized by choroidal neo-
vascularization (CNV) (1991) and more recently, retinal angiomatous proliferation 
(Yannuzzi et al., 2001). In AMD with CNV, tufts of newly formed, functionally incompe-
tent, blood vessels proliferate from the choroid, break through a thickened and fragile
Bruch’s membrane (Grossniklaus and Green, 2004), and extend laterally into the sub-RPE
(Sarks et al., 1980; Tobe et al., 1998a). These vessels in turn, may erode through the RPE,
infiltrate the neural sensory retina, and communicate with the retinal circulation in what has
been referred to as a retinal-choroidal anastomosis. This is common in the end stage of 
disciform disease (Yannuzzi et al., 2001).

AMD has been difficult to study due to its late onset, complex genetics and strong envi-
ronmental components that play a role in the transition from normal aging to disease. To
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further understand the pathogenesis of AMD and test potential treatments for the disease,
the search for an animal model of AMD has been extensive and so far unsuccessful. This
is not surprising as it is likely that many different combinations of environmental and genetic
risk factors may lead to development of this multifactorial disease. Here we present a murine
model of AMD developed using factors that are each, individually, associated with an
increased risk for the disease.

2. AMD RISK FACTORS

Although the etiology of AMD remains largely unknown, numerous studies have impli-
cated both genetic and environmental influences, which are reflected in the number of risk
factors identified to date (Vingerling et al., 1995b). Known risk factors for AMD include:
advanced age, environmental factors including cigarette smoking, nutritional factors such
as diets high in fat and cholesterol, systemic diseases including hypercholesterolemia and
atherosclerosis, gender, ethnicity, and family history (2000; Cho et al., 2001; Christen et al.,
1996; Delcourt et al., 2001). There is strong evidence that genetics play an important role
in the pathogenesis of AMD (Heiba et al., 1994; Klaver et al., 1998b; Seddon et al., 1997),
such that allelic variations in apolipoprotein E (apoE = protein; APOE = gene), fibulin-5
(Stone et al., 2004), and ABCA4 (Allikmets, 2000), have each, to some degree, been asso-
ciated with increased risk for AMD.

2.1. ApoE and Neurodegenerative Disease

The APOE gene has been identified as a risk factor for AMD in numerous epidemio-
logical studies (Klaver et al., 1998a; Schmidt et al., 2000; Schultz et al., 2003; Simonelli 
et al., 2001; Souied et al., 1998), as well as studies using APOE knockout mice (Dithmar
et al., 2000) and APOE (*)E3-Leiden mice that carry a dysfunctional form of human APOE-
E3 (Kliffen et al., 2000). ApoE forms a lipid protein complex and is an important regula-
tor of cholesterol and lipid clearance, transport and distribution (Mahley, 1988; Mahley 
and Rall, 2000). It is expressed at high levels in the retina, and is involved in processes that
have been implicated in the pathological formation of sub-RPE deposits including drusen
(Anderson et al., 2001; Klaver et al., 1998a). ApoE protein has been localized in the eye to
RPE, Müller cells, Bruch’s membrane and drusen (Hageman et al., 1999; Klaver et al.,
1998a) and APOE mRNA is present in the neural retina and RPE/choroid (Hageman et al.,
1999). In humans, the APOE gene is polymorphic and encodes three isoforms: E2, E3, and
E4, with frequencies of 7%, 77% and 15%, respectively, in the general population (Davi-
gnon et al., 1988). Epidemiological studies of the association of APOE allele with AMD
have yielded conflicting results regarding the APOE isoform-associated risk, with many
studies describing a protective effect in E4 carriers and detrimental effect in E2 carriers
(Schmidt et al., 2002; Schmidt et al., 2000) while others have not been able to find this asso-
ciation (Smith et al., 2001). This is in contrast to its role in other neurodegenerative and
systemic diseases including Alzheimer’s, atherosclerosis, amyotrophic lateral sclerosis, and
stroke in which there is a very strong negative association of the E4 allele with disease
(Kalaria, 1997; Lacomblez et al., 2002; Weller and Nicoll, 2003). In Alzheimer’s disease,
for example, there is a 90% risk for the disease associated with the expression of the E4
allele (Higgins et al., 1997).
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2.2. Animal Models of AMD

To date there is no generally accepted experimental animal model for dry or exudative
AMD. Reproducibility of existing models is limited by technical artifacts or because, as 
in exudative AMD in humans, with the induction of CNV, there is also a concomitant non-
specific, local inflammatory reaction (Mori et al., 2001; Spilsbury et al., 2000). Though pre-
vious studies attempting to simulate AMD using transgenic mice have been very useful,
many of the resulting animal models were produced by manipulating genes that are not
known AMD risk factors. For example, animals expressing mutant forms of a short chain
collagen gene, CTRP5 (Hayward et al., 2003), cathepsin D (Rakoczy et al., 2002), or the
very low density lipoprotein receptor gene (Heckenlively et al., 2003) develop various
aspects of AMD. Transgenic knockouts of genes expressing proteins that are normally
present in the retina at low levels [monocyte chemoattractant protein-1 (MCP-1 or Ccl-2)
and chemokine receptor-2 (Ccr-2)(Ambati et al., 2003)] have also produced models of AMD.
AMD has been modeled using phototoxicity (Cousins et al., 2002), senescence acceleration
(Majji et al., 2000), high fat diets (Cousins et al., 2002; Dithmar et al., 2000; Fliesler et al.,
2000; Kliffen et al., 2000; Miceli et al., 2000; Ong et al., 2001), in vitro procedures such
as laser photocoagulation of Bruch’s membrane in primates (Miller et al., 1986), rats (Dobi
et al., 1989; Frank et al., 1989; Hikichi et al., 2002) and mice (Tobe et al., 1998a; Tobe 
et al., 1998b), elevated levels of bFGF in minipigs (Soubrane et al., 1994) and rabbits
(Kimura et al., 1995), implantation of tumors on or in the eye to stimulate angiogenesis
(Ambati et al., 2002), and exposure of newborn animals to high oxygen (McLeod et al.,
2002). Collectively, none of these models have successfully correlated their histological,
morphological and biochemical features to the key features of AMD.

3. DESIGN OF A NEW ANIMAL MODEL

As described above, epidemiological studies have demonstrated an APOE isoform-
associated risk for AMD, supporting a role for APOE isoform-specific effects in the patho-
genesis of AMD. Therefore, we are studying transgenic mice expressing each of the three
major human APOE isoforms in order to rigorously analyze the role of APOE in the devel-
opment of AMD.

3.1. APOE Targeted-Replacement Mice

To date, transgenic animals made by pronuclear injection of human DNA have been
used to study the effect of APOE expression, but this method produces mice with varying
levels of transgene expression due to differences in insertion of the transgene constructs
within the host genome, and transgene copy number. This, as well as expression of the
endogenous mouse ApoE, complicates interpretation of the effect of the foreign APOE
(Sullivan et al., 1997). To overcome these two complications we used targeted gene replace-
ment (TR) mice generated by homologous recombination of human APOE coding sequences
with the endogenous murine ApoE gene, made by our collaborator Dr. Patrick Sullivan 
(Sullivan et al., 1997). These mice express one of the three common human APOE isoforms
(E2, E3 or E4) at levels that are in the physiological range. Briefly, coding sequences for
the mouse ApoE gene were replaced with coding sequences for human APOE2, E3 or E4,
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without disturbing any of the known 5¢ or 3¢ murine regulatory sequences. This gene replace-
ment strategy results in animals that express human APOE2, E3 or E4 mRNAs, identical in
tissue distribution and levels to that of mouse APOE mRNA in wild type animals (Sullivan
et al., 2004; Sullivan et al., 1997). It should be pointed out that in humans the most common
APOE allele is E3 which is equivalent to the murine wild type ApoE. On the other hand, 5-
10% of APOE2 humans will develop Type III hyperlipoproteinemia, whereas 100% of
APOE2 TR mice on a high fat diet develop Type III hyperlipoproteinemia (Sullivan et al.,
1998).

3.2. Experimental Protocol and Diet Paradigm

APOE expression alone is not sufficient to cause neurodegenerative disease in humans,
but is instead a risk factor that when combined with other insults, collectively, leads to devel-
opment of Alzheimer’s disease, stroke and putatively AMD. Therefore, we used two other
known risk factors in our animal model to mimic a multifactorial combination that would
produce characteristic features of AMD. The factors were: advanced age and a high fat/high
cholesterol diet.

Aged male and female (aged 65-127 weeks) APOE TR mice of each isoform (E2, E3,
E4) were bred and housed conventionally and fed a high fat/high cholesterol diet rich in
cholate (HF-C) and water ad libitum for 8 weeks. Age-matched controls were fed standard
rodent chow and water ad libitum. At the end of the eight week diet exposure, mice were
euthanized with an overdose of anesthesia, and the eyes were collected for analysis. Histo-
logically, 10mm thick cryosections and 1mm plastic sections were examined at the 
light microscopic level and ultra thin sections were examined using a transmission electron
microscope (EM).

4. HISTOLOGICAL CHARACTERIZATION OF AGED APOE TR MICE

4.1. Light Microscopic Evaluation

There were no remarkable abnormalities by light microscopy in the retina, RPE, Bruch’s
membrane and choroid of aged APOE TR mice maintained on normal mouse chow diet
(Fig. 17.1A). In aged APOE3 TR mice fed the HF-C (TR-ch), there were no detectable
retinal changes and only minor RPE changes including RPE vacuolization. This is not sur-
prising since as mentioned before, in humans the APOE3 allele is equivalent to the murine
wild type APOE. APOE2 TR-ch mice showed more RPE vacuolization and were further
compromised by RPE blebbing and Bruch’s membrane thickening (Fig. 17.1B, arrow), and
basal deposit formation, some RPE and photoreceptor degeneration. These changes were
also documented, in the APOE4 TR-ch mouse eyes, which showed the most extensive AMD-
related changes overall. Some APOE4 TR-ch eyes also showed ‘drusen-like’ basal deposits
(Fig. 17.1C, arrowhead), and neovascularization (NV) of varying severities (Fig. 17.1D).
The NV ranged from mild, confined to an area adjacent to the RPE and Bruch’s membrane
without any disruption of the neural retina, to more extensive, proliferating through the RPE,
through the sub-retinal space and into the neural retina. Though it appears the NV origi-
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nates from the choroid, the source remains to be conclusively determined using fluorescein
angiography and/or further histological analysis of sequential sections through the NV.

4.2. Electron Microscopic Evaluation

EM was used to further evaluate the histological abnormalities documented at the light
microscopic level. In all aged APOE TR mice maintained on the normal diet the retina,
RPE, and Bruch’s membrane remained essentially normal. EM analysis of RPE vacuoles
initially observed by light microscopy, in APOE4 TR-ch mice, revealed the presence of
membraneous material (Fig. 17.2A). In the retinas of APOE2 and E4 TR-ch mice RPE basal
infoldings were disorganized or absent (Fig. 17.2B). In APOE4 TR-ch mouse eyes there was
Bruch’s membrane thickening (Fig. 17.2C), as well as thick basal deposits between RPE
and Bruch’s membrane (Fig. 17.2D). In APOE4 TR-ch mice with neovascularization, thin
or absent Bruch’s membrane was observed with vessels adjacent to Bruch’s membrane in
both the sub-RPE and choroidal regions (not shown).
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Figure 17.1. Light micrographs from plastic sections of posterior retinas of APOE TR mice stained with tolui-
dine blue. A. APOE3 TR mouse fed normal mouse chow. B. APOE2 TR mouse on cholate diet with thickening 
of Bruch’s membrane (arrow). C. APOE4 TR mouse on cholate diet with ‘drusen-like’ basal deposit (arrowhead)
and vacuoles (V). D. APOE4 TR mouse on cholate diet with neovascularization spanning the RPE and the 
overlying neural retinal layers. Magnification 20X. INL = inner nuclear layer, ONL = outer nuclear layer, PR =
photoreceptors, RPE = retinal pigment epithelium.



5. CONCLUSIONS

Our findings suggest that specific APOE isoform expression alone results in only mild
retinal changes with aging. However, in the APOE2 and especially APOE4 expressing
animals, the combination of increased age (65-127 weeks) and a high fat diet rich in cholate
(which enhances cholesterol absorption), resulted in more extensive degenerative changes
in the retina/choroid reminiscent of both dry and wet AMD changes in the human eye. Hall-
marks of AMD including thick diffuse sub-RPE deposits (Figs. 17.1B and 17.2D) and drusen
like deposits (Fig. 17.1C), thickening of BrM (Fig. 17.2C), patchy regions of RPE atrophy
overlying photoreceptor degeneration, and neovascularization (Fig. 17.1D) were detected in
these animals. This is the first report of spontaneously occurring neovascularization and
retinal/RPE changes in an animal model developed by combining the following known risks
associated with AMD: advanced age, environmental risk (high fat, high cholate diet), and
genetic risk [APOE isoform expression, using APOE targeted replacement mice (TR)]. We
are currently continuing to examine the features of this model more closely and correlate
similarities between this model and the human form of AMD, through imaging of the neo-
vascularization using Fluorescein angiography, immunohistochemical localization of hall-
mark growth factors and proteins found in human CNV and basal deposits/drusen, in the
mouse NV and basal deposits.
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Figure 17.2. Electron micrographs of the basal RPE/Bruch’s membrane interface at 5000 X magnification of
APOE4 TR mice on high fat/high cholesterol cholate diet. A. Normal basal infoldings with vacuoles that contain
whorls of membranous material. B. Disorganized RPE basal infoldings. C. Thickened Bruch’s membrane (arrow).
D. Thick basal laminar deposit.
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CHAPTER 18

ALTERED RHYTHM OF PHOTORECEPTOR 
OUTER SEGMENT PHAGOCYTOSIS IN 

b5 INTEGRIN KNOCKOUT MICE

Emeline F. Nandrot1 and Silvia C. Finnemann1,2*

1. INTRODUCTION

In the retina photoreceptor and retinal pigment epithelial cells (RPE cells) are in close
contact. The outer segment portions of photoreceptors consist of stacked membranous disks
containing the phototransduction machinery. These disks are permanently produced thereby
lengthening outer segments. To maintain constant outer segment length photoreceptors 
eliminate their most aged tips by daily shedding (Young, 1967).

RPE cells form a polarized monolayer. They extend apical microvilli that ensheath 
photoreceptor outer segments. Outer segment shedding by photoreceptors precedes a burst
of phagocytosis by the RPE that efficiently clears photoreceptor outer segment fragments
(POS) from the subretinal space and recycles their components (Young and Bok, 1969).
POS shedding and subsequent phagocytosis by RPE cells are crucial for photoreceptor cell
function and survival. A single gene defect in the mer gene encoding the receptor tyrosine
kinase Mer abolishes efficient POS phagocytosis by RPE cells in the Royal College of 
Surgeons (RCS) rat strain (D’Cruz et al., 2000; Nandrot et al., 2000). Failure of RCS RPE
to ingest POS causes debris accumulation and rapid photoreceptor degeneration illustrating
the importance of RPE phagocytosis (Mullen and LaVail, 1976).

RPE cells do not usually divide in the adult retina. Each RPE cell faces around 30 outer
segments depending on the area of the retina. As photoreceptor shed ~7% of their outer
segment mass each day, every RPE cell digests 25,000 to 30,000 disks each and every day
of life (Besharse and Defoe, 1998). Therefore, RPE cells are the most active phagocytes in
the body. Synchronized POS clearance is tightly regulated and any delay in completing the
shedding or digestion process can cause accumulation of undigested material. Indeed, auto-
fluorescent inclusion bodies commonly accumulate in human RPE cells of age. These lipo-
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fuscin storage bodies contain a complex mix of proteins and lipids and likely results from
incomplete turnover of POS material (Feeney, 1978). In vitro studies have recently shown
that lipofuscin components may directly impair RPE function and viability (Holz et al.,
1999; Finnemann et al., 2002). These data suggest that defective digestion of POS by RPE
cells may contribute to development or progression of age-related retinal diseases such as
age-related macular degeneration.

Outer segment renewal in higher vertebrates is synchronized by circadian rhythms influ-
enced by the daily dark-light cycle (Goldman et al., 1980). Animal studies in rod- or cone-
dominant species revealed that rods mainly shed their POS ~2 hours after onset of light and
cones shed ~2 hours after dusk (LaVail, 1976; Young, 1977). The increase in the number of
phagosomes present in RPE cells at these two time points suggests a peak in phagocytic
activity every 12 or 24 hours for RPE cells depending on whether they serve rods, cones or
both. No untimely phagocytosis has been observed so far, suggesting that RPE cells may
downregulate their phagocytic activity if not “on duty”. Currently, mechanisms that regu-
late RPE phagocytosis are only poorly understood.

2. THE PHAGOCYTIC MACHINERY OF THE RPE

Three plasma membrane receptors have been shown to fullfill distinct roles in RPE
phagocytosis. These are the Mer tyrosine kinase receptor MerTK (D’Cruz et al., 2000;
Nandrot et al., 2000), the scavenger receptor CD36 (Ryeom et al., 1996), and the adhesion
receptor avb5 integrin (Finnemann et al., 1997; Miceli et al., 1997; Lin and Clegg, 1998).
MerTK is involved in the internalization step of phagocytosis (Edwards and Szamier, 1977).
MerTK deficient macrophages have a reduced capacity to phagocytose apoptotic cells con-
firming that OS phagocytosis by the RPE is a mechanism similar to the macrophage clear-
ance mechanism for apoptotic cells (Finnemann and Rodriguez-Boulan, 1999; Scott et al.,
2001). In vitro experiments have shown that CD36 ligation regulates the rate of POS inter-
nalization suggesting a role for CD36 in phagocytic signaling (Finnemann and Silverstein,
2001).

avb5 expression at the apical surface of rodent RPE in vivo coincides with postnatal
establishment of mature interactions between photoreceptors and RPE including the onset
of POS renewal (Ratto et al., 1991; Finnemann et al., 1997). Stable binding of POS to the
cell surface of RPE cells in culture is largely dependent on avb5 integrin receptors (Finne-
mann et al., 1997). In addition to POS recognition or tethering RPE cells also use avb5
integrin receptors to activate signaling pathways through focal adhesion kinase that are nec-
essary to activate MerTK (Finnemann, 2003; Nandrot et al., 2004; and see chapter by 
Finnemann and Nandrot in this volume). As b5 integrin only dimerizes with av integrin
subunits, b5 integrin knockout mice provide the opportunity to study RPE cells that 
permanently and exclusively lack avb5 receptors.

3. IMPACT OF LACK OF avb5 INTEGRIN ON RPE FUNCTION

b5 knockout mice are viable and fertile, and have normal lifespan (Huang et al., 2000).
When we first examined their retinal tissues we did not find gross anatomical abnormalities
in b5 null mice regardless of age (Nandrot et al., 2004). We then set out to compare wild-
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type and b5 knockout RPE phagocytic function both in vitro and in vivo. Finally, we inves-
tigated vision and RPE cell ultrastructure as a function of age in b5 knockout and wild-type
control mice.

To test POS phagocytosis in vitro we isolated and maintained in primary culture RPE
cells from b5 null and wild-type control animals. Strikingly, b5 null RPE cells failed to effi-
ciently take up OS. This decrease was not due to slower uptake kinetics as uptake by b5
null cells remained low at all times of phagocytic stimulation (Figure 18.1a).

To check POS phagocytosis in vivo we counted phagosomes present in RPE cells of 4
week old wild-type and b5 null mice at different time points of the 24-hour period. As
expected, we detected a peak in the number of phagosomes in wild-type retina ~2 hours
after the light onset occuring at 6 AM in our facility (Figure 18.1b) (LaVail, 1976). This
peak was lost in b5 null retina in which we counted equal numbers of phagosomes at all
time points tested. However, phagosome counts in b5 null retina were similar or higher than
phagosome counts in wild-type retina outside of the phagocytosis peak. Thus, phagocyto-
sis in b5 knockout retina is not abolished but loses its temporal regulation. Absence of 
avb5 integrin eliminates the burst of phagocytic activity required for synchronized POS
engulfment.

These results show that POS phagocytosis by RPE cells is impaired in 1-month-old b5
null mice. However, b5 null mice develop impaired vision only at a much older age. Sco-
topic electroretinograms (ERGs) recorded in 1-year-old animals showed a strongly attenu-
ated response in b5 null compared to wild-type mice (Figure 18.2a). The reduction of retinal
responses to light stimuli was progressive from 4 months of age in b5 null animals whereas
responses did not vary greatly for wild-type animals (Figure 18.2b).

Finally, we detected excessive autofluorescent lipofuscin deposits in RPE of 1-year-old
b5 null mice by wide-field fluorescence microscopy (Nandrot et al., 2004). These lipofus-
cin granules appeared as dense opaque bodies on ultrathin sections examined by electron
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Figure 18.1. b5 integrin deficient RPE cells display defects in POS phagocytosis. (a) After 1 to 3 hours of POS
phagocytic challenge in vitro, b5-/- cells in primary culture phagocytosed less OS than b5+/+ cells. (b) Phago-
somes were counted on cross sections of b5+/+ and b5-/- eyecups at different time-points of the 24-hour phago-
cytic cycle. The phagocytic peak detected in b5+/+ mice 2 hours after light onset is absent in b5-/- mice. Modified
from Nandrot et al. (2004), J. Exp. Med. 200:1539-1545 by copyright permission of The Rockefeller University
Press.



microscopy. We observed few of these inclusion bodies in wild-type RPE (Figure 18.2c),
whereas they were present in large numbers in b5 null RPE (Figure 18.2d).

4. PERSPECTIVE

Our results show that lack of avb5 integrin receptors eliminates the rhythm of POS
phagocytosis in the retina. With age, mice lacking avb5 integrin progressively lose vision
and their RPE accumulates lipofuscin granules. Strikingly, even with an early phagocytosis
defect b5 null mice only develop late onset pathology. Our findings suggest that constant
instead of rhythmic POS phagocytosis by RPE cells may impair POS digestion causing
gradual accumulation of autofluorescent compounds as lipofuscin.

Taken together these data emphasize the importance of timely regulation of RPE phago-
cytosis. avb5 integrin activity synchronizes this daily process that is essential for vision
(Nandrot et al., 2004). The age-related changes we observed in retinas of b5 knockout mice
share some characteristics of retinas of humans with age-related macular degeneration. The
b5 knockout mouse strain may thus provide a useful animal model to study lipofuscin
buildup with age and gene therapies to delay or reverse its accumulation.

5. ACKNOWLEDGMENTS

This work was supported by NIH grants EY13295 and EY14184, by a Karl Kirchgessner
research grant, and by the Irma T. Hirschl/Monique Weill-Caulier Trust.

122 E.F. NANDROT AND S.C. FINNEMANN

Figure 18.2. Age-related retinal changes in b5-/- mice. (a) At 1 year of age, scotopic ERG responses are greatly
reduced in b5-/- mice. (b) ERGs were recorded for wild-type (�) and b5-/- (�) mice between the ages of 4 and
12 months. Both a- and b-waves declined in b5-/- mice older than 4 months. RPE cells of 1-year-old wild-type
(c) and b5-/- (d) mice were examined by electron microscopy on ultrathin sections. Electron dense inclusion
bodies were detected in b5-/- RPE in larger numbers than in wild-type RPE. Modified from Nandrot et al. (2004),
J. Exp. Med. 200:1539-1545 by copyright permission of The Rockefeller University Press.
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CHAPTER 19

LIGHT/DARK TRANSLOCATION OF
ALPHATRANSDUCIN IN MOUSE PHOTORECEPTOR

CELLS EXPRESSING G90D MUTANT OPSIN

Zack A. Nash1 and Muna I. Naash1

1. INTRODUCTION

Genomic analysis, from patients with retinal diseases such as retinitis pigmentosa (RP)
and congenital night blindness (CNB), has provided convincing evidence that various sub-
types of retinal diseases can result from mutations in the gene encoding rod opsin, a protein
that binds 11-cis retinal to form the visual pigment, rhodopsin. Over 100 different muta-
tions in this gene have been documented, and shown to co-segregate with autosomal domi-
nant RP (Berson et al., 2002; Farrar et al., 2002; Nour and Naash, 2003) as well as a few
other mutations with CNB (Dryja et al., 1993; Sieving et al., 1995; al Jandal et al., 1999).
Interestingly when these CNB causing mutations are expressed in COS cells, they consti-
tutively activated transducin in the dark while in the absence of 11-cis retinal (Dryja et al.,
1993; Rao et al., 1994; Gross et al., 2003a; Gross et al., 2003b). Thus, the in vitro data sug-
gests that the CNB mutations generate a persistent ‘dark light’ that saturates the rod photo-
current and severely depresses rod sensitivity in a manner similar to that produced by light.
One of these CNB mutations resulted from the replacement of glycine at position 90 by
aspartic acid (G90D), which has been shown to associate with an unusual trait of congeni-
tal stationary night blindness (CSNB) (Sieving et al., 1995).

Expression of the G90D mutation in transgenic mice has recently been described
(Sieving et al., 2001; Naash et al., 2004) and shown to have a persistent state of light adap-
tation (Sieving et al., 2001). Comprehensive studies of the functional abnormalities and the
structural changes at the light- and electron-microscopic levels induced by the G90D muta-
tion have recently been described with three transgenic lines that express the transgene at
different levels (Naash et al., 2004). A direct relation between level of transgene expression
and extent of photoreceptor degeneration has been observed. Higher levels of G90D opsin
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expression produced earlier signs of retinal degeneration and more severe disruption of 
photoreceptor morphology (Naash et al., 2004). Furthermore, the rod a-wave amplitudes
and the amounts of photosensitive pigment were substantially reduced at early ages. Thus,
these findings suggest a failure of G90D opsin to efficiently complex with the chromophore
to form a light-sensitive rhodopsin in the rod outer segments (ROS). Due to the significant
loss of rod sensitivity observed in these G90D retinas; this study addresses the effect of
such a desensitized rod environment on the light-dependent translocation of transducin alpha
subunit (Ta). Studies have shown that upon illumination, a substantial proportion of Ta
found to rapidly move out of the ROS and return only in the dark (Whelan and McGinnis,
1988). The process of Ta movement out of the ROS seems to be mediated by the activa-
tion of transducin by photo-isomerized rhodopsin, while the reverse movement depends on
the deactivation of the transduction cascade (Hardie, 2003).

2. MATERIALS AND METHODS

2.1. Generation of G90D Transgenic Mice

A 15kb mouse opsin genomic fragment was used to generate the G90D line. This frag-
ment contains 6.0kb of the promoter region, all the introns and exons, and 3.5kb of the 3¢
untranslated region containing all of the multiple polyadenylation signals. Mutations were
introduced by site directed mutagenesis in PCR reactions as described in previous work
(Naash et al., 2004). Ten potential founders were identified and eight of them passed the
transgene to their offspring. Transgenic mice were mated to rhodopsin knockout mice (-/-)
(Lem et al., 1999) to express the transgene in different backgrounds of wild-type (wt) opsin
(i.e., +/+, +/-, or -/-). All mice studied here were maintained in the breeding colony under
cyclic light (12L:12D) conditions; cage illumination was ~7 foot-candles during the light
cycle. Light-adapted animals were taken after 4 hours of being in their light cycle while
dark-adapted animals were kept in the dark for at least 4-6 hours. 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.

2.2. Histology and Immunohistochemistry

For histology using light microscopy, animals were sacrificed, and eyes were fixed in
Davidson’s fixative (95% ethanol, 10% neutral buffered formalin, glacial acetic acid, and
distilled water) overnight at 4°C. The eyes were then washed 3 times in PBS and stored in
70% ethanol prior to serial dehydration and embedment in paraffin. Eyes were sectioned 
(6- to 8-mm thickness) on a standard microtome and stained with hematoxylin/eosin.

For immunohistochemistry, animals were sacrificed and eyes were fixed in 0.1 M phos-
phate buffer (pH 7.4) containing 4% formaldehyde. Tissues were incubated overnight with
10% sucrose in 0.1M phosphate buffer (pH 7.4) and then stored in 30% sucrose phosphate
buffer. The eyes were embedded and processed as described previously (Ding et al., 2004;
Nour et al., 2004). The sections were then incubated overnight at 4°C with either 1D4 (a
generous gift of Dr. Robert Molday) or with a polyclonal antibody to Ta (purchased from
Santa Cruz Biotechnology) at 1:100 dilution. Three retinal sections per slide were incu-
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bated with 1% BSA in PBS without the primary antibody as a negative control. Sections
were treated with goat-anti-rabbit FITC (diluted 1:100) for 1hr at room temperature and
photographed with a Zeiss universal microscope equipped for epifluorescence. Digitally
captured images were saved as TIFF files on a computer and imported into Adobe 
PHOTOSHOPTM 8.0, where color pictures were generated.

3. RESULTS

3.1. Histological Analyses of the G90D Retinas

The G90D mutation is located in the middle of the second transmembrane domain of
the molecule (Fig. 19.1). In a recently published study, a direct relation between the level
of transgene expression and the extent of photoreceptor degeneration in three G90D lines
was demonstrated. In this study, the histological abnormalities at one month of age in one
line that expresses the transgene at a level equivalent to one wt allele was evaluated and
compared to non-transgenic littermates in all rhodopsin genetic backgrounds (Fig. 19.2A
(A-F)). Transgenic retinal sections on the rhodopsin wt (+/+) and hemi (+/-) backgrounds
showed no obvious signs of abnormalities when compared to their cognate controls 
(Fig. 19.2A (A-D)). The length and organization of photoreceptor inner and outer segments
as well as the thickness of the outer nuclear layer (ONL) were also similar to controls.
Retinal section in Fig. 19.2A (F) shows how the incorporation of one copy of the transgene
in the rhodopsin null background (-/-) results in the development of ROS and survival 
of the photoreceptors. The retinal structure of rhodopsin null (-/-) animals have a 
normal complement of rod nuclei at early postnatal stages, but the cells fail to form ROS
(Fig. 19.2B (E)).

Figure 19.2B shows the localization of the wt and mutant proteins in the G90D retinas
in all rhodopsin genetic backgrounds. Using polyclonal anti-opsin antibody (1D4), which
recognizes both wt and mutant opsins, on all sections from the three genetic backgrounds
showed proper translocation of wt opsin as well as for the G90D protein from the site of
synthesis in the rod inner segments to the disc membranes of the ROS. No labeling was
seen either in the inner nuclear layer or in the cellular debris at the photoreceptor/RPE inter-
face of rhodopsin null retina (Fig. 19.2B (F)). However, strong immunoreactivity was
detected in the ROS of the G90D retinas in the rhodopsin null background (Fig. 19.2B (D))
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Figure 19.1. Diagram of the mouse opsin molecule showing
the location of the G90D mutation in the second transmem-
brane domain.



which indicates that G90D opsin has been properly localized and integrated into the ROS
disc membranes.

3.2. Light-Dependent Translocation of Transducin Alpha in the G90D Retinas

In wt mouse retinas, light triggers the translocation of transducin subunits from the
outer segment in the dark, to the inner segment in the light. This process is dependent on
photoisomerization of rhodopsin (Hardie, 2003). This experiment, tested whether the desen-
sitization state of the G90D retinas interferes with the translocation of Ta in rod cells. Com-
parisons of the Ta antibody staining patterns of dark- and light-adapted wt and G90D retinas
revealed that the majority of Ta resides in the ROS of dark-adapted G90D retinas from all
genetic backgrounds, whereas in the light-adapted state Ta is found throughout the G90D
photoreceptor layer, including the RIS and the synapse, similar to the distribution pattern
of Ta in non-transgenic controls. These results suggest that Ta redistribution is not effected
by the desensitization state imposed by the G90D mutation. Ta translocation was also
obvious in the G90D retinas on the rhodopsin null background (Fig. 19.3K&L). Since Ta
level in the rhodopsin null retinas is significantly low, its light-dependent translocation in
the absence of rhodopsin was not apparent (Fig. 19.3I&J).
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Figure 19.2. (A). Structural analysis at the light level of one month old wt and G90D retinas on all rhodopsin
genetic backgrounds. (B). Immunofluorescence of frozen sections of the same animals used in panel A labeled
with 1D4. Immunofluorescence was confined almost exclusively to the ROS and rod inner segments (RIS). The
fluorescent intensity appeared to be greatest in the ROS. No labeling was detected in the outer nuclear layer (ONL).
Scale bar: 25mm.



4. DISCUSSION

Light-dependent translocation of phototransduction proteins between the inner and
outer segments of photoreceptor cells has been thought to play an important role in the adap-
tation of these cells to light (Whelan and McGinnis, 1988; Zhang et al., 2003; Elias et al.,
2004; Lee and Montell, 2004). However, the mechanism by which simultaneous trans-
location of these proteins remains unknown. Studies have demonstrated that some of these
movements occur within minutes following the onset of light (Elias et al., 2004). It has been
proposed that the major function of these translocations is to provide protection of 
photoreceptors in bright light rather than increased vision in dim light (Elias et al., 2004).

The present study tested the light-dependent trafficking of Ta in transgenic retinas car-
rying the G90D mutation in the opsin gene, a mutation that has been shown to cause a form
of CSNB in humans (Sieving et al., 1995), constitutive activation of opsin in COS cells (Rao
et al., 1994), and a persistent state of light adaptation (“dark light”) in transgenic mice
(Sieving et al., 2001; Naash et al., 2004). Since photoreceptor degeneration is directly related
to the levels of transgene expression due to opsin over-expression (Naash et al., 2004), a
transgenic line was used in this study that expresses G90D opsin at a level equivalent to
that of wt. Although no signs of photoreceptor degeneration was seen in this line at early
ages (Fig. 19.2A), retinal morphological changes were evident in older animals on differ-
ent rhodopsin backgrounds (Naash et al., 2004). These changes are attributed to the pres-
ence of the G90D opsin rather than opsinoverexpression (Tan et al., 2001). As shown in
Figure 19.3, the majority of Ta resides in ROS in dark-adapted wt and G90D retinas. In the
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Figure 19.3. Sub cellular distribution of Ta in rod cells in dark- and light-adapted wt and G90D retina from all
rhodopsin genetic backgrounds (+/+, +/-, and -/-). The patterns of immuno-staining in sections taken from dark-
and light-adapted wt and G90D retinas are similar suggesting that the desensitization state of the G90D rods has
no effect on the translocation of transducin. Scale bars: 25mm; (insets).



light-adapted state of the G90D retina, Ta is found throughout the photoreceptor layer,
including the RIS and the synapse, similar to the distribution of Ta in wt mouse retinas.
These results suggest that Ta redistribution is independent of the activation status of
rhodopsin, an observation that was previously reported (Mendez et al., 2003).

5. ACKNOWLEDGMENT

This research was funded by National Eye Institute (NEI) grant EY-10609 (MIN),
Department of Ophthalmology NEI Core grant (EY-01792), the Foundation Fighting Blind-
ness (MIN). Dr. Naash is a recipient of the Research to Prevent Blindness James S. Adams
Scholar award.

6. REFERENCES

al Jandal, N., Farrar, G.J., Kiang, A.S., Humphries, M.M., Bannon, N., Findlay, J.B. et al., 1999, A novel mutation
within the rhodopsin gene (Thr-94-Ile) causing autosomal dominant congenital stationary night blindness.
Hum. Mutat. 13:75-81.

Berson, E.L., Rosner, B., Weigel-DiFranco, C., Dryja, T.P., and Sandberg, M.A., 2002, Disease progression in
patients with dominant retinitis pigmentosa and rhodopsin mutations. Invest Ophthalmol. Vis. Sci. 43:3027-
3036.

Ding, X.Q., Nour, M., Ritter, L.M., Goldberg, A.F., Fliesler, S.J., and Naash, M.I., 2004, The R172W mutation in
peripherin/rds causes a cone-rod dystrophy in transgenic mice. Hum. Mol. Genet. 13:2075-2087.

Dryja, T.P., Berson, E.L., Rao, V.R., and Oprian, D.D., 1993, Heterozygous missense mutation in the rhodopsin
gene as a cause of congenital stationary night blindness. Nat. Genet. 4:280-283.

Elias, R.V., Sezate, S.S., Cao, W., and McGinnis, J.F., 2004, Temporal kinetics of the light/dark translocation and
compartmentation of arrestin and alpha-transducin in mouse photoreceptor cells. Mol. Vis 10:672-681.

Farrar, G.J., Kenna, P.F., and Humphries, P., 2002, On the genetics of retinitis pigmentosa and on mutation-
independent approaches to therapeutic intervention. EMBO J. 21:857-864.

Gross, A.K., Rao, V.R., and Oprian, D.D., 2003a, Characterization of rhodopsin congenital night blindness mutant
T94I. Biochemistry 42:2009-2015.

Gross, A.K., Xie, G., and Oprian, D.D., 2003b, Slow binding of retinal to rhodopsin mutants G90D and T94D.
Biochemistry 42:2002-2008.

Hardie, R.C., 2003, Phototransduction: shedding light on translocation. Curr. Biol. 13:R775-R777.
Lee, S.J. and Montell, C., 2004, Light-dependent translocation of visual arrestin regulated by the NINAC myosin

III. Neuron 43:95-103.
Lem, J., Krasnoperova, N.V., Calvert, P.D., Kosaras, B., Cameron, D.A., Nicolo, M. et al., 1999, Morphological,

physiological, and biochemical changes in rhodopsin knockout mice. Proc. Natl. Acad. Sci. U. S. A. 96:736-
741.

Mendez, A., Lem, J., Simon, M., and Chen, J., 2003, Light-dependent translocation of arrestin in the absence of
rhodopsin phosphorylation and transducin signaling. J. Neurosci. 23:3124-3129.

Naash, M.I., Wu, T.H., Chakraborty, D., Fliesler, S.J., Ding, X.Q., Nour, M. et al., 2004, Retinal abnormalities asso-
ciated with the G90D mutation in opsin. J. Comp Neurol. 478:149-163.

Nour, M., Ding, X.Q., Stricker, H., Fliesler, S.J., and Naash, M.I., 2004, Modulating expression of peripherin/rds
in transgenic mice: critical levels and the effect of overexpression. Invest Ophthalmol Vis Sci 45:2514-2521.

Nour, M. and Naash, M.I., 2003, Mouse models of human retinal disease caused by expression of mutant rhodopsin.
A valuable tool for the assessment of novel gene therapies. Adv. Exp. Med. Biol. 533:173-179.

Rao, V.R., Cohen, G.B., and Oprian, D.D., 1994, Rhodopsin mutation G90D and a molecular mechanism for con-
genital night blindness. Nature 367:639-642.

Sieving, P.A., Fowler, M.L., Bush, R.A., Machida, S., Calvert, P.D., Green, D.G. et al., 2001, Constitutive “light”
adaptation in rods from G90D rhodopsin: a mechanism for human congenital nightblindness without rod cell
loss. J. Neurosci. 21:5449-5460.

130 Z.A. NASH AND M.I. NAASH



Sieving, P.A., Richards, J.E., Naarendorp, F., Bingham, E.L., Scott, K., and Alpern, M., 1995, Dark-light: model
for nightblindness from the human rhodopsin Gly-90–>Asp mutation. Proc. Natl. Acad. Sci. U. S. A. 92:880-
884.

Tan, E., Wang, Q., Quiambao, A.B., Xu, X., Qtaishat, N.M., Peachey, N.S. et al., 2001, The relationship between
opsin overexpression and photoreceptor degeneration. Invest Ophthalmol. Vis. Sci. 42:589-600.

Whelan, J.P. and McGinnis, J.F. (1988) Light-dependent subcellular movement of photoreceptor proteins. J. 
Neurosci. Res. 20:263-270.

Zhang, H., Huang, W., Zhang, H., Zhu, X., Craft, C.M., Baehr, W., and Chen, C.K., 2003, Light-dependent redis-
tribution of visual arrestins and transducin subunits in mice with defective phototransduction. Mol. Vis. 9:231-
237.

19. TRANSDUCIN TRANSLOCATION IN G90D RETINA 131



CHAPTER 20

SLOWED PHOTORESPONSE RECOVERY AND 
AGE-RELATED DEGENERATION IN CONES LACKING

G PROTEIN-COUPLED RECEPTOR KINASE 1

Xuemei Zhu, Bruce Brown, Lawrence Rife, and Cheryl M. Craft*

1. INTRODUCTION

The vertebrate retina is a specialized neural network that contains very sensitive signal
transducers—the rod and cone photoreceptors. Rods function in near darkness (scotopic)
and are responsible for dim light vision, while cones operate in bright light (photopic) 
and provide daytime, high acuity color vision. In the human retina, rods are the dominant
photoreceptor cell type and comprise about 95% of all photoreceptor cells, while cones
account for only 5% of the cells. Yet in a bright light environment, normal cone function is
essential for visual perception since rods become saturated and are rendered nonfunctional.

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are two major
causes of visual loss due to photoreceptor degeneration. In RP, rod degeneration results in
night blindness and loss of peripheral vision. Inevitably, cones are also lost following the
disappearance of rods through currently unknown mechanisms, resulting in blindness.1

AMD is the leading cause of visual impairment and legal blindness in elderly people in the
Western world.2 In AMD, central vision is compromised initially, and although rod cell death
occurs prior to cone loss, it is the subsequent cone cell death that eventually leads to com-
plete visual loss.3-5 During the last decade, significant advances have been made in under-
standing the mechanisms leading to rod cell death; however, those underlying cone loss are
still poorly delineated. This is due to the paucity of cones in the mammalian retina that
makes the study of cone function and disease-related processes difficult.

The neural retinal leucine zipper (Nrl) knockout (KO, -/-) mouse has a pure-cone retina
due to a cell fate switch from rod to S cone during retinal development.6 ERG analysis of
Nrl-/- mice reveals that the amplitude of light-adapted ERG responses elicited by maximum
stimulus does not change significantly up to 31 weeks of age, suggesting the cones in these
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mouse retinas survive without rod function.6 In this study, we describe an age-dependent
retinal degeneration in the pure-cone Nrl-/- mice lacking G protein-coupled receptor kinase
1 (GRK1). The Nrl-/-Grk1-/- mice may provide a useful model for studying the molecular
mechanisms of cone cell death in AMD and other retinal diseases.

2. METHODS

2.1. Animals

Nrl-/-Grk1-/- mice were generated by crossing the Nrl-/- mice6 with the Grk1-/- mice7 as
described previously.8 The Nrl-/- were generously provided by Anand Swaroop and Alan
Mears (University of Michigan), and the Grk1-/- mice were provided by Jason Chen (Uni-
versity of Utah). Both the Nrl-/- and the Nrl-/-Grk1-/- mice were born and maintained in total
darkness. All animals were treated according to the guidelines established by the Institute
for Laboratory Animal Research.

2.2. Immunoblot Analysis

Three mice from each genotype and each age group were killed at mid-day under room
light. From each animal, the retina was dissected from one eye, and the other eye was fixed
for histological and immunohistochemistry analysis (data not shown). The retinas were flash
frozen on dry ice and kept at -80°C until use. Retinas were homogenized, and an equal
amount of proteins from each retina was resolved on replicate 11.5% SDS-PAGE and trans-
ferred to PVDF membranes (Millipore Corp., Bedford, MA). The blots were incubated with
rabbit polyclonal antibodies against mouse cone arrestin (mCAR),9 S or M opsin8 followed
by a horseradish peroxidase (HRP) conjugated goat anti-rabbit secondary antibody and visu-
alized by an Enhanced Chemiluminescence (ECL) Kit (Amersham, Arlington Heights, IL).10

2.3. Electroretinography (ERG)

ERGs were recorded as previously described.11 Mice were dark-adapted overnight, and
their eyes were dilated with topical administration of phenylephrine (2.5%) and tropicamide
(0.5%). Mice were anesthetized via an intraperitoneal injection of ketamine HCl (100mg/kg)
and xylazine HCl (10mg/kg), and the cornea anesthetized with 0.5% tropical tetracaine. The
mouse was placed in an aluminum foil-lined Faraday cage and a DLT fiber electrode placed
on the right cornea. A platinum reference electrode was placed on the lower eyelid and
another ground electrode on the epsilateral ear. Photic stimuli of 10-ms duration were deliv-
ered through one arm of a coaxial cable using a Grass PS22 xenon flash. The cable deliv-
ered the flash 5mm from the surface of the cornea, and flashes were attenuated with neutral
density filters held to a window of fixed f-stop. Dark-adapted maximum responses (mesopic
ERG) were measured using the non-attenuated light stimulus (100). Photopic ERGs were
measured using the same stimulus with a 6-foot candle (fc) white background light deliv-
ered through the other arm of the coaxial cable. The half-amplitude bandwidth of the system
was 0.01-100Hz. Responses were recorded on a Coopervision/Nicolet Electrovisual Diag-
nostic System, and amplified potentials were displayed on a storage oscilloscope for viewing
and photographic recording.
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3. RESULTS

3.1. Delayed Photoresponse Recovery in Nrl-/-Grk1-/- Mice

In recently completed work, we have demonstrated that GRK1 is responsible for light-
dependent phosphorylation of both S and M cone opsins in the mouse retina.8 To evaluate
the effect of GRK1 deletion on phototransduction in cones, we recorded ERGs from Nrl-/-

and Nrl-/-Grk1-/- mice.
As shown in Figure 20.1A, neither Nrl-/- nor Nrl-/-Grk1-/- mice had any ERG response

to low intensity light stimulation, which caused a strong rod response in WT mouse, con-
sistent with the pure-cone phenotype of the Nrl-/- mouse.6 Strong ERG responses were
elicited in both Nrl-/- and Nrl-/-Grk1-/- mice with high intensity light (Figure 20.1B). Inter-
estingly, the amplitude of the b-wave was reduced by approximately 50% with a 6-fc white
background light (6-fc bgd) in the Nrl-/-Grk1-/- mouse, compared to that of the Nrl-/- mouse
whose b-wave amplitude was not significantly affected by the background light (Figure
20.1B & C).

We also investigated the time course of recovery of dark-adapted ERGs in Nrl-/- and
Nrl-/-Grk1-/- mice. Paired-flash ERG responses of dark-adapted mice were recorded using
high intensity (100) white flashes at inter-stimulus intervals (ISIs) specified in seconds (s)
to the left of the traces (Figure 20.2). Complete recovery of the ERG responses in the Nrl-/-

mice was achieved in about 0.625sec, but for the Nrl-/-Grk1-/- mice, the ERG responses were
not totally recovered even after 5sec, suggesting a delayed recovery of cone responses in
Nrl-/-Grk1-/- mice.

3.2. Age-Dependent Cone Degeneration in the Nrl-/-Grk1-/- Mouse Retina

Morphological studies showed that the outer nuclear layer (photoreceptor layer) of the
Nrl-/-Grk1-/- mice was significantly thinner than that of the age-matched Nrl-/- mice, and was
progressively thinner with advancing age, suggesting an age-dependent photoreceptor
degeneration in the Nrl-/-Grk1-/- mouse retina (X. Zhu et al., in preparation). ERG analyses
of retinal function of mice reared in total darkness revealed that the b-wave amplitude of

20. CONE DEGENERATION IN GRK1-DEFICIENT MICE 135

Nrl-/-

Nrl-/-

244 mV

100 ms

Nrl-/-Grk1-/-
Nrl-/-
Grk1-/-

0

250

500

750

1000 Dark
6 fc bgd

b
-w

av
e 

R
es

p
o

n
se

 (
u

V
)

Light-adapted ERG 
       (6-fc bgd) 

Dark-adapted ERG 
CBA

Nrl-/-

WT

134 mV

100 ms

Nrl-/-
Grk1-/-

Figure 20.1. Electroretinography. A. Dark-adapted ERG responses with low stimulus intensity (10-3) from WT,
Nrl-/- and Nrl-/-Grk-/- mice. B. Dark- and light-adapted ERGs with high stimulus intensity (100) from Nrl-/- and
Nrl-/-Grk1-/- mice. C. Graph representation of the b-wave amplitude from ERG recordings of Nrl-/- and Nrl-/-Grk1-/-

mice. The data represent mean ± Standard Deviation (SD) of six mice of each genotype.



mesopic ERGs decreased rapidly with increasing age in the Nrl-/-Grk1-/- mice, while that of
the Nrl-/- mice remained unchanged up to 9 months of age (Figure 20.3). Animals reared in
either 12:12hr cyclic light or bright constant light had similar ERG b-wave amplitude to
those of the same genotype raised in total darkness (X. Zhu et al., in preparation), sug-
gesting that the functional decrease and degeneration of the Nrl-/-Grk1-/- photoreceptors are
dependent on age but independent of light under these conditions, in contrast to the light-
induced rod degeneration in the Grk1-/- mouse retina.7
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3.3. Both S and M Cones Die with Age in the Nrl-/-Grk1-/- Mouse Retina

To determine if both S and M cones degenerate in the Nrl-/-Grk1-/- mouse retina, 
we determined protein expression levels by immunoblot analyses for S and M opsins, 
as well as for mCAR, which is expressed in all cones.8,9 The expression levels of all three
photoreceptor-specific proteins decrease dramatically with age in the Nrl-/-Grk1-/- mouse
retina but do not change significantly in the Nrl-/- mouse retina up to 11 months of age
(Figure 20.4). These results suggest that both S and M cones degenerate with age in the 
Nrl-/-Grk1-/- mouse retina.

4. DISCUSSION

Morphological and biochemical analysis of the Nrl-/- retina suggest a complete lack 
of rods and increased number of S cones.6 Single cell recordings reveal that the Nrl-/-

photoreceptors have similar responses to the cones of the rhodopsin-/- mice,12,13 which are
used as a pure cone animal model for studying cone function.14 Therefore, the photorecep-
tors of the Nrl-/- mouse retina are functionally and biochemically cones.

In biochemical experiments utilizing these pure-cone retinas, we have found that both
S and M opsins are phosphorylated following light exposure, and that cone arrestin pre-
ferentially binds to light-activated, phosphorylated cone opsins, suggesting that cones in 
the Nrl-/- mouse retina may have a similar signal shutoff pathway to that of the wildtype
mouse rods.8
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Figure 20.4. Immunoblot analysis of mCAR, S and M Opsins. Nrl-/- (A) and Nrl-/-Grk1-/- mice (B) reared in total
darkness were killed, and one retina was dissected and frozen. Frozen retinas were homogenized and equal amounts
of proteins were applied to an SDS-PAGE. In each panel, a representative immunoblot and a histogram repre-
senting quantitative data (Mean ± SEM) from 3 immunoblots are shown per age group.



GRK1 is expressed in all rods and cones in the retina of rod-dominant human, monkey
and mouse8,15-17 and of cone-dominant chicken.18 GRK1 phosphorylation of light-activated
rhodopsin is required for normal inactivation of rhodopsin in vivo.7,19 Although a cone-
specific GRK (GRK7) exists in other species,16,20-22, GRK1 is the only opsin kinase found
in the mouse retina16,22,23 and is responsible for light-dependent phosphorylation of both S
and M cone opsins.8 ERG analysis of cone photoresponses of the Grk1-/- mouse retina reveals
that GRK1 plays a critical role in the inactivation of murine cone phototransduction.17 In
the studies presented here, we demonstrate that when the Grk1 gene is simultaneously
knocked out in the Nrl-/- mice, the Nrl-/-Grk1-/- animals have delayed photoresponse recov-
ery, and their retinal function decreases dramatically with age, indicating that lack of GRK1
function in cones can lead to cone cell degeneration, in addition to the delayed photo-
reseponse recovery reported previously.17

In another study using single cell recordings of the Nrl-/-Grk1-/- photoreceptors, Pugh
and collaborators have confirmed the critical role of GRK1 in cone phototransduction
shutoff and have shown that the shutoff of M opsin is more dramatically delayed than that
of S opsin in the Nrl-/-Grk1-/- retina.24 These results suggest a potential alternative shutoff
pathway for S opsin in the Nrl-/-Grk1-/- mouse retina. Our biochemical experiments show
that both S and M opsins decrease with age, but the S opsin decrease appears to be slower
than that of M opsin in the Nrl-/-Grk1-/- retina (X. Zhu et al., in preparation). Further immuno-
histochemistry studies are needed to determine if M cones die earlier or faster than S cones
in the Nrl-/-Grk1-/- mouse retina. Because the cone cell degeneration in the Nrl-/-Grk1-/- mouse
retina is light-independent, we postulate that GRK1 may play other roles that are related to
regulation of cellular proliferation and/or apoptosis in cone photoreceptors of the mouse
retina. Experiments are underway to define the molecular mechanisms leading to cone cell
death in the Nrl-/-Grk1-/- mouse retina. We believe that these mice will provide a valuable
model for studying the molecular pathways of cone photoreceptor degeneration and for
testing preventive and therapeutic strategies for rescuing cone function, thus preserving
vision, in various retinal degenerative diseases.
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CHAPTER 21

TRANSGENIC ANIMAL STUDIES OF 
HUMAN RETINAL DISEASE CAUSED BY 

MUTATIONS IN PERIPHERIN/RDS

Xi-Qin Ding and Muna I. Naash1

1. INTRODUCTION

The photoreceptor disk membrane protein peripherin/rds is essential for the outer
segment morphogenesis and integrity. Peripherin/rds associates with itself and with its
homologue Rom-1 to form homo- and hetero-complexes, which are necessary for its struc-
tural role (Goldberg et al., 1995; Molday, 1998). More than seventy different pathogenic
mutations in the peripherin/rds gene have been identified. These mutations are divided pri-
marily into two categories: those associated with classic retinitis pigmentosa (RP), and those
associated with various forms of macular dystrophy (MD). In fact, mutations in periph-
erin/rds account for 5-10% of RP causes, and is a major cause for MD (Kohl et al., 1998;
Molday, 1998; http://www.sph.uth.tmc.edu/RetNet; http://www.retina-international.org/sci-
news/rdsmut.htm). Insights into the functional significance, structural role, and pathogenic
effects of this protein have been accumulating considerably since its initial description; this
is largely accomplished by the use of laboratory animal models. Use of transgenic or knock-
out animals holds great potential for the investigation of retinal disease pathogenesis and
the exploration of therapeutic interventions. Table 21.1 summarizes the animal models used
to investigate the disease-causing mutations in peripherin/rds. In addition to the pathogen-
esis study, transgenic mouse and Xenopus laevis expressing the wild type peripherin/rds or
the C-terminus have also been used to explore the structural and functional significance of
the protein (Loewen et al., 2003; Ritter et al., 2004).
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2. TRANSGENIC ANIMAL MODELS OF RP CAUSED BY 
MUTATION IN PERIPHERIN/RDS

The majority of the RP-causing mutations in peripherin/rds exerts a dominant effect
such as the P216L (Kajiwara et al., 1991) and C214S mutations (Saga et al., 1993); a few
fall into the digenic group for example the double heterozygous for a L185P mutation in
peripherin/rds and a second null mutation in Rom-1 (Dryja et al., 1997). In the first trans-
genic mouse model for peripherin/rds mutation-linked autosomal dominant RP, Kedzierski
et al., (1997) described an expression-level-dependent photoreceptor degeneration and outer
segment shortening in the P216L transgenic mice. Expression of the P216L transgene on
the rds+/- and rds-/- background resulted in a faster rate of photoreceptor degeneration and
outer segment dysplasia than that seen in the non-transgenic controls. Thus, the phenotype
seen in P216L retina is caused by both direct dominant effect of the mutant protein and a
consequence of haploinsufficiency. In the study by Stricker et al., (2003), the pathogenesis
of the C214S mutation was examined in several transgenic lines with different expression
levels of the transgene. Although, comparable amount of transgene message was formed in
the transgenic retinas, only a very small amount of the C214S protein was detected. More-
over, ectopic expression of the C214S mutant protein was observed in the inner retinal cells
of transgenic mice (Stricker et al., 2003) . The phenotype of photoreceptor degeneration
seen in these transgenic mice resembles the symptom in patients with the same mutation.
Thus, the haploinsufficiency resulted from the fatal mutation contributes to the retinopathy
caused by the C214S mutation.

In a digenic RP mouse model (Kedzierski et al., 2001), in which both the L185P muta-
tion and levels of peripherin/rds and Rom-1 closely matched those predicted for the corre-
sponding human diseases, photoreceptor degeneration in these mice was shown to be faster
than that in the monogenic controls. From this model, it was proposed that deficiency of
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Table 21.1. Transgenic animal models of retinal diseases caused by mutations in peripherin/rds.

Pathogenesis of
Mutations and Phenotype in the Retinal
Diseases Animal Models Animals Degeneration References

L185P/Rom-1 Transgenic mice Rod degeneration Haploinsufficiency Kedzierski et al.,
null (RP) 2001

Transgenic Aggregated in the Loewen et al., 2003
Xenopus inner segment

C214S (RP) Transgenic mice Rod degeneration Haploinsufficiency Stricker et al., 2003
Transgenic Aggregated in the Loewen et al., 2003

Xenopus inner segment

P216L (RP) Transgenic mice Rod degeneration Dominant negative effect Kedzierski et al., 
1997

Transgenic Rod degeneration Haploinsufficiency Loewen et al., 2003
Xenopus

307del (RP) Target-deleting Rod degeneration Dominant negative effect McNally et al., 2002
mice Haploinsufficiency

R172W (MD) Transgenic mice Cone-dominant Dominant negative Li et al., 1999; Ding
degeneration effect et al., 2004



peripherin/rds and Rom-1 might be the main cause of photoreceptor degeneration and that
the threshold level for the combined abundance of peripherin/rds and Rom-1 is approxi-
mately 60% of the wild type. Below this level, the extent of outer segment disorganization
may result in clinically significant photoreceptor degeneration.

Transgenic Xenopus, which express wild type peripherin/rds and the autosomal domi-
nant RP-linked mutants as GFP-fusion proteins in rod photoreceptors, was recently estab-
lished to identify the determinants required for peripherin/rds targeting to disk membranes
and to elucidate the mutation pathogenesis (Loewen et al., 2003). The wild type and the
P216L mutant were properly assembled as tetramers and targeted to disk membranes as
visualized by confocal and electron microscopy. In contrast, the C214S and L185P mutants,
which form homodimers but not tetramers, were retained in the inner segments. The finding
of mislocalization of the C214S mutant was consistent with that observed in transgenic mice
(Stricker et al., 2003). From these studies, it was proposed that tetramerization is required
for peripherin/rds targeting and incorporation into disk membranes and that a check-
point between the photoreceptor inner and outer segments allows only correctly assembled
peripherin/rds tetramers to be incorporated into nascent disk membranes. Thus, the tetramer-
ization-defective mutants (C214S and L185P) cause RP through a deficiency in wild type
peripherin/rds, whereas tetramerization-proficient P216L peripherin/rds causes RP through
a dominant negative effect. Further studies on this model indicated that the introduction of
a new N-linked oligosaccharide chain might contribute to the defect of the P216L mutant
protein (Loewen et al., 2003).

McNally et al., (2002) introduced a targeted single-base deletion at codon 307 of the
peripherin/rds gene in mice, similar to a human mutation reported by Apfelstedt-Sylla 
et al., (1995) in which patients suffered from a slowly progressive form of autosomal dom-
inant RP. The mutation in the human gene causes a frameshift which results in a stop codon
after a further 16 triplets, and the expected protein is 26 amino acids shorter than the wild-
type peripherin/rds. The frameshift in the mouse gene is predicted to result in alteration of
the last 40 amino acids of the C-terminus of the protein and the addition of an extra 11
amino acids. In heterozygous and homozygous peripherin/rds-307del mice, the induced
retinopathy, as evaluated by histopathologic and electroretinographic analysis, appeared to
be more rapid when compared with rds+/- or rds-/- mice. Thus, the pathogenesis of this muta-
tion in patients may involve both the dominant-negative effect and the haploinsufficiency.

3. TRANSGENIC ANIMAL MODEL OF MD CAUSED BY 
MUTATIONS IN PERIPHERIN/RDS

The second category of the disease-causing mutations contains those mutations affect-
ing the central macular regions of the retina. To date, more than thirty different mutations
in peripherin/rds have been identified in patients diagnosed with MD or different forms of
cone-rod dystrophy. Wells et al., (1993) first described a substitution of arginine with tryp-
tophan in codon 172 (R172W mutation) in patients with MD. Later, the same mutation was
reported in patients of English, Japanese, Swiss, and Spanish origins, with similar patterns
of retinopathy (Wroblewski et al., 1994; Nakazawa et al., 1995; Jacobson et al., 1996; Milla
et al., 1998; Payne et al., 1998). In addition, other mutations in this position, including
R172G and R172Q, were also found to associate with MD (Nakazawa et al., 1995; Payne
et al., 1998). Although symptoms in a majority of the patients suggest a cone-dominant
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defect, one report has shown a more diffuse and progressive retinal degeneration in patients
with this mutation (Ekstrom et al., 1998).

The pathogenesis of MD related to the R172W mutation was explored in the transgenic
mouse model (Li et al., 1999; Ding et al., 2004). The phenotype in these mice resembles
the clinical symptoms of patients carrying this mutation. Functional, structural and bio-
chemical analyses showed a direct correlation between transgene expression levels and the
onset/severity of the phenotype. Transgenic mice from the low expresser line (40% of wild
type) showed a mild, late-onset cone dystrophy in which cone functional deficits were asso-
ciated with reduction in cone density as early as nine months of age (Li et al., 1999).
However, the high expresser line (75% of the wild type) revealed an early onset, autosomal
dominant cone-rod dystrophy (Ding et al., 2004). The cone-dominant degeneration induced
by the R172W mutation was well documented in the transgenic mice with mutant protein
expressed on the different rds background. When expressed on the wild type background,
both cone and rod structure and function were significantly diminished with more severe
cone defect. The phenotype seen in the transgenic retina on the wild type background is not
an effect of peripherin/rds over-expression. This has been demonstrated in a study by Nour
et al., (2004) in which over-expression of wild type peripherin/rds did not alter retinal func-
tion and structure. When the R172W transgene expressed on the rds+/- background, cone
ERG responses were diminished to 41% of the wild type level while rod function and outer
segment structure were improved. Expression of the R172W mutant in rds-/- mice rescued
the rod function to 30% of the wild type level but no rescue of cone function was observed.
The functional and structural characteristics of the transgenic retinas from the high expresser
line on different rds genetic background are summarized in Table 21.2. Biochemical studies
of the mutant protein isolated from transgenic mice on the rds-/- background showed no
abnormalities in complex formation and association with Rom-1. However, the R172W
protein was more sensitive to limited tryptic digestion, suggesting a change in the protein
conformation that possibly contributes to the cone-specific phenotype (Ding et al., 2004).
As the first animal model for peripherin/rds-associated cone-rod dystrophy, the R172W mice
provides a valuable tool for studying the pathophysiology of human macular dystrophies
and for development of the therapeutic interventions.
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Table 21.2. Functional and structural characteristics of the R172W transgenic mice. Retinal characteristics of
R172W mice were compared with the age-matched, non-transgenics on the same rds genetic background. WT,
wild type; OS, outer segment; IS, inner segment. (Adapted from Ding et al., Human Molecular Genetics, 2004,
V.13, Issue 18, 2075–2087, by permission of Oxford University Press).

Rod ERG Cone ERG Light-microscopic Electron-microscopic 
Transgenic Mice Response Response Appearance Appearance

R172W+/+/rds+/+ 40% reduction 75% reduction Disorganization Disruption of OS
of the WT of the WT and shortening structure 

in OS length
R172W+/-/rds+/- 81% increase 60% reduction Improvement Improvement on OS 

of the rds+ - of the rds+ - on OS structure structure
R172W+/+/rds-/- 30% rescue No rescue Partial rescue Restoration in OS and 

of the WT and OS IS structure
formation



4. TRANSGENIC ANIMAL MODELS USED TO STUDY THE STRUCTURE AND
FUNCTION RELATIONSHIP OF PERIPHERIN/RDS

Transgenic animal models have been applied to the study of the structural and func-
tional role of peripherin/rds. Using transgenic mouse line expressing the wild type periph-
erin/rds, Nour et al., (2004) has demonstrated in vivo the critical level of peripherin/rds
needed to maintain photoreceptor structure and ERG function. Total peripherin/rds levels
in the retina were modulated by crossing the wild type transgenic mice into different rds
genetic backgrounds and the consequences of peripherin/rds over-expression in both rods
and cones were assessed morphologically and functionally. A positive correlation was
observed between peripherin/rds expression levels and the structural and functional integrity
of photoreceptor outer segments. Over-expression of peripherin/rds caused no detectable
adverse effects on the structure and function of rods or cones (Nour et al., 2004). In the
study by Kedzierski et al., (1999), the functional role of the intradiscal D2 loop of periph-
erin/rds was examined in transgenic mice expressing a chimeric protein containing the D2
loop of peripherin/rds in the context of Rom-1. The chimeric protein was able to form cova-
lent homodimers and to interact non-covalently with itself, wild type peripherin/rds, and
Rom-1, and displayed a more stable interaction with peripherin/rds when compared to the
authentic Rom-1. This study proposed that peripherin/rds is about 2.5-fold more abundant
than Rom-1 and the complexes formed may extend the entire circumference of the disc
(Kedzierski et al., 1999).

Through use of transgenic Xenopus expressing the GFP-C-terminus of peripherin/rds,
the participation of the C-terminus in rod outer segment targeting and alignment of disk
incisures was studied recently (Ritter et al., 2004; Tam et al., 2004). The C-terminus periph-
erin/rds fusion protein localized uniformly to disk membranes while the Rom-1 C-terminus
did not promote rod outer segment localization. The GFP-fusion proteins did not immuno-
precipitate with peripherin/rds or Rom-1, suggesting that this region does not form inter-
molecular interactions and is not involved in subunit assembly. Interestingly, presence of
GFP-peripherin/rds fusions correlated with disrupted outer segments structure which may
reflect competition of the fusion proteins for other proteins that interact with peripherin/rds.
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CHAPTER 22

TRANSGENIC EXPRESSION OF LEUKEMIA
INHIBITORY FACTOR INHIBITS BOTH ROD AND

CONE GENE EXPRESSION

Gp130 regulates cone gene expression

John D. Ash1 and Dianca R. Graham1

1. INTRODUCTION

Leukemia inhibitory factor (LIF) is a member of the interleukin 6 (IL-6) family of
cytokines, which also includes oncostatin-M, ciliary neurotrophic factor (CNTF), inter-
leukin-11, and cardiotrophin-1. Members of this family are grouped together based on acti-
vation of a common tyrosine kinase receptor, gp130. (Ip et al, 1992) The expression of
activating ligands of gp130, including LIF and CNTF, have been localized to Muller glial
cells and microglial cells in the retina. (Harada et al, 2002; Kirsch et al, 1997; Neophytou
et al, 1997; Walsh et al, 2001) While little is known about the regulated expression of LIF
in the eye, CNTF has been shown to be up-regulated in the retina following injury or stress.
(Cao et al, 1997; Wen et al, 1995; Wen et al, 1998) This up regulation has led to the hypo-
thesis that activation of gp130 is an endogenous mechanism for neuroprotection in the 
retina. In support of this hypothesis, it has been shown that activating gp130 either by direct
injections of LIF or CNTF into the eye or by their expression from transduced cells is effec-
tive at protecting retinal neurons from cell death. This includes cell death caused by pro-
longed exposure to constant light and inherited retinal degenerative mutations (Bok et al,
2002; Cayouette and Gravel, 1997; LaVail et al, 1998; LaVail et al, 1992). CNTF and LIF
are both currently in clinical trials for the treatment of neurological degenerative disorders
including amyotrophic lateral sclerosis (Festoff, 1996) and retinitis pigmentosa (www.clin-
icaltrials.gov). While CNTF and LIF are effective at preventing cell death, the mechanism
has not yet been identified.
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In order to study the effects of gp130 activation in the retina we have generated trans-
genic mice that express human LIF in the eye. We have utilized the aA-crystallin promoter
to drive LIF expression specifically in the lens. We have named these mice aA-LIF. In these
mice LIF is expressed specifically in the lens fiber cells beginning around embryonic day
11. The lenses in these mice continue to express LIF throughout the life of the mouse. In a
previous study we have used these mice to show that activation of gp130 in the retina inhibits
photoreceptor differentiation. (Ash, 2001) In search of the mechanism, we have previously
reported that LIF expression in development does not prevent the differentiation of CRX
expressing photoreceptor cells. (Ash, 2001) However, rod photoreceptors do not expression
of NRL. Without this essential transcription factor rod photoreceptors cannot induce expres-
sion of rod photoreceptor transduction genes including opsin. In the current study we ana-
lyzed the effects of gp130 activation on cone differentiation.

2. MATERIALS AND METHODS

2.1. Transgenic Mice

All procedures were in accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research. The generation of the aA-LIF transgenic mice were
described previously. (Ash, 2001) Founder mice were mated to FVB/N mice in order to
establish transgenic lines. The FVB mouse strain is homozygous for the retinal degenera-
tion mutation (pdebrd1, formally known as rd1), which is caused by a mutation in the gene
encoding rod-specific cGMP phosphodiesterase. (Bowes et al, 1990) This autosomal reces-
sive defect results in rapid rod cell death followed by a slow loss of cones. To analyze the
effects of LIF on normal retinas, LIF transgenic mice were mated to C57BL/6pdeb+/+ mice.
The F1 progeny of this mating are heterozygous for pdebrd1 (rd1+/-) and do not have pho-
toreceptor degeneration. Therefore, the changes in retinal phenotype and function described
for mice in the C57BL/6 background are caused by the expression of LIF in the lens and
not a complication of the pdebrd1 mutation.

2.2. Immunofluorescence

Eyes were enucleated, fixed in 10% neutral buffered formalin for 24 hours, dehydrated,
and embedded in paraffin. To detect M- and S-opsin expression, paraffin embedded tissue
sections on glass slides were rehydrated in an ethanol series then blocked in 10% horse
serum in PBS for 30 minutes at room temperature prior to incubation with primary anti-
body. The rabbit anti-M-opsin and anti-S-opsin antibodies (Chemicon, Temecula, CA) were
diluted 1:200 in 10% horse serum/PBS. Sections were incubated overnight at 4°C, washed
three times in PBS, then incubated for one hour with Alexa-595, anti-rabbit secondary anti-
body (Molecular probes) diluted 1:500 in 10% horse serum/PBS. Slides were coverslipped
with fluorescent mounting media containing DAPI (Vector labs). Fluorescent complexes
were detected using a Nikon Eclipse fluorescent microscope.

2.3. Semi-Quantitative RT-PCR Analysis

In these experiments 1mg of RNA was reverse transcribed and diluted to 200ml. 5ml
and 10ul of cDNA was used for each TrBb2 and Nr2E3 PCR reaction, respectively. PCR
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amplification was performed according to the temperature profile: 95°C for 6 minutes, 
24 or 35 cycles of 95°C for 30 seconds, 60°C for 30 seconds followed by extension at 
72°C for 1 minute. Primers used were: Trb2 primers (5¢-GCTAGCCAAGCGGAAGCTT-
ATAGA-3¢) and (5¢-TGGGCGATCTGAAGACATTAGCAG-3¢), Nr2e3 primers (5¢-
CAGTGGCTTCTTCAAGAGAGTGT-3¢) and (5¢-CCACTGTATGGCTCCAAGAAG-
GAA-3¢), and beta-actin primers (5¢-TCTACGAGGGCTATGCTCTCC-3¢) and (5¢-
TCTTTGATGTCACGCACGATTTC-3¢). Following PCR reactions, samples were then
loaded into a 1% agarose gel.

3. RESULTS

3.1. Activation of gp130 Blocks Cone Opsin Expression

To determine whether or not cones were blocked in differentiation we analyzed the
expression of cone opsins by immunofluorescence. In P14 non-transgenic mice we were
able to detect both S- and M-opsin in our retinal sections (fig. 22.1A, and B). However, we
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Figure 22.1. Immunofluorescent images of retinas stained with antibodies to S-opsin (A and C), or M-opsin 
(B and D), from non-transgenic (A and B), and LIF expressing transgenic mice (C and D). Photoreceptor outer
segments are oriented to the top of each panel.



were unable to detect either cone opsin in retinas from aA-LIF transgenic mice (fig. 22.1C
and D). We have confirmed that cone opsin expression was undetectable in the 736 aA-IF
transgenic mice by semi-quantitative RT-PCR and Western blots (not shown).

3.2. Activation of gp130 Does Not Inhibit Trb2 Expression.

Cone gene expression has been shown to require the transcription factor CRX.
(Furukawa et al, 1999) We have previously shown that photoreceptors in the aA-LIF trans-
genic mice have detectable levels of CRX. (Ash, 2001) Therefore the absence of cone opsins
cannot be explained by the absence of CRX. M-opsin has been shown to require the expres-
sion of the thyroid hormone receptor beta 2 (TRb2). (Ng et al, 2001) To determine if Trb2
expression was inhibited by gp130 activation, we used semi-quantitative rt-PCR to measure
its expression. As evident in Figure 22.2, the expression of the rod nuclear receptor Nr2E3
is inhibited by gp130 activation. Since Nr2E3 expression is dependent on NRL, the absence
of Nr2E3 is the expected result from the lack of NRL expression. (Mears et al, 2001) In
contrast to Nr2E3, Trb2 was expressed in aA-LIF transgenic retinas (fig. 22.2).

4. DISCUSSION

Relevance to retinal degenerations. We found that transgenic expression of LIF induces
photoreceptor survival in pdebrd1 homozygous mice (Ash, 2001), but at the same time
reduces the expression of phototransduction genes and reduces light-mediated responses in
both rods and cones. Recent studies have shown that viral delivery of CNTF in vivo is also
effective at preventing photoreceptor cell death from the P216L and Rd2 mutations in
rds/peripherin or the P23H mutation in rhodopsin. (Bok et al, 2002; Liang et al, 2001) These
studies also have shown that while CNTF prevents cells from dying, it reduces their ability
to respond to light. Collectively, the data show that activation of gp130 either by LIF or
CNTF can protect photoreceptors from cell death but at the cost of reduced photoreceptor
function. The observed changes in gene expression and photoreceptor function suggests the
possibility that neuroprotection is the result of reduced phototransduction gene expression
in both rods and cones. For example, we have shown that LIF transgenic mice do not express
phototransduction genes including pdeb (data not shown). In the absence of protein expres-
sion the pdebrd1 mutation is not able to cause photoreceptor cell death. For the same reason,
mutations in rhodopsin or peripherin that normally cause retinal degeneration can not cause
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Figure 22.2. Semi-quantitative RT-PCR analysis of Nr2E3, and
Trb2 expression from non-transgenic mice (NTG) and LIF express-
ing transgenic mice (736). Samples were run for either 24 or 35
cycles.



photoreceptor cell death when the expression of mutant proteins are dramatically reduced.
Alternatively, neuroprotection and inhibition of phototransduction gene expression may be
the result of gp130 signaling through two independent pathways. Activated gp130 signals
through the JAK/STAT (Heinrich et al, 2003; Stahl et al, 1994), mitogen activated protein
kinase pathway (Erk1/2), and the phosphatidylinositol 3 kinase (PI3K) pathway. (Boulton
et al, 1994; Oh et al, 1998) Multiple pathways have been shown to mediate cell survival,
and more recently the JAK/STAT pathway has been shown to be important for inhibiting
phototransduction gene expression. (Alonzi et al, 2001; Ozawa et al, 2004; Zhang et al,
2004) More work needs to be done to determine the mechanism by which each pathway
regulates neuroprotection and regulates phototransduction gene expression. In pursuit of the
mechanisms by which gp130 regulates phototransduction gene expression we have been
analyzing the expression of transcription factors that are necessary for expression of 
phototransduction genes.

Relevance to transcriptional regulation in cone photoreceptors. As retinal progenitors
differentiate into rods one of the earliest genes expressed is the cone-rod homeobox tran-
scription factor CRX. (Furukawa et al, 1997) In the aA-LIF mice, CRX expression is not
inhibited by gp130 activation, demonstrating that early photoreceptor fate decisions are not
inhibited. (Ash, 2001) As rods continue to differentiate they begin to express NRL and then
Nr2e3. (Mears et al, 2001) In combination with CRX, NRL and Nr2e3 are required for high-
level opsin expression (Cheng et al, 2004; Mitton et al, 2000). In rods we have shown that
gp130 activation does not inhibit CRX expression but does inhibit NRL and Nr2e3. Mice
lacking NRL or Nr2e3 have a condition known as enhanced S-cone syndrome. (Mears 
et al, 2001) Without NRL or Nr2e3, photoreceptors differentiate into S-cones rather than
into rods. Photoreceptors from the aA-LIF mice did not express S-opsin, despite the expres-
sion of CRX. This demonstrates that while S-cone gene expression may be the default
pathway, the differentiation of S-cones requires more than CRX expression. M-opsin expres-
sion is known to require the expression of CRX and Trb2. (Ng et al, 2001) Our data show
that while CRX and Trb2 are both expressed following gp130 activation, M-opsin is not.
Our results demonstrate that cone differentiation is blocked by gp130 activation, and that
CRX and Trb2 are not sufficient to drive their differentiation.
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CHAPTER 23

A ROLE FOR BHLH TRANSCRIPTION FACTORS IN
RETINAL DEGENERATION AND DYSFUNCTION

Mark E. Pennesi, Debra E. Bramblett, Jang-Hyeon Cho, Ming-Jer Tsai,
and Samuel M. Wu*

1. INTRODUCTION

The basic helix loop helix (bHLH) transcription factors collectively mediate cellular
differentiation in almost every type of tissue including the retina (Murre et al. 1989; Jan
and Jan 1993; Cepko 1999). Class A factors are ubiquitously expressed throughout mam-
malian tissue, while the expression of class B factors are cell type specific. These factors
have both a DNA binding domain and helix loop helix domain (HLH) protein dimerization
domain. Class B factors usually heterodimerize with the ubiquitously expressed, bHLH
factors, such as E12/E47. Because of their importance during photoreceptor development,
bHLH factors are candidate genes for photoreceptor degeneration. We have examined the
roles of two bHLH factors, both which are expressed during retinal development, but also
share the property of continued expression in the adult retina.

Beta2, a bHLH transcription factor, was cloned as a regulator for insulin gene expres-
sion (Naya et al. 1995). It was also isolated from embryos and referred to as NeuroD because
it could convert epidermal cell fate into neuronal (Lee et al. 1995). Beta2/NeuroD is widely
expressed throughout the nervous system and thought to act as a neuronal differentiator (Lee
1997; Cho and Tsai 2004). Mice homozygous null for this gene have decreased insulin pro-
duction and defects in the limbic, vestibular, and auditory systems (Naya et al. 1997; Liu
et al. 2000a; Liu et al. 2000b; Kim et al. 2001). Studies in rodent retinal explants demon-
strated multiple roles for this gene in retinal development and predicted its importance in
photoreceptor survival (Morrow et al. 1999). Expression in the mouse retina begins at E10.5
in the outer neuroblastic layer and encompasses all three retinal layers by E18.5 (Brown
et al. 1998; Morrow et al. 1999). Additionally, robust expression of Beta2/NeuroD in the
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outer nuclear layer continues in the adult mouse, suggesting a possible role for this gene in
not only the development of these cells, but also in their survival (Pennesi et al. 2003).

Bhlhb4 is a previously uncharacterized bHLH transcription factor related to
Beta2/NeuroD which is also highly expressed in the retina (Bramblett et al. 2002). Figure
23.1 shows the relationship of Beta2/NeuroD and Bhlhb4 within the family of class B of
bHLH genes. Both the temporal and spatial expression patterns of Bhlhb4 differ from that
of Beta2/NeuroD. Its expression was first detected at P5 in a restricted population of cells
in the INL, which morphologically and immunohistochemically resemble rod bipolar cells.
Expression of this gene transiently drops between P9 and P12, but returns at P14 and is
maintained in the adult retina. Thus, it appeared that Bhlhb4 may have both a developmen-
tal role and as well as a functional role in the adult retina.

To explore the roles of Beta2/NeuroD and Bhlhb4 in retinal development and to help
elucidate their role in the adult retina, we developed mice lacking these genes and studied
their retinal histology and function.

2. METHODS

Detailed methods are described elsewhere (Pennesi et al. 2003; Bramblett et al. 2004).
Beta2/NeuroD null mice were generated on the 129/SvJ background as previously described
(Liu et al. 2000b). Bhlhb4 null mice were generated on the 129/SvEv background and back-
crossed to C57Bl6 mice (Bramblett et al. 2004). For histology, eyes were placed in 4%
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bHLH proteins combine to form
dimers which act as transcription
factors

Figure 23.1. Schematic showing how bHLH proteins combine to form transcription factors. Family tree showing
the relationship of Beta2/NeuroD and Bhlhb4 (Bramblett et al. 2002).



paraformaldehyde containing PBS. Eyecups were dehydrated, orientated, and embedded in
JB-4 for cutting. Sections were stained with hematoxylin and eosin. For ERGs, mice were
anesthetized under dim red light with a solution of ketamine and xylazine. Methylcellulose
gel and a platinum electrode were applied to the cornea. Flashes for scotopic and a-wave
measurements were generated by a Grass PS-33+ photostimulator and a 1500-watt 
Novatron xenon flash, respectively.

3. RETINAL HISTOLOGY FROM KNOCKOUT MICE

Figure 23.2 shows light micrographs of retinas taken from adult BETA2/NeuroD and
Bhlhb4 mice. In BETA2/NeuroD null mice the cell loss was most prominent in the outer
nuclear layer (ONL). The ONL, which contains the photoreceptors, normally measures 10-
12 cells thick (Carter-Dawson and LaVail 1979). In BETA2/NeuroD null mice at 2 months
of age, the thickness of the ONL was reduced to 5-6 cells. In addition, there also appeared
to be a thinning of the outer plexiform layer (OPL) and a shortening of the outer and inner
segments when analyzed by electron microscopy (Pennesi et al. 2003). There was no change
in the thickness or appearance of the INL, inner plexiform layer (IPL), or ganglion cell layer
(GCL) in null mice. Light microscopy from 18-month-old -/- mice revealed that the ONL
was completely devoid of photoreceptors.

Bhlhb4 null mice displayed a markedly different phenotype. Unlike Beta2/NeuroD null
retinas, which exhibit a degeneration of photoreceptors, the ONL of Bhlhb4 null retinas were
normal in thickness and cell count. However, there was a notable difference in thickness of
the INL. Detailed cell counts revealed that the average ratio of the number of INL cells to
the number of ONL cells in the Bhlhb4 per section was, 21 percent less than wild type.
Immunohistochemical studies showed that the identity of the missing cells was the rod
bipolar cell, and that the death of these cells occurred during the postnatal development of
the retina (Bramblett et al. 2004).
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Figure 23.2. On the left are retinal slices from two month old Beta2/NeuroD +/+ mice, two month old -/- mice,
and, 18 month old -/- mice. On the right are retinal slices from two month old Bhlhb4 +/+ and -/- mice.



4. ELECTRORETINOGRAMS FROM KNOCKOUT MICE

Under scotopic conditions, the electroretinogram (ERG) detects responses from rod-
driven circuitry, while under photopic conditions it detects responses from cone-driven cir-
cuitry. Figure 23.3 shows scotopic ERG recordings from the BETA2/NeuroD and Bhlhb4
lines of mice. In BETA2/NeuroD wild-type mice, the maximum scotopic b-wave (bmax) mea-
sured 650mV. Heterozygous mice were indistinguishable from control mice for this and other
tests of visual function. Homozygous null mice had a severe decrease in the scotopic b-
wave with bmax measuring 300mV. To establish if the decrease in the ERG worsened with
age, we tested several mice older than 9 months. Neither rod-driven nor cone-driven
responses were detectable from null mice at these ages. ERGs from corresponding control
mice were only slightly decreased, consistent with aging (data not shown). In Bhlhb4 wild-
type mice, bmax measured 640mV. Heterozygous mice demonstrated a small, but significant
decrease in the scotopic b-waves with bmax averaging 485mV. Scotopic b-wave recordings
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Figure 23.3. The top row shows scotopic ERGs recorded from two month old Beta2/NeuroD mice, while the
second row shows the response to a saturating flash. The bottom two rows show the responses to similar stimuli
in Bhlhb4 mice.



from Bhlhb4 null mice were profoundly decreased with bmax measuring only 165mV. To
directly characterize rod photoreceptor function, we used intense flashes to measure the sco-
topic a-wave. In Beta2/NeuroD wild-type mice this stimulus elicited a saturated a-wave, or
amax, measuring 600mV. In null mice, the saturated a-wave was reduced by almost half to
300mV. In Bhlhb4 wild-type mice, amax measured about 825mV. While, in heterozygous and
null mice amax, measured 700mV and 825mV, respectively. In contrast to the Beta2/NeuroD
mice, there was no significant difference between wild-type, heterozygous, or Bhlhb4 null
mice.

5. DISCUSSION

While both Beta2/NeuroD and Bhlhb4 null mice showed decreased scotopic b-waves,
the origin of the deficit in each was different. The scotopic b-wave is the extracellular field
potential that primarily arises from rod bipolar cells in response to dim flashes of light (Pugh
et al. 1998). The maximum amplitude of the scotopic b-wave is dependent on the number
and activity of bipolar cells, the integrity of the photoreceptor bipolar synapse, and the
number and activity of rod photoreceptor cells. In Beta2/NeuroD null mice, there was a 50%
reduction in both the scotopic b-wave and rod a-wave. There was no change in the number
of rod bipolar cells and although we cannot rule out synaptic defects, the most likely cause
of the diminished b-wave is decreased input to the bipolar cell due to the loss of photo-
receptors and functional impairment of remaining photoreceptors due to shortened outer
segments. In Bhlhb4 null mice, ERG recordings displayed a dramatic reduction in the sco-
topic b-wave with a preserved a-wave. With normal rod morphology, the disruption of b-
wave in these mice is certainly due to the death of the rod bipolar cells. The residual rod
b-wave at observed higher intensities likely represents contribution from cone bipolar cells,
since these stimuli are above the cone threshold.

The cause of death of photoreceptors in Beta2/NeuroD null mice and bipolar cells in
Bhlhb4 null mice is not clear. The loss of Beta2/NeuroD has been linked to the down reg-
ulation of developmental markers and defects in differentiation in the pancreas, dentate
gyrus, and auditory system (Naya et al. 1997; Mutoh et al. 1997; Liu et al. 2000b; Kim
et al. 2001). For example, Beta2/NeuroD is necessary for the expression of insulin in b-
cells of the pancreas and proper formation of the islets. Beta2/NeuroD may play similar role
in the retina by inducing and maintaining the expression of photoreceptor specific genes.
Bhlhb4 likely plays a similar role in the terminal differentiation and survival of rod bipolar
cells, although no specific gene targets have been elucidated.

While the importance of bHLH genes in retinal development has been known for some
time, the idea that continued expression of these genes may be necessary for survival of
retinal cells is new and implies that mutations in these genes may result in degenerative dis-
eases of the retina. No visual disease in humans has been linked to either the Beta2/NeuroD
or Bhlhb4 loci. Heterozygous mutations in BETA2/NeuroD are associated with the devel-
opment of both type 1 and type 2 diabetes mellitus in humans, but have not been implicated
in retinal degeneration (Malecki et al. 1999; Iwata et al. 1999). The loss of Bhlhb4 leads to
a ERG phenotype that is commonly referred to as “negative ERG”. In humans, “negative
ERG” is often associated with congenital stationary night blindness (CSNB) (Dryja 2000).
Bhlhb4 is excluded as the determinate of X-linked CSNB because this has been mapped to
the distal end of human chromosome 20 (Bramblett et al. 2002). However, variations of
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CSNB exist, including autosomal dominant and recessive forms (Dryja 2000; Fitzgerald
et al. 2001) and perhaps Bhlhb4 plays a role in these disorders. Our results indicate that the
loss of bHLH factors could play a role in retinal disease and should be screened in the future
for mutations.
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CHAPTER 24

CHARACTERISATION OF A MODEL FOR 
RETINAL NEOVASCULARISATION

VEGF model characterisation

Pauline E. van Eeden1, Lisa Tee1, Wei-Yong Shen2,3, Sherralee Lukehurst1,
Chooi-May Lai3, P. Elizabeth Rakoczy3, Lyn D. Beazley1,4, and 
Sarah A. Dunlop1,4

1. INTRODUCTION

Retinal neovascularisation is a major clinical complication of diabetic retinopathy that
takes place late in the disease process and constitutes the most damaging phase resulting in
loss of vision (Klein et al., 1984). Neovascularisation is defined as the growth of new blood
vessels which, in a disease process such as diabetic retinopathy, occurs in abnormal retinal
locations. Long term consequences of retinal neovascularisation include the formation of
epiretinal membranes and retinal detachment (Smith et al., 1999). In addition, new blood
vessels lack a patent blood retinal barrier and exhibit leukostasis presumably resulting in
cytotoxic damage (Ishida et al., 2003; Qaum et al., 2001).

The precise mechanisms underlying retinal neovascularisation have not been fully elu-
cidated but have been linked to hypoxia and are thought to be mediated by various growth
factors including vascular endothelial growth factor (VEGF) (Witmer et al., 2003). VEGF
has been shown to induce pathological changes similar to those seen in diabetic retinopa-
thy (Lu et al., 1999; Tolentino et al., 2002; Tolentino et al., 1996). Furthermore, VEGF is
upregulated in both animal models of diabetic retinopathy and in human sufferers (Aiello
et al., 1994; Amin et al., 1997; Sone et al., 1997). To gain further insights eye-specific VEGF
transgenic mouse models have been developed. However, in these models ocular neovascu-
larisation is both extensive and rapid, resulting in severe retinal damage (Ohno-Matsui 
et al., 2002; Okamoto et al., 1997).
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Our research team has recently generated six transgenic mouse lines via microinjection
of a DNA construct containing the human VEGF165 (hVEGF) gene driven by a truncated
mouse rhodopsin promoter (Lai et al., 2004). Of these, one (Line 029) displayed slow, pro-
gressive retinal neovascularisation allowing us to chart the spatio-temporal changes in retinal
neovascularisation at early stages prior to retinal damage and provide a useful model in
which to test therapies for diabetic retinopathy.

2. MATERIALS AND METHODS

Animal care and anaesthesia followed the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and with approval from the Animal Ethics Committee at
The University of Western Australia, Australia. Mice were housed in cages at a constant
temperature of 22°C, with a 12:12 hour light/dark cycle and food and water were available
ad libitum. Wildtype and litter-mate transgenic fourth generation animals were examined at
1 and 4 weeks postnatal. Genotyping was performed using multiplex PCR amplfication for
the VEGF165 transgene and GAPDH. Retinal vascular beds were visualised in retinal whole-
mounts stained with the iso-lectin Griffonia simplicifolia IB4 and viewed in the confocal
microscope (MRC 1000, BioRad, Hercules, CA, Kalman filtering). Images were collected
in z-series throughout the depth of the retina noting the levels at which capillary beds had
formed. In addition, the presence of microaneurysms and capillary drop-out, clinical fea-
tures common in diabetic retinopathy, were noted. Paraffin embedded eyes were sectioned
at 6mm so as to reveal the naso-temporal retinal axis, and then stained with haemotoxylin
and eosin. Retinal thickness, namely the distance between the vitread aspect of the nerve
fibre layer (NFL) and the sclerad aspect of the photoreceptor outer segments, was measured
using ImagePro Plus. Measurements (mean ± standard deviation) were taken from central
retina, the most developmentally advanced region, selecting locations 200mm on dorsal and
ventral sides of the optic disk.

3. RESULTS

In wildtype animals at 1 week, retinal wholemounts revealed that blood vessels had
grown from the optic disk to almost reach the retinal periphery establishing a capillary bed
within the NFL (Fig. 24.1A); some capillaries had extended from the central NFL to the
vitread aspect of the inner nuclear layer (INL; Fig. 24.1B). By 4 weeks, the retinal vascu-
lature was mature, forming 3 regularly arrayed pan-retinal capillary beds within the NFL
as well as in both the vitread and sclerad aspects of the INL (Figs. 24.1C-E).

By contrast, in transgenics, retinal vascular growth was accelerated and appeared abnor-
mal. By 1 week, as in wildtypes, vessels occupied the NFL and vitread aspect of the INL
pan-retinally but were abnormally sparse with few branch points and vessel diameter
appeared larger, indicative of capillary dropout (Fig. 24.1F). In addition, abnormal vessels
resembling microaneurysms extended into the sclerad aspect of the INL (Fig. 24.1G). Fur-
thermore, we noted some individual variability in the progression of neovascularisation;
some animals at 1 week appeared to be more advanced than others having microaneurysms
that had penetrated the outer plexiform layer. At 4 weeks, a more pronounced pattern was
seen: capillary beds in the NFL and the vitread and sclerad aspect of the INL were sparse
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Figure 24.1A-J. Confocal images from retinal wholemounts at 1 (A,B,F&G) and 4 (C-E) and (H-J) weeks post-
natal in wildtype (A-E) and transgenic (F-J). Images represent stacks at 2mm intervals throughout the depth of the
retina with the retinal ganglion cell layer uppermost. At 1 week in wildtype animals, a vascular bed had formed
in the NFL (A) and vessels have reached the vitread aspect of the INL (B). By 4 weeks, 3 regularly arrayed cap-
illary beds were seen in the NFL (C) and the vitread (D) and sclerad (E) aspects of the INL. In transgenics at 1
week, the vascular bed in the NFL was abnormal being sparse with few branch points (F) and with microaneurysms
(G). At 4 weeks, all 3 capillary beds were sparsely (H,I&J) and microaneurysms were seen (J). Scale bar: 100mm.



and vessel diameter abnormally large, again indicative of capillary dropout (Figs. 24.1H,I,J).
In addition, microaneurysms were seen (Fig. 24.1J). In contrast to 1 week, by 4 weeks vari-
ation in the spatial patterns and degree of neovascularisation, were not as marked, although
by this later stage some animals appeared to have a more severe phenotype than others.

Sectioned material confirmed the spatio-temporal pattern of neovascularisation seen in
the retinal wholemounts of both wildtypes and transgenics. Compared to wildtypes at both
1 and 4 weeks (Fig. 24.2A,B), transgenics at both ages showed disruptions to the retinal
layering that were associated with microaneurysms (Figs. 24.2C,D). In addition, overall
retinal thickness was reduced in the transgenics compared to wildtypes at both 1 (wildtype:
190 ± 27.9mm; transgenic: 169.6 + 9.9mm; p < 0.05) and 4 (wild type: 180.5 + 9.4mm;
transgenic: 168.1 + 18.1mm; p < 0.1) weeks.

4. CONCLUSION

The transgenic model (Line 029) displays a number of features, such as neovasculari-
sation, microaneurysms and capillary dropout, characteristics that are the hallmark of early
stages of human proliferative diabetic retinopathy (Table 24.1). In addition, compared to the
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Figure 24.2A-D. Sectioned retinae from wildtype (A,B) and transgenic (C,D) animals at 1 (A,C) and 4 (B,D)
weeks. Microaneurysms were readily distinguishable (C,D) and were associated with disruptions to retinal layer-
ing. Scale bar: 100mm. NFL uppermost.



rapid onset of neovascularisation observed in other VEGF transgenic models (Ohno-Matsui
et al., 2002; Okamoto et al., 1997), these features develop relatively slowly in the mouse
model described here. Our transgenic model will thus allow better chronological resolution
of pathological changes associated with abnormal blood vessel growth.
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Retinal and vascular changes Human Transgenic mouse

Background Microaneurysm formation, tiny haemorrhages ✓ ✓
retinopathy and dilated blood vessels

Capillary occlusion and capillary drop out ✓ ✓
Basement membrane thickening and pericyte loss ✓ ✓

Pericyte loss 
undetermined

Proliferative Neovascularisation ✓ ✓
retinopathy Haemorrhage ✓ ✓

Traction/retinal detachment ✓ ✓



Lu, M., Perez, V. L., Ma, N., Miyamoto, K., Peng, H. B., Liao, J. K., and Adamis, A. P., 1999, VEGF increases
retinal vascular ICAM-1 expression in vivo, Invest Ophthalmol Vis Sci 40(8):1808-12.

Ohno-Matsui, K., Hirose, A., Yamamoto, S., Saikia, J., Okamoto, N., Gehlbach, P., Duh, E. J., Hackett, S., Chang,
M., Bok, D., Zack, D. J., and Campochiaro, P. A., 2002, Inducible expression of vascular endothelial growth
factor in adult mice causes severe proliferative retinopathy and retinal detachment, Am J Pathol 160(2):711-
9.

Okamoto, N., Tobe, T., Hackett, S. F., Ozaki, H., Vinores, M. A., LaRochelle, W., Zack, D. J., and Campochiaro,
P. A., 1997, Transgenic mice with increased expression of vascular endothelial growth factor in the retina: a
new model of intraretinal and subretinal neovascularization, Am J Pathol 151(1):281-91.

Qaum, T., Xu, Q., Joussen, A. M., Clemens, M. W., Qin, W., Miyamoto, K., Hassessian, H., Wiegand, S. J., Rudge,
J., Yancopoulos, G. D., and Adamis, A. P., 2001, VEGF-initiated blood-retinal barrier breakdown in early dia-
betes, Invest Ophthalmol Vis Sci 42(10):2408-13.

Smith, G., McLeod, D., Foreman, D., and Boulton, M., 1999, Immunolocalisation of the VEGF receptors FLT-1,
KDR, and FLT-4 in diabetic retinopathy, Br J Ophthalmol 83(4):486-94.

Sone, H., Kawakami, Y., Okuda, Y., Sekine, Y., Honmura, S., Matsuo, K., Segawa, T., Suzuki, H., and Yamashita,
K., 1997, Ocular vascular endothelial growth factor levels in diabetic rats are elevated before observable
retinal proliferative changes, Diabetologia 40(6):726-30.

Tolentino, M. J., McLeod, D. S., Taomoto, M., Otsuji, T., Adamis, A. P., and Lutty, G. A., 2002, Pathologic fea-
tures of vascular endothelial growth factor-induced retinopathy in the nonhuman primate, Am J Ophthalmol
133(3):373-85.

Tolentino, M. J., Miller, J. W., Gragoudas, E. S., Jakobiec, F. A., Flynn, E., Chatzistefanou, K., Ferrara, N., and
Adamis, A. P., 1996, Intravitreous injections of vascular endothelial growth factor produce retinal ischemia
and microangiopathy in an adult primate, Ophthalmology 103(11):1820-8.

Witmer, A. N., Vrensen, G. F., Van Noorden, C. J., and Schlingemann, R. O., 2003, Vascular endothelial growth
factors and angiogenesis in eye disease, Prog Retin Eye Res 22(1):1-29.

168 P.E. VAN EEDEN ET AL.



CHAPTER 25

A TWO-ALTERNATIVE, FORCED CHOICE METHOD
FOR ASSESSING MOUSE VISION

Yumiko Umino, Bridget Frio, Maryam Abbasi, and Robert Barlow

1. INTRODUCTION

The retina is an important model for studies of neurodegeneration. More than 100 gene
mutations are known to cause retinal degeneration (Chader, 2002; Pacione et al., 2003;
Rattner et al., 1999). Studies of retinal degeneration in mammals have focused on mouse
because of the knowledge of its genome together with the ease of its breeding and hus-
bandry (Naash et al., 2004; Olsson et al., 1992; Pinto et al., 2004). Assessment of the pro-
gression of retinal degeneration generally involves measurements of retinal sensitivity using
the electroretinogram (ERG) and analysis of retinal anatomy using histological and histo-
chemical techniques. In addition to knowledge of the anatomical and physiological conse-
quences of retinal degeneration, it is important to assess its affect on visual function, that
is, to answer the critical question: “How well can a mouse see?”

Mouse vision has been studied with discrimination tasks that reinforce behavior (Prusky
et al., 2000; Gianfranceschi et al., 1999). These tasks require extensive testing and are gen-
erally not effective with younger mice. Optomotor responses, however, are reflexive and
evoked by mice of all ages. Taking advantage of these attributes, Prusky et al. (2004) recently
developed a computer-controlled technique that rapidly measures mouse vision by observ-
ing optomotor responses. This behavioral test incorporates an “observational” (OB) tech-
nique in which the investigator observes the animal respond to a rotating pattern that is
visible to both the mouse and the investigator. To avoid observer bias we have developed
an objective method that incorporates a two-alternative forced choice (TAFC) protocol in
which the investigator chooses the direction of pattern rotation based only on the animal’s
behavior. Here we describe the TAFC protocol and compare its results with those measured
by the OB protocol.
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2. BEHAVIORAL TESTING

2.1. Setup and Animals

We measured visual acuity and contrast sensitivity of mice by observing their opto-
motor behavior with a computer-controlled threshold measuring system (Prusky et al.,
2004). The program (OptoMotry; CerebralMechanics, Lethbridge, Alberta, Canada) runs on
a dual processor (G5 Power Mac, Apple Computer) controlling four monitors. We tested
C57/BL6J mice that had a single copy of the glucagon receptor gene, Gcgr (Gelling et al.,
2003). The transgenic Gcgr+/- mice, ranging in age from 1 to 6 months, served as controls
for a study of the influence of chronic hypoglycemia on retinal degeneration and visual func-
tion (Barlow et al., 2004). Briefly, a mouse is placed on a pedestal situated in the center of
a square array of monitors that display a rotating sinusoidal grating. The OptoMotry program
controls the speed, direction of rotation, spatial frequency and contrast of the vertical sinu-
soidal gratings. The luminance of the monitors was 0.4cd/m2 at minimum (black) level and
155cd/m2 at maximum (white) mean level. The observer monitors the mouse via an over-
head closed-circuit TV camera inside the testing chamber. If it can detect the rotating 
patterns, the mouse generally exhibits optomotor responses which are reflexive head 
movements in the direction of pattern rotation. When the mouse has become accustomed to
the pedestal, the observer initiates a 5-second trial after which the monitors return to a
homogenous gray. Mice were tested during the first four hours of their daytime light cycle
(14h light and 10h dark). Observers were unaware of the genotype, sex, and age of the mice
as well as their previously recorded thresholds. We measured visual acuity and contrast sen-
sitivity using two techniques.

2.2. Observational Technique

The first protocol termed “observational” (OB) technique was developed by Prusky 
et al. (2004). Following their protocol, we measured visual acuity with a staircase proce-
dure that systematically increased the spatial frequency of the grating (100% contrast) until
the animal no longer exhibited detectable responses. The highest spatial frequency to which
the animal responded was defined as their acuity. Next we measured contrast sensitivity in
response to moving gratings with a spatial frequency of one half that of their visual acuity.
Contrast of the pattern was decreased systematically in a staircase manner until the animal
no longer appeared to respond. The lowest contrast (in percent) to which the mouse
responded is the contrast threshold. In all tests using this protocol both the animal and the
observer see the rotating grating.

2.3. Two-Alternative Forced-Choice Technique

To avoid observer bias we developed a TAFC technique (Bilotta and Powers, 1991;
Solessio et al., 2004) with the programming aid of G. T. Prusky and R. M. Douglas. The
physical setup was the same as used in the OB technique with the important exception that
the rotating grating was masked from the observer’s view. The observer viewed the mouse
on the pedestal via the closed-circuit TV but was “blind” to the stimulus. The task of the
observer was to choose the direction of pattern rotation based on the animal’s behavior,
specifically, its reflexive optomotor head movements. In each trial the computer-controlled
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protocol randomly selected the direction of rotation of the grating, and the experimenter
assessed the mouse’s behavior for a five-second period. At the end of each 5-s trial the
observer answered whether the pattern rotated clockwise or counterclockwise and received
an auditory feedback indicating correct or incorrect response. The computer changed spatial
frequency and/or contrast using a staircase paradigm and converged on a threshold based
on the observers responses. Threshold is defined as 70% correct responses by the observer.

3. RESULTS OF THE TWO BEHAVIORAL TECHNIQUES

Figure 25.1 compares the visual acuities and contrast sensitivities measured for 14 mice
using the OB and TAFC techniques. We pooled the data because the results for both acuity
and contrast did not differ significantly with the age of the mice. We found that both tech-
niques yielded the same visual acuity: 0.39+/-0.02c/d and 0.39+/-0.01c/d, respectively, for
the OB and TAFC techniques.

The two techniques did not yield the same thresholds for contrast sensitivity. Expressed
in terms of percent contrast, the threshold of 7.1+/-0.5% measured with the TAFC tech-
nique is significantly lower than that of 9.1+/-0.4% measured with the OB technique.

4. DISCUSSION

The visual acuity we measured with both the OB and TAFC techniques (0.39c/d) is
equal to that (0.4c/d) reported by Prusky et al. (2004) using the OB technique with C57/BL6
mice. The contrast sensitivity we measured with the OB technique of 9.1% contrast at 
0.2c/d also agrees with that of ~10% contrast at the same spatial frequency reported by
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Figure 25.1. Visual acuity and contrast sensitivity measured with two techniques: Observational (OB) and two-
alternative forced choice (TAFC). Bar give mean data for fourteen mice +/- standard error.



Prusky et al. (2004) using the same technique. However, for unknown reasons we measured
a significantly lower contrast threshold (7.1% contrast) with the TAFC technique.

We developed the TAFC technique to avoid observer bias. This objective psychophys-
ical technique not only produced reliable, reproducible results but also was well received
by those testing the mice. Specifically, each of the three observers in this study (M.A., P.A.
and B.F.) reported that they felt more comfortable using the TAFC technique for three
reasons: first, they were “blind” to the optomotor stimulus and thus could not be influenced
by it; second, their duty was only to detect the direction of pattern movement based on the
animal’s behavior; and third, the TAFC technique is easy to learn. They also reported that
they felt more confident with the results. In view of the growing role of mice in retinal
degeneration studies such an objective technique for assessing visual function using opto-
motor responses should prove useful.
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CHAPTER 26

CONDITIONAL GENE KNOCKOUT SYSTEM IN 
CONE PHOTORECEPTORS

Yun-Zheng Le1,4, John D. Ash3,4, Muayyad R. Al-Ubaidi1, Ying Chen2,
Jian-Xing Ma1,2, and Robert E. Anderson1,3,4

1. INTRODUCTION

The generation of gene knockout mice by injection of homologous gene targeted embry-
onic stem (ES) cells into blastocyst has rapidly advanced our knowledge of gene function
in mammals. However, knockout of essential genes often causes embryonic or neonatal
lethality and thus obscures the particular role of genes in a target tissue or in adults. To cir-
cumvent this problem and disrupt genes in a temporal and spatial fashion, the Cre/lox system
based gene targeting strategy has become a method of choice (for review, see Le and Sauer
(2000)). This method can also be used in dissection of the roles of multifunctional genes in
a particular tissue/cell-type. To study the function of widely expressed essential genes in the
retinas, we are systematically establishing Cre/lox conditional knockout systems in retinal
cells. This report is a review of our recent work on the generation and characterization of
the cone-specific cre mice (Le et al., 2004).

2. MATERIALS AND METHODS

2.1. Generation of Transgenic Mice

The transgene vector (pLE109), carrying a 6.3-kb human red/green pigment (HRGP)
gene promoter, a translationally optimized cre and an intron-containing mouse metalloth-
ionein polyA, was derived from plasmids pBS185 and pJHN60 (Lakso et al., 1992; Wang
et al., 1992). The gel-purified transgene DNA, a restriction enzyme NotI digested fragment,
was used in injection of FVB/N background zygotes to generate transgenic mice. Geno-
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typing of the cre transgene and the Cre-activatable lacZ reporter gene with PCR was per-
formed using mouse tail DNA according to the conditions described previously (Le et al.,
2003; Le and Sauer, 2000).

2.2. b-Galactosidase Staining and Immunohistochemistry

Cre function in transgenic mice was analyzed with b-galactosidase staining assays using
the retinas of double transgenic F1 of HRGP-cre and Cre-activatable lacZ reporter (R26R)
mice (Soriano, 1999). The eyes were removed and fixed with fixation buffer (2% formalde-
hyde in PBS) for 10 minutes. Following the removal of the lens and vitreous, the eyecup
was fixed in fixation buffer for 10 more minutes, washed with PBS, and incubated overnight
at RT in X-gal staining solution. After staining, the retinas of one eye were dissected to
remove sclera and the b-galactosidase staining in the flat mount retinas was observed under
a dissecting microscope. The remaining eyecup was used in paraffin embedding, sectioning
(5mm thick), and microscopy.

To localize Cre expression, cryosections (10-mm thick) were blocked with 10% horse
serum in PBS, incubated with anti-Cre polyclonal antibody (Novagen, San Diego CA), anti-
M-opsin polyclonal antibody (Chemicon, Temecula, CA), and/or peanut agglutinin (Vector
Laboratories, Burlingame, CA) at 4°C overnight, and incubated with corresponding
fluorescent chromophore (Alexa 488 or Alexa 568) conjugated secondary antibody
(Molecular Probe, Eugene, OR). To analyze cone distribution, the dissected anterior part of
the eye containing the whole retina with lens and cornea was fixed with fixation buffer,
washed with 0.5% NaBH4 for 5min at room temperature to diminish the autofluorescence,
blocked overnight with blocking buffer (3% IgG free BSA, 5% normal goat serum in
washing buffer) at 4°C with gently shaking, and incubated with TRITC-labeled lectin
(Sigma, St. Louis, MO).

2.3. Electroretinography (ERG)

For assessment of retinal function of transgenic mice, both scotopic and photopic ERG
were measured with a UTAS-E 3000 ERG system (LKC technologies, Inc., Gaithersburg,
MD) according to established conditions (Xu et al., 2000).

3. RESULTS AND DISCUSSION

3.1. Generation of Cone-Specific Transgenic Cre Transgenic Mice

PCR screening of potential transgenic founders with genomic DNA of the 143 newborn
mice obtained from zygote injection identified 31 cre-positive mice. All the cre-positive
mice appeared to be normal in size, morphology, or behavior. Semi-quantitative RT-PCR
analysis (data not shown) of Cre expression in retinas from 10 to 15-day-old transgenic 
mice suggested that 12 lines expressed cre mRNA in their retinas. All of them were capable
of transmitting the cre through germline in a Mendelian fashion and were characterized
further.
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3.2. Analysis of Cre Expression

To localize Cre expression and perform Cre functional assays, we decided to use a Cre-
activatable lacZ reporter mouse line R26R (Soriano, 1999). This mouse strain carries a loxP
flanked STOP (un-functional) sequence that prevents the expression of lacZ reporter gene
(Soriano, 1999). Upon a Cre-mediated recombination that removes the STOP sequence, the
lacZ reporter gene is expressed under the control of a generalized promoter ROSA26; 
therefore, the cells expressing Cre recombinase are blue after b-galactosidase staining. b-
Galactosidase assays using 6 to 8 week-old double transgenic HRGP-cre/R26R mice (F1 of
FVB/N and C57B6 genetic background) showed that only two Cre-expressing candidate
lines had efficient Cre expression in the retina, judging by X-gal staining in retinal flat-
mount (Le et al., 2004) and sections (Figure 26.1A). X-gal staining was strong near the
center of the retina (Le et al., 2004). This expression pattern is consistent with mouse cone
distribution (Jeon et al., 1998). X-gal staining of retinal sections showed that the b-
galactosidase activity was localized to the presumptive cone photoreceptor cells (Figure
26.1A). A small number of presumptive ganglion cells were positive with X-gal staining
(Figure 26.1A). The remaining candidate transgenic mouse lines had only limited amount
of Cre activities and the b-galactosidase staining was punctuated. These strains were not
characterized further.

To further confirm that Cre was expressed in cone photoreceptors, retinal sections were
stained with anti-Cre antibody and Cre was exclusively localized to the nucleus of cone pho-
toreceptors (data not shown). This result was consistent with our earlier observation that
Cre carried a nuclear localization signal (Gagneten et al., 1997; Le et al., 1999). Double
labeling of retinal sections with anti-Cre and anti-M-opsin antibodies showed that cells
expressing M-opsin (cone outer segment) also had Cre expression (nuclei) (Figure 26.1B).
This result suggested that almost all M-opsin-expressing cells expressed Cre recombinase.
Since most mouse cone cells express both M- and S-opsins and only a small percentage of
cone cells express a single type of pigment (Applebury et al., 2000), retinal sections were
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stained for Cre and peanut agglutinin (PNA). The results suggested that almost all cone 
photoreceptors were Cre-positive in our transgenic mice (Figure 26.1C).

3.3. Distribution and Function of Cone Photoreceptors

Cre is a DNA recombinase and there is evidence suggesting that over-expression of Cre
may cause rod photoreceptor degeneration (Le and Anderson, unpublished observation;
Fenier L et al., IVOS: 2004 ARVO E-Abstract 3596; Chen, C et al., IVOS: 2004 ARVO E-
Abstract 3597), presumably due to undesired recombination that causes chromosomal
rearrangement (Loonstra et al., 2001; Schmidt et al., 2000). Since the goal of generating
cone-specific Cre transgenic mice is for gene function studies, it is necessary to determine
if the cones are normal in the mice. Therefore, the distribution of cones in six-month-old
HRGP-cre/R26R mice was analyzed. Fluorescent microscopic analysis of lectin-labeled
retinas indicated that there were no significant differences in cone density and distribution
between the transgenic mice and wild-type littermates (Figure 26.2). This result suggested
that there was no cone photoreceptor degeneration.

To further confirm that cone photoreceptors were normal, six-month-old F1 HRGP-
cre/R26R mice were used in ERG analysis. The photopic ERG suggested that there were
no significant differences between the transgenic mice and the wild-type littermates, as
shown in Figure 26.3. In addition, the scotopic ERG data showed that rod function was
normal in HRGP-cre/R26R mice (data not shown). This result indicated that the insertion
of the transgene did not cause any changes in retinal function.

4. SUMMARY

To study function of widely expressed essential genes, we established a conditional
knockout system for cone photoreceptor cells. Our goal is to generate a useful genetic
system that can be utilized to disrupt gene function efficiently in cone photoreceptor cells.
Functional assay using a Cre-activatable lacZ reporter gene suggested that HRGP-cre mice
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had widely expressed functional Cre in cone photoreceptors. Since nearly all cone pho-
toreceptor cells express Cre in our transgenic mice, they will be efficient in carrying out
Cre-mediated gene activation and inactivation in both M- and S-cone photoreceptors. In
addition, we have not observed any apparent ectopic expression in HRGP-cre mice (Le 
et al., 2004); thus, conditional knockout of essential genes with these mice is not likely to
cause any detrimental effect in non-ocular tissues.
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CHAPTER 27

REGULATION OF TIGHT JUNCTION PROTEINS IN
CULTURED RETINAL PIGMENT EPITHELIAL CELLS

AND IN VEGF OVEREXPRESSING TRANSGENIC
MOUSE RETINAS

Reza Ghassemifar1,2,*, Chooi-May Lai2, and P. Elizabeth Rakoczy2

1. INTRODUCTION

Tight junctions (TJ) are specialized multiprotein complexes which act to seal the inter-
cellular space and thereby generate a permeability barrier required for transport processes
(Matter and Balda, 1999). In addition, by regulation of the TJs, the paracellular pathway
may be opened for selective transport of molecules, ions (Madara et al., 1992) and neu-
trophils (Huber et al., 2000). Thus far several interacting constituents comprising of trans-
membrane proteins including occludins (OCLN-TM4+/TM4- and 1B), claudins with >20
members and a series of cytoplasmic plaque proteins including ZO-1, -2, or -3, cingulin,
7H6 and symplekin have been identified in several tissue types of different species (Citi and
Cordenonsi, 1998; Furuse et al., 1993; Ghassemifar et al., 2002; Matter and Balda, 1999;
Mitic and Anderson, 1998). While the inner blood–retinal barrier, the retinal vascular
endothelial cells, maintain a restricted and regulated trans-/paracellular transport from the
blood to the surrounding tissue, the outer blood-retinal barrier, the retinal pigment epithe-
lium (RPE), provides a permeability barrier between the retina and the choroid allowing
vectorial exchange of solutes between these layers (Thumann, 2001). The RPE plays an
important role in the proper function and maintenance of the photoreceptors by releasing
differentiation and survival promoting factors. Despite the identification of TJ proteins in
retinal tissue, little is known about the effect of pathological insult, such as hypoxia, on the
expression of TJ proteins (Mark and Davis, 2002). It has also been reported that factors
present in embryonic or whole eye-extract can influence the neurons of chick sympathetic
ganglia to express choline acetyltransferase (Iacovitti et al., 1987) and also support full sur-
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vival ganglion neurons for up to 6 days in culture (Margiotta and Howard, 1994). Retinal
hypoxia has been reported to increase production of vascular endothelial growth factor
(VEGF), a known stimulant of retinal neovascularization (Okamoto et al., 1997). The aim
of this study was to investigate the regulation of tight junction (TJ) gene expression in cul-
tured retinal pigment epithelial (RPE) cells and in the retina of normal and vascular endothe-
lial growth factor (VEGF) transgenic mice.

2. MATERIALS AND METHODS

2.1. Generation of Transgenic Mice

The human VEGF165 isoform (Chavand et al., 2001) and the truncated murine opsin
promoter containing 1.4kb of a 5¢ upstream regulatory sequence of the opsin gene (May 
et al., 2003) were used to generate the pcDNA.CMV.VEGF construct for production of trans-
genic mouse (Lai et al., 2004 BJO-in press). All mice experimentation was performed in
accord with the guidelines of the Association for Research in Vision and Ophthalmology on
the use of animals in research and following the guidelines of the Animal Ethics Commit-
tee at The University of Western Australia, Australia.

2.2. Effects of Eye Extract and Hypoxia on RPE Cell Culture

Human RPE cells were isolated from the retina of a 51-year-old donor as previously
described (Kennedy et al., 1996) and were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum. For eye-extract experiments,
immediately following enucleation of the eyes of four wild-type female C57/B1 mice, the
anterior chamber and lenses were removed and the remaining eyecups were homogenized
in culture medium using sterile pestle. The homogenate was centrifuged at 100g for one
minute to remove debris. The supernatant was diluted to final volume of 14mL with DMEM
(Sigma) containing 10% fetal bovine serum. RPE cells were seeded onto 6-well culture
plates with or without 13mm coverslips at 5 ¥ 105 cells/well and cultured in a humidified
incubator. Twenty-four hours later plates with or without coverslips received 1 and 2.5mL
of diluted eye extract respectively, and control plates received the same volume of culture
medium only. All plates were incubated for an additional 24 hours before being analysed.
For hypoxia experiments, RPE cells were seeded onto 6-well culture plates (Australian
Biosearch) with or without 13mm coverslips (Biolab) at 5 ¥ 105 cells/well and cultured
under normal (37°C, 5% CO2 and 20% O2) condition. Twenty-four hours later cells were
either incubated under normoxic (20% O2) or hypoxic (2% O2) conditions for additional 24
hours prior to being analysed.

2.3. Antibodies and Immunoconfocal Microscopy

For immunoconfocal the eyes of mice were enucleated and one eye per animal 
was embedded in optimum cutting temperature compound (OCT) (Tissue Tek) and 
snap frozen using liquid nitrogen. Immunostaining was performed as described previously
(Ghassemifar et al., 2002) with minor modifications. Briefly, fixed in ice-cold methanol,
cells on coverslips and or cryosections on slides were rehydrated in PBS/0.5% BSA for 15
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minutes prior to a 1 hour incubation at room temperature (rt) with either polyclonal anti-
ZO-1 (Zymed) (2mg/mL in PBS/0.5% BSA) or monoclonal anti-occludin (Zymed) (3mg/mL
in PBS/0.5%BSA). A further 3 washes were followed by a 1 hour incubation at rt with FITC-
conjugated goat anti-mouse antibodies (1:500 in PBS/0.5% BSA) and/or TRITC-conjugated
goat anti-rabbit antibody (1:500 in PBS/0.5% BSA). Specimens were viewed on a Bio-Rad
MRC 1024 UV Laser Scanning Confocal Microscope system.

2.4. RT-PCR

Total RNA was extracted from the collected cells and remaining eyes using QIAzol
lysis reagent (QIAGEN), according to manufacturer’s instructions. Two-hundred nanograms
of total RNAs were reverse transcribed in 50ml RT reactions into cDNA. Directly from 
this reaction, 2.5ml (5%) of each cDNA were used as template for PCRs containing 
0.5mM of each gene-specific primers for detection of OCLN-TM4+/TM4- 966F (5¢-
tagtgagtgctatcctgggcat-3¢) and 1585R (5¢-tgcaggtgctctttttgaaggt-3¢), ZO-1a+/a- 3120F
(5¢-gagaggactcctctggaatg-3¢) and 3818R (5¢-caaggtcttgagagtgctga-3¢), VEGF 1147F 
(5¢-catcacgaagtggtgaagtt-3¢) and 1533R (5¢-aacgctccaggacttatacc-3¢), and b-actin 188F (5¢-
aggcaccagggcgtgat-3¢) and 711R (5¢-ttaatgtcacgcacgatttc-3¢) (Proligo).

3. RESULTS

3.1. Expression and Immunolocalization of TJs in RPE Cells

The ZO-1a+ transcripts were differentially upregulated in a dose dependant manner
(Figure 27.1A). However, the transcription levels of ZO-1a- isoform remained unchanged
in all three groups. The transcription levels of OCLN-TM4- isoform was also differentially
upregulated in RPE cells incubated with eye extract compared to controls. Moreover, the
results showed a downregulation of VEGF transcripts at the highest eye extract concentra-
tion compared to the increased transcription levels with the lower eye extract concentration
and the control. Moreover, the results showed that within hypoxic group and/or when com-
pared to normoxic controls, there were a noticeable upregulation of ZO-1a- compared to
a+ transcript (Figure 27.1B). Moreover, RPE cells under hypoxia upregulated OCLN-TM4+

more than TM4- transcripts both within and/or when compared to normoxic controls. The
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expression of VEGF transcripts were also significantly higher during hypoxia compared to
normoxic controls. RPE cells incubated with eye extract increased the assembly of occludin
(Figure 27.2C) and ZO-1 (Figure 27.2D) proteins at the TJ compared to control RPE cells
that showed very little if none occludin (Figure 27.2A) and ZO-1 (Figure 27.2B) junctional
localization. Panels 2E and 2F are human embryonic kidney cell line (HEK-293) used as
positive staining controls for occludin and ZO-1, respectively.

3.2. Expression and Immunolocalization of TJs in Transgenic Mouse Eyes

VEGF over-expressing retinal tissue differentially upregulated the expression of ZO-
1a+ transcripts compared to wild type control retinal tissue (Figure 27.3). However, the
expression of ZO-1a- and OCLN-TM4+ transcripts remained uniformly unchanged in all
groups. Hematoxylin-eosin stained cryosections showed severe morphological changes in
transgenic mice retinas (Figures 27.4F and 27.4K) compared to the retina of wild type
control mouse (Figure 27.4A). Immunofluorescence staining revealed an increased TJ local-
ization of occludin (Figures 27.4G-27.4H and 27.4L-27.4N) and ZO-1 (Figures 27.4I-27.4J
and 27.4O-27.4P) in the RPE layer of transgenic mice compared to occludin (Figures 27.4B
and 27.4C) and ZO-1 (Figures 27.4D and 27.4E) in RPE layer of wild type mouse.
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Figure 27.2. (A) Occludin and (D) ZO-1 labelling of control RPE cells showing a few number of junctional stain-
ing at cell borders (arrows). (B) Occludin and (E) ZO-1 labelling of RPE cells incubated with 1mL/dish of mouse
eye extract; note significant increase in occludin and ZO-1 junctional staining at cell borders (arrows). (C) Occludin
and (F) ZO-1 labelling of confluent HEK-293 cells used as a positive control. Bars, 20mm.

Figure 27.3. Composite images of RT-PCR analysis of ZO-1a+/a-,
OCLN-TM4+ and b-actin transcript expression in retinal tissue from
transgenic (TG1-TG4) and wild type mice (WT) control.



4. DISCUSSION

This study demonstrated that human RPE cells cultured in the presence of eye extract
differentially upregulated the expression of ZO-1a+ transcripts in a dose dependant manner
while, the transcription levels of the ZO-1a- isoform remained unchanged in all groups.
Previous studies have demonstrated that factors present in embryonic eye-extract can influ-
ence the neurons of chick sympathetic ganglia to express choline acetyl-transferase and also
whole-eye extract support full survival of E13 dorsal root ganglion neurons for up to 6 days
in culture (Fischer et al., 2002). Although the function of the a-domain is still under inves-
tigations, the ZO-1a+ isoform is found in conventional epithelial TJs while ZO-1a- is present
in endothelial junctions and highly specialised epithelial TJs characteristic of Sertoli cells
and renal podocytes coinciding with our findings showing high expression of ZO-1a- in
RPE cells suggesting the highly differentiated and specialized character of RPE cells. More-
over, in RPE cells, eye extract caused the upregulation of the OCLN-TM4- isoform.
Nonetheless, it has been suggested that the low level expression of OCLN-TM4- may con-
tribute to the regulation of occludin function (Ghassemifar et al., 2003). These results were
supported by immunoconfocal data showing RPE cells incubated with eye extract increased
the assembly of ZO-1 and occludin proteins at the TJ. Moreover, RPE cells downregulated
VEGF transcripts at the higher eye extract concentration compared to the controls, which
could explain the existence of inbuilt mechanisms within the eye to control the over-
expression of VEGF in order to minimise the potential for post developmental neovascu-
larization. During hypoxia, ZO-1a- transcripts were upregulated compared to the a+ in RPE
cells. Likewise, the OCLN-TM4+ transcripts were upregulated more than TM4- and when
compared to normoxic controls, both OCLN-TM4+/TM4- transcripts were notably higher
during hypoxia. It has been suggested that hypoxia increases the paracellular flux across the
cell monolayer via the release of VEGF, which in turn leads to the relocalization, decreased
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Figure 27.4. Light microscopy and Hematoxylin-eosin stained cryosections show abnormal morphology of trans-
genic mouse retina (F and K) compared to normal morphology of wild type mouse retina (A). Immunofluores-
cence staining show occludin [(G with inset H: arrows showing increased junctional staining) and (L with insets
M: arrows showing increased junctional and N: arrows showing massive cytoplasmic staining)] and ZO-1 [(I with
inset J: arrows showing abnormal punctuated junctional staining) and (O with inset P: arrows showing massive
junctional and cytoplasmic staining)] in RPE layer of transgenic mouse retina compared to occludin [(B with inset
C: arrows showing normal junctional staining) and ZO-1 (D with inset E: arrows showing normal junctional stain-
ing) in the RPE of wild type mouse retina.



expression, and enhanced phosphorylation of ZO-1 (Fischer et al., 2002). Overexpression
of occludin has been shown to increase trans-epithelial electrical resistance (TER) in MDCK
cells (Mccarthy et al., 1996) and confers adhesiveness in fibroblasts (Van Itallie and 
Anderson, 1997). It has been shown that RPE cells in the presence of dimethyl sulfoxide
increases assembly of occludin and ZO-1 at cell borders parallel with the increases in TER
that occurred with decreases in inulin and dextran permeability (Konari et al., 1995).
However, anti-occludin antisense oligonucleotides decrease barrier permeability to solutes
in arterial endothelial cells (Kevil et al., 1998). The expression of VEGF transcripts was
also significantly higher during hypoxia compared to normoxic controls, coinciding with
previous findings that have shown hypoxia upregulates the transcription of VEGF (Carmeliet
et al., 1998). In the RPE cells, the upregulation of VEGF during hypoxia is directly corre-
lated to the upregulation of TJ proteins in order to create a less permeable RPE layer that
could stand against the ingrowth of blood vessels. In summary, we have shown that the eye
extract contains constituents, which are to our knowledge directly or indirectly control the
regulation of TJ proteins expression and translation. This is the first report to show that in
contrast to endothelial cells, hypoxia upregulates and increase the expression and membrane
assembly of TJ proteins in RPE cells both in vitro and in vivo. These results suggest that
RPE cells, in the presence of excessive amount of VEGF, probably caused by hypoxia main-
tain their transcriptional and post translational processing of TJs to create a less permeable
RPE layer to withstand CNV.
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CHAPTER 28

PATHOLOGICAL HETEROGENEITY OF
VASOPROLIFERATIVE RETINOPATHY IN

TRANSGENIC MICE OVEREXPRESSING 
VASCULAR ENDOTHELIAL GROWTH 

FACTOR IN PHOTORECEPTORS

Wei-Yong Shen1,2, Yvonne K.Y. Lai1,2, Chooi-May Lai2, Nicolette Binz1,2,
Lyn D. Beazley3,4, Sarah A. Dunlop3,4, and P. Elizabeth Rakoczy2

1. INTRODUCTION

Retinal neovascularization is a feature shared by many disease processes including dia-
betic retinopathy, retinopathy of prematurity, branch retinal vein occlusion and central retinal
vein occlusion, which are collectively referred to as ischemic retinopathy (Campochiaro,
2000). Retinal neovascularization is the most common cause of blindness in young diabetic
patients. Investigations of the pathogenic mechanisms and therapeutic interventions for
retinal neovascularization require reproducible and clinically related animal models. Cur-
rently, all diabetic models exhibit only early retinal vasculopathy after 1 or 2 years of the
disease (Kondo and Kahn, 2004). The lack of retinal neovascularization in diabetic models
is probably due to the natural short life span of rodents (2-3 years). In humans, DR is
detected only after at least 3 years of diabetes (Dorchy et al., 2002). As angiogenesis is
tightly controlled by the relative balance of stimulators and inhibitors, a shift in their balance,
such as increased expression of vascular endothelial growth factor (VEGF) or decreased
production of pigment epithelium-derived factor, would initiate angiogenesis (Okamoto 
et al., 1997; Ruberte et al., 2004; Renno et al., 2002). It is clear from literature that 
ischemia-induced upregulation of VEGF is a potent mediator of retinal neovascularization
(Campochiaro, 2000; Miller, 1997). Animal models of retinal neovascularization have been
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established by oxygen-induced retinal ischemia, photodynamically-induced retinal 
branch vein occlusion and intravitreal implantation of VEGF sustained-release pellets 
(Campochiaro, 2000; Saito et al., 1997; Ozaki et al., 1997; Tolentino et al., 2002). However,
retinal neovascularization in these animal models is either transient or occurs with a delayed
onset.

Advanced technology in gene delivery and transgene manipulation has made it possi-
ble to generate long-term and reproducible animal models of retinal neovascularization
(Wang et al., 2003; Rakoczy et al., 2003; Okamoto et al., 1997; Ruberte et al., 2004). We
recently generated a transgenic model of retinal neovascularization by manipulating 
photoreceptor-specific overexpression of human VEGF (hVEGF) in the eye (Lai et al., in
press). A total of four transgenic lines were generated, with one expressing low hVEGF
levels and showing correspondingly mild clinical changes such as focal fluorescein leakage,
microaneurysms, venous tortuosity, capillary non-perfusion and minor neovascularisation
(Lai et al., in press). By contrast, the other three lines expressed high hVEGF levels accom-
panied by concomitant severe phenotypes. In this study, several generations of two trans-
genic lines showing mild or severe vasoproliferative retinopathy (lines 029 and 056, Lai 
et al., in press) were chosen for further characterization.

2. MATERIALS AND METHODS

2.1. Animals

Transgenic mice produced using a pcDNA.opsin.VEGF165 construct driven by the
mouse rhodopsin promoter were used in this study. The offspring were screened for 
transgenic animals by Southern blot analysis showing the presence of a 2.1kb fragment 
containing the truncated mouse rhodopsin promoter and human VEGF165 (hVEGF165)
fragments, which was then confirmed by polymerase chain reaction amplification of tail
DNA. The heterozygote transgenic offspring of transgenic lines 029 and 056 were used for
this investigation (Lai et al., in press).

2.2. Fundus Fluorescein Angiography and Retinal Perfusion with 
Fluorescein-Labeled Dextran

Five generations of line 029 and two generations of line 056 were examined by fundus
fluorescein angiography with a modified portable Kowa Genesis camera after intraperitoneal
injection of 0.05ml of 10% sodium fluorescein as described previously (Zaknich et al.,
2002). For retinal perfusion, selected mice were deeply anesthesized and initially perfused
with 10ml of PBS through the left ventricle into the aorta to flush out circulating blood, 
followed by 2ml fluorescein-labeled dextran (FITC-dextran, 50mg/ml, molecular weight,
2.0 ¥ 106; Sigma, St. Louis, MO). The perfused eyes were fixed in 2% paraformaldehyde
for 30min and then flat-mounted for fluorescence microscopy.

2.3. Histology

Eyes were enucleated from transgenic mice showing mild, moderate or severe 
vasoproliferative retinopathy on angiograms. The enucleated eyes were fixed in 4%
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paraformaldehyde for 4 hours, embedded in paraffin, sectioned and stained with hema-
toxylin and eosin.

3. RESULTS

Increased VEGF production in photoreceptors of transgenic mice led to the progressive
development of early, moderate and late stages of diabetic-like retinopathy in line 029 and
056. Line 029 transgenic mice predominantly demonstrated mild and moderate vasoprolif-
eration in the retina (Fig. 28.1A-F, Table 28.1). In eyes with mild retinopathy, fluorescein
angiography showed scattered fluorescein leaky spots but with relatively regular arcades of
retinal capillaries between leaking lesions (Fig. 28.1A). Perfusion with fluorescein-labeled
dextran revealed relatively well-defined retinal capillaries with microaneurysm-like changes
under high magnification (Fig. 28.1B and 28.1C). In eyes with moderate vasoproliferation,
fluorescein angiography showed more confluent fluorescein leaky spots (Fig. 28.1D). Per-
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Figure 28.1. Retinal vascular changes of transgenic mice of lines 029 (A-F) and 056 (G-I) showing mild (A-C),
moderate (D-F) and severe vasoproliferative retinopathy, respectively. A, D and G, fluorescein angiography; B, C,
E, F, H and I, fluorescence microscopy of retinae perfused with fluorescein-labeled dextran. C, F and I are higher
magnifications of B, E and H respectively.



fusion with fluorescein-labeled dextran revealed obvious neovascular proliferation accom-
panied by the loss of capillaries in the retina (Fig. 28.1E and 28.1F). In contrast to line 029,
line 056 transgenic mice predominantly demonstrated severe vasoproliferative retinopathy
(Fig. 28.1G-I, Table 28.1). In these eyes, fluorescein angiography showed heavy fluorescein
leakage or pooling (Fig. 28.1G) and perfusion with fluorescein-labeled dextran revealed
massive neovascular proliferation in the retina (Fig. 28.1H and 28.1I).

Two hundred and one transgenic mice were examined by fluorescein angiography at 6-
8 weeks old. These included 184 transgenic mice from 5 generations of line 029 and 17
transgenic mice from 2 generations of line 056 (Table 28.1). Flourscein angiography showed
that 80% of line 029 transgenic mice showed mild/moderate retinopathy while 20% demon-
strated severe retinal vascular changes (Table 28.1). In contrast, 76% of the transgenic mice
of line 056 showed severe vasoproliferative retinopathy, with only 24% of the transgenic
mice developing mild/moderate retinopathy (Table 28.1). Selected animals were examined
by fluorescein angiography periodically. The mild and moderate vascular changes of line
029 remained relatively stable for at least 3 months but, in contrast, line 056 transgenic mice
with severe vascular proliferation rapidly ceased fluorescein leakage and developed retinal
capillary loss with time.

Histologically, eyes with mild retinopathy on angiograms demonstrated scattered 
vasoproliferation in the subretinal space but without obvious retinal degeneration, although
photoreceptors were slightly disturbed (Fig. 28.2A and 28.2B). In eyes showing moderate
vasoproliferation, histology revealed a greater number of neovascular lesions. The intrareti-
nal microvascular abnormalities seemed to originate from deep retinal capillaries growing
into the subretinal space with an attempt to communicate with choroidal capillaries (Fig.
28.2C and 28.2D). The disturbance to photoreceptors was obvious in these eyes (Fig. 28.2C
and 28.2D). In eyes showing heavy fluorescein leakage on angiograms, histology demon-
strated massive intraretinal microvascular abnormalities and neovascular proliferation in the
subretinal space, accompanied by severe retinal folding and disturbance to photoreceptors
(Fig. 28.2E and 28.2F).

190 W.-Y. SHEN ET AL.

Table 28.1. Graded retinopathy in transgenic mice of lines 029 and 056 aged
6-8 weeks.

Graded Retinopathy (%)

Generation n Mild Moderate Severe

Line 029
A 7 1 (14%) 4 (57%) 2 (29%)
B 4 1 (25%) 3 (75%) 0 (0%)
C 62 19 (30%) 37 (60%) 6 (10%)
D 93 20 (22%) 46 (49%) 27 (29%)
E 18 7 (39%) 9 (50%) 2 (11%)

Subtotal 184 47 (26%) 100 (54%) 37 (20%)
Line 056

A 11 3 (27%) 1 (9%) 7 (64%)
B 6 0 (0%) 0 (0%) 6 (100%)

Subtotal 17 3 (18%) 1 (6%) 13 (76%)



4. DISCUSSION

In this study, we examined five generations of line 029 and two generations of line 056
transgenic mice with a rhodopsin promoter driven hVEGF overexpression in photorecep-
tors. We found that mice from transgenic line 029 mainly presented mild or moderate pro-
liferative retinopathy with limited disturbance to the neural retina, while mice from line 056
predominantly developed severe vasoproliferative retinopathy with dramatic destruction to
the neural retina. In our previous study, both lines 029 and 056 produced increased hVEGF
expression but the levels of hVEGF protein in eyes of line 056 were 10-fold higher than
those in eyes of line 029, indicating that the pathological phenotypes in the retinae were
closely associated with the overexpression of hVEGF in the retina (Lai et al., in press). In
this study, the results obtained from five generations of line 029 and two generations of line
056 suggested that the features presented in both transgenic lines remained relatively steady
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Figure 28.2. Histological changes of transgenic mice of lines 029 (A-D) and 056 (E-F) showing intraretinal
microvascular abnormalities and vascular proliferation in the subretinal space. The arrows in D and F indicate the
growth of new vessels from the outer nuclear layer into the subretinal space. B, D and F are higher magnifications
of A, C and E, respectively.



for as many as five generations. Both transgenic mice lines may prove very useful for testing
anti-angiogenic therapies and for investigations of cellular and molecular mechanisms of
VEGF-induced retina neovascularization in the eye.

It is very clear that angiogenic factors belonging to the VEGF and angiopoietin protein
families play critical roles in retinal neovascularization that occurs in diseases such as dia-
betic retinopathy, retinopathy of prematurity, retinal branch vein occlusion and retinal central
vein occlusion (Campochiaro, 2000; Miller, 1997). Understanding the steps in the angio-
genic processes and the angiogenic factors involved in angiogenesis has led to the devel-
opment of strategies for treatment of ocular angiogenesis. A large number of anti-angiogenic
agents have been designed based on strategies by (1) either interfering with VEGF and
angiopoietin proteins and their receptors or the downstream signaling or (2) upregulating
endogenous angiogenic inhibitors or administration of exogenous inhibitors to counter the
angiogenic effect of angiogenic factors (Campochiaro, 2002; Bainbridge et al., 2003).
However, evaluation of long-term efficacy of anti-angiogenic therapies has been challenged
by transient ocular neovascularization in most animal models. For example, retinal neovas-
cularization in the murine model of ischemia-induced retinopathy occurs as a short-lived
response. After post-natal day 21 no further proliferation occurs and the new vessels regress
spontaneously (Igarashi et al., 2003; Rota et al., 2004; Bainbridge et al., 2003). In addition,
intraocular injection in newly born pups is problematic. In the present study, we have gen-
erated a transgenic line (029) with increased expression of VEGF accompanied by mild to
moderate vasoproliferation in the retina at an adult age (4 weeks postnatal), and the features
of vasoproliferative retinopathy remain stable for at least 8 weeks (12 weeks postnatal). This
particular model provides an excellent opportunity to intervene at an early stage in the devel-
opment of retinal neovascularization in the adult animal.

Although many studies have investigated blood vessel growth in the retina, relatively
few studies have addressed the damage to retinal neurons during the processes of retinal
neovascularization. In the present model, we also observed disturbance to photoreceptors
when new vessels occurred within or adjacent to the outer nuclear layer, and the extent of
neural damage was closely associated with the severity of retinal vascular proliferation.
There are two basic hypotheses that account for the neural damage accompanied with retinal
neovascularization in this model: First, the increased expression of VEGF in photoreceptors
result in loss of blood-retinal barrier integrity, which initially manifests as an increase in
vascular permeability, causing a failure to control the composition of the extracellular fluid
in the retina, which in turn leads to edema and neuronal cell loss. Alternatively, the long-
term overexpression of VEGF may initiate apoptosis in the neural retina, leading to gradual
loss of neurons. It is not clear which hypothesis will be found to be correct and, in fact, it
is likely that vascular permeability and neuronal apoptosis are closely linked components
in this model. In a recent study, the retinal neural damage in this model can be remarkably
attenuated by recombinant adeno-associated virus mediated transfer of soluble Flt (sFlt)
receptor, a heparin-binding protein that complexes VEGF with high affinity, therefore
inhibiting the mitogenic response to VEGF by directly sequestering VEGF and in a domi-
nant negative manner via heterodimerizing with the extracellular ligand-binding region
spanning FLT-1 and KDR receptors (unpublished data). Since it is now apparent that retinal
vascular abnormality and damage to retinal neurons are equally problematic in patients with
diabetes (Barber, 1998; Barber et al., 2003), our transgenic models may provide a useful
tool for studies on microvascular changes and VEGF-induced retinal neural damage in dia-
betic retinopathy.
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CHAPTER 29

LASER PHOTOCOAGULATION: OCULAR RESEARCH
AND THERAPY IN DIABETIC RETINOPATHY

Caroline E. Graham*, Nicolette Binz*, Wei-Yong Shen*, 
Ian J. Constable*, and Elizabeth P. Rakoczy*

1. INTRODUCTION

Diabetic retinopathy is a severe complication of diabetes leading to some degree of
vision impairment in long-term diabetes sufferers. Currently, the most successful treatment
available for diabetic retinopathy is laser photocoagulation, a therapy that destroys part of
the retina to save central vision. The principal aim of laser photocoagulation in the treat-
ment of diabetic retinopathy is to effect regression of abnormal vessels, reduce oxygen
tension and reverse angiogenesis in the retina. Although laser photocoagulation has been
employed for more than 30 years, its underlying molecular mechanisms remain unknown.
Research is now focused on identifying and understanding these factors, to ultimately
develop therapies to protect against the initiation and progression of neovascularisation.

2. DIABETIC RETINOPATHY

Diabetic retinopathy involves changes in the retinal microvasculature and is believed to
be a result of long-term hyperglycaemia and possibly hypertension (Porta and Allione,
2004). Early changes are seen in the blood flow of the retina along with thickening of the
basement membrane and/or pericyte loss. Non-proliferative diabetic retinopathy progresses
with damage to the endothelial cells lining the capillaries, resulting in a breakdown in the
blood-retina barrier. This stage is characterised by the presence of microaneurysms, intra-
retinal haemorrhages, macular oedema, cotton wool spots and deposits of hard exudates
formed from precipitating blood products. Capillary damage causes decreased oxygenation
in part of the retina and this localised ischemia provides the stimulus for upregulation of
angiogenic factors such as VEGF, thus worsening these microvascular changes.
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Proliferative diabetic retinopathy is characterised by the presence of abnormal vessels
arising from the optic disk or retina. New vessels develop as fine, leaky structures and bleed
easily into the retina and vitreous, leading to the development of haemorrhages that can
cause sudden vision loss. This is accompanied with thickening of the extracellular matrix
that instigates contraction of the fibrotic component of vessels, resulting in retinal detach-
ment. Central vision can also be affected as these retinal changes move towards the macula.
In severe cases, proliferating vessels obscure normal retinal blood flow and can result in the
development of neovascular glaucoma, ultimately leading to severe loss of vision or per-
manent blindness.

3. LASER PHOTOCOAGULATION THERAPY

Laser photocoagulation of the retina is a non-invasive laser treatment and remains the
primary therapy for proliferative retinopathies such as diabetic retinopathy. Current photo-
coagulation treatment is based on the original developments of ruby, argon and krypton
lasers first utilised in the late 1960’s [Reviewed in Petrovic and Bhistkul (1999)]. Tunable
dye and diode lasers were subsequently introduced, making available a range of useful tech-
niques for the treatment of proliferative retinopathies.

Laser photocoagulation acts by focusing laser energy on the retinal pigment epithelium
(RPE), damaging the outer retinal layers whilst leaving Bruch’s membrane intact. The main
site of energy absorption is the melanin within the RPE and choroid as it has an absorption
spectrum of between 400-700nm. The different types of lasers used in photocoagulation
include argon (emission at 488nm, blue/green; 514nm, green), Nd:YAG (532nm, green)
krypton (647nm, red) diode (810nm, infrared) and tuneable dyes such as rhodamine that
emit over a selected range of wavelengths. Retinal damage caused by laser photocoagula-
tion can be reduced by decreasing the wavelength, spot size, irradiance and exposure dura-
tion (Mainster, 1999). Argon laser is strongly absorbed by melanin and haemoglobin and
therefore makes an excellent source for direct targeting of vessels. Krypton laser is less
absorbed by melanin and produces deeper and more painful chorioretinal lesions and is
therefore less often used in treating retinopathies where induction of choroidal neovascu-
larisation should be avoided.

3.1. Histological Changes

The observed histopathological changes following laser treatment, are a result of the
heat transfer out of the absorbing RPE and choroid and subsequent denaturation of the 
surrounding tissue (Roider et al., 1998). The use of short wavelength lasers such as argon
minimises damage to the choroid and therefore is less likely to induce choroidal neovascu-
larisation, detrimental to diabetic retinopathy treatment. The major sites of damage follow-
ing argon laser photocoagulation are the RPE and outer retinal layers and within the lasered
site, the outer segments of the photoreceptors are destroyed (Figure 29.1B). An initial inflam-
matory response occurs and coagulated cells in the lesion core are removed by phagocyto-
sis. The RPE monolayer can lift to form a gap at the site where photoreceptor outer segments
were. This is followed by RPE cell migration and proliferation into multiple layers. Müller
cells also proliferate and migrate into areas of damage and interdigitate into RPE cells
forming a glial scar (Lewis et al., 1992).
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Late changes in the retina following laser photocoagulation include further extension
of glial processes and denser areas of glial scars. The outer nuclear layer reduces in thick-
ness over time (Figure 29.1D) and the number of apoptotic cells present in the laser lesion
decreases. Interestingly, photoreceptors adjacent to laser lesions appear to have increased
survival compared to photoreceptors in normal retinae as shown by an increase in basic
fibroblast growth factor (bFGF)-immuno-reactive cells in this area (Xiao et al., 1998, 1999).
The mechanism contributing to the increased survival of these photoreceptors may be due
to the increase in bFGF, suppressing apoptosis in these cells.

The benefits of laser photocoagulation therapy are not without risks. Potentially dan-
gerous complications such as haemorrhaging, corneal burns and the development of
cataracts are risks in laser therapy. Ultimately, understanding the underlying molecular
mechanisms which produce the beneficial effects of laser photocoagulation could lead to
the development of non-destructive treatments, thereby circumventing these potential
hazards.
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Figure 29.1. Histology of control and lasered mouse retinae at 3 days and 90 days post-argon laser photocoagu-
lation. A, Control retina and B, lasered retina at 3 days post-treatment. C, Control retina and D, lasered retina at
90 days post-treatment. C, choroid; RPE, retinal pigment epithelium; POS, photoreceptor outer segments; PIS,
photoreceptor inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer. Magnification 40¥. Scale bars represent 10mm.



3.2. Changes in Gene Expression

3.2.1. Early Changes

High oxygen demand in the diabetic retina is thought to play a role in the initiation and
progression of microvascular changes. The development of areas of hypoxia stimulates the
up-regulation of angiogenic factors such as vascular endothelial growth factor (VEGF) 
and angiopoietins, potentiating neovascularisation (Oh et al., 1999, Park et al., 2003, 
Yancopoulos et al., 2000). Laser therapy decreases the oxygen demand of the tissue by
localised destruction of the photoreceptors and the consequential development of glial scars
facilitates the diffusion of oxygen through the retina. It is also thought to diminish the stim-
ulation of angiogenesis by photocoagulation of normal and abnormal vessels and/or stimu-
late the expression of anti-angiogenic factors.

Many studies have been conducted to examine the effects of laser photocoagulation on
specific factors in the rat and mouse. These studies clearly demonstrated that laser photo-
coagulation does not only destroy oxygen-demanding photoreceptor cells within the laser
lesions, but does have a very important and significant effect on the expression of genes
within the retina. These include bFGF/FGF2, epithelial growth factor (EGF), transforming
growth factor alpha and beta (TGFa, TGFb), insulin growth factor I (IGF-I), glial fibrillary
acidic protein (GFAP), platelet derived growth factor (PDGF) and VEGF among others
(Humphrey et al., 1997; Xiao et al., 1999). However, these factors are mainly associated
with wound healing, an early response to the treatment.

With the advent of array-based gene expression studies, we can now examine the entire
gene expression profile of any given tissue, identifying many novel associations and func-
tions for both known and unknown genes. A previous study in our laboratory aimed to iden-
tify those genes that were affected by laser photocoagulation (Wilson et al., 2003). This
study demonstrated the effect on gene expression of a normal mouse eye three days post-
argon laser photocoagulation. Angiogenic factors such as FGF14 and FGF16 were found to
be down-regulated whilst angiotensin II type 2 receptor, a potent inhibitor of VEGF and
VEGF-induced angiogenesis, was significantly up-regulated. As expected, proteins impli-
cated in tissue remodelling and wound healing were also differentially expressed.

3.2.2. Late Changes

Few studies have followed the expression of factors past the initial wound healing
response. Xiao et al. (1998) demonstrated a sustained increase (up to 180 days) in bFGF
immuno-reactive photoreceptor cells adjacent to the laser lesions. GFAP-positive glial 
cells were also evident for more than 30 days post-treatment. Zhang et al. (1993) reported
that RPE cells became aFGF and bFGF-positive while losing their CRALBP-immuno-
reactivity for up to 80 days post laser treatment. These studies demonstrated some of the
changes that occurred following laser photocoagulation and indicated that cells within these
damaged areas can change the expression of factors controlling angiogenesis.

We sought to extend our earlier study to measure the changes in gene expression after
laser photocoagulation long-term. The focus was on identifying genes that had a known
functional relationship with angiogenesis. Ultimately, this study aimed to identify novel
targets for diabetic retinopathy therapy whereby a directed change in expression would lead
to a reduction in neovascularisation without the need to use lasers. Changes in gene expres-
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sion at 90 days post-laser photocoagulation in the normal mouse were measured by micro-
array analysis and further examined by real-time PCR (Binz et al., 2005). At 90 days post
laser photocoagulation, 107 genes were identified as differentially expressed compared to
unlasered controls. Of these 107 genes, 34 had previously been identified as differentially
expressed at three days post-treatment. Therefore, these genes demonstrated a true long-
term change in expression due to laser photocoagulation.

Inducers of angiogenesis such as VEGF, PDGF, or bFGF were not differentially
expressed, indicating that beneficial effects of laser photocoagulation do not stem from long-
term changes to this pathway. However, this study identified genes previously associated
with cytoskeletal and structural remodelling as differentially expressed at 90 days post-
treatment and the level of protein measured corroborated this large increase. Interestingly,
some of these genes were not differentially expressed at three days, suggesting there was a
late stage of remodelling in the retina following initial wound healing and scar formation.
Alternatively, these gene products could be functioning via a novel mechanism contribut-
ing to the beneficial effects of laser photocoagulation.

4. CONCLUSIONS

The goal of prevention and treatment of diabetic retinopathy requires the knowledge of
factors and events that reduce or prevent neovascularisation. One approach to achieve this
goal is to identify genes differentially expressed following successful laser photocoagula-
tion. With the identification of genes initially affected by laser treatment and those whose
expression remains changed long-term, we can now apply this knowledge to the diabetic
retina. Ultimately, this will enable the development of therapeutic targets for long-term pro-
tection and prevention of vision impairment caused by chronic conditions such as diabetes.
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CHAPTER 30

APPLYING TRANSGENIC ZEBRAFISH TECHNOLOGY
TO STUDY THE RETINA

Ross F. Collery, Maria L. Cederlund, Vincent A. Smyth, and 
Breandán N. Kennedy*

1. THE ZEBRAFISH RETINA

During the past two decades, zebrafish (Danio rerio) have become established as a pro-
lific model for biological research (for review, see Udvadia and Linney, 2003). Zebrafish
exhibit many features of an ideal model organism, including small size, rapid development,
and high fecundity. Since zebrafish are vertebrates, there is a conservation of physiology
with higher vertebrates, including humans. Juvenile zebrafish develop rapidly and
oviparously, facilitating developmental studies without invasive procedures. Zebrafish are
amenable to drug discovery, having similar responses to mammals in pharmacological tests
using cardiovascular, anti-angiogenic and anti-cancer drugs (for review, see Langheinrich
et al., 2002). To date, zebrafish have been used in genetic screens to identify genes involved
in development and function of organs including the eye, brain, ear and heart (Haffter
et al., 1996). More recently, transgenic technologies have been developed for zebrafish. In
this review, we will describe how this transgenic technology can be applied to study retinal
biology.

The zebrafish retina is similar morphologically and physiologically to the human retina
(Fig. 30.1a). Discrete layers stratify the retinal cell types (Schmitt and Dowling, 1994). Cell
types can be distinguished by location, morphology, and detection of unique cellular markers
(Fig. 30.1b, c). In contrast to the commonest models used for retinal research (rat and
mouse), zebrafish, being diurnal, have abundant cone photoreceptors. These include long
single cones sensitive to blue light, double cones with red-sensitive and green-sensitive
types, and short single cones sensitive to ultraviolet light. Though zebrafish do not have a
macula, they have a comparable number and density of cones to humans. Thus, zebrafish
are particularly suited to studies of cone photoreceptor development and function. An imma-
ture eye anlage is distinguishable in the externally fertilised zebrafish embryo at 24 hours
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post-fertilisation (hpf), the retina is differentiated at 72hpf and there is a measurable visual
response at 120hpf. This rapid development makes zebrafish suitable for the study of all
stages of retinal development. Ex utero development and larval transparency means that
gene expression patterns may be observed in wholemount zebrafish larvae. Established
behavioural tests exist for fast and accurate assay of visual transduction in zebrafish 
(Brockerhoff et al., 1995; Neuhauss et al., 1999). Electroretinography (ERG) though a 
more invasive and more time-consuming assay enables detailed characterisation of visual
function (Brockerhoff et al., 1995).

Zebrafish are a cost-effective model organism. Adult zebrafish, being ~3cm in length,
can be maintained at high densities in multiple tanks, which allows for the establishment of
a large experimental population. This population can produce large numbers of offspring,
since a given mating pair can routinely produce batches of 150 eggs every 3-4 days.
Zebrafish are amenable to transgenesis, whereby foreign DNA sequences injected into devel-
oping embryos are incorporated into the genome. The first transgenic zebrafish were gen-
erated in 1988, demonstrating the inheritance of an antibiotic cassette (Stuart et al., 1988).
Transgenic zebrafish lines are now routinely used to study diverse aspects of zebrafish devel-
opment and physiology.

2. GENERATION OF TRANSGENIC ZEBRAFISH

Transgenic zebrafish are generated by injecting transgenes into newly fertilised
zebrafish eggs. These embryos are raised to adulthood (~3 months) and founder zebrafish
that transmit the transgene through the germline are identified by PCR and/or reporter gene
expression.

Zebrafish routinely mate at daybreak, which is artificially simulated in laboratory con-
ditions by the onset of a light-dark cycle. The evening before embryo injection, male and
female adults are placed in mating tanks. These tanks have a gridded insert to aid collec-
tion of the eggs, and an optional barrier insert to separate male and female zebrafish. This
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Figure 30.1. (a) Retinal histology of transverse cryosections of 5dpf zebrafish stained with methylene blue and
Azure II. ON, optic nerve; RPE, retinal pigment epithelium; ONL, outer nuclear layer; OPL, outer plexiform layer;
INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. (b), (c) Merged fluorescent imaging
of GFP in GFP-transgenic zebrafish retinal cryosection, and immunohistochemistry with anti-rhodopsin antibody
visualised with Cy3-conjugated secondary antibody.



insert enables the investigator to delay matings so that newly fertilised eggs can be collected
at several intervals. DNA is delivered for transgenesis using fine glass needles that can pass
easily through an egg’s chorion and yolk into the animal pole. These needles are filled with
a DNA and a tracer dye, usually phenol red. To optimise transgene integration, eggs are
injected at the 1- or 2-cell stage. The eggs are immobilised in an agarose trough, a micro-
manipulator is used to guide the needle into the animal pole, and a microinjector used to
inject the DNA solution. Between 50 and 70% of injected eggs routinely survive the 
procedure.

DNA injected for transgenesis can integrate into the genome by random insertion, by
transposase-mediated insertion, or by retroviral insertion (Fig. 30.2). During random inte-
gration, injected DNA assembles into concatemers consisting of many head-to-tail copies
of the construct. The zebrafish’s DNA repair machinery targets the free double-stranded ends
and incorporates the concatemers into the genome, usually, at a single, random point. The
transgene can integrate into native enhancer or repressor regions, which can distort the levels
and patterns of transcription driven by the promoter. The major disadvantage to this method
is the low efficiency of transgene integration. It is advantageous, however, since it can be
performed without labour-intensive cloning, as even PCR amplicons can be injected. Retro-
viral systems can also generate transgenic zebrafish (Gaiano et al., 1996). The transgenic
DNA is packaged by a viral packaging line, and delivered using a separate viral vehicle.
Integration is brought about by infection of the zebrafish cells with the transgenic DNA.
The disadvantages to this method are that the generation of high-titre viral stocks can be
technically difficult and requires specialised safety procedures. The advantages are that the
retrovirus inserts the transgene into the genome with high efficiency.

Most recently, technologies have been developed to generate transgenic zebrafish by
transposition. In this procedure the transgene is flanked with inverted repeats from the Tol2

30. APPLYING TRANSGENIC ZEBRAFISH TECHNOLOGY TO STUDY THE RETINA 203

Figure 30.2. Schematic showing the three modes of delivery of a transgene for germline integration. (a) linearised
DNA constructs are injected alone. (b) DNA constructs are packaged into retrovirus for infection. (c) DNA con-
structs are flanked by transposon inverted repeats and co-injected with in vitro transcribed transposase mRNA. The
schematic shows the major components of the microinjection apparatus. Transgenes are represented by black bars,
and inverted repeats by black triangles.



transposable element from the medaka zebrafish, Oryzias latipes (Kawakami et al., 1998).
The construct is injected as a circular plasmid along with in vitro-synthesised transposase
mRNA. The zebrafish’s ribosomes produce active transposase, which enzymatically inte-
grates the transgene into multiple sites of the genome. The initial cloning steps can be prob-
lematic, since the inverted-repeat regions are prone to random rearrangements during
bacterial passage, and the transposase mRNA must be synthesised and protected from degra-
dation. However, the Tol2 transposase based system is highly efficient, with transgenes inte-
grating in greater than 50% of injected zebrafish (Kawakami et al., 2000).

3. TRANSGENIC ZEBRAFISH TECHNOLOGY APPLIED TO THE RETINA

There are several transgenic zebrafish lines and tissue/cell-specific promoters available
to study the retina. These lines/promoters can be used to study temporal and spatial gene
regulation, to characterise gene function by overexpression and to report on retinal cell/tissue
integrity in genetic and pharmacological screens.

Transgenic zebrafish have been successfully applied to characterise the temporal and
spatial regulation of genes in vivo. The patterning and timing of the expression of a gene
can be characterised by fusing reporters (e.g. EGFP) to putative promoter regions and gen-
erating transgenic zebrafish transmitting this construct. Expression of fluorescent transgenes
can be analysed in anaesthetised zebrafish by fluorescence microscopy. Phenyl-thio-urea
(0.003%) added to embryo media prevents pigment formation, facilitating the analysis of
fluorophores in transparent larvae up to 8 days post-fertilisation. Apart from generating
stable transgenic lines, reporter constructs can also be used to test promoter activity using
transient expression assays. By analysing approximately one hundred zebrafish injected with
constructs containing promoter deletions/mutations, it is possible to quickly locate cis-acting
enhancer or repressor elements that confer tissue- or temporal-specific expression (Luo
et al., 2004).

The line Tg(1.2ZOP-EGFP) expresses enhanced GFP (EGFP) under the control of 
1.2kb of promoter sequence from the zebrafish rod opsin gene (Kennedy et al., 2001). EGFP
is expressed exclusively in rod photoreceptors, and exhibits a similar developmental expres-
sion profile to the rod opsin protein. Similarly, the line Tg(ZUV-GFP) expresses GFP under
the control of a UV opsin promoter, which directs expression solely to UV- cones (Luo
et al., 2004). This line was used to analyse proximal and distal elements of the UV opsin
promoter, and showed that a UV opsin promoter element could direct ectopic expression of
a chimeric rhodopsin promoter to UV cones. Promoters from other species can also be used
to study the zebrafish retina, such as a Xenopus laevis rod opsin promoter (Perkins et al.,
2002).

Another application of transgenic zebrafish technology is enhancer trapping. This
process takes advantage of the random nature of transgene integration. Constructs consist-
ing of GFP coupled to a minimal promoter are injected into zebrafish embryos. Integration
of the transgene near strong cis-acting elements can result in zebrafish expressing EGFP in
spatial/temporal expression dictated by the cis-element and easily visualised in the trans-
parent embryos by fluorescent microscopy.

Expression of GFP in nascent cells can be used to plot the migration of cells during
development of primordial structures. Constructs highlighting the migration of presumptive
cells within the eye can give insights into signalling pathways. A wave of differentiation
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generating ganglion and amacrine cells in the retina during neurogenesis has been imaged
using GFP under the regulation of a sonic hedgehog promoter (Shkumatava et al., 2004).

Promoters that direct expression of transgenes in the retina can also be used to char-
acterise gene function. Expression of foreign genes in zebrafish allows novel genes to be
characterised by analyzing phenotypes associated with overexpression of that gene. Trans-
genic zebrafish technologies can also “rescue” mutant/disease phenotypes. The lakritz
mutant, which has a mutation in ath5, an eye-specific transcription factor, causes elimina-
tion of the ganglion cell layer (Kay et al., 2001). Injection of a plasmid carrying the unmu-
tated gene under control of its native promoter rescues the wild type phenotype, confirming
that the mutant phenotype is caused by the mutation. Similarly, a nonsense mutation in the
gene for the rx3 transcription factor causes an eyeless phenotype, which can be rescued by
the injection of constructs carrying the wild type gene (Kennedy et al., 2004).

The low efficiency of transgenesis by random integration previously impeded the gen-
eration of transgenic lines. To overcome this, existing lines often took advantage of dual
expression of both an effector transgene and a reporter gene for easy screening. Transgenic
lines exist that express both EGFP and protein kinase A (PKA), or EGFP and glycogen syn-
thase kinase-3b (GSK-3b), under the control of a retinal ganglion cell (RGC) promoter
(Yoshida and Mishina, 2003). These lines allow characterisation of the promoter, clarifica-
tion of the roles of PKA and GSK-3b, and efficient screening owing to the concomitant
expression of the reporter gene. Likewise, transgenic expression of a Gap43-GFP fusion
protein allows visualisation of dynamic behaviour of GFP-labeled amacrine cell neurites 
in vivo from the earliest stages of neurite outgrowth (Kay et al., 2004). The recent emer-
gence of an efficient transposase-mediated system for transgenesis eliminates the need for
a reporter to be co-injected with the effector transgene.

4. LIMITATIONS AND FUTURE DEVELOPMENTS

Transgenic zebrafish technology has advanced such that transgenic zebrafish can now
be routinely generated in-house. Transgenic zebrafish will provide powerful tools for func-
tional genomics, for modelling human diseases and for drug discovery. However, a number
of limitations exist, particularly the current inability to apply homologous recombination to
generate targeted knockouts/knockins in zebrafish.

Standard approaches to understand gene function include analysing “gain-of function”
and “loss-of function” phenotypes. In zebrafish the most common method to overexpress a
gene (gain-of function) is by microinjection of embryos with in vitro-synthesised mRNA.
However, as the mRNA is translated throughout the developing larvae, this assay may be
misinformative. Also, it is difficult to limit the temporal onset of expression of injected
mRNAs, which are typically degraded by 5dpf. Thus, it is desirable to express a transgene
under regulation of a promoter that drives specific temporal and spatial expression patterns.
Though a few promoters have been identified that direct specific patterns of expression in
the zebrafish retina, there is a need to identify specific promoters for other cell types so that
these can be comprehensively studied. In addition, there is a need for inducible expression
of transgenes in the retina. A heat-shock promoter can induce selective expression when
coupled with highly localised laser treatment (Halloran et al., 2000). In the future trans-
genic lines generated from retinal-specific promoters coupled with the Tet ON/OFF system
will provide greater flexibility for inducible expression of transgenes in the zebrafish retina.
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Analysis of phenotypes arising from the specific reduction of gene expression (loss-of-
function) is a key method to understanding gene function. In zebrafish, loss-of-function phe-
notypes have been generated by morpholino “knockdown” or by mutagenesis screening
(Warren and Fishman, 1998; Nasevicius and Ekker, 2000). However, neither of these
approaches are designed to target selective and complete eliminate of the expression of a
specific gene. The gold standard of “loss-of-function” analyses, i.e. targeted knockout by
homologous recombination, is currently not feasible in zebrafish. Though cells displaying
embryonic stem cell properties and of producing zebrafish germ-line chimeras from embryo
cell cultures have been reported the long-term culture of zebrafish embryonic stem cells
required for selection of homologous recombinants has been elusive though concerted
efforts to overcome this hurdle continue ((Ma et al., 2001; Fan et al., 2004). Once this is
achieved other variations including the Cre/lox binary system for conditional knockouts will
become feasible. As a result, targeted knockout lines of zebrafish cannot be generated, cur-
rently. The ability to make directed knockout lines will facilitate reverse genetic studies
accelerating the characterisation of genes whose function is either partially or wholly
unknown.

Currently available transgenic technologies in zebrafish now enable the generation 
of transgenic models of human retinopathies, especially to study the approximately 
50 genes associated with dominant forms of inherited human blindness
(http://www.sph.uth.tmc.edu/Retnet/). Currently, promoters exist for expressing transgenes
in rod photoreceptors, cone photoreceptors, or in ganglion cells, and many more promoters
for other retinal cells will become available in the future. Such zebrafish models will aid in
understanding the molecular pathogenesis of disease. In addition, it is envisaged that
zebrafish models of human retinopathies can be used in pharmacological screens to iden-
tify drugs that modulate the disease. The features of small size, rapid development, larval
transparency and large offspring numbers that are inherent to zebrafish are also beneficial
to pharmacological screens.
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CHAPTER 31

BMI1 LOSS DELAYS PHOTORECEPTOR
DEGENERATION IN RD1 MICE

Bmi1 loss and neuroprotection in Rd1 mice

Dusan Zencak1, Sylvain V. Crippa1, Meriem Tekaya1, Ellen Tanger2,
Daniel F. Schorderet1,3, Francis L. Munier1, Maarten van Lohuizen2, and
Yvan Arsenijevic1

1. SUMMARY

Retinitis pigmentosa (RP) is a heterogeneous group of genetic disorders leading to
blindness, which remain untreatable at present. Rd1 mice represent a recognized model of
RP, and so far only GDNF treatment provided a slight delay in the retinal degeneration in
these mice. Bmi1, a transcriptional repressor, has recently been shown to be essential for
neural stem cell (NSC) renewal in the brain, with an increased appearance of glial cells 
in vivo in Bmi1 knockout (Bmi1-/-) mice. One of the roles of glial cells is to sustain neu-
ronal function and survival. In the view of a role of the retinal Müller glia as a source of
neural protection in the retina, the increased astrocytic population in the Bmi1-/- brain led
us to investigate the effect of Bmi1 loss in Rd1 mice. We observed an increase of Müller
glial cells in Rd1-Bmi1-/- retinas compared to Rd1. Moreover, Rd1-Bmi1-/- mice showed 7-8
rows of photoreceptors at 30 days of age (P30), while in Rd1 littermates there was a com-
plete disruption of the outer nuclear layer (ONL). Preliminary ERG results showed a respon-
siveness of Rd1-Bmi1-/- mice in scotopic vision at P35. In conclusion, Bmi1 loss prevented,
or rescued, photoreceptors from degeneration to an unanticipated extent in Rd1 mice.

In this chapter, we will first provide a brief review of our work on the cortical 
NSCs and introduce the Bmi1 oncogene, thus offering a rational to our observations on the
retina.
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2. BMI1 REQUIREMENT FOR NSCs

Neural stem cells (NSCs) have a primary role in brain organogenesis during develop-
ment, and several studies suggest that they are responsible for the generation of certain neu-
ronal sub-populations in adulthood (reviewed in Kuhn and Svendsen 1999). Similarly, retinal
stem cells (RSCs) give rise to the different cell types composing the retina in a temporally
coordinate manner (reviewed in Marquardt and Gruss 2002). Throughout development and
adulthood, the stem cell pool is maintained by asymmetric divisions in order to generate
one stem cell and one committed cell, while symmetric divisions giving rise to two daugh-
ter stem cells are required for the initial expansion of the stem cell population. Several path-
ways interact and cross-talk to control NSC renewal and commitment to specific cell fates
(reviewed in Arsenijevic 2003). Likewise, RSCs require a specific regulation for a proper
generation of the different retinal cell types (Hatakeyama and Kageyama 2004). For
instance, transcription factors like Pax6 and Hes1 play key roles in the control of NSC
renewal and commitment to neuronal versus glial differentiation, both being necessary for
proper NSC renewal and to direct neural stem cells to a neuronal (Pax6, Heins et al. 2002)
or glial fate (Hes1, Nakamura et al. 2000; Wu et al. 2003). The same two factors are strongly
implicated in eye development and in the control of cell differentiation in the retina. Pax6
is necessary for the formation of multipotent retinal progenitors (Marquardt and Gruss 2002)
and for the specification of the different layers and neuronal subtypes of the retina
(Hatakeyama and Kageyama 2004). On the other hand, Hes1 is important in the develop-
ment of Müller glia (Hatakeyama and Kageyama 2004). Several factors play therefore 
parallel roles in the brain and in the retina.

Since Bmi1-deficient mice present overall growth retardation and a smaller brain after
two weeks of age, a profound defect in cerebellum growth and progressive neurological
defects (van der Lugt et al. 1994), we focalized our attention on Bmi1 as a possible key
factor in NSC renewal (Molofsky et al. 2003, Zencak et al., submitted). Bmi1 belongs to
the Polycomb group of transcription factors, and controls the cell cycle by promoting entry
into the S-phase through p16ink4a inhibition, (Jacobs et al. 1999, Figure 31.1). On the other
hand, Bmi1 leads to a decrease of p53 through p19arf repression, leading to a decrease in
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senescence and apoptosis (Jacobs et al. 1999). It was demonstrated that Bmi1 loss leads to
an impairment in neural stem cell (NSC) proliferation and renewal (Molofsky et al. 2003).
Another recent study showed that Bmi1 is crucial in the expansion of cerebellar granular
cells both in vivo and in vitro (Leung et al. 2004). However, the effect of Bmi1 loss in other
brain regions remains to be addressed, as well as the question whether the action of Bmi1
is intrinsic to the NSCs or due to the stem cell niche.

Our recent study (Zencak et al., submitted) provided evidence that Bmi1 is expressed
in neural progenitor cells (NPCs), and that the distribution of the Bmi1-positive cells in vivo
is similar to what would be expected for NPCs and NSCs. More precisely, Bmi1+ cells were
observed mostly in the sub-ventricular zone (SVZ), and more dispersed in the corpus cal-
losum and in the cortex at birth. Because of the action of Bmi1 on the ink4a/arf locus, Bmi1
loss was expected to result either in a decrease in proliferation or in an increase in apopto-
sis. BrdU incorporation analysis was performed on newborn brains after a short pulse injec-
tion of BrdU 30 minutes prior to sacrifice, and on adult brains (at P30) after a two-day
treatment with BrdU. Interestingly, Bmi1 loss led to a decrease in proliferation in the
newborn cortex, as well as in the newborn and P30 dorso-lateral corner of the SVZ, while
no significant change was observed in the number of apoptotic cells (evaluated by TUNEL
analysis). This observation was strongly accentuated in vitro with a 10-fold reduction of
NSC colony formation from primary cortical cultures in conditions allowing NSC prolifer-
ation and renewal. When we tested self-renewal by replating and dissociating individual
primary colonies, we observed an almost complete failure of Bmi1-/- NSCs to self-renew. In
addition, by using an RNAi approach, we showed that the effect of Bmi1 loss was intrinsic
to NSCs and not due to surrounding cells, such as the stem cell niche. In summary, Bmi1
is intrinsically required for NSC proliferation and self-renewal.

3. INCREASED PRESENCE OF GLIAL CELLS IN THE BMI1-/- BRAIN

The reduced proliferation in vitro and in vivo could result in an altered cell pattern in
vivo. Surprisingly, no significant difference was observed in the distribution of neurons and
oligodendrocytes. However, an increased number of astrocytes was observed at birth in the
marginal zone of the cortex during the early stages of astrocyte appearance, while a massive
gliosis was detected in the young adult Bmi1-/- brain. Interestingly, the increased astrocytic
population appeared to proliferate normally in vivo, as assessed by BrdU incorporation.
Taken together, our recent study showed that Bmi1 is intrinsically required for neural stem
cell renewal, leading to a reduced proliferation in vivo and to an increased astroglial popu-
lation that retains the ability to proliferate.

4. BMI1 LOSS AND NEUROPROTECTION IN RD1 MICE

4.1. Introduction

The increased glial population in the brain led us to investigate the effect of Bmi1 loss
on Müller glia in the retina. Several studies suggest a role of the Müller cells in retinal neu-
roprotection (Ooto et al. 2004; Garcia and Vecino 2003). In this view, we hypothesized an
increased presence or activity of Müller cells in the Bmi1-/- retina and analyzed the effect
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of Bmi1 deletion in rd1 mice, on an inbred FVB genetic background. Rd1 mice are cur-
rently used as a model of human RP, a group of inherited retinal dystrophies untreatable at
present. Rd1 mice are characterized by an early severe degeneration of the outer nuclear
layer (ONL) due to a mutation of the Phosphodiesterase-6-beta (Pde6b) gene. In these mice,
a complete loss of rod photoreceptors is observed at 3 weeks of age, followed by a death
of cone photoreceptors. To date, ciliary neurotrophic factor (CNTF) treatment slowed mod-
erately the photoreceptor cell death in Rd1 mice as revealed by histological analyses (LaVail
et al. 1998), while glial cell line-derived neurotrophic factor (GDNF) injections could in
some cases lead to recordable ERGs with a slight delay of the degeneration (Frasson et al.
1999). In the present study we tested whether an increased glial activity was present in the
Bmi1-/- mice and if such increase could protect a degenerating retina.

4.2. Materials and Methods

4.2.1. Animals

Bmi1-knockout mice on a FVB (Rd1) inbred genetic background were generated and
handled as previously described (van der Lugt et al. 1994; Jacobs et al. 1999). All mice
carried the Pde-6b mutation characteristic of Rd1 mice (FVB background), and were wild-
type (Bmi1+/+), heterozygous (Bmi1+/-) or homozygous (Bmi1-/-) for the Bmi1-knockout
allele. In the text, Bmi1+/+ mice are mentioned as Rd1 mice.

4.2.2. Immunohistochemistry and Antibodies

Immunostainings were performed on eye cryostat sections from newborn (P0) or 
perfusion-fixed adult (P30) mice. Primary antibodies included rabbit antiserum, rabbit 
polyclonal anti-CRALBP (1/1000, gift of J.Saari), mouse monoclonal anti-Rho4D2 (1/40,
gift of D.Hicks), rabbit polyclonal anti-Recoverin (1/500, Chemicon). They were revealed
by fluorescence using the appropriate FITC- or Cy3-conjugated secondary antibody.
Primary antibodies were incubated overnight at 4°C.

4.2.3. Electroretinogram Recording (ERGs)

Rd1-Bmi1-/- and control (Rd1-Bmi1+/+ or +/-) mice were tested in scotopic and photopic
conditions at different ages ranging from P16 to P35. They were dark-adapted overnight
before recording scotopic responses and then light-adapted for 5min. before recording the
photopic responses.

4.3. Results

To analyze the presence of Müller cells, we analyzed CRALBP expression by immuno-
histochemistry in the Rd1 and Rd1-Bmi1-/- retina in adult mice (P30). Confirming our
hypothesis, Rd1- Bmi1-/- retinas displayed a more intense CRALBP immunoreactivity com-
pared to Rd1 (Figure 31.2A-B) this should be translated in a quantitative way. The DAPI
dye used as counterstaining evidenced another important difference: the Rd1-Bmi1-/- retinas
presented typically 7 to 8 rows of photoreceptors with the characteristic condensed chro-
matin (Figure 31.2C-D), while Rd1 mice had a completely dystrophic outer nuclear layer
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(ONL). Immunohistochemical characterization of the cells present in the Rd1-Bmi1-/- ONL
revealed rod photoreceptor features (data not shown). Moreover, the length and the shape
of the outer segments in the Rd1-Bmi1-/- retina were similar to functional photoreceptors.

To test the visual function of Rd1 and Rd1-Bmi1-/- mice, we recorded ERG responses
in scotopic and photopic conditions at several stages from P16 to P35. As expected, Rd1
mice displayed a slight response at P16, which disappeared with the progression of the
retinal degeneration. On the contrary, ERG recordings in Rd1-Bmi1-/- mice showed a clear
response at all tested ages to both single flash and flicker stimuli, improving from P16 to
P35 (data not shown). Nevertheless, the shape of the ERG response was unusual, probably
due to Pde6b loss of function. No significant response was observed in photopic vision in
neither group.

Taken together, these results show that Bmi1 loss provided a consistent delay in the rod
photoreceptor degeneration in the Rd1 mice to an extent unattained to date, with the pres-
ence of functional rod photoreceptors at 35 days of age. The reduced viability of the mice
prevented us from investigating the effect of Bmi1 in Rd1 mice in the long term.
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Figure 31.2. Histology of the Rd1 and Rd1-Bmi1-/- adult retina. A,B, CRALBP immunohistochemistry on P30
Rd1 and Rd1-Bmi1-/- respectively. Note the stronger CRALBP immunoreactivity in Rd1-Bmi1-/- retina compared
to Rd1, with the characteristic pattern of Müller glia (arrows). C,D, DAPI counterstaining corresponding respec-
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4.4. Discussion and Perspectives

Our work provides evidence that Bmi1 loss strongly delays rod photoreceptor degen-
eration in Rd1 mice, a model of human RP. The reported observation of an ONL with func-
tional photoreceptors at 30 and 35 days of age has never been described in Rd1 mice so far,
and may open new perspectives for the treatment of retinal degeneration once the mecha-
nism underlying the delayed degeneration is identified.

The stronger intensity of the CRALBP staining in the absence of Bmi1 may reflect an
increased activity of Müller glia, which remains to be quantified. Considering the role of
Müller cells in neuroprotection, this could explain the rescue of photoreceptors. On the other
hand, we can hypothesize an involvement of the Retinoblastoma (Rb) protein, a critical indi-
rect downstream target of Bmi1 and recently described to play a critical role in rod pho-
toreceptor development (Zhang et al. 2004). Both hypotheses require further investigation
currently in progress.
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CHAPTER 32

TRANSCRIPTIONAL AND POST-TRANSCRIPTIONAL
REGULATION OF THE ROD cGMP-

PHOSPHODIESTERASE b-SUBUNIT GENE

Recent advances and current concepts

Leonid E. Lerner1, Natik Piri2, and Debora B. Farber2

1. INTRODUCTION

In eukaryotic cells, gene expression is controlled at multiple levels that could be
grouped in two large categories, transcriptional and post-transcriptional regulatory events.
Regulation of gene expression at the level of transcription is the major determinant of the
initiation of protein synthesis and of the level of gene expression. However, there is increas-
ing evidence of the important contribution of the post-transcriptional control mechanisms
in determining and fine-tuning the final amount of the synthesized protein product. Post-
transcriptional regulatory mechanisms could be grouped into events that modulate mRNA
stability, localization, translation, as well as protein stability and modifications.

Expression of the key effector enzyme in the rod phototransduction cascade, the 
rod-specific cGMP-phosphodiesterase (cGMP-PDE) is restricted to rod photoreceptors in
the mammalian retina. cGMP-PDE is a membrane-associated, heterotetrameric enzyme
composed of two catalytic a- and b-subunits and two inhibitory g-subunits (Fung et al.,
1990). Each of these subunits is essential for normal cGMP-PDE activity required for pho-
totransduction and for the maintenance of retinal health. Mutations in the protein-coding
region of the gene encoding its b-subunit (b-PDE) cosegregate with retinal degenerations
leading to blindness in human (Farber and Danciger, 1997), mice (Bowes et al., 1990; Pittler
and Baehr, 1991) and dogs (Farber et al., 1992; Suber et al., 1993). However, even if the
exonic sequences are intact, impaired regulatory mechanisms would result in suboptimal
expression of the b-PDE gene causing alterations in the phototransduction cascade and
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abnormally high levels of cGMP. Therefore, such events will likely result in retinal func-
tional and structural abnormalities. Recently, genetic defects in transcriptional mechanisms
that control the expression of several retina-specific genes have been linked to different types
of retinal disorders (Bessant et al., 1999; Freund et al., 1997; Freund et al., 1998; Haider et
al., 2000; Swain et al., 1997). Given the detrimental effect mutations in the protein-coding
region of the b-PDE gene have on photoreceptor integrity, it is crucial to understand the
molecular events that mediate the precise regulation of expression of this gene in rod pho-
toreceptors in the human retina.

Recent advances in the field of regulation of gene expression indicate that genes are
differentially expressed according to their interplay with particular sets of transcription
factors. Therefore, rod photoreceptor-specific expression of a gene is likely to be regulated
by a unique set of transcription factors specific for rods, rather than a single rod-specific
transcription factor. Our long-term interest in understanding the mechanisms of rod-specific
regulation of the b-PDE gene expression has led us to continue the investigation of tran-
scriptional and, more recently, post-transcriptional control of this gene utilizing a combina-
tion of in vitro, ex vivo and in vivo approaches. The results of these studies reviewed in this
chapter will contribute to our pursuit of knowledge of how to maintain the expression of
the b-PDE gene in rod photoreceptors at physiological levels, and to decelerate or prevent
the development of certain forms of retinal degenerations.

2. TRANSCRIPTIONAL STUDIES

Formation of the preinitiation transcription complex involves coordinated interactions
of RNA polymerase II with an array of basal transcription factors at the basal promoter
sequences in the upstream regions of genes. The basal level of transcription is supported by
general transcription factors and is enhanced by the action of activator proteins that inter-
act with specific DNA elements. In addition, activated transcription may be repressed by
the action of repressor proteins that also interact with specific DNA regulatory sequences.
In previous studies, we reported our initial results on the transcriptional control mechanisms
that take place in the human b-PDE 5¢-flanking region. Mutational analysis of the b-PDE
promoter tested both in vitro and ex vivo, and confirmed by the generation of transgenic
Xenopus expressing mutant b-PDE promoter/GFP fusion constructs in vivo, revealed a
minimal promoter region, from -93 to +53, that supports high levels of rod-specific tran-
scription (Lerner et al., 2001). Two enhancer elements were localized within this minimal
promoter, bAp1/NRE and b/GC that interact with nuclear factors and activate transcription
from the b-PDE promoter.

The functionally important b/GC element is homologous to the consensus GC box that
binds members of the Sp family of transcription factors including Sp1, Sp3 and Sp4. These
nuclear factors share similar structural features and have highly conserved DNA binding
domains that allow them to bind with identical affinity to the consensus GC box (Hagen 
et al., 1992). However, while Sp1 and Sp3 are ubiquitously expressed, Sp4 is expressed pre-
dominantly in the CNS. This prompted us to further test its abundance in the adult retina,
and to evaluate its activation properties on the rod-specific b-PDE promoter under defined
conditions in direct comparison to Sp1 and Sp3.
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2.1. Retina-Enriched Expression of Sp4 Is Consistent with its Proposed Role as a
Regulator of the Rod-Specific b-PDE Gene

In order to investigate the potential role for Sp4 as a transcriptional regulator of the
rod-specific b-PDE gene, we tested whether this protein was expressed in the adult retina.
Sp4-specific antibodies were used for immunoblot analysis of the nuclear extracts from adult
mouse retina, brain, and liver, as well as from Y79 human retinoblastoma cells. We observed
a single, high intensity band of predicted molecular weight (95-105kDa) in lanes contain-
ing nuclear extracts from brain, retina and Y79 retinoblastoma cells (Figure 32.1). No major
bands were seen in the lane containing the liver nuclear extract. The results of these exper-
iments demonstrate that Sp4 is also relatively abundant in the adult vertebrate retina at a
concentration comparable to that in the brain. This distribution is consistent with its pro-
posed role as a regulator of the rod-specific b-PDE gene. In addition, co-localization of Sp4
in the retina with certain other transcriptional regulators such as Nrl and Crx suggests a
combinatorial mechanism of photoreceptor-specific gene regulation.

2.2. Proximal Promoter Region of the b-PDE Gene Contains a Regulatory 
DNA Element

Previously, we observed significant reduction of transcriptional activity with the 5¢-end
deletion of b-PDE promoter from -72 to -45 (Lerner et al., 2001). However, the truncated
-45 to +53 construct also showed residual promoter activity well above the control (Figure
32.2), which suggests the presence of at least one additional regulatory sequence. In order
to identify the potential regulatory element located in this region, further deletions of the
proximal promoter were performed. Multiple b-PDE promoter/luciferase fusion constructs
(i.e. -45 to +53, -23 to +53 and +4 to +53) were transiently transfected in cultured Y79
human retinoblastoma cells, and also ex vivo in dissected Xenopus embryo heads. These
human retinoblastoma cells and amphibian in situ transfection systems have been employed
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Figure 32.1. Sp4 expression in mouse retina, brain and in Y79 human retinoblastoma
cells. Western blot analysis was carried out using anti-Sp4 antibodies and nuclear
extracts (60mg/lane) prepared from (lane 1) Y79 human retinoblastoma cells, (lane 2)
retina, (lane 3) brain (cortex and cerebellum), and (lane 4) liver. The predominant
reactive band of 95-105kDa was observed in retina, brain and the Y79 cells, but not
in liver. (Reprinted with permission from Lerner et al., J Biol Chem, 2001).



previously for studying the regulation of photoreceptor-specific gene expression, including
that of b-PDE (Lerner et al., 2001). Luciferase activities were measured and normalized to
the b-galactosidase activities obtained with a control plasmid in Y79 cells, or expressed per
embryo and averaged statistically as described previously for Xenopus transfections (Batni
et al., 2000). When the -45 to -23 region was deleted, further reduction in promoter activ-
ity was observed in both transfection systems (Figure 32.2). The activity level of the -23
to +53 promoter was not significantly different from that observed with the promoter-less
control vector when tested in Y79 cells or Xenopus embryos. Luciferase activity remained
low when the +4 to +53 promoter construct carrying further 5¢-end deletion past the major
transcription start site was tested. High evolutionary conservation of the -45 to -23 region
(Di Polo et al., 1996) that comprises the consensus Crx response element (CRE, -41/-36)
and the T/A-rich sequence (b/TA) located at a consensus position for the TATA box is
evident between mouse and human also suggesting its functional importance.

2.3. Functional Testing of Nucleotide Substitution Mutants in 
the Proximal Promoter and the 5¢-Untranslated Region of the 
b-PDE Gene in Neuroretina-Related Transfection Systems

The initial proximal promoter deletion analysis described above prompted us to inves-
tigate whether the putative CRE (-41/-36) and its flanking sequences in the b-PDE proxi-
mal promoter were functionally relevant to the transcriptional regulation of the b-PDE gene
in vivo in the context of a retina-relevant environment. A series of b-PDE promoter mutants
carrying small oligonucleotide substitutions within the -45 to -23 region was transiently
transfected in Y79 retinoblastoma cells and also in Xenopus embryos maintained ex vivo
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Figure 32.2. Deletion analysis of the b-PDE promoter suggests
a regulatory DNA element in the -45 to -23 region. Serial 5¢-end
deletion constructs of the -45 to +53 b-PDE promoter were trans-
fected in Y79 retinoblastoma cells (light bars) and in ex vivo dis-
sected Xenopus embryonic heads (dark bars). Luciferase activity
was measured in cell lysates and normalized to the correspond-
ing b-galactosidase activity for each sample. The results are
expressed as percent of the mean activity produced by the -72 to
+53 b-PDE construct ± standard deviation. Each transfection was
done in triplicate and repeated several times. (Reprinted with per-
mission from Lerner et al., J Biol Chem, 2002).



(summarized in Figure 32.3, top). Interestingly, the -41/-38m mutation that completely dis-
rupted the consensus CRE motif, had little effect on the b-PDE promoter activity in both
transfection systems (Figure 32.3A). In addition, no significant changes were seen with
mutations in the CRE flanking sequences (i.e. -37/-36m, -35/-34m and -33/32m). The 
-30/-27m mutant containing nucleotide substitutions in positions 2 through 5 of the T/A-
rich b/TA sequence TAAGAAA to TCCTCAA) also showed no significant effect on pro-
moter activity in transient transfections.

Although neither the mutations in consensus CRE or b/TA affected promoter activity,
a cooperative interaction of transcription factors at both sites located in close proximity of
each other could not be ruled out. Therefore, a double-mutant was constructed that con-
tained both -30/-27m and -41/-38m. However, transient transfections of Y79 cells using
the double-mutant showed no significant alterations in promoter activity compared to the
wild type b-PDE promoter (Figure 32.3B). To search for other regulatory sequences in this
TATA- and Inr-less gene, additional b-PDE promoter mutants (n = 14) containing nucleotide
substitutions spanning the proximal 5¢-flanking and the 5¢-untranslated regions (-23 to +53;
Figure 32.3, top) were tested in transient transfections of Y79 retinoblastoma cells. Promoter
activity determined in these mutants ranged between approximately 0.5- and 1.5-fold that
of the wild type control (Figure 32.3B). A 3¢-end deletion mutant (-72 to +4) lacking most
of the 5¢-UTR showed approximately 3-fold reduction of promoter activity, which may be
attributed to the deletion of certain translational control elements such as the Kozak
sequence.

In summary, our results suggest that the b-PDE promoter may not have well-defined
core elements responsible for basal transcription in Y-79 cells or Xenopus embryo heads.
Rather, it appears that the transcription factors that interact with this region and mediate
low-level b-PDE gene expression may not require a rigid sequence, but can accommodate
a range of nucleotides.

2.4. TBP and TFIIB Bind the b-PDE Promoter

The possibility of an additional regulatory sequence(s) in the b-PDE basal promoter
region or the 5¢-UTR is suggested by the tight regulation of the transcriptional initiation site
selection in this gene. There are only one major and one minor transcription start sites in
both human and murine b-PDE genes (Di Polo et al., 1996). This indicates the assembly of
the basal transcription machinery at a specific core promoter element rather than random
binding to a variety of sequences. Sequence analysis of the b-PDE promoter showed that
there are no known consensus core promoter elements present in this gene. However, there
is the b/TA sequence that has a high T/A content and is located in the close proximity of
the transcription start site (-31TAAGAAA-25, which is the consensus location for the TATA-
box element) of the b-PDE promoter. However, this b/TA sequence is quite different from
the known functional TATA-box elements (TATAAA, consensus).

Thus, we tested whether the b/TA sequence was able to bind purified TBP separately
or in complex with TFIIB in GMSAs. As a control, we compared the binding of TBP, TFIIB
and the TFIIB-TBP combination to the AdML promoter. Shifted bands were observed with
the addition of either TBP alone or TFIIB alone to the b/TA probe (Figure 32.4A). Addi-
tion of the combination of TBP and TFIIB resulted in a slower migrating band with about
three-fold increase in band intensity compared to TBP alone, producing a characteristic
supershifted pattern described previously for the AdML promoter (Wolner and Gralla, 2000).
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Figure 32.3. Analyses of transcriptional activity of the b-PDE promoters carrying various 1-4bp nucleotide sub-
stitutions in the -41 to +53 proximal promoter and 5¢-untranslated regions. A series of b-PDE 5¢-flanking and 5¢-
untranslated region mutants were generated in the context of -72 to +53 b-PDE/luciferase fusion construct and
tested in transient transfections. (Top) All mutations (1-4bp transversions) are summarized and shown as under-
lined nucleotides. The two nucleotide sequences mutated in the double-mutant construct are underlined with a
double line. An asterisk marks the transcription start site designated as +1. (Bottom) Transient transfections of the
mutant constructs in Y79 retinoblastoma cells (light bars) and in Xenopus embryos ex vivo (dark bars). A: Con-
structs contained nucleotide substitutions spanning the -41 to -27 region. B: Constructs contained mutations span-
ning the -23 to +53 sequence. Luciferase activity produced by each mutant was normalized for each transfection
system and expressed as percent of the mean activity of the -72 +53 wild-type b-PDE promoter ± standard devi-
ation. Transfections were performed in triplicate and repeated at least two times. (Reprinted with permission from
Lerner et al., J Biol Chem, 2002).



These results suggest an enhanced cooperative binding by the TFIIB-TBP complex to the
b-PDE promoter compared to TBP alone.

In contrast, when comparable protein concentrations were used, the AdML promoter
interacted with TBP and TFIIB-TBP, but did not form a stable TFIIB-DNA complex in
GMSA (data not shown), as previously demonstrated (Wolner and Gralla, 2000). Although,
the addition of a 200-fold molar excess of the wild type -45/-16 competitor to the binding
reaction prevented the shifted complex formation (Figure 32.4A, lane 5), the mutant -30/
-27m and -35/-27m competitors also showed substantial competition with the wild type
sequence for TFIIB-TBP binding (Figure 32.4B). These results further corroborate our func-
tional transfection data that a well-defined core promoter sequence could not be found in
the b-PDE 5¢-flanking region.

2.5. The b-PDE Promoter is a Specific Target for Activation by the Sp4
Transcriptional Regulator

The most significant finding of the present investigation was the demonstration of the
functional involvement of members of the Sp family in transcriptional regulation of the b-
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Figure 32.4. TBP and TFIIB bind the b-PDE promoter as single proteins with cooperative enhancement of binding
by TFIIB-TBP complex. The -45b/TA probe sequence comprising the -45/-16 region of the b-PDE promoter is
shown at the bottom. In mutant competitors, nucleotide transversions were introduced into the -45/16 sequence.
Electrophoretic mobility shift assays: A: In the control experiment (lane 1), protein was not included in the binding
reaction. Purified TFIIB (lane 2), TBP (lane 3), or a combination of TFIIB-TBP (lane 4) was added to the binding
reactions. In lane 5, the 200-fold molar excess of unlabeled -45b/TA oligonucleotide was added to the reaction
mixture identical to that resolved in lane 4. B: Combination of TFIIB-TBP (lane 2) produces a typical supershifted
complex with a 3-fold increase in intensity compared to TBP alone (lane 1). In lanes 3 and 4, a 20-fold and 200-
fold molar excess of the -31/-27m mutant unlabeled competitor, and in lanes 5 and 6, a 20-fold and 200-fold
molar excess of the -35/-27m competitor were included in the same binding reaction as in lane 2. Retarded protein-
DNA complexes are labeled with arrows. (Reprinted with permission from Lerner et al., J Biol Chem, 2002.)



PDE promoter. Our previous investigations of promoter activity using transient transfec-
tions of multiple b-PDE promoter mutants, as well as protein-DNA binding studies using
the b-PDE promoter sequences, have revealed the b/GC element (-55/-46) as an important
enhancer of the b-PDE promoter that binds different transcription factors of the Sp family
(Lerner et al., 2001). Members of the Sp family bind to GC-rich DNA sequences through
three zinc finger motifs. The residues involved in the determination of the target site speci-
ficity and binding affinity are highly conserved between different family members. Recently,
we compared different Sp proteins (Sp1, Sp3 and Sp4) that share similar DNA-binding char-
acteristics (Hagen et al., 1992) for their effects on transcription from the b-PDE promoter.
Interestingly, Sp1, Sp3 and Sp4 transcription factors showed differential effects on the b-
PDE promoter activity. Wild-type minimal rod-specific b-PDE promoter (-93/+53, 2mg)
was transiently co-transfected with increasing amounts of expression plasmids (0.08mg,
0.4mg and 2mg) each carrying a full-length cDNA for either Sp1, Sp3 or Sp4. Compared
to other members of the Sp family, Sp4 was the only transcription factor that showed sig-
nificant dose-dependent effect on the b-PDE promoter (Figure 32.5A). Promoter-specificity
of the Sp4-mediated transactivation was confirmed by comparing its effect on transcription
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Figure 32.5. Sp4 is a potent activator of the b-PDE gene promoter. The fold induction of the b-PDE or SV40
reporter constructs was determined relative to the uninduced reporter activity. A: The -93 to +53 minimal rod-
specific b-PDE promoter (2mg) was cotransfected with increasing amounts of Sp1, Sp3 and Sp4 plasmids and
compared to the uninduced promoter contransfected with an empty plasmid. B: The SV40 promoter/luciferase
vector (2mg, pGL2-Control, Promega®) was cotransfected with 2mg of the plasmid containing either Sp1, Sp3 or
Sp4, and compared to an empty plasmid. Luciferase activity was measured in cell lysates and normalized to the
corresponding b-galactosidase activity for each sample. The results are expressed as the fold induction of the mean
activity of the uninduced -93 to +53 b-PDE reporter construct ± SD. (Reprinted with permission from Lerner 
et al., J Biol Chem, 2002.)



from the b promoter (approximately 21-fold enhancement) to that on the SV40 promoter
(no significant change) relative to the uninduced transcription, respectively (Figure 32.5B).
The maximum activation was observed using 2mg of pRC/CMV-Sp4 without any further
increase in promoter activity using 5mg of pRC/CMV-Sp4, indicating a saturation effect. In
contrast, neither Sp1 nor Sp3 showed any significant effect on transcription from the b-PDE
promoter.

3. POST-TRANSCRIPTIONAL STUDIES

Regulation of expression of PDE subunits is also controlled at the post-transcriptional
level. We examined the retinal steady-state mRNA and protein levels, protein biosynthesis
rate, as well as the translational efficiency of rod-specific cGMP-phosphodiesterase. Our
findings indicated that in mouse retina the number of mRNA molecules for b-PDE is
approximately 5 times higher than that for a-PDE and that the levels of a-PDE and b-PDE
transcripts in 10-day-old mice are approximately 85% of those in 30-day-old animals. The
relative concentrations of two endogenously expressed b-PDE transcripts differing by the
length of their 5¢-UTR are similar in the developing and adult retina. At the protein level,
a-PDE and b-PDE show equimolar expression in retinas of 10- and 30-day-old mice. 
Furthermore, we observed similar turnover rates for both subunits through pulse-chase
experiments. The discordance between the mRNA and protein levels suggested that PDE
expression is regulated post-transcriptionally and most likely at the translational level that
is generally accepted to modulate the global synthetic activity of the cell.

To investigate whether the production of equal amounts of a-PDE and b-PDE from
different amounts of the corresponding mRNAs was controlled at the level of translation,
we determined the translational efficiency of a-PDE and b-PDE mRNAs and examined the
role of their 5¢ and 3¢ UTRs as well as coding regions in the regulation of protein synthe-
sis. Using constructs containing the full-length cDNA for a-PDE or b-PDE we were able
to conclusively demonstrate that a-PDE mRNA is translated approximately 5 times more
efficiently than its b-PDE counterpart (Figure 32.6).

Thus, our results indicated that the low level of a-PDE mRNA found in retina is coun-
terbalanced by its efficient translation. These data also point at possible regulation of PDE
expression in photoreceptor cells by the feedback mechanism: protein synthesis efficiency
dictates the level of mRNA transcription.

After determining the translational efficiency of a-PDE and b-PDE mRNAs, we inves-
tigated which factors contribute to their differential translation. Since protein synthesis 
is controlled primarily at the initiation step and is generally dependent on the structural
properties of individual mRNAs, we evaluated the role of the 5¢ and 3¢ UTRs, known to be
involved in the regulation of protein synthesis (Day and Tuite, 1998; Kozak, 1987; Kozak,
1997; Geballe and Morris, 1994), as well as the coding sequences of a-PDE and b-PDE
mRNAs on this process. Sequence analysis revealed the presence of an upstream AUG and
the absence of a “strong” initiation sequence in the 5¢ UTR of b-PDE mRNA (Piri et al.,
2003). In contrast, the a-PDE mRNA has a consensus translation initiation sequence and
no upstream AUG. Furthermore, neither of the 5¢ UTRs of a-PDE and b-PDE mRNAs con-
tains stable secondary structures that can reduce the rate of protein synthesis. On the basis
of these analyses we hypothesized that these differences could account for the lower protein
synthesis efficiency of b-PDE. Indeed, when we mutated the upstream AUG and restored
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the consensus translation initiation sequence in the b-PDE 5¢ UTR, the protein production
was increased. However, using several chimeric constructs we demonstrated that, in fact,
the 5¢ UTR of a-PDE leads to lower protein synthesis than the 5¢ UTR of b-PDE mRNA
(Figure 32.6). Therefore, the differential translation of the PDE subunits cannot be solely
explained based upon the primary or secondary structures of their 5¢ UTRs. Multiple exam-
ples describe the involvement of cis-elements within the 3¢ UTR in translational regulation
and the mechanisms by which these elements influence protein synthesis (Jackson and 
Standart, 1990; Conne et al., 2000; Stuart et al., 2000). We demonstrated that both a-PDE
and b-PDE 3¢ UTRs have a stimulatory effect on translation. The results of our studies
undoubtedly implicate the involvement of the coding regions in the differential translation
of a-PDE and b-PDE mRNAs. All eight constructs containing the b-PDE coding region
resulted in lower protein expression than the four constructs containing the a-PDE coding
region, regardless of the flanking 5¢ or 3¢ UTR.

In summary, our results indicate that the low level of a-PDE mRNA found in retina
can be compensated by its more efficient translation to achieve equimolar expression with
b-PDE. Moreover, the a-PDE and b-PDE coding regions are involved in the differential
expression of these subunits, with the former producing more protein than the latter.
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Figure 32.6. In vitro translation of full-length a-PDE and b-PDE cDNAs. Ia-IVa: The different regions of a-PDE
and b-PDE mRNAs are shown in the constructs as: hatched boxes, a-PDE 5¢ and 3¢ UTRs; open box, a-PDE
coding region; filled boxes, b-PDE 5¢ and 3¢ UTRs; grey box, b-PDE coding region. Mutations in the translation
initiation sequence and upstream AUG are depicted. Ib-IVb: Autoradiographs and Ic-IVc: quantitative analysis of
the in vitro synthesized a-PDE and b-PDE proteins.



4. CONCLUSIONS

Sp4 is the least characterized member of the Sp family of transcriptional regulators,
possibly because of its restricted pattern of expression that is predominant in the central
nervous system. Here, we demonstrate that the rod-specific b-PDE gene represents the first
natural target gene for Sp4. In addition, the b-PDE promoter seems to lack transcriptional
regulation by the other related members of the Sp family, Sp1 and Sp3. The fact that Sp4
is able to specifically transactivate the b-PDE promoter supports our finding of this rela-
tively restricted protein, compared to the ubiquitous Sp1 or Sp3, being abundantly expressed
in the mammalian retina. The lack of other known specific Sp4 targets, combined with its
regulation of a rod-restricted b-PDE gene, implies that this transcription factor functions in
a very narrow cell type-specific manner.

In addition, Sp4 could have a more universal role in cell-specific expression of certain
genes in rods and possibly other retinal cell populations by interacting with different arrays
of transcription factors. We have previously shown that another nuclear factor, Nrl, regu-
lates transcription from the b-PDE promoter (Lerner et al., 2001). Considering the addi-
tional b-PDE transcriptional mechanism described in this chapter and those from our
previous studies, we can suggest that a unique combination of molecular interactions may
be required for rod-specific transcription from this TATA- and Inr-less promoter (Figure
32.7). This model is consistent with the combinatorial principles of transcriptional regula-
tion of cell-specific gene expression.

Finally, the expression of PDE subunits is also regulated at the post-transcriptional level,
with a-PDE mRNA translated approximately 4.1- and 5.5-fold more efficiently than b-PDE
short and long transcripts, respectively. This indicates that the low level of a-PDE mRNA
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Figure 32.7. Schematic model of the molecular events required for rod-specific transcription from the minimal 
-93 to +53 b-PDE promoter. Functionally relevant DNA response elements in the b-PDE promoter are represented
by tall graphic figures, whereas consensus binding sequences for known transcriptional regulators that do not affect
transcription from this promoter are shown as narrow rectangles. Nucleotides are numbered relatively to the major
transcription start site at +1. Potential protein-DNA interactions are shown as vertical arrows, whereas their func-
tional effects on promoter activity are represented by semicircular arrows. Basal transcription factors TBP and
TFIIB may interact with the b-PDE promoter and their higher affinity cooperative binding is indicated as a hatched
double-arrow. (Reprinted with permission from Lerner et al., J Biol Chem, 2002.)
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found in retina can be compensated by its more efficient translation to achieve equimolar
expression with b-PDE.
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CHAPTER 33

DOWN-REGULATION OF RHODOPSIN GENE
EXPRESSION BY AAV-VECTORED SHORT

INTERFERING RNA

Jacqueline T. Teusner, Alfred S. Lewin, and William W. Hauswirth*

1. INTRODUCTION

RNA interference (RNAi) is an evolutionarily ancient method of genome defense in
many organisms. RNAi is triggered when a cell encounters a long double-stranded RNA
(dsRNA) and results in the silencing of gene expression (Fire et al., 1998). The dsRNA is
processed by the RNAse III-like nuclease, Dicer, into 20-25nt duplex RNA, termed short
interfering RNA (siRNA, Zamore et al., 2000; Hammond et al., 2000). The siRNAs assem-
ble into RNA-induced silencing complexes (RISCs) containing endoribonucleases and are
unwound. It is believed that the sense strands are degraded, while the anti-sense strands acti-
vate the RISC to participate in repeated cycles of cleavage and degradation of complemen-
tary cognate mRNA, effectively silencing the gene such that no protein is made. For this
reason, RNAi is seen as a useful tool for analyzing gene function. Given that introducing
long dsRNA into mammalian cells initiates a potent antiviral response (Stark et al., 1998),
most investigators bypass this by introducing or expressing siRNAs, which are the key medi-
ators of RNAi (Elbashir et al., 2001a and b).

Short interfering RNA are now employed across many disciplines due to their great
specificity and potency compared to alternative silencing methods, such as anti-sense and
ribozyme-based strategies. Our group has incorporated siRNA technology into the research
of autosomal dominant retinitis pigmentosa (ADRP), a progressive rod-cone dystrophy
(Berson, 1996; Adler, 1996). More than 100 point mutations in the rhodopsin gene can cause
ADRP, and these mutations account for about one third of cases (Naash et al., 2004). The
P23H mutation was among the first genetic defects to be identified as a cause of ADRP
(Dryja et al., 1990), and it is the most prevalent ADRP mutation in North America. The
purpose of this work was to demonstrate down-regulation of P23H rhodopsin mRNA using
siRNA in vitro prior to their use in an in vivo model of ADRP.
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2. METHODS

2.1. Cell Lines and Growth Conditions

HEK293 cells expressing bovine P23H rhodopsin under a tetracycline-inducible pro-
moter were a kind donation from Dr. S. M. Noorwez. Cells were routinely grown under
blasticidin and zeocin selection in Dulbecco’s modified Eagle’s medium (DMEM, Invitro-
gen Corp., Carlsbad, CA) and 10% fetal bovine serum (FBS) at 37°C in 5.0% CO2. Expres-
sion of P23H rhodopsin was induced by the addition of 1mg/ml tetracycline.

2.2. siRNA Design and Screening In Vitro

Four pairs of complementary 21nt RNAs that target different regions of both the bovine
(accession number M12689) and human rhodopsin gene (accession NM_000539) were
chemically synthesized by Dharmacon Research (Lafayette, CO). The siRNAs were all
specifically designed to have low identity to mouse rhodopsin (accession number
BC031766) and other known genes in the NCBI database. The nomenclature of each siRNA
was chosen based on the location of its target sequence on the bovine rhodopsin transcript
(121, 403, 605 and 769). To form the siRNA duplexes, the RNAs were annealed and 
purified according to the manufacturer’s instructions.

The siRNAs were screened for silencing efficiency using the P23H-expressing cells in
a six-well plate format. When the cells had reached 30-50% confluency, duplicate wells were
transfected with 300pmol siRNA using OligofectamineTM reagent (Invitrogen Corp.) under
serum-free, antibiotic-free conditions. Transfections included a mock control (without
siRNA), a non-specific siRNA control (Dharmacon) and an RNA sense and anti-sense strand
only control. Three hours post-transfection, the medium was changed to DMEM contain-
ing 10% FBS with antibiotics and the cells were induced with tetracycline. Cells were main-
tained for up to 72 hours until harvesting for RNA isolation.

Mammalian plasmids that express functional siRNAs were also constructed. Briefly,
two complementary oligonucleotides for the 121, 403 and 769 siRNA target sites were
chemically synthesized, annealed and ligated into pSilencerTM (Ambion Inc., Austin, TX)
downstream of the H1 RNA promoter. When transcribed, each encodes a short hairpin RNA
(shRNA) with a 19mer stem derived from the mRNA target and a loop that is susceptible
to cleavage by Dicer to form functional siRNA.

P23H-expressing cells plated in a 12-well plate format were transfected with 400ng of
each shRNA plasmid using siPORT XP-1 reagent (Ambion Inc.) in DMEM. Transfection
controls included a mock and a GFP-expressing plasmid, pTR-UF11. After 3 hours, the
medium was replaced with DMEM containing 10% FBS, then at 72 hours, antibiotics,
including tetracycline, were added. Cells were maintained for up to 7 days.

Finally, the shRNAs were cloned into an AAV vector and packaged into functional
serotype 2 virus. Briefly, PCR primers to pSilencer were designed so as to amplify prod-
ucts containing the H1 RNA promoter and the oligonucleotides encoding the active hairpin.
Each amplification product was cloned into the UF11GFPflip vector (GFPflip refers to the
GFP coding sequence in the reverse orientation hence it is not expressed) and packaged into
AAV2 as described previously (Zolotukhin et al., 2002). Using a 12-well plate format, P23H
cells at 80% confluency were infected with 1 ¥ 105 particles per cell of each AAV2-shRNA
in DMEM. Infection controls included a mock, the empty UF11GFPflip-AAV2 and UF11-
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AAV2. Three hours post-infection, the medium was adjusted to contain 10% FBS plus
antibiotics including tetracycline. After 24 hours, the medium was replaced and the cells
were maintained until harvesting for RNA isolation.

2.3. RNA Isolation and Real Time PCR

Expression of mRNA was investigated by quantitative real time PCR. Total RNA was
isolated from transfected cells using TRIzol® Reagent (Invitrogen Corp.), according to the
manufacturer’s protocol. The cDNA was synthesized using SuperscriptTM II reverse tran-
scriptase (Invitrogen Corp.) and PCR amplified using Amplitaq Gold® (Applied Bio-
systems, Foster City, CA). Rhodopsin- and b-actin-specific primers were selected from the
corresponding bovine and human sequences, respectively. Negative controls consisting of
mock reverse transcribed cDNA were included with each PCR set to detect possible genomic
DNA contamination. PCR products were quantified using SYBR green dye (Molecular
Probes, Eugene, OR) and the Gene Amp 5700 system (Version 1.3, Perkin-Elmer Biosys-
tems©, Boston, MA). Gel electrophoresis and dissociation curve analysis confirmed that
amplification of non-specific reaction products did not occur.

3. RESULTS

Given that RNAi acts post-transcriptionally, real time PCR was used to assess the effect
of the chemically-synthesized siRNAs on P23H rhodopsin mRNA. Figure 33.1 illustrates
that 24 hours after cell transfection, tetracycline-induced rhodopsin mRNA levels were 
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significantly down-regulated by all of the siRNAs compared to controls. By 48 hours,
rhodopsin mRNA levels were reduced by 3 of the siRNA duplexes, namely, 121, 403 and
769. Duplex 605 did not show reproducible silencing (data not shown).

In the hope of obtaining longer-term suppression of the P23H rhodopsin gene, as
opposed to the few days observed with chemically synthesized siRNAs, mammalian plas-
mids that express shRNAs for the 121, 403 and 769 target sites were constructed. Figure
33.2 shows the real time results of P23H rhodopsin mRNA expression in cells harvested 
7 days post-transfection. Transfection efficiency, determined using a control GFP reporter
plasmid, was found to be £50%. Despite this sub-optimal transfection efficiency, reduced
target mRNA was observed with all three of the plasmids tested.

As a preliminary step towards using siRNA technology in vivo, the siRNA hairpins
were also cloned and packaged into functional AAV2 and used tested once more in vitro.
Serotype 2 virus was chosen due to its apparent infectivity towards a variety of different
cell types. Using the control UF11-AAV2 that expresses the GFP reporter, we found the
infection efficiency to be about 30%. Initial experiments showed down-regulation of the
P23H rhodopsin transcript is not seen until the cells had been passaged about three times
(data not shown). This is anticipated as viral expression of shRNAs is delayed compared
with direct transfection into cells. Therefore, RNA was isolated from cells after their first
passage, at which point the shRNAs are likely to be expressed, then again at P3, which cor-
responded to 2 weeks post-infection. Figure 33.3 shows the resulting real time analysis, with
the level of P23H rhodopsin mRNA expression at P3 normalized to that seen at P1. The
data suggest the target is down-regulated by 2 weeks post-infection. However, the cells are
still in passage to determine how long suppression is maintained. Nevertheless, the results
are promising and the vectors are being tested in an in vivo model of ADRP.
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4. DISCUSSION

The P23H mutation in rhodopsin causes a late onset form of ADRP in humans (Dryja
et al., 1990). We have performed careful in vitro screening of chemically synthesized
siRNAs and DNA vectors that express shRNAs to identify three candidate sequences that
down-regulate P23H rhodopsin mRNA expression. In order to effectively deplete protein
levels and obtain longer-term suppression of the rhodopsin gene, the shRNAs were pack-
aged into serotype 2 and 5 AAV. Preliminary in vitro experiments have indicated the AAV2-
delivered shRNAs are also effective at reducing P23H target.

Transgenic mice expressing a single copy of the human rhodopsin gene containing the
P23H mutation on a C57BL/6 background have been generated in our lab (Fritz et al., sub-
mitted). Mice created with one copy of the human transgene on a heterozygous knockout
background for endogenous mouse rhodopsin display a loss of scotopic electroretinography
response by 3 months of age. Additionally, this correlates with a loss of ONL thickness, as
assessed by histological analysis of the retinas. Due to their progressive retinal degenera-
tion, these transgenic mice are considered to be a useful model for ADRP. We know from
other studies in our lab that AAV-delivered siRNAs designed to target mouse rhodopsin are
functional in this in vivo model (Dr. Marina Gorbatyuk, personal communication). There-
fore, the AAV5-shRNA reagents described here, specifically designed to target bovine and
human rhodopsin but not the mouse transcript, are currently being tested in this mouse line
to determine if rescue of rod function is attainable. Since the siRNAs were designed to target
the human rhodopsin transcript avoiding the region around the P23H mutation, these siRNA
vectors have potential to treat other transgenic mouse models of human rhodopsin mutants.

RNAi, coupled to AAV vectors demonstrating efficient and long-term retinal gene
expression, offers a new tool in gene therapy to potentially treat many autosomal dominant
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retinal diseases requiring that a defective gene be silenced. This research is the first step
towards the clinical goal of using AAV–delivered siRNAs to silence defective rhodopsin,
while simultaneously re-introducing a siRNA-resistant form of the gene encoding the correct
protein.
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CHAPTER 34

ASSESSING THE EFFICACY OF GENE THERAPY IN
Rpe65-/- MICE USING PHOTOENTRAINMENT OF

CIRCADIAN RHYTHM

Chris W. Stoddart*, Meaghan J.T. Yu*, Matthew T. Martin-Iverson, 
Dru M. Daniels, C.-May Lai, Nigel L. Barnett, T. Michael Redmond,
Kristina Narfström, and P. Elizabeth Rakoczy†

1. INTRODUCTION

Gene therapy (GT) can be described as the in vivo transfer of DNA for therapeutic pur-
poses. In the case of congenital retinal dystrophies (RD), GT can only be considered a suc-
cessful treatment option if the gene transfer results in the restoration of vision at some level.
Thus, a critical component of developing GT treatments for RDs is assessing the amount
of functioning vision that is produced. In mouse models of RD, visual function after gene
therapy is tested using techniques such as electroretinograms (ERGs) and retinoid analy-
sis.1-3 A potentially useful addition to these tests would be a murine behavior-based tech-
nique,4 like those used with the RPE65 dog model,5-7 to demonstrate effective GT-induced
visual recovery.

In the current study we tested a newly developed mouse behavioral assay4 to determine
its potential for assessing the efficacy of ocular gene therapy in vivo. This behavioral assay
involved quantifying the circadian locomotor activity of mice under dynamic light condi-
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tions.4 The circadian rhythm is the biological clock about which mammalian physiology
revolves, and entrainment of this rhythm to a 24 hour cycle forms the basis of the present
research. Circadian rhythms are primarily entrained by the perception of light (photo-
entrainment),8-10 where higher levels of photic detection lead to faster re-entrainment.4 In
this study we assessed the ability of mice to re-entrain their locomotor circadian rhythms
to a 12 hour (h) light reversal. An improved entrainment ability in these animals can be
viewed as an increased level of photic detection and thus an improved ability to perceive
light.4

The behavioral technique was assessed using the Rpe65-/- knockout mouse model, a
strain of mice in which a targeted disruption of the retinal Rpe65 gene leads to a disease
phenotype reflective of LCA in humans.11 RPE65 is a protein expressed predominantly
within the retinal pigment epithelial (RPE) cells and is an essential component of the visual
cycle and thus also phototransduction and visual function.11 In the current study, Rpe65-/-

mice were subjected to gene therapy by using a recombinant adeno-associated virus (rAAV)
to deliver and express RPE65 in the retinas of these mice.3,12 The effectiveness of this gene
therapy approach was then assessed using the new behavioral technique.

2. METHODS

2.1. Production of rAAV-gene Constructs for Gene Therapy, Subretinal Delivery, and
Expression of rAAV-gene Constructs

All procedures were approved by the University of Western Australia Animal Experi-
mentation Ethics Committee, and were in compliance with the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
Research.

The construction, delivery and expression of the rAAV-RPE65 gene therapy construct
has been described in detail previously.3 Briefly, an rAAV construct carrying normal, non-
mutated mouse RPE65 cDNA (rAAV.RPE65) was generated, then delivered to the target
RPE cells of Rpe65-/- mice by subretinal injection.3,12 The success of the delivery was
assessed by performing ERG analysis and RPE65 immunohisto-chemistry.3,13

2.2. Behavioral Procedure

Three experimental groups of adult mice were assayed: a test group of rAAV.RPE65-
injected Rpe65-/- knockout mice (“injected Rpe65-/-”, n = 8), a control group of age-matched,
sham-injected (normal saline) Rpe65-/- mice (“control Rpe65-/-”, n = 8), and second control
group of age-matched, normal C57Bl/6J controls (“C57” n = 8). The mice were approxi-
mately 3 months post injection at the time of testing (injections were performed soon after
weaning). The mice were individually housed in Plexiglas cages accommodating infrared
photocell beams for continuous monitoring of motor activity, as previously described.4 Inter-
ruptions of the photocell beams were measured by PC computer and expressed as counts/h
(bins). The mice were given free access to water and food (Glen Forrest Rodent Chow) at
all times.

Procedures were performed as described previously.4 Briefly, test and control groups
were adapted to the testing environment via a 12:12h light-dark cycle for 6 days (light inten-
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sity during light cycle = 700 ± 50lux, Sekonic L-28C photometer, NY, USA). After the 6
days, the light cycle was reversed, (12:12h dark-light). The 180° change in photoperiod
(light reversal) was made such that the mice were initially exposed to 24h of dark, as a
result of 2 consecutive 12h dark periods. Data was recorded until the circadian rhythms of
the mice entrained to the new lighting conditions.

2.3. Data Analysis

Data bins were collected from each animal and graphed as double plot actograms for
visual inspection. Hourly activity data was analyzed in blocks of 72 hourly bins (3 days).
The spectral amplitudes (in natural log units) of the possible periods (and their Z score trans-
formations) of each block (72h) were determined for each mouse independently using the
periodogram method of Spectral analysis (SPSS-PC). Z scores for the 24h period were ana-
lyzed further to determine if significant 24 hour rhythms were present. Individual activity
amplitudes and acrophases were generated using Halberg’s cosinor regressions (with period
= 24h).14

Parametric statistical analysis of the amplitudes, acrophases and 24h z-scores across
days were performed with the general linear model (GLM) Analysis of Variance (ANOVA)
procedure for repeated measures, which including simple pair-wise contrast tests for further
group comparisons, using SPSS 10.0 for Windows, with a = 0.05. For a more detailed dis-
cussion of the statistical analysis see Daniels et al. 20034 and associated papers.15,16

3. RESULTS

Periodogram analysis showed all groups of mice maintained a significant 24h period
in their locomotor circadian activity (data no shown). Double plot actograms of the data
collected showed that, while all 3 groups of mice were capable of re-entraining after the 
12:12h light reversal,17,18 the amount of time taken to re-entrain varied between the groups.
The re-entrainment of C57 controls to the photoperiod reversal was rapid, being complete
by 4 days in all mice (Fig. 34.1A), while re-entrainment of the control Rpe65-/- group took
significantly longer, needing at least 13 days (Fig. 34.1B). While there was little within-
subjects variance in the two control groups, the re-entrainment times of the injected 
Rpe65-/- group varied considerably; mice in this group taking between 8 & 14 days to re-
entrain (Fig. 34.1C, 1D).

When the amplitude data for each group was compared using simple contrast tests, the
control Rpe65-/- mice expressed a hypolocomotive phenotype with respect to the C57 con-
trols (p = 0.014). Assessment of the injected Rpe65-/- group showed some of the animals (n
= 3) exhibited a small amount of recovery from the Rpe65-/- hypolocomotive phenotype,
however a majority of the group displayed the same phenotype as the control Rpe65-/-s (data
not shown, C57 p = 0.213; control Rpe65-/- p = 0.182).

The acrophase of a circadian rhythm shows the peak of the 24 hour cycling component
of activity, occurring in the dark phase of the photoperiod for motor activity in nocturnal
animals. By tracking the change in acrophase following light reversal, the re-entrainment
rate of the circadian rhythm can be assessed. Upon analysis, the C57 control group exhib-
ited rapid re-entrainment, which differed significantly from both the control and injected
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Rpe65-/- groups (F(2,21) = 8.138, p = 0.002; Fig. 34.2A). The control Rpe65-/- and injected
Rpe65-/- mice did not differ significantly from each other (p = 0.331). A small proportion (n
= 3) of injected Rpe65-/- mice showed an enhanced ability to re-entrain their acrophase after
light reversal (Fig. 34.2B), showing faster re-entrainment compared to control Rpe65-/- mice
(p = 0.002).

4. DISCUSSION

In the current work, we test a new mouse behavioral method for its ability to asses GT
efficacy in rAAV.RPE65-injected Rpe65-/- mice. Using this method, the injected mice dis-
played an overall phenotype indicative of dystrophic retinas, as shown by the hypolocomo-
tive activity levels and long re-entrainment of acrophase. Both of these features were also
seen in the control Rpe65-/- mice. An advantage of using a behavioral, circadian rhythm-
based approach, with the collection of hourly data over a number of days, is that the 
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A) C57 controls B) control Rpe65-/-s

C) injected Rpe65-/-
Mouse 2 = good re-entrainment 

D) injected Rpe65-/-
Mouse 8 = poor re-entrainment

Figure 34.1. Double plotted actograms for (A) control C57 counts, (B) control Rpe65-/- counts and (C)-(D) indi-
vidual injected Rpe65-/- mice. The two control groups, C57 and control Rpe65-/-, are plotted as group means, while
the two gene treated examples represent individual mice to demonstrate the variable nature of the results. Mouse
2 (C) shows a positive outcome from the gene therapy, with some re-entrainment occurring, while mouse 8 
(D) shows no recovery after therapy.



statistical analyses can be applied to individual mice. When the injected Rpe65-/- mice were
analyzed individually, 3 of the 8 mice showed promising results. These 3 gene-treated
animals re-entrained to the light reversal in a shorter time than the control Rpe65-/-s, sug-
gesting a greater degree of light perception in these animals. However the proportion of
animals showing improvements, the small effect size of the changes and relatively low power
meant that these individual improvements were insufficient to show significant improvement
in the injected group as a whole.

The behavioral tests were performed using the Rpe65-/- mouse model of LCA, which
has previously undergone GT treatment using an rAAV-based vector (rAAV.RPE65).3,12 Pre-
vious work with this system has shown that rAAV.RPE65 injection has some capacity to
induce recovery in the mice, with distinct RPE65 expression, improved ERG signals and
the presence of cone opsin immunoreactivity.3 However, like the behavioral analysis under-
taken here, these changes were small and mainly short term, and unable to make a signifi-
cant impact on the long-term outlook of retina degeneration in these mice.3 The small
responses seen from the behavioral assay therefore agree with the magnitude of those seen
previously,3,12 and thus indicates that, if used as part of an overall GT assessment, the tech-
nique may be a useful addition to the already established techniques. However, the assess-
ment in this case was limited by the small responses obtained from the Rpe65-/- mouse, and
confirmation of the behavioral assay’s usefulness will need to wait advancements in GT
technology and/or approaches.3,12

In conclusion, we tested a new behavioral assay to measure the outcome of gene therapy
in the Rpe65-/- knockout mouse model. This new approach produced results of similar mag-
nitude to those seen previously with this model, and we observed some promising outcomes
within a subgroup of the injected mice. However the limited success of these trials was
noted, and further work will be required to confirm these results. It is hopeful that future
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Figure 34.2. The shift in acrophase of injected Rpe65-/- mice and controls, following a 12 :12h change in pho-
toperiod. A) When taken as a group, the injected Rpe65-/- mice (�, n = 8) show very small improvements in their
ability to re-entrain to the new photoperiod, relative to the control Rpe65-/- mice (�, n = 8). Their rate of entrain-
ment remains significantly reduced relative to the C57 controls (�, n = 8). B) When the injected Rpe65-/- mice
were analyzed individually, a small group (�, n = 3) showed a significantly enhanced re-entrainment rate. Arrows
show the time of light reversal. Error bars represent critical difference of pair wise comparisons using the multi-
ple F-test (a = 0.05). Since critical difference calculations account for both between-subjects and within-subjects
variance measures the error bars are only included on the test group and they refer to a confidence interval outside
of which values are significantly different.



improvements, both with GT treatments and their in vivo assessments, will work towards
clinical benefits for RD patients.
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CHAPTER 35

LENTIVIRAL VECTORS CONTAINING A RETINAL
PIGMENT EPITHELIUM SPECIFIC PROMOTER FOR
LEBER CONGENITAL AMAUROSIS GENE THERAPY

Lentiviral gene therapy for LCA

Alexis-Pierre Bemelmans1, Corinne Kostic1, Dana Hornfeld1,
Muriel Jaquet1, Sylvain V. Crippa1, William W. Hauswirth2, Janis Lem3,
Zhongyan Wang3, Daniel F. Schorderet1,4, Francis L. Munier1,
Andreas Wenzel5, and Yvan Arsenijevic1,6

1. INTRODUCTION

Leber congenital amaurosis (LCA) is a retinitis pigmentosa with early onset, leading
to blindness in infants. There is currently no efficient therapy to treat LCA. At the present
time, mutations in seven different genes have been associated with the disease (Hanein 
et al. 2004). In 10 to 15% of the cases LCA originates from a mutation in RPE65 (Gu 
et al. 1997), a gene specifically expressed in the cells of the retinal pigment epithelium layer
(RPE cells). This gene encodes a 65kD protein the function of which has been dissected in
a recently published study demonstrating its crucial role as a regulator of the visual cycle
and a chaperone for the chromophore of the visual pigment (Xue et al. 2004). The patients
affected by a mutation in this gene could benefit from a substitutive gene therapy consist-
ing in the transfer of a fully functional allele of the RPE65 gene in RPE cells. Furthermore,
animal models of RPE65 mutations have been identified (Aguirre et al. 1998; Veske et al.
1999) or genetically produced (Redmond et al. 1998) and thus provide the necessary tools
to set up the conditions of such a strategy before a clinical trial can be started. The proof
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of feasibility of this approach has indeed already been established in dogs bearing a spon-
taneous mutation in the RPE65 gene (Acland et al. 2001; Narfström et al. 2003), as well as
in knock-out mice (Dejneka et al. 2004; Lai et al. 2004). These studies have shown that an
adeno-associated virus (AAV)-derived vector is able to deliver the RPE65 gene to RPE cells
and thus to restore vision at least partially. Nevertheless, before a clinical trial can take place,
a great effort must be provided to assess the bio-safety of the procedure. In particular, trans-
gene expression has to be tightly controlled to achieve the following criteria: (i) expression
should occur only in RPE cells; (ii) expression should reach the therapeutic level without
disturbing the homeostasis of the target cells.

Adenovirus, AAV and lentivirus-derived vectors have been successfully used to trans-
fer genes into retinal cells in vivo. Although adenoviruses are able to transduce RPE cells
with a high efficiency, and photoreceptors to a lesser extent (Bennett et al. 1994; Li et al.
1994), they trigger an immune response which leads to the rejection of the transduced cells
(Hoffman et al. 1997; Kumar-Singh and Farber 1998; Reichel et al. 1998). AAV-derived
vectors are able to transduce RPE cells and photoreceptors, or photoreceptors alone, depend-
ing on the serotype, and allow for long-lasting transgene expression (Ali et al. 1996; Bennett
et al. 1997; Flannery et al. 1997). Nevertheless, the delay that has been occasionally
observed between AAV administration and transgene expression (Bennett et al. 1999) could
become a serious hurdle in the case of LCA where treatment efficiency is desirable as early
as in neonate. Furthermore, in the case of RPE65 mutations, the treatment by gene transfer
will certainly have to remain active for the entire lifespan, a prerequisite that will be more
likely fulfilled with an integrative vector. The lentivirus-derived vector is such a candidate,
because its integrating properties make it particularly interesting for a “life-long treatment”.
This type of vector is well known to target RPE cells in a highly predominant fashion after
administration by injection into the subretinal space (Miyoshi et al. 1997; Kostic et al. 2003).

To develop a vector specifically designed for the gene therapy of RPE65 mutations in
human, we have constructed a lentivirus in which the expression of the transgene is driven
by a 0.8kb proximal fragment of the human RPE65 promoter (LV-R0.8). We report here the
transgene expression pattern of this vector in the mouse eye as well as the ability of this
vector to trigger therapeutic levels of RPE65 protein in the RPE65 knock-out mouse model.

2. METHODS

2.1. Construction of Lentiviral Vectors

The lentiviral backbones used in this study were derived from the Hlox-EFS-GFP vector
described in (Salmon et al. 2000). In the control vector (LV-R0.8-GFP), the EFS promoter
was replaced by a fragment of 0.8kb of the human RPE65 promoter. In the therapeutic
vector (LV-R0.8-RPE65), after addition of the R0.8 promoter, the GFP coding sequence was
replaced by the mouse RPE65 cDNA. Viral particles were produced by transient transfec-
tion of 293T cells as previously described (Naldini et al. 1996). Briefly, 293T cells were co-
transfected by the vector plasmid, an HIV-1 packaging plasmid and an envelope plasmid
encoding VSV-G. Two days after transfection, recombinant viral particles were harvested in
the supernatant and concentrated by ultracentrifugation. Viral stocks were then stored in
small aliquots at -80°C until use. The concentration of total viral particles was determined
using ELISA quantification of the p24 capsid protein. Infectious activity was assessed on
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infected 293T cells by flow cytometry detection of GFP-positive cells for the LV-R0.8-GFP
vector and by western blot detection of RPE65 for the LV-R0.8-RPE65 vector.

2.2. Animal Treatment

All the mice used in this study were from the RPE65 knock-out line (Redmond et al.
1998). For vector injection, animals were sedated by volatile anesthesia; the temporal part
of the sclera was carefully freed from the conjunctive tissue and perforated with a thin
needle. A 31G Hamilton syringe was then inserted in the subretinal space and 1ml of virus
was injected.

For measurement of the corneal electroretinogram (ERG), mice were dark-adapted
overnight and, under dim red light, anesthetized using ketamine and xylazine and placed in
a Ganzfeld bowl. Pupils were dilated and thin silver wires were used as electrodes. Mice
were then subjected to light stimuli as described in Grüter et al. (Gene Ther, in press).

2.3. Histology

To evidence transgene expression, animals were sacrificed by injection of pentobarbi-
tal, the eyes were then enucleated and fixed by immersion in PBS containing 4%
paraformaldehyde. Eyes were then cut at 14mm thickness on a cryostat and sections were
collected on slides. Control transgene expression was evidenced by visualization of direct
GFP fluorescence or GFP immunolabeling. RPE65 transgene expression was detected using
a polyclonal rabbit antibody. Immunolabeling was performed as previously described
(Kostic et al. 2003).

3. RESULTS AND DISCUSSION

3.1. In Vitro Testing of Lentiviral Vectors

We first assessed that our lentiviral vectors were able to transduce cells in vitro. To that
aim, we used 293T cells, in which the R0.8 promoter in the lentiviral context is active. Three
days after infection by LV-R0.8-GFP, cells were harvested and analyzed by flow cytometry.
This allowed us to evidence a population of GFP expressing cells (data not shown), reflect-
ing a titer of 5.10exp8 transducing units per ml of viral solution (TU/ml).

The activity of the LV-R0.8-RPE65 vector was assessed by Western blot analysis. We
detected a band corresponding to RPE65 in cytosolic extracts of infected 293T cells, as well
as in those of 293T cells transfected by the vector plasmid, the higher intensity of the band
in the latter probably reflecting the higher copy number of transgenes per cell with the trans-
fection method (Fig. 35.1).

3.2. Activity of the R0.8 Promoter in the Mouse Retina

We then investigated the pattern of transgene expression of the LV-R0.8-GFP vector in
the eye of adult RPE65 knock-out mice. After subretinal injection into the adult, GFP was
exclusively detected in the RPE cells across a wide span of the retina (Fig. 35.2a), 
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confirming previous studies that have demonstrated the high capacity of lentiviral vectors
to transduce RPE cells (Miyoshi et al. 1997; Bainbridge et al. 2001; Kostic et al. 2003).

We also performed intravitreal injections of LV-R0.8-GFP into the eye of mouse pups
of 5 days of age (P5). This led to high GFP expression in the RPE cells (Fig. 35.2b). Sur-
prisingly, the external surface of the corneal epithelium also expressed a high level of GFP
(Fig. 35.2d-e). Although the injection procedure surely resulted in the diffusion of the vector
on the eye surface, it was unlikely to observe GFP here with the R0.8 promoter. The reason
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Figure 35.1. Western blot analysis of RPE65 expression. 293T cells were infected with LV-R0.8-RPE65 and
cytosolic extracts were prepared three days later. For each condition, 25mg proteins were loaded on SDS-PAGE
and subsequently transferred to a PVDF membrane. RPE65 was detected using a rabbit polyclonal antibody, a
HRP-linked secondary antibody (Amersham), and the ECL+ detection kit (Amersham). 1: uninfected cells; 2: cells
transfected with the vector plasmid; 3: cells infected with the LV-R0.8-RPE65 vector.

Figure 35.2. Immunolabeling of GFP and RPE65 one week after injection of LV-R0.8-GFP (A-E) or LV-R0.8-
RPE65 (F) into the subretinal space of adult (A and F) or P5 (B-E) mouse retina. A and B show examples of GFP-
expressing RPE cells. Dapi counterstaining in A allows visualization of the outer nuclear layer. Arrowhead in C
indicates the nucleus of a photoreceptor expressing GFP; note the presence of GFP in the corresponding segment.
D shows an example of GFP expression located in cells of the corneal epithelium (E: dapi counterstaining of D).
F: immunolabeling of RPE65 in an adult RPE65 knock-out mouse one week after injection of LV-R0.8-RPE65.
Expression of the transgenic protein was restricted to RPE cells. G: non-injected knock-out mouse. H: non-injected
wild type control. ONL: outer nuclear layer; RPE: retinal pigment epithelium.



for this expression remains unclear, but a transient activation of the RPE65 promoter in
these regions cannot be excluded, knowing that RPE65 is expressed in human keratinocytes
(Hinterhuber et al. 2004). Occasionally, we also observed some cells expressing GFP in the
photoreceptor layer (Fig. 35.2c). The differences in expression pattern between the adult and
neonates illustrate the fact that to target a specific cell type, one has to consider the com-
bination of the vector tropism, the injection site, and the specificity of the promoter used.
In the present study, the cause of the absence of GFP in photoreceptors after gene transfer
in the adult is probably due to an absence of infection of these cells – the vector being known
to poorly transduce adult photoreceptors (Kostic et al. 2003). In addition, endogenous
RPE65 is not expressed in rods, which represent more than 95% of the mouse photorecep-
tors, and its expression in cones is unclear (Seeliger et al. 2001; Znoiko et al. 2002).

3.3. Therapeutic Level of RPE65 in the Retina

We next injected the LV-R0.8-RPE65 therapeutic vector into the subretinal space of 2.5
months old RPE65-/- mice. At this age the ERG of these mice is nearly flat (Seeliger 
et al. 2001). One week after injection, a few mice were sacrificed to assess expression of
the transgene. This allowed us to detect significant levels of RPE65 protein in the RPE cells
of injected animals (Fig. 35.2f), whereas no RPE65 could be detected in non-injected
RPE65-/- mice (Fig. 35.2g). Nevertheless, the level of expression of RPE65 appeared 
to be weaker in LV-R0.8-RPE65 treated RPE65-/- mice than in wild type controls (compare
Fig. 35.2f and 2h).

To assess that the expression of RPE65 was sufficient to reach a therapeutic level, we
measured the ERG of the treated animals at three months, i.e. two weeks after injection of
the lentiviral vector. In some animals we detected an ERG response characterized by a 
b-wave amplitude that could reach as much as 50% of wild type controls (Fig. 35.3).

4. CONCLUSION

In the present study we report the first successful attempt to restore visual function in
RPE65 knockout mice by injection of a lentivirus encoding RPE65, thus demonstrating that
lentiviral vectors could be valuable tools to treat LCA. Moreover, we report that the R0.8
promoter fragment was efficient to drive the expression of therapeutic levels of RPE65
protein. The use of the GFP reporter gene revealed that in the context of a lentiviral-
mediated gene transfer, R0.8 activity was specific for RPE cells in adult mice. In newborn
mice, however, we detected additional expression in the corneal epithelium and in few 
photoreceptors. Nevertheless, this phenomenon occurred only after injection in neonates,
for which (i) the injection procedure is difficult to control and (ii) the differences with the
adult extracellular matrix could explain the transduction of photoreceptors.

There is now accumulating body of evidence that RPE65 gene transfer using AAV and
the chicken beta-actin promoter in animal models of LCA is beneficial over the long term
for visual function (Bennett 2004). For the treatment of human patients, it is nevertheless
mandatory to test alternative promoters and vectors in animal models of RPE65 mutations,
to achieve safe, sufficient and long-lasting expression of RPE65. Lentiviral vector and
RPE65 promoter might provide such an alternative.
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CHAPTER 36

GENE DELIVERY TO THE RETINA 
USING LENTIVIRAL VECTORS

Kenneth P. Greenberg1,2, Edwin S. Lee2,3, David V. Schaffer2,4, and 
John G. Flannery1,2

1. INTRODUCTION

The delivery of foreign DNA to the retina has proven to be a valuable tool for investi-
gations of retinal disease, development, and complex cellular interactions. To achieve effi-
cient and stable retinal gene expression with minimal unwanted side effects, viral vectors
derived from AAV (adeno-associated virus) and LV (lentivirus) remain the vehicles of
choice. LV vectors have gained recent attention in CNS gene delivery due in part to their
large transgene capacity, however contradictory results regarding retinal transduction ability
exist in the literature. We sought specifically to characterize the temporal and spatial expres-
sion pattern of LV vectors when delivered to the rodent retina.

The primary goals in the development of gene transfer vectors have been to harness a
virus’s innate ability to deliver a gene payload to a cell, while eliminating any pathogenic
potential of that virus. Evolution has cleverly accomplished the former, while the latter has
been achieved through the selective removal of wild type replication and virulence genes.1,2

Current vectors are both safe and efficient vehicles for gene transfer to the primate retina3,4

and phase I human clinical trials are underway.5

2. LENTIVIRAL VECTOR DESIGN AND BIOSAFETY

Lentiviruses are a type of retrovirus capable of infecting both dividing and nondivid-
ing cells due to their unique ability to pass through a target cell’s intact nuclear membrane,
an essential property for CNS gene transfer. LV vectors have many desirable features includ-
ing a large transgene carrying capacity (~8kb vs. AAV’s 4.8kb) and stable integration
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leading to long-term expression. Adenovirus (Ad) vectors have an exceedingly large capac-
ity (36kb), however their lack of stable integration results in transient expression. LV vectors
also have the apparent ability to avoid immune system inactivation, a current handicap of
both Ad and AAV vectors. The most frequently used LV vectors are based on HIV-1, however
vectors derived from non-human lentiviruses such as FIV (feline immunodeficiency virus),
SIV (simian immunodeficiency virus), BIV (bovine immunodeficiency virus) and EIAV
(equine infectious anemia virus) could theoretically provide biosafety advantages.6-9

An obvious concern for the delivery of HIV based vectors to humans is the potential
for AIDS or an AIDS-like disease caused by a replication competent vector. This concern
has been addressed by completely deleting six (env, tat, vif, vpr, vup, and nef ) of the nine
viral genes, keeping only those essential for gene delivery (gag, pol, and rev). Furthermore,
any potential replication competent recombinant (RCR) vectors can be screened for by sen-
sitive methods.10,11 A second safety issue concerns the inadvertent activation of celluar onco-
genes from transcriptional read-through of the HIV long terminal repeat promoter (LTR).
Deletion of the 3¢ LTR core promoter and replacement of the wild type U3 region of the 5¢
HIV LTR with the cytomegalovirus (CMV) promoter in the current third generation of self-
inactivating (SIN) vectors results is an integrated provirus with transcriptionally silent LTRs
and no viral genes.12

Recent improvements in LV vector delivered transgene expression levels have been
achieved by two methods. First, incorporation of the HIV central polypurine tract (CPPT)
sequence upstream of the desired payload appears to enhance nuclear entry of the pre-
integration complex and significantly increases expression levels.13 Although the precise 
role of the CPPT is debated,14,15 our results indicate that this element increases transgene
expression levels in the retina (data not shown). Secondly, incorporation of the woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE) downstream of the transgene
enhances stability of the RNA transcript and therefore increases expression levels.16 An
HIV-1 based transfer vector containing these elements is shown (Fig. 36.1).

3. TARGETING LENTIVIRAL VECTORS

Much effort is currently underway to specifically target all classes of neural, glial, and
epithelial cells in the retina with viral vectors. However, photoreceptors, RPE, and ganglion
cells remain the only retinal cell types successfully targeted with LV vectors.17-19 Presently,
the efficiency of delivery to photoreceptors and ganglion cells remains significantly higher
with AAV vectors than LV vectors.
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Figure 36.1. HIV-1 based lentiviral transfer vector (pFCbAGW) containing SIN LTRs, CPPT, hybrid CMV
enhancer/Chicken b-Actin promoter (including exon 1 and the intron) driving eGFP, and WPRE.



Methods for targeting specific cell types (altering the tropism of a virus) can be divided
into two basic categories: restricting viral entry at the point of transduction or restricting
transgene expression at the stage of transcription. Ideally, one could limit vector entry to a
desired class of cell, therefore eliminating potential off-target effects. Although it has been
attempted with LV vectors, transductional targeting has been met with limited success.20

Ongoing research aimed at genetically inserting cell specific peptides into the envelope or
discovering mutants with novel tropisms will likely resolve these difficulties.

Enveloped viruses such as lentiviruses may utilize envelope glycoproteins derived from
other enveloped viruses. Pseudotyping, or the replacement of one virus’s envelope glyco-
proteins with those from another virus, has been effective for increasing vector host 
cell range, increasing vector particle stability, and limiting vector entry to certain types 
of cells.21-23 The majority of LV vectors used in retinal gene transfer are pseudotyped with
envelope glycoproteins derived from the vesicular stomatitis virus (VSV) glycoprotein,
although other pseudotypes have been tested.24,25 Novel vector pseudotypes are frequently
discovered which may have the innate ability to target certain cell types while maintaining
their highly evolved and efficient delivery characteristics.26

In addition to pseudotyping, transcriptionally targeting specific cell types has been 
used with great success in the CNS. Cell specific regulatory elements inserted upstream 
of the transgene can direct expression to photoreceptors, hippocampal neurons, and astro-
cytes.27-29 Transcriptional targeting is increasingly feasible due to the ongoing identification
of cell specific promoters for virtually all classes of cells in the retina.

4. METHODS

4.1. Vector Production

All procedures involving vector production, concentration, and titration were performed
in a Type IIA biosafety cabinet under strict BL2 practice. LV vectors were produced by
either calcium phosphate or Lipofectamine 2000 (Invitrogen) transient transfection.

Calcium phosphate transfections were adapted from a previous protocol1 and performed
as follows. Five T-175 (Nunc) flasks were coated with poly-L-lysine (Sigma #P4832 diluted
1:10 in PBS and sterile filtered) and allowed to stand for 10 minutes before aspirating. Low
passage 293T cells (ATCC #CRL-11268) were seeded at 1.2-1.5 ¥ 107 cells per flask in 
20mL complete IMDM (IMDM + 10% FBS, 1XPen/Strep, 2mM L-glutamine). The 
following day the calcium phosphate/DNA precipitate was prepared after all reagents equi-
librated to room temperature. For five T-175 flasks, 158mg transfer vector (pCS-CG or
pFCbAGW), 79mg pMDLg/pRRE, 24mg pRSV-REV, and 55mg pMD.G (VSVG) were
mixed in a final volume of 13.9mL sterile ddH2O (buffered with Hepes to 2.5mM) and 1.9
mL 2.5M CaCl2. After mixing, 15.8mL 2X HeBS (Hepes Buffered Saline pH 7.05) was
added to the DNA/H2O/CaCl2 solution and mixed by pipetting briefly. The CaPO4 precipi-
tate formed during a 1.5 minute incubation, and the reaction was quenched by adding 18.4
mL complete IMDM media. After mixing briefly, 10mL of this solution was added to each
flask which was placed in an incubator (37°C, 5% CO2) overnight. Media was aspirated 
and replaced with 20mL fresh IMDM 12 hours later. Two harvests of the cell supernatant
were performed 24 hours and 48 hours after the first media change. The cell supernatant
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(200mL) was then filtered through a 0.45mm pore PVDF Durapore filter (Millipore,
Bedford, MA) and stored at 4°C until concentrated.

For Lipofectamine 2000 transfections, 293T cells were plated as described in complete
IMDM lacking antibiotics. We found that for optimal transfections, the total amount of
plasmid DNA can reduced by 2.25 fold, while maintaining the above ratio of four plasmids.
Transfection complexes were prepared by mixing the plasmids in a final volume of 21.9mL
Opti-MEM reduced serum media (Invitrogen). In a separate reaction tube, 21.4mL Opti-
MEM media was gently mixed with 525mL Lipofectamine 2000 reagent. Both tubes were
incubated at room temperature for 5 minutes, gently mixed together, and incubated another
20 minutes. This solution was added to each of the five flasks which were placed in an incu-
bator overnight. Transfection media was aspirated 12 hours later, cells were washed with
PBS, and given 20mL complete IMDM. The additional PBS wash was found necessary to
remove transfection amine complexes which frequently caused cataracts when carried over
into the injected vector preparation. Vector supernatant was harvested and filtered as
described above.

4.2. Vector Concentration for In Vivo Use

High titer LV vector stocks were generated after two rounds of ultracentrifugation. The
filtered vector supernatant (32mL) was carefully overlaid on a 20% sucrose solution (4mL)
in six ultracentrifuge tubes (Beckman #344058) which were centrifuged at 24,000rpm in a
SW-28 rotor for 2 hours at 4°C. The supernatant was aspirated (avoiding the pellet) and 
800mL cold PBS was added to each tube and mixed by pipetting. After a 30 minute incu-
bation on ice, the six vector/PBS tubes were pooled and overlayed on 1mL of 20% sucrose
in one ultracentrifuge tube (Beckman #344059). The vector was centrifuged in a SW-41Ti
rotor at 25,000rpm for 1.5 hours at 4°C. The supernatant was aspirated and pelleted vector
was resuspended in 200mL cold PBS. Vector was incubated on ice overnight and again mixed
by pipetting. If not used immediatedly, vector was stored for up to one week at 4°C or flash
frozen and stored at -80°C for long term.

4.3. Vector Titer Determination by Q-PCR

Both physical particle and functional biological titers may be determined by several
methods including p24 ELISA, FACS, and quantitative PCR.30,31 A particle titer estimates
the amount of vector present in a preparation, however it provides no information regard-
ing the biological function of a vector. Conversely, functional titer determination can accu-
rately estimate the infectious ability of a vector through the quantitative detection of
integrated proviral genomes by real time PCR. This method has the advantage of isolating
the viral transduction event from later gene trancription and translation, which is the basis
for protein expression titers (FACS). Although time consuming, one clear benefit to this
approach is the ability to determine vector titer on a cell line (ie 293s) irrespective of the
vector delivered promoter element. Vectors may contain cell specific promoters whose gene
product is not expressed in an available cell line, and therefore titer determination based on
protein expression is not feasable. Additionally, we find this method invaluable for testing
vector transduction efficiency of pseudotyped or engineered vectors on primary retinal cell
isolates regardless of promoter.
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Functional titer was determined based on a protocol31 by quantitative PCR as follows.
Cultured 293T cells were infected with serial dilutions of vector (10-3-10-7) in 1.0mL media
with 8mg/mL polybrene in a six well plate (2-5 ¥ 105 cells/well). Cells were incubated for
at least 4-5 days and washed multiple times to remove residual plasmid carried over from
vector production. The transduced cells were then trypsinized, counted, and DNA from 
1 ¥ 106 cells from each well was isolated (Gentra Puregene #D-5000A). The total amount
of DNA from each sample was normalized and 5ml was added to each Q-PCR reaction (ABI
#N808-0228) containing 3.5mM MgCl2, 200mM each DNTP, 320nM each primer, 320nM
probe, 0.025U/mL amplitaq, 2.5mL reaction buffer, and ddH2O to 25mL. Primers 
(Fwd-ACCTGAAAGCGAAAGGGAAAC, Rev-CACCCATC TCTCTCCTTCTAGCC) and
probe (5¢FAM-AGCTCTCTCGACGCAGGACTCGGC-BHQ-3¢ Biosearch Technologies)
sequences are specific to the HIV-1 packaging signal (Y) and may be used with any HIV-1
based vectors containing this element. A standard curve was generated by amplification of
a spectrophotometrically predetermined quantity (1010-102 molecules/reaction) of transfer
vector plasmid containing the HIV-1 packaging sequence.

Each reaction was performed in triplicate under the following conditions in a Strata-
gene Mx-3000P thermocycler: 1 cycle of 95°C for 10 minutes, 40 cycles of 95°C for 15
seconds and 60°C for 2 minutes. The thermocycler was set to detect and report fluorescence
during the annealing/extension step of each cycle. A standard curve was generated by plot-
ting theshold cycles vs. copy number and vector DNA titer in TU/mL (transducing units/mL)
was determined at multiple dilutions (Fig. 36.2).

An RNA based particle titer may also be determined using Quantitative Reverse Tran-
scriptase PCR (QRT-PCR). Serial dilutions of vector stock were prepared in PBS, RNA was
extracted (QIAamp MinElute Virus Kit Qiagen #57714), and residual DNA removed while
RNA was bound to the purification column (Qiagen Rnase-Free Dnase set #79254). QRT-
PCR reactions (Stratagene Brilliant QRT-PCR Master Mix Kit #600551) were prepared as
follows: 1X QRT-PCR Master Mix, 320nM each primer (see above), 320nM probe (see
above), 0.375mL of 1:500 diluted reference dye, 0.1mL StrataScript RT/Rnase, and ddH2O
to 25mL. Reactions were performed in triplicate and reactions lacking RT were used to deter-
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Figure 36.2. Q-PCR Amplification plot of pCS-CG plasmid (A), and standard curve (B) generated by plotting
threshold cycle (Ct) against number of vector DNA molecules.



mine backgound DNA amplification. Cycling conditions were as described above with the
addition of an initial 48°C RT cycle for 30 minutes. RNA titer was determined by using
transfer vector plasmid as the standard after subtracting out background signal from the
reactions lacking RT.

4.4. Intraocular Injection Procedure

All procedures used were in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were approved by the University of 
California, Berkeley Committee on Animal Research. C57BL/6 mice and Sprague-Dawley
rats were used in all the studies. For LV time course studies, C57BL/6 mice aged between
P4-P17 were used. Animals were anesthetized by intraperitoneal injection of
ketamine/xylazine and eyes were dilated using 2.5% phenylephrine hydrochloride and 1%
atropine sulfate. A shelving puncture was made through the sclera with a sharp 30-gauge
needle, followed by a Hamilton syringe equipped with a blunt 33-gauge needle. For sub-
retinal injections, the tip of the needle was advanced through the sclera, choroid, retina, and
vitreous, and the needle penetrated the superior central retina to deliver the vector (0.5-
3mL) into the subretinal space. We found this approach to be most successful in avoiding
damage to the lens. Intravitreal injections were performed by delivering the vector (2-
10mL) directly into the vitreous body. Immediately after injection, the quality (ie. lack of
hemorrhage) and size of the subretinal bleb were evaluated under a stereo microscope by
visualizing through a cover slip with Celluvisc (Allergan, Irvine, CA) placed on the cornea.

4.5. In Vivo GFP Imaging

GFP expression was evaluated in vivo 3-60 days after injection of LV vectors. A Retcam
II (Massie Research, Pleasanton, CA) was used for fluorescent and visible light fundus
imaging in live anesthetized rodents. The Retcam II is a contact fiber-optic, digital, color
fundus camera originally developed for wide-field pediatric retinal imaging. The RetCam II
is based around a 3 CCD medical grade digital camera providing high resolution 24 bit color
images and a 20 second real time video capture mode. The Retcam II’s handheld camera
unit and foot controlled focus and incident light intensity made imaging the immobilized
rodent retina an extremely rapid and efficient procedure. In vivo imaging was performed on
anesthetized rodents with dilated pupils, while using Genteal gel (Novartis Opthalmics,
Duluth, GA) as a contact medium between the camera lens and the rodent’s cornea. The
onset, duration, and extent of GFP expression was tracked in this manner. Additionally, the
Retcam II was extremely useful for imaging subretinal detachments immediately after LV
vector delivery.

4.6. Tissue Preparation

Eyes were enucleated from animals injected with LV-CMV-GFP or LV-CbA-GFP at 10-
60 days post-injection. Eye cups were fixed in 4% paraformaldehyde in PBS for 1 hour at
4°C and washed in PBS. Eyes were cryoprotected in 15% sucrose for 2 hours followed by
30% sucrose overnight at 4°C, embedded in OCT, and flash frozen in a dry ice/ethanol
slurry. Sections were cut (10mM thick) using a CM1850 cryostat (Leica, Nussloch,
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Germany) and were thaw mounted on Superfrost Plus slides (Fisher Scientific). Images were
acquired using a Zeiss Axiophot epifluorescence microscope (Thornwood, NY).

5. RESULTS

5.1. Q-PCR Vector Titers

DNA based functional vector titers in the cell supernatant ranged from 5 ¥ 106-2 ¥
107TU/mL before and 7 ¥ 108-1 ¥ 1010 TU/mL after concentration. RNA based particle titers
were 3 ¥ 108-8 ¥ 109 particles/mL in the supernatant, and 6 ¥ 1010-2 ¥ 1012 particles/mL
after concentration. Taking the difference between RNA and DNA titers, we found the func-
tional vector : inactive particle ratio to be from 1:100 to 1:1000. GFP titers were also deter-
mined by direct visualization for some vector batches and were found to be slightly lower
than Q-PCR determined functional titers. Titers of vectors produced by Lipofectamine 2000
transfection were routinely higher than those produced by calcium phosphate transfection.

5.2. In Vivo GFP Expression

GFP expression was detectable within 3 days after injection and persisted for at least
6 months. When delivered in a subretinal injection to adult animals, we found VSV-CMV-
GFP and VSV-CbA-GFP vectors to have a strong cellular tropism for the RPE. Intravitreal
delivery of LV was inefficient and resulted in occasional expression in cells of the GCL (not
shown). Retcam II imaging revealed GFP expression covering a large surface area after sub-
retinal LV injection with little indication of retinal trauma (Fig. 36.3A). Of the five avail-
able interchangeable lenses, we found the Retcam II equipped with a wide angle 130 degree
ROP lens to provide extremely sharp fundus images of the rat retina (Fig. 36.3B). A high
contrast 80 degree lens provided satisfactory images in large mouse eyes, although shad-
owing was apparent around the retinal periphery in smaller mouse eyes.

Most interestingly, we found that when delivered subretinally to young mouse pups aged
P4 and P7, the VSV-CMV-GFP LV vector transduced photoreceptors in addition to the RPE
layer (Fig. 36.4A and 4B). Photoreceptor transduction in these young animals was present
primarily at the injection site. GFP expression was highly restricted to the RPE layer in all
mice aged P10, P14, and P17 (Fig. 36.4C). Mild evidence of an immune response at the
injection site was observed in 2 of the 24 injected animals (Fig. 36.4D). PBS injected control
animals exhibited no obvious immune response. GFP expression extended over the major-
ity of the RPE (Fig. 36.4E).

6. DISCUSSION

We aimed to determine the cellular tropism of VSV-LV vectors when injected subreti-
nally in rodents. An inconsistency exists in the literature where some reports show that VSV-
LV efficiently transduces both photoreceptors and RPE, while others show RPE restricted
expression.17,18,32 To better understand the capability of this vector, we sought to clarify the
temporal tropism for photoreceptor transduction when delivered to young mice pups.
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Figure 36.3. Flourescent fundus image showing widespread GFP expression in rat retina 1 week after subretinal
injection of 3mL VSV-CbA-GFP lentiviral vector (A). Fundus image of same rat under white light illumination
(B). Arrows indicate small hemorrhage resulting from subretinal injection. Both images acquired with a Retcam
II imaging system (Massie Research, Pleasanton, CA). See also color insert.

262 K.P. GREENBERG ET AL.



Figure 36.4. High magnification view of GFP positive photoreceptors of mouse retina injected subretinally with
VSV-CMV-GFP LV vector at age P7 (A). Lower magnification view (B) of the same retina shown in (A) where
RPE and photoreceptors are seen expressing GFP. Expression of GFP restricted to the RPE layer in P14 mouse
retina injected with VSV-CMV-GFP LV vector (C). Injection track mark shown (arrows) and evidence of immune
response from autoflourescent macrophages bordering track mark (D). Low magnification view showing extent of
GFP expression along entire length of the RPE (E). See also color insert.
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A developmental window was found to exist for the VSV-LV vector’s ability to trans-
duce photoreceptors when subretinally injected into C57BL/6 mice. This vector readily
transduced RPE cells in mice of all ages, however transduction of photoreceptors occurred
only in mice aged P7 and younger. The temporal window for photoreceptor transduction
coincides with a period of rod photoreceptor neurogenesis during retinal development.33 The
onset of RPE specific transduction coincides with the completion of photoreceptor devel-
opment and the beginning of normally occurring photoreceptor death.34

Binding and fusion of the VSV-LV vector does not appear to depend on the presence
of specific cell surface receptors, therefore this tropism is unlikely the result of transient
surface receptor expression on photoreceptors during development.35 The relatively unor-
ganized architecture of the immature mouse retina may facilitate viral access to photore-
ceptor cells. The mechanism for this restricted tropism is not entirely understood, however
it appears to be related to the restricted access of the viral particles to photoreceptors prob-
ably due to the protein rich (Chondroitins, collagen, and fibronectin) inter-photoreceptor
matrix (IPM). Enzymatic digestion of the IPM appears to improve LV vector access to pho-
toreceptors.36 Additionally, direct RPE phagocytosis of LV vector could play an important
role in high RPE transduction.

In some cases, such as the secretion of therapeutic growth factors, ubiquitous expres-
sion may be desired in as many retinal cell types as possible. LV vectors containing “ubiq-
uitous” promoters such as CMV, CMV-b-actin, EF1-a, PGK, and ubiquitin have been tested
in the retina. Although excellent tools for strong expression in the RPE, these “ubiquitous”
promoters should be regarded with care as they demonstrate specific, rather than universal
spatial expression patterns when delivered subretinally by LV vectors.

Current and future efforts to target specific classes of retinal cells with LV vectors will
be particularly useful for the treatment of retinal degenerative diseases through gene therapy.
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CHAPTER 37

POTENTIAL USE OF CELLULAR PROMOTER(S) TO
TARGET RPE IN AAV-MEDIATED DELIVERY

Cellular promoters and RPE-targeting

Erika N. Sutanto1, Dan Zhang1,2, Yvonne K.Y. Lai1,2, Wei-Yong Shen1,2,
and P. Elizabeth Rakoczy1,2

1. INTRODUCTION

Gene therapy has been reported to show potential as an alternative treatment to con-
ventional therapy. In ocular research, recombinant adeno-associated virus (rAAV) has been
chosen as a vector of interest due to its low immunogenicity, its broad host range and its
ability to result in long-term transduction (Ali et al., 1997; Bennett and Maguire, 2000).

Many reports on AAV-mediated ocular gene transfer have utilized strong, ubiquitous
promoters such as cytomegalovirus (CMV) and chicken b-actin (CBA), which could result
in a high level of transgene expression. Nevertheless, the possibility of non-specific ex-
pression outside the target cells (Guy et al., 1999; Sanftner et al., 2001) and the silencing
of viral promoter activity (Stone et al., 2000; Prosch et al., 1996; Loser et al., 1998) may
limit the use of such promoters. Cellular specificity of rAAV-mediated gene delivery can be 
modulated either by changing viral capsid serotype (Auricchio et al., 2001; Weber et al.,
2003) or by the use of cell-specific promoters. The latter approach has been tested using a
photoreceptor-specific promoter, namely an opsin gene promoter, which was shown to target
photoreceptor efficiently (Flannery et al., 1997; Jomary et al., 1999). With regards to the
importance of retinal pigment epithelim (RPE) in maintaining health and integrity of the
retina, the focus of this study was to evaluate the use of cellular promoter(s) to target RPE
following subretinal injection of rAAV. The cellular promoters proposed for this study were
cathepsin D (CatD) and human RPE65 proximal promoters.

In a previous immunohistochemical study, it was shown that in human eye CatD is
expressed at high levels in the RPE and at a lower level in ganglion cells (Rakoczy et al.,
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1999). Considering that following subretinal injection, the rAAV would be localized in the
subretinal space in close proximity to the RPE and photoreceptors, the use of CatD proxi-
mal promoter may be ideal to target the RPE. The RPE65 promoter was chosen because it
has been shown in vitro to have specific activity in RPE cells (Nicoletti et al., 1998) despite
it being a weak promoter compared to the CMV promoter. CatD proximal promoter 
contains five transcription start sites, and is specifically controlled by estrogen-responsive
elements (EREs), a retinoic acid-responsive element (RARE) and a major late promoter
element (MLPE) (Cavailles et al., 1993; Sheikh et al., 1996; Wang et al., 1997). Human
RPE65 (hRPE65) contains general transcriptional machinery elements and positive ele-
ments such as Oct-1 and E-box sites for RPE-specific expression (Boulanger et al., 2000).
GAL4 is a yeast transcriptional factor that activates transcription by binding to four related
dyad symmetrical sequences. Fusion of the herpes simplex virus transcriptional activator
VP16 partial activation domain to GAL4 DNA binding domain resulted in enhancement of
transcriptional activity of a reporter gene (Sadowski et al., 1988).

The first part of this study was to evaluate which region of the CatD proximal promoter
was necessary to target high transgene expression in cultured RPE and to test the relative
specificity of this region in vivo by subretinal injection of rAAV. The second part was to
evaluate the potential use of chimeric transcriptional activator, GAL4-VP16, to enhance the
weak promoter activity of hRPE65.

2. MATERIALS AND METHOD

2.1. Construction of Plasmid DNA

Plasmids pCD(L)-gfp, pCD(M)-gfp and pCD(Sm)-gfp carrying different sizes of CatD
proximal promoter fragments were constructed following restriction digestion of pCatD
(Figure 37.1).

Human RPE65 promoter fragment (-655 to +31) was amplified by PCR from human
genomic DNA (Promega, Madison, WI) and subcloned into pGEM-T Easy vector (Promega)
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Figure 37.1. Schematic diagram of CatD proximal promoter regions used in plasmid constructions. ERE = estro-
gen responsive element, RARE = retinoic acid response element, MLPE = major late promoter element, DRE =
dioxin responsive element, GFP = green fluorescent protein.



to create the pGEM-hRPE65 plasmid. Plasmids pBIND, pACT and pG5luc which contains
relevant regions of the GAL4, VP16 and a firefly luciferase reporter gene linked with GAL4
DNA binding domain, respectively, were obtained from the CheckmateTM Mammalian Two-
Hybrid System (Promega). These plasmids were then used to generate phR65luc and
phR65GAL4-VP16 for co-transfection as well as single construct phR65luc-GAL4-VP16
which carries both the transactivator and the luciferase gene under the control of hRPE65
promoter. A simplified flowchart summarising steps for constructing such plasmids is shown
in Figure 37.2.

2.2. Cell Culture and Transient Transfection

Cell culture reagents were obtained from Invitrogen Life Technologies (Carlsbad, CA).
The low-passage human RPE cells HRPE51 (established from 51-year old donor), an RPE
cell line D407 (kindly given by Dr Richard Hunt, University of South Carolina, SC), and
human fibroblast cell line, F2000 (Flow Laboratories, Herts, UK) were grown in Dulbecco’s
modified Eagle’s medium, supplemented with 1% (v/v) penicillin/ streptomycin and 10%
(v/v) fetal bovine serum (FBS). Cells were seeded onto 24-well plates one day prior to trans-
fection and transiently transfected at 70% confluency using FuGene6 Transfection Reagent
(Roche, Indianapolis, IN). A mixture of 2mg DNA plasmid DNA and 3mL FuGene 6 was
prepared as described in the manufacturer’s protocol. For co-transfection, a 1:1 molar ratio
of the reporter vector and the activator vector were used.

2.3. Fluorescence Activated Cell Sorter (FACS) Analysis and Luciferase Assay

At the completion of experiment, cells transfected with plasmids carrying the GFP
reporter gene were harvested and analyzed using a FACSCalibur Flow Cytometer (Becton
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Dickinson, CA). Data were normalized against positive control plasmid which contains 
the CMV promoter. Luciferase activity from cells transfected with the phR65luc and
phR65GAL4-VP16 were determined using the Luciferase Assay System (Promega) and 
TD-20/20 luminometer (Turner Designs, Sunnyvale, CA) according to the manufacturer’s
specification.

2.4. Construction, Production, and Delivery of rAAV

A gene expression cassette containing the 365bp CatD proximal promoter (CD(L)) 
was subcloned into the AAV serotype-2 plasmid SSV9 to create pSSV.CD(L)-gfp. A large-
scale production of rAAV.CD(L)-gfp and control rAAV.CMV-gfp were performed accord-
ing to routine methodologies in our laboratory (Rolling et al., 1999). Two microliters of
rAAV.CD(L)-gfp or rAAV.CMV-gfp (7.2 ¥ 105 tu/eye) were subretinally injected into non-
pigmented RCS/rdy+ rats. All procedures adhered to the University of Western Australia
Animal Experimentation Committee, and to the Association for Research in Vision and 
Ophthalmology guidelines for the Use of Animals in Ophthalmic and Vision Research.

2.5. Detection of GFP Expression

At 12 weeks post-injection, animals were euthanized, the eyes enucleated, and the
retinas isolated and separated into sclera/choroid/RPE and neuroretina layers. Each layer
was then flatmounted and the GFP expression was detected using fluorescence microscopy.
The numbers of GFP-positive cells were then counted on each layer using ¥10 objective
magnification to compare transduction efficiency between constructs containing CatD and
CMV promoters.

3. RESULTS AND DISCUSSION

3.1. Activity of CatD Promoter Fragments In Vitro

Quantification of GFP signal using FACS demonstrated that in HRPE51 cells, signal
intensity varied from 45.7 ± 6.23 (pCD(L)-gfp), 17.7 ± 5.64 (pCD(M)-gfp) and 17.1 ± 1.62
(pCD(Sm)-gfp) (Figure 37.3). In D407, the intensity ranged from 48.15 ± 4.20 (pCD(L)-
gfp), 23.8 ± 0.31 (pCD(M)-gfp) and 24.2 ± 1.92 (pCD(Sm)-gfp). In both the HRPE51 and
D407 cultures, pCD(L)-gfp-transfected cells consistently had higher GFP signal intensity
than those transfected with either pCD(M)-gfp or pCD(Sm)-gfp. The transfection of F2000
resulted in weaker GFP signal intensity with no significant difference (p > 0.05) between
any of the constructs. There is however a marked difference (p < 0.05) in GFP signal inten-
sities between the RPE and fibroblast cultures for pCD(L)-gfp-transfected cells. These
results suggest that the presence of two EREs (Figure 37.1) are necessary for high CatD
expression as the removal of these elements in both CD(M) and CD(Sm) fragments resulted
in lower activity. In addition, the low activity of CatD proximal promoter in F2000 cultures
could be due to the absence of additional factors required for activation of intrinsic elements
present in the CatD promoter region. Nevertheless, the identification of such factors and the
exact mechanism of how they interact are not yet elucidated.
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3.2. CatD Promoter Activity In Vivo

At 12-week post subretinal injection, fluorescence signal was detected with equal inten-
sity in both the RPE and neuroretina layers of AAV.CMV-gfp-injected eyes (Figure 37.4).
On the other hand, in AAV.CD(L)-gfp-injected eyes, the majority of signal was observed in
the RPE layer with very few GFP-positive cells present in the neuroretina.

The location of the signal was confirmed in each layer by cryosectioning, with some
weak signal detected in the photoreceptors and ganglion cell layer following injection 
with AAV.CD(L)-gfp (Figure 37.4). Based from the cell counting results, there was approxi-
mately three times the number of photoreceptor cells being transduced than RPE cells in
AAV.CMV.gfp-injected eyes. In contrast, there was similar numbers of photoreceptor and
RPE cells expressing GFP in AAV.CD(L).gfp-injected eyes. Since the same viral titer was
used in this study, the higher number of GFP-positive cells associated with AAV.CMV-gfp
could be due to the promoter strength. This is reflected in the in vitro analysis where there
was two-fold lower signal intensity in pCD(L)-gfp-transfected cells than in pCMV-
transfected cells (Figure 37.3). Furthermore, as both virus preparations were constructed
and packaged in the same serotype (serotype 2), and assuming that both of them equally
transduce the same type of cells, the lower number of GFP-positive cells in the neuroretina

37. CELLULAR PROMOTERS AND RPE-TARGETING 271

0

20

40

60

80

100

120

HRPE51 D407 F2000

ot
evitaler

ytisnetnilangis
P

F
G

%
reto

morp
V

M
C

pCMV
CD(L)
CD(M)
CD(Sm)

Figure 37.3. The longest CatD proximal promoter frag-
ment used in this study, CD(L), drives high transgene
expression in cultured RPE cells.

Sclera/choroid/RPE Neuroretina 
AAV.CD(L)-gfp AAV.CMV-gfp

Sclera/choroid/RP Neuroretina 

Figure 37.4. Fluorescence micrographs of separated RPE and neuroretina flatmounts, and cryosections of non-
pigmented RCS/rdy+ following AAV subretinal delivery. Original magnification: ¥20.



following AAV.CD(L)-gfp delivery verified the preferential CatD promoter activity in the
RPE.

3.3. Effect of GAL4-VP16 Transactivator

An alternative gene expression system mediated by GAL4-VP16 was established and
evaluated for its potential to increase hRPE65 promoter activity. The transcriptional activ-
ity was then assessed by evaluation of the luciferase level in the transfected-HRPE51 cells.
In the absence of GAL4-VP16 transactivator, the relative light unit (RLU) associated to the
hRPE65 promoter was very low compared to the CMV promoter (Figure 37.5). The hRPE65
promoter activity was markedly enhanced (p < 0.01) however in the presence of GAL4-
VP16 transactivator such that there was a three-fold increase in activity compared to the
CMV promoter. Interestingly, transfections of a single construct phR65luc-Gal4-VP16
resulted in lower but comparable reporter gene activity to that of the CMV promoter.

4. CONCLUSION

The study presented here demonstrated that the longest proximal CatD promoter used
in this study (CD(L)) retains high promoter activity in cultured RPE cells. The presence of
estrogen elements might play a role whereby upon ligand binding, their pathways might
interact with those of other elements, thus contribute to higher promoter activity. Although
the in vivo results showed that it has lower activity than the CMV promoter, CatD proximal
promoter has the ability to predominantly target transgene expression to the RPE. The
second part of the study showed the ability of the transactivator GAL4-VP16 to increase
weak cell-specific promoter activity. It also demonstrated that significant enhancement was
achieved when the hRPE65 promoter controlled both the reporter and GAL4-VP16 genes.

In conclusion, this current work suggests that there is potential to use the CatD 
proximal promoter to target RPE following subretinal delivery. However, a further study is
required to try to increase the promoter activity, either by incorporating cell-specific
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enhancer or the GAL4-VP16 transactivator as used in the current work. Furthermore, this
study showed that in combination with a strong transcriptional activator, the hRPE65 pro-
moter has the capacity to result in at least similar to or even higher transgene expression
than the CMV promoter.
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CHAPTER 38

CYTOKINE-INDUCED RETINAL DEGENERATION:
ROLE OF SUPPRESSORS OF CYTOKINE SIGNALING

(SOCS) PROTEINS IN PROTECTION OF 
THE NEURORETINA

Charles E. Egwuagu, Cheng-Hong Yu, Rashid M. Mahdi, Marie Mameza,
Chikezie Eseonu, Hiroshi Takase, and Samuel Ebong*

1. INTRODUCTION

The vertebrate retina is comprised of a collection of highly specialized cell types, with
each subtype playing unique roles and functions in the reception, transduction and con-
version of incident light rays into visual images. The photo-transduction mechanism is
extremely sensitive and minute alterations in the relative abundance of any retinal cell type
can severely compromise the quality of the visual image. Because ganglion cells and other
retinal neurons are terminally differentiated cells, it has been argued that evolutionarily con-
served mechanisms must exist to protect retinal neurons from injury or death caused by
exposure to environmental toxins or toxic bi-products of intermediary metabolism. For
example, neuroretinal cells require protection from infectious agents that occasionally col-
onize and kill them, leading to permanent loss of such cells. Although intraocular infections
is rapidly cleared by inflammatory cells, prolonged secretion of inflammatory cytokines in
the retina may induce cytopathic effects that can produce retinal degenerative changes and
possibly retinal degeneration. Although much effort has been made in characterizing chro-
mosomal mutations and other biochemical lesions that may underlie the development of
retinal degeneration, few studies have addressed the role of inflammation or inflammatory
mediators in pathogenic mechanisms of retinal degenerative diseases. In fact, inflammation
and dysregulation of activities of proinflammatory cytokines have been implicated in patho-
genesis of other human degenerative diseases including Alzheimer’s disease and multiple
sclerosis.

In this study, expression of the proinflammatory cytokine, interferon gamma (IFNg),
was targeted to the lens of transgenic (TR) rats and the lens was used to serve as a depot
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for releasing IFNg into retina. This TR rat model allows us to directly test the hypothesis
that prolonged exposure of retinal cells to pro-inflammatory cytokines, as may occur during
persistent chronic infection of the retina, can induce retinal disease or retinal degenerative
changes. We have also investigated mechanisms that may underlie protection of retinal cells
from hypoxia. Because suppressors of cytokine signaling (SOCS) proteins play important
role in regulating the activation, intensity and duration of cytokine- and stress-induced
signals,1-3 we examined whether retinal cells respond to cytokines and oxidative stress by
inducing SOCS expression.

2. RESULTS

2.1. IFNg Induces Retinal Degenerative Changes and Apoptosis of Ganglion Cells

The chimeric construct used for generating the TR rats with constitutive expression of
IFNg in the eye consists of the aA-Crystallin promoter fused to the mouse IFNg coding
sequence.4 Because of lens-specificity of the aA-Crystallin promoter,5,6 transgene expres-
sion occurs preferentially in the lens and its effects are initially confined to this tissue.
However, after the first month of postnatal life, the lens capsule begins to disintegrate, releas-
ing lenticular material into the posterior chamber and vitreous cavity and this coincides 
temporally with appearance of the effects of IFNg on the retina. Appearance of retinal in-
foldings is observed in adult TR rats after three months of age (Fig. 38.1A) and number and
size of these folds increase with time (data not shown). In addition, growth of the ganglion
cell layer is significantly inhibited and its thickness approximates one-half of that seen in
WT eye (data not shown).

The inhibition of ganglion cell growth is of particular importance in view of the criti-
cal functions of these cells in the visual process. It is therefore interesting to note that In
situ detection of apoptotic cells by the TUNEL assay revealed presence of apoptotic cells
in TR but not in WT rat retina (Fig. 38.1B). It is even more remarkable that the apoptotic
response is restricted to the ganglion cell layer, suggesting that ganglion cells are more sen-
sitive to the effects of IFNg. In addition, the morphological changes seen in the TR rat retina
correlates with upregulated expression of interferon regulatory factors 1 (IRF-1), interferon
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consensus binding protein (ICSBP), RT1-Ba (equivalent to mouse MHC class II), ICAM-
1 and TNFa genes (data not shown), suggesting that pathogenic effects of IFNg are medi-
ated, in part, by altering normal patterns of gene expression in the eye.

2.2. Retinal Response to Inflammatory Cytokines is Under 
Feedback-Regulation by SOCS

We next examined whether cytokine activities in the retina are under feedback regula-
tion by SOCS proteins. To establish that SOCS proteins are expressed in the retina, we iso-
lated total RNA from human or murine retina, prepared cDNAs and subjected them to 30
cycles of PCR amplification as reported previously.7 We found that CIS, SOCS4, SOCS5,
SOCS6, SOCS7 are constitutively expressed at very high levels in human retina while
SOCS3 is not detectable even after 35 cycles of RT-PCR amplification. Although SOCS1 is
also detected, it is at very low levels as detection required 35 cycles.

To examine whether SOCS expression is induced in retinal cells by proinflammatory
cytokines it was necessary to establish that these cytokines do indeed activate gene 
transcription in the retina. Human retinal pigment epithelial (hRPE) or Müller cell line was
stimulated with either interleukin 4 (IL-4) (10ng/ml) or IFNg (100u/ml) for 15min and 
transcriptional activation was assessed by gel-shift assay. Activation by IL-4 or IFNg is
mediate through STAT6 or STAT1, respectively.8 As shown in Fig. 38.3, a retarded band is
induced by the STAT6 probe in nuclear extracts from cells stimulated with IL-4 while IFNg-
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stimulated cells induce a STAT1 band-shift. Presence of STAT1 or STAT6 in the retarded
band is confirmed by super-shift analysis indicated by SS.

We then examined whether SOCS proteins are induced in human retinal cells by pro-
inflammatory cytokines. Müller or hRPE cells was washed, starved for 2h before stimula-
tion with IFNg or IL-4 and then analyzed for induction of SOCS expression by real-time
RT-PCR. As indicated in Fig. 38.4, expression of SOCS1 or SOCS3 is induced by both
cytokines, although intensity or kinetics of induction is different. Although SOCS6 or
SOCS7 are constitutively expressed in these cells, they are not induced in response to these
inflammatory cytokines.

We next examined whether retina cells respond to hypoxia by inducing SOCS expres-
sion. Mouse retina explants were propagated for varying amounts of time under hypoxia
condition. Induction of vascular endothelial growth factor (VEGF) or hypoxia-inducing
factor 1 (HIF-1a) expression, two markers of hypoxia, was used to verify that the cells were
indeed exposed to significant hypoxia. Induction of SOCS expression was analyzed by real-
time RT-PCR and as indicated in Fig. 38.5, only SOCS3 is induced.

3. DISCUSSION AND CONCLUSION

Inflammatory cells that mediate host immunity to intraocular pathogens produce
copious amounts of pro-inflammatory cytokines, IFNg and IL-4. In this study we show that
prolonged secretion of IFNg in the neuroretina promotes formation of retinal in-foldings in
the photoreceptor layer and induces apoptotic death of retinal ganglion cells. However, these
results appear to be at variance with the fact that humans are constantly infected with a
variety of pathogens that induce expression of this proinflammatory with no evidence of
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similar clinical or histological manifestation. It is however of note that these symptoms occur
only in older rats and is therefore consistent with age-dependent occurrence of retinal degen-
erative diseases in older humans. The data suggests the possibility that retinal degeneration
is a slow and progressive pathogenic condition that is initiated or amplified, in part, by pro-
inflammatory cytokines produced by inflammatory cells elicited by low-grade persistent
infections. Thus, retinal degenerative diseases may occur only in individuals that are not
able to adequately control activities of these inflammatory mediators.

Neurotrophic factors and neuregulatory cytokines, such as, CNTF, OSM, CT1, LIF,
IGFs and FGFs are also produced during inflammation and have been shown to counteract
deleterious effects of proinflammatory cytokines. Thus, retinal degenerative diseases may
occur in individuals that are not able to adequately control activities of inflammatory medi-
ators or activate protective mechanism that confer protection of retinal neuronal cells from
cytokine- or stress-induced retinal damage. In the developing CNS and during spinal cord
or brain injury, the steady-state levels of neuregulatory cytokines determines whether the
neural progenitors would differentiate to neurons or astrocyte pathway and is therefore an
important determinant of whether healing, repair or regeneration would occur.9-11 It is of
note that most proinflammatory cytokines and neurotrophic/neuregulatory factors mediate
their effects through activation Janus kinase (JAK)/signal transducers and activators of tran-
scription (STAT) pathway.12,13 Homeostatic regulation of activities of these competing
factors is essential to normal physiology of the retina and under stringent control by endoge-
nous feedback regulators of the JAK/STAT signal transduction pathway.14

Recent studies on cellular mechanisms that switch off signals induced by growth 
factors and cytokines have uncovered existence of a family of endogenous negative feed-
back regulators, generically called suppressors of cytokine signaling (SOCS).1-3 The best
characterized members of the 8-member SOCS family are SOCS1, SOCS3, SOCS5 and
CIS (cytokine induced SH2-domain protein) and expression one or more of these proteins
is transiently induced by a wide variety of inflammatory and anti-inflammatory cytokines,
including interferon IFNg, IL-3, IL-4, IL-6, IL-12, IL-13, leukemia-inhibitory factor, stem
cell factor, CNTF, GM-CSF and leptin.1-3 Growth factors such as IGF-1, PDGF, FGFs, EGF,
prolactin, growth hormone and erythropoietin also induce their expression Inhibitory effects
of SOCS proteins derive from direct interactions with cytokine receptors and/or JAK
kinases, thereby preventing recruitment of STATs to the signaling complex.1-3 In addition
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to functioning in a classical feedback regulatory loop, SOCS proteins can also inhibit
responses to cytokines that are different from those that induce their expression. Interest in
SOCS proteins stems from the belief that SOCS may serve to integrate multiple extracel-
lular signals that converge on a target cell or tissue. We show here that CIS, SOCS5, SOCS6,
SOCS7 are constitutively expressed at very high levels in human and murine retinas and
although SOCS1, SOCS2 or SOCS3 is not detectable in the normal retina, expression of
these SOCS members is significantly upregulated by proinflammatory cytokines in retinal
cells. We further show that retinas maintained under hypoxic conditions express elevated
levels of HIF-1a and VEGF mRNAs and expression of these genes results in significant
induction of SOCS expression. However, in contrast to induction of SOCS1, SOCS2 and
SOCS3 by retinal cells in response of to proinflammatory cytokines, response to hypoxia is
under feedback regulation by only SOCS3, suggesting a remarkable specificity of SOCS-
mediated regulation in the retina.

In summary, we have shown in this study that similar to other neurodegenerative dis-
eases, apoptotic death of retinal ganglion cells and retinal degeneration may result, in part,
from chronic exposure of ocular cells to pro-inflammatory cytokines, as may occur in
chronic inflammatory diseases of the eye. We also show that SOCS proteins are constitu-
tively expressed in the retina and that retinal cells respond to cytotoxic cytokines or to
hypoxic conditions by upregulating SOCS expression. These results are remarkable because
SOCS proteins generally have a short half-life and are not detectable in many tissues.
Demonstration that retinal cells respond to exposure to cytotoxic cytokines and hypoxia by
upregulating SOCS expression, suggests that SOCS proteins may mitigate injurious effects
of environmental, chemical or oxidative stress and should be exploited as neuroprotective
agents of the mammalian retina.
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CHAPTER 39

DISEASE MECHANISMS AND GENE THERAPY IN 
A MOUSE MODEL FOR X-LINKED RETINOSCHISIS

Laurie L. Molday, Seok-Hong Min, Mathias W. Seeliger, Winco W.H. Wu,
Astra Dinculescu, Adrian M. Timmers, Andreas Janssen, Felix Tonagel,
Kristiane Hudl, Bernhard H.F. Weber, William W. Hauswirth, and 
Robert S. Molday*

1. INTRODUCTION

X-linked retinoschisis (RS) is an inherited recessive macular degeneration that affects
between 1 in 5000 and 1 in 25,000 males early in life (George et al., 1995; Sieving, 1998;
Tantri et al., 2004). It is characterized by a loss in central vision, splitting of the retina with
the appearance of spoke-like cystic cavities radiating from the parafoveal region of the
retina, a loss in the b-wave of the electroretinogram (ERG), and progressive atrophy of the
macula. In about 50% of the cases, bilateral schisis is observed in the peripheral retina with
some loss in peripheral vision. During the course of the disease, complications can arise
which include retinal detachment, vitreal hemorrhage and choroidal sclerosis.

The gene responsible for RS was identified in 1997 by positional cloning and shown
to encode a retinal specific, discoidin domain containing protein known as RS1 or retino-
schisin (Sauer et al., 1997). RS1 is primarily expressed in photoreceptors and secreted 
as a disulfide-linked homo-octameric complex (Molday et al., 2001; Reid et al., 1999). It is
localized along the surface of photoreceptors at the level of the inner segment, outer nuclear
and outer plexiform layers of the outer retina and the surface of bipolar cells in the inner
retina.
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A mouse deficient in Rs1h, the mouse ortholog of the human RS1 gene, was generated
by homologous recombination to determine the role of RS1 in retina structure and function
(Weber et al., 2002). The hemizygous Rs1h-/Y mouse displays a number of features found in
individuals with RS including a loss in the ERG b-wave, cystic structures within the inner
retina, and progressive rod and cone degeneration. Morphological studies further reveal a
highly disorganized retina with displacement of photoreceptor nuclei into the outer segment
layer, merging of the outer and inner nuclear layers, gaps between bipolar cells, and dis-
ruption of the photoreceptor-bipolar synapse.

In this chapter we discuss disease mechanisms responsible for RS in relation to the
structure of the RS1 protein and structural and functional recovery of the Rs1h-deficient
mouse following adeno-associated viral (AAV) vector mediated gene therapy.

2. STRUCTURAL FEATURES AND DISEASE MECHANISMS

The 224 amino acid RS1 polypeptide is organized in four modules: an N-terminal signal
peptide, an Rs1 domain, a discoidin (DS) domain, and a short C-terminal segment (Figure
39.1). Each module plays a key role in the biosynthesis, structure, subunit assembly and
function of RS1 as a putative cell adhesion protein. Disease-causing missense mutations
have been identified in each module (Consortium, 1998). The effect of selected mutations
on RS1 has been reported (Wang et al., 2002; Wu and Molday, 2003).

2.1. Signal Peptide

At the N-terminus, a 23 amino acids hydrophobic signal peptide directs the nascent
RS1 polypeptide to the endoplasmic reticulum (ER) membrane as an initial step in the 
processing of RS1 for secretion from cells (Sauer et al., 1997; Wu and Molday, 2003). Upon
translocation of the polypeptide through the ER membrane, a signal peptidase in the ER
lumen removes the signal peptide to produce the mature 201 amino acid RS1 polypeptide.

The effect of two disease-linked mutations in the signal peptide on the processing of
RS1 has been examined (Wang et al., 2002; Wu and Molday, 2003). The L12H and L13P
mutations cause a mislocalization of RS1 to the cytoplasm and rapid degradation via pro-
teosomes. These amino acid substitutions most likely disrupt the helical conformation of
the peptide thereby preventing its incorporation into the ER membrane.
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Figure 39.1. Schematic linear representation of RS1 showing the four modules and selected disease-linked mis-
sense mutations in each module. Modules include: the signal peptide important for insertion of the nascent polypep-
tide into the ER membrane; the discoidin domain implicated in cell adhesion, and the Rs1 domain and C-terminal
segment both of which contribute to the octameric assembly of RS1.



2.2. Discoidin Domain

The dominant feature of the RS1 polypeptide is the 157 amino acid discoidin (DS)
domain or F5/8 type C domain which comprises over 75% of the mature polypeptide chain.
DS domains are present in a wide range of membrane and extracellular proteins where 
they mediate a variety of cell adhesion, cell signaling and developmental processes 
(Baumgartner et al., 1998; Vogel, 1999). Examples of DS domain containing proteins are
Factors V and VIII involved in blood coagulation, neuropilins 1 and 2, which mediate
nervous system regeneration and degeneration, discoidin domain receptors DDR1 and
DDR2 implicated in cancer metastasis, and discoidin I involved in cellular adhesion during
slime mold development.

High-resolution structural studies indicate that DS domains consist of eight antiparal-
lel b-strands arranged in a barrel-like structure with several loops or spikes, projecting from
one end of the core barrel (Pratt et al., 1999). The DS domain of RS1 has been modeled
after the C2 DS domain of Factors V and VIII and shown to consist of the core beta barrel
conformation with 3 spike regions (Wu and Molday, 2003). Conserved cysteine residues at
the beginning and end of the DS domains (C63 and C219 in RS1) form an intramolecular
disulfide bond important in protein folding. A second intramolecular disulfide bond, absent
in DS domains of other proteins, joins C110 in spike 2 to C142 in spike 3. The function of
the DS domain of RS1 is not known although it has been implicated in cell adhesion.

Most disease-linked missense mutations occur within the DS domain of RS1 with over
a quarter resulting in a loss or gain of a cysteine (Consortium, 1998). These disease-linked
mutant proteins are expressed in culture cells at relatively normal levels, but unlike wild-
type (WT) RS1, they are not secreted from cells. Instead, they are retained in the ER as mis-
folded, aggregated proteins (Wang et al., 2002; Wu and Molday, 2003).

2.3. Rs1 Domain and C-Terminal Segment

Two additional modules flank the DS domain. The 38 amino acid Rs1 domain resides
just upstream of the DS domain, while a 5 amino acid C-terminal segment lies just down-
stream of the DS domain. Cysteine mutagenesis indicate that C59 of the Rs1 domain forms
an intermolecular disulfide bond with C223 of the C-terminal segment of another RS1
subunit resulting in a disulfide-linked homo-octameric complex (Wu and Molday, 2003).
Disease-causing mutations in these cysteines (C59S and C223R) are expressed and secreted
from culture cells indicating that these mutant proteins fold into a native-like conformation.
However, unlike WT RS1, the mutants fail to assemble into a disulfide-linked octameric
complex indicating that multimeric assembly is critical for the function of RS1 as a cell
adhesion protein (Wu and Molday, 2003).

3. GENE THERAPY IN THE RS1H-DEFICIENT MOUSE

Since female carriers of RS are asymptomatic, the lack of a functional RS1 protein and
not the presence of a mutated protein is responsible for RS. Therefore, delivery of the normal
RS1 gene to retinal cells, and in particular photoreceptor cells, using established gene
therapy approaches (Acland et al., 2001; Flannery et al., 1997) could lead to an improved
outcome for RS patients.
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To explore the feasibility of using gene therapy as a treatment for RS, we have deliv-
ered an AAV serotype 5 vector containing the human RS1 cDNA under the control of the
mouse opsin promoter (AAV5-mOPs-RS1) into the subretinal space of the right eyes of
Rs1h-deficient 15-day old mice. The left eyes were not injected and served as controls. ERG
recordings and immunocytochemical studies were carried out to determine the effect of gene
delivery on the recovery of retinal structure and function.

3.1. ERG Recordings

Full-field scotopic ERG recordings of untreated and treated eyes of Rs1h-deficient mice
were made at various times after a single subretinal injection with AAV5-mOPs-RS1. Figure
39.2a shows typical ERG recordings at 1 and 3 months posttreatment and Figure 39.2b 
displays the mean amplitudes of the a and b waves for the treated and untreated eyes at 1,
2 and 3 months. At 1 month, the amplitudes of the b-wave for the treated and untreated mice
were similar and significantly reduced relative to WT mice. After 2 and 3 months there was
a significant increase in b-wave amplitude for the treated eye, while the untreated eye showed
a modest decline. The a-wave of the treated eye also showed an increase in amplitude at 3
months. Photopic responses were also significantly improved in the treated eye. There was
a recovery of the oscillatory potentials of light-adapted single flash ERGs and a marked
improvement in the responses to stimulus frequencies.

3.2. Immunocytochemical and Morphological Studies

The effect of AAV5-mOPs-RS1 treatment on the expression and tissue distribution of
RS1 was studied by immuncytochemical labeling of retinal cryosections of mice 5 month
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Figure 39.2. ERG recordings of AAV5-mOPs-RS1 treated and untreated eyes. (a). Bilateral full-field scotpic ERG
recordings of a treated (R) and untreated (L) Rs1h-deficient mouse at 1 and 3 months posttreatment. Traces are
the average of 5 responses to a stimulus intensity of 0.173 logcdm-2. (b) Maximum ERG amplitudes of WT and
treated and untreated mice. Bar is the mean amplitude ± SEM for 7 eyes.



posttreatment. As shown in confocal micrographs of Figure 39.3a-c, retina tissue from a
treated eye showed a RS1 immunostaining pattern similar to that of a wild-type retina.
Intense RS1 labeling was present in the inner segment layer and more moderate labeling
was seen in the outer nuclear and outer plexiform layers. The inner nuclear layer and to a
lesser degree the inner plexiform layer was also labeled indicating that RS1 secreted from
photoreceptors was able to move into the inner retina and bind to the surface of bipolar cells.
Analysis of the whole retina of the treated eye showed that over 85% of the retina was labeled
indicating that the RS1 protein spread laterally from the site of injection and expression. As
previously reported (Weber et al., 2002), no RS1 labeling was observed for the untreated
Rs1h-deficient retina.

The expression of RS1 coincided with a marked improvement in the structural organi-
zation of the retinal layers as visualized in DIC images merged with DAPI nuclear stain
(Figure 39.3d-f ). The retina was organized into characteristic layers with a distinct separa-
tion of the inner and outer nuclear layers and an absence of gaps between bipolar cells. An
increased thickness of the outer nuclear layer indicative of enhanced photoreceptor survival
was also seen in the treated retina. In contrast, the untreated eye showed a pronounced dis-
organization of the retinal cell layers, reduced outer nuclear layer thickness, shortened outer
segments and gaps between bipolar cells. Immunofluorescence labeling studies using anti-
bodies specific for the synaptic layers, bipolar cells and cone photoreceptors further showed
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Figure 39.3. Immunoflurorescence microscopy of retinas from AAV-mOPs-RS1 treated and untreated Rs1h-
deficient mice 5 month posttreatment. (a-c) Cryosections labeled with the 3R10 anti-RS1 monoclonal antibody.
(d-f) Sections imaged with DIC and stained with DAPI to highlight onl, inl and gcl layers. Arrows show gaps in
the untreated mice. rpe, retinal pigment epithelium; os, outer segment; is, inner segment; onl, outer nuclear layer;
opl, outer plexiform layer; inl, inner nuclear layer, ipl, inner plexiform layer; gcl, ganglion cell layer.



a significant improvement in the structural integrity of the outer plexiform layer and inner
nuclear layers and a 2-fold increase in the number of middle wavelength cones (data not
shown).

Finally, glial fibrillary acidic protein (GFAP) expression and localization was studied
to evaluate the pathological state of the retina. GFAP expression and distribution in the
AAV5-mOPs-RS1 treated retina was comparable to that of a wild-type retina with labeling
restricted to the basal region of the Müller cells. In contrast, the untreated retina showed
increased GFAP expression and localization throughout the Müller cells.

In one series of studies, we also evaluated the long-term effect of AAV5-mOPs-RS1
treatment. RS1 expression and recovery of retinal structure and function persisted for at
least l year following treatment.

Recently, Zeng et al. (2004) reported on AAV-mediated delivery of the mouse Rs1h
gene under the control of a CMV promoter into the eye of a 13 week old Rs1h-deficient
mouse. In this preliminary study, an improvement in the scotopic ERG b wave for the treated
eye was observed, but no improvement in retina tissue organization or photoreceptor cell
survival was demonstrated using this gene delivery protocol.

4. CONCLUSIONS

RS1 is a multisubunit, discoidin domain containing protein implicated in retinal cell
adhesion. Disease-causing mutations cause defective protein biosynthetic processing,
folding or subunit assembly resulting in an inactive protein. Delivery of the human RS1 gene
via the AAV5 vector to photoreceptor cells of Rs1h-deficient mice results in near normal
RS1 expression and tissue localization and a substantial recovery of retinal structure and
visual function over the long term. These studies suggest that AAV-mediated RS1 gene deliv-
ery to photoreceptors may be an effective treatment for RS.
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CHAPTER 40

MOLECULAR MECHANISMS OF 
NEUROPROTECTION IN THE EYE

Colin J. Barnstable and Joyce Tombran-Tink*

1. INTRODUCTION

Neurons are continuously subjected to fluctuating levels of oxidative stress, neuro-
transmitters and other compounds that have the potential of damaging the cells. Under phys-
iological conditions the levels of these compounds do not reach pathological levels and the
cells survive. Under pathological conditions, however, the compounds reach toxic levels and
apoptotic cell death can be triggered. Endogeneous neuroprotective factors are molecules
which can prevent the switch from survival to cell death. These factors work in several ways,
only a few of which will be considered in this chapter.

2. MITOCHONDRIAL UNCOUPLING PROTEINS

Reactive oxygen species are toxic and can reach levels that kill neurons. Cellular levels
of reactive oxygen species are the sum of endogenous production and exogenous sources.
Endogenous reactive oxygen species are produced within the cell as an obligatory by-
product of oxidative phosphorylation. Exogenous reactive oxygen species arise from a
variety of biochemical reactions and other pathological stimuli. Mitochondrial uncoupling
proteins are intrinsic membrane proteins that can be activated to provide a controlled
decrease in mitochondrial membrane potential and thus lower endogenous levels of reactive
oxygen species. The neuroprotective effect of uncoupling proteins has been documented in
a variety of degenerative models (Horvath et al., 2003a,b; Diano et al., 2003). Overexpres-
sion of this protein in transgenic mice provides protection against a variety of excitotoxins
and other pathological stimuli. Retinal ganglion cells express the uncoupling protein UCP2,
to date, however, we have not found clear evidence for expression of any of the five members
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of the UCP gene family in photoreceptors. It is likely that the high energy requirements of
photoreceptors require very tight coupling of energy sources to ATP production and that
any uncoupling of oxidative phosphorylation would be deleterious to photoreceptor func-
tion. Nevertheless, molecules that activate uncoupling proteins, such as the Coenzyme Q
co-factor, may be useful in preventing damage to other retinal cells such as RPE and Müller
cells.

3. CNTF HAS BOTH POSITIVE AND NEGATIVE EFFECTS ON 
ROD PHOTORECEPTORS

Ciliary Neurotrophic Factor (CNTF), an endogeneous retinal protein (Walsh et al.,
2001), has long been known to protect a variety of neurons, including rod photoreceptors,
from pathological stimuli (LaVail et al., 1992; Tao et al., 2002; Bok et al., 2002). CNTF
binds to a receptor complex found on a number of retinal cells types, particularly Müller
glial cells. Activation of the CNTF receptor, in turn, activates two signal transduction path-
ways, the JAK/STAT and the Erk1/2 MAPK pathways. Within the retina, there is some evi-
dence that activation of one of these pathways is restricted to specific cell types, although
both can be activated in adult Müller glial cells. Although Müller glial cells are one of the
strongest candidates to respond to and transmit CNTF signals to other cell types of the
retina, there is still ongoing debate about which cells actually mediate CNTF neuroprotec-
tive actions in the retina.

We have shown that CNTF can block the formation of rod photoreceptors in retinal
explants, using opsin as a specific marker to monitor rod cell number (Zhang et al., 2004).
This effect depends on the activation of the STAT3 and not the MAPK pathway. Recent
experiments have shown that in retinas from animals with a retina specific STAT3 knock-
out, there is an apparent increase in thickness of the Outer Nuclear Layer, suggesting that
CNTF/STAT3 inhibition of rod formation is part of normal retinal development.

To test whether CNTF had an effect on specific rod genes we carried out a microarray
analysis of retinal explants treated with CNTF for various periods of time. CNTF cause a
reduction in expression of a range of genes involved in visual transduction, including cGMP-
phosphodiesterase, recoverin, transducin and Abca4. On the other hand, we found that other
genes such as Crx, Chx10 and Nr2E3 were not changed. The results suggest that CNTF has
a very specific negative effect on rod development and may not always be an ideal thera-
peutic agent to combat retinal degenerations.

4. PEDF IS A POTENT NEUROPROTECTIVE FACTOR

PEDF is a novel neuroprotective factor that has proven therapeutic potential for a
number of retinal diseases. PEDF is a 50kD protein of the serpin family that was first iso-
lated from medium conditioned by human RPE cells (Tombran-Tink and Johnson, 1989;
Tombran-Tink et al., 1991). PEDF is an effective neuroprotective factor in many parts of
the nervous system. In the eye, PEDF reduces apoptosis induced by H2O2 or light damage
in rat photoreceptors (Cao et al., 1989, 2001), preserves the spatial organization, morphol-
ogy, and function of photoreceptors after RPE detachment in a Xenopus model of retinal
degeneration (Jablonski et al.) and protects retinal neurons from injuries caused by increased
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intraocular pressure from transient ischemic reperfusion.11 In cells of other parts of the
nervous system, such as cerebellar granule cells, hippocampal neurons and spinal cord
motor neurons, nanogram amounts of PEDF provide protection from the damaging effects
of glutamate toxicity.12-14

We have compared the efficacy of CNTF and PEDF to protect cells subjected to toxic
levels of H2O2. As shown in the 3-D histogram of Figure 40.1, increasing concentrations
of PEDF (left to right) or CNTF (front to back) increased the proportion of surviving cells.
Saturation of the effect of each neuroprotective factor occurred at concentrations of approx-
imately 100ng/ml. Interestingly though even at saturating concentrations of one factor, addi-
tion of the other factor increases cell survival.

To test whether CNTF and PEDF might be acting in the same way at a molecular level
we used a microarray analysis to compare changes in gene expression induced by treatment
with each factor. Retinal explants were cultured in the presence or absence of each factor
for 12, 24 or 48hr. RNA from each group of retinas was used to prepare Cy3 and Cy5
labeled cDNA probes. These probes were hybridized to a microarray containing 12,000 spots
of non-redundant retinal cDNA. Of the almost 10,000 retinal genes on these arrays CNTF
induced changes in 62 genes and PEDF in only 30 genes. Very few of these genes were the
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Figure 40.1. Increased survival of human RPE cells treated with H2O2. Cells were pretreated with neuroprotec-
tive factor for 24hrs before being treated with 60mM H2O2 for I hour. 3hr later, cell survival was measured by
labeling cells with Calcein AM and measuring fluorescence. Concentrations of PEDF (P) and CNTF (CNTF) in
ng/ml are marked on the axes.



same, suggesting that the two neuroprotective factors act, at least in part, via different mech-
anisms. The results also emphasize that neuroprotective factors have very specific actions
on target cells.

5. CONCLUSIONS

There is growing evidence that a variety of intrinsic and extrinsic factors can increase
a neuron’s ability to withstand the episodic spikes in levels of toxic insults that occur in
many neurodegenerative diseases. This suggests that neuroprotective agents can be used
therapeutically for a range of complex retinal disorders such as Macular Degeneration and
glaucoma, though they may be less efficacious over the long term against monogenic dis-
orders with high penetrance such as many forms of retinitis pigmentosa. PEDF is an attrac-
tive candidate for neuroprotective therapies because it has no known harmful effects and is
the only neuroprotective factor that also has antiangiogenic activity. Our findings suggest
that different neuroprotective factors act via different pathways and thus that combinations
of factors may be the most effective way of combating these retinal diseases.
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CHAPTER 41

RETINAL DAMAGE CAUSED BY PHOTODYNAMIC
THERAPY CAN BE REDUCED USING BDNF

Jacque L. Duncan, Daniel M. Paskowitz, George C. Nune, 
Douglas Yasumura, Haidong Yang, Michael T. Matthes, 
Marco A. Zarbin, and Matthew M. LaVail*

1. INTRODUCTION

Age related macular degeneration (AMD) is the leading cause of blindness among the
elderly in the United States (Klein et al., 1992; Klein et al., 2002), and choroidal neovas-
cularization (CNV) accounts for the majority of severe vision loss (Ferris et al., 1984). The
current standard treatment for CNV is verteporfin photodynamic therapy (PDT) (Landy and
Brown, 2003), which uses a laser to activate a photosensitizing dye accumulated within the
CNV. Although PDT causes less damage to the retina overlying CNV than thermal laser, in
normal primate (Husain et al., 1996; Kramer et al., 1996; Reinke et al., 1999; Peyman 
et al., 2000), rabbit (Peyman et al., 2000) and rat (Zacks et al., 2002) models, PDT damages
photoreceptors and retinal pigment epithelial (RPE) cells. Although there has been no his-
tologic evidence of damage to normal human retinal cells after PDT (Schlotzer-Schrehardt
et al., 2002), patients treated with PDT experience visual disturbances and acute severe
vision loss significantly more often than patients receiving placebo (Arnold et al., 2004;
Azab et al., 2004). Because neurotrophic agents, such as brain-derived neurotrophic 
factor (BDNF) have been proven effective in reducing retinal damage in rodents after 
exposure to constant light (LaVail et al., 1992; Okoye et al., 2003), we hypothesized that
BDNF treatment prior to PDT might reduce collateral damage to retinal and RPE cells in
normal rats.

297

*Jacque L. Duncan, Daniel M. Paskowitz, George C. Nune, Douglas Yasumura, Haidong Yang, Michael T. Matthes,
Matthew M. LaVail, University of California, San Francisco, California, 94143. Marco A. Zarbin, Institute of 
Ophthalmology and Visual Science, University of Medicine and Dentistry of New Jersey, Newark, New Jersey,
07101.



2. METHODS

2.1. PDT

PDT was performed as described previously (Zacks et al., 2002) on adult Brown-
Norway rats. Laser parameters used were modified from the standard protocol used to treat
humans as follows. First, the 689nm laser fluence was reduced from 50J/cm2 to 10J/cm2

because preliminary experiments demonstrated severe retinal damage to the retina after PDT
laser using a fluence greater than 10J/cm2. Second, to permit interocular comparison
between control and BDNF-treated eyes, the first eye of each rat received laser 3 minutes,
and the second eye 4 minutes after intravenous verteporfin injection. All rats received 
6mg/m2 verteporfin. The PDT laser spot size (3.0mm) was determined by the size of 
the dilated rat pupil. Because there is no macula in the rat fundus, all eyes were treated 
superior to the optic disk for reproducible localization using fundus imaging and histology.

2.2. Intravitreal Injections

Rats were anesthetized with xylazine (13mg/kg) and ketamine (87mg/kg), and pupils
were dilated using phenylephrine 2.5% and atropine 1%. One eye of each rat was injected
with 2ml BDNF (2mg/ml). The contralateral eye received 2ml phosphate buffered saline
(PBS) or remained uninjected to serve as a control. Intravitreal injections were performed
transsclerally using a 0.5-inch, 32-gauge beveled needle 2 days prior to PDT.

2.3. Retinal Analysis

Retinal function was evaluated using both full-field and multifocal electroretinography
(ERG). Fundus photographs and fluorescein angiograms were performed 7 days after PDT.
Rats were perfused, and eyes were embedded in plastic and sectioned for study using light
microscopy as described previously (LaVail and Battelle, 1975).

3. RETINAL TOXICITY OF PDT IS REDUCED BY BDNF

3.1. Fundus Appearance

As described elsewhere, (Paskowitz et al., 2004) one week after PDT, a discrete circle
of choroidal and RPE hypopigmentation with RPE clumping was visible superior to the
optic disk in all eyes. This region demonstrated early hypofluorescence with delayed filling
of choroidal vessels. A small ring of hyperfluorescence around the hypofluorescent region
was visible in the late frames of the fluorescein angiogram, consistent with RPE damage
surrounding the region of choriocapillaris closure. There was no significant difference in
the appearance of the PDT-treated region between eyes that received BDNF and control
eyes.

3.2. Histological Characteristics after Verteporfin PDT

Compared to eyes treated with 689-nm laser in the absence of verteporfin dye, eyes that
received verteporfin PDT demonstrated severe damage to the retina and RPE when studied
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histologically 1 week after PDT (Fig. 41.1A and 41.1B). The outer nuclear layer (ONL)
thickness in PDT-treated eyes was reduced from 9-10 rows in rats that had not received
verteporfin PDT (Fig. 41.1A) to 3-4 irregular rows. In addition, variable photoreceptor outer
segment and inner segment loss was apparent, with partial rosette formation in some areas
(Fig. 41.1B). Damage to the RPE was present with pigment clumping, RPE cell attenuation
and duplication, and migration of pigmented cells into the subretinal space. The retinal
damage was limited to the PDT-treated region.
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Figure 41.1. Light micrographs 1 week after PDT show the region of laser application in 3 eyes. (A) Retinal and
RPE structure is normal after PDT laser without verteporfin dye. (B) PDT laser delivered 3-4 minutes after
verteporfin injection produces severe retinal and RPE damage in this control eye treated with PBS 2 days prior to
PDT. (C) The contralateral eye of the rat shown in (B) demonstrates greater ONL, IS and presumptive OS layer
thickness after receiving BDNF 2 days prior to PDT. Epon-Araldite, 1mm-thick sections; bar, 20mm. Reproduced
with permission of Investigative Ophthalmology and Visual Science in the format Other Book via Copyright Clear-
ance Center from Paskowitz DM, Nune G, Yasumura D, Yang H, Bhisitkul RB, Sharma S, Matthes MT, Zarbin
MA, LaVail MM, Duncan JL. BDNF Reduces the Retinal Toxicity of Verteporfin Photodynamic Therapy, Invest
Ophthalmol Vis Sci 2004;45:4190-4196.



3.3. BDNF Improves Retinal Structure after PDT

Eyes that received BDNF 2 days prior to PDT showed less damage than contralateral
control eyes. Although not normal, BDNF-treated eyes showed greater ONL thickness than
controls (Fig. 41.1C). The number of surviving photoreceptors was quantified both by
average ONL thickness in microns and by counting rows of nuclei in the ONL at the 5 most
severely damaged regions in each eye. Significant photoreceptor rescue was observed in
BDNF-treated eyes compared to control when measured both of these ways. The mean 
ONL thickness increased from 26.8 ± 1.1mm (control) to 34 ± 1.1mm (BDNF) (P < 10-7),
and the mean number of rows of ONL nuclei increased from 3.6 ± 0.6 rows (control) to 5.0
± 0.3 rows (BDNF) (P < 10-6, n = 17).

3.4. BDNF Improves Retinal Function after PDT

Bilateral full-field ERG recording demonstrated no significant difference between eyes
treated with BDNF and control eyes, suggesting BDNF injection had no effect on global
retinal function. To assess retinal function in the region that received PDT, multifocal ERG
testing was performed. An infrared fundus camera imaged the retina being tested, and these
images were aligned with fundus photos demonstrating RPE hypopigmentation in the PDT-
treated area to identify the multifocal ERG responses produced by the PDT-treated retina.

Figure 41.2A shows averaged multifocal ERG responses from 6 normal rat eyes in a
topographic pseudocolor plot. Each eye was tested with the optic disk at the same location
(white circle). Figure 41.2B shows a representative multifocal ERG performed 1 week after
PDT in a PBS-injected eye, demonstrating a large focal region of reduced retinal function
superior to the optic disk in the PDT-treated area. The contralateral, BDNF-treated eye shows
improvement in retinal function in the PDT-treated region (Fig. 41.2C). When superimposed,
the traces used to generate the topographic plots demonstrate similar improved retinal func-
tion centrally in the BDNF-treated eye (red traces) compared to control (black traces) (Fig.
41.2D). Among 7 rats tested, BDNF-treated eyes showed significantly less abnormal multi-
focal ERG responses centrally than contralateral control eyes (P = 0.03).

4. CONCLUSIONS

Intravitreal BDNF injection 2 days prior to verteporfin PDT reduced retinal damage in
normal rats. Future studies will investigate the effect of BDNF prior to PDT in rats with
experimental CNV. Adjunctive therapy with BDNF or other neuroprotective agents may
reduce undesired side effects of visual disturbances and severe vision loss among patients
treated with PDT.
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CHAPTER 42

CONTROLLING VASCULAR ENDOTHELIAL GROWTH
FACTOR: THERAPIES FOR OCULAR DISEASES

ASSOCIATED WITH NEOVASCULARIZATION

Robert J. Marano1,2 and P. Elizabeth Rakoczy2

1. INTRODUCTION

Vascular endothelial growth factor (VEGF) is a potent stimulator of angiogenesis and
is essential for normal embryonic development and many physiological events that require
the growth of new blood vessels. Abnormal expression of endogenous VEGF can lead to
ocular diseases including age related macular degeneration (Ohno-Matsui et al., 2001) and
diabetic retinopathy (Aiello et al., 1994; Boulton et al., 1998), which are the two leading
causes of blindness in the developed world. Regulation of VEGF expression occurs pri-
marily through trans-factor interactions with cis-elements located on the 5¢ and 3¢ untrans-
lated regions (UTR’s) and include stabilizing and destabilizing elements in addition to
enhancer regions (Coles et al., 2004; Dibbens et al., 1999; Iida et al., 2002; Levy et al.,
1997; Marano et al., 2004). The prime stimuli of VEGF upregulation are hypoxic or ischemic
conditions, which indirectly activates VEGF through interactions between hypoxia inducible
factor 1 (HIF-1) and the hypoxia response element (HRE) located within the promoter region
of the VEGF gene (Forsythe et al., 1996).

Due to the relative importance of VEGF in angiogenesis and neovascularisation, it has
come under close scrutiny as a possible target for the control of both angiogenic and
ischemic diseases. In the case of the former, inhibition of VEGF expression has been
explored through the use of sense oligonucleotides and siRNA’s (Garrett et al., 2001; Marano
et al., 2003; Tolentino et al., 2004). In addition, the posttranslational activity of VEGF has
been inhibited by interfering with protein:receptor interactions using VEGF antibodies and
a truncated version of the VEGF receptor Flt-1 (Adamis et al., 1996). In the case of the
ischemic diseases, in an effort to maintain blood supply to oxygen starved tissue, angio-
genesis has been induced by elevating VEGF protein levels using gene transfer to introduce
and expressible VEGF gene construct into cells, or injecting tissues with VEGF protein
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directly (de Boer et al., 2001). However, in most cases, the temporal control in addition to
tissue localization remains a limiting factor for this method of therapy.

In this chapter we will discuss several methods used in controlling VEGF expression
at both the transcriptional and translational levels in addition to post translational inhibition
of VEGF activity and how these may be exploited as possible therapies for neovascular dis-
eases of the eye.

2. OLIGONUCLEOTIDE THERAPY

Oligonucleotides consist of short sequences of nucleotides generally between 15 and
30 base pairs in lengths and possess a phosphodiester (P) backbone in the native form. Many
chemical modifications can be made to improve the biological half-life of oligonucleotides
in vivo and include substituting the P backbone for phophorothioate (PS), which results in
the oligonucleotide being less susceptible to the effects of nucleases. Oligonucleotides used
in expressional control of genes consist of three main forms; sense oligonucleotides, which
as the name suggests resembles a protion of the sense stand of duplex DNA; antisense
oligonucleotides, which resemble a protion of the complimentary stand of duplex DNA; and
aptamers, whose activity relies on the secondary structure formed by folded oligonu-
cleotides. Depending on which form is used, oligonucleotides are able to control gene
expression at either the transcriptional or translational level in addition to affecting down-
stream, post translation activities.

All three oligonucleotide types have been explored as a possible control for increased
VEGF expression associated with neovascularization in aged related macular degeneration
(AMD). In our laboratory, we have examined the 5¢-UTR sequence of the VEGF gene for
possible oligonucleotide target sites. From this study, a sense oligonucleotide (DS-085) was
found to significantly down-regulate VEGF expression in cultured cells (Garrett et al., 2001).
Subsequent experiments later demonstrated that in vivo, intravitreal administration of DS-
085 resulted in retinal cells being transfected, in addition, DS-085 mediated a reduced angio-
genic response in a laser photocoagulation induced choroidal neovascularisation (CNV)
rodent model (Marano et al., 2003). The most likely mechanism of downregulation in this
case was thought to occur through hybridization of the oligonucleotide in the major groove
of duplex DNA forming of a triple helix. This would result in polymerase arrest and lead
to a reduction in the quantity of transcript available for translation.

In addition to sense oligonucleotides, an antisense oligonucleotide has been developed
to target the VEGF-R2 receptor (KDR/Flk) to control neovascularization of the cornea
(Berdugo et al., 2003). Antisense oligonucleotides bind to their compliment sequence on
the single stranded mRNA. From this point, regulation of the gene may occur in one of three
ways; through polymerase arrest; through occupational inhibition, whereby the bound
oligonucleotide occupies a functional site such as the 5¢ end capping sequence; and finally
through RNAase recruitment caused by the presence of the bound oligonucleotide, which
results in the rapid degradation of the mRNA strand.

While these results are promising, it was an aptamer (EYE001) that first progressed to
the clinical trial stage as a means of controlling neovascularization of retina (The Eyetech
Study Group, 2002; The Eyetech Study Group, 2003). Aptamers are produced by exploit-
ing an inherent natural phenomena of nucleic acids i.e. depending on their sequence, they
are able to fold and form complex secondary structures. The folded oligonucleotide then
acts similar to an antibody in recognizing and binding to specific elements on a protein. In
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the case of EYE001, the aptamer binds to VEGF and inhibits its interaction with its cell
surface receptor molecules, preventing any further downstream activity.

3. GENE THERAPY

A primary drawback in the use of oligonucleotides as a therapeutic has been the rela-
tive biological instability of the compound. Oligonucleotides are generally short lived in
vivo, and while the use of modified chemistries has led to improved half lives, longevity
remains a limiting issue and re-administration is required on a regular basis. In this respect,
gene therapy, whereby a modified, recombinant gene is inserted into the genome, is a supe-
rior method of controlling gene function. Once inserted, the new gene remains functional
for an indefinite period, producing the therapeutic agent for the life of the cell. In addition
to longevity, specific cell types may be targeted for gene expression through the use of cell
and tissue specific promoters, which control gene expression. This approach may be useful
for systemic delivery of gene constructs as it ensures that the gene is not expressed in tissues
where its presence may prove detrimental. For the control of VEGF associated with ocular
angiogenesis, this approach of secretion gene therapy has been explored on several occa-
sions. Constructs containing the von Hippel-Lindau gene, (Akiyama et al., 2004) pigment
epithelium-derived factor gene, (Auricchio et al., 2002) and genes expressing the soluble
VEGF receptor sFlt-1, (Bainbridge et al., 2002; Lai et al., 2001; Lai et al., 2002) have been
used to transform retinal cells in vivo to produced recombinant proteins and control the
expression and/or the downstream effects of VEGF. In these cases, the gene construct was
delivered to cells using a modified virus, which has been engineered to be unable to repli-
cate. The virus genomes containing the recombinant gene constructs are packaged into virus
particles in vitro, which are then injected into the eye. The virus particles attaches to the
cell surface and injects the nucleic acid material into the host cell, where it is incorporated
into the genome and expressed using the hosts metabolic processes.

Several limitations exist in this system of gene therapy. Using viral vectors to insert
genes into the host’s genome runs the risk of causing insertional inactivation of other genes
within the cell, which can be highly damaging depending on the gene that is inactivated
(Baum et al., 2004). In addition, while it is possible to exert some crude control over the
level of expression through the use of weak or strong promoters, a more refined, temporal
control system is more difficult to achieve. In the case of angiogenic diseases of the eye,
VEGF concentrations may fluctuate over time; therefore, maintaining high levels of an anti-
VEGF compound may prove detrimental in the long term. Attempts have been made to
address this issue, and involve incorporating the same elements that control the expression
of endogenous VEGF (such as the hypoxia control element), into the anti-VEGF transgene
construct (Bainbridge et al., 2003). In addition to these logistical issues involved in the
science and ‘workability’ of gene therapy, the use of viruses as a delivery vehicle for mod-
ified genetic material has not received wide public acceptance at this point in time.

4. RNA INTERFERENCE (RNAi)

RNAi through the use of short interfering RNA (siRNA) molecules has also proven
efficient at controlling laser induced CNV in mouse and primate models (Reich et al., 2003;
Tolentino et al., 2004). The mechanism of siRNA occurs through the activity of a multi-

42. CONTROLLING OCULAR NEOVASCULARIZATION USING ANTI-VEGF THERAPY 305



component ribonuclease-protein complex termed RISC (RNA-induced silencing complex),
which recruits siRNA and guides them to the homologous portion on the mRNA transcript.
This triggers the degradation of the mRNA strand, once again reducing the quantity of tran-
script available for translation. Several advantages of RNAi include high specificity for the
target gene and as it utilizes a naturally occurring pathway for mRNA degradation, there
are relatively few side effects. In addition, siRNA may be administered directly as duplex
RNA strands for immediate recruitment by the RISC, alternatively, siRNA can be intro-
duced as a gene therapy style construct whereby the sense sequence of the siRNA is cloned
into a vector upstream of the reverse compliment sequence separated by a short spacer
sequence. When the construct is transcribed, the resulting mRNA strand will fold on itself
forming a duplex strand with a hairpin loop at one end. This structure can then be processed
by the dicer protein, which removes the hairpin and facilitates recruitment by the RISC
(Arenz and Schepers, 2003).

5. CONCLUSION

The use of anti-VEGF therapies are becoming a popular method for controlling dis-
eases where angiogenesis is one of the major pathologies. For angiogenic diseases affect-
ing the eye, several such methods are currently being explored, each with their own merits
and limitations. At present, efficient delivery and longevity of the biological effect continue
to be the major issues facing novel therapeutics. However, with the dearth of techniques and
methods aimed at controlling VEGF expression currently being developed, a decision will
need to be made on which is the most suitable as a clinical treatment. Future research may
eventually indicate that the most effective treatment is a combination of two or more
methods i.e. one treatment to achieve a rapid early response followed by a second, alterna-
tive treatment which provides a longer effect.
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CHAPTER 43

INTRAVITREAL INJECTION OF TRIAMCINOLONE
ACETONIDE FOR MACULAR EDEMA DUE TO

RETINITIS PIGMENTOSA AND OTHER 
RETINAL DISEASES

Changguang Wang1,2, Jianbin Hu1,2, Paul S. Bernstein1, Michael P. Teske1,
Marielle Payne1,2, Zhenglin Yang1,2, Chumei Li1,2, David Adams1,2,
Jennifer H. Baird1,2, and Kang Zhang1,2

1. INTRODUCTION

Macular edema is a swelling of the macula that can result in decreased visual acuity.
Because the macula is extensively surrounded by blood vessels, any resulting leakage can
lead to macular edema and subsequent visual loss. Such leakage can be secondary to retini-
tis pigmentosa, and other retinal diseases including diabetic retinopathy, retinal vein occlu-
sion, inflammatory processes such as uveitis, or can be a result of ocular surgery, referred
to as Irvine-Gass Syndrome.

Triamcinolone acetonide (TA) is a slow-dissolving depot corticosteroid suspension pre-
viously used for arthritis as an intra-articular injection. TA has also used as a periocular
injection to treat ocular inflammatory diseases. (Yoshikawa et al., 1995; Zamir et al., 2002)
More recently, TA has been given as an intravitreal injection to treat macular edema with
encouraging results. Macular edema affects a significant number of RP and approximately
29% of diabetic patients (Klein et al., 1984) with disease duration of 20 years or more and
consequently is a significant cause of reduced visual acuity. Intravitreal TA has been shown
to be effective in reducing macular thickening caused by diabetic clinically significant
macular edema (CSME) refractory to other treatments including laser photocoagulation
(Martidis et al., 2002; Massin et al., 2004). Focal macular edema, characterized by focal
leakage from microaneurysms, is more responsive to laser photocoagulation than diffuse
leakage from the posterior retinal capillary bed. (Bresnick, 1983; Bresnick, 1986) TA is
becoming an increasingly important therapeutic method for improving visual acuity in those
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with diffuse macular edema refractory to laser treatment. Intravitreal injection of TA has
been shown to reduce retinal thickening, improve blood retinal barrier function and improve
visual acuity in patients with diffuse macular edema. (Jonas et al., 2003; Martidis et al.,
2002) TA has also been shown to reduce vitreal levels of Vascular Endothelial Growth Factor
(VEGF) and Stromal-Derived Factor 1 (SDF1), angiogenic growth factors that potentially
play an important role in the pathogenesis of diffuse macular edema. (Brooks et al., 2004;
Funatsu et al., 2003)

Central retinal vein occlusion (CRVO) is another common retinal vascular disorder that
has shown promising results following treatment with TA. Experimental studies in monkeys
have shown that a hypoxic environment is produced in the retina following venous occlu-
sion. (Hockley et al., 1979) This hypoxia causes functional structural changes in the retinal
capillaries resulting in increased permeability and retinal edema, potentially through factors
including VEGF and SDF1. Although both ischemic and nonischemic types of CRVO show
anatomical improvement following treatment with TA, visual acuity does not improve as
well in ischemic CRVO. (Ip et al., 2004)

Cystoid macular edema (CME) can result from cases of long standing retinitis pig-
mentosa (RP), uveitis, or Irvine-Gass Syndrome. The exact mechanism of CME occurrence
in patients with RP is not known. The high prevalence of antiretinal autoantibodies in 
those with CME associated with RP suggests an inflammatory, autoimmune process. 
(Heckenlively et al., 1999) There has been one previous case report of a patient with CME
and RP treated with intravitreal injections of TA. (Sallum et al., 2003; Saraiva et al., 2003)
Intravitreal TA not only allows improvement in visual acuity with minimal systemic side-
effects, but has also been shown to be effective in reducing visual loss in those with long-
term refractory inflammatory CME. (Antcliff et al., 2001)

Complications of corticosteroids administered ocularly include intraocular pressure 
elevation, retinal detachment, vitreous hemorrhage, cataractogenesis, endophthalmitis, and
potential cytotoxicity to photoreceptors and the retinal pigment epithelium. TA is a mini-
mally water-soluble steroid that is injected in a suspension form. The decreased water 
solubility contributes to its prolonged duration of action. After intravitreal injection, the
duration of effect has been reported to last between 4 weeks and 9 months. (Beer et al.,
2003; Jonas et al., 2004)

2. METHODS

A retrospective chart review was performed for the historical period of June through
November 2003. During this period, 51 eyes of 50 patients were treated for macular edema
with intravitreal injections of TA at the Moran Eye Center. This includes 18 patients with
chronic diffuse macular edema due to the following conditions: retinitis pigmentosa (two
patients), CSME (seven patients), Irvine-Gass Syndrome (four patients), and central retinal
vein occlusion (five patients). Of the eyes treated for macular edema, 20 eyes were 
measured before and after TA injection with optical coherence tomography (OCT) on a
Zeiss-Humphrey Stratus OCT version 3.0. The data for these eyes were analyzed for this
study. Pre-injection OCT measurements were taken between 47 days and zero days before
TA injection, with a mean of seven days and a median of zero days. The time of the first
post-injection measurement ranged from 21 days to 62 days with a mean of 35 days and a
median of 33 days.
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One-time injections of triamcinolone acetonide were performed as follows: eyes were
anesthetized with proparacaine or tetracaine and sterilized with topical 5% povidone-iodine
solution. Four mg of TA was injected through a 27-gauge needle 3.5mm temporal to the
limbus in phakic patients and 3.0mm temporal from the limbus in pseudophakic patients.

Three parameters were analyzed between the pre-injection and first post-injection visit:
LogMAR best-corrected visual acuity, OCT foveal thickness in microns, and Goldmann or
Tono-Pen XL applanation pressure in mm Hg. The differences in these values were ana-
lyzed with a one-tailed Wilcoxon Signed-Rank analysis for statistical significance.

3. RESULTS

Patients treated for macular edema were classified into four categories: RP, diabetic,
Irvine-Gass, and vascular. Foveal thickness, measured by OCT, improved proportionately in
all categories, but was greatest in RP patients (Figure 43.1). Visual acuity also showed
improvement in all categories, but was greatest in Irvine-Gass and vascular patients and
least in diabetics (Figure 43.2). Intraocular pressures increased in all categories, as expected,
but the overall magnitude of that change was only 2.5mmHg. Long-term OCT data are
available on too few patients to achieve statistical relevance, but the overall trend showed
fluid reaccumulation starting 60 days post-injection without return to pre-injection levels.
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Pre-injection Post-injection Change
RP 493 208 58% (p<0.05)
Diabetic 422 249 41% (p<0.001)
Irvine-Gass 516 350 32% (p>0.05)
Vascular 414 255 38% (p<0.05)
Overall 446 268 40% (p<0.001)

Figure 43.1. Mean Foveal Thickness, measured by OCT, is broken down into RP, diabetic, Irvine-Gass, and vas-
cular categories. Thickness improved in all categories, although most improvement was seen in RP patients.



Four eyes of two RP patients were treated for CME. In all cases, there was a marked
reduction of CME on OCT measurements (Figure 43.1 & 43.3) and some improvement of
visual acuity (Figure 43.2).

4. DISCUSSION

Intravitreal TA injection appears to be a promising treatment option for macular edema
from various retinal diseases including RP. Our OCT foveal thickness data show definite,
and sometimes dramatic, reductions in macular thickness during the expected duration of
action of TA. Pressure increases were relatively modest, 2.5mmHg on average and were
reversed by topical medications (data not shown). Certainly, there is a greater pressure rise
in the subset of steroid-responding patients. Even so, the highest IOP response at 3-9 week
follow-up was 8mmHg. Unfortunately, visual acuity did not consistently increase with
decreased foveal thickness. The improvement in visual acuity was most impressive in the
Irving-Gass class of patients, perhaps in keeping with their shorter duration of edema. The
diabetic patients in our series showed only a modest improvement in visual acuity. Perhaps
this reflects the fact that the diabetic patients selected for intravitreal TA injections at our
center predominantly had long-standing chronic diffuse macular edema. One limitation to
intravitreal TA treatment is apparent even in this limited study: the long-term follow-up OCT
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Pre-Injection Post-Injection Change
RP 20/140 20/100 29% (p<0.05)
Diabetic 20/80 20/70 13% (p>0.05)
Irvine-Gass 20/200 20/125 38% (p>0.05)
Vascular 20/160 20/100 38% (p>0.05)
Overall 20/125 20/100 20% (p<0.005)

Figure 43.2. Visual Acuity improved in all categories. Improvement was greatest in Irvine-Gass and vascular
patients and least in diabetics.



numbers seem to reach their minimum around 60 days, and the effect was gone by 150 days
in our longest follow-up. This study indicates further investigation with more patients and
longer duration are warranted.
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Figure 43.3a. OCT scans of right eye of patient with CME
resulting from RP. Top image is before TA injection, notice
large intraretinal cysts; bottom image is 10 weeks after
injection. Foveal thickness improved from 672mM to 192
mM. Foveal contour was restored.

Figure 43.3b. OCT scans of left eye of patient with CME
resulting from RP. Top image is before TA injection, notice
large intraretinal cysts; bottom image is 14 weeks after injec-
tion. Foveal thickness improved from 661mM to 246mM.
Notice foveal contour was restored, yet there were still intra-
retinal cysts.
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CHAPTER 44

CONE SURVIVAL: IDENTIFICATION OF RdCVF

Olivier Lorentz, José Sahel, Saddek Mohand-Saïd, and Thierry Leveillard*

1. INTRODUCTION

The foremost cause of irreversible blindness in major retinal diseases is photoreceptor
degeneration. In animal models as well as in human retinal hereditary dystrophies, the 
mutations described since 1990 affect mainly coding sequences for structural proteins
(peripherine, Rom 1) or components of the phototransduction cascade (rhodopsin, cGMP-
dependent phosphodiesterase) found in the rod outer segments.1,2,3 The mechanisms leading
to programmed cell death of these cells are still hypothetical.4 In addition to this direct rapid
rod loss, delayed cone loss is seen in clinical situations and was described in 1978 in the
“retinal degeneration” (rd) mouse model.5 Their loss is responsible for the major visual
handicap because cones are essential for diurnal, colour and central vision.6 This secondary
loss of cone photoreceptors does not have any obvious explanation since cones are gener-
ally not directly affected by the genetic anomaly found in these diseases.

In several models leading to selective rod loss, such as transgenic mice7 or mice car-
rying a spontaneous mutation,8 secondary cone loss is observed whereas the causal abnor-
mality is not directly incriminated in their degeneration. In certain studies the link between
rod loss and cone drop-out is still hypothetical. The cellular interactions involved in cone
survival have never been the subject of a systematic experimental approach, and can be
amply justified through the major perspectives in fundamental neurobiology and therapeu-
tic outcomes. Taking into account the multiple cone functions, preservation of this popula-
tion would open an original avenue of therapeutic investigation which would enable a
considerable limitation of functional consequences for the patients.

2. ROD SECRETE FACTOR(S) ABLE TO PROMOTE CONE SURVIVAL

Our approach is based on the observation that in retinal pathologies (mutant animal
models and patients) rod degeneration precedes that of cones. Our efforts initially focused
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on selective rod replacement, obtained by use of a vibratome sectioning method. Our first
results demonstrated that when pure photoreceptor layers were transplanted to the subreti-
nal space in 5 week old rd1 mice [at this stage very few rods remain (<0.02%) whereas
about 30% of the cones are still present] the transplant induces a significant increase in the
number of surviving cones (an average increase of 30%, p < 0.001) compared to that of
non-treated congenic retina.9 This trophic effect can be detected distant from the transplant,
suggesting the existence of a diffusible factor liberated by the transplanted cells. Tests
carried out in vitro on rd1 retina and wild type retina co-cultures confirmed this hypothe-
sis.10 This study showed that about 40% of cones normally lost during the sixth postnatal
week are saved when cultured in the presence of rod-rich samples. This effect is photo-
receptor specific since transplants of inner retina exert no beneficial effects on cone sur-
vival.11,12 The neuroprotective activity (40-50% increase in viability) on cones is heat labile
and has an apparent molecular weight larger than 15kDa.13 These experiments indicate that
the activity is carried out by protein(s): the Rod-dependent Cone Viability Factors
(RdCVFs).

Taken together, these assays show the existence of at least one trophic factor secreted
by rods that is essential for cone survival. Rod degeneration in rd1 mice and RP patients
might hence lead to survival factor deprivation and consequently progressive cone loss. A
key implication is that prevention of apoptotic rod death could lengthen cone survival. Such
a mechanism, which has never been proposed prior to our work, provides a justification for
the numerous strategies aimed at preserving non-functional rods, since these will protect
cones.14-19 In humans, diagnosis is often made at late stages, and in the absence of residual
rods only PR transplantation (mainly rods) could restore the expression of these factors
allowing to block or reduce secondary cone degeneration.19 The potential clinical impor-
tance of such factors is obvious, cone loss representing the main cause of visual handicap
in RP and AMD. Of importance, since cone loss is a late-onset downstream event and occurs
independently of the specific mutation expressed by rods, a potentially broad number of
patients could benefit from such therapy.

The observed trophic effect of rod transplants on cone survival suggests that non-
functional rod protection could be sufficient to preserve cone viability.10,12,19,20

3. IDENTIFICATION OF RdCVF

Our systematic approach to characterize factors involved in cone viability has led to
identification of a new gene (RdCVF) encoding a secreted protein for which we will explore
its functions.

We postulate that the degeneration of rods of the rd1 mouse retina is leading to the loss
of expression of secreted protein factor(s) essential for cone viability. This mechanism of
cone degeneration is also likely in human retinas affected with RP.25 The identification of
the genes encoding these Rod-dependent Cone Viability Factors is a prerequisite to a therapy
aimed at preventing the secondary loss of cones and of vision.

To identify the RdCVF genes, we used a systematic strategy based on a functional assay
using cone–enriched cultures. We developed a high throughput cone-enriched culture system
using chicken retina.26,27 Contrarily to the mammals, birds have retinas dominated by cones.
In these cultures, the primary postmitoting cells (60-80% cones) are degenerating over a
period of few days. An increase in cell survival was observed when cultured in the presence
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of conditioned media isolated from wild-type mouse13. The viability activity on chicken
cone, as for RdCVF, is heat labile has an apparent molecular weight larger than 15kDa. The
chicken embryo retinal culture system is an easy, reproducible and high throughput cone
viability assay.27

We constructed an expression library from wild type mouse retina and tested all the
genes for their potential to promote chicken cone survival by expression cloning methods.
Briefly, pooled by 100 clones from the expression library were transfected into a cell line
(COS-1). The conditioned media from the COS-1 tranfected cell were added to primary
chicken cone cells seeded into 96 well-plates. After 7 days, viable cell counts from the cone-
enriched cultures were measured using in house high content screening methods and com-
pared to that of empty library vector. Twenty-one hundred pools, corresponding to 210,000
individual clones, were screened. A Pool (number 939) contained twice as many living cells
as the negative controls. By limiting dilution clone 939.09.08 was isolated and shown to
contain a 502-bp insert with an open reading frame encoding a putative 109-amino acid
polypeptide. We named this gene Rod-derived Cone Viability Factor. The novel gene carries
many characteristics of the postulated therapeutic gene:

1) Purified recombinant RdCVF protected chicken cones in a dose dependent manner.
2) RdCVF, when transfected into COS-1 cells exerts its survival activity on cones from

rd1 retinal explants, the model of the degenerative disease.
3) Purified recombinant RdCVF protected mouse cones when injected into the sub-

retinal space on the rd1 mouse.
4) RdCVF protein is detected in conditioned media from wild-type retina and 

COS-transfected cells.
5) RdCVF messenger RNA and protein expression is largely decreased in a rod-less

mouse retina (the degenerated rd1 retina).
6) RdCVF is expressed by pure cultures of photoreceptors from mouse (97% rods).
7) Immunohistochemistry demonstrated that RdCVF localized in the photoreceptor

layer of the retina with a more intense staining in the extracellular matrix sur-
rounding cone cells.

8) RdCVF antibodies are able to block the neuroprotective effect generated by wild-
type conditioned media.

In addition, RdCVF expression was found to be restricted to the retina. RdCVF encodes
for two polypetides of 17 and 34kDa by alternative splice, the longer form being extended
in its C-terminal region. Both forms have a limited homology with the thioredoxin family
and the gene was named accordingly Txnl6 (Thioredoxin-like-6) in the databases. We could
not demonstrate any thiol-oxidoreductase activity for the isolated polypeptide (the 17kDa
form). The founder member of the thioredoxin family, Trx-1 has been isolated originally as
the adult T-cell leukemia-derived factor28 a factor secreted by cells by a mechanism that does
not involve a signal peptide sequence,29 a signal also absent in RdCVF.

4. CONCLUSION

Mutation-independent therapies offer a means of slowing down or even stopping pho-
toreceptor degeneration process in the medium term. They would be applicable to most
patients regardless of the genetic defect and limit their handicap. Such therapies are based
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on the use of either transfer of antiapoptotic genes to the photoreceptors or, more readily,
delivery of neuroprotective factors. The endogenous rod-derived cone viability factors
(RdCVFs) are some of the most appropriate neuroprotective candidates. In addition, the
development of eye delivery methods using genetically engineered and encapsulated cells
implanted directly into the vitreous offers a new means of long-term controllable and
reversible neuroprotective treatment. Finally, progress in the understanding of endogenous
neurogenesisn will perhaps provide new possibilities of treatment in the late stages of RP.
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CHAPTER 45

NEUROPROTECTION OF PHOTORECEPTORS IN THE
RCS RAT AFTER IMPLANTATION OF A SUBRETINAL
IMPLANT IN THE SUPERIOR OR INFERIOR RETINA

Machelle T. Pardue1, Michael J. Phillips1, Brett Hanzlicek2, Hang Yin1,
Alan Y. Chow3, and Sherry L. Ball2,4

1. INTRODUCTION

The artificial silicon retina (ASRTM) consists of an array of photodiodes on a silicon
disk that responds to incident light in a gradient fashion (Peyman et al., 1998; Chow et al.,
2001, 2002). This device is designed to be placed in the subretinal space and serve as a
replacement for degenerating photoreceptors. Two possible mechanisms for the ASR device
to improve visual function include 1) direct activation of the remaining inner retinal neurons
and subsequent activation of visual centers in the brain or 2) a delay in photoreceptor loss
due to a neurotrophic effect from subretinal electrical stimulation. Initial results of ongoing
FDA trials with the ASR device suggest that subretinal electrical stimulation could elicit a
neurotrophic effect (Chow et al., 2004). Ten advanced retinitis pigmentosa (RP) patients
implanted with the ASR device have increased central visual fields and improved visual
acuity and color vision (Chow et al., 2004). These improvements cannot be easily explained
by direct activation since the implant was placed 20° from the macula. To determine whether
neuroprotection results from subretinal electrical stimulation, the RCS rat model of RP was
implanted with an ASR device. Subretinal implantation of an ASR device into the superior
retina of the Royal College of Surgeons (RCS) rat resulted in preservation of photorecep-
tors (Pardue et al., 2004). However, the RCS rat is known to have delayed photoreceptor
degeneration in the superior region of the retina (LaVail and Battelle, 1975). To determine
whether the superior retina is a “privileged” site in the RCS rat, ASR devices were subreti-
nally implanted in the superior and inferior retina.
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2. METHODS

2.1. Experimental and Implant Design

RCS rats were obtained from an in-house breeding colony at the Cleveland VA Medical
Center which originated from Dr. Matthew M. LaVail at University of California, San 
Francisco. Three RCS rats were implanted at 21 days of age such that one eye was implanted
superiorly and the other inferiorly. Three other RCS rats served as unoperated controls. All
animals were followed until 8 weeks post-implantation or 11 weeks of age. All procedures
were carried out in accordance with the Association for Research in Vision and Ophthal-
mology statement concerning the use of animals in ophthalmic and vision research.

Each implant consisted of a series of 20mm by 20mm microphotodiodes on a silicon
disk that was 1mm in diameter and ~30mm thick. Each implant was backed with a uniform
layer of iridium oxide to serve as the electrode. Implants were fabricated by Optobionics
Corp.

2.2. Surgical Procedures

As previously described (Ball et al., 2000), each RCS rat was sedated and anaesthetiz-
ing drops were applied to the corneal surface. One eye was rotated inferiorly with a suture
and an incision made through the eye cup into the vitreous approximately 3mm from the
superior limbus. The implant was then gently placed in the superior subretinal space. The
eye was rotated back to the normal position and antibiotic ointment applied. The same sur-
gical procedures were performed in the opposite eye, except the eye was rotated superiorly
and the implant was placed 3mm from the inferior limbus.

2.3. Electroretinography (ERG)

ERGs were recorded every 1 or 2 weeks until 8 weeks post-op using the LKC ERG
system (Gaithersburg, MD). Rats were dark-adapted overnight, anesthetized, and their pupils
dilated. ERGs were recorded from both eyes simultaneously with silver wire electrode loops
contacting the corneal surface through a layer of 1% methylcellulose. Platinum needle elec-
trodes placed in the cheek and tail served as reference and ground, respectively.

To record a dark-adapted response series, stimuli were presented in order of increasing
luminance from 0.001 to 137cd sec/m2; interstimulus intervals increased from 15sec to 
1min with increasing flash intensity. Cone-mediated responses were isolated by super-
imposing stimuli upon a rod-desensitizing adapting field (30cd/m2), and presenting the 
stimulus at 2.1Hz after a 10min period of light adaptation.

2.4. Histology

After eight weeks of implantation or at 11 weeks of age, rats were sacrificed by anes-
thetic overdose, and their eyes enucleated. Each eye was marked for orientation and
immersed in 2% paraformaldehyde/ 2.5% glutaraldehyde overnight. Eyes were then dehy-
drated through a graded alcohol series and embedded in Embed 812/Der736. Blocks were
cut at 0.5mm on a Reichert Ultramicrotome and stained with toluidine blue.
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Retinal morphometry was analyzed from sections taken from both operated and un-
operated groups. From each retinal section, six 0.5mm regions were analyzed as indicated
in Figure 45.3A. Digital images were taken of each retinal region and photoreceptor cells
counted with samplings from five sections averaged for each region.

3. RESULTS

3.1. Electroretinography

Figure 45.1A shows the dark-adapted ERG responses recorded from RCS rat eyes in
the three treatment groups: superior-implantation, inferior-implantation, and unoperated.
Each waveform is the maximal dark-adapted response recorded at each post-implantation
time indicated for a single eye. At 2 weeks after implantation, retinal responses from all
eyes are similar. However, by 4 weeks, eyes implanted with a subretinal device in either the
superior or inferior retina have larger amplitude b-waves than unoperated eyes. At 5 weeks
after implantation, the unoperated eyes have begun to develop the negative scotopic thresh-
old response (STR; arrow) while the implanted eyes do not develop the STR until 7 or 8
weeks post-implantation. At 8 weeks post-op, the unoperated eyes have a larger amplitude
STR response than the implanted eyes.

Figure 45.1B summaries the average maximal dark-adapted b-wave or STR amplitude
response at each post-operative timepoint. Eyes with a superiorly or inferiorly placed sub-
retinal implant have very similar responses and have significant functional preservation com-
pared to unoperated control eyes. Responses of implanted eyes were significantly greater
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Figure 45.1. Dark-adapted ERG responses from RCS rats implanted with a subretinal implant in the superior or
inferior retina versus unoperated rats. A) Maximal dark-adapted response from a single eye in each treatment group
elicited by a 137cd sec/m2 flash at each post-operative week indicated. The arrow indicates the appearance of the
STR in the unoperated eye. B) Average maximal dark-adapted b-wave across time (± standard error). The hori-
zontal line marks the division between the positive b-wave and negative STR that are plotted on a continuum.



than unoperated controls at 4 to 6 weeks post-op (Student’s t-test, p < 0.005). While response
amplitudes decrease over the 8 weeks of follow-up, only three of six implanted eyes develop
the STR response at 7 and 8 weeks post-op. In contrast, the unoperated eyes have a faster
rate of retinal function loss with only the STR visible in the majority of animals by 4 weeks
post-op. Light-adapted b-wave responses from implanted eyes also had significantly higher
amplitudes than unoperated eyes from 2 to 6 weeks post-op (Student’s t-test, p < 0.05; data
not shown).

3.2. Histology

Figure 45.2 presents photomicrographs of the RCS retina implanted superiorly (A) or
inferiorly (B) or age-matched unoperated RCS rats (C). In eyes implanted with an ASR
device, 5-7 layers of photoreceptor nuclei are still present at 8 weeks after implantation. In
the unoperated retina, a sparse single row of photoreceptor nuclei is visible along with a
large layer of photoreceptor segment debris.

These results are summarized in Figure 45.3 which plots the number of photoreceptor
cells in each retinal region across the retina for each treatment group. While unoperated
eyes have very few photoreceptors with a small increase in the superior retina, both the
superior- and inferior-implanted eyes have significantly more photoreceptors across all the
regions of the retina examined (Repeated measures ANOVA for main effect of treatment;
superior vs unoperated F(1,4) = 91.5, p = 0.001; inferior vs unoperated F(1,4) = 51.0, p = 0.002).
Photoreceptor preservation peaks in regions directly overlying the implant (regions 2 and
7). A direct comparison of the number of photoreceptors in the inferior and superior regions
of the eye (i.e. overlaying the curves) reveals no significant differences (Repeated measures
ANOVA, F(5,20) = 0.34, p = 0.88).
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Figure 45.2. Photomicrograph of RCS retina implanted with a subretinal implant in the superior (A), inferior (B)
retina or an unoperated control (C). The larger number of photoreceptors in the implanted eyes is indicated by the
arrows. The black material on the RPE side of the retina is the remnants of the implant after sectioning. The sep-
aration of the retina from the implant is an artifact of tissue processing. The black arrowhead indicates the inner
nuclear layer and the white arrowhead indicates the ganglion cell layer.



4. DISCUSSION

Implantation of an ASR device significantly preserved retinal function and photo-
receptor cells in the RCS rat implanted at 21 days of age, as previously reported (Pardue 
et al., 2004). The amount of functional or anatomical preservation was not regionally depen-
dent. Eyes implanted in either the superior or inferior region both had significant preserva-
tion of retinal function. In addition, both the superior and inferior regions of the retina had
similar photoreceptor counts. As reported previously (LaVail & Battelle, 1975), more 
photoreceptor nuclei were counted in the superior retina of unoperated rats. However, this
delay in photoreceptor degeneration in the superior region of the RCS rat did not influence
the amount of neuropreservation caused by the subretinal implant. These data provide 
additional evidence that subretinal implantation of an ASR device in the RCS rat results in
significant preservation of retinal function and morphology.

5. REFERENCES

Ball, S.L., Pardue, M.T., Chow, A.Y., Chow, V.Y., and Peachey, N.S., 2001, Subretinal implantation of photodiodes
in rodent models of photoreceptor degeneration, in: New Insights into Retinal Degenerative Diseases, R.E.
Anderson RE, M.M. LaVail MM, J.G. Hollyfield, eds., Kluwer/Plenum, New York, pp.175-182.

Chow, A.Y., Pardue, M.T., Chow, V.Y., Peyman, G.A., Liang, C., Perlman, J.I., and Peachey, N.S., 2001, Implan-
tation of silicon chip microphotodiode arrays into the cat subretinal space. IEEE Trans Neural Syst Rehabil
Eng. 9:86-95.

Chow, A.Y., Pardue, M.T., Perlman, J.I., Ball, S.L., Chow, V.Y., Hetling, J.R., Peyman G.A., Liang, C., Stubbs, E.B,
Jr., and Peachey, N.S., 2002, Subretinal implantation of semiconductor-based photodiodes: durability of novel
implant designs. J Rehabil Res Dev. 39:313-321.

Chow, A.Y., Chow, V.Y., Peyman, G.A., Packo, K.H., Pollack, J.S., and Schuchard, R., 2004, The artificial silicon
retinaTM (ASRTM) chip for the treatment of vision loss from retinitis pigmentosa. Arch Ophthalmol. 122:460-
469.

45. SUPERIOR vs INFERIOR SUBRETINAL IMPLANTATION 325

Figure 45.3. A) Location of the six regions examined across the retina in each implanted retina. In eyes implanted
inferiorly, the region nearest to the inferior limbus was indicated as region 1. In eyes implanted superiorly, the
region nearest to the superior limbus was indicated as region 8. The arrow indicates the implant. B) Average 
photoreceptor counts (± standard error) for each retinal location. A greater number of photoreceptors was mea-
sured directly over the implant in both the inferior and superior retina. Note that the regions only overlap in areas
3-6 in the two implanted eyes.
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CHAPTER 46

GLUTAMATE TRANSPORT MODULATION:
A POSSIBLE ROLE IN RETINAL NEUROPROTECTION

Nigel L. Barnett, Kei Takamoto, and Natalie D. Bull*

1. INTRODUCTION

The regulation of extracellular glutamate levels in the retina, under physiological and
pathophysiological conditions, is essential for the prevention of excitotoxic neurodegener-
ation. Glial and neuronal high-affinity glutamate transporters (excitatory amino acid trans-
porters, EAATs) facilitate the rapid removal of glutamate from the extracellular space,
thereby terminating the excitatory signal and reducing the possibility of excitotoxic neu-
ronal damage. Failure or reversal of these transport systems leads to raised levels of extra-
cellular glutamate and contributes to the development of excitotoxic retinal degeneration.

Five distinct human EAATs and their rodent homologues (i.e. GLAST, GLT-1, EAAC-
1, EAAT4 and EAAT5) have been cloned and localised by immunohistochemistry in the
rodent retina.1-3 GLAST and EAAT4 are associated with the Müller and astroglial cells
respectively.1,4 Uptake studies indicate that Müller cells dominate normal retinal glutamate
transport, utilising GLAST.5,6 GLT-1 is associated with cones and cone bipolar cells,7 EAAC-
1 is localised to amacrine cells plus horizontal cells and ganglion cells8 while EAAT5 is
associated with photoreceptors.3 We have shown that GLAST activity is more susceptible
to an ischaemic attack than the other classes of retinal glutamate transporters,6 with its
failure contributing to the dangerous ischaemia-induced elevation of extracellular glutamate
and consequent neurodegeneration. Thus, posing the question, can the activity of retinal glu-
tamate transporters be enhanced during an ischaemic episode to provide neuroprotection?
In this study we modulated the activity of rat retinal glutamate transporters pharmacologi-
cally during an acute ischaemic attack in an attempt to protect the retina from degeneration
and dysfunction.
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2. METHODS

2.1. Pharmacological Modulation of Ischaemic Glutamate Transport

Glutamate transport activity was assessed immunohistochemically, by tracking the
accumulation of the non-endogenous, non-metabolisable glutamate transporter substrate, D-
aspartate, as previously described.9,10 D-Aspartate antiserum was generously provided by
Prof. D. Pow (University of Newcastle, Australia). We have previously shown that inhibitors
of protein kinase C (PKC)9 and activators of protein kinase A (PKA)11 can inhibit retinal
glutamate transport. In an attempt to stimulate retinal glutamate transport we investigated
the effect of the PKCd/e activator, ingenol (300mM) and the protein kinase A inhibitor,
KT5720 (1mM).

2.2. Acute Ischaemic Insult

All procedures were approved by the University of Queensland Animal Experimenta-
tion Committee and were conducted in accordance with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Reseach. Adult Dark Agouti rats (200-250g) were
anaesthetised with ketamine (100mg/kg) and xylazine (12mg/kg). Twenty minutes after a
2ml intravitreal injection of a pharmacological agent (or saline control), retinal ischaemia
was induced by elevating intraocular pressure to 110mmHg for 60 minutes as previously
described.12 Following the ischaemic insult, reperfusion was permitted for 7 days.

2.3. Histological Analysis

Semi-thin (500mm) sections obtained from either the nasal, temporal, superior or infe-
rior regions of the retina approximately 2mm from the optic disk were stained with tolui-
dine blue, viewed on a Zeiss Axioskop microscope and digitally imaged. Morphometric
analysis of the inner plexiform layer (IPL), the inner nuclear layer (INL), the outer nuclear
layer (ONL) and the total retinal thickness was performed using Adobe Photoshop software
to quantify retinal damage following the ischaemic insult. Cell count analysis was also per-
formed on the same sections. To do this, 100mm-length sections of the INL and ONL were
cropped out of each image and the number of cell bodies in the cropped area was manually
counted. The retinas of four rats for each experimental condition were analysed and a one-
way ANOVA with Tukey post hoc test was used to compare values obtained from protein
kinase modulator-treated eyes with those from control eyes.

2.4. Electroretinography

Following overnight dark adaptation, full field flash electroretinograms were recorded
over a 4.8logunit intensity range (-3 to 1.8logcd.s.m-2) to assess retinal function as previ-
ously described.13 The a- and b-wave amplitudes were measured and expressed as the mean
wave amplitude ± SEM. Two-way repeated measures ANOVA was performed on log trans-
formed data to compare the responses from the control and protein kinase treated retinas.
A post-hoc Bonferroni test was used to isolate significant differences ( p < 0.05) between
control and experimental responses at each stimulus intensity. All rats were subjected to the
same conditions for ERG measurements.
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3. RESULTS

3.1. Pharmacological Modulation of Ischaemic Glutamate Transport

Under non-ischaemic conditions, the Müller cells dominate the uptake of D-aspartate,
via their glutamate transporter GLAST.9 Figure 46.1 shows that an in vitro simulated
ischaemic insult of 15 minutes altered the pattern of retinal D-aspartate uptake. Uptake by
Müller cells was greatly reduced. Following treatment with the PKCd/e activator, ingenol,
there was a slight increase in the uptake of D-aspartate by the Müller cells. Ischaemic Müller
cell uptake of D-aspartate was even more pronounced following the inhibition of PKA by
KT5720.

3.2. Histological Analysis

Morphometric analysis of post ischaemic retinas did not reveal any differences between
saline-treated ischaemic tissue and protein kinase modulated ischaemic tissue (p > 0.05 for
the inner plexiform layer, inner nuclear layer, outer nuclear layer and total retinal thickness).
However, both ingenol and KT5720 appeared to reduce the severity of histological damage
caused by the ischaemic insult. Cellular disruption was less pronounced as was swelling of
neurones and Müller cell processes. The neuroprotective property of ingenol was confirmed
by cell counts which revealed that significantly more cells in the ONL remained 7 days after
ischaemia than in non-treated ischaemic retinas (214 ± 7 cells/100mm compared with 
189 ± 5 cells/100mm, n = 4, p < 0.05).
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Figure 46.1. Glutamate transporter activity in the retina reflected by the accumulation of the glutamate analogue,
D-aspartate. (A) GLAST-mediated uptake by Müller cells (arrows) in the non-ischaemic retina. (B) Greatly reduced
glutamate transport under ischaemic conditions. (C) PKCd/e activation during ischaemia slightly increases gluta-
mate transport. (D) Inhibition of PKA with KT5720 during ischaemia significantly increases glutamate uptake by
the Müller cells.



3.3. Electroretinography

ERGs were recorded 1 and 7 days after the ischaemic insult. Intensity-response curves
showed a significant suppression of the a-wave (data not shown) and b-wave amplitudes
both 1 day (Figure 46.2A) and 7 days (Figure 46.2B) after acute retinal ischaemia ( p < 0.05
compared with non-ischaemic). Neither ingenol nor KT5720 ameliorated the ischaemia-
induced attenuation of the ERG at either time point. The respective intensity-response curves
for ingenol and KT5720 treated retinas were not significantly different ( p > 0.05) from the
response characteristics of the saline-treated ischaemic retinas (Figure 46.2).

4. DISCUSSION

The activity of excitatory amino acid transporters is regulated either directly or indi-
rectly by protein kinase activity.14,15 The modulation of PKA and PKC has been shown to
alter retinal glutamate transport.9,11 However, it is not yet clear whether the pharmacologi-
cal manipulation of glutamate transport could offer protection to the retina during an exci-
totoxic event in which extracellular levels of glutamate are expected to be elevated. In this
study we showed that ingenol, a PKCd/e-selective activator, slightly enhanced the uptake of
a glutamate analogue into Müller cells during an ischaemic insult. Given that PKCd is
localised to Müller cells and that antagonists of PKCd inhibit Müller cell glutamate uptake,9

this is not surprising. More surprising was the pronounced stimulation of ischaemic Müller
cell uptake following the inhibition of PKA with KT5720. In cortical cultures, cyclic AMP
analogues, not inhibitors, indirectly stimulate glial glutamate transport.16 However, this
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Figure 46.2. Stimulus-response characteristics of the ERG b-wave amplitude recorded (A) 1 day or (B) 7 days
after an acute ischaemic insult. Data are expressed as mean amplitude ± SEM and fitted with a Naka-Rushton plot.
The non-ischaemic b-wave was significantly greater than the ischaemic response at both time points (* p < 0.05).
Stimulation of glial glutamate uptake with ingenol (300mM) or KT5720 (1mM) did not significantly ameliorate
the ischaemia-induced suppression of the ERG.



effect is believed to be due to increased trafficking of the transporter to the membrane rather
than a direct effect upon transporter activity.17 Given that ischaemic failure of GLAST activ-
ity may contribute to raised extracellular glutamate concentrations and subsequent retinal
degeneration, it is possible that stimulation of glial glutamate transport may be neuropro-
tective. Observation of ischaemic retinal sections suggests that this is the case. Following
treatment with either ingenol or KT5720, ischaemia-induced disruption of retinal mor-
phology was reduced. In particular, there was reduced swelling of neurones and Müller cell
processes, suggesting decreased activation of AMPA-kainate receptors.18 Moreover, pho-
toreceptor cell counts 7 days after ischaemia revealed a significant reduction in neuro-
degeneration following PKCd/e activation. Thus, such intervention could be classed as
neuroprotective.

Electroretinographic analyses of post-ischaemic retinas did not demonstrate any alle-
viation of retinal dysfunction by the pharmacological stimulation of Müller cell glutamate
uptake. Scotopic a-wave and b-wave amplitudes were greatly suppressed despite the appar-
ent rescue of retinal neurones by protein kinase modulation. A mismatch between retinal
morphology and function is not uncommon following retinal ischaemia.19 A likely expla-
nation of the disparity between anatomical and functional results is the action of trophic
factors on the retina. In particular, that of CNTF which is released following retinal stress
such as ischaemia.20 CNTF has been shown to protect photoreceptors from degeneration and
suppresses the ERG.21 Therefore, it would be of interest to assess long-term retinal function
following glutamate transport stimulation during ischaemia to determine whether the
observed cell rescue is maintained and is translated into a significant restoration of retinal
function.
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CHAPTER 47

ACTIVATION OF CELL SURVIVAL SIGNALS IN THE
GOLDFISH RETINAL GANGLION CELLS 

AFTER OPTIC NERVE INJURY

Yoshiki Koriyama, Keiko Homma, and Satoru Kato*

1. SUMMARY

Generally, nerve injury of adult mammalian CNS neurons leads to a retrograde neu-
ronal degeneration and cell death. The retinal ganglion cells (RGCs) of rat fail to regener-
ate and become apoptotic after optic nerve injury. In contrast, goldfish RGCs can survive
and regrow their axons after injury. Focusing on this different response of RGCs in both
species to optic nerve injury, we compared cell death and cell survival signals in the rat and
goldfish RGCs after optic nerve injury. In goldfish retina, levels of phospho-Akt (p-Akt)
and phospho-Bad (p-Bad) first rapidly increased at 3-5 days after optic nerve injury. Sub-
sequently, levels of Bcl-2 increased and caspase-3 activity decreased at 10 days after nerve
injury. In rat retina, levels of p-Akt and p-Bad first rapidly decreased at 1-2 days after optic
nerve injury. Subsequently, levels of Bax and caspase-3 activity increased 6 days after optic
nerve crush. These changes after optic nerve injury were all morphologically localized only
in the RGCs. The data suggest that goldfish RGCs are warranted the cell survival by rapid
p-Akt and subsequent Bcl-2 activations during the optic nerve regeneration, whereas rat
RGCs are made a progress of the cell death by rapid inactivation of p-Akt and subsequent
activation of Bax after optic nerve crush.

2. INTRODUCTION

Adult mammalian optic nerve cannot regenerate after nerve injury. Retinal ganglion
cells (RGCs) in rat initiate a sprouting reaction at the damaged nerve endings, but this
growth is abortive and the cells soon begin to die (Bähr and Bonhoeffer, 1994). In contrast,
fish and amphibian RGCs can regenerate their optic nerves. Outgrowth of the leading axons
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proceeds at 0.3mm/day after axtomy (McQuarrie et al., 1981). The regenerating fibers first
arrive to the optic lobe at 2 weeks after nerve lesion and the plexiform layer formed by the
regenerating fivers is visible in all areas of the optic tectum at 3-4 weeks after nerve lesion
(Kato et al., 1999). At view of this point, one question is raised why can goldfish RGCs but
not rat RGCs regrow their axons after optic nerve injury. Therefore, we compared cell death
and cell survival signals in both species RGCs after optic nerve injury. From these com-
parative study with rat, we clearly demonstrate for the first time that rapid activation of
phospho-Akt (active form of serine-threonine protein kinase) and subsequent activation of
Bcl-2 enable goldfish RGCs to survive and regenerate their optic nerve.

3. METHODS

3.1. Caspase-3 Activity in the Retina

The optic nerves of common goldfish (Carrassius auratus, 6-7cm body length) and
Sprague-Dawley rats (250-300g in body weight) were crushed by tweezers 1mm from the
eyeball for 10sec. Retinal samples at indicated time points after optic nerve crush were incu-
bated with a fluorogenic substrate Ac-DEVD-7-amino-4-methylcoumarin (AMC, 20mM),
specific for caspase-3, at 37°C for 1h. Cleavage of the substrate by caspase-3 was measured
by the fluorescent product, AMC, using a spectrofluorometer (excitation at 355nm and 
emission at 460nm).

3.2. Western Blotting and Immunohistochemistry

Retinal extracts from rat and goldfish were prepared at the indicated times after optic
nerve crush. The retina was carried out Western blot analysis as described previously
(Koriyama et al., 2003). And the expression pattern of cell death and survival signal pro-
teins in the rat and goldfish retinas after optic nerve crush was investigated by immunohis-
tochemical staining as described previously (Liu et al., 2002). The primary antibodies used
were anti-mouse Bcl-2 (1 :200; recognized as a 26kDa protein band), Bax (1 :500; recog-
nized as a 23kDa protein band), which were purchased from Santa Cruz (CA). Anti-Akt
antibody react the absolute Akt including p-Akt. Anti-mouse p-Akt antibody (1 :500; 
recognized as a 56kDa protein band) and phospho-Bad (1 :500; recognized as a 23kDa
protein band) were purchased from Sigma-Aldrich (USA). An appropriate anti-IgG anti-
body was used as the secondary antibody (1 :200-1000).

4. RESULTS

4.1. The Time Course of Cell Death Signals in the Rat RGCs after Optic Nerve
Crush

We measured caspase-3 activity, which is the most downstream molecule of the apop-
totic signal cascade, in the rat retinas following optic nerve injury. The caspase-3 activity
was significantly increased by 25% of the control value 6-8 days after nerve injury (Figure
47.1). Next, we measured levels of Akt and p-Akt proteins which are activated by trophic
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factors via phosphatidylinositol-3-kinase (PI3K). The p-Akt protein levels rapidly decreased
in the rat retina 1-2 days after nerve injury (Figure 47.1), whereas total Akt protein levels
did not change in this period. The decrease of p-Akt levels in rat was localized in RGCs by
immunohistochemistry. We further measured levels of Bcl-2, Bax, and p-Bad protein in the
rat retina following optic nerve injury. The Bcl-2 protein levels slightly increased 1.3 fold
in the rat retina 6 days after injury and then decreased rather than control value by 12 days
after nerve injury. The Bax protein levels drastically increased 3-4 fold 6-12 days after optic
nerve crush. The p -Bad protein levels rapidly decreased less than 50% of control value at
1-2 days after nerve injury.

4.2. The Time Course of Cell Survival Signals in the Goldfish RGCs after Optic
Nerve Crush

In goldfish retina, no significant reduction of cell number in the ganglion cell layer
could be seen over 40 days after optic nerve crush. We measured caspase-3 activity in the
goldfish retina after nerve injury. The caspase-3 activity was significantly decreased by 20%
of the control value at 10-20 days after nerve crush (Figure 47.1) and then returned to the
control value 30 days later. Next, we measured levels of Akt and p-Akt proteins in the gold-
fish retina following optic nerve injury. The p-Akt protein levels were rapidly increased 3-
5 days and peaked 8 fold at 10-20 days and then decreased by 40 days after nerve crush
(Figure 47.1). The Akt protein levels did not change in this period. The increase of p-Akt
in goldfish was localized in the RGCs by immunohistochemistry. We further measured Bcl-
2, Bax and p-Bad protein levels in the goldfish retina following optic nerve injury. The Bcl-
2 protein levels significantly increased 1.7 fold 10-20 days and then decreased 30 days after
injury. The Bax protein levels did not change during this 30 days of period. The p-Bad
protein levels in the goldfish retina were rapidly increased 3-5 days and peaked 8-fold at
10-20 days and gradually decreased by 40 days after optic nerve injury.
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Figure 47.1. The time course of cell survival and cell death signals after optic nerve injury. (A) Caspase-3 
activity. (B) Phospho-Akt protein level. The value indicates the mean ± S.E.M. (n = 3). *p < 0.01 as compared
with control.



5. DISCUSSION

We compared cell survival and cell death signals in RGCs in goldfish and rat after optic
nerve injury in order to characterize these different properties of RGCs in both species. The
most conspicuous features in the goldfish retina following optic nerve crush were early (3-
5 days) and sustained (10-30 days) activation of the p-Akt and p-Bad in RGCs. On the other
hand, the most conspicuous features in the rat retina following optic nerve crush were early
(1-2 days) decrease of p-Akt and p-Bad in RGCs. Along with this p-Akt and p-Bad activa-
tion, anti-apoptotic Bcl-2 protein in the goldfish retina was subsequently activated 10 days
after optic nerve crush, with a significant decrease in caspase-3 activity. Taken together the
data strongly indicate that the early and sustained activation of p-Akt is an essential mole-
cular event for maintaining cell survival of fish RGCs during optic nerve regeneration. Sub-
sequent activation of Bcl-2 is a reinforcement phenomenon to prevent RGCs from cell death.
Phospho-Akt plays a central role in the cell survival system via PI3K/Akt system and inac-
tivates apoptotic Bad and caspase-9 (Datta et al., 1997; Cardone et al., 1998). Furthermore,
p-Akt directly activates cyclic AMP responsive element binding protein (CREB) and NF-
kappaB leading to activation of Bcl-2 expression (Romashkova and Makarov, 1999). In the
goldfish retina, initial activation of p-Akt 3-5 days after optic nerve crush follows inactiva-
tion of Bad at 3-5 days, and finally activation of Bcl-2 at 10-20 days after nerve injury.

Figure 47.2 illustrates a schematic drawing of the major role of p-Akt in goldfish and
rat RGCs after optic nerve crush. The long time (3-30 days) activation of p-Akt suggests
that p-Akt works upon not only cell survival, but also axonal elongation via direct cell sur-
vival and indirect anti-apoptotic and neurite promoting mechanisms mentioned above. Lavie
et al. (1997) reported that explant culture experiment in goldfish, inhibition of the PI3K
system by wortmannin produced a dose-dependent suppression of neurite outgrowth
although the exact mechanism is not yet clarified. On the other hand, overexpression of Bcl-
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Figure 47.2. Signal cascade for cell survival and cell death through activation of the p-Akt system. In goldfish
(left) and rat (right) RGCs after optic nerve crush. Molecules in the solid line were examined in this study but
molecules surrounded in the dotted line were not examined.



2 into RGCs in the transgenic mouse prevented cell death but did not regenerate their axons
(Lodovichi et al., 2001). These molecular studies also support our hypothesis that p-Akt
activation in RGCs might be a determining factor for which goldfish optic nerve can regen-
erate their axons after nerve injury. Our goldfish optic nerve regeneration system offers some
therapeutic clues to overcome the difficulties of mammalian CNS regeneration.
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PART V

USHER SYNDROME



CHAPTER 48

ROLES AND INTERACTIONS OF USHER 1 PROTEINS
IN THE OUTER RETINA

Concepción Lillo, Junko Kitamoto, and David S. Williams*

1. INTRODUCTION

Usher syndrome (USH) describes a group of inherited blindness-deafness disorders,
resulting from retinal degeneration and cochlear dysfunction (Usher, 1914). There are three
subtypes of Usher syndrome, Usher syndrome type 1 is the most severe of the three. Seven
Usher 1 genes have been mapped (Usher 1A-G), and all show the same clinical phenotype
in humans. The most common form is Usher 1B, which accounts for at least 50% of Usher
1 cases (Astuto et al., 2000). Usher 1B is caused by mutations in the gene, MYO7A, which
encodes an unconventional myosin, myosin VIIa (Weil et al., 1995). Usher 1C has been
shown to be caused by defects in the gene, USH1C, which encodes harmonin, a scaffold
protein with PDZ domains (Verpy et al., 2000; Bitner-Glindzicz et al., 2000). PDZ proteins,
such as harmonin, form multiprotein complexes that are localized in specific subcellular
domains, such as the microvilli of epithelial cells, synaptic terminals and the tight junctions
(Sheng and Sala, 2001). Alternative splicing of the USH1C gene results in multiple har-
monin isoforms, named a, b and c (Verpy et al., 2000). The short isoform a is the most
abundant of the three and is present in most tissues. Both harmonin and myosin VIIa have
been found in the stereocilia of the hair cells in the inner ear and the microvilli of other
epithelial cells (Wolfrum et al., 98; Verpy et al., 2000; Boëda et al., 2002). Recent studies
have shown that these two proteins interact to shape the stereocilia bundle in the inner ear
(Boëda et al., 2002).

In the retina, myosin VIIa is present in the connecting cilium of the photoreceptor cells
and the apical processes of the pigmented epithelium (Hasson et al., 1995; El-Amraoui 
et al., 1996; Liu et al., 1997, 1999). One recent work (Reiners et al., 2003) has identified
harmonin in the mouse retina.

For the present study, we have generated antibodies against specific domains for har-
monin. Our goal is to determine whether harmonin colocalizes with myosin VIIa and thus
whether it is feasible for them to interact in the retina.
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2. MATERIALS AND METHODS

2.1. Generation of Antibodies

We raised domain-specific harmonin antibodies in rabbits. H1 antibody was made
against the N-terminus and PDZ1 domain, H2 antibody against the PDZ2 domain and they
both recognize all harmonin isoforms. H3 is specific for the PDZ3 domain and it will only
recognize a and b isoforms (Fig. 48.1). The three different antibodies were affinity purified
against its corresponding antigen.

The myosin VIIa polyclonal antibody pAb2.2, was affinity purified using the bacteri-
ally expressed antigen (Liu et al., 1997) coupled to an NHS-Sepharose column (Amersham,
CA). Alternatively, pAb2.2 antiserum was purified by repeated depletion against western
blots of retinal tissue from homozygous Myo7a4626SB mice (which are null for myosin VIIa).

2.2. Immunohistochemistry and Immunoelectron Microscopy

For immunofluorescence microscopy, eyecups were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS), cryoprotected and cryosectioned. After quenching auto-
fluorescence with 0.1% sodium borohydride in PBS, sections were incubated with primary
antibody overnight at 4°C in blocking solution (2% goat serum, 0.1% Triton X-100 in PBS),
and secondary antibody for 1 hour at room temperature using the Alexa 594nm goat 
anti-rabbit IgG (Molecular Probes, OR, USA). Nuclei were labeled with DAPI (diluted 
1:10,000) (Molecular Probes, OR, USA). Images were collected with a BioRad 1024 laser
scanning confocal microscope.

For immunoelectron microscopy, we followed the protocol described in more detail in
Gibbs et al. 2004. Briefly, eyecups were fixed in 0.1% glutaraldehyde + 2% paraformalde-
hyde in 0.1M cacodylate buffer, and processed for embedment in LR White resin. After
blocking, ultrathin sections were incubated with purified myosin VIIa or harmonin antibody
in TBS + 1% BSA + 1% Tween 20 overnight at 4°C, washed, and incubated with goat anti-
rabbit IgG conjugated to 10nm gold (Amersham, Arlington Heights, IL, USA) for 1 hour.
Appropriate negative controls, processed at the same time, were done.
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Figure 48.1. Cartoon showing the domains of the different harmonin isoforms and the regions recognized by the
three different antibodies (H1, H2 & H3).



3. RESULTS

3.1. Myosin VIIa Localization

We immunodetected myosin VIIa in mouse and human retinas by immunofluorescence
and immunoelectron microscopy. In the RPE cells, myosin VIIa is found in the apical
processes (Fig. 48.2A, B). To elucidate more precisely the distribution of myosin VIIa in
the RPE cells and the organelles with which it is associated, we performed immunoelectron
microscopy labeling of mouse and human retinas (Fig. 48.3A, B). By quantification of
immunolabel, we determined that most of the myosin VIIa (75%) in the apical RPE of mouse
and human retinas is associated with the membrane of melanosomes (Gibbs et al., 2004).

In the photoreceptor cells, myosin VIIa is present only in the connecting cilium in mouse
(Fig. 48.2B, C) and human retinas (Fig. 48.2D). We could not detect myosin VIIa in any
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Figure 48.2. Immunofluorescence and electron microscopy images of myosin VIIa labeling in the mouse and
human outer retina. A: Myosin VIIa is localized in the apical region of the RPE cells in the mouse retina. B: In a
detailed image we detect the presence of punctate labeling in the outer segment (OS)/ inner segment (IS) inter-
face, where the connecting cilium is located. The immunoelectron microscopy labeling of Myosin VIIa in mouse
(C) and human (D) photoreceptor cells shows that this protein is localized around the connecting cilium mem-
brane. RPE: retinal pigmented epithelium, OS: outer segment, IS: inner segment, CC: connecting cilium, ONL:
outer nuclear layer, OLM: outer limiting membrane, OPL: outer plexiform layer. Scale bars: 300nm.



other location or organelle in the photoreceptor cell. This finding is consistent with previ-
ous reports from our lab (Liu et al., 1997, 1999).

3.2. Harmonin Localization

A battery of antibodies raised against the harmonin protein shows that the distribution
of this protein in the mouse outer retina is completely different from that of the myosin VIIa.
The antibody H1, which recognizes the N terminus of harmonin and its PDZ1 domain,
detects this protein in the inner segments of the photoreceptor cells and in the photorecep-
tor synaptic terminals in the outer plexiform layer (Fig. 48.4A). H2, which recognizes the
PDZ2 domain of harmonin, labels the outer segments of the photoreceptor cells (Fig. 48.4B).
H3 was made against the PDZ3 domain of harmonin, and labels the inner segments, outer
limiting membrane (OLM) and outer plexiform layer in the mouse retina (Fig. 48.4C, D).
None of the antibodies showed any harmonin labeling in the RPE cells (Fig. 48.4A, B).
These data are supported by biochemical assay of cellular subfractions (not shown).

By immunoelectron microscopy of mouse and human retinas, using the H1 antibody,
harmonin was detected mostly in the mitochondria in the inner segments of the photo-
receptor cells (Fig. 48.5A, 48.6A). In the outer plexiform layer, harmonin seems to be asso-
ciated with the cell membrane and mitochondria of the photoreceptors synaptic terminals
(Fig. 48.5B, 48.6B). In contrast to myosin VIIa, we did not detect any labeling in the pho-
toreceptor connecting cilium (Fig. 48.5C).

4. DISCUSSION

Our results demonstrate that in mouse and human RPE cells, most of myosin VIIa is
associated with the melanosomes membrane, suggesting a role in their transport in this 

344 C. LILLO ET AL.

Figure 48.3. Electron micrographs of mouse (A) and human (B) RPE cells labeled with Myosin VIIa antibody.
The apical region is lower right and the basal region is upper left. Myosin VIIa is associated with the melanosome
membrane (circles) and elsewhere in the cytoplasm (arrows). Insets: magnification from the square in the picture.
Scale bar: 300nm.
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Figure 48.5. Electron micrographs of mouse photoreceptor cells labeled with harmonin H1 antibody. A: Harmonin
is present in the mitochondria, both, in the inner segments (black circles, A, C) and in the synaptic terminal (black
circles, B). It is also associated with the membrane in the synaptic terminal (white arrows, B). CC: connecting
cilium. Scale bar = 300nm.

Figure 48.4. Immunofluorescence images of mouse outer retina labeled with harmonin antibodies. H1 (A) and
H3 (C, D) antibodies detect harmonin in the photoreceptors inner segments and in the outer plexiform layer. 
B: H2 antibody detects harmonin in the outer segments of the photoreceptor cells; nuclei in ONL are stained with
DAPI. Scale bars, A, C and D: 10mm., B: 50mm. RPE: Retinal pigmented epithelium, OS: outer segments, IS:
inner segments, OLM: outer limiting membrane, ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner
nuclear layer.



specific cell type (Gibbs et al., 2004). In fact, mice lacking myosin VIIa, show mislocal-
ization and abnormal motility of melanosomes in the RPE cells (Liu et al., 1998, Gibbs et
al., 2004). In the photoreceptor cells, myosin VIIa is only present in the connecting cilium,
where it has been shown to play a role in the opsin transport from the inner segment to the
outer segment (Liu et al., 1999).

Here we show that harmonin, the product of the USH1C gene, is not present in the RPE
cells, and, in the photoreceptor cells, its distribution does not overlap with myosin VIIa.

In humans, defects in any one of the seven Usher 1 genes cause the same clinical phe-
notype in the inner ear and the retina. This observation suggests that these proteins either
could be interacting with each other forming a multiprotein complex, or could be involved
in the same functional pathway. Some studies have shown that this hypothesis is valid for
some of these proteins, such as harmonin, myosin VIIa and cadherin 23 (the product of
USH1D) in the inner ear, where they may interact during the stereociliary morphogenesis,
and, after development, to maintain stereociliary integrity (Boëda et al., 2002, Siemens 
et al., 2002). Nevertheless, our results show that, in the mouse and human retina, the dis-
tributions of the two proteins do not overlap, thus preventing any interaction.

In the photoreceptor cells, harmonin was localized mainly with membrane of mito-
chondria and in the synaptic terminal. Due to the nature of PDZ domains, known to serve
as scaffolds for the formation of large molecular complexes (Sheng and Sala, 2001), we
suggest that harmonin may form protein complexes together with other structural proteins
either to shape the synaptic terminal, or to help in the delivery or trafficking of synaptic
vesicles. Several studies have demonstrated that in general, pre- and post-synaptic termi-
nals are very complex structures composed of several anchoring proteins, many of them
containing PDZ domains (Kim and Sheng, 2004). Harmonin might be one of them.

In mitochondria, there is at least one PDZ domain protein, called outer membrane
protein 25 (OMP25) that functions by recruiting cytoplasmic proteins to the mitochondria
membrane (Nemoto and De Camilli, 1999). A role for harmonin might be in the localiza-
tion of mitochondria within the cell, especially with respect to the actin cytoskeleton, due
to the ability of harmonin b to bind directly to actin filaments (Boëda et al., 2002).
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Figure 48.6. Electron micrographs of human photoreceptor cells labeled with harmonin H1 antibody. Also in
human photoreceptor cells, harmonin is localized in the mitochondria in both, the inner segment (black circles, A)
and in the synaptic terminal (black circles, B). In the synaptic terminal, harmonin is also associated with the cell
membrane (white circles, B). Scale bars = 300nm.



5. SUMMARY

Our studies demonstrate that harmonin and myosin VIIa are not localized in the same
compartments in the mouse and human retinas, indicating that they do not interact in this
organ, contrary to what has been shown in the inner ear.

The enrichment of harmonin in the photoreceptor synapses indicates that this protein
may form multiple complexes with others to maintain the synaptic structure or to mediate
in the release of synaptic vesicles.

6. ACKNOWLEDGMENTS

We thank Piotr Kazmierczak and Ulrich Mueller for their generous gift of the H2 and
H3 harmonin antibodies. This research was supported by NIH R01 grant EY07042, NIH
core grant EY EY12598, and a grant from the Foundation Fighting Blindness (to DSW).

7. REFERENCES

Astuto, L. M., Weston, M. D., Carney, C. A., Hoover, D. M., Cremers, C., Wagenaar, M., Moller, C., Smith, 
R. J. H., Pieke-Dahl, S., Greenberg, J., Ramesar, R., Jacobson, S. G., Ayuso, C., Heckenlively, J. R., Tamayo,
M., Gorin, M. B., Reardon, W., and Kimerling, W. J., 2000, Genetic heterogeneity of Usher syndrome: Analy-
sis of 151 families with Usher type I. Amer. J. Hum. Genet. 67:1569-1574.

Bitner-Glindzicz, M., Lindley, K. J., Rutland, P., Blaydon, D., Smith, V. V., Milla, P. J., Hussain, K., Furth, Lavi,
J., Cosgrove, K. E., Shepherd, R. M., Barnes, P. D., O’Brien, R. E., Farndon, P. A., Sowden, J., Liu, X. Z.,
Scanlan, M. J., Malcolm, S., Dunne, M. J., Aynsley-Green, A. and Glaser, B., 2000, A recessive contiguous
gene deletion causing infantile hyperinsulinism, enteropathy and deafness identifies the Usher type 1C gene.
Nat. Genet. 26(1):56-60.

Boëda, B., El-Amraoui, A., Bahloul, A., Goodyear, R., Daviet, L., Blanchard, S., Perfettini, I., Fath, K. R., Shorte,
S., Reiners, J., Houdusse, A., Legrain, P., Wolfrum, U., Richardson, G. and Petit, C., 2002, Myosin VIIa, 
harmonin and cadherin 23, three Usher I gene products that cooperate to shape the sensory hair cell bundle.
EMBO J. 21(24):6689-6699.

Dodd, P. R., Hardy, J. A., Oakley, A. E., Edwardson, J. A., Perry, E. K. and Delaunoy, J. P., 1981, A rapid method
for preparing synaptosomes: comparison, with alternative procedures. Brain Res. 226(1-2):107-118.

El-Amraoui, A., Sahly, I., Picaud, S., Sahel, J., Abitbol, M. and Petit, C., 1996, Human Usher 1B/mouse shaker-
1: the retinal phenotype discrepancy explained by the presence/absence of myosin VIIA in the photorecep-
tor cells. Hum. Mol. Genet. 5(8):1171-1178.

Gibbs, D., Azarian, S. M., Lillo, C., Kitamoto, J., Klomp, A. E., Steel, K. P., Libby, R. T. and Williams, D. S., 2004,
Role of myosin VIIa and Rab27a in the motility and localization of RPE melanosomes. J. Cell. Sci. 117:6473-
6483.

Gibbs, D., Kitamoto, J., and Williams, D. S., 2003, Myosin VIIa in RPE phagocytosis and a potential cause of
blindness in Usher syndrome 1B. Proc. Natl. Acad. Sci. USA. 100(11):6481-6486.

Hasson, T., Heintzelman, M. B., Santos-Sacchi, J., Corey, D. P., and Mooseker, M. S., 1995, Expression in cochlea
and retina of myosin VIIa, the gene product defective in Usher syndrome type 1B. Proc. Natl. Acad. Sci. USA
92:9815-9819.

Kim, E. and Sheng, M., 2004, PDZ domains proteins of synapses. Nat. Rev. Neurosci. 5(10):771-781.
Liu, X., Ondek, B., and Williams, D. S., 1998, Mutant myosin VIIa causes defective melanosome distribution in

the RPE of shaker-1 mice. Nat. Genet. 19:117-118.
Liu, X., Udovichenko, I. P., Brown, S. D. M., Steel, K. P., and Williams, D. S., 1999, Myosin VIIa participates in

opsin transport through the photoreceptor cilium. J. Neurosci. 19:6267-6274.
Liu, X., Vansant, G., Udovichenko, I. P., Wolfrum, U., and Williams, D. S., 1997, Myosin VIIa, the product of the

Usher 1B syndrome gene, is concentrated in the connecting cilia of photoreceptor cells. Cell Motil. Cytoskel.
37:240-252.

48. ROLES AND INTERACTIONS OF USHER 1 PROTEINS 347



Nemoto, Y and De Camilli, P., 1999, Recruitment of an alternatively spliced form of synaptojanin 2 to mitochon-
dria by the interaction with the PDZ domain of a mitochondrial outer membrane protein. EMBO J.
18(11):2991-3006.

Reiners, J., Reidel, B., El-Amraoui, A., Boeda, B., Huber, I., Petit, C. and Wolfrum, U., 2003. Differential distri-
bution of harmonin isoforms and their possible role in Usher-1 protein complexes in mammalian photo-
receptor cells. IOVS 44(11):5006-5015.

Sheng, M. and Sala, C., 2001, PDZ domains and the organization of supramolecular complexes. Annu. Rev. 
Neurosci. 24:1-29.

Siemens, J., Kazmierczak, P., Reynolds, A., Sticker, M., Littlewood-Evans, A. and Muller, U., 2002, The Usher
syndrome proteins cadherin 23 and harmonin form a complex by means of PDZ-domain interactions. Proc.
Natl. Acad. Sci. USA 99(23):14946-14951.

Usher, C., 1914, On the inheritance of retinitis pigmentosa with notes of cases. R. Lond. Ophthalmol. Hosp. Rep.
19:130-236.

Verpy, E., Leibovici, M., Zwaenepoel, I., Liu, X. Z., Gal, A., Salem, N., Mansour, A., Blanchard, S., Kobayashi,
I., Keats, B. J., Slim, R.and Petit, C., 2000, A defect in harmonin, a PDZ domain-containing protein expressed
in the inner ear sensory hair cells, underlies Usher syndrome type 1C. Nat. Genet. 26(1):51-55.

Weil, D., Blanchard, S., Kaplan, J., Guilford, P., Gibson, F., Walsh, J., Mburu, P., Varela, A., Levilliers, J., Weston,
M. D., Kelley, P. M., Kimberling, W. J., Wagenaar, M., Levi-Acobas, F., Larget-Piet, D., Munnich, A., Steel,
K. P., Brown, S. D. M., and Petit, C., 1995, Defective myosin VIIA gene responsible for Usher syndrome
type 1B. Nature 374:60-61.

Wolfrum, U., Liu, X., Schmitt, A., Udovichenko, I. P. and Williams, D. S., 1998, Myosin VIIa as a common com-
ponent of cilia and microvilli. Cell Motil. Cytoskeleton 40(3):261-271.

348 C. LILLO ET AL.



CHAPTER 49

MOLECULAR ANALYSIS OF THE 
SUPRAMOLECULAR USHER PROTEIN 

COMPLEX IN THE RETINA

Harmonin as the key protein of the Usher Syndrome

Jan Reiners and Uwe Wolfrum*

1. Introduction

Human Usher syndrome (USH) is the most common form of deaf-blindness and also
the most frequent case of recessive retinitis pigmentosa. According to the degree of the clin-
ical symptoms, three different types of the Usher syndrome are distinguished: USH1, USH2
and USH3 (Davenport and Omenn, 1977). USH is genetically heterogeneous with eleven
chromosomal loci, which can be assigned to the three USH types (USH1A-G, USH2A-C,
USH3A) (Petit, 2001). Out of these, USH1 is the most severe form, characterized by 
profound congenital deafness, constant vestibular dysfunction and prepubertal-onset 
retinitis pigmentosa. USH2 patients show a milder congenital deafness, a slightly later onset
of retinitis pigmentosa and no vestibular dysfunction. The rarest Usher type 3 shows a late
onset of retinitis pigmentosa and a progressing hearing loss. So far the different USH 
subtypes have been grouped into one disease basically on the same phenotype of the 
patients, although the clinical symptoms of the individual differ noticeably. The protein har-
monin, responsible for USH1C, is of special interest, since it contains three PDZ domains,
known for protein-protein interactions. We have gathered evidence that the different USH
proteins are molecularly linked essentially via the scaffold protein harmonin. Harmonin
interacts hereby not only with USH1 proteins, but also with USH2 proteins. Thus, this 
is the first evidence for a molecular linkage between USH1 and USH2, beyond the shared
phenotype.
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2. HARMONIN INTERACTS WITH ALL USH1 PROTEINS

All USH proteins belong into different protein classes. Among the USH1 proteins there
are myosin VIIa (USH1B), two cadherins (cadherin 23/USH1D and protocadherin
15/USH1F) and with harmonin (USH1C) and SANS (USH1G) two scaffold proteins.
Among these proteins harmonin is of special interest since it contains three PDZ domains.
Recent results showed that all known USH1 proteins interact with harmonin via its PDZ
domains (Boëda et al., 2002; Siemens et al., 2002; Weil et al., 2003; Adato et al., 2004;
Reiners et al., submitted). Thereby, the USH-cadherins cadherin 23 and protocadherin 15
interact with the PDZ2 domain of harmonin. Myosin VIIa and SANS on the other hand bind
to harmonin’s PDZ1 and PDZ1/PDZ3 respectively.

In addition, USH1 proteins also exhibit homomeric interactions. Harmonin has 
been shown to initiate homomeric interactions via PDZ1 and the C-terminal of the 
major harmonin isoform a1 which provides the basis for polymeric protein chains (Siemens
et al., 2002; Adato et al., 2004; Reiners et al., unpublished). Homodimers were also demon-
strated for the USH1 proteins, myosin VIIa and SANS (Inoue and Ikebe, 2003; Adato et al.,
2004). Moreover, dimerization is commonly found in cadherins and seems likely for the
USH1 cadherins, cadherin 23 and protocadherin 15 (Bolz et al., 2002). Chains of harmonin
may connect these dimers and integrate them into a protein network. In summary, the 
harmonin scaffold may integrate USH1 proteins and their dimers into USH1 networks and
complexes.

3. HARMONIN INTERACTS WITH ALL USH2 PROTEINS

To date three USH2 genes have been identified. The first isolated USH2 gene was the
most common form of the Usher syndrome, USH2A. It encodes for Usherin previously
depicted as an extracellular matrix protein (Eudy et al., 1998). Recently, a splice variant of
Usherin has been described which contains a transmembrane domain and a cytoplasmatic
part including a PDZ binding motif (Van Wijk et al., 2004). At nearly the same time Weston
et al. (2004) identified the gene defective in USH2C patients. The isoform causing USH2C
is called “very large G-protein coupled receptor 1b” (VLGR1b), a member of the GPCR-
superfamily. Its cytoplasmatic C-terminal tail contains a PDZ binding motif, as well. The
affected gene in patients of USH2B was suggested to be the sodium bicarbonate transporter
NBC3 (Bok et al., 2003). This prediction was based on following observations: the gene
encoding for NBC3 is located in the human USH2B locus and mice lacking the murine
ortholog of NBC3 show the USH phenotype. In previous studies, this co-transporter 
was localized in the kidney, where it interacts with the PDZ-protein NHERF-1 via its C-
terminal (Pushkin et al., 1999; Pushkin et al., 2003). To summarize, although the USH2 
proteins are members of very distinct families of transmembrane proteins, they have promis-
ing PDZ binding motifs of the class I (Nourry et al., 2003) at their C-terminus in common.

The interaction of these three proteins with the PDZ1 domain of harmonin was demon-
strated in GST-pull down assays and using the yeast two-hybrid system (Reiners et al. in
prep.). While the USH1 proteins rather function as cell adhesion and scaffold proteins, the
USH2 proteins seem to be large “functional proteins”, in a physiological point of view for
the cell. These functional proteins may be positioned and anchored via harmonin in the
USH1 protein network to form a supramolecular Usher protein complex.
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4. FURTHER INTERACTING PARTNERS OF HARMONIN

Harmonin is expressed in many tissues and has been shown to interact with further pro-
teins, which are not directly related to the Usher syndrome. The protein MCC2 was reported
to interact with the PDZ1 domain of harmonin (Ishikawa et al., 2001). In pancreatic cells,
the protein HARP, a protein with a large homology to SANS, binds to harmonin (Góñez 
et al., 2001; Johnston et al., 2004).

Recently, we identified further interacting partners of harmonin by yeast two-hybrid
screening of a retinal cDNA-library: one of these proteins is the actin-binding protein filamin
A. In the cellar environment, filamin A forms homodimers, stabilizes three-dimensional
branching of actin filaments and links membrane proteins to the actin cytoskeleton (Gorlin
et al., 1990; van der Flier and Sonnenberg, 2001). The interaction of filamin A with har-
monin was confirmed by GST-pull down-assays and immuno-precipitations (Reiners et al.,
in prep.). Like actin-associated motor myosin VIIa (USH1B), filamin A provides a connec-
tion between the Usher protein complex and the actin cytoskeleton.

5. SUPRAMOLECULAR USHER PROTEIN COMPLEXES IN THE RETINA

To understand the cellular function of the USH proteins and their complexes respec-
tively, it was essential to determine their subcellular localization. For this purpose, specific
antibodies against the different interaction partners were generated and used for subcellu-
lar localization in the mammalian retina (Reiners et al., 2003; Wolfrum and Reiners, 2004;
Reiners et al., submitted; Reiners et al., in prep.). Immunocytochemical analyses revealed
that the partner molecules are localized in several distinct compartments of retinal photo-
receptor cells. However, the co-localization of all USH proteins and the other complex 
partners – a necessary prerequisite for the assembly of a supramolecular complex – was
determined in the outer plexiform layer. In this retinal layer the synaptic terminals of 
photoreceptor cells are sited. Together with our binding studies, this indicates that the iden-
tified Usher protein complex partners assemble in the photoreceptor cell synapses.

In the photoreceptor synaptic terminals, USH complexes may play fundamental roles
in the structural and functional integrity of this synaptic junction. The scaffold protein har-
monin bridges the activity of integral membrane USH2 proteins with the actin cytoskele-
ton (including filamin A and myosin VIIa) and the cell-cell adhesion sites generated by
cadherin 23 and protocadherin 15. It is very likely that there are even more “functional”
proteins, which are integrated into this USH complex. This hypothesis is outlined in figure
49.1. Defects of any of the USH-complex partners should result in synaptic dysfunction
which in turn may cause retinitis pigmentosa, the clinical phenotype in the retina of USH
patients.
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CHAPTER 50

LIMITED NEURAL DIFFERENTIATION OF RETINAL
PIGMENT EPITHELIUM

Ryosuke Wakusawa*, Toshiaki Abe, Yoko Saigo, and Makoto Tamai

1. INTRODUCTION

The retinal pigment epithelial (RPE) cell shares its origin with the neural retina as an
anterior neural plate derivative. Recently RPE cell was reported on its capacity of trans-
differentiating into a neuron-like cell in mammals.1,2 Neurotrophic factors have reported to
play essential roles. Some of these factors are basic fibroblast growth factor (bFGF) for
transdifferentiation of RPE into neural cells2,3 or epithelial growth factor (EGF) for prolif-
eration of neural progenitor cells.4

In this study, we investigated whether adult human RPE cell line ARPE-19 could
acquire neural property in the presence with the neurotrophic factors.

2. MATERIALS AND METHODS

2.1. Epithelial Culture (Non-Transdifferentiation Culture)

ARPE-19 cells were kindly given to us by Dr. Hjelmeland (Department of Ophthal-
mology, Section of Molecular and Cellular biology, University of California). The cells were
cultured in Dulbecco’s modified Eagle’s medium-Ham’s F12 (DMEM/F12; Gibco BRL)
with 10% fetal bovine serum (FBS; ThermoTrace Melbourne Australia) in a humidified
incubator at 37°C in 5% CO2. The medium was changed every 2 to 3 days.
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2.2. Transdifferentiation Culture

The cells were cultured in DMEM/F12 supplemented with B27 (Gibco), 1%FBS, 
20ng/ml bFGF (Genzyme, Cambridge, MA) and 20ng/ml EGF (Genzyme) on the laminin-
coated plastic plates for 14 days.

2.3. Immunocytochemistry

The monolayer cells were fixed in ethanol for 30min and blocked with 10% goat serum
in PBS for 60min at RT. After removal of the blocking solution, the cells were incubated
with primary antibodies overnight at 4°C. Primary antibodies were used at the following
concentrations: mouse monoclonal anti-pancytokeratin (CK) (1:500; Sigma), mouse mono-
clonal anti-tubulin-beta (TUB) 3 (1:500, Sigma), mouse monoclonal anti-microtubule asso-
ciated protein (MAP) 5 (1:1000; Chemicon, Temecula, CA), mouse monoclonal
anti-neurofilament (NF) 200 (1:1000, Sigma). After washing with PBS, the cells were
further incubated with fluorescein isothiocyanate (FITC)-labeled goat anti-mouse
immunogloblin (1:100, Dako) for 30min at RT. Cell nuclei were counterstained with 4¢, 6¢-
deamino-2-phenylindole, dihydrochloride (DAPI) (1 microgm/ml).

Double staining of NF200 and CK antibody was also performed. The cells were incu-
bated with Alexa Fluor 488 (Molecular Probes)-conjugated mouse monoclonal anti-panCK
(1:500) and Alexa Fluor 546-conjugated mouse monoclonal anti-NF200 (1:1000) for 
60min at 37°C.

Photographs were taken by fluorescein microscopy (Leica DMIRE2, Leica Micro-
systems Imaging Solutions Ltd., Cambridge UK).

2.4. Flowcytometry (FACS)

After cultivation, ARPE-19 cells were collected in cold PBS, and 1 ¥ 105 cells/ml were
incubated with each anti-neuron marker (TUB, MAP5, NF200, and rod-opsin) and CK in
3% FBS- phosphate buffered saline (PBS) on ice for 30min. After washing with 3% FBS-
PBS, the cells were incubated with FITC-labeled anti-mouse IgG (Jackson ImmunoTesearch
Lab.) for 30min on ice. Each sample was analyzed by flowcytometer. The cells that reacted
with the each neuron marker showed stronger FITC fluorescence and shifted to the intense
fluorescence area (M2) when compared to that of control cells. The percentage of positive
shift was calculated and compared.

2.5. Extraction of mRNA, cDNA Generation, and Reverse-Transcriptase 
Polymerase Chain Reaction (RT-PCR)

mRNA was extracted from each cells using oligo dT cellulose and cDNA was gener-
ated according to the manufacturer’s instruction (Pharmacia Biotech Inc., Uppsala, Sweden).

RT-PCR was carried out for beta-actin, CK isotype 8, TUB3, MAP5 and NF200 in 
50ml of reaction mixture (reaction cycles were 30 or 35). Nested PCR was carried out for
NF200 with 1ml of the primary PCR product. The annealing temperatures depended on each
primer sets for 2 minutes.

Primer sequences and amplification length were as follows:
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3. RESULTS

3.1. Immunocytochemistry

In the condition of non-transdifferentiation culture, ARPE-19 cells showed a flat and
polygonal epithelial-like morphology. More than 98% of cells were positive for CK and
TUB3. Some of them were positive for MAP5 but none for NF200 (figure 50.1. A and B).

In the condition of transdifferentiation culture, a small number of cells were spindle-
shaped and extended multiple processes. These cells showed immunoreactivity for MAP5
and NF200 (figure 50.1. C and D). The cells expressing NF200 were also positive for CK
by double staining.

3.2. FACS

In the condition of transdifferentiation culture, ARPE-19 cells were positive about 79%
in TUB3, 5.6% in MAP5, 4.8% in NF200 and 83.4% in CK by FACS.

3.3. RT-PCR

RT-PCR also followed these results. CK, TUB3 and MAP5 were expressed in the con-
dition of non-transdifferentiation culture. In the transdifferentiation culture, not only CK,
TUB3 and MAP5, but also NF200 were expressed (figure 50.1. E).

4. DISCUSSION

RPE could dedifferentiate or transdifferentiate in response to several microenviron-
mental changes. Neurotrophic factors, such as bFGF played important roles in the control
of the transdifferentiation processes of vertebrate pigment epithelial cells.1,3,5

It was reported that cultured adult human RPE cells, regardless of the presence of
exogenous neurotrophic factors, expressed TUB3, one of the neural cell markers.2,6 In the
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Table 50.1. Sequences of each primer set.

Primer sequences Amplification length (bp) 

Beta-actin 5¢-CTACAATGAGCTGCGTGTGG-3¢ 313
5¢-CGGTGAGGATCTTCATGAGG-3¢

CK isotype 8 5¢-AGATGCTGGAGACCAAGTGG-3¢ 323
5¢-GAGGAAGTTGATCTCGTCGG-3¢

TUB3 5¢-GCTGCAATAAGACAGAGACAGG-3¢ 253
5¢-CGAGATGTACGAAGACGACG-3¢

MAP5 5¢-AGCTCGAGGAAGAACAGTCC-3¢ 348
5¢-TGTTGGTACCAGTCCACTGC-3¢

NF200 5¢-GTGAACACAGACGCTATGCG-3¢ 251
5¢-AGCAGGTCCTGGTATTCTCG-3¢

NF200, nested 5¢-GGAGATAACTGAGTACCGGC-3¢ 189
primer 5¢-CATCTCCCACTTGGTGTTCC-3¢



present study, we also showed TUB3 expression on ARPE-19 cells at the condition of 
non-transdifferentiation. Some of them also expressed another neural cell marker, MAP5.
Together with the previous studies, our results showed that RPE could have a partial neu-
ronal property.

It is supposed that FGF signaling inhibits RPE differentiation and activates neural retina
specification in eye development.7 In embryonic rat, RPE cells transdifferentiated into neural
retina in the presence of bFGF, although this ability was restricted until age E13.1 Present
study exhibited NF200 expression on ARPE-19 in the presence of bFGF and EGF, which
was not observed in the standard culture condition. This result was quantitatively analyzed
by FACS and confirmed its expression by RT-PCR and immunocytochemistry. However,
immunocytochmistry revealed that the RPE cells expressing NF200 were also positive for
CK. This result may show that some of the RPE cells were transdifferentiated into neuron
partially by the stimulation of bFGF and EGF, but the partial transdifferentiated RPE itself
still maintained epithelial property. For adult RPE cells, additional stimuli other than bFGF
and EGF may be required for dedifferentiation from epithelium and transdifferentiation into
more mature neuron.
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Figure 50.1. (A-D) Immunocytochemistry. Anti-panCK (A) and anti-NF200 (B) staining of the cells in the con-
dition of non-transdifferentiation culture. Anti-panCK (C) and anti-NF200 (D) staining of the cells in the condi-
tion of transdifferentiation culture. (E) RT-PCR of each primer set. Lane 1: non-transdifferentiation culture. Lane
2: transdifferentiation culture. Lane 3: 100bp marker.
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CHAPTER 51

RETINAL PIGMENT EPITHELIAL CELLS FROM
THERMALLY RESPONSIVE POLYMER-GRAFTED

SURFACE REDUCE APOPTOSIS

Toshiaki Abe*, Masayoshi Hojo, Yoko Saigo, Masahiko Yamato, 
Teruo Okano, Ryosuke Wakusawa, and Makoto Tamai

1. INTRODUCTION

Brain-derived neurotrophic factor (BDNF) has reported to show photoreceptor protec-
tion for retinal degeneration either genetically programmed,1 or light induced experimental
retinal degeneration.2 Genetically modified BDNF gene expressing cell transplantation in
the subretinal space also rescued light induced photoreceptor degeneration.3 When we con-
sider the genetically modified BDNF gene expressing cell transplantation, the fate or the
behavior of the cell at the subretinal regions has still unclear, especially at the diseased sub-
retinal lesions. The cells placed at deeper layer of bruch membrane tend to be affected by
apoptosis.4 The fate of the transplanted cell may be one of the important factors for success
of the transplantation. Cells cultured on poly-(N-isopropylacrylamide (PIPAAm)-grafted
plates were easily detached from the culture plates as cell sheet by reducing the tempera-
ture from 37° C to 20° C without using enzymes.5 We further cultured the cell and exam-
ined the degree of apoptosis by comparing with those of cells collected by trypsin treatment.

2. MATERIALS AND METHODS

2.1. Construction of Vector DNA with Rat BDNF cDNA and Transfection

Rat BDNF cDNA was kindly given from Dr. Atsushi Takeda, at Department of Neu-
rology Tohoku University and was inserted into the plasmid Topo TA expression vector
(CLONTECH Laboratories, Inc., CA. USA) and transduced into the cells by lipofections.
These cells were selected by Zeocin (25mg/ml) as we reported previously.3
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2.2. Preparation of the RPE Cell Sheet from PIPAAm-Grafted Plates

RPE cultured either on PIPAAm-grafted or non-grafted plates was started with same
cell concentration (3 ¥ 105 cells/ml) in 35mm culture plates. Changing the temperature of
the culture plate from 37° C to 20° C, we could collect the cultured RPE as cell sheet as
reported previously.5

2.3. Quantification of Collagen Type IV and BDNF Expression

The amount of collagen type IV was determined by enzyme-linked imunosorbent assay
(ELISA). The amount of BDNF (Promega Co.) protein were also quantified according to
the manufacture’s instruction.

2.4. Western Blot Analysis

Western blot analysis was performed using anti-chondroitin sulfate A (Seikagaku cor-
poration, Tokyo, Japan) as we reported previously.6

2.5. Apoptosis of RPE and Flowcytometry

When RPE cultured on PIPAAm plate was detached from the plates, RPE cultured on
normal culture plates was collected by 0.25% trypsin. These collected cells were cultured
in the same medium coated with 1.5% agarose culture plate, which unable the cells to attach
the culture plates, as reported previously.7 Rat RPE collected as cell sheet and cultured with
unattached condition for 3hr was recovered. These cells were used for FACS analysis to
detect early apoptosis using annexin V. After 24hr culture in the same culture medium and
plates, these cells were also collected and analyzed by FACSCalibur Hg flowcytometer. The
% of cells showing the fluorescein intensity at M1 region was also calculated and was con-
sidered as positive % of apoptotic cells (Fig. 51.2).8

2.6. Caspase-3 Activity

At the indicated time, caspase-3 activity was assayed by caspase-3 activity assay kit
(Oncogene (Red-DEVD-FMK) with FACS.

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

Extraction of mRNA and cDNA generatgion was performed. PCR, and Real-time PCR
were carried out as reported previously.6 We examined the gene expression of p-53 and 
b-actin.

2.8. Microscopic and Electron Microscopic Examination

After 24 hour culture, the sample was dissected, postfixed in phosphate-buffered 1%
osmium tetroxide (pH 7.4), and dehydrated in an ascending series of ethanol solutions, and
observed with a TEM-100CX.
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2.9. Statistical Analysis

Statistical significance was determined by Fisher’s protected least significant difference
(PLSD) test.

3. RESULTS

When we examined the amount of chondroitin sulfate by western blotting analysis, cells
collected as cell sheet from PIPAAm-grafted plates showed more chondroitin sulfate than
that of cells collected by trypsin (Fig. 51.1). The amount of collagen type IV, the amount
was also higher in the cells collected as cell sheet.

When we examined the early apoptosis from the cells collected as cell sheet, we found
about 10% less apoptosis in the RPE with or without BDNF than those collected as cell
suspension. When we collected the cell by trypsin 24 hour after culture, the ratio of the cell
death was also about 10% less in the cells collected as cell sheet than those of cells col-
lected as cell suspension in both BDNF transduced or non-transduced RPE.

P-53 gene expression was increased within 3-hour culture, in every cell examined.
Further the gene was more expressed in the cells collected as cell suspension.

When we examined the caspase-3 activity, we found prominent increase of the 
activity after 10-hour culture in every cell type examined. The activity was less in the BDNF-
transduced RPE cell collected as cell sheet at 3 and 10 hour after floating culture than those
of RPE cells collected as cell suspension, although statistical analysis was not significant.
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Figure 51.1. Western blotting for chondroitin sulfate.

Figure 51.2. Late cell death analysis after fixation of the RPE cells. (1) Cell suspension, (2) Cell sheet.



4. DISCUSSION

The signal transduction from extracellular matrix and some soluble factors play an
important role for epithelilal cell survival.9 Further the extracellular matrix derived from the
RPE is reported to be superior to other material such as tissue culture plastic plate or ligands
including gelatin or fibronectin.4 When we collected the RPE from PIPAAm-grafted culture
plates, we found more chondroitin sulfate and collagen type IV.

When we examined the RPE as cell sheet from PIPAAm-grafted culture plate, early
apoptotic cell death and late cell death were less than those of cells from standard culture
plates. Our results may show that rat RPE from PIPAAm-grafted plates as cell sheet may
offer better RPE for transplantation than that of standard culture.
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CHAPTER 52

RETINAL TRANSPLANTATION

A treatment strategy for retinal degenerative diseases

Biju B. Thomas1, Robert B. Aramant2, SriniVas R. Sadda1, and 
Magdalene J. Seiler1,3,*

1. ABSTRACT

Retinal transplantation is one among the various treatment strategies aimed to prevent
and restore visual loss. Sheets of fetal retina with or without retinal pigment epithelium
(RPE) are transplanted into the subretinal space. Retinal transplants have been shown to
substantially improve visual responses in rat retinal degeneration models following retinal
transplantation, based on behavior and electrophysiology. The transplantation effects may
be influenced by several factors such as the age of the recipient at transplantation and the
type of species used. Modified functional evaluation techniques permit better understand-
ing of the physiological mechanisms underlying visual improvement in animal models.

2. INTRODUCTION

Retinal degenerations, such as retinitis pigmentosa (RP) (Santos et al., 1997; Humayun
et al., 1999) and age related macular degeneration (AMD) (Yates and Moore, 2000), are
devastating causes of progressive vision loss and blindness. These diseases primarily affect
the photoreceptors or the retinal pigment epithelium (RPE). A variety of approaches to pre-
serve or restore vision are under investigation. Treatment strategies for retinal degeneration
are aimed at either preventing photoreceptor loss or restoring vision by replacing the lost
photoreceptors and/or the RPE. One of these approaches, retinal transplantation, is discussed
in detail in this chapter.
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Retinal transplantation is based on the hypothesis that the degenerated retina can be
repaired by newly introduced normal RPE and photoreceptor cells that may develop appro-
priate connections with the still functional part of the host retina (Aramant and Seiler, 2002;
2004).

3. RODENT MODELS OF RETINAL DEGENERATION

Retinal degeneration models have been used to test the effects of retinal transplants.
The Royal College of Surgeon (RCS) rat expresses a recessive mutation in the receptor 
tyrosine kinase, Mertk (D’Cruz et al., 2000) which causes RPE dysfunction with sub-
sequent photoreceptor death. In the rd mouse, a mutation of the rod-specific cGMP-
phosphodiesterase (Bowes et al., 1990; Pittler and Baehr, 1991) results in extensive and
rapid loss of incompletely formed rods.

Many transgenic rodent models for various retinal degenerative diseases have been
developed. La Vail et al., have created different lines of transgenic rats, carrying either the
P23H or the S334ter rhodopsin mutation (Steinberg et al., 1997; Liu et al., 1999; Lee et al.,
2003). Many more transgenic mouse models are available for various retinal degenerative
diseases (Fauser et al., 2002; Wilson and Wensel, 2003).

Excessive absorption of photons by the visual pigment rhodopsin triggers damage to
the photoreceptors (Boulton et al., 2001). Moderate continuous blue light exposure for 2-4
days effectively destroys photoreceptors in albino rats while keeping the RPE intact (Seiler
et al., 2000).

4. FUNCTIONAL EVALUATION OF VISUAL RESPONSES

Functional evaluation of visual responses is important for assessment of the efficacy of
various treatment strategies in animal models of retinal degeneration.

4.1. Fullfield ERG

One of the first methods used to assess visual function has been the ERG (Jiang and
Hamasaki, 1994). However, because the ERG reflects the response of the entire retina, it
cannot be recommended for evaluating local retinal responses. As a mass response, the ERG
averages the rescued area with much larger areas of nonfunctional retina making it difficult
to distinguish the response from the rescued area. For various therapeutic interventions,
however, functional recovery may be restricted to specific retinal areas.

4.2. Multifocal ERG

The mfERG has been developed to obtain local retinal responses in patients, and has
also been used to detect local functional differences in rats (Ball and Petry, 2000) and mice
(Nusinowitz et al., 1999). A more advanced mfERG system is now available powered with
a fundus camera that may help to locate responses of specific areas in the retina.
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4.3. Recording from Visual Brain Centers

Electrophysiological recording from the visual centers such as superior colliculus (SC)
and visual cortex can provide an in-depth analysis of response properties at various levels
of the visual centers in the central nervous system (CNS). Recording from the SC may be
considered as most effective for the evaluation of the visual responses. The surface of the
superior colliculus can be easily exposed and maintained for several hours of recording. Dif-
ferent areas of the retina are represented by corresponding areas on the surface of the SC
in a retino-collicular map (Siminoff et al., 1966). In rodents, the SC responses represent
mostly direct input from the retina and reflect overall ganglion cell output (Lund et al.,
2001). Evaluation of response characteristics such as the response onset latency (Thomas
et al., 2004a) may reflect the physiological status of the neural retina. Recording from higher
visual areas such as the visual cortex (Girman et al., 1999; Coffey et al., 2002; Girman
et al., 2003b) may elucidate the adaptive mechanisms that may occur following visual loss
and after therapeutic events aimed at improving visual function.

4.4. Visual Behavioral Tests

Behavioral testing for visual responses which are mediated through the central neural
circuitry is an equally important approach for evaluating visual function. Various tests have
been employed in rodents to evaluate progression of visual loss following retinal degener-
ation, and to assess the functional effects of various therapeutic interventions (Lund et 
al., 2001). These include simple startle reflex (del Cerro et al., 1995) and orientation tests
(Hetherington et al., 2000), as well as more complex light discrimination and maze tests
(Little et al., 1998; Kwan et al., 1999; Prusky et al., 2000; Coffey et al., 2002). Another par-
ticularly effective test of visual performance measures an animal’s ability to track moving
stimuli. This head-tracking (HT) test is based on the optokinetic response, a compensatory
eye movement in the direction of the movement of a stimulus. By scoring the total time
spent tracking the movements, visual acuity can be measured (Coffey et al., 2002). However
this technique is not reliable in albino rats due to their abnormal visual sensory apparatus
(Precht and Cazin, 1979).

5. RETINAL TRANSPLANTATION

Retinal transplantation, the transplantation of new photoreceptors either as dissociated
cells or retinal sheets into the subretinal space, is aimed at replacing the lost photoreceptors
(reviewed in Aramant and Seiler, 2002; Lund et al., 2003; Aramant and Seiler, 2004). Intact
sheets of fetal retina, with or without RPE, can be transplanted to the subretinal space in
various rat models of retinal degeneration and morphologically repair an area of a damaged
retina. (Seiler and Aramant, 1998; Aramant et al., 1999) These transplanted photoreceptors
can also respond to light (Seiler et al., 1999).

5.1. Restoration of Visual Responses in the SC by Retinal Sheet Transplants in
Various Rodent Models of Retinal Degeneration

It was shown in RCS rats that after transplantation of retina together with RPE, visu-
ally evoked multi-unit responses could be recorded in the superior colliculus (SC) from 66%
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of the transplanted rats, but only from 46% of sham surgery controls (Woch et al., 2001).
Transplant responses were only found in a small area of the SC corresponding to the retinal
placement of the transplant. Thus if a rescue effect was the mechanism, it appeared to be
highly localized. None of the age-matched RCS rats without surgery showed visual
responses. It is important to note that a sham surgery effect in RCS rats has been reported
previously (Wen et al., 1995; Humphrey et al., 1997). Visual responses of the transplant rats,
however, were more robust, and had shorter latencies and higher amplitudes compared with
the sham animals. This study indicated that the visual responses recorded from the trans-
planted rats originated from the transplant area; the possibility of functional connections
between the transplant and the host retina was suggested (Woch et al., 2001).

Because the decline in visually driven activity in the RCS rat is slow (Sauve et al.,
2001), another degeneration model was selected to better distinguish the transplant-induced
recovery/restoration (Sagdullaev et al., 2003). In S334ter-line-3 rats, at the age of trans-
plantation (21-28 days), no visual responses could be recorded within the area of the SC
that represents transplant placement. The percentage of transgenic rats with transplants that
recovered visual activity (64%) was similar to the percentage reported for RCS rats (66%).
Again, visual responses were recorded only from a small area of the SC corresponding to
the retinal placement of the graft. None of the age matched control rats including the sham
surgery rats showed visual responses in the SC. Qualitative anatomical comparisons sug-
gested that one important predictor of functional outcome is the morphological integrity of
the transplant. The lack of a sham surgery effect in S334ter-line 3 rats may be attributed to
the difference in the mechanism underlying retinal degeneration in different degeneration
models (RCS and line-3 transgenic rats).

To study the long term effect of retinal transplantation, visual responses were recorded
from S334ter-line-5 rats, a model for slow retinal degeneration (Thomas et al., 2004a).Visual
responses can persist for a substantial period of time after neural retinal transplantation
because these responses are preserved in the transplanted area of line-5 rats up to 254 days
of age. However, none of the “poor” or disorganized transplants had any effect. Further, all
the rats with “good” transplants had relatively “short” latency responses suggesting better
inner retinal function.

Retinal transplantation studies conducted in rd mice (Arai et al., 2004) yielded a 
43% success rate (positive responses were recorded from three out of seven eyes studied).
Interestingly, the organization of the graft did not appear to correlate as expected with the
electrophysiology results in this model. Eyes with well-organized, laminated grafts showed
no response whereas the three light-responsive eyes had rosetted or disorganized grafts. All
three light-responsive eyes demonstrated much higher levels of recoverin immunoreactivity
in the host retina overlying the graft compared with untreated age-matched rd/rd mice. Thus,
the mechanism of visual restoration after retinal sheet transplantation in this experiment
appeared to derive at least in part from a rescue effect on host cones. The lack of an appar-
ent functional rescue effect in the animals with laminated grafts may have been due to a
glial barrier between transplant and host, and the loss of cones in the host retina.

5.2. Better Head Tracking Response in Transplanted S334ter-Line-3 Rats

The functional capability of retinal transplants in S334ter-line-3 rats was further eval-
uated by means of optokinetic behavioral tests, a modified optokinetic head tracking appa-
ratus (Thomas et al., 2004b). This apparatus consists of a striped rotating drum, specifically
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modified to measure vision in each eye separately for evaluation of monocular treatments.
In line-3 rats with retinal transplants, visual responses are significantly preserved in trans-
planted eyes at late stages of retinal degeneration (Fig. 52.1). The result of the behavioral
evaluation corroborates our electrophysiological findings and demonstrates that the visual
sensitivity of transplant is more than just light perception. 

5.3. Transplanted S334ter-Line-3 Rats Show Improved Visual Sensitivity to 
Low Light

The light stimulus for the above SC recordings in S334ter-line-3 rats (Sagdullaev et al.,
2003) consisted of a full-field stimulus with bright light of 1300cd/m2 (3.11logcd/m2). In
the following experiments, the recording stimulus was modified to evaluate the sensitivity
of the visual responses (visual threshold). Light stimuli of 100ms to 1 second duration and
intensity -8 to 1logcd/m2 were presented on a full field white screen. -6logcd/m2 corre-
sponds to the rod threshold (overcast night sky), -1logcd/m2 corresponds to the cone thresh-
old (dawn). Visual responses from the SC were recorded from pigmented normal as well as
retinal degenerate rats (with or without transplants). In normal pigmented rats, the dark
adapted visual threshold was -5.52logcd/m2 which is almost similar to previously reported
observations in pigmented Long Evans rats (Herreros de Tejada et al., 1992). In transgenic
retinal degenerate rats, at 45 days of age, the threshold was elevated to -0.09logcd/m2. On
the other hand, the visual threshold in the SC was considerably improved in transplanted
line-3 rats (Fig. 52.2) in the area corresponding to the placement of the graft in the retina.

Girman et al. (2003a) demonstrated that the mesopic range of normal pigmented rats
is at around -4logcd/m2. Once it is possible to determine the scotopic and photopic range
of dark adapted rats, it is also possible to assess whether the visual responses originate from
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Figure 52.1. Optokinetic Testing (modified method to test each eye separately) of S334-ter-line 3 rats, 166-
236 days old. The head tracking score is compared between left and right eye among transplanted S334ter-3 rats.
Significant preservation of visual responses was seen in the transplanted eyes at later stages of retinal degenera-
tion. Among non-transplanted rats the progression of visual loss is more symmetrical in both eyes. Taken from
Figure 5A of Thomas et al., 2004b. Optokinetic test to evaluate visual acuity of each eye separately. (Reprinted
from Journal of Neuroscience Methods, Vol 138, Thomas et al., Optokinetic test to evaluate visual activity acuity
of each eye separately, 7-13; 2004, with permission from Elsevier).



the host photoreceptors because the rods are only found in the transplants and not in the
host retina. Preliminary data suggest that visual threshold recorded in the transplanted line-
3 rats is above the level of a clear rod response. However, the possibility of rod contribu-
tion cannot be ruled out for several reasons. The physiological capability of the transplanted
photoreceptors may not be expected to be same as normal rods. Also, the neural circuitry
formed between the transplant and host retina may influence the light threshold level of the
transplant. Also, it should be noted that in a non-transplant rat, the visual threshold at a very
early age (45 days) is much higher (-0.09logcd/m2) than the threshold recorded from a
transplanted rat. This suggests that restored visual response is not due to photoreceptor
rescue but a more direct contribution of the transplanted photoreceptors.

6. ADVANTAGES OF FETAL RETINAL SHEET TRANSPLANTS

Although there are other important treatment strategies aimed at improving visual func-
tion, retinal transplantation remains a major hope for those who have lost the photorecep-
tors. Fetal retinal sheet transplants with or without RPE, can morphologically integrate into
a degenerated retina. This has been demonstrated in various retinal degeneration rat models
(Seiler and Aramant, 1998; Aramant et al., 1999; Woch et al., 2001; Sagdullaev et al., 2003;
Thomas et al., 2004a). Significant improvement in visual sensitivity has been reported fol-
lowing transplantation of a fetal retinal sheet together with its RPE in a human patient
(Radtke et al., 2004). This patient improved from hand motion vision to being able to read
enlarged letters from a computer screen.

The various advantages of fetal retinal sheet transplantation technique are briefly
described here.
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Figure 52.2. Visual responses recorded from the superior colliculus of transplanted rats after low light stim-
ulation. Transplanted rats show similar latency responses as normals down to a stimulus intensity of -3 logcd/m2

in the SC area corresponding to the graft placement. No surgery S334ter-3 rats, which contain no rods, show only
long latency responses to bright light, and no responses to low light (below 0 logcd/m2).



6.1. Transplants Reconstruct the Damaged Retina

Using a special implantation instrument and procedure developed by Aramant and
Seiler (Aramant and Seiler, 2002), it is possible to transplant fresh intact sheets consisting
of 2 tissues: RPE together with the neuroblastic retina. The photoreceptors of intact-sheet
transplants develop both inner and outer segments morphologically resembling a normal
retina and remain healthy for many months (Seiler and Aramant, 1998; Aramant et al., 1999;
Seiler et al., 1999). These transplanted sheets of retinal neuroblastic progenitor cells already
have a primordial circuitry established.

6.2. Transplants are Physiologically Active

It has been shown that normal phototransduction processes takes place in the trans-
planted photoreceptors (Seiler et al., 1999) which are hence capable of transforming light
into electrical signals. There are also indications to prove establishment of neural connec-
tions between the transplant and the host retina (Seiler et al., in press).

6.3. Trophic Effects of Fetal Retinal Sheets

It has been well established that trophic factors can be used as a treatment strategy to
protect photoreceptors from degeneration (Delyfer et al., 2004). Most of the trophic factors
are naturally present in a normal healthy retinal environment. Following cell loss, the natural
resources for these trophic factors will be depleted and subsequently a degenerating retina
is subjected to large-scale secondary changes. Supplementation with one single factor may
not be of sufficient help to reverse these changes. The fetal retinal sheets, especially when
transplanted together with its RPE can be a good source of many different trophic factors.
Hence, fetal retinal sheet transplantation may help to regain the normal retinal homeostasis
by protecting the inner retina from further damage.

6.4. Permanence of the Transplants

For any therapeutic strategy, it is very important that the functional recovery is long-
lasting. A significant advantage of the fetal retinal transplants is that they can remain safely
in the host environment for an extended period of time. This may be due to the relative
immunological privilege of the subretinal space. The safety of the transplants in the sub-
retinal space has been shown in animal models (Thomas et al., 2004a) as well as in human
patients (Radtke et al., 2002; Radtke et al., 2004). The functional effects of transplants can
be maintained through a large part of the life span of the experimental animals (Woch et
al., 2001; Sagdullaev et al., 2003; Thomas et al., 2004a). A report from a clinical trial showed
improvement in visual sensation in some patients even years after surgery (Radtke et al.,
2004).

6.5. Transplants Provide Mechanical Support to the Degenerating Retina

There are recent reports on elaborate changes taking place in the retina following degen-
eration (Jones et al., 2003; Marc and Jones, 2003; Marc et al., 2003). The loss of photo-
receptors and the subsequent change in the retinal thickness can be one of the factors that
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trigger this global remodeling. The fetal retinal sheet transplants as a natural replacement
for lost photoreceptors may provide the most suitable mechanical support to prevent retinal
collapse.

7. FUTURE DIRECTIONS

Fetal retinal sheet transplantation has been shown to have a rescue and restoration effect
on visual function in various rodent models with retinal degeneration. Clinical studies indi-
cate that fetal retinal transplants with its RPE can survive without apparent rejection and
show improvement in visual acuity in some patients. Additional work is in progress attempt-
ing to confirm the reproducibility of these results and enhance the magnitude of the effect.
Current and future studies are aiming at improving the interconnections between the trans-
plant and the host retina. Elimination of the inner limiting membrane on the surface of the
donor retina that can act as a barrier might lead to improvements in the connectivity between
transplant and host. Connectivity could be also improved using appropriate factors that
promote neurogenesis and reduce glial scars and trauma.
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CHAPTER 53

MICROARRAY ANALYSIS REVEALS RETINAL 
STEM CELL CHARACTERISTICS OF THE 

ADULT HUMAN EYE

For contributed volumes

Brigitte Angénieux1, Lydia Michaut2, Daniel F. Schorderet3,
Francis L. Munier1, Walter Gehring2, and Yvan Arsenijevic1,4

1. INTRODUCTION

In western countries, retinitis pigmentosa (RP) affects 1/3,500 individuals and age
related macula degeneration (AMD) affects 1% to 3% of the population aged over 60. In
vitro generation of retinal cells is thus a promising tool to screen protective drugs and to
provide an unlimited cell source for transplantation. However, one main limitation is the
amount of cells available. Stem cells, that can generate unlimited quantity of cells, could
overcome this hurdle. Indeed, stem cells are defined by three characteristics: the ability to
produce a large population of cells (expansion) and the potency, to produce the differenti-
ated cells composing the organ from which the stem cells are originated. They are also able
to self-renew indefinitely: for instance haematopoietic stem cells, located in the bone
marrow, can expand, divide and generate differentiated cells into the diverse lineages
throughout the life, the stem cells conserving its status (Till et al, 1961). Intestinal stem
cells also are able to regenerate the intestine all along life (Potten et al, 1975). The other
stem cells properties are the ability to produce a large population of cells (expansion) and
as well as the differentiated cells composing the organ from which they originated.

Some species, such as the salamanders, can regenerate their retina (Haynes et al, 2004)
which is not the case for the human retina. Whether this lack of regeneration is an evolu-
tionary capacity loss, due to a blocking mechanism or a missing signal, is an important
question to address. Nevertheless, production of retinal cells can be observed even in species
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where no regeneration occurs. The eye of some fishes and amphibians continues growing
during adulthood due to the persistent activity of retinal stem cells (RSCs). In fishes, the
RSCs are located in the ciliary margin zone (CMZ) at the periphery of the retina, at the
proximity of the iris. Although the adult mammalian eye does not grow during adult life,
Tropepe et al (2000) have shown that the adult mouse eye contains retinal stem cells in the
homologous zone (termed the ciliary margin zone), in the pigmented epithelium and not in
the neuroretina. We demonstrated that the adult human eye also contains retinal stem cells
in the same region (i.e. the pars plicata and the pars plana, Coles et al, 2004). These RSCs
meet the criteria of stem cells i.e. they can differentiate in vitro into all retinal cells, expand
and self-renew. Here, we further characterize the human adult retinal stem cells to investi-
gate whether the adult retinal stem cells share common characteristics with other stem cell
populations.

2. ISOLATION OF HUMAN RETINAL STEM CELLS

Stem cells and human retinal progenitors were obtained from organ donors in accor-
dance to their wishes or those of their families. The obtaining and the use of the tissues
agreed with the guidelines provided by the Ethical Committee of the Lausanne University
School of Medicine. The tissues were processed 10 to 24 hours post-mortem.

The pars plana (figure 53.1: white square) and the pars plicata (figure 53.1: grey
square) both gave rise to clonal spheres in vitro in the presence of either EGF, FGF-2 or
only with insulin after one week (Figure 53.2A sphere formed after one week in the pre-
sence of EGF). Stem cells can be isolated regardless of the age of the donor (from 2 to 82
years old, n = 21, figure 53.2B) suggesting that the stem cell pool is conserved throughout
life. We expanded the cells by placing one clonal single sphere into a 24-wells plate in the
presence of EGF and 10% FBS. After 3 days, the cells began to spread out of the sphere
leading to a monolayer culture in less than one month (Figure 53.2C). The monolayer culture
contains highly proliferative progenitor cells that can generate over 300 million cells within
one month (Figure 53.2D). During proliferation, 89 +/- 0,02% (n = 3) of the cells express
nestin (Figure 53.2E, n = 3), a marker of undifferentiated cells (Tohyama et al., 1992).

3. HUMAN RETINAL STEM CELLS CHARACTERIZATION

To further characterize this cell population, we performed an expression analysis using
the Affymetrix® U133 Plus 2.0 GeneChip. We analyzed the global transcriptional expres-
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Figure 53.1. Location of the pars plicata (white square) and plana (red square) in the human eye.



sion of expanded and differentiated hRPCs from two different donors (E and L). During
expansion (i.e. in the presence of EGF and 10% FBS), RSCs expressed markers present in
neural and other stem cells: as evidenced by immunostaining (Figure 53.2E), nestin was
detected at a high expression level during the expansion, validating the microarray approach.
We also observed the expression of ABCG2 which is present in hematopoietic stem cells
(Zhou et al, 2003), or Bmi1 which is required for hematopoietic stem cell (Park et al, 2003,
Lessard et al, 2003) and neural stem cell renewal (Molofsky et al, 2003), or nucleostemin
which is necessary for NSC renewal (Tsai and McKay, 2002). The expression of Bmi1 was
confirmed by RT-PCR (data not shown). Thus, the highly proliferative cells derived from
the adult human eye share common characteristics with other stem cells.

The ability of these cells to differentiate into the different cell types composing the
organ from which they have been isolated is one of the stem cell characteristics. Thus, to
portray the progeny of the RSCs we also analysed their gene expression profile after dif-
ferentiation (i.e. after withdrawal of FBS and stimulation by EGF). The cells express genes
that have different functions in neurons such as genes coding for the skeleton (Map2, Tau),
for the synaptic vesicles proteins (SNAPAP). Moreover specific markers of retinal cells are
also expressed as shown by the presence of RPE65 (protein are expressed in retinal pig-
mented cells), opsin, and peripherin (specific to photoreceptors). In one of the cell line, we
also detected by immunostaining, cells that have differentiated into retinal neurons and
which expressed specific proteins such as calbindin for horizontal cells (Figure 53.3A), syn-
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taxin for amacrine cells (Figure 53.3B), recoverin for photoreceptor and some bipolar cells
(Figure 53.3C) and vimentin for glial cells (data not shown).

4. CONCLUSION

We showed that adult human eye contains cells that can easily be expanded (one cell
giving rise to more than 100 billion cells) and share common characteristics with other stem
cell populations. Furthermore, after differentiation, those cells expressed markers of several
retinal cell types such as pigmented epithelium (RPE65), glia (vimentin) or retinal neurons
(opsin, recoverin). The potential of generating retinal neurons in vitro is a promising tool.
Indeed the human macula is composed of 200,000 cells which represent only 1/1,000,000
of the total number of cells that we can generate from one RSC. Thus, RSCs could cir-
cumvent the problem of the cell number limitation for transplantation studies and could
serve to dissect the mechanisms leading to the generation of neurons and their survival.

5. REFERENCES

Coles BL, Angenieux B, Inoue T, Del Rio-Tsonis K, Spence JR, McInnes RR, Arsenijevic Y, van der Kooy: Facile
isolation and the characterization of human retinal stem cells. PNAS. 2004, 101(44).

Lessard J, Sauvageau G.: Bmi-1 determines the proliferative capacity of normal and leukaemic stem cells. Nature
2003, 423(6937).

Molofsky AV, Pardal R, Iwashita T, Park IK, Clarke MF, Morrison SJ.: Bmi-1 dependence distinguishes neural
stem cell self-renewal from progenitor proliferation. Nature 2003, 425(6961).

Park IK, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL, Morrison SJ, Clarke MF.: Bmi-1 is required for
maintenance of adult self-renewing haematopoietic stem cells. Nature 2003, 423(6937).

Potten CS, Hendry JH.: Differential regeneration of intestinal proliferative cells and cryptogenic cells after irradi-
ation, Int J Radiat Biol Relat Stud Phys Chem Med. 1975, 27(5).

Till J, and McCulloch E.: A direct measurement of the radiation sensitivity of normal mouse bone marrow cells.,
Radiat. Res 1961, 14(213).

Tohyama T, Lee VM, Rorke LB, Marvin M, McKay RD, Trojanowski JQ.: Nestin expression in embryonic human
neuroepithelium and in human neuroepithelial tumor cells. Lab Invest 1992, 66(3).

Tsai RY, McKay RD.: A nucleolar mechanism controlling cell proliferation in stem cells and cancer cells. Genes
Dev., 2002 16(23).

Tropepe V, Coles BL, Chiasson BJ, Horsford DJ, Elia AJ, McInnes RR, van der Kooy D.: Retinal stem cells in the
adult mammalian eye. Science 2000, 287(5460).

Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J, Morris JJ, Lagutina I, Grosveld GC, Osawa M,
Nakauchi H, Sorrentino BP.: The ABC transporter Bcrp1/ABCG2 is expressed in a wide variety of stem cells
and is a molecular determinant of the side-population phenotype. Nat Med 2001, 7(9).

380 B. ANGÉNIEUX ET AL.

recoverin

CB

syntaxincalbindin

A

Figure 53.3. The RSCs differentiate into retinal neurons.



CHAPTER 54

USING STEM CELLS TO REPAIR THE 
DEGENERATE RETINA

Stem cells in the context of retinal degenerations

Christine M. Hall1,3, Anthony Kicic2, Chooi-May Lai1,3, and 
P. Elizabeth Rakoczy1,3

1. INTRODUCTION

It is conceivable that in the future, stem cells will be used in the treatment of retinal
degenerative conditions. They could be transplanted to replace the photoreceptor victims of
retinal degeneration or to function as vehicles for the provision of survival or regenerative
factors. Their full potential will, most likely, only be realized with thorough investigations
of both embryonic and adult stem cells. Studies into the use of stem cells for the treatment
of retinal degenerations have primarily involved retinal and neural stem cells. A few labo-
ratories, including our own, have investigated allografts of stem cells from more distant sites
like the bone marrow to the retina. Still other groups have investigated the application of
embryonic stem cells for treatment of retinal degenerations. In this mini-review we will
compare adult versus embryonic stem cells for use in the retina and summarize the recent
investigations using stem cells to repair the degenerating retina. Due to space limitations,
we are unable to cite all relevant papers so have chosen to focus on key articles that have
made significant contributions to this field.

2. STEM CELLS FOR THE TREATMENT OF RETINAL DEGENERATIONS

Stem cells may be the ideal candidates for cell replacement therapy. Stem cells (SC)
are highly plastic cells that are capable of becoming different types of cells and retain the
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capacity for self-renewal. There are advantages and disadvantages associated with the use
of both embryonic (ESC) and adult stem cells (ASC) in cell-based therapeutic strateies to
treat degenerative disease and these have been summarised in Table 54.1. It is beyond the
scope of this article to comprehensively review these aspects in detail and we therefore refer
the reader to several excellent articles and reviews specifically dealing with these topics
(Daar et al., 2004; Hochedlinger et al., 2004).

The potential of stem cells in a cell replacement strategy for the treatment of degener-
ative disease has been recognised from the results of both in vitro and in vivo analyses. In
vitro analyses of photoreceptor sheets, retinal explants, primary retinal pigment epithelium
(RPE), cultured RPE, and of stem cells themselves have contributed to the belief that stem
cells may have a role in the treatment of retinal degenerations. Photoreceptor differentiation
has been analyzed by co-culture of stem cells with retinal cells from the embryonic retina
(Belliveau et al., 2000), neonatal retina (Ahmad et al., 1999; Ahmad et al., 2000), RPE
(Chiou et al., 2005), and stromal cells (Hirano et al., 2003). Other studies inducing the dif-
ferentiation of marrow stromal cells (MSC) into mesodermal, neuroectodermal and endo-
dermal derivatives have also substantiated the ability of stem cells to differentiate into 
the lineages required for cell replacement in the degenerate retina (Jiang et al., 2002; 
Woodbury et al., 2002). Perhaps one of the most informative studies demonstrating the
potential of stem cells for the treatment of retinal degenerative disease is that of Zhao et al.
(2002) where they showed that ESC-derived neural cells express photoreceptor regulatory
genes.

Investigations of the viability, integration, and functionality of transplanted retinal tissue
have shown promise for possible treatment of retinal degenerations. Transplanted tissue has
included fetal (Sagdullaev et al., 2003), and adult sheets or dissociated photoreceptors
(Gouras et al., 1991), RPE (Gouras et al., 1989; Wang et al., 2004), full-thickness neu-
roretina (Ghosh et al., 2004), and microaggregates of neural retina (Gouras and Tanabe,
2003). In a recent study, the activity in the superior colliculus was analysed following trans-
plant of embryonic rat retinal sheets to the retina of a transgenic rat with photoreceptor
degeneration where the transplant was shown to improve visual function (Sagdullaev et al.,
2003). Using a mouse model, similar results were found to be associated with the rescue of
host cones in the transplant recipients (Arai et al., 2004). Whilst such results are promis-
ing, there is evidence that rescue of visual function may only be possible if the RPE cells
are transplanted prior to the major loss of photoreceptors (Li and Turner, 1991; Castillo 
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Table 54.1. Comparison of embryonic vs. adult stem cell characteristics.

Embryonic Stem Cells Adult Stem Cells

Pluripotent Multipotent
Unlimited proliferative capacity Limited proliferative capacity
Ethically complicated Ethically valid
Derived from 2 sources – inner cell mass of Derived from many sources – e.g. brain, eye, bone marrow

blastocyst or gonads of foetus
Less likely to contain DNA abnormalities May contain more DNA abnormalities
Can cause teratomas when transplanted Less evidence of teratoma formation when transplanted
Problem of immune rejection Can be derived autologously so less likelihood of immune 

rejection
Can be rapidly expanded in vitro Some sites contain very small numbers of stem cells



et al., 1997). The small number of cells harvested from fetal ocular tissue, and the ethical
issues surrounding the use of fetal tissue, present major obstacles to the clinical application
of such cell replacement therapy.

3. RECENT INVESTIGATIONS USING STEM CELLS TO 
REPAIR THE DEGENERATE RETINA

3.1. Transplantation of Embryonic Stem Cells

A number of different laboratories have studied the effects of transplanting ESC into
the subretinal space (Schraermeyer et al., 2001; Arnhold et al., 2004; Haruta et al., 2004)
and into the vitreous of the eye (Hara et al., 2004; Meyer et al., 2004). Transplantation of
undifferentiated murine and primate ESC into the dystrophic RCS rat (Schraermeyer et al.,
2001; Haruta et al., 2004) both resulted in establishing a multilayered photoreceptor outer
nuclear layer (ONL) compared to a non-existent ONL in the sham-injected animals. Haruta
and associates (2004) also presented evidence for a concomitant improvement in visual func-
tion. Recently, Meyer et al. (2004) transplanted retinoic acid-induced, ESC-derived, neural
precursors intravitreally into five week old rd1 mice. A small proportion of the transplanted
cells were able to cross the inner limiting membrane, incorporate into the neural retina and
to differentiate into cells expressing neural cell markers whilst resembling neural cell mor-
phology. In the age-matched normal C57BL/6J mouse model, the donor cells remained in
the vitreous distant from the retinal surface. This suggests that chemo-attractant or migra-
tion factors are present in the degenerate retinas that are not present in the normal model.
Arnhold et al. (2004) also differentiated the ESC into neural precursors prior to subretinal
transplantation into rhodopsin-knockout mice. The transplanted cells did not appear to
disrupt the cellular laminae until 8 weeks post-transplant when teratomas were seen to affect
the choroid, retina, and vitreous of host eyes. Hara et al. (2004) also saw teratoma forma-
tion after transplantation of ESC intravitreally in mice and this appears to be a major obsta-
cle to the application of ESC in cell replacement therapy.

3.2. Transplantation of Adult-Derived Stem Cells

3.2.1. Retinal-Derived Stem Cells

As with ESC, the subretinal transplantation of retinal stem cells (RSC) into rats with
disease or injury has shown the survival, integration and differentiation into cells express-
ing markers of the neural retina, including photoreceptors (Akagi et al., 2003; Chacko 
et al., 2003; Klassen et al., 2004a). Injection into normal animal models appears to inhibit 
the incorporation of such cells into the retina (Chacko et al., 2000; Chacko et al., 2003).
Intravitreal injection of RSC into immunocompetent mice (Coles et al., 2004) and rats
(Seigel et al., 1998) have shown that RSC survive, migrate from the vitreous and integrate
into the neural retina. The characteristics of retinal and neural stem cells (NSC), their devel-
opmental roles, molecular mechanisms known to control their specification, and transplan-
tation of NSC into the retina are all described in a comprehensive review by Klassen et al.
(2004b).
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3.2.2. Brain-Derived Stem Cells

Most of the NSC transplant studies in the retina have focused on the survival, integra-
tion, and differentiation of the transplanted cells. Again, a lack of integration and differen-
tiation was noted when NSC were transplanted into normal rat retinas (Kurimoto et al.,
2001). Intravitreal injection of adult rat NSC into mechanically injured rat retinae differen-
tiated into cells expressing markers of astrocytes and neurons together with some evidence
of synapse-like formations between graft and host cells but did not express markers for 
photoreceptors (Nishida et al., 2000). Similar results were obtained by Young et al. (2000),
subsequent to intravitreal injection of NSC into the dystrophic RCS rat retina. Pressmar 
et al. (2001) transplanted NSC into the retinae of b2/b1 knock-in mice that serve as a model
of photoreceptor apoptosis and into normal mice. Transplanted cells were shown to differ-
entiate into astrocytes and oligodendrocytes and the mutant mice were seen to contain more
grafted cells than the wild type mice. Transplantation of mouse NSC into Brazilian opossum
retinae (Van Hoffelen et al., 2003) also showed that the age of the host determined the fate
of the differentiating cells in vivo.

3.2.3. Bone Marrow-Derived Stem Cells

Intravitreal injection of MSC into injured adult Brown Norway rats showed incorpora-
tion, mostly in the ONL in the vicinity of the site of injury, and differentiation into retinal
neural cells (Tomita et al., 2002). Otani et al. (2002) demonstrated that MSC transplant into
the eye rescued the retinal vasculature from degeneration. The rescued vasculature was seen
to be responsible for the preservation of retinal nuclear layer thickness and improved ERG
recordings following intravitreal injection of MSC into mouse models of retinal degenera-
tion, rd1 and rd10 (Otani et al., 2004). The rescued retina was found to consist of mostly
cones as opposed to the normal retina which is composed of mostly rods, and microarray
analysis of the rescued retinae found up-regulation of many anti-apoptotic genes. Additional
substantiation of MSC suitability for treatment of neural degenerative disease is provided
by the fact that Priller et al. (2001) found bone marrow-derived fully differentiated 
Purkinje neurons in the brains of lethal irradiated C57BL/6J mice that had received tail vein
injections of MSC.

4. ADVANTAGES AND DISADVANTAGES OF MSC FOR THE TREATMENT OF
RETINAL DEGENERATIONS

The pool of MSC is significantly larger and more accessible than the pools of SC in
the eye or brain hence our laboratory chose to analyze MSC in more depth. As outlined in
section two, there exists both benefits and disadvantages for the use of ESC and ASC. The
less controversial nature of using adult-derived SC, the potential for autologous grafts, and
the lack of evidence for tumor formation after transplant into the eye made the study of
adult-derived MSC more attractive for initial investigations. It is possible that ESC may be
more malleable than ASC in their ability to respond to extrinsic cues due to the evidence
of various levels of competence noted during development (Cepko et al., 1996; Belliveau
and Cepko, 1999) and therefore it is also important to investigate ESC in this setting.
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To assess the feasibility of MSC for cell replacement in retinal degenerative disease,
our laboratory performed both in vitro and in vivo analyses. The in vitro analyses of rat
CD90+ MSC have involved the use of activin A and taurine to induce differentiation and
resulted in the expression of rhodopsin, opsin and recoverin (Kicic et al., 2003a). The rat
MSC were transduced with rAAV.GFP prior to transplantation into the subretinal space of
4-5 week old normal RCS rats in order to demonstrate the viability of combining gene
therapy with cell replacement (Kicic et al., 2003a). This was performed because autologous
transplantation may necessitate the correction of the genes responsible for the retinal degen-
erative condition in order to prevent the transplanted cells from degenerating. The trans-
planted cells showed no morphological differentiation into photoreceptors and thus we
suspect that the rhodopsin positive transplanted cells are immature photoreceptors. Despite
little morphological resemblance, transplanted MSC were able to attract synapses, which
provides evidence for some level of functional restoration.

Having established the safety of grafting MSC into the subretinal space and demon-
strating that some signals inducing photoreceptor differentiation did exist in the RCS retina
we next questioned whether the characteristics of MSC differed between species. The major-
ity of studies have been performed in both mouse and rat models of normal and degener-
ate retinae and therefore it seemed natural to question whether results obtained with one
species could be extrapolated to the other. Investigations of stem cell differences are also
important when assessing the clinical application of cell replacement therapy in humans.
The population profiles of CD45, CD11b and CD90 expression for MSC were compared
between the rat, (RCS rdy+p+) and the mouse, (C57BL/6J) (Kicic et al., 2003b). The rat
MSC population appeared to sustain a high level of sole CD90 expression, a marker of
undifferentiated cells (Woodbury et al., 2000) through passages 1-8, however, the mouse
MSC population did not show significant levels of sole CD90+ cells until passage 8. These
results were comparable to those seen by Woodbury et al. (2000) in the rat and by Phinney
et al. (1999) in the mouse. Differences between these two species were also observed 
with respect to their ability to differentiate into photoreceptors following activation with 
100ng/mL activin A with a larger proportion of rat MSC expressing rhodopsin than 
mouse MSC. However MSC from mice and rats do show some similarities in that they can
be transduced with comparable efficiencies by both adenovirus and adeno-associated virus
vehicles encoding GFP (Kicic et al., 2003b).

Having revealed differences in the characteristics of MSC between species it was then
necessary to investigate if differences exist between the MSC of the healthy animal model
compared with the MSC from a model with retinal degenerative disease (Kicic et al., In
Press). Again, the population profiles of MSC from C57BL/6J normal mice and C3H/HeJ
retinal degenerative mouse model were compared and both were shown to have similar pro-
files at early passage as reported for the mouse model above. In contrast to the normal model,
the MSC derived from the retinal degenerate model showed a more rapid increase in the
proportion of sole CD90+ cells with increasing time in culture. Marrow stromal cells from
the healthy and disease origins were both found to respond to inductive cues for adipocytes
and photoreceptor differentiation as determined by expression of cell-specific genes with
RT-PCR and their associated protein products with Western blot analysis. There were no sig-
nificant differences observed in the efficiency of adenovirus and adeno-associated virus to
transduce MSC from disease and healthy origins. Collectively these results demonstrate that
there do not appear to be limitations to the retinal transplant of autologous MSC in retinal
degenerative animal models.
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These studies have proven that MSC may be ideal candidates for cell replacement
therapy due to their stem cell characteristics, their ease of isolation, their accessibility and
the large pool of cells available requiring less time in culture. The safety of MSC transplant
in the retina and the ability of MSC to differentiate into cells of retinal lineage have both
been demonstrated. Variations exist between MSC from different species and further inves-
tigations are required to examine whether differences exist between SC from human and
animal models as currently thought (Ginis et al., 2004; Rao et al., 2004). There do appear
to be intrinsic differences in the MSC from disease and healthy models which affect 
their ability to respond to extrinsic cues however, we have shown that the MSC from retinal 
degenerative models do still have the potential for photoreceptor differentiation. Therefore
it is feasible that autologous MSC may be used in the future for cell replacement therapy
in the treatment of retinal degenerative disease.

5. CONCLUSION

The prevalence of retinal degenerative disease and the lack of available treatments have
prompted investigation into the feasibility of cell replacement therapy. Studies using allo-
geneic and xenogeneic transplants have supported the notion that the photoreceptor layer
may be repaired or regenerated if suitable signals and support cells are present in the eye.
The lack of suitably matched tissue available for transplant severely limits the clinical appli-
cation of such methods. Stem cells provide a source of cells that could be used to enhance
sight in retinal degenerative patients. The potential of stem cells for the treatment of retinal
disease is substantiated by in vitro studies indicating the capacity of both adult and embry-
onic stem cells to differentiate into photoreceptors and in vivo studies where transplantation
of stem cells into injured or diseased retinae results in the survival, integration, and a level
of differentiation. Many questions still exist regarding the behavior of stem cells after trans-
plantation in the retina and these factors are important for translating current knowledge
into a safe and effective treatment for retinal degenerative diseases.
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CHAPTER 55

OPTIC NERVE REGENERATION: MOLECULAR 
PRE-REQUISITES AND THE ROLE OF TRAINING 

Restoring vision after optic nerve injury

Lyn D. Beazley1,2, Jennifer Rodger1,2, Carolyn E. King1,2,
Carole A. Bartlett1, Andrew L. Taylor1, and Sarah A. Dunlop1,2,*

1. INTRODUCTION

The vertebrate visual system is a valuable model for examining recovery after injury
to the central nervous system (CNS). It is a relatively “simple” part of the CNS having one
major class of projection neuron, the retinal ganglion cells (RGCs), which make topographic
connections within well defined visual nuclei, thus recreating visual space within the brain.
Topographic maps can be readily assessed electrophysiologically and anatomically and are
a critical template for useful visually guided behaviour which can be examined behav-
iourally. Furthermore, the optic nerve is accessible, an extra-foramenal crush injury sever-
ing all RGC axons but leaving the meningeal sheath intact as a conduit for regeneration and
preventing gross axonal mis-routing. The procedure also leaves the blood supply to the eye
patent, avoiding ischaemic-induced RGC death.

The optic nerve injury model allows examination of the response of one class of central
neuron to axotomy that may have wider implications for CNS neurotrauma. Restoration of
useful function in any CNS region will require the fulfilment of several pre-requisites. First,
cell death must be prevented and axons encouraged to regrow to their target tissue. Topo-
graphic maps must then be re-created in tandem with an appropriate balance of excitation
and inhibition to allow the restoration of useful function. Whereas neuroprotection and 
neuroregeneration have been widely studied, restoration of topography and appropriate 
functional connections has received less attention.
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2. SUCCESSFUL OPTIC NERVE REGENERATION IN FISH AND AMPHIBIA

Comparative studies of optic nerve regeneration across the vertebrate classes have pro-
vided powerful insights whereby the pre-requisites for neural repair are fulfilled (reviewed:
Beazley, 2000; Beazley and Dunlop, 2000). In fish and amphibia, RGC survival is robust;
almost 100% of RGCs survive in goldfish and up to 50-70% in amphibia with RGC axons
regaining the major visual centre, the optic tectum, by approximately 2 weeks (Beazley and
Humphrey, 1985; Murray and Edwards, 1982). The restoration of topography appears to be
biphasic requiring an initial activity-independent phase followed by a phase that is critically
dependent on normal patterns of neural activity (Fig. 55.1).

During the initial phase, a coarse topographic map is restored in which receptive fields
map approximately correctly within the optic tectum but are somewhat larger than normal
(Schmidt and Edwards, 1983). The anatomical correlate is that regenerating RGC axonal
arbors are more widespread than normal and are located within both topographically appro-
priate and inappropriate tectal regions (Schmidt et al., 1988). The initial phase appears to
be activity-independent since it occurs if animals are raised in the dark, a condition per-
mitting only spontaneous activity, or in a stroboscopic environment which synchronises all
activity and prevents normal patterned form vision (Schmidt and Edwards, 1983; Schmidt
et al., 1983). Similarly, a coarse map forms if sodium channel-mediated activity is blocked
with tetrodotoxin or if glutamatergic NMDA receptor-mediated activity is prevented with
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Figure 55.1. Diagram of two overlapping phases involved in restoration of retinotectal topography. During 
the activity-independent phase (left panel), RGC axons (dots in retinal outline) project axons with wide-spread 
terminal arbors in the optic tectum (jagged shapes in tectal outline). In the second phase, activity-dependent 
mechanisms focus terminal arbors and produce precise topography. See also color insert.



the antagonist APV (Schmidt, 1990). In the second phase, the map is refined via activity-
dependent mechanisms, whereby incorrectly located terminal arbors, or parts thereof, are
pruned or silenced by inhibition or are inactive (Lin et al., 1998); absence of appropriate
activity results in failure to refine.

Here we describe some of our experiments in different models of optic nerve regener-
ation which throw new light on mechanisms underpinning both phases. We summarise evi-
dence which implicates a role for molecular guidance cues in the first, activity-independent
phase. We also highlight the importance, during the second phase, of normal patterns of
neural activity, which can be induced by training on a specific visual task, to restore topog-
raphy and therefore useful vision.

3. MOLECULAR PRE-REQUISITES FOR RESTORATION OF TOPOGRAPHY

In his “chemoaffinity hypothesis”, the Nobel Laureate Roger Sperry predicted that
matching gradients of guidance molecules would be involved in conferring positional iden-
tity to both RGCs in the eye and their postsynaptic target cells within the optic tectum,
allowing the establishment of topographic connections between retinal and tectal cells with
matched identity (Sperry, 1963). The hypothesis received widespread experimental support
although the molecular basis remained elusive until the identification of an orphan tyrosine
kinase Eph receptor with a graded expression pattern in the developing visual system (Cheng
et al., 1995). Subsequent studies identified classes of Eph receptors and their ligands, the
ephrins, which were involved in the development of retino-tectal topography (Flanagan and
Vanderhaeghen, 1998).

The “A” family of Eph/ephrins is involved in the establishment of the retinal temporo-
nasal to the tectal rostro-caudal axis. EphA receptors are expressed as temporalhigh to
nasallow gradients on RGCs and their axons. Within the tectum, ephrin-As are expressed 
in a rostrallow to caudalhigh gradients. EphA/ephrin-A binding is primarily repulsive. Devel-
oping temporal axons, with high EphA receptor expression, are repulsed by high ephrin-A
expression in caudal tectum and map rostrally. Conversely, nasal axons with low EphA
receptor expression are less sensitive to high ephrin-A expression and map caudally. At
maturity, such gradients are down-regulated. Functional involvement of EphA/ephrin-As is
evident from ephrin-A2/-A5 double knock-out mice and EphA3 knock-in mice in which
topography is disrupted (Feldheim et al., 2000; Brown et al., 2000). In vitro experiments
demonstrate that temporal and nasal growth cones display opposite behaviours when pre-
sented with high ephrin-expressing tectal cells; temporal axons are repelled whilst nasal
ones are not.

Given the well-established role for EphA/ephrin-As in the development of retinotectal
topography, we investigated whether such developmental guidance molecules were involved
in the restoration of topography after injury to the adult visual system. In normal goldfish,
EphA3 and EphA5 have a uniform profile across the temporo-nasal retinal axis (King et al.,
2003). However, during the time that a coarse map is restored, EphA3 and EphA5 are upreg-
ulated as a temporalhigh to nasallow gradient. Upregulation is transient, returning to normal
levels once topography is refined. Similarly, within the optic tectum, ephrin-A2 is transiently
up-regulated as an ascending rostrallow to caudalhigh gradient as the coarse map is restored
(Rodger et al., 2000). We have also demonstrated a functional role for EphA/ephrin-As
during optic nerve regeneration (Rodger et al., 2003). Blocking EphA/ephrin-A interactions
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in vivo by intracranial injection of recombinant EphA3 (EphA3-AP) resulted in a degrada-
tion of retinotectal topography as assessed electrophysiologically. Furthermore, in vitro,
goldfish temporal RGC axons were repulsed by ephrin-A5 whereas nasal ones were not.

4. RESTORING TOPOGRAPHY – THE NEED FOR A NOVEL MODEL

Although spontaneous optic nerve regeneration in mammals is largely abortive (Zeng
et al., 1995), RGC axon regeneration can be assisted by, for example, grafting a piece of
peripheral nerve (PN) between the back of the eye and the superior colliculus (SC; mam-
malian homologue of the optic tecum in lower vertebrates). After PN grafting, approximately
10% of RGCs survive but only a small proportion regenerate their axons along the graft,
less than 1% enter the SC and precise topography is absent (Sauvé et al., 2001). However,
the number of RGC axons entering the SC falls well below the 20% minimum required to
restore topography, suggesting that once sufficient neuroprotection and neuroregeneration
can be stimulated in mammals, further steps may be required to restore topography and
therefore useful vision.

In searching for models lacking topography in visual projections, we turned our atten-
tion to reptiles, the class of vertebrate phylogenetically intermediate between the fish and
amphibia and the birds and mammals. Although the response to axotomy is variable
(reviewed: Dunlop et al., 2004), we identified a lizard, Ctenophorus ornatus, which was
similar to fish and amphibia with large numbers of RGC axons regaining the tectum.
However, the outcome of optic nerve regeneration mimicked peripheral nerve-assisted mam-
malian optic nerve regeneration in that topography was lacking (Beazley et al., 1997; 
Stirling et al., 1999; Dunlop et al., 2000).

5. NEURAL ACTIVITY AND VISUAL TRAINING TO RESTORE 
TOPOGRAPHY AND USEFUL VISION

In lizard, anatomical tracing throughout optic nerve regeneration revealed that RGC
axons failed to restore topography (Beazley et al., 1997; Dunlop et al., 2000). Nevertheless,
electrophysiological recording indicated the presence of a coarse topographic map at an
intermediate stage. However, the map was transient, breaking down in the long term with
blindness persisting throughout. Furthermore, whereas normal animals displayed purely
AMPA-mediated glutamatergic fast secure excitatory synaptic neurotransmission accompa-
nied by low levels of GABA-ergic inhibition, during optic nerve regeneration, responses
were weak and habituated readily, were both NMDA- and AMPA-mediated and displayed
high levels of inhibition (Dunlop et al., 2003). Taken together, the data indicated that low
levels of visually elicited activity from widely spread RGC arbors resulted in non-correlated
firing of postsynaptic partner cells and therefore weak NMDA receptor activation. As a 
consequence, AMPA-mediated activity presumably decreased while GABA-ergic inhibition
increased, thus preventing the maturation of fast, secure synaptic transmission (Shi et al.,
1997) and the restoration of topography.

The corollary that low levels of activity will delay synaptic maturation is that high levels
will accelerate it. Extensive evidence suggests that neural activity, either spontaneous or
elicited, influences synaptic circuitry not only during development but also in both the
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normal and damaged adult brain (reviewed, Dunlop and Steeves, 2003). Enhanced neural
activity in the form of specific training improves functional outcome in a wide range of sit-
uations including peripheral nerve injury, stroke, spinal cord and head injury. We therefore
assessed the influence of specific visual training on the outcome of optic nerve regenera-
tion in lizard (Beazley et al., 2003). Food items were presented to the monocular field of
the experimental eye in trained animals and to the unoperated eye in untrained animals twice
weekly throughout the course of optic nerve regeneration. A topographic map was restored
(Fig. 55.2) as well as glutamatergic excitation that was predominantly AMPA-mediated
together with low levels of GABA-ergic inhibition (Beazley et al., 2003; Dunlop et al.,
2003). Crucially, animals responded to and fed on prey items presented to the experimen-
tal eye indicating a return of useful vision.
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Figure 55.2. Visual training restores topography. Top panel: retinotectal maps assessed electrophysiologically.
Numbers in tectal outlines (top) indicate electrode positions and those in retinal outlines (bottom) indicate the loca-
tion of receptive fields. In normal and trained animals (left and centre) the map is topographic (rows). In untrained
animals (right), topography is lacking. Bold numbers represent robust responses, non-bold weak responses. Bottom
panel: retinotectal topography as assessed anatomically. Dorsal view of the optic tectum after placements of the
carbocyanine dyes DiI (square dotted lines) and DiAsp (round dotted lines) respectively in dorsal or ventral retina.
A retinotopic map is observed in normal and trained, but not untrained (complete overlap of dye labelling), animals.
(Beazley et al., Journal of Neurotrauma, 2003, Vol 20, No. 11, 1263–1270, by the permission of Mary Ann Liebert,
Inc. Publishers). See also color insert.



7. CONCLUSION

Our work has capitalised on two models of optic nerve regeneration to examine factors
that are involved in the restoration of topographic maps after injury to the adult brain. In
goldfish, guidance molecules instrumental in establishing topography during development
are involved functionally in restoring topography during optic nerve regeneration in adults.
Furthermore, in lizard, a model in which RGC axon regeneration is robust but topography
is lacking, specific visual training results in the restoration of topography and useful vision.
Taken together, the work suggests that restoration of vision in mammals will require the
recapitulation of developmental guidance cues during the restoration of a coarse topographic
map and appropriate levels of relevant neural activity to ensure the return useful vision.
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CHAPTER 56

RETINAL GANGLION CELL REMODELLING IN
EXPERIMENTAL GLAUCOMA

James E. Morgan, Amit V. Datta, Jonathan T. Erichsen, Julie Albon, and
Michael E. Boulton*

1. INTRODUCTION

Retinal ganglion cell (RGC) death is the key pathological event in glaucoma and the
biological basis for the loss of vision. Although significant advances have been made in the
medical and surgical treatment of glaucoma, the disease remains the most common cause,
worldwide, of irreversible vision loss (Quigley, 1996). Our understanding of the role played
by elevated intraocular pressure (IOP) in the initiation of glaucoma has recently been
advanced by evidence from clinical trials that IOP levels within the normal range can influ-
ence the degree of retinal ganglion cell death (AGIS, 2000). For those patients with advanced
glaucoma damage, a reduction in IOP, even within the normal range, can reduce the risk of
progressive vision loss.

In spite of this, many patients will suffer glaucoma damage even when IOPs have been
reduced to appropriate therapeutic levels. In order to address this limitation, there has been
considerable research into the processes that initiate pathological RGC death. There is strong
evidence that RGCs are lost through programmed cell death (Quigley et al., 1995), but 
relatively little about the changes that occur in the RGC population prior to this event. Early
descriptions, based on changes in human and experimental glaucoma (Quigley et al., 1988,
1989), suggested that cells proceeded to apoptosis with little in the way of morphological
changes. This interpretation of the data, based on cell and axon size changes in glaucoma,
was taken as evidence for the selective loss of larger RGCs in the early stages of glaucoma.
Since larger RGCs are more common in the magnocellular pathway, this supported the
hypothesis that diagnostic tests based on the properties of these cells could be used to detect
glaucoma at an early stage (Johnson, 1994).

Critical appraisal of these data as well as more recent evidence has challenged this view
(Morgan, 2002) and suggests that retinal ganglion cells display morphological changes that
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are characteristic of neurons in chronic neurodegenerative diseases. Work in the primate
model of experimental glaucoma has revealed remodelling at the level of the cell soma and
the dendritic tree (Weber et al., 1997). Furthermore, other studies have failed to find evi-
dence supporting the selective loss of magnocellular retinal ganglion cells in experimental
glaucoma (Morgan et al., 2000). It is important to note that these observations have only
been made in the primate glaucoma model. As such, they remain contentious and further
work is needed to establish whether changes in RGC morphology are a general feature of
other glaucoma models and of human disease. Although the primate has been a popular
model for studying these changes in the past, because of its great cost represent it is not a
feasible model for the study of the early pathophysiology of RGC death.

Therefore, we have adopted the rodent glaucoma model in which moderate increases
in intraocular pressure can be produced by the injection of hypertonic saline into the 
episcleral venous system (Morrison et al., 1997). The principal aims of our work are to
establish whether morphological changes are occurring in the retinal ganglion cell popula-
tion prior to the onset of cell death and to develop techniques that will allow us to evaluate
strategies for reversing any changes that occur. In this paper, we outline techniques for the
analysis of RGC morphology in the rat model and report our preliminary findings.

2. METHODS

Unilateral ocular hypertension was induced in adult Norwegian Brown rats (retired male
breeders, weight range: 335 to 465gm). All experiments were conducted in accordance with
Home Office (UK) regulations. Animals were maintained in a constant low light environ-
ment (40-60lux) to minimise diurnal fluctuations in IOP. IOPs were measured at least every
other day using a factory-calibrated Tonopen XL (Mentor) with the IOP taken as the mean
of 10 readings. All measurements were made in awake animals in which the cornea was
anaesthetised using topical benoxinate drops (0.5%).

Ocular hypertension was induced in left eyes with the right eye acting as an unoper-
ated control. In each case, a single episcleral vein was exposed by conjunctival dissection
and injected using a glass microcannula (outside diameter 15-35mm) with sufficient hyper-
tonic (1.75M) saline (approximately 50-75ml) to blanch the vessel and clear blood from the
episcleral venous system. We obtained unilateral elevation of IOP within 24-48 hours in
over 90% of animals following a single injection. A repeat injection was given to those
animals that failed to show an increase after 7 days.

Following defined periods of sustained elevation of IOP, animals were sacrificed and
the eyes dissected out rapidly for culture in oxygenated Ames medium. Retinal ganglion
cells were labelled using carbocyanine dyes delivered ballistically using a Gene Gun (Bio-
Rad) in which tungsten microparticles (1.7mm diameter) were coated in dye and injected
under high pressure directly into retinal ganglion cells (Sun et al., 2002). When injected in
viable tissue, the dyes are rapidly transported within the cell membrane and reveal neuronal
structure. Labelled cells can be viewed by fluorescence microscopy within minutes of injec-
tion to determine the extent of labelling and further injections administered as required.
Images were captured at high resolution at a series of focal planes through the dendritic tree
and then compressed in the z-axis for the analysis of dendritic structure in a 2 dimensional
view. Two methods were used to determine changes in dendritic structure. Firstly, the number
of dendritic branches was estimated using a modified Sholl analysis (Sholl, 1953) in which

398 J.E. MORGAN ET AL.



a series of concentric rings centred on the cell soma are drawn at regular intervals to the
outermost boundary of the dendritic field. The number of dendritic branches intersecting
with each ring was then determined to provide an index of dendritic complexity. Secondly,
the maximum diameter of the dendritic tree was measured based on a perimeter that con-
nected the tips of the terminal dendrites.

The determination of retinal ganglion cell loss in this paradigm can be problematic.
Conventionally, retinal ganglion cells are labelled prior to the induction of ocular hyper-
tension by retrograde labelling from injections made in the superior colliculus (Laquis 
et al., 1996). While this method can provide robust estimates of the population of surviv-
ing RGCs, it has the potential limitation that injections into the superior colliculus can com-
promise retinal ganglion cell function as a result of direct damage to retinal ganglion cell
axons (Leahy et al., 2004). We therefore adopted an alternative strategy in which retinal
ganglion cells were identified immunohistochemically using an antibody (TUJ1) against a
neuron-specific b-3 tubulin (Covariance, UK) which can be used to distinguish RGC’s and
amacrine cells within the retinal ganglion cell layer (Cui et al., 2003). Use of immuno-
histochemical stains in the retina in which cells have been labelled intracellularly with 
a suitable fluorescent dye can be complicated by dispersion of dye following permeabilisa-
tion of cells during immunohistochemistry. We overcame this technical difficulty by using
DiI which has been modified by the inclusion of a thiol reactive chloromethyl group (CM-
DiI, Molecular Probes, OR) to increase binding to the plasma membrane and to diminish
the dispersion of fluorophore within the retina following permeabilisation. Once labelled
RGCs had been analysed in detail, the surrounding retinal ganglion cell population was
labelled immunohistochemically to determine the degree of local RGC loss.

3. RESULTS

Consistent and moderate increases in intraocular pressure were obtained using the 
episcleral vein injection model. Typical intraocular pressure elevation profiles are shown in
Figure 56.1.
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The Gene Gun method provided extensive labelling of retinal ganglion cells. However,
excessive labelling can reduce the numbers of cells in which the dendritic tree can be iso-
lated and accurately reconstructed. We therefore focused on cells in areas of retina with
sparser labelling in which the dendritic tree could clearly be distinguished from those of
adjacent cells. In Figure 56.2, sample cells are shown from normal and glaucomatous 
flat-mounted retinae that indicate pruning of the dendritic tree with reduction in overall 
dendritic area and in the complexity of the dendritic tree. This shrinkage and remodelling
has been a consistent feature of RGCs labelled in glaucomatous retinae. The mean reduc-
tion in dendritic tree diameter for RGCs from the glaucomatous retinae was 25.7% com-
pared with control eyes (P < 0.001, ANOVA).

Immunohistochemical labelling with TUJ1 allowed us to determine the degree of 
RGC loss around cells labelled with DiI. RGC identification could be confirmed by the 
presence of axonal labelling. An example of RGC labelling with this technique is shown in
Figure 56.3.

4. DISCUSSION

Analysis of intracellularly labelled cells in this rodent supports the hypothesis that
changes in dendritic morphology precede the onset of retinal ganglion cell death in exper-
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imental glaucoma. Our observations are important because they suggest that widespread
remodelling occurs in the retinal ganglion cell population prior cell loss. In the primate,
these changes occur in step with reduction in cell soma size (Weber et al., 1998) and similar
changes appear to occur in the rodent model. An important implication of these findings is
that the apparent selective loss of larger retinal ganglion cells in glaucoma could also be
explained by a reduction in retinal ganglion cell soma area and dendritic tree area rather
than the selective loss of one particular class of retinal ganglion cells (Morgan, 2002). These
observations are consistent with clinical physical studies which have failed to demonstrate
selective damage to magnocellular or parvocellular retinogeniculate pathways (Graham 
et al., 1996, Ansari et al., 2002) in early glaucoma.

Perhaps of greater significance for our understanding of the early changes in retinal
ganglion cells in glaucoma is that our data indicate that subtle changes occur in the retinal
ganglion cell population prior to the onset of retinal ganglion cell death. We hypothesise a
model in which large populations of RGCs are diffusely affected by elevated IOP which
predisposes to programmed cell death. It is interesting to note that in the rodent glaucoma
model changes in neurofilament mRNA levels are seen early in the disease process (Johnson
et al., 2000). Neurofilaments are important for neuronal structural integrity and reduced
expression of NFL (the light neurofilament subtype) can correlate with reductions in den-
dritic complexity (Zhang et al., 2002). Changes in neurofilament expression would provide
a plausible link between ocular hypertension and changes in RGC structure.

In conclusion, our data support the hypothesis that retinal ganglion cells undergo struc-
tural changes prior to the onset of cell death in experimental glaucoma. These observations
have far reaching implications in terms of our understanding of the processes that precede
cell death in this disease.
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Figure 56.3. RGC’s labelled immunohistochemically with TUJ1. (a) Small arrow: RGC labelled with TUJ1 alone.
Large arrow: RGC labelled with DiI and TUJ1. (b). TUJ1 labelled RGCs in a glaucomatous retina (large arrow).
Note the reduction in number of labelled cells in (b).
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CHAPTER 57

NEURAL PLASTICITY REVEALED BY 
LIGHT-INDUCED PHOTORECEPTOR LESIONS

Bryan W. Jones, Robert E. Marc, Carl B. Watt, Dana K. Vaughan, and
Daniel T. Organisciak*

1. INTRODUCTION

The retina has long been assumed to remain in stasis after photoreceptor degeneration
effectively deafferents the neural retina (Zrenner, 2002). However, a growing literature
reveals the more insidious details of retinal degeneration and evidence of early plasticity.
Retinal degenerations typically undergo three phases. Early changes observed in phase one
are triggered by photoreceptor stress and include misrouting of rhodopsin to the inner 
segments of photoreceptors (Milam et al., 1998) followed by rhodopsin delocalization to
processes extending down in fascicles projecting into the inner nuclear and ganglion cell
layers (Li et al., 1995; Milam et al., 1996). Phase two is characterized by active photore-
ceptor cell death eventually deafferenting bipolar cell populations and eliminating light
mediated signaling to the neural retina. Also observed in phase two is the formation of the
Müller cell (MC) seal, entombing or walling off the remnant neural retina from what is left
of the retinal pigment epithelium and vascular choroid (Jones et al., 2001; Jones et al., 2003;
Marc et al., 2003). Formation of the Müller cell seal is likely due to collapse of distal ele-
ments of Müller cells, but is also possibly due to hypertrophic processes. Before comple-
tion of phase two, all dendritic elements of bipolar cells have retracted and horizontal cells
typically have sent axonal processes into the inner plexiform layer (IPL). (Strettoi and 
Pignatelli, 2000; Park et al., 2001; Strettoi et al., 2002; Strettoi et al., 2003). The final stage
of remodeling, phase three, was originally described in the GHL mouse (Jones et al., 2001),
however at the time the extent of remodeling across models and the implications for vision
rescue was not appreciated. Subsequent work in naturally occurring and genetic models
(Jones et al., 2003) revealed extensive remodeling in response to photoreceptor degenera-
tion. This remodeling involves the evolution of processes from all classes of neurons into
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fascicles that may run for >100 microns in addition to elaboration of new “tufts” of IPL
(microneuromas) that form outside the boundaries of the normal stratification of the IPL.
These microneuromas are populated with synaptic contacts corruptive of normal visual 
processing (Marc et al., 2003). Finally, migration of adult neuronal phenotypes throughout
the vertical axis of the retina is observed with all cell classes participating. It is believed
that in order to maintain normal gene expression, neurons will sprout processes to seek lost
glutamatergic signaling. Failing to achieve synaptic contact may result either in cell death
or cellular soma migration to other regions of the retina. Amacrine cells are commonly
observed translocating to the ganglion cell layer with ganglion cells also migrating up into
the inner nuclear layer.

The work with naturally occurring human, and natural and genetically engineered
animal models has revealed plasticity and retinal neural remodeling as the typical response
to apparent sensory deafferentation. Therefore, while light damage has long been recognized
as a way to “kill” photoreceptors, this study was designed to use the light damage method-
ology (LD) to assess the nature and scope of plasticity in the neural retina in response to
deafferentation in an environmental rather than a genetic model of deafferentation.

2. METHODS

Over 90 albino Sprague-Dawley rat retinas were exposed to light (Organisciak et al.,
1998) of varying durations, pre-adaption states, circadian phases and survival times. Post-
euthanasia, enucleated eyes were rapidly fixed in glutaraldehyde, resin-embedded and thin
sections (250nm) were serially probed with IgGs generated against aspartate, glutathione,
glutamate, glutamine, glycine, GABA, and taurine, key retinal metabolites and cell specific
markers. Primary immunohistochemical labeling was followed by silver intensification with
a secondary goat anti-rabbit IgG adsorbed to 1nm gold particles and visualized with silver
intensification (Kalloniatis and Fletcher, 1993). All images of immunoreactivity were cap-
tured as 8-bit greyscale images and registered to <250nm root-mean-square error. Compu-
tational molecular phenotyping (Marc and Jones, 2002) was then employed to identify
neurons. EM overlay was employed to identify signatures at the ultrastructural level (Marc
and Liu, 2000).

3. RESULTS

In the LD model, Müller cells undergo dramatic transformations in areas with com-
plete rod and cone loss. In these regions, plasticity ensues as evidenced by neuronal migra-
tion via formation of hypertrophic MC columns throughout the axis of the retina, with some
neurons migrating from the retina into the remnant choroid. Synaptic remodeling is demon-
strated with neurites engaging in novel, corrupt circuitry via GABAergic, glycinergic and
glutamatergic synapses. Within 14 days of even a brief, 3hr LD treatment, focal photo-
receptor loss was accompanied by irregular 2-4 fold increases in RPE glutamine and rod
aspartate levels, perhaps presaging cell death. The onset of MC remodeling (formation of
a fibrotic glial seal in regions of extensive rod/cone cell death) is accompanied by a dra-
matic >10-fold increase in MC glutamine. This occurs only in MCs engaged in seal for-
mation; MCs a mere 0.1mm away are normal (Figure 57.1). By 60 days post exposure, most
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photoreceptors have died and the glial seal has become complete in those areas with com-
plete photoreceptor loss. Small microneuromas have begun to form, originating from sprout-
ing bipolar cells and amacrine cells. Aditionally, fluid channels begin to form, likely
originating from the Müller cell seal walling off of the neural retina from the vascular
choroid. This seal likely impairs transretinal water flow (Bringmann et al., 2004), resulting
in the formation of fluid channels or cysts. Those bipolar cells that have not sprouted and
found targets to contact have begun the process of dying. For the most part however, at 60
days post exposure the normal lamination of the IPL is intact and most populations of cells
other than the photoreceptors appear in approximately normal numbers. At approximately
120-240 days post-LD, when both neuronal migration on hypertrophic MC columns and
synaptic remodeling are initiated, other more dramatic changes ensue. Synaptic remodeling
is evinced by neuropil arising from new neurites in the remnant distal retina containing
GABAergic, glycinergic, and glutamatergic synapses in novel circuits (Figure 57.2). Distal
migration of MC nuclei, MC hypertrophy and disorganization of the inner nuclear layer,
including cell loss, match remodeling processes in advanced genetic forms of retinal degen-
eration, including human retinitis pigmentosa. Neuronal migration throughout the axis of
the retina is common. All classes of neurons participate including glycinergic amacrine cells
migrating into the ganglion cell layer and ganglion cells can be observed migrating into the
inner nuclear layer. By 240 days post-LD, the RPE has been obliterated, the vascular choroid
has been compromised and there is extensive emigration of MCs and neurons from the
neural retina proper into the remnant choroid, similar to that described by Sullivan et al.
(Sullivan et al., 2003) for the aged ambient-LD rat. These neurons posess signatures
unchanged from their signatures in the retina proper.
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Figure 57.1. Early in the degenerative process, Müller cells exhibit large increases in glutamine concentration
(often >10-fold increases) in areas where photoreceptor death is complete allowing Müller cells to begin seal 
formation.



Confirming the exit from the neural retina proper required ultrastructural analysis.
Therefore, electron microscopy (EM) with light microscopy overlay (Marc and Liu, 2000)
was employed to demonstrate emigration of cells with mature neuronal phenotypes through
Brüch’s membrane. Figure 57.3 shows one such neuron: a GABAergic neuron that has com-
pletely passed through a small hole in Brüch’s membrane demonstrating adult neuronal 
phenotypes remain stable when migrating through the retina and into the remnant choroid.

4. CONCLUSIONS

All insults that kill photoreceptors represent sensory deafferentations that trigger retinal
remodeling akin to CNS plasticities, including neuronal loss, growth of new neurites, for-
mation of new synapses, and reorganization of the neuronal and glial somatic positions.
These data show LD that models exhibit plasticity that mirrors pathology observed in other
models of retinal degeneration. LD is a fast, effective trigger of large-scale remodeling
(perhaps due to the high temporal coherence of the insult) and enables study of circuitry
defects emergent from remodeling.

Sparing of the ventral retina allows for a “built in” control, allowing us to compare
within the same preparation both normal and remodeled portions of tissue. Furthermore,
the LD model, with the possible exception of the conditional genetic knockouts, is the only
model in which we know there are no developmental abnormalities with respect to circuitry
and genetics throughout development making the LD model possibly the best model avail-
able for Age Related Macular Degeneration (AMD) and AMD like disorders. Cells outside
the boundaries of the neural retina have escaped. Furthermore, they appear to have normal
amacrine and bipolar cell signatures indicating their metabolic status appears to be stable.
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Figure 57.2. A 300 day old rat retina harvested 240 days after light damage at 60 days of age immunohisto-
chemically labeled for GABA. Elaboration of microneuromas outside the normal lamination of the IPL are seen
composed of tangles processes labeling for GABA, glutamate and glycine from amacrine cells, horizontal cells,
bipolar cells and ganglion cells (Jones et al., 2003). Also observed in this image is the beginning formation of an
aqueous fluid channel.



Many of these neurons have rewired and apparently have established some form of con-
nectivity keeping them alive. Furthermore, the glial cells are also emigrating, leaving an
abandoned retina which, for all intents and purposes may be dead. Rescue at this point is
impossible.

These data show light-damaged models exhibit plasticity that mirrors pathology
observed in other models of retinal degeneration. We suggest that all insults resulting in loss
of photoreceptors represent sensory deafferentations, triggering retinal remodeling akin to
CNS plasticities, including neuronal loss, growth of new neurites, formation of new
synapses, and reorganization of neuronal and glial somatic positions and finally, adult
neurons can migrate without first de-differentiating.
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Figure 57.3. An electron micrograph of a GABAergic amacrine cell (confirmed by CMP EMoverlay (Marc and
Liu, 2000)). Bruch’s Membrane has been breached allowing neurons to escape the remnant neural retina into the
choroid.
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CHAPTER 58

FACTORS UNDERLYING CIRCADIAN 
DEPENDENT SUSCEPTIBILITY TO LIGHT 

INDUCED RETINAL DAMAGE

Ruby Grewal1, Daniel Organisciak2, and Paul Wong1,3

1. INTRODUCTION

Retinal cell loss in diseases such as Retinitis Pigmentosa occurs through an apoptotic
process.1 The mechanism of this cell loss is not completely understood. Models that allow
for the study of conditions in which the retina is susceptible or resistant to retinal damage
help to elucidate the mechanism underlying the cell death. One model that is used to study
retinal cell loss is the light induced retinal degeneration (LIRD) model.2 Intense light expo-
sure leads to rhodopsin bleaching2 and is the trigger for the subsequent photoreceptor cell
degeneration, as blocking the regeneration of rhodopsin prevents photoreceptor cell death.3

Oxidative stress is also involved in retinal degeneration,2,4-7 and the administration of natural
or synthetic antioxidants prior to light exposure prevents the subsequent cell loss.7-13 Many
factors can influence the extent of light induced damage including prior light history of the
animals, age, genetics, and diet.4,8,14 The extent of LIRD is also dependent on the time of
light exposure initiation. Animals exposed to light during the dark phase of the dark-light
cycle suffer greater retinal damage than rats exposed to light during the day.15 More recently,
it was reported by Organisciak et al that relatively brief intense light exposure commenc-
ing at 0100h lead to a 2-4 fold greater loss of photoreceptor cells in rat retina than light
exposure beginning at 1700h.16 A fundamental question then is to ask what differences exist
in the retina at various times of the day. It was suggested that endogenous factors regulated
in a circadian manner might be involved in the observed difference in susceptibility to
LIRD.16 Circadian rhythms cue an organism about night/day changes, have a period of
approximately 24 hours, and persist in constant darkness or constant light. These rhythms
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are entrained by light, but can also be entrained by temperature17 and feeding.18 Circadian
rhythms underlie many physiological processes that can lead to a stress tolerant or suscep-
tible environment. There are several prominent circadian regulated physiological processes
in the retina. Melatonin and dopamine are synthesized in a circadian manner or in response
to light-dark cues, and may be involved in entraining the circadian cycle. They are the most
obvious candidates for involvement in increased retinal susceptibility to light. Phototrans-
duction protein levels are also important candidates as they are directly involved in modu-
lating the retinas response to light. A fairly new candidate is metabolic activity of the retina.
Increased metabolic activity results in decreased pH levels which may also play a key role
as it has been shown to be involved in inducing apoptosis.19 Any or all of these factors may
be involved in the circadian dependent susceptibility to light damage. This review covers
four important candidates that may play a role in circadian dependent susceptibility to light
damage. A complete review of all the factors that may be involved in this phenomenon is
beyond the scope of this paper.

2. MELATONIN

Melatonin produced by the pineal is thought to act as an endocrine hormone, entrain-
ing overall circadian rhythms.20 In the retina, photoreceptor cells produce melatonin where
it acts as a paracrine hormone.21,22 The highest levels of melatonin are present during the
night with levels decreasing after light onset.23 Studies have reported that the Mel1b and
Mel1c melatonin receptor RNA or protein are expressed in Xenopus retina24,25and that the
melatonin MT1 receptor protein is expressed in human retina.26 It has been suggested that
the function of melatonin expression at night is to increase the sensitivity of the visual
system, and in this way facilitate dark adaptation.27 Exogenous melatonin applied to the
retina has been shown to increase light induced retinal damage.28 In contrast, the applica-
tion of the melatonin receptor antagonist luzindole prevents light induced damage.29 These
results suggest that melatonin binding to receptors in the retina results in the increased
retinal susceptibility to light damage. However, melatonin has also been shown to be a direct
free radical scavenger, and to act as an indirect antioxidant by inducing endogenous anti-
oxidative enzymes.30 This creates a paradox as to the role that melatonin plays in retinal sus-
ceptibility to light damage. Although melatonin has been shown to increase sensitivity
through receptor binding, oxidative stress also plays a key role in cell loss. The observation
that melatonin has antioxidative properties would suggest that it would decrease sus-
ceptibility to light damage. To date, the role of melatonin in LIRD is unclear. A study by
Wiechmann31 examined melatonin induced gene expression changes by microarray analy-
sis. 14 genes were found to change in expression in the retina, and 17 genes changed in
expression in the RPE. Among the genes that changed in expression were gamma crystallin,
CREB protein, CED 6, and NGF induced transcription factor.31 Further examination of these
genes may help clarify melatonin function in the retina.

3. DOPAMINE

Dopamine is synthesised in the amacrine or interplexiform cells of the retina depend-
ing on the species.32 Studies have shown that in a number of species there is a higher con-
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centration of dopamine during the light phase of the light cycle than in the dark phase.32,33

Studies with the chick retina have shown rhythmic changes in dopamine levels for several
days in chicks kept in constant darkness, and an increase in dopamine levels in chicks that
are exposed to light during the dark phase of the light cycle.33 Photoreceptor inner segments
have D2 receptors34 and receive paracrine input from the dopamine producing cells.
Dopamine has been shown to induce apoptosis in a number of cultured neuronal and non-
neuronal cell types including chick embryo sympathetic neurons and rat PC12 cells.35,36

However it’s role in retinal survival or cell loss is unclear.

4. PHOTOTRANSDUCTION PROTEINS

A number of studies have shown that many proteins involved in phototransduction have
a light-dependent expression patterns. However many of the observed changes tend to be
species specific. The following section will only address the mouse and rat retina.

Opsin mRNA in the mouse retina is highest just before light onset.37 Whole eye
rhodopsin protein levels in the rat retina are higher at night than in the day in both the dark
reared and cyclic light reared rat.16 However the levels are significantly higher in only cyclic-
light reared rats.16 Therefore differences in rhodopsin levels are not likely to be responsible
for the difference in light susceptibility in dark-reared rats. It has been suggested that there
may be a difference in rhodopsin regeneration between night and daytime.38 However, it was
found that RPE65 protein levels, and rhodopsin regeneration kinetics, did not change
between night and day.38 It has also been suggested that rhodopsin phosphorylation patterns,
which are a measure of the activity of the protein, may vary at different times of the day.39

However, it was again found that the phosphorylation patterns do not change between night
and day.39

Transducin is a G protein, activated by rhodopsin, which propagates the visual signal.40

Alpha-transducin mRNA levels in rat retina are highest immediately after lights on, and
alpha-transducin protein is highest in the inner segments during the day, until it is trans-
ported to the outer segments at night.41 The presence of transducin in the outer segments
may increase the sensitivity of the photoreceptor rod cells to light exposure at night.

Recoverin is involved in the recycling of activated rhodopsin. An increase in the length
of time that rhodopsin is in the activated state has been suggested to increase LIRD in the
‘equivalent to light’ hypothesis.42 Recoverin delays the termination of phototransduction by
inhibiting rhodopsin kinase activity in photoreceptor cells.40 Recoverin mRNA and protein
levels in the rat retina are high during the light period, and then decrease sharply after the
onset of darkness. Levels again increase throughout the dark period, with a sharp increase
in protein levels late at night, approximately 4 hours before light onset.43 These results
suggest that low recoverin levels at night may increase sensitivity to light exposure. However
the sharp increase in levels before light onset makes this uncertain.

5. METABOLISM

Significant differences in the metabolic activity exist in the retina at different times of
the day. Increased metabolism appears to take place at night in several species including the
rabbit44 and goldfish retina.45 Several studies have shown an in vitro decrease in the extra-
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cellular pH (pHo) of the retina at night. The change in pHo appears to occur at dusk, when
a rapid drop is observed. After dusk pHo remains stable, until lights on, when it again
increases.46 The extracellular pH of the in vitro rabbit retina varies within the retinal layers,
and is the lowest at the outer limiting membrane, which is located near the inner segments
of photoreceptor cells. Because the pHo is lowest at the outer limiting membrane, photo-
receptor cells are likely the primary source of acid production in the retina.46

It was also observed that removing glucose from the solution surrounding the retina,
and thereby inhibiting energy metabolism, lead to a decrease in acid production and a reduc-
tion in the difference of pH between the retina and the surrounding solution.43 Inhibition of
ATP utilization, through the inhibition of the Na+/K+ ATPase also reduced acid production.
Therefore the observed change in pH levels was likely due to an increase in metabolism,
and an increase in proton production at night. The observed change in pHo between night
and day is not due to an increase in glycolysis over oxidative phosporylation, as both
processes occur at the same proportion during the day and night.43 There is evidence that
cellular acidification can initiate apoptosis. It has been shown that cellular acidification
increases susceptibility of cells to heat damage.47 It has also been shown that neutrophils in
tissue culture that undergo spontaneous apoptosis have an increase in acid production before
the onset of cell death.19 These studies suggest that cellular pH levels can affect cell response
to subsequent stress stimuli, and cellular acidification can lead to an induction of apopto-
sis. Therefore the increased acidification of the retina at night may lead to an increased sus-
ceptibility to a stress signal, such as intense light exposure.

6. CONCLUSION

The retinal environment changes in response to differing physiological requirements
during the night and day. These changes may lead to subsequent differences in response to
light exposure. Previous research has established that the retina is more susceptible to light
damage during the dark phase of the light cycle. Although many circadian changes in
hormone, protein, and gene expression levels have been documented, the mechanism under-
lying the circadian difference in susceptibility is not understood. Current studies examining
the molecular environment of the retina at different times of the day using array screening
may help elucidate some of the processes that result in the difference in retinal susceptibil-
ity. Preliminary results from our lab suggest that there are a number of genes that are dif-
ferentially expressed at different times of the day that have not been characterized as such
previously (unpublished results). An understanding of the conditions under which the retina
is susceptible or resistant to retinal damage may help us understand the mechanism under-
lying cell death in retinal eye diseases.
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CHAPTER 59

SPACE FLIGHT ENVIRONMENT INDUCES
DEGENERATION IN THE RETINA 

OF RAT NEONATES

Joyce Tombran-Tink and Colin J. Barnstable*

1. INTRODUCTION

Retinal degenerations can be promoted by many factors including ageing, ischemia,
fluctuation in oxygen tension, oxidative stress, and increased intraocular pressure. We
present new evidence that the environment encountered in space shuttle flight can also
disrupt normal retinal development and mimic stimuli that induce retinal degenerations on
earth. There is experimental evidence linking anomalies in visual perception with space
flights since the Apollo missions (Phillpot et al., 1978; Newberg and Alavi, 1998). There is
also strong evidence that pathological stimuli that disrupt retinal structure and function on
earth are encountered in the space shuttle environment as well. Orbital space flights cause
physiological disturbances in humans including cephalad fluid shift (Hoffler et al., 1977;
Drummer, 2000), increased intraocular pressure (Mader et al., 1990; Draeger, 2000) dis-
ruption of cardiovascular function (Wang et al., 1996) and stress on the musculoskeletal
system (Lane and Feedback, 2002; LeBlanc, 2000).

Animal models provide a unique opportunity to study the effects of space hazards and
mechanisms of adaptation of the central nervous system to the space environment. In this
paper, we report the physiological effects of space travel on the retina of rodents (NIH.R3
experiment) at various stages of postnatal development during orbital flight on Mission STS-
72, which was launched in 1996.
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2. MATERIALS AND METHODS

2.1. STS-72 In-Cabin Payloads

STS-72 was launched at the Kennedy Space Center on a 9 day Mission on January 11,
1996. The space shuttle carried the NIH.R3 Life Science Payload, a proof-of-concept study
designed to test whether the Animal Enclosure Module (AEM-NF) nursing facility was
capable to support nursing rats and neonates, to evaluate maternal behavior of rat dams in
the cages, and to verify the retrieval of clinically healthy animals post flight. Six litters of
Sprague-Dawley rats were used in the experiment. Each litter consisted of one nursing dam
and 10 neonates. Two identically age and weight-matched litters were launched for each
neonate ages at post-natal days 5 (PN5), 8 (PN8), and 15 (PN15). Similar groups were house
on earth as ground controls.

2.2. In-Flight Rodent Conditions

All animals were fed normal chow or nursed and exposed to normal on/off light cycles.
In flight activities consisted of daily health checks, water refill, and videotaping the animals.
The rats were in flight for 9 days. STS-72 orbital data were: Altitude: 250 nautical miles;
(288 statute miles) Inclination: 28.45 degrees. Number of Orbits: 142; Duration: 8 days, 22
hours, 01 minutes, 47 seconds; Distance travelled: 3.7 million miles.

2.3. Post Flight Evaluation of the Rodents

Post-flight, animals were removed from the AEM-NF and assessed for survival rate and
health. It was reported that 6 out of 20 PN5 neonates, 19 out of 20 PN8 neonates, and all
of the PN15 neonates survived the 9 day Space Mission. All flight groups weighed less than
the corresponding ground controls, possible due to cage effect and independent of gravity
or microgravity.

All surviving flight animals were in good condition as described by the inspecting vet-
erinarian. The AEM-NF supported rat neonates aged PN8 or older at launch, but was unsuit-
able for the support of PN5 or younger rodents at launch. Because of the sample size of
only 2 dams, it was difficult to determine whether the poor survival of the PN5 group was
due to poor dam behavior.

2.4. Dissection and Preservation of the Rodent Eyes Post Flight

Healthy rodents were sacrificed immediately after the shuttle returned to earth and the
eyes from both experimental and ground controls (caged and uncaged) were dissected and
placed in 4% paraformaldehyde. The samples were archived at the Ames Research Labora-
tories until histological and morphometric studies were performed.

2.5. Preparation of Retinal Tissue for Histological Examination

The NIH.R3 neonatal rodent eyes were obtained from the Ames Research Laborato-
ries, after inspection by Drs. Paul Callaghan and Alison French. Age and weight matched
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controls were also obtained for comparison in our study to determine the effects of space
flight conditions on retinal cytoarchitecture.

The anterior segment of each eye was removed with a sharp razor blade and the pos-
terior segment cryoprotected overnight in 30% sucrose. The eyecups were place in freezing
molds containing 100% OCT and frozen overnight at -80°. Samples were cryosectioned at
15mm and thawed onto subbed slides. Sections were stained with hematoxylin/eosin for five
minutes at room temperature. After rinsing, sections were dehydrated, cleared, and mounted.
Sections were viewed with brightfield and DIC optics using a Zeiss microscope.

2.6. Immunocytochemistry, Lectin, and Morphometric Studies

Sections were rehydrated in PBS, preincubated in 5% normal goat serum, 0.1% Triton
X-100 in PBS (G-PBS) to block non-specific binding and then incubated in primary anti-
body overnight at 4°C. After washing in PBS, sections were incubated for 45min at room
temperature in Cy3-labeled secondary antibody diluted in G-PBS. After washing with PBS,
sections were mounted in VectaShield with DAPI, coverslipped and viewed with a Zeiss
widefield microscope equipped with DIC and epifluorescence optics. Control sections were
incubated in normal mouse or rabbit serum diluted to an equivalent immunoglobulin con-
centration as test antibodies.

Calibrated images of sections were collected from several regions of the central retina
of each section. The thickness of various retinal layers was measured in microns. At least
three non-adjacent sections of each eye were measured.

3. RESULTS

The focus of this study was to examine the histological appearance of the retinas of
rodents exposed to space environment. The results presented below represent the first find-
ings of photoreceptor outer segment loss and other disruption of normal retinal develop-
ment in the orbiting eyes. The results were obtained after examination of a large number of
retinal sections obtained from at least 3 neonate rats at 3 different stages of development
flown on orbital flight (STS-72) for 9 days.

3.1. Loss of Photoreceptor Outer Segments and Disruption of the RPE Monolayer in
the Retina of Neonatal Rodents During Orbital Space Flights

The most striking difference among the space eyes and controls was the decreased
length of rod photoreceptor outer segments. In normal rat retinal development, the outer
segments of photoreceptor cells start to develop at about PN5 and reach their full length by
about PN28 (Obata and Usukura, 1992; Bumsted et al., 2001). In figure 1, we show the
length of the photoreceptor outer segments in rodents at PN5 launch (Fig 59.1A), PN8
launch (Fig 59.1B) and PN15 launch (Fig 59.1C). At all three postnatal days, the photo-
receptor outer segments (OS) were either absent or shortened in animals exposed to 9 days
of space travel environment. In addition, we observe that immature rod cell bodies, labeled
with the RET P1 opsin antibody, present in the inner nuclear layer (INL) of both ground
controls, are absent in the experimental animals. The histological preparations (Fig 59.2)
show disruption of the retinal pigment epithelium (RPE). In most cases the RPE layer is
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discontinuous or is not seen attached to the retina in the flight animals. There is little dif-
ference in the length of the inner segments of rod photoreceptors in the ground control and
in flight rodents. Measurements of the average length of photoreceptor outer segments in
control and experimental groups for each age are presented in Figure 59.3.

3.2. Disruption of Normal IPL Development

The IPL contains the synapses that link the bipolar cells to the amacrine and ganglion
cells of the inner retina. In normal development conventional synapses in the IPL occurs
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Figure 59.1. RET-P1 labeling showing differences in length of photoreceptor outer segments in female Sprague
Dawley rats. A. PN5 launch, dissected PN14 GAS1:ground control (no cage), wt-10.9g. AFS1: flight animals, wt-
10.1g; VS4: control (ground-cage), wt-10.7g. B. PN8 launch, dissected PN17. GAM1:ground control (no cage),
wt-15.6g. AFM1: flight animals, wt-16.5g; VM1: control (ground-cage), wt-16.2g. C. PN15 launch, dissected
PN24. GAL1:ground control (no cage), wt-29.7g. AFL1: flight animals, wt-29.2g; VL1: control (ground-cage),
wt-30g.

A

B

C



between PN3-PN10 and ribbon synapses between PN11-15 (Weidman and Kuwabara, 1968;
Robinson, 1991). PN15 marks the time of eye opening in the animals and at this time there
is a sharp reduction in both types of synapses. The widths of the IPL in ground controls
and in flight rat neonates as well as those for the IS and OS are given in Figure 59.3. At
PN5, PN8, and PN 15, the average width of the IPL in ground controls are approximately
48mm, 58mm, and 61mm, respectively. In neonates exposed to the space flight environment,
however, there is a significant decrease in the IPL at all three postnatal time points with the
most dramatic reduction seen at PN15. The thinner IPL is obvious in the H&E stained micro-
graphs of Fig 59.2. The micrographs also show large spaces in the IPL in the retina of the
inflight animals suggesting that there is shrinkage and degeneration of the neuropil com-
prising the IPL.

3.3. Loss of Ganglion Cells

As many as 25 different ganglion cell types are found in the mammalian retina. These
are the first cells to differentiate in the retina and vary in cell body size, dendritic arboriza-
tion, and laminar branching patterns. The appearance of the cells in the ganglion cell layer
of the retina of ground-control rodents are morphologically distinct from those seen in the
retina of the matched in flight neonates (Figure 59.2). The ganglion cell layer of the control
animals had more cells that were round with abundant cytoplasm. In the retinas of the space
flight animals, the ganglion cells are elongated and form a discontinuous layer. The gan-
glion cells have scanty cytoplasm, appear detached from the neuropil of the IPL, and gen-
erally appear unhealthy. This suggests that the space flight animals have extensive damage
to the ganglion cell layer.
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Figure 59.2. Hematoxylin and Eosin staining of the PN5-PN14 animal series. Note disrupted choroid (Ch) and
choroidal vessels, lack of distinct RPE layer (RPE), and thinner IPL between ground control and flight tissue.



4. DISCUSSION

Experimental studies have linked the perception of “light flashes” and hallucinations
by astronauts in flight to the penetration of ionizing nuclei through the nervous tissue. There
is some evidence that cosmic rays induced cell death in the outer nuclear layer of rats flown
in space (Philpott et al., 1978), that microgravity induces intraocular pressure and vascular
changes in the eye (Mader et al., 1993), and promotes apoptosis in astrocytes (Uva et al.,
2002).

This study shows abnormal development of the retina and loss of photoreceptor outer
segments but has not allowed us to determine whether the effects we observed in the 
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Figure 59.3. Thickness of retinal layers in the three sets of animals examined. There is a general shortening of
outer segments and thinning of the inner plexiform layer in space flight animals. IPL, inner plexiform layer; IS,
rod inner segments; OS, rod outer segments. Top panel, PN5 launch; AFS-3, AFS-4 and AFS-5 are the flight
animals. Middle panel, PN8 launch; AFM-1, AFM-3 and AFM-5 are the flight animals. Bottom panel, PN15 launch;
AFL-1, AFL-3 and AFL-4 are the flight animals. All other animals are ground controls.



neonatal rodent retina are transient, reversible, or dependent on flight duration. Nor does it
answer the question as to whether these changes are triggered by a warp in gravitational
force, solar radiation, impact of launching or reentry into the earth’s atmosphere, or fluctua-
tions in oxygen level.

It is possible that neonatal retinas do not adapt as well to the hazards encountered in
the space travel environment as adult retinas. The impact on the neural retina in neonates,
however, highlights the importance of developing more rigorous research efforts to study
how the eyes adapt or respond to various space related assaults since the duration of manned
space journeys will be significantly increased in the near future and could have irreversible
adverse effects on human health and performance.

Knowledge of how this unusual environment affects molecular mechanisms and path-
ways of the CNS are key to accelerating development of appropriate physiological risk 
mitigation measures to remove biological barriers that could impede the astronauts’ ability
to survive and function in future long-term human space exploration. Such studies could
lead to information that is important to understanding and treating similar earth-based retinal
disorders as well.
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CHAPTER 60

TOXICITY OF HYPEROXIA TO THE RETINA:
EVIDENCE FROM THE MOUSE

Scott Geller, Renata Krowka, Krisztina Valter, and Jonathan Stone*

1. INTRODUCTION

Photoreceptors are vulnerable to both a lack and an excess of oxygen. Hypoxia causes
a photoreceptor-specific degeneration during the critical period of normal photoreceptor
development (Maslim et al., 1997), in the naturally occurring degeneration of the RCS rat
(Valter et al., 1998), in direct hypoxia (induced by low inhaled pO2) of the adult retina
(Mervin and Stone, 2002b), and in the detached retina (Mervin et al., 1999). Hyperoxia
causes photoreceptor degeneration at the edge of the normally developing retina (Mervin
and Stone, 2002b, Stone et al., 2004) and brief reports available for the rabbit (Noell, 1955)
and mouse (Yamada et al., 2001, Walsh et al., 2004a) indicate that photoreceptors degener-
ate when oxygen-enriched air is inhaled.

Clinically, hyperoxia-induced pathology is rare in any tissue. An oxygen-induced dys-
plasia of the bronchopulmonary epithelium is a complication of prolonged oxygen therapy
for chronic lung disease. The lung epithelium’s vulnerability to hyperoxia presumably results
from its direct exposure to inspired gas. Most body tissues are protected from clinically used
hyperoxia by the autoregulatory mechanisms of the capillary bed, which limit the rise of
tissue pO2. The exception is the retina, which is vulnerable because the flow of blood through
the choroid, from which oxygen diffuses to the outer retina, is not controlled by autoregu-
latory mechanisms (reviewed in (Chan-Ling and Stone, 1993, Stone and Maslim, 1997,
Stone et al., 1999)). As a consequence, hyperoxia is a factor in the induction of retinopathy
of prematurity. Even this effect (reviewed in (Chan-Ling and Stone, 1993, Stone and Maslim,
1997)) is considered, however, to be due to oxygen regulation of angiogenesis, rather than
a direct cellular toxicity. Prolonged hyperoxia downregulates the expression of angiogenic
factors (such as vascular endothelial growth factor), which are essential for both normal
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vessel formation (Stone et al., 1995) and for the maintenance of adult vessels (Alon et al.,
1995).

This paper explores the toxic impact of hyperoxia on photoreceptors in a mature mam-
malian retina. The question is important because partial depletion of the photoreceptor layer
(the situation in most human retinal degenerations at diagnosis) leads to a chronic rise in
tissue oxygen levels in outer retina. This rise has been demonstrated in three models of pho-
toreceptor degeneration, the RCS rat (Linsenmeier et al., 2000, Yu et al., 2000, Yu et al.,
2004), the Abyssinian cat (Linsenmeier et al., 2000), and the rhodopsin-mutant transgenic
P23H rat (Yu et al., 2004). Further, there is an established basis for the understanding of
this rise in analyses of oxygen gradients and consumption in the retina of rats (Yu and
Cringle, 2001), cats (Haugh et al., 1990) and monkeys (Ahmed et al., 1993); the depletion-
induced hyperoxia in outer retina is not likely to be specific either to species or to particu-
lar causes of depletion. For this reason, we have proposed (‘the oxygen toxicity hypothesis’)
that depletion-induced hyperoxia is toxic to surviving photoreceptors and may be a key
factor in the progress of retinal degenerations (Stone et al., 1999).

The present study explores the oxygen toxicity hypothesis by applying several regimes
of hyperoxia to the non-depleted, non-degenerative retina of the C57BL/6J mouse.

2. METHODS

2.1. Animals, Oxygen Exposure

Experiments were conducted according to protocols approved by the Animal Ethics
Committee of the The University of Sydney and The Australian National University.
C57BL/6J mice were raised from birth in dim cyclic light (12h 5 lux, 12h darkness).
Animals were exposed to hyperoxia by placing them, in their cages, into a plexiglass
chamber in which the concentration of oxygen was increased from normal (21%) to 75%,
by a feedback controlled device (OXYCYCLER, Biospherix, Redfield, NY). The periods of
exposure used were 0w (controls), 1w, 2w, 3w, 4w, 5w and 6w. In addition, several animals
were exposed to 75% oxygen for 3w or 4w and then returned to room air for 1w or 2w.
Animals were euthanised with an overdose of anaesthetic (sodium pentobarbitone, 60mg/
kg) or of halothane, followed by cervical dislocation. Eyes were immersion-fixed in 4%
paraformaldehyde for 2h, then cryo-protected by immersion in 15% sucrose overnight and
were cryo-sectioned at 20mm. Sections were placed onto glass slides, allowed to dry and
stored frozen until use.

2.2. TUNEL-Labeling

Several sections from each experimental animal were labeled with the TUNEL (termi-
nal deoxynucleotidyl transferase UTP nick end labeling) technique, as described previously
(Maslim et al., 1997). The TUNEL technique detects the fragmentation of nuclear DNA
characteristic of apoptosis. To allow fragmenting DNA of apoptotic cells to be seen against
a background of non-degenerative cells (Fig. 60.1), the sections were counterstained with 
a DNA-specific dye, bisbenzamide, as described previously (Mervin and Stone, 2002a,
Bravo-Nuevo et al., 2004).
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2.3. Immunolabeling

Several sections from each eye were labeled with antibodies to FGF-2, GFAP or
cytochrome oxidase (CO), following previously published protocols (Maslim et al., 1997,
Mervin et al., 1999). Several sections were also labeled with antibodies to c-Jun (Santa Cruz
Biotechnology Inc., diluted 1:50, incubation 1h at 37°C), and further labeled with a lectin
(peanut agglutinin), which labels cone sheaths (Blanks and Johnson, 1984).

2.4. Quantification of TUNEL-Labeling

The frequency of TUNEL+ profiles in a tissue section provides an estimate of the rate
of cell death in the population of cells at the time of tissue fixation. To quantify cell death
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Figure 60.1. Rod and cone death induced by hyperoxia. Blue is bisbenzamide labeling of DNA, showing (A-D)
the major layers of the retina (i – inner nuclear layer, o - outer nuclear layer). Red is TUNEL-labeling. Green in
E - H is PNA labeling of cone sheaths. A: Young adult C57BL/6J retina, kept in room air (normoxic control). 
B, C, D: Young adult C57BL/6J retina after 14d, 21d and 35d in hyperoxia. These images show the most affected
region of retina, at each exposure time. TUNEL labeling is restricted to the ONL up to 14d of exposure, but label-
ing of the INL is evident at 21d and 35d. E-H: Regions at the outer surface of the ONL. Occasional TUNEL+
nuclei were closely associated with cone sheaths (labeled green with PNA lectin). F is part of E, at higher power.
The scale bar in E represents 10mm in E, and 5mm in F, G, H. See also color insert.



rates, TUNEL-labeled sections of retina were examined by fluorescence microscopy. Sec-
tions were analyzed which included or were close to the optic disc. Each section was scanned
from one edge to the other in consecutive segments of 400mm. The number of TUNEL+
profiles per segment, was recorded separately for the ONL and INL. For each animal we
examined 1-4 sections, averaging the results over the full length of each section.

3. RESULTS

3.1. Hyperoxia-Induced Cell Death (HICD) in C57BL/6J Retina

3.1.1. Specificity to Photoreceptors

In retinas not exposed to hyperoxia, TUNEL+ cells were rare in any layer of the retina
(Fig. 60.1A). HICD was detected as above-control frequencies of TUNEL+ profiles (red in
Fig. 60.1A-D). Up to 2w exposure, virtually all of these profiles were located in ONL (Figs.
60.2A). By 5 weeks (Figure 60.1D), with the ONL reduced to a fraction of its control thick-
ness, some TUNEL+ profiles were observed in the INL and the layer appeared thinner, indi-
cating cell death in the INL.

Considering ONL cell death as a function of exposure to hyperoxia (Figs. 60.2B, C), a
small increase in the frequency of TUNEL+ profiles was apparent in all 4 animals exam-
ined at 1w; this increase approached statistical significance (P = 0.0548 on a 1-tailed t-test).
At 2w exposure, 3 of the 4 animals examined showed marked increases in the frequency of
TUNEL+ profiles; and, at 3w, all 4 animals examined showed clear increases. Averaged over
the 4 animals in each group (Fig. 60.2C), the increases in TUNEL+ frequencies at 2w and
3w were significantly (P < 0.05 on a 1-tailed t-test) higher than in the controls.

3.1.2. Cones and Rods Affected

In the hyperoxia treated animals, TUNEL+ profiles were distributed throughout the
thickness of the ONL (Fig. 60.1B, C) suggesting, since cone cell nuclei are restricted to the
outermost aspect of the ONL, that most dying cells were rods. When the PNA lectin was
used to identify cone sheaths (Blanks and Johnson, 1984) (green in Figs. 60.1E-H) it was
possible to demonstrate a close association between TUNEL+ nuclei and cones sheaths
(examples in Figs. 60.1E-H). This close association suggests that hyperoxia induced death
in cones as well as rods.

3.1.3. HICD after Exposure to Hyperoxia

We show below that hyperoxia up-regulates the expression of FGF-2 in the retina, a
factor considered protective to photoreceptors. To test whether the photoreceptor popula-
tion becomes resistant to hyperoxia after the surge of photoreceptor death (Figs. 60.2B,C)
and increased FGF-2 expression, the period of exposure was extended to 4w (2 animals),
5w (3 animals) and 6w (2 animals). The frequency of TUNEL+ profiles in the ONL of these
7 animals was well above control levels (13–22/mm vs. 0.21/mm (Fig. 60.3A)). On a t-test,
this difference was statistically significant (P < 0.001, n = 7 for both exposed and control
groups).
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3.1.4. Photoreceptor Death after Return to Room Air

We have predicted previously (Stone et al., 1999) that depletion of the photoreceptor
population will destabilize the photoreceptor population, causing photoreceptor death 
to continue after the stress which induces depletion is removed. To test this hypothesis, 
11 animals were kept in hyperoxia for 3w and then returned to room air (5 for 1w, 3 for 
2w, 3 for 3w). At all 3 survival times, TUNEL+ cells were detected in the retinas, 
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Figure 60.2. Patterns of cell death in retinas of C57BL/6J mice exposed to hyperoxia. A: TUNEL+ nuclei were
mostly in the ONL. These are data from 4 animals exposed to hyperoxia for 14d. Error bars are ±1 standard devi-
ation among the 4 animals. B: Frequency of TUNEL+ nuclei in the ONL at a series of exposures to hyperoxia.
Four animals were examined at each of 1w, 2w, 3w and 4w. Values for individual animals are shown for each
exposure time. C: Means and standard deviations for the data in B.
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Figure 60.3. Time course of photoreceptor death. The error bars show ±1 standard deviation. A: Frequency of
TUNEL+ profiles in the ONL, as a function of duration of exposure to 75% oxygen. Numbers of animals exam-
ined at each exposure time were: 0w (control), n = 7; 1w, n = 4; 2w, n = 4; 3w n = 4; 4w, n = 2; 5w, n = 3; 6w
n = 2. Numbers at the longer exposures were limited by morbidity. Also shown are data for animals kept in 75%
oxygen for 3w, then returned to room air for 1-3w (n = 5 at 1w, n = 3 at 2w and 3w). B: Comparison of TUNEL+
(dying) cell frequency in the ONL, between controls and animals kept in 75% oxygen for 3w, then returned to
room air for 1-3w. Numbers of animals as for A. C: Thickness of the ONL, expressed as layers of cells, as a func-
tion of position along the retina, from superior to inferior edge, for C57BL/6J mice exposed to hyperoxia for 0w
(control), 3w, 4w, 5w.



overwhelmingly (>90%) located in the ONL (data not shown). The frequency of TUNEL+
profiles, averaged over the 3 animals, was higher at all 3 survival times than in the control
group (never exposed to hyperoxia) (Figs. 60.3A,B). Taking the data from 3 post-exposure
times together, the frequency of TUNEL+ profiles was significantly lower than in animals
remaining in hyperoxia (P < 0.001 on a t-test), suggesting that photoreceptor death slows
on removal from hyperoxia; and significantly higher (P < 0.02 on a 1-tailed t-test) than in
normoxic controls, suggesting that degeneration continues for some time after removal.
Considering the 3 post-exposure times separately, however, the frequency of TUNEL+ pro-
files was significantly (P < 0.01 on a 1-tailed t-test) above control levels only at 1w sur-
vival. There was evidence of a trend for TUNEL+ frequency to fall with survival time in
room air (Fig. 60.3B).

3.1.5. Thinning of ONL

The toxicity of hyperoxia to the mouse retina was first observed (Yamada et al., 2001)
as a thinning of the ONL, in a central region of retina, away from the retinal edge. We noted
a similar thinning of the ONL, for example at 2w exposure (Figs. 60.1A-D; also Figs. 60.4A-
C). This thinning confirms the assumption made above that the fragmentation of DNA
detected as TUNEL-labeling after exposure to hyperoxia leads to cell death. When the thin-
ning of the ONL was mapped as a function of position in the retina, and over several weeks’
exposure to hyperoxia (Figure 60.3C), several trends were noted. First, the thinning was first
prominent in a central region of retina, leaving the edges of retina unaffected (see the 4w
data in Figure 60.3C).

Second, this vulnerable region was located superior to the optic disc (to the left in Fig.
60.3C) and then expanded towards the edges of the retina. Finally, even at the longest expo-
sures in the present study (6w), the edges of the retina remained less affected. It is sug-
gested in Discussion that the lesser vulnerability of inferior retina may arise from the lighting
conditions used during rearing.

3.2. Up-Regulation of FGF2, GFAP, c-Jun Expression

In control retinas, as previously reported (Mervin and Stone, 2002b), FGF-2 was promi-
nent only in the somas of Müller cells in the INL (Fig. 60.4A), and in the nuclei of astro-
cytes (not shown but see (Walsh et al., 2001)). Hyperoxia caused an increase in the level of
FGF2 protein in the ONL and of GFAP in Müller cells, which co-varied with TUNEL+
profile frequency both temporally and topographically. A limited up-regulation of FGF-2 in
ONL somas was detected in retinas exposed to hyperoxia for 7d, in the same area of retina
as a weak up-regulation of GFAP in Müller cell processes (Fig. 60.4B). After 14d exposure
to hyperoxia, the up-regulation of FGF-2 in ONL somas and of GFAP in Müller cell
processes was prominent (Fig. 60.4C).

Immunolabeling for c-Jun (red in Figs. 60.4D-I) was localized to foci in the inner/outer
segment region of photoreceptors. In material labeled for cytochrome oxidase (green in Figs.
60.4D,E,G,H), large and small c-Jun+ foci could be distinguished. The larger seemed to be
located at the outer end of cone inner segments and, when cone sheaths were labeled with
the PNA lectin (Figs. 60.4F,I), the larger foci were seen to be located within cone sheaths.
The smaller foci were more numerous and were located 5-10mm external to the larger (cone-

60. HYPEROXIA-INDUCED PHOTORECEPTOR DEATH 431



432 S. GELLER ET AL.

Figure 60.4. Protein up-regulation induced by hyperoxia. Blue is bisbenzamide labeling of normal DNA, showing
nuclei of the major cell layers (i – inner nuclear layer, o – outer nuclear layer). Red in A – C is immunolabeling
for GFAP; green is immunolabeling for FGF-2. In D – I, blue is bisbenzamide labeling, red is labeling for c-Jun.
while green is labeling for either cytochrome oxidase (D, E, G, H) or PNA (F, I). See also color insert.

related) foci, suggesting that they are associated with rods, and are located at the outer end
of the rod inner segment. When normoxic (Figs. 60.4D-F) and hyperoxic (Figs. 60.4G-I)
retinas were compared, the c-Jun foci were consistently brighter and larger in the hyperoxic
material.

3.3. Sequence of Events Following Onset of Hyperoxia

As already noted, the cell death induced by hyperoxia spread over a period of weeks,
from superior-central retina towards the edges. Where photoreceptor death was localized,
the up-regulation of FGF-2 and GFAP co-localized with photoreceptor death (Fig. 60.5A,
B). At the edge of this region the up-regulation of FGF-2 and GFAP was graded, fading
towards the edge of the retina (arrows in Fig. 60.5). The frequency of TUNEL+ profiles also
fell towards the edge of the retina. It was consistently observed that TUNEL+ profiles were
found more peripherally than the up-regulation of either FGF-2 or GFAP. It is argued below
that these gradients occur at the edge of a spreading process, and that the fragmentation of
nuclear DNA labeled by the TUNEL technique (and characteristic of apoptotic cells) occurs
earlier in this process than the up-regulation of either FGF-2 or GFAP.



4. DISCUSSION

Present results suggest that, in the mouse retina, high inhaled pO2 is directly toxic to
photoreceptors. This observation confirms previous brief reports of oxygen-induced pho-
toreceptor death in the rabbit (Noell, 1955) and mouse (Yamada et al., 2001, Walsh et al.,
2004b) and adds several new observations. First, the toxicity is initially specific to pho-
toreceptors, affecting inner layer neurons only at later stages of the degeneration. Second,
both rods and cones are affected. Third, photoreceptor death was followed by an up-
regulation of stress- or protection-related proteins (FGF-2, GFAP, c-Jun). Perhaps because
of the up-regulation of protective factors, the rate of hyperoxia-induced photoreceptor death
peaked at 2w, but continued significantly higher than in control retinas through the longest
period of exposure examined (6w). Fourth, reducing oxygen levels reduces the rate of pho-
toreceptor death.

4.1. Specificity to Photoreceptors

For the first 2w of exposure to hyperoxia, the cell death induced in the retina was largely
restricted to photoreceptors. The reason for this initial specificity can be suggested from
analyses of the effect of hyperoxia on oxygen levels in the rat retina (Yu and Cringle, 2001).
These workers showed that high levels of inhaled oxygen increase pO2 at the choroid, and
in the outer layers of retina (outer segment, inner segment and outer nuclear layers) but not
internal to the outer plexiform layer. That is, the hyperoxia initially affects only the pho-
toreceptor layers. Once there has been significant depletion of photoreceptors, however, it
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Figure 60.5. Evidence of the sequence of events induced by hyperoxia. A: Region of retina from a C57BL/6J
mouse exposed to hyperoxia for 2w, labeled for the TUNEL reaction and for FGF-2. Both labels were concen-
trated in a central region of retina. At the edge of the labeled region, the frequency of TUNEL-labeled profiles and
the density of FGF-2 labeling in the ONL (o) both decreased towards the edge of the retina (direction of the arrow).
TUNEL+ profiles extended further peripherally than FGF-2 labeling in the ONL. FGF-2 labeling in the INL (i)
extended throughout the retina, as in control retinas. B: A neighboring section of retina, labeled for the TUNEL
reaction and GFAP. Again, TUNEL+ profiles in the ONL (o) extended further peripherally than the up-regulation
of GFAP in the radial processes of Müller cells.



is possible that the rise in pO2 caused in the retina by high inhaled oxygen will extend to
inner layers of retina, and cause death of neurons of the INL, as suggested by Figures
60.1C,D.

4.2. Significance: Understanding the Progression of Retinal Degenerations, and
Potential for Therapy

As reviewed previously (Stone et al., 1999), chronic hyperoxia of the outer (photo-
receptor) layers of the retina is a feature common to probably all retinal degenerations.
Models of retinal oxygen consumption (Alder et al., 1990, Haugh et al., 1990, Yu and
Cringle, 2001) predict a rise in pO2 as the population of photoreceptors is depleted, and a
corresponding rise has been demonstrated empirically in the RCS rat (Yu et al., 2000), the
Abyssinian cat (Linsenmeier et al., 2000) and the P23H rat (Yu et al., 2004). Measurement
of pO2 has not been attempted in the human, but evidence that the human retina undergo-
ing photoreceptor degeneration is hyperoxic comes from two observations. First, vessels
thin in retinitis pigmentosa (Heckenlively, 1988); in animal models this thinning is reversed
by hypoxia (Penn et al., 2000), suggesting that it is caused by higher than normal levels of
oxygen. Second, retinitis pigmentosa is protective against hypoxic retinal disease, such as
diabetic retinopathy (Sternberg et al., 1984, Arden, 2001, Lahdenranta et al., 2001).

Much attention has been given to the issue of why most photoreceptor degenerations
are relentlessly progressive, involving cones although the initial degeneration may be rod-
specific, and vice-versa. Evidence has been gained (reviewed in (Hicks and Sahel, 1999))
that rods produce a factor on which cone survival is dependent. The present observations
give support to our earlier (Stone et al., 1999) suggestion that, when photoreceptors die,
they ‘leave behind’ a toxin, excess oxygen, which destabilizes surviving photoreceptors.

One feature (at least) of the present data is hopeful for the management of photoreceptor
degenerations. The rate of photoreceptor death slowed markedly after hyperoxia was reduced
(Figure 60.3B), in the present experiments by returning the animals to room air. If, as
presently suggested, depletion-induced hyperoxia of outer retina is a toxic factor in the late
stages of degeneration, then reduction of oxygen levels may slow photoreceptor death.
Oxygen levels in outer retina can be reduced in two ways, by reducing exposure to light
(Linsenmeier, 1986), and by direct hypoxia.

4.3. Topography of HICD

HICD begins in superior retina and spreads towards the edges of the retina (Fig. 60.3C,
Fig. 60.5). This temporal pattern resembles the sequence of photoreceptor death induced by
bright light (Rapp and Williams, 1980, Duncan and O’Steen, 1985, Bowers et al., 2001).
We have suggested (Stone et al., 1999) that the pattern of light induced cell death is deter-
mined by prior light experience of the retina. Where, as in our study, the animals are raised
in rooms with the light source in the ceiling, inferior retina is more exposed to light, and
photoreceptors there are more resistant to light stress. Conversely, superior retina is more
naïve and its photoreceptors are more vulnerable. The present results suggest that factors
which make light-experienced photoreceptors more resistant to light stress also make them
resistant to the stress of hyperoxia.
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5. THE SEQUENCE OF PHOTORECEPTOR DEATH AND PROTECTION

If HICD spreads across the retina, then the images in Figure 60.5 suggest that pho-
toreceptor death spreads ahead of protein (FGF-2, GFAP) up-regulation, and therefore
occurs (at any one place in the retina) before protein up-regulation. This argument is indi-
rect because it infers a temporal sequence from a spatial array, but it is consistent with pre-
vious (Walsh and Stone, 2001) evidence that, in light stress, photoreceptor death precedes
the up-regulation of protective proteins. These observations suggest that photoreceptors are
vulnerable to stresses, which induce apoptosis more rapidly than they up-regulate protec-
tive mechanisms. They also make clear why the up-regulation of protective factors prior to
acute stress, induced by a ‘pre-conditioning’ exposure to bright light (Cao et al., 1997, Liu
et al., 1997) or by optic nerve damage (Bush and Williams, 1991, Kostyk et al., 1994, Casson
et al., 2004) is strongly protective to photoreceptors exposed to acute stress.

5.1. Questions Raised

The present data demonstrate the toxicity to retinal photoreceptors of high levels of
oxygen (75%) in inspired air. In rats, hyperoxia of this level induces a marked rise in pO2

in the outer retina, from ~20mmHg to ~150mmHg (see Fig. 60.8 in (Yu and Cringle, 2001)).
Partial degeneration of the photoreceptor layer, for example in the young adult P23H-3 rat
(Yu et al., 2004) also increases the pO2 in the ONL, but to a lesser extent (~40mmHg). The
question arises whether this latter level of raised pO2 is also toxic. Our preliminary, unpub-
lished observations suggest a photoreceptor-specific toxic effect of 45% inspired oxygen,
but long periods of exposure at these lower oxygen levels will be required. The issue is
important for understanding the role of raised oxygen levels in the course of retinitis pig-
mentosa in humans, in which the degenerative process commonly extends over decades.
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CHAPTER 61

TREATMENT WITH CARBONIC ANHYDRASE
INHIBITORS DEPRESSES ELECTRORETINOGRAM

RESPONSIVENESS IN MICE

Yves Sauvé1, Goutam Karan1,2, Zhenglin Yang1,2, Chunmei Li1,2,
Jianbin Hu1,2, and Kang Zhang1,2,3

1. INTRODUCTION

We showed that a functional complex of CA4 and Na+/bicarbonate co-transporter
(NBC1) is specifically expressed in the choriocapillaris and that mutations in CA4 disrupt
NBC1-mediated HCO3

- transport leading to acidification of the retina. This finding (Yang
et al., 2005) point to the importance of a functional CA4 for the survival of photoreceptors
and imply that CA inhibitors may have long-term adverse effects on vision.

Carbonic anhydrase inhibitors, (CAIs) have a wide range of clinical applications; indi-
cations include glaucoma, macular edema (a frequent complication of RP), acute mountain
sickness, seizure, increased intracranial pressure, and fluid reduction/diuresis (Weisbecker
et al., 2002). Acetazolamide is one of the most extensively used CAIs, and is given fre-
quently as an oral dosage of 1000mg once daily. At this dosing regimen, it produces a serum
trough and peak range of 12-30mg/ml, or 54mM to 135mM in concentration (Friedland 
et al., 1977). The IC50 of the membrane-associated carbonic anhydrase type 4 (CA4), is 4
mM (Ives, 1998). The Ki of acetazolamide for CA4, is 70nM (Ilies et al., 2003), therefore,
current carbonic anhydrase inhibitors will almost fully inhibit CA4 enzymatic activity. A
study of healthy volunteers showed that a single dose of 500mg of acetazolamide causes
demonstrable changes in tests of color vision (Leys et al., 1996). In addition, light-adapted
electroretinograms (ERG) a-waves in humans are attenuated about 14% by acetazolamide
(Odom et al., 1994). Consequently, the use of CAIs may impair photoreceptor function.
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We investigated the effect of acetazolamide on retina function by measuring the ERG
in mice treated with acetazolamide. We observed that ERG findings in acetazolamide treated
mice were analogous to those in human patients with the autosomal dominant rod-cone dys-
trophy RP17 (Yang et al., 2005). Therefore we caution that long term use of carbonic anhy-
drase inhibitors may have potential detrimental effects on photoreceptor cells and vision.

2. METHODS

2.1. Animals and Treatment

Mice were housed and handled with the authorization and supervision of the Institu-
tional Animal Care and Use Committee from the University of Utah. Every procedure con-
formed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Blk6 mice of 2-3 month of age were given intraperitoneal injections of either normal saline
(control group) or acetazolamide at doses of 5, 10, 20, and 30mg/100g body weight at a
volume of 150ml at day 0, and day 4 (n = 6 per group). ERG was recorded at day 7.

2.2. ERG Recordings

Under anesthesia with a mixture of ketamine (150mg/kg i.p.) and xylazine (10mg/kg
i.p.), the mouse head was secured with a stereotaxic head holder and the body temperature
monitored through a rectal thermometer and maintained at 38°C using a homeothermic
blanket. Pupils were dilated using equal parts of topical phenylephrine (2.5%) and tropi-
camide (1%). Bupivacaine 0.5% was used as a topical anesthetic to avoid blinking and a
drop of 0.9% saline was frequently applied on the cornea to prevent its dehydration and
allow electrical contact with the recording electrode (gold wire loop). A platinum subder-
mal needle (Grass Telefactor, F-E2) inserted under the scalp, between the two eyes, served
as the reference electrode. Amplification (at 1-1000Hz bandpass, without notch filtering),
stimulus presentation, and data acquisition were provided by the UTAS-3000 system from
LKC Technologies (Gaithersburg, MD).

For dark-adapted ERG recordings, tests consisted of single flash presentations (10msec
duration), repeated 3 to 5 times to verify the response reliability and improve the signal-to-
noise ratio, if required. Stimuli were presented at sixteen increasing intensities in one 
log unit steps varying from -3.6 to 1.4 log cds/m2 in luminance. To minimize the potential
bleaching of rods, inter-stimulus intervals were increased as the stimulus luminance 
was elevated from 10sec at lowest stimulus intensity up to 2 minutes at highest stimulus
intensity.

Following dark-adapted recordings, the animals were light adapted for 15 minutes to
assure maximal cone output. Photopic intensity responses (30cds/m2 background) ranged
from -1.6 to 2.9 log cds/m2 (-1.6, -0.6, 0.4, 1.4, 2.4 and 2.9 log cds/m2). Criteria responses
were set at 20mV for a- and b-waves (under scotopic and photopic adaptation). For 
flicker ERGs, stimuli consisted of white flashes provided by a xenon bulb (luminance of
1.37 log cds/m2), projected on a ganzfeld with a background luminance of 30cds/m2 pre-
sented at 20Hz. The stimulus was presented during 3 seconds prior to data collection. This
guaranteed that the first few responses (not preceded by repeated stimuli and of potentially
greater amplitude) were not included in the average. A total of 40 responses were averaged.
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The amplitude of the flicker response was defined as the average of the difference between
consecutive negative and positive deflections.

2.3. Statistical Analysis

Error values accompanying averages were expressed as standard errors of the mean
(SEM). Comparisons between two groups were made using Mann-Whitney U-test. The
probability level at which the Null Hypothesis was rejected is represented as the value “p”;
statistical significance was set at p < 0.05.

3. RESULTS

Acetazolamide treatment resulted in a depression of both cone- and rod-mediated ERG
responses, in a dose dependent manner. However, dose dependence differed for cone and
rod-related responses; cone related responses were affected at lower dose regimens than rod
related responses.

The two lowest dose regimens, studied here, led to depressed cone mediated responses.
Photopic b-wave amplitudes at high luminance stimuli under photopic adaptation (Fig.
61.1), as well as cone-mediated 20Hz flicker amplitudes (Fig. 61.2) were significantly
reduced following 5 and 10mg/100g acetazolamide treatment. There were tendencies for
amplitude reductions at 20 and 30mg/100g doses, especially for maximal photopic b-wave
amplitudes, but these reductions did not reach statistical significance. Optimal amplitude
reductions occurred for the 10mg/100g dosage, both for photopic b-waves and 20Hz flicker.
At this dosage, statistically significant reductions in photopic b-wave amplitudes were seen
for stimuli of 0.88 log cds/m2 and higher. Photopic b-wave thresholds remained unaffected
by acetazolamide, regardless of its dose, and b- amplitudes constantly reached a plateau for
stimuli of 1.89 log cds/m2 and of higher luminances.

The results for scotopic ERGs are presented in Fig. 61.3. Statistically significant reduc-
tions in scotopic ERG responses (for both maximal a- and b-wave amplitudes) were only
obtained with the highest dose regimen, i.e. 30mg/100g acetazolamide (Figure 61.3A). In
two animals treated at this dosage (scotopic intensity response traces from one of which are
presented in Figure 61.3B), the thresholds for a- and b-waves were higher than in PBS
injected animals. However, there were no statistically significant changes between acetazo-
lamide (30mg/100g) and PBS treated groups. Statistically significant reductions in a- and
b-wave amplitudes were seen for stimuli higher than 1.37 log cds/m2 and 0.88 log cds/m2,
respectively. There was a significant drop in b-wave amplitudes at the highest luminance
tested (326 ± 34mV at 2.86 log cds/m2) compared with the luminance giving the maximal
b-wave amplitude (434 ± 36 at 1.89 log cds/m2). This indication of bleaching was not seen
in PBS treated animals.

4. DISCUSSION

This study shows that mice treated with acetazolamide have reduced rod and cone
related ERG responsiveness. Treatment with two i.p. injections of 5 or 10mg/100g (at day
0 and day 4) led to a reduction at day 7 in cone related ERG responses, as reflected by
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Figure 61.1. Effect of acetazolamide treatment on
cone-related ERG responses using single flashes with
background adaptation (30cd/m2) that saturates rods.
Panel A gives the maximal photopic b-wave amplitude
at 7 days following treatment with PBS and various
doses of acetazolamide (AZM). Examples of intensity
response traces for mice treated with PBS (left side) or
10mg/100g AZM (right side) are illustrated in panel
B; flash intensities are indicated as log cds/m2 on the
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diminutions in maximal photopic b-wave and 20Hz flicker amplitudes. Reduction in rod-
related ERG responses, as reflected by diminutions in maximal a- and b-wave amplitudes
of dark-adapted scotopic ERGs, was only seen at higher doses, i.e. 30mg/100g. These
results partially replicate previous results obtained in similar studies done in rats (Findl 
et al., 1995) where a treatment regimen of 5mg/100g i.p. at day 0 led to decrease in rod
and cone related ERG responses at day 3. Our findings are also in accord with previous
findings of Broeders et al. (1988) showing decreased rod and cone-mediated a- and b-wave
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amplitudes already 5 hours post-injection of another CAI, methazolamide, at 5mg/100g i.p.
in rabbits. The findings of decreased ERG responses at time points as early as 5 hours indi-
cate that diminution in ERG responses likely occurs without photoreceptor degeneration
and, in the case of depressed rod responsiveness, could be related to acute metabolic changes
such as involving an acidification of the retina (Findl et al., 1995). In addition, our findings
of optimal depression of cone responses at intermediate doses also argue for a specific
change in cell function rather than a direct toxic effect of acetazolamide for the 7 days treat-
ment regimen used here: toxicity should not be expected to diminish as the dosage increases.
Still, based on recent findings of an RP form involving a dysfunction of CA4, it is a rea-
sonable assumption that long-term inhibition of this enzyme (and possibly other CAs) might
lead to photoreceptor degeneration. Direct injections of acetazolamide in the vitreous of
rabbits have indicated that doses of 1mg or higher not only depressed the b-wave but also
resulted in damaged outer segments (Borhani et al., 1994). Assuming that this effect is
related to the inhibitory action of acetazolamide on CAs, then a complete inhibition should
be expected to have deleterious effects. For instance, topical dorzolamide 3%, which is the
optimal dose for treating glaucoma in experimental rabbit, produces a concentration of 
35mM in ocular tissues (Sugrue, 1996), which is higher than the IC50 of 4mM for CA4
(Ives, 1998), implying a complete inhibition of CA4 enzymatic activity.

CAs are expressed in ocular tissues i.e. in choriocapillaris (CA4) and retina (CA2), their
enzymatic action involves catalyzing the reaction of carbon dioxide and water to carbonic
acid, which dissociates to bicarbonate and hydrogen ions. Therefore, CAs play a crucial role
in regulating tissue pH via their ability to increase the effectiveness of the bicarbonate buffer
system. The inhibition of CAs reduces the buffering of the acid reflux from photoreceptors
resulting in a lowering of the extracellular pH around these cells. Hydrogen ions have been
shown to suppress the dark current of rods in frogs (Liebmann et al., 1984), and acidifica-
tion was shown to depress photoreceptor response in isolated rat retinae (Winkler, 1972).
Hydrogen ions, being elevated in concentration following CAI treatment, might attenuate
the amplitude of ERG components by competing with Ca++ for binding sites in rods (Moody,
1984) and/or decreasing the Na+/Ca++ exchange in these cells (Hodgkin and Nunn, 1987),
both resulting in elevated intracellular Ca++, which is known to downregulate the light sen-
sitive Na+ conductance in rod outer segments via cGMP gated Na+ channels (Yau, 1994).
CAIs might also lead to acidification of the retina by acting on Muller cells, which have
been shown to play a crucial role in regulating the extracellular pH (Oakley and Wen, 1989).
In brief, the depression of rod photoreceptor response following CA inhibition in mice
treated in the present study is likely to involve an acidification of the retina.

Our results indicate that cone function is also affected by acetazolamide treatment; fur-
thermore, cone related ERG responses are depressed at lower doses, 10mg/100g, instead
of 30mg/100g required to diminish scotopic responses. This CAI-induced depression of
cone ERG might involve mechanisms other than acidification. Psychophysical tests in
human treated with the CAI methazolamide revealed a disturbance of color discrimination
which was not correlated with the degree of acidosis (Widengard, 1995). CAIs might act
directly on cones themselves and only indirectly on rods (via acidification as explained
above). Histochemical analysis of human retinae indicates that cones (with the exception of
blue cones) contain CA activity, while rods do not (Nork et al., 1990). In addition, Muller
cells, which also contain CAs, are involved in the generation of b-waves via K+-evoked
depolarization (Wen and Oakley, 1990), and CA inhibition has been shown to modify the
extracellular K+ concentration in isolated salamander Muller cells (Newman, 1996). It is

444 Y. SAUVÉ ET AL.



therefore possible that CAIs might also affect the light induced depolarization of Muller
cells, and consequently have an effect on the b-wave amplitude. Finally, acetazolamide
decreases the ability of Muller cells for buffering the extracellular fluid compartment (Wen
and Oakley, 1990). Changes in fluid balances, such as reported in studies involving mice
deficient in the water channel aquaporin-4 (expressed by Muller cells) have been shown to
lead to b-wave depression by 10 months of age (Li et al., 2002).

5. CONCLUSIONS

Acetazolamide treatment in mice leads to a depression of both rod and cone related
ERG responses as seen in patients with the RP17 rod-cone dystrophy. Therefore, the chronic
use of CAIs, particularly pertinent in the treatment of glaucoma, may lead to visual loss,
cone function being affected at lower doses than rod function.
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CHAPTER 62

INJURY-INDUCED RETINAL GANGLION CELL LOSS
IN THE NEONATAL RAT RETINA

Kirsty L. Spalding, Qi Cui, Arunasalam M. Dharmarajan, and 
Alan R. Harvey1

1. INTRODUCTION

In this Chapter we shall briefly review our recent studies in neonatal rats regarding the
mechanisms involved in retinal ganglion cell death (RGC) after loss of central visual target
areas in the brain. We also describe the influence of neurotrophins on RGC survival and
consider the apparently symbiotic relationship between these retinal neurons and the cells
they innervate in the developing brain.

2. NEUROTROPHINS AND RETINAL GANGLION CELL VIABILITY

During normal rat visual system development there is loss of a large number of RGCs
(Perry et al., 1983). This wave of naturally occurring cell death, or programmed cell death
(PCD), is a widespread phenomenon in developing nervous systems. It is generally believed
that immature RGCs compete for limited amounts of trophic factors that are expressed by
central target structures. Only those RGCs that receive adequate trophic support survive into
adulthood (Clarke et al., 1998). Consistent with this, injury to the optic nerve (ON), or
removal of central target areas such as the superior colliculus (SC), induces rapid loss of
RGCs in neonatal rats (Carpenter et al., 1986; Harvey and Robertson, 1992). Six hours fol-
lowing SC ablation in the postnatal day 4 (P4) rat, RGC death is already twice normal PCD
levels, and by 24hrs post lesion (PL) RGC death has increased about ten-fold (Harvey and
Robertson, 1992; Harvey et al., 1994; Cui and Harvey, 1995). PCD and injury-induced RGC
death is decreased by exogenous application of brain-derived neurotrophic factor (BDNF)
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or neurotrophin-4/5 (NT-4/5), applied intravitreally (Cui and Harvey, 1994; 1995) or dis-
tally to RGC terminals/axons (Ma et al., 1998; Spalding et al., 1998). However, the protec-
tive effect of these molecules is transient, delaying but not preventing RGC loss (Cui and
Harvey, 1995).

To understand why neurotrophins only temporarily reduce neonatal RGC death after
target ablation we analysed changes in neurotrophin receptor expression and possible
changes in growth factor dependency (Spalding et al., 2005a). Neurotrophins mediate many
of their effects via receptor tyrosine kinases (trkA, trkB and trkC), BDNF and NT-4/5 sig-
nalling primarily through the trkB receptor (Huang and Reichardt, 2003). Consistent with
RGC sensitivity to BDNF and NT-4/5, these neurons express the trkB receptor (Jelsma 
et al., 1993; Perez and Caminos, 1995; Vecino et al., 2002).

In unlesioned rats, trkB immunohistochemical analysis revealed no change in the
number of trkB positive cells in the RGC layer 24hrs after intraocular NT-4/5 injection.
However, after SC lesions there were less immunoreactive cells and even fewer cells in NT-
4/5 injected eyes (Spalding et al., 2005a). Semi-quantitative confocal analysis of immuno-
fluorescence intensity revealed an increase in trkB staining in the RGC layer in unlesioned
rats 24hrs after NT-4/5 injection, whereas in SC-lesioned animals exposed to NT-4/5 there
was a significant decrease in staining. In summary, application of neurotrophins caused a
down-regulation of the cognate trkB receptor, presumably altering the long-term respon-
siveness of neonatal RGCs to exogenous neurotrophins.

Injured neonatal RGCs in P4/P5 retinas do not appear to shift their trophic dependence
to other survival factors (Meyer-Franke et al., 1995). Different doses of ciliary neurotrophic
factor (CNTF) were given intraocularly, either alone or combined with NT-4/5. We also
tested an SC-derived chondroitin sulfate proteoglycan that has been reported to promote
adult RGC survival after injury (Huxlin et al., 1995). None of these interventions reduced
lesion-induced RGC death 24hrs or 36hrs after SC ablation (Spalding et al., 2005a).

3. SOURCES OF TROPHIC SUPPORT FOR RETINAL GANGLION CELLS

Consistent with the neurotrophic hypothesis of RGC dependence on target-derived
factors, BDNF is produced in the SC and is retrogradely transported by RGCs (Ma et al.,
1998). However using 125I-labelled peptides we recently showed that there was also sub-
stantial and rapid anterograde transport of BDNF and, to a lesser extent, neurotrophin-4/5
(NT-4/5) to central visual target areas in the neonatal rat brain (Spalding et al., 2002). Six
hours after unilateral intraocular injection, all retino-recipient regions in the thalamus and
midbrain were heavily labelled. Neonatal eye removal results in increased cell death in the
SC (Lund et al., 1973), suggesting an anterograde trophic influence on tectal cells. We found
that, 24hrs after intraocular application of physiologically relevant doses of neurotrophin,
there was significantly decreased neuronal death in the contralateral SC. Our new data thus
support the proposal that BDNF and NT-4/5 can be anterograde survival factors for post-
synaptic cells in the developing rat nervous system (cf. Caleo et al., 2000).

BDNF and NT-4/5 protein and mRNA have now been identified not only in central sites
such as the superficial layers of the SC but also in the retina itself. Indeed, BDNF levels in
neonatal rodents are greater in the SC than in the retina (Ma et al., 1998; Frost et al., 2001;
Seki et al., 2003) and cells of the Xenopus and chick RGC layer have been reported to
receive BDNF trophic support predominantly from intra-retinal, rather than collicular
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sources (Cohen-Cory et al., 1996; Herzog and von Bartheld, 1998). In mammals there is
now evidence that RGCs may be supported not only by target-derived neurotrophins but
also by retinally-derived neurotrophins (de Araujo and Linden, 1993; Cohen-Cory et al.,
1996; Ary-Pires et al., 1997).

To determine whether neonatal rat RGC viability depends on intra-retinally derived neu-
rotrophins, we measured RGC death 24hrs following injections of a mixture of BDNF and
NT-4/5 blocking antibodies into the eye. RGC death was also assessed 24hrs and 48hrs after
injection of these same antibodies into the SC (Spalding et al., 2004). It was found that col-
licular injections of BDNF and NT-4/5 blocking antibodies significantly increased RGC
death in the neonatal rat 24hrs post injection, death rates returning to normal by 48hrs. The
increase in death was greatest following SC injections, but death was also significantly
increased 24hrs following intravitreal antibody injection, providing further evidence for a
survival-promoting role for intraretinally derived neurotrophic factors.

The mechanisms whereby RGCs respond differentially to target-derived versus locally
supplied neurotrophins are unclear, although there is evidence that intracellular signalling
pathways activated by growth factors can differ depending upon where the neurotrophin
binds, e.g. at the cell body, dendrite, or distally at the nerve terminal (Heerssen and Segal,
2002). There is also evidence that trophic factors derived from local and target sources have
differing effects on RGC development (Lom et al., 2002). Taken together, many issues con-
cerning the development of retinofugal connections remain to be resolved. BDNF and NT-
4/5 are produced in the retina and in central targets, they are transported in both directions
along RGC axons, and these neurotrophins increase the viability of both retinal and target
neurons. Understanding the bi-directional relationship between developing RGCs and
central neurons, and how these cells distinguish between local paracrine/autocrine neu-
rotrophin expression and factors derived from more distant sources, are clearly important
areas for future research.

4. MECHANISMS OF NEONATAL RETINAL GANGLION CELL DEATH

Compared to injury in neonates, ON injury in adult rodents results in RGC death but
at a much slower rate (Misantone et al., 1984; Villegaz-Perez et al., 1993). Nonetheless,
injury-induced RGC death in both the adult (Berkelaar et al., 1994; Garcia-Venezuela et al.,
1994; Isenmann et al., 1997) and neonatal rat (Harvey et al., 1994; Rabacchi et al., 1994;
Cui and Harvey, 1995) has primarily been ascribed to apoptosis. There is evidence in adults
that RGC death after ON injury is due to caspase activation. In vivo studies have shown
that caspases-3, -8, and -9 become activated in adult rat RGCs following optic nerve
axotomy and intraocular injection of relevant caspase inhibitors can reduce RGC death, at
least for a certain period of time (Kermer et al., 1998; Chaudhary et al., 1999; Kermer 
et al., 1999; Weishaupt et al., 2003).

We recently examined whether blocking caspases in vivo reduces neonatal RGC death
after SC lesions (Spalding et al., 2005b). Surprisingly, intraocular injection of general and
specific caspase inhibitors did not increase neonatal RGC survival 6hrs and 24hrs after SC
ablation. These inhibitors were, however, effective in blocking caspases in another well-
defined in vitro apoptosis model, the ovarian corpus luteum. Retinal caspase-3 protein and
mRNA levels were assessed 3, 6 and 24hrs after SC removal using immunohistochemistry,
western and northern blots, and quantitative real-time PCR. Terminal deoxynucleotidyl
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transferase-mediated dUTP nick-end labelling (TUNEL) was used to independently monitor
retinal cell death. The PCR data showed a small but not significant increase in caspase-3
mRNA in retinas 24hrs PL, however Western blot analysis did not reveal a significant shift
to cleaved (activated) caspase-3 protein. There was a small increase in the number of cleaved
caspase-3 immunolabelled cells in the ganglion cell layer 24hrs after SC removal, but this
represented only a fraction of the death revealed by TUNEL.

In summary, the inability of caspase inhibitors to reduce lesion-induced RGC death 
6hrs or 24hrs after neonatal SC ablation, and the lack of major activation of caspase-3
mRNA and production of cleaved protein 24hrs PL, strongly suggests that most lesion-
induced RGC death in immature rats is not caspase-dependent. Within a given neuronal pop-
ulation, it appears that different cell death cascades can be initiated at different maturational
stages during the lifetime of a cell.
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CHAPTER 63

ARRESTIN TRANSLOCATION IN 
ROD PHOTORECEPTORS

W. Clay Smith*, James J. Peterson*, Wilda Orisme*, and 
Astra Dinculescu*

1. INTRODUCTION

The vertebrate photoreceptor is the epitome of polarized neurons, containing two spe-
cialized compartments—the outer segment and the inner segment, connected by a narrow
non-motile cilium. The outer segment of rod and cone photoreceptors is principally dedi-
cated to capturing light and converting the energy of a photon into a change in membrane
potential. The primary function of the inner segment is to provide the metabolic and syn-
thetic demands of the photoreceptors. In order to maintain this high degree of specializa-
tion, molecules are routinely targeted to their appropriate compartment during protein
synthesis. However, in addition to this relatively slow transport process, photoreceptors have
a much more rapid process whereby some molecules are rapidly moved between the inner
segment and outer segment through the connecting cilium in response to the light adapta-
tional state of the eye. This translocation process has been conclusively demonstrated 
for two molecules involved in the phototransduction cascade—transducin and arrestin
(Broekhuyse et al. 1985; Mangini and Pepperberg 1988; Whelan and McGinnis 1988;
Sokolov et al. 2002; Peterson et al. 2003).

Recent studies have shown that the light-driven movement of arrestin is independent of
activation of the phototransduction cascade since translocation is normal in transgenic mice
that are deficient for transducin (Mendez et al. 2003; Zhang et al. 2003). Various ideas have
been proposed regarding the potential function of protein translocation. These hypotheses
include a role in the regulation of photoreceptor sensitivity (McGinnis et al. 1991; Sokolov
et al. 2002), and a protective function in preventing light damage (Elias et al. 2004).

In this study, we address some of the mechanistic questions regarding arrestin translo-
cation. Specifically we ask whether the light-driven redistribution of arrestin is a conse-
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quence of arrestin movement, or whether de novo protein synthesis coupled with arrestin
degradation plays a significant role in the apparent redistribution of arrestin. In addition, we
utilize a variant of arrestin that is unable to bind to rhodopsin to investigate the role of
arrestin binding to light-activated phosphorhodopsin in the translocation of arrestin. Finally,
we address whether vertebrate arrestins rely on an affinity for phosphoinositol lipids for
translocation.

2. METHODS AND MATERIALS

2.1. Cycloheximide Treatment of Transgenic Tadpoles

Transgenic Xenopus expressing a fusion of GFP at the C-terminus of Xenopus arrestin
(xAr-GFP) were obtained from breeding pairs of adult transgenic Xenopus as previously
described (Peterson et al. 2003) and dark-adapted overnight. Tadpoles were placed in 0.1x
tadpole Ringers with or without 100mM cycloheximide (CHI) for 1h. Tadpoles then either
remained in the dark, or were exposed to laboratory lighting for 45min or for 240min. At
this point, tadpoles were euthanized in 0.025% benzocaine, one eye removed, the cornea
punctured with a scalpel, and placed in 100mL 1x tadpole Ringers with 20mM glucose and
70mCi 35S-labeled methionine and cysteine (Amersham) for 2h at room temperature. After
rinsing, the eye was disrupted by vigorous pipetting and vortexing in 50mL 1x Laemmli
sample buffer (Laemmli 1970), and viscosity reduced by the addition of 25 units of ben-
zonase (Novagen). An aliquot of the extract was separated on 12% SDS-PAGE, the gel
stained with Coomassie Brilliant blue, and the dried gel exposed to x-ray film to detect
incorporated radiolabeled proteins.

The contralateral eye was fixed in methanolic formaldehyde as described (Peterson
et al. 2003), and processed for confocal microscopy to detect the localization of the
arrestin/GFP fusion using the endogenous fluorescence of GFP.

2.2. Myc-Tagged Arrestin

The ten amino acid myc tag (EQKLISEEDL) was incorporated into Xenopus arrestin
using overlapping PCR products that introduced the cDNA for the myc-tag between the
codons for Leu-76 and Thr-77. The overlapping products were combined and the complete
cDNA amplified using primers against the 5¢ and 3¢ ends of the arrestin cDNA, incorpo-
rating XhoI and NotI sites, respectively. This product was cloned into the XhoI and NotI sites
of the XOPS1.3 vector under the control of the 1.3kb Xenopus rod opsin promoter (Tam
et al. 2000). The cDNA for GFP was inserted immediately prior to the arrestin stop codon
at an introduced NheI site. Transgenic animals expressing this myc-tagged xAr-GFP (xAr-
myc-GFP) were prepared by nuclear transplantation (Kroll and Amaya 1996).

For in vitro studies, a His(6) tag was incorporated by PCR at the 5¢ end of the cDNA
immediately after the initiating ATG for xAr-GFP and xAr-myc-GFP, and then cloned into
the shuttle vector pPIC-ZA for heterologous expression in Pichia pastoris (Dinculescu
et al. 2002). Expressed proteins were purified over nickel-agarose (Ni-NTA, Qiagen), fol-
lowed by heparin agarose. In vitro binding assays with rhodopsin were performed using
unphosphorylated and phosphorylated rod disc membranes prepared from Rana catesbeiana
retinas as described for bovine disc membranes (McDowell 1993).
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2.3. Four Lysine Mutants of Arrestin

Multiple alignment of Drosophila, bovine, and Xenopus arrestins was performed using
ClustalX (Thompson et al. 1997). Two of the three lysines (Lys-228 and Lys-231) identi-
fied as important for promoting an association with inositol phospholipids in Drosophila
(Lee et al. 2003) are conserved in bovine arrestin and were changed to alanines by site-
directed mutagenesis. Because sequence conservation is not perfect, two additional lysines
were substituted with alanines to insure disruption of the potential inositol phospholipid
binding site, creating the four lysine mutant K232A/K235A/K236A/K238A (4K Æ A) in
bovine visual arrestin. The 4K Æ A bovine arrestin mutant was expressed in Pichia, puri-
fied to homogeneity, and tested for binding to inositol phospholipids immobilized on nitro-
cellulose strips (PIP Strips, Echelon, Inc.). PIP-Strips were blocked for 60min with 1%
gamma globulin-free horse serum in phosphate-buffered saline (PBS). Wild-type arrestin,
4K Æ A arrestin, and the PH domain of phospholipase C d1 fused to glutathione-S-
transferase (GST-GRIP; Echelon, Inc) (0.5mg/mL) were then incubated with the PIP strips
for 4h. After washing with 0.05% Tween-20 in PBS, the blots were immunoprobed to detect
binding using anti-arrestin monoclonal SCT-128 for bovine arrestin and anti-GST mono-
clonal for the GRIP positive control. Binding of the primary antibody was detected using
an anti-mouse antibody conjugated to alkaline phosphatase with nitroblue tetrazolium/5-
bromo-4-chloro-3-indoyl phosphate as the substrate.

Relative affinity of bovine arrestin and 4K Æ A arrestin for phytic acid was assessed
by competitive elution from heparin agarose. Arrestin and 4K Æ A (1mg) was immobilized
on a 1mL heparin sepharose column (Amersham) in 10mM HEPES/30mM NaCl, pH 7.0.
Aliquots of phytic acid (1mM - 10mM) in the same mobile phase were added to the column
and the amount of arrestin eluted in each aliquot measured by absorbance at 278nm.

Homologous mutations were also created in Xenopus arrestin by PCR site-directed
mutagenesis, substituting lysines 232, 235, 236, and 267 with glutamine (4K Æ Q). This
substituted arrestin was fused with GFP as previously described and used to create trans-
genic Xenopus tadpoles. Translocation of the Ar(4K Æ Q)-GFP was assessed by confocal
microscopy using tadpoles that were dark-adapted for 3 days, then exposed to laboratory
lighting for 50min, or for 240min.

3. RESULTS AND DISCUSSION

3.1. Does Arrestin Translocate from the Outer Segments?

Our previously published work clearly demonstrates that arrestin translocates from the
inner segments (RIS) of dark-adapted rod photoreceptors, moving to the rod outer segments
(ROS) upon exposure to light (Peterson et al. 2003). In these studies, it also appears that
arrestin leaves the rod outer segments and returns to the inner segments in response to either
dark adaptation or extended light adaptation. However, another equally tenable explanation
is that the arrestin that translocates to the outer segments is proteolyzed and that the arrestin
subsequently seen in the inner segment is a result of newly synthesized arrestin (Azarian
et al. 1995).

To discriminate between these two mechanisms, transgenic Ar-GFP tadpoles were
treated with cycloheximide (CHI) to inhibit protein synthesis (Obrig et al. 1971), and
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translocation subsequently assessed. Figure 63.1 shows total homogenates prepared from
one eye from each of these tadpoles, separated on 12% SDS-PAGE. Protein staining of total
homogenates prepared from eyes treated with 100mM CHI revealed a similar profile as the
untreated animals, although the total protein content extracted was slightly less in the treated
animals (Figure 63.1A). Autoradiography of this same gel indicates that there was substan-
tial incorporation of the radiolabeled cysteine and methionine in the untreated animals, but
that new protein synthesis was largely blocked in the tadpoles treated with cycloheximide
(Figure 63.1B).

The contralateral eyes from the same tadpoles used in Figure 63.1 were fixed in
formaldehyde and processed for confocal microscopy to show the distribution of the Ar-
GFP fusion protein, using the endogenous fluorescence of GFP (Figure 63.2). In both the
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Figure 63.1. Inhibition of protein synthesis in the eyes of tadpoles treated with 100mM cycloheximide (CHI).
Treated (+) or untreated (-) tadpoles were dark adapted overnight (DA) or exposed to light for 45min (LA45) or
for 240min (LA240). One eye was removed and new protein synthesis assessed as described in Methods. Proteins
extracted from eye homogenates were separated by 12% SDS-PAGE and stained with Coomassie blue (A). Newly
synthesized proteins that incorporated radiolabeled cysteine and methionine are revealed in the autoradiograph of
the same gel (B).

Figure 63.2. Arrestin-GFP translocation in rods from transgenic tadpoles treated or not treated with CHI. Con-
tralateral eyes from the animals used in Figure 63.1 were cryosectioned and the endogenous fluorescence of the
arrestin/GFP fusion protein visualized using confocal microscopy. Tadpoles were dark adapted overnight (DA),
exposed to light for 45min (LA 45min), or to light for 240min (LA 240min). See also color insert.



untreated and CHI-treated tadpoles, the Ar-GFP localizes to the RIS and axonemes in dark-
adapted animals. In response to 45min of light exposure, the Ar-GFP almost completely
translocates to the outer segments. If the cycloheximide-treated tadpoles are kept in light
for 4h or returned to the dark for 1h (data not shown), the Ar-GFP again concentrates in
the RIS and axonemes for both treated and untreated tadpoles. Because we have demon-
strated that treatment of the tadpoles with CHI blocks new protein synthesis (Figure 63.1),
we conclude that arrestin translocates both to and from outer segments, and that at least the
vast majority of the redistribution of arrestin is a consequence of translocation and not pro-
teolysis followed by replacement by newly synthesized protein.

These results are consistent with quantitative studies showing that the mass of arrestin-
GFP is conserved during translocation from the RIS to the ROS in response to light (Peet
et al. 2004). This study did not quantify the translocation from ROS to RIS during dark
adaptation. A similar study using cycloheximide to inhibit protein synthesis in mouse retinas
shows the light-driven redistribution of transducin is also largely a consequence of trans-
ducin translocation and not synthesis of new protein (Sokolov et al. 2002).

3.2. Is Binding to Light-Activated Rhodopsin Required for Arrestin Translocation?

When the first observations were made showing that arrestin redistributes to the outer
segments during light adaptation, it was assumed that this translocation was a consequence
of arrestin binding to light-activated phosphorylated rhodopsin (Wilden et al. 1986; Mangini
et al. 1994). However, in mice that are deficient for rhodopsin phosphorylation, either
lacking rhodopsin kinase or in which the C-terminus of rhodopsin has been mutated to
remove the phosphorylation sites, light-driven translocation of arrestin between the inner
segment and outer segments occurs in a manner indistinguishable from that in wild-type
mice (Mendez et al. 2003; Zhang et al. 2003). To corroborate and extend these findings, we
analyzed the translocation of arrestin in transgenic Xenopus that expressed an arrestin that
is unable to bind light-activated phosphorhodopsin (R*P). In previous studies, we demon-
strated that binding of arrestin to R*P could be blocked by inserting a ten amino acid myc
tag (EQKLISEEDL) in a loop of bovine arrestin between Leu-77 and Ser-78 (Dinculescu
et al. 2002). Reasoning that this variant of arrestin could be used to address the necessity
of arrestin binding to R*P for translocation, we created a homologous substitution 
in our Xenopus arrestin-GFP fusion, inserting the myc tag between Leu-76 and Thr-77 
(xAr-myc-GFP).

To determine if this insertion in Xenopus arrestin has a similar effect as that documented
for bovine arrestin, both xAr-GFP and xAr-myc-GFP were heterologously expressed, puri-
fied, and used in a centrifugation binding assay with rhodopsin in ROS disk membranes
obtained from bullfrog retinas. As previously documented, xAr-GFP retains its selectivity
for light activated phosphorhodopsin (Figure 63.3). In contrast, xAr-myc-GFP has essen-
tially no binding to the rhodopsin-containing disc membranes for any of the four forms of
rhodopsin.

In transgenic tadpoles expressing this same transgene, xAr-myc-GFP translocation is
indistinguishable from xAr-GFP (Figure 63.4). In these animals, the xAr-myc-GFP clearly
translocates to the ROS in response to light in a manner that is qualitatively and quantita-
tively identical to xAr-GFP (compare to untreated animals in Figure 63.2). Clearly the
translocation of arrestin is independent of binding to rhodopsin.

63. ARRESTIN TRANSLOCATION IN ROD PHOTORECEPTORS 459



3.3. A Role for Inositol Phospholipids in Arrestin Translocation?

Translocation of arrestin in Drosophila photoreceptors has been reported to be depen-
dent upon an association with inositol phospholipids, particularly phosphoinositol trispho-
sphate (PIP3) (Lee et al. 2003). Mutation of three lysines in Drosophila arrestin (Lys-228,
Lys-231, and Lys-257) disrupts this association and significantly slows the translocation of
arrestin from the cell body to the rhabdomere in response to light through a NINAC myosin
III-dependent mechanism (Lee and Montell 2004). Accordingly, we investigated if a similar
mechanism was involved in the translocation of vertebrate arrestin, particularly since bovine
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Figure 63.3. Binding of arrestin-GFP fusions to frog rhodopsin. Xenopus arrestin-GFP fusion protein (xAr-GFP)
and arrestin-GFP fusion with at myc tag inserted between Leu-76 and Thr-77 (xAr-myc-GFP) were purified and
bound to rhodopsin in disc membranes obtained from bull frog retinas in an in vitro centrifugation assay. The
rhodopsin was either kept in the dark (R), light activated for 2min (R*), phosphorylated but not activated (RP),
or light activated and phosphorylated (R*P). Proteins bound to the disc membranes were analyzed by western blot-
ting with an anti-GFP polyclonal antibody and quantified by scanning densitometry. Bound arrestin was normal-
ized to the binding of xAr-GFP to R*P. Error bars represent SEM (n = 3).

Figure 63.4. Translocation of myc-tagged arrestin-GFP fusion in transgenic tadpoles. Confocal images were
obtained from cryosections of xAr-myc-GFP transgenic tadpoles that were dark-adapted overnight (DA) or exposed
to light for 45min (LA 45min). The endogenous fluorescence of the GFP protein was imaged. See also color insert.



arrestin has a demonstrated affinity for inositol phosphates (Palczewski et al. 1991). Align-
ment of bovine and Drosophila arrestins shows that two of the three mutated lysines are
conserved. From an earlier study we had prepared a mutant of arrestin that coincidentally
substituted these two lysines with alanines along with the two nearby lysines
(K232A/K235A/K236A/K238A, used herein as 4K Æ A). Although the sequences of
Drosophila and bovine arrestins are not perfectly conserved, the placement of the amino
acids in three-dimensional projections based on the crystal structure of bovine arrestin
(Hirsch et al. 1999) allows us to assign conformational homology. In addition, there are no
other lysine residues that project near this grouping of lysines, giving us confidence that we
have identified any lysines that might potentially bind inositol phospholipids in a similar
location in vertebrate arrestins as identified in Drosophila arrestin.

Utilizing the procedure used in Drosophila (Lee et al. 2003), we assessed the binding
of wild-type arrestin and 4K Æ A arrestin to different types of phospholipids spotted on
nitrocellulose strips (Figure 63.5A). Unlike Drosophila arrestin, which showed significant
binding to many forms of phosphoinositol bisphosphate and trisphosphate in this assay, we
were unable to detect any binding of wild-type bovine arrestin or 4K Æ A arrestin to the
phospholipid spots. Positive controls using the PH domain of phospholipase C-d1 (GST-
GRIP) or arrestin from house flies (Musca domestica, not shown), show easily detectable
binding. These results suggest that the affinity of bovine arrestin for inositol phospholipids
is significantly lower than that of Drosophila arrestin. This conclusion is supported by pre-
vious studies, showing an IC50 of 10mM for phyticacid (inositol hexaphosphate) for bovine
arrestin (Palczewski et al. 1991), compared to 0.6mM for Drosophila arrestin (Lee et al.
2003).

To assess whether the four lysine substitutions in bovine arrestin affected its affinity for
phytic acid, WT and 4K Æ A arrestins were immobilized on heparin agarose, and competed
off with increasing concentrations of phytic acid. Figure 63.5B shows that the 4K Æ A
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Figure 63.5. In vitro binding of arrestin to phospholipids. A. Native arrestin (WT), arrestin with four lysines sub-
stituted with alanine (4K Æ A), and GST-GRIP positive control were used to probe phospholipids immobilized
on nitrocellulose. Binding was detected using anti-arrestin monoclonal antibody or anti-GST antibody for the GST-
GRIP control with alkaline phosphatase-conjugated secondary antibody. Spotted lipids are lysophosphatidic acid
(LPA), lysophosphocholine (LPC), phosphatidyl inositol (PI), phosphatidyl inositol 3-phosphate (PI3P), phos-
phatidyl inositol 4-phosphate (PI4P), phosphatidyl inositol 5-phosphate (PI5P), phosphatidylethanolamine (PE),
phosphatidylcholine (PC), sphingosine-1-phosphate (S1P), phosphatidyl-3,4-bisphosphate (PI34P2), phosphatidyl-
3,5-bisphosphate (PI35P2), phosphatidyl-4,5-bisphosphate (PI45P2), phosphatidyl-3,4,5-trisphosphate (PI345P3),
phosphatidic acid (PA), and phosphatidylserine (PS). B. Relative affinity of WT arrestin (open circles) and 4K Æ
A arrestin (closed squares) for inositol hexaphosphate was assessed by binding the arrestins to heparin agarose
and competitively eluting with an increasing concentration of inositol hexaphosphate (phytic acid). Eluted protein
was quantified by measuring absorbance at 278nm.



arrestin required a 50-fold lower concentration of phytic acid to elute the bound protein.
This result indicates that the lysine substitutions had the predicted effect of reducing the
affinity for inositol phospholipids and that we had correctly identified at least some of the
lysines that participate in the association of arrestin with inositol hexaphosphate. These sub-
stitutions did not affect the specificity of 4K Æ A arrestin for R*P (data not shown).

Using these data, we prepared homologous substitutions of lysines in Xenopus arrestin
to assess the impact of this reduced affinity for inositol phospholipids on arrestin translo-
cation in vivo. Lysines 232, 235, 236, and 267 were substituted with glutamine (4K Æ Q),
the same substitution used in Drosophila arrestin to disrupt translocation of Drosophila
arrestin. In tadpoles expressing 4K Æ Q arrestin fused to the N-terminus of GFP, the translo-
cation is indistinguishable from that of wild-type arrestin/GFP (compare to untreated tad-
poles in Figure 63.2). In the dark-adapted state, 4K Æ Q arrestin localizes to the inner
segments and axonemes of the rod photoreceptors. In response to 50 minutes of light adap-
tation, 4K Æ Q arrestin translocates to the outer segments qualitatively and quantitatively
equal to wild-type arrestin. Like the native arrestin, 4K Æ Q arrestin also returns to the
inner segments and axonemes during extended light adaptation, or if the tadpoles are sub-
sequently dark adapted (data not shown). The similarity of these translocation results and
the lower affinity of vertebrate arrestins for inositol phospholipids lead us to conclude that
inositol phospholipids do not appear to play a role in the translocation of vertebrate arrestins,
at least not through a direct interaction with arrestin as has been demonstrated for
Drosophila.

4. CONCLUSIONS

These studies on selected aspects of arrestin translocation reveal three important find-
ings. First, the light-driven redistribution of arrestin is a consequence of arrestin translo-
cation and not a result of arrestin proteolysis with subsequent replacement by newly
synthesized protein. Second, our results further substantiate that the translocation of arrestin
to the ROS following light is not a result of arrestin’s affinity for photoactivated, phospho-
rylated rhodopsin. And finally, we show that unlike Drosophila arrestin, vertebrate visual
arrestins do not appear to rely on an affinity for phospholipids to promote translocation.
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Figure 63.6. Confocal images of xAr-4K Æ Q-GFP translocation in rod photoreceptors. Transgenic tadpoles were
dark-adapted overnight (DA), light adapted for 50min (LA 50min), or light adapted for 240min (LA 240min).
Images show the endogenous fluorescence of the GFP in the fusion protein. See also color insert.



Future studies will focus on identifying the mechanism of arrestin translocation and iden-
tify how arrestin interacts with this translocation machinery.
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CHAPTER 64

BINDING OF N-RETINYLIDENE-PE TO ABCA4 AND A
MODEL FOR ITS TRANSPORT ACROSS MEMBRANES

Robert S. Molday, Seelochan Beharry, Jinhi Ahn, and Ming Zhong*

1. INTRODUCTION

ABCA4, also known as ABCR or the rim protein, is a member of the ABCA subfam-
ily of ATP binding cassette transporters (Allikmets et al., 1997b; Azarian and Travis, 1997;
Illing et al., 1997). It is organized into two tandem arranged halves with each half consist-
ing of a transmembrane segment followed by a large extracellular domain, a multi-spanning
membrane domain and a cytoplasmic nucleotide binding domain (Figure 64.1) (Bungert et
al., 2001). ABCA4 is localized along the rims and incisures of rod and cone photoreceptor
outer segment discs where it is thought to play a role in the visual cycle (Molday et al.,
2000; Sun et al., 1999; Weng et al., 1999). Mutations in the gene encoding ABCA4 
are responsible for a variety of autosomal recessive retinal degenerative diseases including
Stargardt macular dystrophy, cone-rod dystrophy, and retinitis pigmentosa (Allikmets, 2000;
Allikmets et al., 1997b; Cremers et al., 1998). Individuals who are heterozygous for selected
Stargardt-causing mutations are at a high risk for developing age-related macular degener-
ation (Allikmets et al., 1997a).

ABCA4 has been implicated in the movement of retinoids across the disc membrane
following the photobleaching of rhodopsin or cone opsin in photoreceptor outer segments.
This is based on two independent studies. First, 11-cis and all-trans retinal stimulate the
ATPase activity of immunoaffinity purified and reconstituted ABCA4 by up to 4-fold 
(Ahn et al., 2000; Sun et al., 1999). In a number of cases, substrates that are transported 
by ABC transporters stimulate the ATPase activity of these proteins. Second, abca4
knockout mice have been reported to accumulate all-trans retinal, N-retinylidene-
phosphatidylethanolamine (retinylidene-PE) and phosphatidylethanolamine (PE) in outer
segments and the diretinal pyridinium compound A2E in retinal pigment epithelial (RPE)
cells in a light-dependent manner (Weng et al., 1999). Like individuals with Stargardt
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disease, abca4 knockout mice also showed a delayed recovery of dark adaptation (Weng 
et al., 1999).

These results are consistent with a role of ABCA4 in the removal of all-trans retinal
derivatives from disc membranes following the photobleaching of rhodopsin in rods and
cone opsin in cones. In Stargardt disease or abca4 knockout mice, loss in ABCA4 retinoid
transport activity leads to an accumulation of all-trans retinal and N-retinylidene-PE in disc
membranes. All-trans retinal can interact with opsin to activate the visual cascade, thereby
causing a delay in dark adaptation. It can also react with N-retinylidene-PE to form the
diretinal pyridinium phosphatidylethanolamine derivative called A2PE (Eldred and Lasky,
1993; Parish et al., 1998). Upon phagocytosis of outer segments, A2PE is hydrolyzed and
the product A2E accumulates in RPE cells as fluorescent lipofuscin deposits which over the
long term are toxic to these cells (Mata et al., 2000; Sun et al., 1999; Weng et al., 1999).

Although these studies strongly implicate ABCA4 in the removal of all-trans retinal
from disc membranes and provide a molecular and cellular basis for Stargardt disease, the
identity of the substrate transported by ABCA4 has not been determined experimentally and
the mechanism of transport remains to be established. In particular, it is unclear whether
ABCA4 acts as a flippase to translocate N-retinylidene-PE from the lumen to the cytoplas-
mic side of the disc membrane or if ABCA4 extrudes all-trans retinal from disc membranes
(Sun et al., 1999; Weng et al., 1999). Some ABC transporters are known to flip phospho-
lipids across membranes, while other ABC transporters such as P-glycoprotein actively
extrude hydrophobic drugs and other compounds from cell membranes (Gottesman et al.,
1995).

In this chapter, we briefly describe recent studies showing that ABCA4 preferentially
binds N-retinylidene-PE in the absence of ATP. Addition of ATP releases N-retinylidene-PE
from ABCA4 suggesting that ABCA4 actively transports this retinoid across disc mem-
branes. These studies together with previous studies on the interaction of nucleotides with
the nucleotide binding domains (NBD) of ABCA4 (Ahn et al., 2003) provide new insight
into a possible mechanism for ABCA4-mediated retinoid transport.

2. BINDING OF RETINOIDS TO ABCA4

2.1. N-Retinylidene-PE is the Preferred Substrate for ABCA4

Recently, we have developed a solid phase assay to identify retinoids that bind to
ABCA4 (Beharry et al., 2004). In this procedure, an immunoaffinity matrix consisting of
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Figure 64.1. Diagram showing the organization of human ABCA4. The 2273 amino acid polypeptide chain is
organized into a N-half and C-half, each of which contains a single transmembrane segment (H1 and H7) followed
by an extracellular domain (ECD1 and ECD2), a multispanning domain (MSD1 and MSD2) containing 5 putative
transmembrane segments, and a nucleotide binding domain (NBD1 and NBD2).



the anti-ABCA4 Rim 3F4 monoclonal antibody covalently bound to Sepharose 2B is used
to isolate ABCA4 from CHAPS detergent solubilized rod outer segments (ROS). Retinoid
compounds are then added to immobilized ABCA4 in the presence of CHAPS buffer con-
taining PE. After extensive washing to remove unbound retinoid, the bound retinoids are
extracted with an organic solvent such as hexane for identification and quantification by
reverse phase HPLC or radioisotope counting if radiolabeled retinoids are used.

The application of this solid phase method in the HPLC analysis of retinoids bound to
ABCA4 is shown in Figure 64.2. When all-trans retinal is added to immobilized ABCA4
in the presence of PE, two retinoid compounds corresponding to all-trans retinal and N-
retinylidene-PE are observed at retention times of 8 and 38 minutes, respectively. Quanti-
tative analysis indicates that N-retinylidene-PE accounts for over 75% of the total bound
retinoid suggesting that this compound is the preferred substrate for ABCA4. N-
retinylidene-PE binds tightly to ABCA4 with a dissociation constant (Kd) of ~ 2mM
(Beharry et al., 2004).

The binding specificity is confirmed in a series of studies (Beharry et al., 2004). First,
N-retinyl-PE, the reduced form of N-retinylidene-PE, quantitatively binds to ABCA4 and
inhibits the binding of N-retinylidene-PE to ABCA4. This suggests that these structurally
related compounds compete for the same binding site in ABCA4. In contrast, all-trans
retinol, the reduced form of all-trans retinal, does not bind to ABCA4, even at relatively
high concentrations. This is in agreement with the inability of all-trans retinol to effectively
activate the ATPase activity of ABCA4 (Ahn et al., 2000; Sun et al., 1999). Finally, N-
retinylidene-PE and all-trans retinal do not interact with the immunoaffinity matrix in the
absence of ABCA4, indicating that these retinoids bind to ABCA4 and not the immunoaffin-
ity matrix.

2.2. ATP Releases Bound N-Retinylidene-PE from ABCA4

Since the energy needed to transport substrates across membranes by ABC transporters
is generated from ATP hydrolysis, we investigated the effect of ATP and other nucleotides
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Figure 64.2. HPLC chromatography of retinoids bound to ABCA4 after the addition of all-trans retinal to ABCA4
in the presence of phospholipid. Peak a is identified as all-trans retinal and peak b as N-retinylidene-PE on the
basis of retention times and spectral properties (inset).



on the interaction of ABCA4 with N-retinylidene-PE. The addition of 50mM ATP or GTP
results in complete loss of retinoid binding, whereas addition of the dinucleotides, ADP and
GDP, even at a concentration of 500mM has little effect (Beharry et al., 2004).

To determine if nucleotide triphosphate binding or hydrolysis is responsible for the
release of retinoids from ABCA4, we examined the effect of nonhydrolyzable nucleotide
triphosphate derivatives on retinoid binding (Beharry et al., 2004). Addition of 500mM
AMP-PNP or GMP-PNP had relatively little effect on the amount of retinoid bound to
ABCA4, suggesting that nucleotide triphosphate hydrolysis is required for release of bound
retinoid from ABCA4.

2.3. ATP Binding and Hydrolysis Occurs within the NBD2 of ABCA4

The binding of adenine nucleotides to the NBD within the N and C halves of ABCA4
was evaluated using 8-azido-labeled photoaffinity derivatives (Ahn et al., 2003). When
ABCA4 in ROS disc membranes was photo-affinity labeled with 8-azido-ATP or 8-azido-
ADP, only NBD2 in the C-half of ABCA4 bound these nucleotides. This was also the case
when membranes from culture cells co-expressing and co-assembling the C-half and N-half
of ABCA4 were photo-affinity labeled.

The inability of NBD1 to bind exogenously added nucleotide could be due to the inac-
cessibility of the site or the presence of a tightly bound nucleotide. To delineate between
these possibilities, ABCA4 was purified from ROS disc membranes and the presence of
bound nucleotide was measured (Ahn et al., 2003). Results of these studies clearly indicated
that ABCA4 contains one tightly bound ADP. This bound nucleotide can not be exchanged
with ATP or GDP, nor can it be removed using treatments known to displace tightly bound
nucleotides from other nucleotide-binding proteins. From these studies, we conclude 
that NBD1 contains a tightly bound, nonexchangeable ADP, whereas NBD2 binds and
hydrolyzes ATP as part of the transport activity of ABCA4.

3. A WORKING MODEL FOR ABCA4 MEDIATED TRANSPORT OF 
N-RETINYLIDENE-PE ACROSS DISC MEMBRANES

Our results showing that N-retinylidene-PE is the preferred substrate for ABCA4
together with studies showing that only NBD2 binds and hydrolyzes ATP leads to a working
mechanistic model for ABCA4 mediated transport of N-retinylidene-PE across the disc
membrane. As depicted in Figure 64.3, N-retinylidene-PE trapped on the lumen leaflet of
the disc bilayer following the photobleaching of rhodopsin binds to a high affinity site on
ABCA4. This site is most likely located within the bundle of helical segments formed by
the transmembrane segments of the C and N halves of ABCA4. The subsequent binding and
hydrolysis of ATP in NBD2 provides the energy needed to induce a protein conformational
change that converts the high affinity site to a low affinity site. This conformational change
may involve an interaction or dimerization of NBD2 with NBD1 as suggested for other ABC
transporters including P-glycoprotein, as well as changes within the transmembrane seg-
ments that promote a flipping or movement of N-retinylidene-PE. Dissociation of N-
retinylidene-PE from its low affinity binding site together with the release of ADP from
NBD2 returns ABCA4 to its original state.
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4. SOME UNRESOLVED PROBLEMS

Although considerable progress has been made in understanding the role of ABCA4 in
photoreceptor function and disease, several issues remain to be clarified. The direction of
retinoid transport has not yet been determined experimentally. The current model favors 
the translocation of N-retinylidene-PE from the lumen to the cytoplasmic side of the 
disc membrane. This is based on the premise that N-retinylidene-PE trapped on the lumen
side has to be transported or flipped to the cytoplasmic side of the disc membrane so that
after dissociation, all-trans retinal can be reduced to all-trans retinol by retinol dehydroge-
nase and channeled into the visual cycle. Although this is a logical model, most eukaryotic
ABC proteins transport substrates in the reverse direction i.e. from the cytoplasmic to the
lumen or extracellular side of membranes. Hence, it is important to determine experimen-
tally the direction and mechanism of retinoid transport by ABCA4. Additionally, it is impor-
tant to know if ABCA4 interacts with other photoreceptor proteins and if so whether these
proteins regulate the transport activity of ABCA4. The role of the various domains, includ-
ing the two large extracellular domains upstream of the multispanning membrane domains
and cytoplasmic segments downstream of the NBDs, on the structure, function and subcel-
lular targeting of ABCA4 needs to be investigated. Finally, it is important to more fully
understand how specific disease-causing mutations, affect the retinoid transport activity of
ABCA4.
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Figure 64.3. A working model for the transport of N-retinylidene-PE across disc membranes by ABCA4. 
N-retinylidene-PE binds to ABCA4 containing a nonexchangeable ADP in NBD1. ATP hydrolysis occurs in 
NBD2 resulting in a protein conformational change that initiates the flipping of N-retinylidene-PE across the disc
membrane. Finally, N-retinylidene-PE and ADP dissociate returning ABCA4 its initial state.
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CHAPTER 65

THE CHAPERONE FUNCTION OF THE 
LCA PROTEIN AIPL1

AIPL1 chaperone function

Jacqueline van der Spuy and Michael E. Cheetham*

1. THE AIPL1 HOMOLOGUE AIP IS A MOLECULAR CO-CHAPERONE

Mutations in the aryl hydrocarbon receptor interacting protein-like 1 (AIPL1) cause the
devastating blinding disease Leber’s congenital amaurosis (LCA) (Sohocki et al., 2000a).
Up to 12% of recessive LCA is caused by mutations in AIPL1 (Sohocki et al., 2000b). In
addition to AIPL1, LCA-causing mutations have also been identified in RetGC1, RPE65,
CRX, LRAT, CRB1 and RPGRIP1, and a further two loci have been identified on 14q24
and 6q11-16 (www.retina-international.org/sci-news/mutation.htm). Although the function
of AIPL1 is unknown, AIPL1 shares 49% identity with the human aryl hydrocarbon recep-
tor (AhR)-interacting protein (AIP), also named XAP2 or ARA9 (Sohocki et al., 2000a).
AIP in turn shares similarity with members of the immunophilin family of proteins includ-
ing the co-chaperones FK506-binding protein (FKBP) 51 and 52 (reviewed in Chapple 
et al., 2001; van der Spuy and Cheetham, 2004a). Both AIP and the FKBP co-chaperones
exist in a cytosolic ternary complex with the molecular chaperone Hsp90 and a specific
cognate receptor, and have been shown to regulate the nuclear translocation and transacti-
vation of the associated receptor. At the primary structural level, the tetratricopeptide repeat
(TPR) motif is conserved in AIPL1, AIP and FKBP51/52. The TPR motif is an evolution-
ary and functionally conserved but degenerate motif found in a number of structurally unre-
lated proteins and mediates the binding of specific protein-interaction partners. The TPR
motif in both AIP and FKBP51/52 form a TPR carboxylate clamp that mediates their inter-
action with the C-terminal MEEVD TPR acceptor site of Hsp90. The similarity of AIPL1
to AIP has led to suggestions that AIPL1 could function in a similar manner to AIP in facil-
itating protein translocation and as a component of chaperone complexes.
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2. AIPL1 ASSOCIATES WITH THE CELL CYCLE REGULATOR NUB1

2.1. Expression of AIPL1 and NUB1 in the Human Retina

AIPL1 interacts with the NEDD8 ultimate buster protein 1 (NUB1) (Akey et al., 2002).
NUB1 in turn interacts with the small ubiquitin-like protein NEDD8 and downregulates the
targeted proteasomal degradation of NEDD8 and substrates that are conjugated to NEDD8
in a manner analogous to ubiquitination and sentrinization (Kamitani et al., 2001; Kito 
et al., 2001). All the known substrates for neddylation are members of the family of cullin
(Cul) proteins, which are components of an SCF ubiquitin E3 ligase comprising Skp1, cullin,
F-box protein, and ROC1 (Zheng et al., 2002). Specific substrates are targeted for SCF-
mediated ubiquitination and subsequent degradation depending on the identity of the cullin
component. Ubiquitination of IkBa, b-catenin, cyclin D proteins, p27 (KIP1) and p21
(CIP1/WAF1) is catalysed by the Cul-1 SCF ubiquitin E3 ligase, the activity of which is
dependent on NEDD8 conjugation of the cullin component. Ubiquitination and proteaso-
mal degradation of hypoxia-inducible factor-1a (HIF1a) and cyclin E are catalysed by the
Cul-2 and Cul-3 SCF complexes respectively. Hence, the conjugation of NEDD8 to cullins
has been implicated in many important biological events including cell cycle regulation and
cell signalling, and it has been suggested that the interaction of NUB1 with NEDD8 impli-
cates NUB1 and AIPL1 in the regulation of these events.

The spatiotemporal distribution of NUB1 in the developing and adult human retina 
has been examined in parallel with that of AIPL1 (van der Spuy et al., 2002; van der Spuy
et al., 2003). In the adult human retina, AIPL1 was localized specifically in the connecting
cilia, inner segments, cell bodies, axons and spherules of the rod photoreceptors but could
not be detected in the cone photoreceptors. However, LCA is characterised by a flat or
severely attenuated scotopic and photopic electroretinogram (ERG) within the first year of
life suggesting the severe and early degeneration or impaired function of the rod and cone
photoreceptors. A spatiotemporal examination of AIPL1 expression in the developing
human retina detected AIPL1 in a single layer of cells in the central retina at fetal week 11.8
corresponding to early presumptive cone photoreceptors, differentiation of which precedes
that of rod photoreceptors. At this age, AIPL1 was not detected in mid-peripheral or periph-
eral regions of the presumptive retinal outer nuclear layer (ONL). As retinal development
proceeded, the expression of AIPL1 in the developing photoreceptor ONL spread gradually
from the central to peripheral retina, closely following the centroperipheral gradient of rod
and cone photoreceptor differentiation. During development, AIPL1 was detected in both
rod and cone photoreceptors, and co-localized with both short wavelength (S)-cone and
long/medium wavelength (L/M)-cone opsin expression. These data suggested that while
AIPL1 is important for normal rod and cone development, it is required for the maintenance
of rod photoreceptors only in adults, and that a developmental switch in AIPL1 function
occurs.

Unlike AIPL1, NUB1 was not photoreceptor-specific but was expressed ubiquitously
in all tissues examined and in all the retinal cell types. NUB1 was detected predominantly
in the nuclei of all cells. NUB1 was expressed in all retinal cell types during human retinal
development and the spatiotemporal expression of NUB1 did not follow a centroperipheral
gradient. Rather, NUB1 was detected equally from central to peripheral retina at each age
examined. During development a potential gradient of high to low NUB1 expression was
observed from the inner to outer retina that coincided with retinal cell differentiation. The
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nuclear predominance of NUB1 was less evident in the developing photoreceptor cell layer.
The subcellular distribution and fractionation of recombinant and endogenous AIPL1 and
NUB1 in cell lines has demonstrated that while AIPL1 is predominantly cytoplasmic, NUB1
is predominantly nuclear due to a functional nuclear localisation signal near the C termi-
nus. Hence, we wanted to test the hypothesis that AIPL1 could modulate the nuclear trans-
location of NUB1 in a manner analagous to the AIP-mediated regulation of the AhR.

2.2. AIPL1 Functions as a Chaperone for NUB1

AIPL1 is able to modulate the subcellular distribution of GFP-NUB1 in a concentra-
tion dependent manner (Figure 65.1) (van der Spuy and Cheetham, 2004b). Increasing
amounts of AIPL1 resulted in a shift in the subcellular distribution of GFP-NUB1 from pre-
dominantly nuclear to predominantly cytoplasmic and in co-localization of GFP-NUB1 with
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Figure 65.1. Potential AIPL1 photoreceptor functions: Modulation of NUB1 nuclear translocation (1); protection
of farnesylated proteins from proteasomal degradation (2); facilitated targeting of farnesylated proteins to the ER
(3); facilitated transport of farnesylated proteins to other target membranes (4); facilitated biosynthesis or assem-
bly of PDE (5); and stabilization of PDE to proteasomal degradation (6).



AIPL1 in the cytoplasm. The closely related AIPL1 homologue AIP was unable to interact
with or modulate GFP-NUB1 nucleocytoplasmic distribution, suggesting that whilst the
similarity between AIPL1 and AIP correlates with a conserved function in the modulation
of nuclear translocation, the specificity for the client protein differs in each case.

In addition to its role in protein translocation, AIPL1 was also able to suppress inclu-
sion formation by GFP-NUB1 N- and C-terminal fragments. GFP-NUB1-N (residues 1 –
306) encompassed two coiled-coil (cc) domains and the ubiquitin-like (UBL) domain in the
N-terminus of GFP-NUB1, and in the absence of AIPL1 formed multiple, small inclusions
that decorated the cytoplasmic side of the nucleus in a perinuclear fashion. GFP-NUB1-C
(residues 347-601) encompassed two ubiquitin-associated (UBA) domains, an NLS and a
PEST sequence towards the C-terminus of GFP-NUB1, and formed large, intranuclear
inclusions in the absence of AIPL1. Increasing amounts of AIPL1 resulted in efficient sup-
pression of GFP-NUB1-N and GFP-NUB1-C inclusion formation, and the redistribution
and co-localisation of these fragments with AIPL1 in the cytoplasm. This effect was spe-
cific for the GFP-NUB1 fragments, as AIPL1 had no effect on the formation of inclusions
by unrelated aggregation-prone proteins, GFP-Huntingtin-exon 1-Q103 and P23H mutant
opsin-GFP. Whilst these aggregation-prone proteins were SDS insoluble, the GFP-NUB1
fragments were SDS soluble and recruited both ubiquitin and Hsp70, suggesting that they
were targeted for proteasomal degradation. The AIPL1 homologue AIP had no effect on the
formation of GFP-NUB1-N and -C inclusions.

Hence, AIPL1 was able to behave in a chaperone-like manner to modulate the nuclear
translocation of GFP-NUB1 and suppress the formation of inclusions by GFP-NUB1 frag-
ments. This function of AIPL1 was compromised by certain mutations. All of the AIPL1
disease-associated and engineered mutants generated were soluble and similar in their 
subcellular distribution to AIPL1, with the exception of the disease-associated mutation
W278X. AIPL1(W278X) formed multiple, cytoplasmic inclusions that were SDS insoluble,
suggesting that this mutant protein undergoes misfolding and aggregation and is non-
functional. Two additional C-terminal truncation mutants not yet associated with disease,
AIPL1(E317X) and AIPL1(Q329X) were also severely compromised, suggesting that C-
terminal sequences in AIPL1 are necessary for the modulation of NUB1 nuclear localiza-
tion and inclusion suppression. Some of the pathological mutations, including R302L and
W278X, were less efficient that wild-type protein in modulating the subcellular distribution
and nuclear translocation of NUB1 suggesting a possible mechanism for disease in these
patients affecting NUB1-related events involving the regulation of cell signalling and cell
growth. However, other pathological AIPL1 mutants including A197P, C239R, G262S and
P351D12 were not defective in their ability to modulate the subcellular distribution of NUB1
or suppress the formation of inclusions by NUB1 fragments, suggesting that the basis for
disease in these patients may involve an alternative protein interaction and related function
for AIPL1.

3. AIPL1 CHAPERONE-LIKE FUNCTIONS IN POST-TRANSLATIONAL
MODIFICATION AND POST-TRANSCRIPTIONAL REGULATION

It has been demonstrated that AIPL1 is specifically able to interact with and enhance
the post-translational farnesylation of proteins in the retina (Ramamurthy et al., 2003).
Protein prenylation facilitates protein-protein and protein-membrane interactions, and is
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important in the maintenance of retinal cytoarchitecture and photoreceptor structure. It was
shown that the ability of AIPL1 to interact with and enhance the processing of farnesylated
proteins was severely compromised by certain pathogenic mutations including M79T and
the non-functional W278X. It was suggested that AIPL1 may interact with the C-terminal
prenylation motif in the cytosol dependent on the presence of a farnesyl transferase and
either protect the farnesylated protein form proteasomal degradation in the cytosol, facili-
tate targeting of the protein to the ER for further processing, or chaperone the farnesylated
protein to the target membrane (Figure 65.1). The AIPL1 mutants A197P and C239R, which
were partially defective in their ability to interact with and facilitate the processing of far-
nesylated proteins, were functional with respect to their effect on NUB1. Another AIPL1
mutation, R302L, did not show any defect in protein farnesylation but was compromised in
NUB1 function. Hence, the mechanisms of disease pathogenesis in patients with AIPL1
mutations may depend on the specific interacting partner and functional pathway affected.

Recently, mouse models of LCA with either complete or partial inactivation of AIPL1
expression have suggested that AIPL1 may also function as a potential chaperone for cGMP
phosphodiesterase (PDE) (Figure 65.1) (Liu et al., 2004; Ramamurthy et al., 2004). In both
models, normal retinal histology and morphological photoreceptor development were
observed at birth, although no recordable photofunction could be detected in AIPL1-/- mice
and the photoresponse onset and recovery was delayed in the rod photoreceptors of the
AIPL1 hypomorphic mutant. Photoreceptor degeneration proceeded rapidly shortly after
birth in the absence of AIPL1 but was significantly slowed in the presence of reduced levels
of AIPL1. In both mouse models, all three subunits of the cGMP PDE holoenzyme (a, b
and g) were reduced by a post-transcriptional mechanism before the onset of photoreceptor
degeneration, suggesting that AIPL1 was necessary for the biosynthesis, assembly, or sta-
bilization of PDE to proteasomal degradation. The PDE-a subunit is farnesylated and muta-
tions that block farnesylation cause degradation of PDE-a protein in cultured cells (Qin and
Baehr, 1994). However, LCA is more severe than retinitis pigmentosa (RP) caused by muta-
tions in the PDE subunits.

4. CONCLUSIONS

In conclusion, it has been shown that AIPL1 is able to function in a chaperone-like
manner to regulate the nuclear translocation of the cell cycle regulator NUB1, enhance the
processing of farnesylated proteins and post-transcriptionally regulate the levels of PDE.
The severity of disease in LCA patients with mutations in AIPL1 cannot be accounted 
for by each of these functions on their own, suggesting that multiple and complex AIPL1-
dependent mechanisms may be involved or that a single, as yet unidentified AIPL1-
dependent mechanism may underlie each of these chaperone-like functions. It is tempting
to speculate that these processes could converge at the level of regulating PDE, for example
the interaction of AIPL1 with farnesylated components of the PDE complex could be impor-
tant for the stabilization of the PDE enzyme complex, similarly the interaction of AIPL1
with NUB1 could regulate a switch in the ubiquitin proteasome machinery and protection
of PDE from degradation (Figure 65.1). Alternatively, AIPL1, like AIP and FKBP51/52,
may act as a part of chaperone heterocomplex in several unrelated processes. Further exper-
imentation is needed to define the critical roles of AIPL1 and their importance for the devel-
opment and function of the retina.
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CHAPTER 66

CRALBP LIGAND AND PROTEIN INTERACTIONS

Zhiping Wu1, Sanjoy K. Bhattacharya1, Zhaoyan Jin1, Vera L. Bonilha1,
Tianyun Liu2, Maria Nawrot3, David C. Teller2, John C. Saari2,3, and 
John W. Crabb1

1. INTRODUCTION

The visual cycle is the complex enzymatic retinoid-processing involved in regenerat-
ing bleached rod and cone visual pigments.1 Central to visual cycle physiology is the cel-
lular retinaldehyde-binding protein (CRALBP), a 36kDa cytosolic protein with high affinity
for 11-cis-retinal and 11-cis-retinol. CRALBP is expressed in retinal pigment epithelium
(RPE) and Müller cells, as well as in ciliary epithelium, iris, cornea, pineal gland and a
subset of oligodendrocytes of the optic nerve and brain.2 Its function outside the RPE is not
known, although a recent behavioral genetic study suggests that CRALBP may contribute
to ethanol preference in mice.3 In the RPE, CRALBP serves as an 11-cis-retinol acceptor
in the visual cycle isomerization step and as a substrate carrier for 11-cis-retinol dehydro-
genase.4-8 These functions require the rapid association and release of retinoid from the
CRALBP ligand-binding pocket and involve critical protein interactions. To better under-
stand the visual cycle, we are characterizing CRALBP ligand and protein interactions and
retinoid trafficking within the RPE.

2. RETINAL DISEASES CAUSED BY DEFECTIVE CRALBP

Six recessive defects in the RLBP1 gene encoding human CRALBP have been found
to cause retinal pathology, including missense mutations R150Q, M225K and R233W.
Retinal dystrophies associated with CRALBP gene mutations now include retinitis pig-
mentosa, retinitis punctata albescens, Bothnia dystrophy, fundus albipunctatas, and New-
foundland rod-cone dystrophy and have been detected in pedigrees from Europe, the middle
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east, Newfoundland, and India.9-13 CRALBP gene defects can tighten or abolish retinoid
interactions.6

3. CRALBP LIGAND INTERACTIONS

3.1. Site Directed Mutagenesis

The lack of covalent interactions between the recombinant CRALBP (rCRALBP) and
retinoid was demonstrated and residues Q210 and K221 associated with retinoid-binding
by a combination of protein chemical modifications, site-directed mutagenesis, and UV-
visible and fluorescence spectroscopy.14 Similar methods combined with heteronuclear
single quantum correlation NMR and enzymatic assays with purified recombinant 11-cis-
retinol dehydrogenase were used to demonstrate that rCRALBP residues W165, M208,
M222, M225, and W244 influence retinoid-binding and substrate carrier function.15 Disease-
causing mutations R150Q and M225K abolish ligand-binding and R233W was found to sig-
nificantly tighten rCRALBP retinoid affinity.6,9

3.2. Photo-Labeling of the CRALBP Ligand-Binding Pocket

Photo-labeling of rCRALBP with 3-diazo-4-keto-11-cis-retinal yielded covalent label-
ing of eight residues that were identified by mass spectrometry, namely Y179, F197, C198,
M208, K221, M222, V223 and M225.16 Four of these photo-adducted residues were inde-
pendently associated with ligand interactions as described above, supporting specific label-
ing of the ligand-binding cavity. An unexpected outcome was that each of the photoaffinity
modified residues in rCRALBP exhibited one or more different adduct masses.16 We suspect
that upon UV-irradiation, the resulting carbene radical moves freely throughout the conju-
gated polyene structure of the retinoid analogue and fragments at the time of attachment to
the protein.

3.3. Structural Modeling of the CRALBP Retinoid-Binding Domain

The homology between CRALBP and other CRAL-TRIO family members spans about
185 amino acids and includes their respective ligand binding pockets.17 A model (Figure
66.1) of the CRALBP ligand binding domain16 was constructed based on crystal structures
of homologues a-tocopherol transfer protein (aTTP), yeast Sec14, and supernatant protein
factor. Five of the CRALBP residues associated with the retinoid binding pocket by bio-
chemical analyses (W165, Y179, F197, M222, and M225) align directly with components
identified in the ligand cavities of the CRAL-TRIO crystal structures16 and are very close
to ligand in our model (average distance ~4.4Å). Four other residues (C198, Q210, K221,
and V223) align in relatively close proximity (average model distance from ligand ~7.6Å).
All nine residues line the ligand binding cavity in the model. Residues M208, R233W and
W2446,15 are more distant from ligand in the structural model (average distance from ligand
~14.3Å). M208 and W244 may be located at the entrance/exit to the ligand cavity and
involved in conformational changes necessary for ligand binding and release.
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3.4. The rCRALBP Ligand-Binding Cavity from Topological Analyses

Hydrogen/deuterium (H/D) exchange detected by mass spectrometry was used to
measure the effect of protein-bound 11-cis-retinal on the solvent accessibility of amide
hydrogens.16 N-terminal residues 5-42, C-terminal residues 282-316, and residues 41-71,
80-94, 127-137 and 262-275 all incorporated more deuterium in holo-rCRALBP and there-
fore are more solvent exposed in the holo-protein. With the exception of residues 127-137,
the central region of CRALBP (residues 111-197) incorporated low levels of deuterium with
or without ligand and appears to be buried in both the apo and holo protein structures. The
only region that incorporated significantly more deuterium in the absence of bound 11-cis-
retinal encompasses amino acids 198-255 and most of the identified ligand cavity residues.
The results are also consistent with an earlier lower resolution topological analysis of
CRALBP using antibodies and proteases.18

4. CRALBP PROTEIN INTERACTIONS

4.1. CRALBP Interacts with 11-cis-Retinol Dehydrogenase (RDH5)

Early studies with crude extracts from bovine RPE microsomes support a substrate
carrier interaction between CRALBP and 11-cis-RDH.4,19 Kinetic analyses performed with
purified recombinant RDH5 and purified rCRALBP demonstrate a direct, functional inter-
action between rRDH5 and rCRALBP6 and are consistent with the notion that CRALBP
affects the activity of RDH5 by ‘channeling’ retinoids to the enzyme. Immunoprecipitation
experiments with the purified recombinant proteins and different anti-peptide CRALBP anti-
bodies18 support a structural interaction in a C-terminal region of CRALBP (Figure 66.2).
How retinoid is released from the high affinity CRALBP binding pocket for export from
the RPE for visual pigment regeneration remains unresolved. Interactions with RDH5 may
be involved in the release mechanism.
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A B

Figure 66.1. Structural Model of the CRALBP Ligand Binding Domain (residues 143-301). The twelve
residues implicated in ligand interactions by biochemical analyses are labeled; 11-cis retinal occupies the ligand
pocket. A. View parallel to the beta sheet. B. View perpendicular to that of A.



4.2. CRALBP Interacts with EBP50

An overlay assay was used to detect interactions of CRALBP with components of RPE
microsomes.20 Interacting proteins were separated by 2D-PAGE and identified by LC
MS/MS. Protein interactions were characterized by affinity chromatography, peptide com-
petition, and recombinant expression of protein domains. CRALBP bound to a 54kD protein
in RPE microsomes identified as ERM (ezrin, radixin, moesin)-binding phosphoprotein 50
(EBP50). EBP50 is also known as NHERF-1 (sodium/hydrogen exchanger regulatory factor
type-1). EBP50 was found in multiple adjacent 2D gel spots, suggesting phosphorylaton
may play a role in regulating retinoid trafficking. CRALBP bound to both recombinant PDZ
domains of EBP50 but not to the C-terminal ezrin-binding domain. In outer retina, EBP50
and ezrin were localized to RPE and Müller apical processes. CRALBP was distributed
throughout both RPE and Müller cells including their apical processes. ERM proteins are
multivalent linkers that connect plasma membrane proteins with the cortical actin cytoskele-
ton. EBP50 interacts with an N-terminal domain of the ERM proteins and binds other targets
through its PDZ domains, thus contributing to an apical localization of target proteins. These
results support a retinoid-processing complex in the apical RPE20 and are consistent with
observations of retinoid processing proteins in reciprocal immunoprecipitations of RPE
microsomes using antibodies to visual cycle proteins.21 The C-terminus of CRALBP inter-
acts with the PDZ domains in EBP5020 and a separate C-terminal domain in EBP50 binds
ezrin or another ERM family member. Notably, a fraction of RDH5 activity appears to be
associated with the RPE plasma membrane.22 Interactions with EBP50 and ezrin may help
localize the apical plasma membrane where interaction with RDH5 could facilitate the
release of 11-cis-retinal from CRALBP for export to the photoreceptors for visual pigment
regeneration.

4.3. Retinoid-Processing Proteins in the Apical RPE

To further test the hypothesis of a retinoid-processing complex in apical RPE, we
pursued proteomic analysis of RPE apical processes and plasma membranes. RPE apical
membranes were isolated from mouse eyecups on lectin-coated agarose beads. Morpho-
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Figure 66.2. Immunoprecipitation of RDH5 with anti-CRALBP. Purified recombinant RDH5 and CRALBP
were mixed together then exposed to different agarose bead-immobilized anti-peptide antibodies recognizing the
CRALBP residues in parentheses. Coomassie blue stained SDS-PAGE is shown above and the Western analyses
below with anti-RDH5 indicate only the N-terminally directed anti-K25Q pulled down rRDH5, supporting an inter-
action with a C-terminal region of CRALBP.



logical analyses of the bead-bound RPE apical membranes support a highly purified prepa-
ration. Proteins were recovered from the beads, separated by SDS-PAGE, gel bands excised,
digested in situ with trypsin and proteins identified by LC MS/MS. CRALBP, EBP50, RDH5
and ezrin were among the proteins bound to the lectin beads.23 These findings further support
the proposed retinoid-processing complex in the RPE. Many other proteins were identified
from the apical RPE membranes. The information should provide insights into processes
occurring at this critical interface, which are important for the support and maintenance of
vision.24

5. CONCLUSIONS

Considerable progress has been made in understanding the biochemical basis and enzy-
mology of the visual cycle and associated retinal diseases. However, many aspects of the
visual cycle remain unclear. The retinoid isomerization chemistry is controversial because
the responsible enzymes have yet to be isolated. Less is known about cone visual pigment
regeneration but the process is different than that for rhodopsin and may involve 11-cis-
retinoid synthesis in Müller cells. In the RPE, the interaction of cytosolic proteins with mem-
brane-associated enzymes is largely uncharacterized and little is known about mechanisms
of retinoid trafficking, and spatial-compartmental organization of visual cycle components.
Identification of visual cycle proteins associated with CRALBP will promote a better under-
standing of these processes and will advance the development of therapies for visual 
disorders.
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CHAPTER 67

FUNCTIONAL STUDY OF PHOTORECEPTOR PDEd

Houbin Zhang, Jeanne M. Frederick, and Wolfgang Baehr*

1. INTRODUCTION

Cyclic GMP phosphodiesterase 6 (PDE6), a member of a large superfamily of phos-
phodiesterases (Soderling et al., 1998; Beavo et al., 1994), is a key enzyme in the rod and
cone phototransduction cascades (Polans et al., 1996; McBee et al., 2001). PDE6 in rod
photoreceptors (henceforth called PDE) is composed of two catalytic subunits–PDEa and
PDEb–and two identical inhibitory subunits, PDEg (Baehr et al., 1979; Fung et al., 1990;
Deterre et al., 1988). Photoreceptor PDE is peripherally membrane-associated via the far-
nesyl and geranylgeranyl chains at C-termini of PDEa and PDEb, respectively (Anant 
et al., 1992; Qin et al., 1992; Qin and Baehr, 1994). PDEd was originally copurified with
photoreceptor PDE from bovine retina and considered the fourth subunit of PDE (Gillespie
et al., 1989). Functional studies indicated that PDEd could solubilize membrane-associated
PDE and decouple the activation of transducin from hydrolysis of cGMP when added to the
permeabilized rod outer segments (Cook and Beavo, 2000; Florio et al., 1996). However,
first evidence arguing against PDEd being an authentic PDE subunit came from the expres-
sion profile of PDEd. Multiple tissue northern blots indicated that PDEd mRNA is present
in all tissues examined with relatively higher level in retinas, in contrast to PDE which is
only expressed in photoreceptors of the retina (Florio et al., 1996; Marzesco et al., 1998).
Furthermore, PDEd homologues were also identified in organisms such as C. elegans which
has no eyes or retina-like structures and does not express PDE6 (Li and Baehr, 1998). Like
mammalian PDEd, recombinant PDEd from C. elegans can elute PDE from bovine rod outer
segments, suggesting the functional conservation of PDEd throughout evolution.

2. PDEd INTERACTS WITH ISOPRENYLATED PROTEIN

Clues regarding the biological function of PDEd were generated initially from yeast
two-hybrid (y2h) screening (Marzesco et al., 1998; Linari et al., 1999b; Hillig et al., 2000).
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A group of small GTPases in the Ras superfamily were shown to interact specifically with
PDEd. Most of these GTPases have a common feature, that is, a CAAX box motif in their
C-terminal amino acid sequence which signals posttranslational modification resulting in
cleavage of -AAX polypeptides followed by carboxymethylation and prenylation (prenyl-
thioether formation) of the cysteine residue. The last residue of the CAAX box specifies
whether the added prenyl chains are either farnesyl (C15 moieties) or geranylgeranyl (C20

moieties). Prenylation is a step necessary for the targeting of proteins to membrane, and
interaction of PDEd with prenylated proteins relies on the prenyl lipid chain. The binding
of PDEd to PDE in vitro is mediated by its prenylated C-terminal (Cook et al., 2000). The
y2h screening in our lab identified rhodopsin kinase (GRK1) as another interacting member.
Mammalian GRK1s are farnesylated proteins and the prenyl group is required for interac-
tion with PDEd. We also showed that PDEd interacted with GRK7, a cone pigment kinase
believed to be important for the recovery of photoresponse in cone photoreceptors in some
species (Chen et al., 2001; Weiss et al., 2001; Weiss et al., 1998). GRK7 is a geranylger-
anylated protein. Table 67.1 provides a summary of a subset of proteins which can interact
with PDEd.

3. PDEd BINDS ISOPRENYL CHAINS IN THE ABSENCE OF 
C-TERMINAL CYSTEINE

Given that PDEd interacts with multiple isoprenylated proteins and that isoprenylation
is a requisite for interaction, we sought direct evidence for the interaction between PDEd
and prenyl chain alone. By conjugating a fluo-rescent probe to either farnesyl and geranyl-
geranyl isoprenoid chains, we used a technique called FRET (Fluorescence Resonance
Energy Transfer) to demonstrate isoprenoid binding to PDEd (Zhang et al., 2004). FRET
(reviewed by (Centonze et al., 2003)) revealed a significant increase in fluorescence emis-
sion from one of the fluorescent probes suggesting interaction between PDEd and the iso-
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Table 67.1. Summary of PDEd interacting proteins.

Interacting
Method Bait Proteins References

Qualitative interactions Arl2, Arl3, Gai1, H-Ras, PDEd (Hanzal-Bayer et al., 2002)
of yeast expression RheB, Rho6, Rap1A
constructs

Qualitative interactions Rap2B, H-Ras, Rap1A, PDEd (Nancy et al., 2002) 
of yeast expression RhoA, RhoB, Rnd1
constructs

Mouse embryo cDNA PDEd Arl3 (Linari et al., 1999a) 
library

Mouse embryo cDNA RPGR PDEd (Linari et al., 1999b) 
library

HeLa cDNA library Rab13 PDEd (Marzesco et al., 1998)
Bovine retina cDNA PDEd PDE6a (Zhang et al., 2004)

library GRK1
Qualitative interactions PDEd GRK1(SAAX) (Zhang et al., 2004)

of yeast expression
constructs



prenoid chain. By varying ligand concentrations, the binding constants for farnesyl and ger-
anylgeranyl chains were determined to be 0.70mM, and 19.06mM, respectively.

4. PDEd INTERACTS WITH Arl2 AND Arl3

Y2h screening also identified PDEd interacting proteins other than isoprenylated pro-
teins, such as Arl2 and Arl3 (Hanzal-Bayer et al., 2002). So far, Arl2 and Arl3 are the only
non-isoprenylated proteins shown capable of PDEd interaction. Arl2 and Arl3 are also small
GTPases belonging to the Arf family in the Ras superfamily. Arf family members play
important roles in intracellular vesicular trafficking processes. Arl proteins differ from Arfs
in that Arl proteins do not possess co-factor activity of cholera toxin-catalyzed ADP-
ribosylation of Gas subunits. And unlike in Arfs, the glycine residue at position 2 in some
Arls cannot be myristoylated (Sharer et al., 2002). The binding of PDEd to Arl3 depends
on the guanine nucleotide species bound to Arl3, and b-sheet interaction. PDEd only 
interacts with GTP-bound Arl3, but not GDP-bound Arl3, suggesting PDEd is one of the
effectors of Arl3 GTPase (Linari et al., 1999a).

5. STRUCTURE OF PDEd

BLAST searching generated the first clue about the structure PDEd, which suggested
that PDEd has relatively weak sequence similarity to the C-terminal part of RhoGDI (Nancy
et al., 2002). RhoGDI can bind Rho GTPase through interaction with its C-terminal iso-
prenyl group. Shortly after the identification of sequence homology, the crystal structure of
PDEd, cocrystallized with Arl2/GTP, was published (Hanzal-Bayer et al., 2002). It con-
firmed the striking structural similarity between PDEd and RhoGDI, although their primary
sequences have very low homology (Figure 67.1). Both of these two proteins have a
hydrophobic pocket formed between two b-propellers. This structure further confirmed that
PDEd is a prenyl binding protein. Although the binding of PDEd to prenylated proteins
usually depends on the structure of the prenyl group, the protein-protein interaction may
also be important for their tight binding. One example for this notion is that excess amount
of prenyl compounds can only partially compete off the binding between PDEd and GRK7.
This additional protein-protein interaction could be responsible for the binding specificity
of PDEd, a possible reason why both PDEd and RhoGDI only bind a subset of isopreny-
lated proteins. As for RhoGDI, it only interacts with proteins of the Rho GTPase family,
whereas PDEd interacts with a larger number of polypeptides (PDEa, PDEb, GRK1, and
GRK7 in photoreceptors).

6. CELLULAR LOCALIZATION OF PDEd IN PHOTORECEPTORS

Several results have been published regarding localization of photoreceptor PDEd
leading to controversy. The first result of immunocytochemistry of PDEd in retina indicated
that PDEd is localized to the outer segments of rods, but not cones (Florio et al., 1996).
Later, PDEd was shown in dark-adapted retina to be distributed throughout the whole cell,
from the synaptic termini to outer segments of rod and cone photoreceptors (Zhang et al.,
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2004). Recent data demonstrated that PDEd in light-adapted bovine retina is localized pri-
marily to the connecting cilium (Norton et al., 2004), a structure bridging the inner segment
to the outer segment. The connecting cilium is a structure that controls the transport of 
phototransduction components from the inner segments, where biosynthesis takes place, 
to the outer segment. The localization of PDEd to the connecting cilium is consistent with
the concept that PDEd may be involved in the intracellular trafficking of isoprenylated 
phototransduction proteins.

7. SUMMARY AND HYPOTHETICAL MODEL OF 
PDEd FUNCTION IN PHOTORECEPTORS

Several independent assays strongly suggest that a photoreceptor polypeptide, termed
“PDEd”, is not an authentic PDE subunit, but a general prenyl binding protein (PrPB). Bio-
chemically identified binding partners include rhodopsin kinase (GRK1), cone pigment
kinase (GRK7), and the PDE catalytic subunits (PDEa,b), all of which are prenylated at
their C-termini. In addition to prenylated partners, PDEd interacts with small GTPases like
Arl2/3 which are not known to be prenylated. An important function of PDEd is to solubi-
lize prenylated proteins which are normally membrane-associated.

Based on currently available information, we propose a model in which newly synthe-
sized prenylated protein (GRK1) interacts with PDEd, and transports to the photoreceptor
connecting cilium and the outer segment in conjunction with Arl2 charged with GTP.
Hydrolysis of GTP may cause discharge of GRK1 into the OS. Arl2-GDP is recycled to
Arl2-GTP by an unknown GEF most likely present in the inner segment and recombines
again with PDEd for another round of transport.
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Figure 67.1. Structural homology of RhoGDI and PDEd. The PDEd sequence was aligned with the C-terminal
portion of RhoGDI using ClustalW. Cylinders indicate two a-helices in PDEd, and arrows depict nine b-sheets,
emphasizing the structural similarity (adapted from (Hanzal-Bayer et al., 2002). Note that sequence similarity is
rather limited. Residues shaded yellow represent contacts with prenyl groups inside the binding pocket.



8. FUTURE DIRECTION

Generation of a photoreceptor PDEd knockout will be extremely useful for revealing
the in vivo function of PDEd in rod and cone photoreceptors. Our preliminary experiments
suggested that the mouse lacking PDEd gene had reduced levels of PDE and rhodopsin
kinase, as well as shortened rod outer segments, suggesting the importance of PDEd for the
stability of its binding partners (Zhang et al., unpublished results). In the future, it will be
important to study the roles Arl2 and Arl3 may play in transport of phototransduction 
components.
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CHAPTER 68

LOCALIZATION OF THE INSULIN RECEPTOR 
AND PHOSPHOINOSITIDE 3-KINASE IN 

DETERGENT-RESISTANT MEMBRANE RAFTS 
OF ROD PHOTORECEPTOR OUTER SEGMENTS

Raju V.S. Rajala1,2,3, Michael H. Elliott1,3, Mark E. McClellan1,3, and
Robert E. Anderson1,2,3

1. INTRODUCTION

Lipid rafts are specialized membrane domains enriched in certain lipids, cholesterol
and proteins. The existence of lipid rafts was first hypothesized in 1988 (Simons and van
Meer, 1988; Simons and Ikonen, 1997), but what we know as “caveolae”, flask-shaped types
of lipid rafts, were observed earlier (Yamada, 1955). Three general types of rafts- caveolae,
glycospingolipid enriched membranes (GEM), and polyphosphoinositide-rich rafts- have
been described (Jacobson and Dietrich, 1999) and may be oriented on the “inner leaflet”
(PIP2 rich rafts and caveolae) or the “outer leaflet” (GEM). The fatty acid chains of lipids
within the raft tend to be more saturated and these are more tightly packed, creating domains
with higher order. It is therefore thought that rafts exist in a separate ordered phase that
floats in a sea of poorly ordered lipids.

The lipid environment of rafts tends to recruit fatty acyl-modified signaling proteins
(Melkonian et al., 1999) and may act as organizing centers to localize a variety of signal-
ing molecules (Simons and Ikonen, 1997). Detergent-resistant membranes (DRMs), 
presumptive biochemical preparations of lipid rafts, have been isolated from bovine 
photoreceptor rod outer segments (ROS) and are enriched in cholesterol, caveolin-1 (Elliott
et al., 2003), and saturated lipid species (Martin et al., 2005), and contain transducin, cGMP-
phosphodiesterase (Seno et al., 2001), RGS9-1 (Nair et al., 2002), the p44 arrestin splice
variant (Nair et al., 2004), recoverin (Senin et al., 2004), and ROM-1 (Boesze-Battaglia 
et al., 2002).
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Cells of bovine and rat retina contain high affinity receptors for insulin (Havrankova 
et al., 1978; Waldbillig et al., 1987; Reiter and Gardner, 2003; Yu et al., 2004). However,
little research has been done on these receptors since these early reports probably due the
absence of an identified intracellular target. We have demonstrated that light stimulates tyro-
sine phosphorylation of the b-subunit of insulin receptor (IRb) in vivo, which leads to the
direct association of phosphoinositide 3-kinase (PI3K), an anti-apoptotic enzyme activity
with the IRb (Rajala et al., 2002). In this communication, we examine the localization of
the insulin receptor and PI3K in DRMs prepared from bovine ROS.

2. METHODS

2.1. Preparation of Bovine ROS and Fractionation of DRMs from ROS Incubated
with and without Methyl-b-Cyclodextrin (MCD)

Bovine ROS were prepared from retinas on continuous sucrose gradients (25-50%) 
using a modification of the method of Zimmerman and Godchaux (Godchaux, III and 
Zimmerman, 1979; Zimmerman and Godchaux, III, 1982) as previously described (Bell 
et al., 1999). DRMs were prepared according to a previously described modification (Elliott
et al., 2003) of the method of Seno et al. (Seno et al., 2001). For experiments involving cho-
lesterol depletion, ROS, in buffer B, were incubated in the presence or absence of 15mM
MCD for 1h at 37°C prior to DRM fractionation as previously described (Elliott et al., 2003).

2.2. Tyrosine Phosphorylation of ROS and DRM

Tyrosine-phosphorylated ROS and DRMs were prepared by incubation of each in a
phosphorylation buffer [50mM Tris-HCl (pH 7.4), 100mM NaCl, 2mM MgCl2, 1.5mM
ATP] in the presence and absence of 0.2mM Na3VO3 for 15 minutes at 37°C as originally
described for ROS (Rajala and Anderson, 2001). After incubation, ROS and DRM fractions
were subjected to Western blot analysis.

2.3. SDS-PAGE and Western Blot Analysis

Proteins were resolved by 10% SDS-PAGE and transferred onto nitrocellulose mem-
branes. The blots were incubated with anti-IRb (1:250), anti-PY (1:1000), or anti-p85 
(1:4000) antibodies overnight at 4°C and developed by ECL according to the manufac-
turer’s instructions.

3. RESULTS

3.1. Localization of IRb and p85 to DRMs Isolated from Bovine ROS

Low buoyant-density DRMs were isolated from Triton-solubilized bovine ROS by dis-
continuous sucrose density gradient centrifugation and fractions collected from the top of
the gradients were subjected to SDS-PAGE and immunoblot analysis. Protein determina-
tions of these fractions indicate the presence of two protein peaks, the minor DRM peak in
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fraction 3 and the major peak in fraction 9 containing the majority of ROS proteins (Figure
68.1A, solid line). DRM fractions 2-5 were dramatically enriched in caveolin-1 with a peak
in fraction 3 as previously observed (Nair et al., 2002; Elliott et al., 2003). In an attempt to
determine whether DRMs isolated from ROS contained IRb and p85, immunoblot analysis
of DRM fractions was performed. The results indicate the presence of a significant pool of
IRb and p85 in the caveolin-enriched fraction 3 (Figure 68.1B). Fraction 9 was also
immunoreactive for the presence of IRb and p85 and this fraction contained the majority
of ROS proteins (Figure 68.1A, solid line). These results indicate that portions of both IRb
and p85 are localized to photoreceptor DRMs.

To further confirm that the fractions isolated are authentic DRMs, ROS membranes
were incubated with the cholesterol-sequestering agent, MCD, a treatment that disrupts 
cholesterol-rich DRMs. MCD treatment resulted in a dramatic loss of the low-buoyant-
density band accompanied by a shift in the distribution of proteins to higher density sucrose
fraction (Figure 68.1A and B). The concomitant shift in IRb, p85 and caveolin-1 to higher
density fractions following MCD treatment shows that their colocalization to DRM is dis-
rupted by the cholesterol-depleting actions of MCD.

3.2. Absence of Phosphatase Activity in DRM Fractions

Bovine ROS prepared as described in the Methods have an endogenous tyrosine kinase
activity (Bell et al., 1999). ROS and DRM fractions were subjected to in vitro phosphory-
lation resulting in the tyrosine phosphorylation of several ROS proteins (Figure 68.2). Omis-
sion of sodium vanadate resulted in the absence of tyrosine phosphorylation of ROS
proteins, suggesting the inhibition of phosphatase activity in ROS by sodium vanadate. An
enrichment of a tyrosine phosphorylated 80kDa protein was observed in the DRM fraction.
It is interesting to note that omission of sodium vanadate in the DRM fraction did not affect
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Figure 68.1. Effect of MCD on the localization of caveolin-1 and other ROS proteins in low-buoyant-density
DRMs. ROS incubated in the absence (-MCD) or presence (+MCD) of 15mM MCD were solubilized with 1%
Triton X-100 and separated into low and high-density fractions by discontinuous sucrose density gradient cen-
trifugation. Fractions collected from the top of each gradient (top to bottom shown from left to right) were sub-
jected to either protein determination (A) or Western blot analysis (B) with antibodies against IRb, p85 subunit of
PI3K, and caveolin-1.



the tyrosine phosphorylation of the 80kDa protein (Figure 68.2), suggesting the lack of
phosphatase activity in DRM fractions.

4. DISCUSSION

Localization of insulin receptor in caveolae of adipocyte plasma membrane has been
reported and cholesterol depletion attenuates insulin receptor signaling (Gustavsson et al.,
1999). Insulin stimulation of cells prior to isolation of caveolae or insulin stimulation of 
the isolated caveolae fraction increased tyrosine phosphorylation of insulin receptor 
(Gustavsson et al., 1999). These results suggest that functional insulin receptor resides in
caveolae and requires the caveolar environment for signaling. In addition, tyrosine phos-
phorylation of caveolin-1 was catalyzed by insulin receptor (Kimura et al., 2002). Further,
caveolin-1 deficient mice show insulin resistance and defective insulin receptor protein
expression in adipose tissue (Cohen et al., 2003). Baumann et al. (Baumann et al., 2000)
reported that the resident lipid raft protein flotillin-1 recruits a complex of tyrosine-
phosphorylated Cbl and Cbl-associated protein to rafts, and that this recruitment is required
for GLUT-4 translocation in response to insulin. In addition, epidermal growth factor stim-
ulation results in the localization of PI3K, Akt2, and PTEN to lipid rafts of intestinal cells,
and this localization is important for sodium absorption and enterocyte differentiation (Li
et al., 2004). Furthermore, Vero cells (Monkey, African Green kidney) stimulated with
lysophosphatidic acid results in the localization of PI3K to lipid rafts (Peres et al., 2003).

We have demonstrated that light stimulates tyrosine phosphorylation of IRb in vivo,
which leads to the association of PI3K, an anti-apoptotic enzyme activity with the IRb
(Rajala et al., 2002). We hypothesize that an important mechanism of retinal neuroprotec-
tion is through light activation of the insulin receptor, which stimulates the anti-apoptotic
PI3K/Akt pathway. The molecular mechanism behind the light-activation of IRb is not
known. In the present study, we have demonstrated the localization of IRb and p85 subunit
of PI3K to DRM fractions of bovine ROS. Perhaps light-induced IRb activation of the anti-
apoptotic PI3K/Akt pathway occurs within lipid rafts of ROS, consistent with a previous
study indicating that cholesterol-rich lipid rafts mediate Akt-regulated survival in prostate
cancer cells (Zhuang et al., 2002).
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Figure 68.2. In vitro phosphorylation of ROS and DRM proteins. Phosphory-
lated ROS and DRM proteins (presence and absence of sodium vanadate) were
subjected to SDS-PAGE followed by Western blot analysis with anti-PY99 
antibody.



The insulin signaling pathway is activated by tyrosine phosphorylation of the insulin
receptor and key post-receptor substrate proteins, and balanced by the action of specific
protein-tyrosine phosphatases (PTPase). Inhibition of PTPase activity results in enhanced
tyrosine phosphorylation of the insulin receptor (Mahadev et al., 2001). The most com-
pelling evidence for a physiological role of phosphatase PTP1B in insulin action has been
the recent demonstration of enhanced insulin sensitivity and potentiation on insulin-
stimulated protein-tyrosine phosphorylation in PTP1B knockout mice (Klaman et al., 2000;
Elchebly et al., 1999). Absence of phosphatase activity in DRM fractions could also stim-
ulate insulin receptor phosphorylation. Studies are underway in our laboratory to test this
hypothesis.

The phosphorylation we observed in DRMs (Figure 68.2) could be due to either recep-
tor or non-receptor tyrosine kinases. It has been shown that the non-receptor tyrosine kinase
Src phosphorylates insulin receptor on autophosphorylation sites (Yu et al., 1985; Peterson
et al., 1996). Furthermore, activation of Src in rod photoreceptors cells has previously been
reported (Ghalayini et al., 2002) and Src family kinases are present in detergent resistant
cytoskeletal fractions (Ghalayini et al., 2002) and in DRMs isolated from bovine ROS
(Martin et al., 2005). Earlier studies also demonstrated the in vivo tyrosine phosphorylation
of caveolin by Src (Kimura et al., 2002). It is tempting to speculate that light-induced tyro-
sine phosphorylation of insulin receptor could be triggered in rafts by non-receptor tyrosine
kinases, leading to the association with PI3K enzyme activity.

The phosphoinositide PI(4,5)P2, the preferred substrate for PI3K, accumulates in mem-
brane rafts and promotes local co-recruitment and activation of specific signaling compo-
nents at the cell membrane (Caroni, 2001). Raft-localized PI(4,5)P2 is regulated by lipid
kinases (PI 5-Kinase) and phosphatases (eg. Synaptojanin) (Caroni, 2001; Chung et al.,
1997). Localization of PI3K to the DRM fraction of ROS may have some important role in
modulating PI(4,5)P2 levels in lipid rafts, since the absence of protein phosphatase activity
could be compensating for the presence of PI3K in the DRM fractions. Further studies,
however, are required to examine whether light triggers the phosphorylation of IRb or acti-
vation of PI3K activity in the DRM fractions.

5. ACKNOWLEDGEMENTS

This work was supported by grants from the National Institutes of Health (EY00871,
EY04149, EY12190, EY15299 and RR17703); Research to Prevent Blindness, Inc. Raju
V.S. Rajala is a recipient of Career Development Award from Research to Prevent Blind-
ness, Inc.

6. REFERENCES

Baumann, C. A., Ribon, V., Kanzaki, M., Thurmond, D. C., Mora, S., Shigematsu, S., Bickel, P. E., Pessin, J. E.,
and Saltiel, A. R., 2000, CAP defines a second signalling pathway required for insulin-stimulated glucose
transport, Nature 407:202-207.

Bell, M. W., Alvarez, K., and Ghalayini, A. J., 1999, Association of the tyrosine phosphatase SHP-2 with 
transducin-alpha and a 97-kDa tyrosine-phosphorylated protein in photoreceptor rod outer segments, 
J. Neurochem. 73:2331-2340.

68. IRb AND PI3K IN DETERGENT-RESISTANT MEMBRANE RAFTS 495



Boesze-Battaglia, K., Dispoto, J., and Kahoe, M. A., 2002, Association of a photoreceptor-specific tetraspanin
protein, ROM-1, with triton X-100-resistant membrane rafts from rod outer segment disk membranes, J. Biol.
Chem. 277:41843-41849.

Caroni, P., 2001, New EMBO members’ review: actin cytoskeleton regulation through modulation of PI(4,5)P(2)
rafts, EMBO J. 20:4332-4336.

Chung, J. K., Sekiya, F., Kang, H. S., Lee, C., Han, J. S., Kim, S. R., Bae, Y. S., Morris, A. J., and Rhee, S. G.,
1997, Synaptojanin inhibition of phospholipase D activity by hydrolysis of phosphatidylinositol 4,5-bispho-
sphate, J. Biol. Chem. 272:15980-15985.

Cohen, A. W., Razani, B., Wang, X. B., Combs, T. P., Williams, T. M., Scherer, P. E., and Lisanti, M. P., 2003,
Caveolin-1-deficient mice show insulin resistance and defective insulin receptor protein expression in adipose
tissue, Am. J. Physiol Cell Physiol 285:C222–C235.

Elchebly, M., Payette, P., Michaliszyn, E., Cromlish, W., Collins, S., Loy, A. L., Normandin, D., Cheng, A., Himms-
Hagen, J., Chan, C. C., Ramachandran, C., Gresser, M. J., Tremblay, M. L., and Kennedy, B. P., 1999,
Increased insulin sensitivity and obesity resistance in mice lacking the protein tyrosine phosphatase-1B gene,
Science 283:1544-1548.

Elliott, M. H., Fliesler, S. J., and Ghalayini, A. J., 2003, Cholesterol-dependent association of caveolin-1 with the
transducin alpha subunit in bovine photoreceptor rod outer segments: disruption by cyclodextrin and guano-
sine 5¢-O-(3-thiotriphosphate), Biochemistry 42:7892-7903.

Ghalayini, A. J., Desai, N., Smith, K. R., Holbrook, R. M., Elliott, M. H., and Kawakatsu, H., 2002, Light-
dependent association of Src with photoreceptor rod outer segment membrane proteins in vivo, J. Biol. Chem.
277:1469-1476.

Godchaux, W., III and Zimmerman, W. F., 1979, Soluble proteins of intact bovine rod cell outer segments, Exp.
Eye Res. 28:483-500.

Gustavsson, J., Parpal, S., Karlsson, M., Ramsing, C., Thorn, H., Borg, M., Lindroth, M., Peterson, K. H., 
Magnusson, K. E., and Stralfors, P., 1999, Localization of the insulin receptor in caveolae of adipocyte plasma
membrane, FASEB J. 13:1961-1971.

Havrankova, J., Roth, J., and Brownstein, M., 1978, Insulin receptors are widely distributed in the central nervous
system of the rat, Nature 272:827-829.

Jacobson, K. and Dietrich, C., 1999, Looking at lipid rafts?, Trends Cell Biol. 9:87-91.
Kimura, A., Mora, S., Shigematsu, S., Pessin, J. E., and Saltiel, A. R., 2002, The insulin receptor catalyzes the

tyrosine phosphorylation of caveolin-1, J. Biol. Chem. 277:30153-30158.
Klaman, L. D., Boss, O., Peroni, O. D., Kim, J. K., Martino, J. L., Zabolotny, J. M., Moghal, N., Lubkin, M., Kim,

Y. B., Sharpe, A. H., Stricker-Krongrad, A., Shulman, G. I., Neel, B. G., and Kahn, B. B., 2000, Increased
energy expenditure, decreased adiposity, and tissue-specific insulin sensitivity in protein-tyrosine phosphatase
1B-deficient mice, Mol. Cell Biol. 20:5479-5489.

Li, X., Leu, S., Cheong, A., Zhang, H., Baibakov, B., Shih, C., Birnbaum, M. J., and Donowitz, M., 2004, Akt2,
phosphatidylinositol 3-kinase, and PTEN are in lipid rafts of intestinal cells: role in absorption and differ-
entiation, Gastroenterology 126:122-135.

Mahadev, K., Zilbering, A., Zhu, L., and Goldstein, B. J., 2001, Insulin-stimulated hydrogen peroxide reversibly
inhibits protein-tyrosine phosphatase 1b in vivo and enhances the early insulin action cascade, J. Biol. Chem.
276:21938-21942.

Martin, R. E., Elliott, M. H., Brush, R. S., and Anderson, R. E., 2005, Detailed characterization of the lipid 
composition of detergent-resistant membranes from photoreceptor rod outer segment membranes, Invest 
Ophthalmol Vis Sci In press.

Melkonian, K. A., Ostermeyer, A. G., Chen, J. Z., Roth, M. G., and Brown, D. A., 1999, Role of lipid modifica-
tions in targeting proteins to detergent-resistant membrane rafts. Many raft proteins are acylated, while few
are prenylated, J. Biol. Chem. 274:3910-3917.

Nair, K. S., Balasubramanian, N., and Slepak, V. Z., 2002, Signal-dependent translocation of transducin, RGS9-1-
Gbeta5L complex, and arrestin to detergent-resistant membrane rafts in photoreceptors, Curr. Biol. 12:421-
425.

Nair, K. S., Hanson, S. M., Kennedy, M. J., Hurley, J. B., Gurevich, V. V., and Slepak, V. Z., 2004, Direct binding
of visual arrestin to microtubules determines the differential subcellular localization of its splice variants in
rod photoreceptors, J. Biol. Chem. 279:41240-41248.

Peres, C., Yart, A., Perret, B., Salles, J. P., and Raynal, P., 2003, Modulation of phosphoinositide 3-kinase activa-
tion by cholesterol level suggests a novel positive role for lipid rafts in lysophosphatidic acid signalling, FEBS
Lett. 534:164-168.

496 R.V.S. RAJALA ET AL.



Peterson, J. E., Kulik, G., Jelinek, T., Reuter, C. W., Shannon, J. A., and Weber, M. J., 1996, Src phosphorylates
the insulin-like growth factor type I receptor on the autophosphorylation sites. Requirement for transforma-
tion by src, J. Biol. Chem. 271:31562-31571.

Rajala, R. V. and Anderson, R. E., 2001, Interaction of the insulin receptor beta-subunit with phosphatidylinositol
3-kinase in bovine ROS, Invest Ophthalmol. Vis. Sci. 42:3110-3117.

Rajala, R. V., McClellan, M. E., Ash, J. D., and Anderson, R. E., 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.

Reiter, C. E. and Gardner, T. W., 2003, Functions of insulin and insulin receptor signaling in retina: possible impli-
cations for diabetic retinopathy, Prog. Retin. Eye Res. 22:545-562.

Senin, I. I., Hoppner-Heitmann, D., Polkovnikova, O. O., Churumova, V. A., Tikhomirova, N. K., Philippov, P. P.,
and Koch, K. W., 2004, Recoverin and rhodopsin kinase activity in detergent-resistant membrane rafts from
rod outer segments, J. Biol. Chem. 279:48647-48653.

Seno, K., Kishimoto, M., Abe, M., Higuchi, Y., Mieda, M., Owada, Y., Yoshiyama, W., Liu, H., and Hayashi, F.,
2001, Light- and guanosine 5¢-3-O-(thio)triphosphate-sensitive localization of a G protein and its effector on
detergent-resistant membrane rafts in rod photoreceptor outer segments, J. Biol. Chem. 276:20813-20816.

Simons, K. and Ikonen, E., 1997, Functional rafts in cell membranes, Nature 387:569-572.
Simons, K. and van Meer, G., 1988, Lipid sorting in epithelial cells, Biochemistry 27:6197-6202.
Waldbillig, R. J., Fletcher, R. T., Chader, G. J., Rajagopalan, S., Rodrigues, M., and LeRoith, D., 1987, Retinal

insulin receptors. 1. Structural heterogeneity and functional characterization, Exp. Eye Res. 45:823-835.
Yamada, E., 1955, The fine structure of the gall bladder epithelium of the mouse, J. Biophys. Biochem. Cytol.

1:445-458.
Yu, K. T., Werth, D. K., Pastan, I. H., and Czech, M. P., 1985, src kinase catalyzes the phosphorylation and acti-

vation of the insulin receptor kinase, J. Biol. Chem. 260:5838-5846.
Yu, X., Rajala, R. V., McGinnis, J. F., Li, F., Anderson, R. E., Yan, X., Li, S., Elias, R. V., Knapp, R. R., Zhou, X.,

and Cao, W., 2004, Involvement of insulin/phosphoinositide 3-kinase/Akt signal pathway in 17 beta-
estradiol-mediated neuroprotection, J. Biol. Chem. 279:13086-13094.

Zhuang, L., Lin, J., Lu, M. L., Solomon, K. R., and Freeman, M. R., 2002, Cholesterol-rich lipid rafts mediate
akt-regulated survival in prostate cancer cells, Cancer Res. 62:2227-2231.

Zimmerman, W. F. and Godchaux, W., III, 1982, Preparation and characterization of sealed bovine rod cell outer
segments, Methods Enzymol. 81:52-57.

68. IRb AND PI3K IN DETERGENT-RESISTANT MEMBRANE RAFTS 497



CHAPTER 69

MERTK ACTIVATION DURING RPE PHAGOCYTOSIS
IN VIVO REQUIRES aVb5 INTEGRIN

Silvia C. Finnemann1,2 and Emeline F. Nandrot1*

1. INTRODUCTION

Daily phagocytosis of shed photoreceptor outer segment fragments (POS) is a key task
of the retinal pigment epithelium (RPE) in the retina. Lack or inefficiency of daily POS
clearance causes early onset, rapid, and complete retinal degeneration in experimental
animals and likely contributes to human blinding diseases such as retinitis pigmentosa and
age-related macular degeneration (Dowling and Sidman, 1962, Gal et al., 2000). The phago-
cytic mechanism of the RPE belongs to a group of conserved non-inflammatory clearance
pathways that mediate recognition and engulfment of apoptotic cells in both non-
professional and professional phagocytic cells, such as fibroblasts and macrophages, respec-
tively (Finnemann and Rodriguez-Boulan, 1999). These pathways share the use of phago-
cyte cell surface receptors such as the lipid scavenger receptor CD36 (Ryeom et al., 1996),
the integrin adhesion receptor avb5 (Finnemann et al., 1997; Miceli et al., 1997; Lin and
Clegg, 1998) and the receptor tyrosine kinase Mer (MerTK) (D’Cruz et al., 2000; Nandrot
et al., 2000). In vitro phagocytosis assays studying primary or permanent RPE in culture
fed with isolated POS suggest that CD36 and MerTK participate in the engulfment step of
the phagocytic process (Chaitin and Hall, 1983; Finnemann and Silverstein, 2001), while
avb5 integrin promotes POS recognition/binding and initiates a downstream cytoplasmic
signaling cascade in the RPE (Finnemann et al., 1997). However, the precise function of
these receptors and their roles in the intact retina are so far only poorly understood. Most
recently, we have begun to study phagocytosis and receptor activity in animal models that
lack avb5 integrin or MerTK to determine how these different plasma membrane receptors
of the RPE functionally interact to coordinate particle uptake.
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2. ROLE OF MERTK ACTIVATION IN RPE PHAGOCYTOSIS

Activity of the Mer tyrosine kinase receptor MerTK is essential for efficient engulf-
ment of POS by RPE in vivo and in vitro (Mullen and LaVail, 1976; Edwards and Szamier,
1977) Despite its importance, mechanisms of MerTK activation and MerTK downstream
signaling target proteins in RPE are still largely obscure. Retinal ligands of MerTK have
not yet been conclusively identified. Moreover, we still do not know which RPE proteins
serve as substrates for MerTK’s kinase activity during RPE phagocytosis. However, both
endogenous and overexpressed MerTK reveal a striking redistribution to the sites of inter-
nalized POS in in vitro phagocytosis assays suggesting that MerTK receptors may be com-
ponents of the phagocytic machinery of the RPE (Feng et al., 2002; Finnemann, 2003).
Furthermore, challenge with isolated POS causes increased phosphorylation at tyrosine
residues of MerTK in RPE in culture (Feng et al., 2002; Finnemann, 2003). Although their
mutual dependence has not been demonstrated directly, levels of MerTK tyrosine phos-
phorylation commonly serve to assess the extent of MerTK activity.

3. FOCAL ADHESION KINASE SIGNALING ACTIVATES MERTK DURING
RPE PHAGOCYTOSIS

Our previous studies on phagocytic signaling in RPE suggest an important role for focal
adhesion kinase (FAK) in MerTK activation. FAK is a cytoplasmic non-receptor tyrosine
kinase that colocalizes with integrin receptors at focal contacts where it commonly trans-
duces signaling pathways downstream of activated integrins (for a recent review on FAK
see (Parsons, 2003). Reversible activation of FAK is critical for integrin functions that
involve cytoskeletal reorganization (Ilic et al., 1995). We expressed a C-terminal fragment
of FAK that competes with full-length endogenous FAK for cytoskeletal anchorage. This
fragment has been shown to act as a dominant-negative inhibitor of endogenous FAK abro-
gating FAK downstream signal transduction. We showed that the rat derived RPE-J cell line,
like primary wild-type rat RPE, utilizes endogenous MerTK to engulf POS. Importantly,
expression of the dominant-negative FAK C-terminal fragment in RPE-J cells inhibited POS
engulfment (Finnemann, 2003). Furthermore, it eliminated the increase in MerTK tyrosine
phosphorylation that is elicited by phagocytic challenge of RPE cells in culture (Finnemann,
2003). On the contrary, RPE cultures derived from RCS rats retained similar FAK activa-
tion as wild-type Long Evans rat RPE cultures in response to OS challenge. These results
identify a novel signal transduction pathway in which FAK acts upstream of MerTK to stim-
ulate the internalization machinery of the RPE.

4. avb5 SIGNALING VIA FOCAL ADHESION KINASE ACTIVATES MERTK
DURING RPE PHAGOCYTOSIS IN VIVO AND IN VITRO

Previous studies have shown that phosphorylation of FAK at tyrosine residue 861 pro-
motes direct binding of FAK to the cytoplasmic face of avb5 integrin receptors (Eliceiri 
et al., 2002). In our studies, we observed increased levels of FAK in avb5 protein com-
plexes isolated by immunoprecipitation from RPE-J cells during the early POS binding
phase but loss of FAK from the integrin complex during the later POS internalization phase
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(Finnemann, 2003). Residence of FAK in the complex correlated well with elevated phos-
phorylation of tyrosine 861, while phosphorylation of other tyrosine residues that indicate
FAK enzymatic activity persisted beyond the time of FAK in the integrin complex. These
results suggest that RPE cells activate FAK recruited to its apical avb5 surface receptors in
response to POS phagocytic challenge in vitro.

To directly determine whether avb5 integrin receptors were required for FAK and
MerTK activation in RPE, we tested FAK and MerTK activation during RPE phagocytosis
by RPE cells of b5 integrin knockout mice that lack all avb5 integrin receptors. b5 null
RPE cells in culture largely fail to phagocytose isolated POS (Nandrot et al., 2004). b5 null
retina lacks the synchronized burst of RPE phagocytosis that characteristically follows early
morning rod shedding in rodent retina (Nandrot et al., 2004). The detrimental effects of this
abnormal timing of phagocytosis on retinal function in b5 integrin null mice of age are dis-
cussed in more detail in the chapter by Nandrot and Finnemann in this volume.

When we fed isolated POS to wild-type mouse RPE, we found robust FAK and MerTK
activation confirming our earlier results using stable and primary rat RPE (shown for MerTK
in Figure 69.1 a, b5+/+). In contrast, b5 null RPE cells in primary culture did not increase
tyrosine phosphorylation of either FAK or MerTK in response to POS, although they
expressed both proteins at normal levels (shown for MerTK in Figure 69.1 a, b5-/-). Fur-
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Figure 69.1. MerTK activation requires avb5 integrin. a. Primary RPE in culture from b5+/+ or b5-/- mice
received isolated POS (POS) or assay medium alone (m) for 1.5 hours before lysis of cells. b. Eyecups were har-
vested from 3 week old strain-matched b5+/+ and b5-/- mice at different times of day as indicated and protein
lysates prepared immediately. a and b. Lysates were analyzed by SDS-PAGE and immunoblotting for MerTK
protein and tyrosine-phosphorylated MerTK (PY-MerTK). Band intensities were quantified to calculate relative
levels of MerTK phosphorylation (= activation). Bars represent means ± SD, n = 3. Significant differences between
equivalent b5+/+ and b5-/- values were determined by Student’s t-test and are indicated by asterisks (P < 0.001
for a, P < 0.05 for b). Modified from Nandrot et al. (2004). (Reproduced from The Journal of Experimental
Medicine, 2004, Vol. 200, pgs. 1539–1545 by copyright permission of The Rockefeller University Press).



thermore, in vivo phagocytic signaling via FAK and MerTK was strongly and transiently
stimulated following light onset in wild-type mouse retina but was absent in b5 knockout
mouse retina (shown for MerTK in Figure 69.1 b). These data provide conclusive evidence
that avb5 integrin signaling regulates rhythmic activation of FAK and MerTK during RPE
phagocytosis in the intact retina.

5. PERSPECTIVE

The results discussed here are the first to describe signaling activities by phagocytic
receptors in intact retina that precisely correlate temporally with POS shedding and uptake
by RPE cells. The late onset retinal dysfunction of the b5 knockout mouse as a consequence
of lack of such phagocytic signaling emphasizes the importance of precise temporal regu-
lation of POS phagocytosis by the RPE. In future studies, we will use similar experimental
approaches exploring in vivo signaling in normal and mutant animal models to identify
further components of the RPE phagocytic mechanism and to unravel their functional 
interactions.
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CHAPTER 70

PHOTORECEPTOR RETINOL DEHYDROGENASES

An attempt to characterize the function of Rdh11

Anne Kasus-Jacobi, David G. Birch, and Robert E. Anderson*

1. INTRODUCTION

Vertebrate vision begins with the absorption of light by visual pigments in photore-
ceptor cells. Visual pigments, or opsins, are seven membrane spanning, G protein-coupled
receptors located in the membrane of the outer segment discs of rods and cones. In the dark,
the light sensitive chromophore 11-cis-retinal is covalently attached to opsin through a Schiff
base linkage to a specific lysine residue located in the center of the seventh transmembrane
alpha helix. Light stimulation results in isomerization of 11-cis-retinal to all-trans-retinal,
which causes a change in the conformation of rhodopsin. The resulting photoactivated
metarhodopsin II interacts with the G protein transducin and triggers the phototransduction
cascade leading to hyperpolarization of photoreceptors and ultimately to inhibition of 
neurotransmitter release at the synaptic terminus. After isomerization of 11-cis-retinal to the
trans configuration, the Schiff base is hydrolyzed and the photolyzed chromophore sepa-
rates from opsin. Whether all-trans-retinal is released in the lumen of the discs and subse-
quently transported to the cytosol by the retinal ATP-binding cassette transporter (ABCR)1

or directly released into the cytosol2 is controversial. Cytosolic all-trans-retinal is then
reduced to all-trans-retinol by a retinol dehydrogenase (RDH) located in the membrane of
the photoreceptor outer segment discs. This or these enzymes have not yet been identified.
However, six distinct RDHs expressed in photoreceptors have recently been cloned (Table
70.1). Their functions, in vivo, are unknown, but all of them were shown to reduce all-trans-
retinal in vitro.

Several lines of evidence suggest that reduction of all-trans-retinal in photoreceptor
cells is crucial to maintain the functionality and integrity of the retina. This reaction is the
first step of the biochemical pathway called the visual cycle, which is essential for a sus-
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tained phototransduction.3 This pathway takes place in photoreceptor and retinal pigment
epithelium (RPE) cells and allows the recycling of all-trans-retinal to 11-cis-retinal (see
Figure 70.1). When all-trans-retinol is produced in photoreceptors from the reduction of all-
trans-retinal, it is transported into the RPE where it is esterified by lecithin retinol acyl trans-
ferase (LRAT) and stored as all-trans-retinyl ester. All-trans-retinol is also supplied to the
RPE by the choroidal vasculature, entering the RPE, in a receptor-mediated process involv-
ing a serum retinol-binding protein/transthyretin complex.4 Retinyl esters stored in the RPE
are the substrate for isomerohydrolase (IMH),5 an enzyme proposed to catalyze the con-
certed hydrolysis of all-trans-retinyl ester and the isomerization to 11-cis-retinol. Oxidation
of 11-cis-retinol to 11-cis-retinal by the 11-cis-retinol dehydrogenase RDH5 in the RPE
completes the visual cycle. 11-cis-Retinal is transported back to the photoreceptors where
it combines with opsin to regenerate photosensitive rhodopsin. The first step of the visual
cycle is important because it generates all-trans-retinol, used to replenish the store of retinyl
ester in the RPE. However, it is not the only source of all-trans-retinol since circulating all-
trans-retinol can be used alternatively.

Reduction of all-trans-retinal is important because all-trans-retinal is a reactive mole-
cule that can form toxic adducts like A2E,6 mediate photodamage,7 bind and activate opsin,8

or inhibit photoreceptor ion channels,9-11 These effects are triggered by light and are theo-
retically dependent on the rate of all-trans-retinal reduction, which is a slow process that
takes tens of minutes in rods.12 As pointed out above, the identity of enzyme(s) catalyzing
this reaction in photoreceptors is unknown but the recently cloned photoreceptor RDHs are
good candidates.

2. PHOTORECEPTOR RDHs

All six RDHs listed in Table 70.1 belong to the short-chain dehydrogenase/reductases
(SDR) family of oxidoreductases. Members of this family are one-domain NAD(P)(H)-
dependent enzymes of 250 to 300 amino acid residues. The family is highly divergent, 
with typically 15%-30% residue identity in pairwise comparisons. The criterion for SDR
membership is the occurrence of conserved sequence motifs, arranged in a specific
manner.13 In humans, about 60 members of this family have been identified in the genome.
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Table 70.1. Photoreceptor retinol dehydrogenases. All listed RDHs are from human, except mouse Rdh11. Acces-
sion numbers are as follow: Rdh11 (AF474027); RDH12 (AAH25724); RDH13 (AAH09881); RDH14
(AAH09830); retSDR1 (O75911) and prRDH (AF229845). PR, photoreceptor; IS, inner segment; OS, outer
segment; LCA, Leber congenital amaurosis.

Activity, coenzyme % Identity 
Name Localization (in vitro assay) Disease to Rdh11

Rdh11 PR (IS) trans- and cis-retinal reductase, NADPH – 100
RDH12 PR (?) trans- and cis-retinal reductase, NADPH LCA 70
RDH13 PR (IS) None detected – 38
RDH14 PR (OS) trans- and cis-retinal reductase, NADPH – 44
RetSDR1 Cone (OS) all-trans-retinal reductase, NADPH – 22
prRDH PR (OS) all-trans-retinal reductase, NADPH – 22



Some of them have been associated with important functions and lead to various diseases
if mutated.14 The function of several members of this family, including photoreceptor RDHs,
is still unknown.

Mouse Rdh11 has been cloned as a gene regulated by the transcription factors sterol
regulatory element-binding proteins (SREBPs).15 It is 85% identical to its human ortholog,
RDH11, a protein that was first discovered as a gene that is expressed at very high levels
in human prostate.16 As revealed by immunofluorescence, Rdh11 is expressed in four layers
of the mouse retina, including photoreceptor inner segments.15 Absence of Rdh11 in the
outer segment of photoreceptors was confirmed by fractionation of the retina on sucrose
gradient, separating the outer segments from the rest of the retina, followed by immunoblot-
ting (manuscript submitted for publication). Using a monoclonal antibody generated against
human RDH11, immunofluorescence in monkey and bovine eye sections revealed a signal
mostly located in the retinal pigment epithelium (RPE). Only a faint signal was detected in
photoreceptor inner segments.17 Human and mouse catalytic activities have been character-
ized in vitro. Both enzymes are able to reduce all-trans- and cis-retinal with low Km ranging
from 0.1 to 1mM, and specifically use NADPH as coenzyme.15,18

RDH12, 13, and 14 were first identified in nucleic acid and protein sequence databases
by similarity with the previously identified RDH11 sequence.17 Their localization in pho-
toreceptors was shown by in situ hybridization (for RDH12) and immunofluorescence (for
RDH13 and 14).17 RDH12 is the gene the most closely related to RDH11; it is also the only
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gene among photoreceptor RDHs that has been associated with a retinopathy, the severe
early-onset retinal dystrophy Leber Congenital Amaurosis (LCA).19,20 The localization of
RDH12 protein in photoreceptors and the molecular mechanism leading to the disease are
unknown. However, given its similarity with RDH11, understanding the function of the
latter, in vivo, might give some clues regarding RDH12 function.

RetSDR1, predominantly localized in cone outer segments, was first identified by
searching an EST database from human retina with a DNA sequence corresponding to a
conserved domain among RDHs.21

prRDH, localized in rod and cone outer segments, was identified from a cDNA library
from bovine retina that had been simultaneously normalized and subtracted with bovine
brain cDNA, in order to enrich it in genes expressed specifically in the retina.2

The subcellular localization of RDHs in photoreceptors is an important indication for
their function. RDH14, retSDR1, and prRDH are located in the outer segment of photo-
receptors, and therefore are likely candidates for the catalysis of the first step of the visual
cycle. On the other hand, Rdh11, RDH13, and possibly RDH12, are located in the inner
segment, which suggests a distinct function.

3. CHARACTERIZATION OF RDH11 KNOCKOUT MICE

Rdh11 is the first photoreceptor RDH to be studied in vivo (manuscript submitted for
publication). Rdh11 knockout mouse was created by replacing Rdh11 coding sequence with
the LacZ reporter gene for expression profiling.23 X-Gal staining of retinal section from
Rdh11+/- mice confirmed an active transcription of this gene, only in photoreceptor cells.
Rdh11-/- mice appeared normal and fertile, producing litters of normal size.

The visual phenotype of these mice was investigated by electroretinography (ERGs).
These experiments revealed that the dark adaptation of knockout mice is delayed by a factor
2.5 to 3 compared to wild types. This result confirms that Rdh11 is involved in vision, more
specifically during the process of dark adaptation. After illumination and return to the dark,
a number of pathways are activated in photoreceptors to allow their return to the dark
adapted state, which is the state of full sensitivity to light.24 This relatively slow process
comprises the regeneration of 11-cis-retinal through the visual cycle. However, none of the
intermediates of the cycle was significantly changed in the Rdh11 knockout mice during
dark adaptation, suggesting that the defect in dark adaptation is not due to a defect in the
visual cycle (manuscript submitted for publication).

Rdh11 reduces all-trans-retinal in vitro; therefore, a disruption of Rdh11 is expected to
create a delayed clearance of all-trans-retinal in inner segments during dark adaptation.
However, it is difficult to demonstrate in vivo, because the portion of all-trans-retinal located
in inner segments is small compared to the large amounts released in outer segments during
illumination. A local change of all-trans-retinal in inner segments is not expected to sig-
nificantly change the total amount. Indeed, there is no significant increase of all-trans-retinal
amount in Rdh11 knockout mice during dark adaptation, at least when retinoids were
extracted from whole eyes (see Figure 70.2).

In vitro experiments using inner segment membrane fractions collected from wild type
and Rdh11 knockout retinas would be a more sensitive assay to confirm a decreased rate of
all-trans-retinal reduction in Rdh11 knockout mice. If confirmed, such a difference could
have significant effects leading to the delay of dark adaptation.
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For example, light induced hyperpolarization of photoreceptor triggers the closure of
L-type voltage-gated Ca2+ channels located in rod inner segments. In addition to the elec-
trical signal, all-trans-retinal has been shown to directly inhibit these channels, at micro-
molar concentrations.11 In the inner segment, Ca2+ regulates synaptic transmission, cell
metabolism, cytoskeletal dynamics, gene expression and cell death25. Inhibition of such
channels by all-trans-retinal, leading to a modification of Ca2+ homeostasis in the inner
segment, could explain how a local increase of all-trans-retinal can change the kinetics of
dark adaptation.

Ca2+ homeostasis can be tested in Rdh11 knockout mice and if a modification is found,
it will demonstrate the importance of RDHs localized in photoreceptor inner segments. This
hypothesis will be particularly interesting to consider in the case of the retinal dystrophy
caused by RDH12 mutations, if in the future it is established that RDH12 is located in the
inner segment of photoreceptors.

In summary, we have confirmed the localization of Rdh11 in photoreceptor inner seg-
ments and shown that a disruption of this gene leads to a delayed dark adaptation in mice.
The molecular mechanism leading to this functional defect is currently under investigation.
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CHAPTER 71

PIGMENT EPITHELIUM-DERIVED GROWTH FACTOR
INHIBITS FETAL BOVINE SERUM STIMULATED

VASCULAR ENDOTHELIAL GROWTH FACTOR
SYNTHESIS IN CULTURED HUMAN RETINAL

PIGMENT EPITHELIAL CELLS

Piyush C. Kothary*, Rhonda Lahiri, Lynn. Kee, Nitin Sharma, 
Eugene Chun, Angela Kuznia, and Monte A. Del Monte*

1. INTRODUCTION

The human retinal pigment epithelium (hRPE) is a monolayer of cells that is located
between the photoreceptors and Bruch’s membrane. Normally, it is mitotically inactive in
adult eyes but sometimes it undergoes mitosis and cell division in pathologic states. Growth
factors have been implicated in inducing proliferation and migration of hRPE (Kothary and
Del Monte, 2003).

Fetal Bovine Serum (FBS) has been shown to stimulate proliferation in hRPE cells by
stimulating intracellular protein synthesis of vascular endothelial growth factor (VEGF)
(Lahiri et al., 2004) and fibroblast growth factor 2 (Kothary et al., 2001).

Pigment epithelium-derive growth factor (PEDF), which was first isolated from fetal
RPE culture, is a 50kDa antiagiogenic protein. Increased expression of PEDF induces
regression in choroidal neovasculariztion in a mouse model (Mori et al., 2002). In this study
we examined the effect of PEDF on VEGF synthesis in hRPE cells.

2. MATERIALS AND METHODS

2.1. Chemicals

PEDF was purchased from Bioproducts, Middletown, MD. Anti-VEGF was purchased
from Upstate Biotech, Inc., Charlottesville, VA. 3H-thymidine and 14C-methionine were
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purchased from Amersham Corporation, Arlington Heights, IL. Ham’s nutrient medium
(F12), Dulbecco’s minimum essential media (DMEM), Hank’s balanced salt solution, fetal
bovine serum (FBS), penicillin and streptomycin and trypsin were purchased from GIBCO
BRL, Gaithersburg, MD.

2.2. Establishment and Maintenance of hRPE Cells Cultures

Primary cultures of hRPE were established from three human eyes obtained from
Michigan Eye Bank as described previously (Del Monte et al., 1991; Kusaka et al., 1998).
Briefly, the anterior segment, vitreous and the retina of eye were surgically removed. The
posterior segment was then washed, treated with trypsin and the loosely adherent hRPE cells
were detached by gentle brushing and hydrostatic pressure with a sterile Pasteur pipet. The
cells were plated in 16-mm Primaria plates and incubated at 37 degrees C in a 95% air/5%
CO2 incubator. The medium-1, which contained Ham f12 + 14% FBS, was changed every
three days until the cells were confluent.

2.3. Cellular Proliferation

Cellular proliferation of cultured hRPE cells was measured by tritiated thymidine incor-
poration and trypan blue exclusion methods as described previously (Kusaka et al., 1998).
Briefly, hRPE cells at passage 4-8 were trypsinized and plated in 16-mm wells of 24-well
plates at 1 ¥ 10,000 cells per well in medium-1. Experimental reagents were added for 24-
48 hours (after the cells were confluent.). The cells were then analysed using the trypan blue
exclusion and 3H-Thymidine incorporation methods separately.

2.4. Immunoprecipitation of 14-C-Methionine-VEGF

14C-methionine incorporation was measured as described previously (Bitar et al., 1998;
Kothary et al., 2004). To measure intracellular VEGF synthesis, hRPE cells were labeled by
14-C-methionine and treated with experimental reagents. hRPE cells were then lysed with
zwittergent 3-12 and precipitated with anti-VEGF specific antibody and protein-A.

2.5. Immunohistochemical Detection

Immunohistochemical analysis was carried out by the method previously described
(Oncogene Science, Inc Brochure, Uniondale, NY). Briefly, to identify intracellular VEGF,
hRPE cells which were grown on coverslips were treated with experimental reagents. The
hRPE cells were then incubated with anti-VEGF and then with anti-rabbit-rhodamine. 
Coverslips then were dried and mounted on a slide using gel mount.

2.6. Statistical Analysis

All values, representing the mean ± SEM differences between two groups of data were
tested by students’ ‘t’ test. A p < 0.05 was used to assess significant differences between
two groups and are indicated by single or double or triple asterisks in each figure.
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3. RESULTS

3.1. Effect of PEDF on hRPE Cell Number and 3H-Thymidine Incorporation

FBS stimulates hRPE cell proliferation as determined by the trypan blue exclusion
method as well as tritiated thymidine incorporation in a dose dependent manner (Data not
shown). Figure 71.1 and Figure 71.2 show that PEDF inhibits FBS (10%) stimulated hRPE
cells proliferation and 3H-thymidine incorporation, also in a dose dependent manner.

3.2. Effect of FBS and PEDF on VEGF Synthesis in hRPE Cells

Figure 71.3 shows that FBS stimulates 14-C-methionine-VEGF in dose dependent
manner. Figure 71.4 shows that PEDF (0.1mg/ml) inhibits FBS (10%) stimulated 14-C-
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methionine VEGF. These findings were confirmed by immunohistochemical studies which
showed less VEGF positive immunoreactivity in hRPE cells exposed to PEDF and FBS
together than FBS alone (Figure 71.5).

4. DISCUSSION

In this study, we have demonstrated that PEDF inhibits FBS stimulated proliferation of
hRPE cells. Our data also indicate that the inhibitory effect of PEDF is not caused by cyto-
toxicity, as remaining cells appear healthy and viable. Instead, the effect of PEDF on FBS
induced hRPE cell proliferation was inhibitory. The concentrations of PEDF (10-100ng/ml)
that inhibited hRPE cell number and titrated thymidine incorporation are in the same range
as that of Duh et al. (2002) who showed that PEDF at the concentration of 2-20nM par-
tially suppressed the work of VEGF-induced retinal endothelial cell proliferation.

To characterize the biochemical events affected by PEDF, we examined the effects of
PEDF on well known growth inducing factor, VEGF. We demonstrated that FBS stimulates
VEGF synthesis in a dose dependent manner and PEDF (0.1mg/ml) inhibits it in our hRPE
cell cultures. The inhibitory effect of PEDF on FBS stimulated hRPE cell number and VEGF
syntheses were almost equivalent on a percentage basis. This suggests that VEGF plays an
important role in FBS mediated hRPE cell proliferation.

We have shown that PEDF inhibits FBS stimulated hRPE cell proliferation as well as
intracellular VEGF synthesis. If we extend our observation, it is reasonable to postulate that
PEDF may inhibit hRPE cell proliferation in vivo. Intravenous injection of PEDF has shown
to inhibit retinal neovascularization in a mouse model (Duh et al., 2002). This suggests that
PEDF may be of therapeutic value in proliferative eye disease.
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Figure 71.5. The effect of PEDF (0.1mg/ml) on FBS
(10%) stimulated VEGF synthesis in cultured hRPE cells
by immunohistochemical localization of VEGF (left ver-
tical panel) and DIC microscopy (right vertical panel).
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CHAPTER 72

THE RETINAL PIGMENT EPITHELIUM APICAL
MICROVILLI AND RETINAL FUNCTION

Vera L. Bonilha, Mary E. Rayborn, Sanjoy K. Bhattacharya, Xiarong Gu,
John S. Crabb, John W. Crabb, and Joe G. Hollyfield*

1. INTRODUCTION

The RPE performs highly specialized, unique functions essential for homeostasis of the
neural retina. These include phagocytosis of photoreceptors shed outer segments, directional
transport of nutrients into and removal of waste products from photoreceptor cells and visual
pigment transport and regeneration. All of these functions involve the RPE apical
microvilli.1-4

The RPE is a low cuboidal epithelium containing very long sheet-like apical microvilli
that project into the interphotoreceptor matrix. The microvilli interact with the tips of the
rod and cone photoreceptor outer segments extending from the outer retinal surface. The
cone-RPE association is much less studied however, as many as 30-40 microvilli can be
associated with a single cone. These vary in length with only a few reaching the outer
segment. The RPE apical microvilli ensheath the outer segments of photoreceptor cells,
extending for as long as half the outer segment.5 A single RPE microvillous may completely
surround the outer segment or multiple microvilli can encircle each other while surround-
ing the photoreceptor outer segments. Intracellular organelles are mostly absent from the
cone-ensheathing microvilli while they are very abundant in the microvilli ensheathing the
rod outer segments.

The RPE basal surface is highly infolded and interacts with the underlying Bruch’s
membrane,1 an acellular layer separating the RPE from the choriocapillaris. The polarized
organization of the RPE is essential for the vectorial transport of different molecules
between the choriocapillaris and the neural retina and vice-versa. A unique characteristic of
the RPE is the “reversed polarity” of select proteins such as the Na,K-ATPase pump,
EMMPRIN and the adhesion molecule N-CAM. These proteins are found at the apical
surface of the RPE, rather than at the basolateral surface as in other epithelia.6-8
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2. RPE MICROVILLI STRUCTURE

The RPE microvillar structure has not been extensively studied. However, available
information indicates that RPE microvilli possess an internal core bundle of densely packed
actin filaments.9 Myosin VIIa has been detected at the base of apical processes10 while villin,
fimbrin and myosin I have not been detected.11,12 The entire length of the RPE microvilli has
been shown to contain ezrin and EBP50.11,13-15 The mouse RPE microvilli-enriched fraction,
described below, contained several cytoskeletal components, among them various types of
actin and tubulin, b-spectrin, ezrin, moesin, EBP50, and profilin.

A more complete definition of the protein composition of the RPE apical microvilli
should provide insights into other biochemical processes occurring at this critical interface
that are important for the support and maintenance of vision.

3. RPE MICROVILLI PROTEINS AND FUNCTION

Recently, we have improved a method to isolate RPE apical microvilli. The procedure
relies on the binding of N-acetylglucosamine and sialic acid-containing glycoconjugates
present in abundance on the RPE apical surface16 to the WGA lectin conjugated to agarose
beads. Mass interactions of the surface glycoconjugates with the immobilized lectin on the
bead allow for the detachment of the RPE microvilli upon physical removal of the WGA
beads. The RPE isolated microvilli are resolved by SDS-PAGE, in gel digested with trypsin,
and peptides extracted and analyzed by mass spectrometry.3,17 This procedure was done in
mice eyecups with the RPE exposed and it has resulted in the identification of over 283 
proteins, distributed over functional categories such as retinoid-metabolizing, cytoskeletal,
enzymes, extracellular matrix components, membrane proteins and transporters, among
others. A summary of selected proteins identified by this method is presented in Table 72.1
and has been recently described.3,17

The beads with the isolated RPE microvilli on their surface can be used for immuno-
labeling experiments, morphological (light and electron microscopy) as well as in bio-
chemical experiments. In Figure 72.1 beads with isolated mouse RPE were fixed in 4%
paraformaldehyde, permeabilized in triton X100, reacted with both a rabbit antibody to (A)
protein kinase A regulatory subunit II (PKARII) and (B) a mouse antibody to protein kinase
A regulatory subunit I (PKARI). Parallel samples were processed for transmission electron
microscopy and RPE microvilli are observed on the surface of the agarose beads (C and D).

Examples of proteins identified in the RPE microvilli by both mass spectrometry and
other methods include Na,K-ATPase, Glut-1, monocarboxylate transporter, carbonic anhy-
drase, basigin, and the chloride intracellular channel 6.17 The cone and rod-associated matrix,
present on top of the RPE apical surface, are firmly attached to the RPE apical surface. This
is one of the reasons for the mass spectrometric identification of several novel extracellular
matrix components such as fibromodulin, lumican, undulin 1, and neuroglycan C in the RPE
isolated microvilli. The proteomic method therefore provides an unbiased account of pro-
teins present in the RPE apical microvilli.

RPE apical microvilli play important roles in retinal attachment. Ensheathment of the
outer segment tips by apical projections may contribute to adhesion by providing frictional
or electrostatic interactions.18 Any disruption of the relationship between cone and rod pho-
toreceptors and the RPE will result in pathological consequences. A retinal detachment, for
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example, is a separation of the photoreceptor outer segments from its apical RPE microvilli.
After clinical reattachment, return of normal vision depends, upon the restoration of a func-
tional relationship between proteins present in the RPE apical surface and the photorecep-
tors outer segments.

Alterations in the proteins present in the RPE apical microvilli will likely impair 
vision as a consequence of disrupting the structural and functional nurturing of the pho-
toreceptors by the RPE. Some of the RPE apical proteins identified in the RPE microvilli
fraction have already been shown to be involved in retinal degenerations. The list of RPE
apical proteins involved in retinal diseases is likely to grow as we learn more about the RPE
proteome.

An interaction between cellular retinaldehyde-binding protein (CRALBP) and ERM-
binding phosphoprotein 50 (EBP50) in RPE microsomes was recently described.15 Our pro-
teomic analyses was highly enriched in several retinoid processing proteins such as cellular
retinaldehyde-binding protein, 11-cis-retinol dehydrogenase, cellular retinol-binding protein
1, interphotoreceptor retinoid-binding protein, EBP50, and ezrin. These results support the
existence of a visual cycle protein complex in the RPE apical microvilli.3 Several forms of
retinitis pigmentosa are known to be caused by mutations in visual-cycle protein genes such
as RPE65, CRALBP, IRBP.19,20

Macular edema resulting from pathologies such as uveitis, postoperative period fol-
lowing cataract extraction,21 retinitis pigmentosa,22 serpiginous choroiditis23 and epiretinal
membranes,24 has been widely treated with carbonic anhydrase inhibitors.25 Polarized dis-

Table 72.1. Selected proteins identified on WGA-beads after incubation with apical RPE.

Accession Peptide
Proteins Numbera Matches Frequencyb

Annexin A2 P07356 2 1
Annexin A5 P48036 3 1
Basigin P18572 6 3
Carbonic anhydrase XIV Q9WVT6 2 1
Chloride intracellular channel 6 Q96NY7 2 3
Cellular retinaldehyde-binding protein (CRALBP) Q9Z275 6 3
ERM-binding phosphoprotein (EBP50) Q9JJ19 1 1
Ezrin P26040 4 2
Fibromodulin P50608 4 2
Glucose transporter type 1 (Glut-1) P17809 3 3
Interphotoreceptor retinoid-binding protein (IRBP) P49194 5 3
L-lactate dehydrogenase A chain (LDH) P06151 3 1
Lumican P51885 9 3
Malate dehydrogenase P14152 2 2
Membrane-associated adenylate kinase Q9R0Y4 2 1
Monocarboxylate transporter 1 AAC13720 3 3
Neuroglycan C Q9QY32 1 1
Retinol dehydrogenase, 11-cis (RDH5) Q27979 3 3
Sodium/potassium-transporting ATPase alpha-1 P06685 6 3
Undulin 1 A40970 7 2
Vitronectin receptor a subunit (integrin av) P43406 3 2

a Swiss Protein database and NCBI (in italics) accession numbers are shown.
b Results from three independent experiments.



tribution of carbonic anhydrase activity in the RPE apical surface has been reported. Car-
bonic anhydrase XIV was one of the proteins we identified by proteomic analysis in iso-
lated RPE microvilli.17

Aging studies have shown a decrease in both the number and the length of epithelial
microvilli, and a declined function of plasma membrane enzymes and receptors.26-29 Specif-
ically, a decrease in the activity of some of the enzymes detected in RPE microvilli like
Na,K-ATPase, LDH, glutathione S-transferase, phosphoglycerate kinase, adenylate kinase30

and catalase has been established in various epithelia.31-33 Future studies involving these and
other proteins may help to improve our understanding of aging diseases such as macular
degeneration.

Most recently we have pursued proteomic analysis of rat RPE microvilli. One of the
proteins consistently found in rat RPE microvilli is ceruloplasmin. The localization of ceru-
loplasmin in the RPE has been previously described.34,35 Retinal degeneration has been
reported in patients with the autosomal recessive disease called aceruloplasminemia, a defi-
ciency in ceruloplasmin.36
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Figure 72.1. Morphological analysis of isolated WGA-beads with mouse RPE microvilli on their surface.
WGA beads scraped off the mouse eyecups were reacted with antibodies to protein kinase A regulatory subunit
alpha II (PKARII) (A) and protein kinase A regulatory subunit I (PKARI) (B). Alternatively, the isolated beads were
fixed in 2.5% glutaraldehyde, and processed for transmission electron microscopy (TEM). Low (C) and high (D)
magnification of these beads revealed extensive surface areas covered by the RPE microvilli. Bars = 100mm
(A, B), 1mm (C) and 0.5mm (D).



4. CONCLUSIONS

Progress is being made in characterization of the RPE and its apical microvilli. The
years to come will bring further definition of key proteins and pathways present in RPE
microvilli as well as a better understanding of their function in vision.
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CHAPTER 73

UPREGULATION OF TRANSGLUTAMINASE IN 
THE GOLDFISH RETINA DURING OPTIC 

NERVE REGENERATION

Kayo Sugitani, Toru Matsukawa, Ari Maeda, and Satoru Kato*

1. SUMMARY

To elucidate the molecular involvement of transglutaminase (TG) in central nervous
system (CNS) regeneration, we cloned a full-length cDNA for neural TG (TGN) from axo-
tomized goldfish retinas and produced a recombinant TGN protein from this cDNA. The
levels of TGN mRNA and protein were increased at 10-30 days after optic nerve transec-
tion, and this increase in TGN was only localized in the ganglion cells in goldfish retinas.
In retinal explant cultures, the recombinant TGN protein induced a drastic enhancement of
neurite outgrowth, while TGN-specific RNAi significantly suppressed this neurite outgrowth.
Taken together, these data strongly indicate that TGN is a key regulatory molecule for CNS
regeneration.

2. INTRODUCTION

Transglutaminase (TG), a protein cross-linking enzyme, is widely distributed in mam-
malian cells and tissues. Neural TG (TGN), which is expressed in neural tissue, rapidly
increased in rat sciatic nerves1 and superior cervical ganglia2 after nerve injury. In the central
nerve system, the TGN activity of goldfish optic nerve increased, whereas that of rat optic
nerve decreased after optic nerve crush.3 Fish can successfully regenerate the optic axons
and eventually function after nerve injury, whereas rat cannot regenerate their optic axons.
Therefore, to elucidate a functional role of TGN on CNS regeneration in genetic level, we
first isolated a full-length cDNA clone for TGN from a cDNA library prepared from axo-
tomized goldfish retinas. In addition, we produced a recombinant TGN protein and anti-TGN
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antiserum. We also investigated the expression and localization of the TGN protein by
immunohistochemical staining. Moreover, we made a TGN specific small interference RNA
to estimate the effect of TGN on neurite outgrowth in explant culture system. In the present
study, we showed a novel functional role of TGN on axonal elongation of goldfish optic nerve
after injury.

3. METHODS

3.1. Animals

Adult common goldfish (Carassius auratus; body length about 6-8cm) were used
throughout this study. Goldfish were anesthetized with ice-cold water. The optic nerve was
sectioned 1mm away from the posterior of the eyeball with scissors. After surgery the gold-
fish were kept in water tanks at 22°C ± 1°C for 1-40 days.

3.2. Cloning of Goldfish Neural Transglutaminase (TGN)

A cDNA library was constructed from poly (A)+ RNA (5mg) from goldfish retinas of
which optic nerve had been transected 5 days before as described previously.4 Tissue-type
transglutaminase (tTG) cDNA from red sea bream (Pagrus major) liver5 (gift from Dr.
Yasueda, Ajinomoto Co.) was labeled with [32P] dCTP and 2 ¥ 105 colonies were screened
with this probe. Five positive clones were subcloned into pBK-CMV phagemid and
sequenced usig DNA seqencer. Two independent clones were obtained. The 5’ TGN mRNA
was cloned by the RACE method.

3.3. Purification of Recombinant TGN

A full-length TGN cDNA clone was inserted into the expression vector pFLAG-
CMV-1, and the constructs were transfected into HEK 293 cells using Lipofectamine. 
For the control, only the pFLAG-CMV-1 vector was transfected to create mock cells. All
cells were maintained in Dulbecco’s MEM containing 10% fetal calf serum in a 5% CO2
humidified incubator for 48h at 37°C. The cells were then harvested, lysed and centrifuged
for 30min at 15,000g. The FLAG-tagged enzyme was purified using ANTI-FLAG M2 
affinity gel.

3.4. Immunohistochemistry

A rabbit antiserum against TGN was obtained by subcutaneous injection of purified TGN.
Tissue fixation and cryosectioning were carried out as described previously.6 Retinal sec-
tions were autoclaved at 121°C for 15min in 10mM citrate buffer. After washing and block-
ing, the sections were incubated with the rabbit polyclonal anti-TGN antibody (1:100
dilution) overnight at 4°C. Following incubation with a biotinylated secondary antibody for
2h at room temperature, the bound antibodies were detected using horseradish peroxidase-
conjugated streptavidin and 3-amino-9-ethylcarbazole.
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3.5. Retinal Explant Culture

Retinal explant culture was performed according to a previous method of Matsukawa
et al.6 For siRNA synthesis, the in vitro Transcription T7 Kit for siRNA synthesis was used
according to the manufacture’s instruction. Transfections of siRNA to retinal explants were
carried out using Lipofectamine 2000. For each transfection sample, 2ml of Lipofectamine
2000 diluted in 98ml of L-15 medium was mixed with 100pmol of siRNA diluted in 
100ml of L-15 medium, incubated for 20min at room temperature to allow complex for-
mation and then added to 0.8ml of the resuspended retinal culture. The retinal explants were
gently mixed with the culture medium for 3h and then divided into two 35-mm culture
dishes. After incubation at 28°C overnight, 50ml of fetal calf serum was added to each dish
and the culture was continued.

4. RESULTS

4.1. TGN Expression in the Retina after Optic Nerve Transection

The expression of TGN protein levels in the goldfish retina was investigated after optic
nerve transection using the anti-TGN antiserum. Weak signals for the TGN protein could be
seen in the ganglion cell layers of control retina (Fig. 73.1a).

The immunoreactivity in the ganglion cell layer started to increase at 10 days and
peaked at 20-30 days (Fig. 73.1b) and then decreased by 40 days after axotomy (Fig. 73.1c).
The increase in TGN immunoreactivity was only localized in the ganglion cells and nerve
layers (Fig. 73.1a,b,c). The expression pattern of TGN mRNA after optic nerve injury was
the same as that of TGN protein (data not shown).

4.2. Moduration of Neurite Outgrowth by a Recombinant TGN Protein and 
RNAi in Retinal Explant Cultures

Addition of the recombinant TGN protein induced a large number of explants with long
and thick neurites after 2 days (Fig. 73.2b,d), as compared with the control culture (Fig.
73.2a,d). The neurite outgrowth of the culture containing recombinant TGN protein was
evoked in 50% of the explants during 2 days of culture whereas neurite outgrowth of the
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Figure 73.1. Immunohistochemical staining of goldfish retina with the anti-TGN antibody. (a) control retina, 
(b) at 20 days after optic nerve transection, (c) at 40 days after optic nerve transection. GCL, ganglion cell layer;
INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar = 40mm.



control culture was evoked in 30% of the explants (Fig. 73.2d). 21-bp siRNAs for TGN-
specific siRNA and random siRNA were chemically synthesized and transfected into retinal
explants in culture using Lipofectamine 2000. Figure 73.2c shows the neurite outgrowth
from retinal explants transfected with the TGN-specific siRNA (100pmol/ml) was clearly
inhibited and only short neurites could be seen (Figure 73.2c,d). In contrast, retinal explants
transfected with the random siRNA (100pmol/ml) had no difference of neurite outgrowth
of the control retina (data not shown).

5. DISCUSSION

5.1. Changes in TGN Expression after Optic Nerve Transection

Eitan and Schwaltz reported that a crude neural TG (TGN) enzyme preparation from
injured goldfish optic nerves could partially regenerate injured rat optic nerves in vivo.7

Hence, we used goldfish retinas for characterization of the TGN in this study. First, to inves-
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Figure 73.2. Explant culture of adult goldfish retinas treated with recombinant TGN protein and TGN-specific
RNAi. (a) No addition. (b) Recombinant TGN protein (4mg/ml). (c) TGN-specific siRNA (100pmol/ml). (d) Graph-
ical representation of the neurite outgrowth for 2 days of culture. Note a suppression of neurite outgrowth by TGN-
specific siRNA (**p < 0.01) and an enhancement of neurite outgrowth by recombinant TGN (*p < 0.01) compared
with control cultures. The values represent the mean ± SD in five independent experiments. Scale bar = 200mm.



tigate the functional role of TGN in CNS regeneration at a genetic level, we identified a full-
length of TGN cDNA clone using a retinal cDNA library from axotomized goldfish retinas.4

The cDNA clone for TGN encoded 678 amino acid residues with a molecular mass of 
76kDa. Levels of TGN mRNA and protein started to increase in the goldfish retina at 10
days and peaked at 20-30 days after axotomy. Furthermore, we clearly showed that the
increases in TGN mRNA and protein was only localized in the retinal ganglion cells (RGCs)
and nerve fiber layers. The period of 10-30 days for the upregulation of TGN corresponds to
a stage of axonal elongation in the goldfish visual system.8 In our immunohistochemical
study, TGN protein in the rat RGCs rapidly decreased at 3 days after optic nerve injury (data
not shown). These contrastive results of TGN expression in the rat and goldfish retinas suggest
that induction of TGN is an important event for optic nerve regeneration in goldfish.

5.2. The Functional Role of TGN during Optic Nerve Regeneration

TG catalyzes post-translational, covalent protein cross-linking reactions in diverse
processes in nervous systems.9 During development, TGN activity is highest in the early
postnatal stage of the mouse CNS.10 In cerebellar granule neurons, TG inhibitors caused
destabilization of neurites during the initial outgrowth period of cultured granule cells.11 In
our culture study, we clearly demonstrated that recombinant TGN induced a drastic exten-
sion of long and thick neurites and that TGN-specific RNAi significantly inhibited neurite
outgrowth. The culture study shows that TGN activity directly enhanced neurite outgrowth
from RGCs after nerve injury via dimerization of bioactive peptides. Although the target
proteins or substrates for TGN have not yet been identified, midkine and galectin-3 are known
to be present in embryonic mouse cerebellar granule neurons as putative substrates.11,12 In
a study on the partial regeneration of rat optic nerves mediated by goldfish TGN, the authors
described that interleukin-2 (IL-2) was a substrate for TGN.7,13 However in the current study
on goldfish, the retinal explants do not contain any oligodendrocytes and therefore have no
myelin inhibitory factors. Hence, cytotoxic IL-2 is not the substrate for TGN in this gold-
fish optic nerve regeneration system.
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CHAPTER 74

SURVIVAL SIGNALING IN RETINAL PIGMENT
EPITHELIAL CELLS IN RESPONSE TO 

OXIDATIVE STRESS: SIGNIFICANCE IN 
RETINAL DEGENERATIONS

Nicolas G. Bazan*

1. SUMMARY

Photoreceptor survival depends on the integrity of retinal pigment epithelial (RPE)
cells. The pathophysiology of several retinal degenerations involves oxidative stress-
mediated injury and RPE cell death; in some instances it has been shown that this event is
mediated by A2E and its epoxides. Photoreceptor outer segments display the highest DHA
content of any cell type. RPE cells are active in DHA uptake, conservation, and delivery.
Delivery of DHA to photoreceptor inner segments is mediated by the interphotoreceptor
matrix. DHA is necessary for photoreceptor function and at the same time is a target of
oxidative stress-mediated lipid peroxidation. It has not been clear whether specific media-
tors generated from DHA contribute to its biological properties. Using ARPE-19 cells, we
demonstrated the synthesis of 10,17S-docosatriene [neuroprotectin D1 (NPD1)]. This syn-
thesis was enhanced by the calcium ionophore A-23187, by IL-1b, or by supplying DHA.
Added NPD1 (50nM) potently counteracted H2O2/tumor necrosis factor-a oxidative stress-
triggered apoptotic DNA damage in RPE. NPD1 also up-regulated the anti-apoptotic pro-
teins Bcl-2 and Bcl-xL and decreased pro-apoptotic Bax and Bad expression. Moreover,
NPD1 (50nM) inhibited oxidative stress-induced caspase-3 activation. NPD1 also inhibited
IL-1b-stimulated expression of COX-2. Furthermore, A2E-triggered oxidative stress induc-
tion of RPE cell apoptosis was also attenuated by NPD1. Overall, NPD1 protected RPE
cells from oxidative stress-induced apoptosis. In conclusion, we have demonstrated an addi-
tional function of the RPE: its capacity to synthesize NPD1. This new survival signaling is
potentially of interest in the understanding of the pathophysiology of retinal degenerations
and in exploration of new therapeutic modalities.
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2. INTRODUCTION

Omega-3 fatty acids provided by the diet are necessary for retina, brain, and overall
cellular functional integrity and human health (Simopoulos et al., 1999). Docosa-hexaenoic
acid (22:6, n-3, DHA, found in fish oil and marine algae) is a quantitatively major omega-
3 fatty acid highly concentrated in photoreceptors, brain, and retinal synapses (Bazan, 1990).
Either DHA or its precursor 18:3, n-3 from the diet are initially taken up by the liver and
then released into blood lipoproteins for distribution. DHA is in in high demand during pho-
toreceptor cell biogenesis and synaptogenesis (Scott and Bazan, 1989) and has been shown
to be critical for brain and retina development, excitable membrane function (Salem et al.,
1986; Litman et al., 2001), memory (Catalan et al., 2002; Moriguchi and Salem, 2003), pho-
toreceptor biogenesis and function (Wheeler et al., 1975; Stinson et al., 1991; Organisciak
et al., 1996; Anderson et al., 2001; Bicknell et al., 2002; Anderson et al., 2002), and neu-
roprotection (Kim et al., 2000; Rotstein et al., 2003).

3. PHOTORECEPTOR RENEWAL AND THE SIGNIFICANCE OF THE RPE IN
DHA CONSERVATION

In the outer segments of photoreceptors, rhodopsin is immersed in phospholipids
endowed with the highest content of DHA of any cell type (Bazan, 1990; Choe and 
Anderson, 1990; Anderson et al., 2002). The RPE cells, which are in close contact with the
photoreceptor tips, are the most active phagocytes of the body, and phagocytize the distal
tips of photoreceptor outer segments in a daily process of rod outer segment renewal (Hu
and Bok, 2001) that is completed by addition of new membrane to the base of the outer
segments. DHA is conserved in photoreceptors by its retrieval through the interphotore-
ceptor matrix, which supplies the fatty acid for outer segment biogenesis (Bazan et al., 1985;
Stinson et al., 1991; Gordon et al., 1992). This renewal is tightly regulated to maintain pho-
toreceptor length and chemical composition, including that of their phospholipids. Most of
the DHA in photoreceptor phospholipids is esterified in carbon-2 of the glycerol backbone,
but DHA-containing molecular species of phospholipids also occupy both C1 and C2 posi-
tions of the glycerol backbone (Aveldano de Caldironi and Bazan, 1977; Wiegand and
Anderson, 1983; Choe and Anderson, 1990). Retina and brain tenaciously retain DHA, even
during very prolonged dietary deprivation of essential fatty acids of the omega-3 family.
Dietary deprivation for more than one generation has been necessary to effectively reduce
the content of DHA in retina and brain in rodents and even in non-human primates
(Neuringer et al., 1986; Weisinger et al., 2002), conditions under which impairments of
retinal function occur (e.g., Wheeler et al., 1975; Neuringer et al., 1984).

RPE cells also participate in transport and reisomerization of bleached visual pigments,
and contribute to the integrity of the blood-outer retinal barrier. Injury to the RPE, includ-
ing retinal detachment or trauma, triggers cellular dysfunctions that lead to the onset and
development of proliferative vitreoretinopathy.

Oxidative stress-mediated injury and cell death in RPE can in turn trigger photorecep-
tor death and impair vision, particularly when the macular RPE cells are affected. Oxida-
tive stress leading to apoptosis of RPE cells is key in the pathophysiology of many retinal
degenerations, such as age-related macular degenerations, including Stargardt’s disease
(Sieving et al., 2001; Radu et al., 2003; Sparrow et al., 2003).
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Retinal DHA is a target of oxidative stress-mediated lipid peroxidation (Organisciak 
et al., 1996), which generates neuroprostanes from DHA through an enzyme-independent
reaction (Roberts et al., 1998). In an intriguing contrast, some studies demonstrated 
DHA-mediated neuroprotection in photoreceptors (Politi et al., 2001; Rotstein et al., 2003)
and brain (Kim et al., 2000). Does this neuroprotection result from the replenishment of
DHA into membranes, or is there a selective neuroprotective signaling by a DHA-derived
mediator?

4. IDENTIFICATION AND CHARACTERIZATION OF NPD1

We recently reported the isolation and structural characterization of 10,17S-
docosatriene in ARPE-19 cells using tandem LC-PDA-ESI-MS-MS-based lipidomic 
analysis and ARPE-19 cells (Mukherjee et al., 2004). We termed the newly isolated 
dihydroxy-containing DHA derivative “neuroprotectin D1” (NPD1) (1) because of its neu-
roprotective properties in brain ischemia-reperfusion (Marcheselli et al., 2003) and in oxida-
tive stress-challenged RPE cells (Mukherjee et al., 2004); (2) because of its potent ability
to in-activate pro-apoptotic signaling (Mukherjee et al., 2004); and (3) because it is the first
identified neuroprotective mediator of DHA. NPD1 synthesized by ARPE-19 cells is the
same as that of the docosatriene found in human blood, glial cells, mouse brain (Hong 
et al., 2003), and during brain ischemia-reperfusion (Marcheselli et al., 2003). The biolog-
ical activity of NPD1 seems to be exerted through potent inhibition of oxidative stress-
induced apoptosis and of cytokine-triggered pro-inflammatory COX-2 gene-promoter
induction (Figure 74.1).

5. PHOSPHOLIPASE A2 AND NPD1 SYNTHESIS

NPD1 is formed through enzyme-mediated steps involving a phospholipase A2 followed
by a 15-lipoxygenase-like enzyme (Figure 74.1). Retina synthesizes mono-, di-, and trihy-
droxy derivatives of DHA, and certain lipoxygenase inhibitors block this synthesis, which
suggests a lipoxygenase enzymatic process (Bazan et al., 1984). The availability of unes-
terified DHA is tightly regulated in RPE cells, as in brain, which we demonstrated in ARPE-
19 cells, and which is supported by the observation that DHA pool size in retina and brain
is negligible under basal, unstimulated conditions (Bazan, 1970; Aveldano and Bazan, 1974;
Aveldano and Bazan, 1975). Therefore, the regulation of the phospholipase A2 that releases
free DHA is important in the pathway leading to the formation of NPD1. Ischemia or
seizures elicit rapid activation of free DHA release in brain as well (Bazan, 1970; Aveldano
and Bazan, 1975). The calcium ionophore A23187, or to a lesser extent, IL-1b, activates the
synthesis of NPD1 in ARPE-19 cells. Under these conditions, there is a time-dependent
increase in endogenous free DHA that is approximately 3- to 4-fold higher than the amount
of NPD1 being synthesized.

DHA is highly concentrated as an acyl group of phospholipids in photoreceptor outer
segment disc membranes (Bazan, 1990). The RPE cell actively recycles DHA from phago-
cytized disc membranes back to the inner segment of the photoreceptor cell (Bazan et al.,
1985). In addition, the RPE cell takes up DHA from the blood stream through the chorio-
capillaris, and in turn supplies the fatty acid to photoreceptors through the interphoto-
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Figure 74.1. Proposed biosynthetic pathway for NPD1 synthesis. DHA esterified in membrane phospholipids is
released through phospholipase A2. PEDF (pigment epithelium-derived growth factor), a pleiotropic serpine-related
growth factor, is one of the agonists recently identified (Bazan et al., 2005). DHA is then converted to 17-
hydroperoxy-DHA (the 15-lipoxygenase action), which, through a possible 16(17)-epoxide intermediate, leads to
the 10,17S-docosatriene, NPD1. Omega oxidation at C-22 may be a catabolic route. At the bottom are listed some
of the bioactivities of NPD1.



receptor matrix (Bazan et al., 1985). This uptake is very active during early postnatal devel-
opment, when photoreceptor outer segment biogenesis occurs (Scott and Bazan, 1989). In
addition, active docosahexaenoyl CoA synthases in the RPE and the retina channel free
DHA to acyltransferases that incorporate the fatty acid into membrane phospholipids
(Reddy and Bazan, 1984). The RPE cell thus is very active in the uptake, conservation, and
delivery of DHA to photoreceptors (Bazan, 1990; Bazan et al., 1985). We have demonstrated
an additional function of the RPE cell; i.e., its capacity to synthesize NPD1 (Mukherjee 
et al., 2004). The biological activity of NPD1 may be elicited through a receptor, and in turn
modulate signaling including induction of NF-kB and other transcription factors, and as a
consequence, down-regulate pro-inflammatory genes (Marcheselli et al., 2003; Bazan, in
press). NPD1 may act in autocrine fashion and/or may diffuse through interphotoreceptor
matrix proteins and act in paracrine fashion on photoreceptor cells.

6. OXIDATIVE STRESS IN THE RETINAL PIGMENT EPITHELIUM

Oxidative stress triggers multiple signaling pathways, including some that are cytopro-
tective and others that contribute to cell damage and eventually cell death. Among these are
the Bcl-2 family proteins. In fact, expression of pro- and anti-apoptotic Bcl-2 family pro-
teins is altered by oxidative stress, and these proteins represent a major factor, insofar as
the outcome of the apoptotic signaling, since cell survival reflects the predominance of one
set of proteins over the other (Mattson and Bazan, in press). In the RPE and retina, oxida-
tive stress, increased by several factors including retinal light exposure or reactive oxygen
species, shifts the balance of the Bcl-2 family protein expression toward those that favor
cell damage (e.g., Osborne et al., 1997; Liang et al., 2000). Since our results show oxida-
tive stress-induced changes in the expression of Bcl-2 proteins (Mukherjee et al., 2004),
they imply that the early RPE response to oxidative stress includes transcriptional, transla-
tional, and/or post-translational events upstream of the mitochondrial apoptotic step. In this
connection we have observed that oxidative stress-triggered ARPE-19 cell damage includes
changes in the expression of Bcl-2, Bcl-xL, Bax, and Bad. It is conceivable that oxidative
stress, cytokines, and other intercellular signals (certain growth factors?) may activate NPD1
formation, in an effort to counteract the injury/pro-inflammatory response and restore home-
ostasis. Exogenous NPD1 (50nM) promotes a differential modification in the expression of
Bcl-2 family proteins under these conditions, up-regulating the protective Bcl-2 proteins
and attenuating the expression of the proteins that challenge cell survival, particularly Bax
and Bad (Mukherjee et al., 2004). These observations suggest a critical coordinate regula-
tion of the availability of Bcl-2 proteins for subsequent downstream signaling. NPD1 may
act at the level of signaling that regulates promoters of the genes encoding death repressors
and effectors of the Bcl-2 family of proteins we studied (Mattson and Bazan, in press). On
the other hand, translational or post-translational events may also integrate a concerted
responsive machinery to counteract oxidative stress. The precise molecular mechanisms
remain to be defined. The exploration of these events will provide an important insight into
regulatory survival signaling. Bcl-2 family proteins regulate apoptotic signaling at the level
of the mitochondrion and endoplasmic reticulum. As a consequence, cytochrome c is
released from mitochondria and effector caspase-3 is activated (Mattson and Bazan, in
press). In agreement with this sequence, we showed that oxidative stress activates caspase-
3 in ARPE-19 cells and that the lipid mediator NPD1 (50nM) decreases oxidative stress-
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activated caspase-3 (Mukherjee et al., 2004). Moreover, apoptosis was an outcome of
TNFa/H2O2-induced oxidative stress in ARPE-19 cells. Interestingly, NPD1 was very effec-
tive in counteracting oxidative stress-induced apoptosis in ARPE-19 cells. This action was
not mimicked by eicosanoids such as PGE2, LTB4, or even arachidonic acid (Mukherjee et
al., 2004). This supports the selectivity of the new class of mediator, NPD1. Perhaps one of
the most interesting observations is that DHA itself inhibited oxidative stress-induced apop-
tosis. Under those conditions, a remarkable, time-dependent formation of NPD1 occurred.
Significantly, the potency of DHA for cytoprotection was much higher than that of added
NPD1 (Mukherjee et al., 2004). This suggests that endogenously generated NPD1 may exert
its action near the subcellular site of its synthesis. Alternatively, it may imply that other
NPD1-like mediators may participate in promoting RPE cell survival (Bazan, in press). It
is indeed possible that related NPD mediators are formed in an attempt to cope with the
multiplicity of cellular signaling that has the potential of going awry in RPE or neurons
when confronted with oxidative stress. In support of this possibility, brain does make a series
of other potentially bioactive DHA-oxygenated derivatives, such as those generated in the
presence of aspirin during ischemia-reperfusion (Marcheselli et al., 2003).

7. DHA AND RETINAL DEGENERATION

Until now it was thought that high DHA content in photoreceptors and RPE mainly
endowed photoreceptor membrane domains with physical properties that contribute to the
modulation of receptors (e.g., rhodopsin), ion channels, transporters, etc. In other cells,
DHA modulates G-protein-coupled receptors and ion channels. Moreover, DHA has been
suggested to regulate membrane function by maintaining its concentration in phos-
phatidylserine (Salem et al., 2001). As a target of oxidative stress, DHA is acted upon by
reactive oxygen intermediates that generate DHA-peroxidation products that in turn partic-
ipate in RPE and photoreceptor cell damage.

Rhodopsin mutations in rodent retinitis pigmentosa are associated with decreased pho-
toreceptor DHA (Anderson et al., 2002), which can be interpreted as a retinal response to
metabolic stress, where the strategy of decreasing the amount of the major target of lipid
peroxidation, DHA, contributes to protection (Anderson et al., 2002). We propose that the
retinal DHA pool size available for synthesis of neuroprotective docosanoids is compro-
mised due to lipid peroxidation. Retinal degeneration induced by constant light promotes
DHA loss from photoreceptors, and rats reared in bright cyclic light are protected, sug-
gesting an unidentified adaptation or plasticity that may involve endogenous molecules (Li
et al., 2001). Some of these may be lipid mediators, such as NPD1.

8. NPD1 PREVENTS APOPTOSIS AFTER A2E PHOTO-OXIDATION

N-retinylidene-N-retinylethanolamine (A2E) is the major hydrophobic fluorophore that
accumulates in retinal pigment epithelial cells in Stargardt’s disease and in age-related
retinal degeneration (Radu et al., 2003). Blue light accelerates the production of A2E epox-
ides, which trigger apoptosis in RPE cells. NPD1 (50nM) prevented A2E-induced cell death
in ARPE-19 cells (Barreiro et al., 2005). We also monitored in parallel by LC-PDA-ESI-
MS-MS the formation of A2E epoxides under these conditions. A2E epoxides produced
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oxidative stress and apoptosis in ARPE cells. NPD1 inhibited apoptosis when the A2E was
added 15 minutes after blue light exposure. A2E alone, without light, did not trigger apop-
tosis at lower concentrations and short exposures. The accumulation of A2E in retinal
pigment epithelial cells participates in apoptotic cell death and RPE responses in retinal
degenerations such as Stargardt’s disease. Moreover, blue light accelerates the oxidation of
this compound into epoxides, and apoptosis can be prevented by NPD1 (Barreiro et al.,
2005).

9. CONCLUSIONS AND EVOLVING QUESTIONS

Do growth factors contribute to the pro-survival actions of NPD1? For example, FGF2
induces bovine RPE cell survival in cultures through a sustained adaptive phenomenon that
involves ERK2 activation by secreted FGF1 and ERK2-dependent Bcl-xL production
(Bryckaert et al., 1999). Bcl-xL may play a key role in integrating and transmitting exoge-
nous FGF2 signals for RPE cell survival. Very recently evidence has been provided that
PEDF promotes NPD1 synthesis in human RPE cell primary cultures (Bazan et al., 2005).
These issues present intriguing possibilities for future investigations.

RPE cell damage and apoptosis impair photoreceptor cell survival, a dominant factor
in age-related macular degeneration (Hinton et al., 1998). In Stargardt’s disease (a juvenile
form of macular degeneration), oxidative stress mediated by the lipofuscin fluorophore A2E
damages RPE, and caspase-3 is part of the damaging cascade; whereas Bcl-2 exerts cellu-
lar protection (Sparrow and Cai, 2001).

Thus NPD1, a DHA-derived mediator endogenously synthesized by neuro-epithelium-
derived RPE cells, is a modulator of signaling pathways that promote cell survival (Bazan,
in press). One pathway is the regulation of Bcl-2 family protein expression, a pre-
mitochondrial apoptotic target of NPD1 under conditions of oxidative stress. Consequently,
downstream signaling, including effector caspase-3 activation and DNA degradation, is
attenuated (Mukherjee et al., 2004). NPD1 also potently counteracted cytokine-triggered
pro-inflammatory COX-2 gene induction, another major factor in cell damage (Mukherjee
et al., 2004). In ischemia-reperfusion-injured hippocampus and in neural progenitor cells
stimulated by IL-1b, COX-2 expression seems to be related to NF-kB activation. NPD1
inhibits NF-kB and COX-2 induction under those conditions (Marcheselli et al., 2003). A
similar regulatory mechanism may operate in RPE cells; i.e., NPD1 down-regulation of
cytokine-mediated NF-kB activation. Pro-inflammatory injury of the RPE can promote
pathoangiogenesis and proliferative vitreoretinopathy, hallmarks of several diseases, includ-
ing diabetic retinopathy. NPD1’s neuroprotective bioactivity in brain ischemia-reperfusion
includes decreased infarct size and inhibition of polymorphonuclear leukocyte infiltration
(Marcheselli et al., 2003). The addition of DHA to the culture medium promoted strong
cytoprotection when RPE cells were confronted with oxidative stress (Mukherjee et al.,
2004). In vivo the active DHA supply to brain and retina from the liver through the blood
stream is necessary for cell development and function, and may play a critical role in con-
ditions where, due to enhanced oxidative stress, the polyunsaturated fatty acyl chains of
membrane phospholipids are decreased as a consequence of lipid peroxidation, as occurs in
aging, retinal degenerations, and neurodegenerations such as Alzheimer’s disease (Scott and
Bazan, 1989; Nourooz-Zadeh et al., 1999). A greater understanding of the signals that mod-
ulate NPD1 synthesis may provide windows for therapeutic intervention in neurodegenera-
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tive diseases. In addition, selective DHA-delivery systems to the retina and brain may
promote neuroprotection. Moreover, NPD1 and its cellular activities might be manipulated
by novel approaches that result in RPE cytoprotection and enhanced photoreceptor survival
in retinal degenerations.
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(CSNB), 125, 129, 159-160

Contrast sensitivity measurements, 170-172,
171f

Corneas, 49-52, 51t
Corneoretinal dystrophy, 49-52, 51t
Corticosteroids, 309-313
Cosmic rays, 422
CPPT (central polypurine tract), 256
CRALBP. See Cellular retinaldehyde-binding

protein (CRALBP)
CRAOs (central retinal artery occlusions),

310-313
Cre expression, 173-177
Cre/lox (conditional knockout) system, 

173-177, 206
CRVOs (central retinal vein occlusions), 

310-313
CRX (cone-rod homeobox) transcription

factor, 150-151
Crystal deposits, 49-52
CSNB (congenital stationary night

blindness), 125, 129, 159-160
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Cyclic GMP phosphodierserase 6 (PDE6),
485-489

function and localization in photoreceptors,
487-489

interactions of, 485-487
structure of, 487

Cyclohexamide (CHI), 456-458
Cystoid macular edema (CME), 310-313
Cysts, intraretinal, 313f
Cytokines

effect on developing CNS, 279
examples of, 279
and retinal degeneration, 275-280
suppressors of cytokine signaling (SOCS),

275-280
See also specific cytokines

Cytoskeleton (actin), 351, 352f

D
Dark-adaptation, 125-126, 129f, 135f, 508-509
Deafness, 341, 349
Dendritic structure, 398-401
Detergent-resistant membranes (DRMs), 

491-495
absence of phosphatase in, 493
fractionation and phosphorylation of, 492,

494f
DHA. See Docosa-hexaenoic acid (DHA)
Diabetes mellitus (DM), 159, 187-192
Diabetic retinopathy (DR)

characteristics of, 195-196
laser photocoagulation for, 195-199
and neovascularization, 303-306
pathogenesis of, 163-167, 187-192

Discoidin (DS) domain, 284f, 285
DNA

injected for transgenesis, 203
plasmid construction, 268-269, 363
regulatory element of, 219-220

DNA tracings, 60f
Docosa-hexaenoic acid (DHA), 532-538

endogenous free, 533-535
for neuroprotection, 536-538

Dominant negative effect, 142-145
Dopamine, 70-71, 412-413
DRMs. See detergent-resistant membranes

(DRMs)
Drosophila, 460-462
Drusen

annexins in, 75-78
and ApoE protein, 110, 112, 114

E
EAATs (excitatory amino acid transporters),

327
EBP50 (NHERF-1), 480-481
Edema

carbonic anhydrase inhibitors (CAIs) for,
439, 521-522

macular. See Macular edema
in retinitis pigmentosa (RP), 309-313

EGF (epithelial growth factor), 357-360
Electron micrographs (EMs)

of APOE TR mice retina, 113-114
of GABAergic amacrine cell, 409f
of myosin VIIa labelling, 342-344
of normal versus abnormal RPE cells, 98f

Electroretinograms (ERGs)
a-wave amplitudes in, 159, 286, 442-444
with AAV5-mOPs-RS1 treatment, 286
after BDNF injection and phototherapy,

301f
b-wave amplitudes in, 135-136f, 158-159,

177f, 283, 286, 441-444
of Bietti crystalline corneoretinal

dystrophy (BCD), 51t, 52f
CAI effect on, 439-445, 442-443f
changes with ischemia on, 330-331
of delayed photoresponse, 134-136
flash testing on

with CAIs onboard, 440, 442f
with cell loss, 158f
preparation for, 82
with subretinal injection, 252f

flicker-type, 102f, 440-441, 442f, 443
fullfield and multifocal, 368
with MerTK, 120
normal response in, 24f
of Rdh11 mice, 509f
rod and cone responses on, 83-84, 91f, 102f
scotopic

of AMD, 122f
of BETA2/NeuroD cell loss, 158f
of rod and cone responses, 102f

with subretinal implant, 322-323
Embryonic stem (ES) cells

versus adult (ASCs), 382-383
homologous gene-targeted, 173
of zebrafish, 206

Endoplasmic reticulum (ER) membrane, 284,
489f

Enhanced GFP (EGFP) reporter, 204-205
Enhancer trapping, 204
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ENU (N-ethyl-N-nitrosourea), 95-97
Enzymatic activity. See specific enzymes
EphA ephrins, 391-392
Episcleral vein, 399f
Epithelial growth factor (EGF), 357-360
ERGs. See Electroretinograms (ERGs)
ERM-binding phosphoprotein 50 (EBP50),

480-481, 521
Excitatory amino acid transporters (EAATs),

327
Exons, 29-32
Eye extract, 180-181, 183
Eyes

adult human, 379-380
differences between species, 377-378
See also Animal models

F
FACS (fluorescence activated cell sorter)

analysis, 269-270
FAK (focal adhesion kinase), 500-502
Farnesylation, 92
Fetal bovine serum (FBS), 513-517
Fetal retinal sheet transplants, 372-374
Filamin A (actin-binding protein), 351, 352f
Fish retina. See under Animal models
FITC (fluorescein isothiocyanate), 358
Flowcharts

clinical for LCA, 17f
decisional for LCA diagnosis, 19f

Fluorescein angiography
of Bietti crystalline corneoretinal

dystrophy (BCD), 51f
of choroidal neovascularization, 37-38f
of posterior pole atrophy, 58f
of retinal perfusion, 188-192
of vasoproliferative retinopathy, 188-192

Fluorescein isothiocyanate (FITC), 358
Fluorescence activated cell sorter (FACS)

analysis, 269-270
Fluorescence micrographs, 271f
Fluorescent microscopy

A1E and ARPE-19 cells on, 66f
of Cre expression, 175t
of myosin VIIa labelling, 342-343

Focal adhesion kinase (FAK), 500-502
Fovea centralis

adult-onset foveomacular dystrophy
(AOFMD), 35-39

thickness of, 311-313
Functional titers, 258-259

Fundus changes (choroideremia), 57-60
Fundus photography

of Bietti crystalline corneoretinal
dystrophy (BCD), 51f

of GFP expression, 262-263f
of posterior pole atrophy, 58f
of retinal vessel attenuation, 96-97

G
G protein-coupled receptor kinase 1 (GRK1),

134-138
G90D (aspartic acid), 125-130
GABA-ergic inhibition, 409f
GAL4-VP16 transactivator, 272
Ganglion cells, 276-277, 405-406, 421
GDNF (glial cell line-derived neurotrophic

factor), 212
Gel electrophoresis

for molecular weight, 46f
SDS-polyacrylamide (PAGE), 44-47

Gender, 6-7
Gene therapy (GT)

assessing efficacy of, 239-244
for LCA, 247-252
for neovascularization, 305
for retinoschisis, 285-288
viral vectors for, 305

Genes
AIPL1, 89-93
APOE, 110-114
b-PDE, 217-228

and a-PDE, 225-228
binding of, 221, 223
expression in, 217-218
functional testing of, 220-221
promotor, 218-228
transcriptional studies of, 218-225, 222f
translational efficiency of, 225-228, 226f

bFGF/FGF2, 198-199
bHLH class B, 155-160
C1QTNF5, 41-47

assembly and stability testing of, 45-47
domain constructs for, 42-43
expression and purification of, 44
molecular size/weight of, 43, 46f

candidate, 25-26
CYP4V2, 49-52
exons of, 30-32
expression changes after photocoagulation,

198-199
expression regulation in, 217-228
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G90D (aspartic acid), 125-130
Gcgr (glucagon receptor gene), 170
GFAP, 198
Grk1, 134-138
GUCY2D, 16-18
HRGP-Cre, 173-177
hVEGF, 164-167
IMPDH1

enzymatic activity of, 82, 84
expression studies on, 82-85
photoreceptor degeneration in, 81-86
and retinal development, 84

LCA-related, 9-13, 15-19
Mertk, 95, 97
mutations of. See Genetic mutations
MYO7A, 341
PDGF, 198-199
peripherin/rds, 35-39

mutations in, 141-145
structure and function of, 145

and photoentrainment, 239-244
R26R (Cre-activatable lacZ reporter), 

173-177
Rd1-Bmi1, 209-214
RdCVF, 316-318
RDH12 , 507-508
retinal delivery efficacy of, 255-264
RHO (rhodopsin), 233-238
RP1, 3-7, 6t
RPE65

and cone/rod responses, 102-103
and LCA, 247-252
mouse knockout, 240-244
therapeutic level in retina, 251
transgene expression, 249

RPGR mutations/deletions, 29-32
RS1, 284-288

characteristics of, 283-285
discoidin domain in, 284f, 285

silencing of, 233
siRNA design and screening, 234-235
thioredoxin-like 6 (TXNL6), 10-13
transcriptional regulation in, 217-228
transgene expression, 125-126, 249
USH1C, 341, 346
Usher 1 types of, 341-347
widely expressed essential, 176-177

Genetic heterogeneity
of C1QTNF5 gene, 42
of LCA, 9, 15-19, 16t
in proliferative retinopathy, 187-192

Genetic homozygosity, 23-24, 26
Genetic mutations

of AIPL1 gene, 89-93
Arg224Pro and Asp226Asn, 81-86
Arg677ter, 3-7
BEMr15 (r15) and BEMr (r18), 95-97
in CYP4V2 gene, 49-52
disease-linked missense, 284-285
of G90D, 125-130, 127f
lakritz mutant, 205
LCA-related, 10-13, 15-19
P23H, 103-104
R172W+/+/rds+/+, 144
of RDS/peripherin gene, 35-39
and retinal degeneration, 169
of RP1 and RPO1, 3-7
Ser163Arg, 42
types of, 30-31
Tyr-141-Cys, 35-36, 39
X-linked in XLRP, 29-32

GFAP (glial fibrillary acidic protein), 288
GFP. See Green fluorescent protein (GFP)
Glaucoma, 397-401

carbonic anhydrase inhibitors (CAIs) for,
439, 445

prevalence of, 397
vision loss from, 196

Glial cell line-derived neurotrophic factor
(GDNF), 212

Glial cells, 209, 211-214, 379-380
Glial fibrillary acidic protein (GFAP), 288
Glutamate transport, 327-331

ERG of, 330-331
histological view of, 329f

Glutamine concentration, 406-407
Glycogen synthase kinase 3-b (GSK-3b),

205
Goldfish (Carrassius auratus) retina, 

333-337, 390-392, 525-529
Gp130 (tyrosine kinase receptor), 147, 

150-151
Graded retinopathy, 190t
Grafts, retinal, 369-374, 382, 392
Green fluorescent protein (GFP)

in ARPE-19 cells, 64-65
expression after AAV injection, 270
immunolabelled in subretinal space, 250f
in RPE cells, 248-252
in vivo, 260-261, 262f

GRK-1 (G protein-coupled receptor kinase
1), 134-138
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Growth factors
basic fibroblast growth factor (bFGF), 

197-199, 357-360
epithelial growth factor (EGF), 357-360
PEDF. See Pigment epithelium-derived

growth factor (PEDF)
VEGF. See Vascular endothelial growth

factor (VEGF)
GTPases, 487-489
Guanine nucleotides, 81

H
H2O2 treatment, 292-293
Haploinsufficiency, 142-145
Haplotypes

and gender, 6-7
for ROA1, 24-26
in trans, 4, 6

Harmonin, 341-347
isoforms of, 342f
localization of, 344-347, 345-346f
and USH proteins, 349-352

Head tracking responses, 370-371
Hemorrhage, subretinal, 196
Hereditary disorders. See specific disorders
HICD (hyperoxia-induced cell death), 

428-434
High fat diets, 110-114
High-performance liquid chromatography

(HPLC), 70-72, 467f
HIV-based vectors, 256
HPLC (high-performance liquid

chromatography), 70-72, 467f
Human retinal pigment epithelium (hRPE)

cell proliferation in, 514, 515f
VEGF synthesis in, 513-517

Hydrogen ions, 444
Hydrolysis, 468
Hyperlipoproteinemia, 112
Hyperoxia

effects on cones and rods, 427f, 428, 431,
434

retinal toxicity of, 425-435
sequence of events in, 428-430, 

432-433
specificity to photoreceptors, 428-431,

433-434
Hyperoxia-induced cell death (HICD), 

428-434
Hypertension, ocular. See Glaucoma
Hypoglycemia, 170-172

Hypoxia
HIF-1 and HRE activation in, 303
versus normoxia on RT-PCR, 181f, 184
photoreceptor vulnerability to, 425-435
retinal cell response to, 278-280
and retinal neovascularization, 163
and TJ protein expression, 179-184
and vascular endothelial growth factor

(VEGF), 198-199
Hypoxia-inducible factor (HIF-1), 303
Hypoxia response element (HRE), 303

I
Immunoblot analysis, 134, 137
Immunofluorescence microscopy

with AAV5-mOPs-RS1 treatment, 287
of myosin VIIa labelling, 342-343
of opsin antibody-stained retina, 148-150,

149f
Rdh11 expression on, 507

Implants, subretinal, 321-325
Inflammation/inflammatory mediators, 

275-280, 537
Inner nuclear layer (INL)

exposed to space environment, 
419-423

thickness of, 157f
Inner plexiform layer (IPL), 405-406, 

420-422
Insulin

and detergent-resistant membrane rafts,
491-495

and photoreceptor degeneration, 155
role of, 159
See also Diabetic retinopathy (DR)

Interferon gamma (IFNg), 176f, 275-278
Interleukin-4 (IL-4), 277-278
Intraocular injection procedure, 260
Intraocular pressure (IOP), 397-401, 422
Intraperitoneal injections, 440
Intravitreal injections

of AAV, 270
of acetazolamide, 444
of BDNF, 297-301
flash testing on, 252f
procedure for, 260
of triamcinolone acetonide (TA), 309-313

IOP (intraocular pressure), 397-401, 422
IPL (inner plexiform layer), 405-406, 

420-422
Irvine-Gass syndrome, 310-313
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Ischemic retinopathy
aneurysm-related, 164-166, 165f, 167f, 

309
occlusion-related, 187, 310-313, 339f
and retinal glutamate transport, 327-331
retinal vessel attenuation, 96-97
See also Neovascularization (NV)

Isoforms
E2, E3, and E4 encoding, 110-114
of harmonin, 341-342
neuron-specific b-tubulin III isoform

(TUJI), 399-401
Isomers, 71f, 72
Isorhodopsin, 105

J
JAK/STAT signal transduction pathway, 277f,

279
Janus kinase (JAK), 277-279

K
Kaplan-Meier survival analysis, 6-7
Knockout system

b5 knockout mouse, 120-122
Cre/lox, 173-177, 206
of exons, 30-32
versus knockdown in AIPL1, 91
of photoreceptor PDE6, 489
Rdh11 mice characterization, 508-509
Rpe65-/- mouse model, 240-244

Krypton lasers, 196

L
Labelling and staining

immunolabelling and staining
with anti-TGN antibody, 527f
with Dil, 399-400
of GFP and RPE65, 250f
occludins in, 181-184
with TUJI antibodies, 399-401
TUNEL (terminal deoxynucleotidyl

transferase UTP nick end labelling)
technique, 426-433

photolabelling of CRALBP, 478
Laser photocoagulation

of angiogenesis, 198-199
characteristics of, 196
for diabetic retinopathy (DR), 195-199
gene expression changes after, 198-199
histological changes after, 196-197
long-term effects of, 199

purpose of, 195
risks of, 197

Laser (Light Amplification by Stimulated
Emmision of Radiation) treatments,
196

Late-onset retinal degeneration (L-ORD), 
41-47

LD. See Light damage (LD)
Leber congenital amaurosis (LCA)

and AIPL1 function, 475
clinical and molecular survey in, 15-19
ERG responses and histopathology in, 

91f
flowcharts of, 17f
gene therapy for, 247-252
and RDH12 gene, 507-508
rod-derived cone viability variants in, 

9-13
role of AIPL1 in, 89-93

Lenses
as depot for INFg release, 275-276
LIF expression in, 148

Lentivirus (LV)
characteristics of, 255-257
lentiviral vectors

design and biosafety of, 255-256
for gene therapy, 247-252
production of, 257-258
for retinal gene delivery, 255-264
targeting of, 256-257

Lentivirus-derived control vector (LV-RO.8-
GFP), 248-252

LF. See Lipofuscin (LF)
LIF (leukemia inhibitory factor), 147-151
Light

adaptation studies, 125-126, 129f, 135f
cycling of, 240-241
low-light sensitivity, 371-372
as phosphorylation trigger, 494-495
photoentrainment, 240-244
and phototransduction cascade, 505-506

Light-activated phosphorhodopsin (R*P),
459-460

Light damage (LD)
circadian-dependent, 411-414
longterm effects of, 407-408
methodology for induced, 406

Light-dependent translocation, 128-129
Light flashes/flash testing, 82-84, 135, 136f
Light-induced retinal degeneration (LIRD)

model, 411-413
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Light micrographs
of abnormal morphology, 183f
of abnormal pigmentation, 97f
after BDNF injection and phototherapy,

298, 299f
of APOE TR mice retinas, 113-114
of BETA2/NeuroD cell loss, 157f
of cones, 84f
of photoreceptor loss, 97f
with subretinal implant, 324

Lipid metabolism
and ApoE protein, 110
and corneoretinal dystrophy, 50-52

Lipid rafts (“caveolae”), 491-495
Lipocortins. See Annexins (lipocortins)
Lipofuscin (LF)

composition of, 79
in RPE (RPE LF), 63-67, 72-73
and RPE function, 120

LIRD (light-induced retinal degeneration)
model, 411-413

Lizard (Ctenophorus ornatus) retina, 392-394
Loki analysis, 5f
Luciferase, 219, 222, 224
Luciferase assay system, 269-270, 272
LV. See Lentivirus (LV)
Lysine mutants, 457

M
Macrodeletion, 31-32
Macula lutea

adult-onset foveomacular dystrophy
(AOFMD), 35-39

atrophy of, 283
degeneration of. See Macular degeneration
edema of. See Macular edema
OCT through, 59f
in retinitis pigmentosa (RP), 309-313

Macular degeneration
genetic factors in, 63
X-linked retinoschisis (RS), 283-288
See also Age-related macular degeneration

(AMD)
Macular dystrophy (MD)

pathogenesis of, 144
and peripherin/rds mutations, 141, 143-144
and R172W, 142-143

Macular edema
carbonic anhydrase inhibitors (CAIs) for,

439, 521-522
clinically significant (CSME), 309-313

cystoid (CME), 310-313
in retinitis pigmentosa (RP), 309-313

Magnocellular pathways, 397-398, 401
Mean foveal thickness, 311f
Melatonin, 412
Membrane blebbing, 64-67
Membranous whorls, 97, 98f
Mer tyrosine kinase (MerTK)

receptors of, 120
in vitro phagocytosis, 499-500, 508
in vivo phagocytosis, 499-502, 501f

Metabolism, retinal, 413-414
Methazolamide, 444
Mice. See under Animal models
Microaneurysms, 164-166, 165f, 167t, 309
Microarray analysis, 377-380
Microgravity, 419-423
Microneuromas, 406-408
Microvilli, apical, 99, 119, 519-523
Mission STS-72, 418-419
Mitochondrial RNA (ribonucleic acid)

extraction of, 358-359
injected for transgenesis, 205
neurofilaments of, 401
in opsin, 413

Molecular size/weight determination, 43, 45,
46f

Müller glial cells
buffering effect of, 445
characteristics of, 209
inflammatory stimulation of, 277-278
and retinal glutamate transport, 327, 

329-331
seal formation of, 405-407

Mutations. See Genetic mutations
Myc-tagged (EQKLISEEDL) arrestin, 456,

459
Myosin VIIa

in apical processes, 520
binding properties of, 351, 352f
and harmonin, 346
localization of, 343-344, 347
roles in Usher syndrome, 341-344

N
N-ethyl-N-nitrosourea (ENU), 95-97
N-retinylidene-N-retinylethanolamine (A2E),

536-537
NEDD8 ultimate buster (NUB1), 92-93, 

472-474
Neonates, 449-450
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Neovascularization (NV)
animal models for, 163-167
in APOE4 TR-ch mice, 109-114
choroidal. See Choroidal

neovascularization (CNV)
defined, 109, 163
and diabetic retinopathy (DR), 187-192,

303-306
histological views of, 191f
therapies against, 303-306
and VEGF, 180-184

Neural cell markers, 359-360
Neural plasticity, 405-409
Neural progenitor cells (NPCs), 211
Neural retinal leucine (Nrl) zipper, 133-138,

148, 150-151
Neural stem cells (NSCs), 210-211
Neurite outgrowth, 528f
Neuron-specific b-tubulin III isoform (TUJI),

399-401
Neuronal migration, 407-408
Neuroprotectin D1 (NPD1)

identification and characterization of, 533,
537

neuroprotection of, 536-537
synthesis of, 531, 533-534, 537

Neuroprotection
with BDNF injections and transplantations,

297-301, 363-366, 447-449
and Bmi1 loss, 209-214
with CNPD1, 531-537
with CTNF, 331
by glutamate transport modulation, 

327-331
by light activation of insulin receptor, 494
molecular mechanisms of, 291-294
PEDF for, 292-294
by preconditioning, 435
with RdCVFs, 316-318
by SOCS proteins, 275-280
with subretinal implants, 321-325

Neurotrophic factors/neurotrophins
in retinal cell differentiation, 357-360
and retinal ganglion cells (RGCs), 447-449

Night blindness. See Nyctalopia (night
blindness)

NIH.R3 Life Science Payload, 418
NMDA and AMPA mediation, 392-393
Norepinephrine, 70-72
NPCs (neural progenitor cells), 211
NPD1. See Neuroprotectin D1

Nr2e3 (nuclear receptor) transcription factor,
151

NRL (neural retina leucine) transcription
factor, 133-138, 148, 150-151

NUB1 (NEDD8 ultimate buster), 92-93, 
472-474

NV. See Neovascularization (NV)
Nyctalopia (night blindness)

in choroideremia, 57
congenital (CNB), 125, 129, 159-160
in corneoretinal dystrophy, 49
in retinitis pigmentosa, 4

O
OA. See Optic atrophies (OAs)
Observational (OB) protocol, 169-171

observer bias in, 170-172
Occludins, 179, 181-184
Occlusions. See Vein occlusions
Oligonucleotide therapy, 304-305
Omega-3 fatty acids, 532
ONL. See Outer nuclear layer (ONL)
Opsins (visual pigments)

function in cones, 137
M-opsin expression, 151, 175, 177
polyclonal anti-opsin (1D4), 127, 128f
rhodopsin function, 102-106, 104f
in rods, 125-130
S-opsin expression, 175, 177
UV opsin promoter, 204

Optic atrophies (OAs)
autosomal dominant (DOA), 21
autosomal recessive (ROA1), 21-26

Optic axons, 525
Optic nerve (ON)

cell survival after injury (crush) to, 
333-337, 447, 449

optical coherence tomography (OCT)
through, 59f

regeneration of, 389-394
molecular prerequisites for, 391-392
role of training in, 392-394, 393f
upregulation of TGN in, 525-529

Optical coherence tomography (OCT)
after TA injection, 310-313
of choroideremia, 57-60, 59f
of exon knockout, 32f
through optic nerve and macula, 59f

Optokinetic testing, 128f
Optomotor responses, 169-172
Outer membrane protein 25 (OMP25), 346
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Outer nuclear layer (ONL)
exposed to space environment, 419-423
of rods, 127-128
thickness of, 155-157, 287f, 299-301, 431

Oxidative stress, 531-538
and cell survival, 411, 535-537
and DHA, 532-533

Oxygen
and bronchopulmonary epithelium, 425
oxidative phosphorylation, 291-292
oxidative stress, 411, 531-538
See also Hyperoxia; Hypoxia

Oxygen toxicity hypothesis, 426

P
Pancreas, 159, 187-192
Pars plana and pars plicata, 378
Particle titers, 258-260
PCR. See Polymerase chain reaction (PCR)
PDE (phosphodiesterase) holoenzyme, 

92-93
PDE6 (cyclic GMP phosphodierserase 6),

485-489
PDT. See Phototherapy (PDT)
PDZ domains, 350-352, 480-481
PDZ proteins, 341-342, 344, 346, 350
PEDF. See Pigment epithelium-derived

growth factor (PEDF)
Peripheral nerve grafting, 392
Phagocytes, 119-120
Phagocytosis

in photoreceptor outer segments (POS),
119-122

process of, 120-121
in vitro RPE, 97, 499-500, 508
in vivo RPE, 499-502

Phenotype-genotype correlations, 17-18
Phenotypes

function-related, 205-206
rescue of, 205
in transgenic mice, 144

Phospho-Akt (p-Akt), 333-337
Phospho-Bad (p-Bad), 333, 335-336
Phosphoinositide 3-kinase (P13K), 492
Phospholipids, 459-460, 461f
Phosphorylation

characteristics of, 103
and GRK1, 137-138
light-dependent, 135
oxidative, 291-292
patterns of, 413

in rod degeneration, 105
tyrosine to ROS, 492-495

Photodynamic therapy (PDT), 297-301
See also Laser photocoagulation

Photoperiod reversal, 241-242
Photoreceptor outer segments (POSs)

DHA levels in, 531
exposed to space environment, 419-422
phagocytosis in, 119-122, 499-502

Photoreceptors
age-dependency of, 136-138
AIPL1 in, 472-473
arrestin translocation in, 455-463, 458f
and CAIs, 439-440
conditional gene knockout system in, 

173-177
counts after subretinal implant, 324-325
Cre expression in, 175-177
damage to, 192
death of

after return to room air, 429-431, 430f
characteristics of, 364, 365f
and macular deposits, 41-42
oxygen-induced, 425-435
sequence of, 428-430, 432-433, 435

degeneration of, 81-86, 95-99, 155-160
development of, 89
distribution and function of, 176-177
exposed to space environment, 417-423
G90D mutant opsin in, 125-130
gene therapy for, 283-288
hyperoxic specificity to, 428-431, 

433-434
and hypoxia, 163, 278-280, 425-435
and laser photocoagulation, 198-199
light-induced lesions in, 405-409
neuroprotection of. See Neuroprotection
nuclear layer of, 90
outer segment phagocytosis in, 119-122,

499-502
phagocytosis in, 499-502
and phototransduction cascade, 505-506
with Rd1-Bmi1 loss, 209-214
retinal hydrogenases in, 505-509, 506t
role of ABCA4 in, 469
stem cell differentiation for, 383-386
transduction window for, 264
transplantation of, 316
and VEGF, 187-192
See also Cones; Rods

Photosensitivity cells, 101



INDEX 553

Phototherapy (PDT), 297-301, 299f, 310-313
damage from, 406-414

Phototransduction cascade, 505-506
Phototransduction proteins, 413
Pigment epithelium-derived growth factor

(PEDF), 513-517
for neuroprotection, 292-294
and VEGF synthesis in hRPE cells, 

515f-516f
Pigment/pigmentation, retinal, 101-106

depigmented patches on RPE, 96f
regeneration of, 101-106
on retina, 3-7
rhodopsin. See Rhodopsin
See also Retinitis pigmentosa (RP)

Plasmids, 268-269, 363
Polymerase chain reaction (PCR)

with occludin and ZO-1 labelling, 181-182
quantitative reverse transcriptase (QRT-

PCR), 259-261
real time, 235-236
semi-quantitative RT, 148-150, 174

POS. See Photoreceptor outer segments
(POSs)

Posterior pole atrophy, 58f
Prenylation, 92
Primer sequences, 359t
Promotors, tissue/cell-specific, 204-206, 

267-273
Protein kinases

A (PKA), 205, 328, 330-331
C (PKC), 328, 330-331

Protein misfolding, 82, 85-86, 103-104
Protein synthesis inhibition, 457-458
Putrescine, 70-71

Q
Quantitative reverse transcriptase (QRT-

PCR), 259-260

R
Rab escort protein (REP-1), 57, 59
Rat retina. See under Animal models
RCCI-like domain (RLD), 29-32, 30f
RDHs. See Retinol dehydrogenases (RDHs)
Reactive oxygen species, 291
Receptors

avb5 integrin, 120-121, 500-501
Mer tyrosine kinase (MerTK), 120, 

499-502
scavenger CD36, 120

Recoverin, 379-380, 413
Regulator of chromatin condensation (RCCI),

29-32
Retina

acidification of, 414, 439, 444
AIPL1 expression in, 90-93, 472-473
caspase-3 activity in, 334, 365, 449-450,

531
crystal deposits on, 49-52
degeneration of. See Retinal degeneration
development of, 90-93
differences between species, 377-378
exposed to space environment, 419-423
function of, 519-523
NUB1 expression in, 472-473
phototherapy damage to, 297-301
pigmentation on, 3-7, 96f, 101-106
pure-cone type, 137
regeneration of, 377-378
RS1 role in, 284-288
supramolecular Usher protein complexes

in, 349-352
thickness defined, 164, 166
Usher 1 proteins in, 341-347
VEGF overexpression in, 179-184
See also specific retina structures

Retinal
9-cis type, 105
11-cis, 125, 505
all-trans-retinal, 70, 465-467, 466f, 505

Retinal degeneration
age-related/late-onset, 41-47
animal models of, 79-228
assessment of progression, 169-172
basic underlying science of, 455-538
and bHLH transcription factors, 155-160
causes of, 417
cytokine-induced, 275-280
diagnostic, clinical, cytopathological, and

physiologic aspects of, 55-78, 169
and docosa-hexaenoeic acid (DHA), 

536-537
gene therapy and neuroprotection for, 

231-337
and hypoglycemia, 170-172
induced, 405-450
inflammation/inflammatory mediators and,

275-280
LIF expression and, 150-151
molecular genetics and candidate genes in,

3-52
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and oxidative stress, 535-536
phases of, 405
process of, 405-409
in space flight environments, 417-423
stem cell repair of, 381-386
and survival signalling, 531-538
in Usher syndrome, 341-352

Retinal detachment, 163, 167t, 196
Retinal ganglion cells (RGCs)

death of, 397, 399, 401, 449-450
Dil-labelled, 399-400
function of, 389
injury-induced loss of, 447-450
and neurotrophins, 447-449
remodelling in, 397-401
survival after injury (crush) to, 333-337

Retinal perfusion, 188-192
Retinal pigment epithelium (RPE)

amino-retinoid compounds in, 69-73
animal model mutations for, 95-99, 180
apical microvilli of, 519-523
apoptosis of cells in, 363-366
atrophy of, 49, 57-60
culture of, 357-358
differentiation of, 359-360
dysfunction and death of, 41-42, 364, 365f
exposed to space environment, 419-423
function of, 499, 532
human (hRPE), 513-517
inflammatory processes and, 537
lipofuscin in (RPE LF), 63-67, 72-73
neural differentiation of, 357-360
as outer blood-retinal barrier, 179
phagocytosis in, 97, 119-122, 499-502
phototherapy damage to, 297-301
pigment regeneration in, 101-106
retinoid-processing proteins in, 480-481
specific promoter for, 247-252
suitable for transplantation, 366
support of photoreceptors, 95
survival signalling in, 531-538
targeting of, 267-273
tight junction (TJ) proteins in, 179-184
vacuoles in, 96, 98f, 112-113

Retinal stem cells (RSCs), 210, 377-380
Retinal transplantation, 367-374

of fetal retinal sheets, 372-374
mechanical support for, 373-374
pretesting for, 369
procedure for, 369, 373
results of, 369-372

trophic effects and permanence of, 373
visual responses after, 370-372

Retinal vein occlusions, 187, 310-313
Retinal vessel attenuation, 96-97
Retinitis pigmentosa (RP)

autosomal dominant. See Autosomal
dominant retinitis pigmentosa (adRP)

and C214S, 142-143
clinical flowchart of, 17f
defined, 133
and EBP50, 521
GTPase Regulator (RPGR), 29-32
and L185P/Rom-1, 142-143
and macular edema, 309-313
night blindness in, 4
onset times of, 349
and P216L, 142-143
pathogenesis of, 142-143, 349, 351
and peripherin/rds mutations, 141-142
prevalence of, 377
TA injection for, 310-313
treatment of, 147
X-linked (XLRP) mutations in, 29-32

Retinoblastoma (Rb) protein, 214, 
219-222

Retinoids
binding properties of, 466-469
transport and metabolism of, 465-469,

507f
Retinol dehydrogenases (RDHs)

function of Rdh11, 505-509, 506t
interaction with CRALBP, 479-480
Rdh12 expression on, 507-508
RetSDR1 and prRDH, 508
SDR family of, 506-507

Retinopathy of prematurity (ROP), 425
Retinoschisis (RS)

disease mechanisms in, 283-285
gene therapy for, 285-288

Retinyl ester, 101
RGC. See Retinal ganglion cells (RGCs)
Rhodopsin, 102-106

and autosomal dominant RP (ADRP), 
233-238

formation of, 125-130
GRK1 inactivation of, 138
isorhodopsin, 105
levels of, 413
light-activated phosphorhodopsin (R*P),

459-460
misrouting of, 405
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P23H
design and screening with, 234-235
long-term suppression of, 236-238
siRNA effects on, 235-236

rhodopsin kinase (GRK1), 488-489
RhoGDI, 487-488

Rhodopsin mutations, 81, 86
RNA (ribonucleic acid)

induced silencing complex (RISC) of, 233,
305-306

interference (RNAi), 233-238, 305-306
mitochondrial (mRNA), 205, 358-359, 401
short-interfering (siRNA), 233-238, 

527-528
RO.8 promotor, 248-249, 251
ROAI. See Autosomal recessive optic atrophy

(ROA1)
Rod-dependent cone viability factor

(RdCVF), 316-318
Rod-derived cone viability factor (RdCVF), 10
Rod inner segments (RIS), 128f, 130, 455,

459
Rod outer segments (ROS)

detergent-resistant membrane rafts of, 
491-495

development of, 126-128
disrupted structure of, 145
function of, 455, 459
microvilli ensheathing of, 519
phagocytosis of, 69
shortened, 489
tyrosine phosphorylation of, 492-495

Rods
arrestin translocation in, 455-463, 458f
CAIs effect on, 441-445
cGMP-phosphodiesterase b-subunit gene

in, 217-228
cone survival and, 434
defined, 133
degeneration of, 90-91, 93, 105, 141-145
EGFP in, 204-205
function and loss of, 133
hyperoxic effects on, 427f, 428, 431, 434
light flash response of, 83-84
photosensitivity of, 102-103
pigment regeneration in, 101-106
rapid loss of, 368
rod a-waves, 159
rod-cone dystrophy, 10
sensitivity depression in, 125-130
See also Cones; Photoreceptors

ROS. See Rod outer segments (ROS)
Royal College of Surgeons (RCS) rat, 95,

321-325, 368, 500
RP. See Retinitis Pigmentosa (RP)
R*P (light-activated phosphorhodopsin), 

459-460
RPE. See Retinal pigment epithelium (RPE)
RPE65 proteins

as cell markers, 379-380
defined, 240
See also Genes

RS. See Retinoschisis (RS)
RS1 protein (retinoschisin)

characteristics of, 283-284
structure and disease mechanisms of, 

284-285

S
SCs. See Stem cells (SCs)
SDS-polyacrylamide gel electrophoresis

(PAGE), 44-47
Serotonin, 70-71
Short chain dehydrogenase/reductases (SDR),

506-507
Short interfering RNA (siRNA), 233-238,

234-235
Signal peptides, 284
Signal transducers and activators of

transcription (STAT) pathway, 
277-279

Sodium bicarbonate transporter (NBC3), 350
Space flight environments

ionizing nuclei and cosmic rays, 422
microgravity, solar radiation, and O2

fluctuations in, 423
orbital data of, 418
retinal degeneration in, 417-423
Sprague-Dawley rats in, 418-423

Spermine/spermidine, 70-71
Sprague-Dawley rats, 418-423
Staining. See Labelling and staining
Stargardt disease (STGD)

and all-trans retinal, 465-467, 469
genetic factors in, 10-13, 63

STAT pathway, 277-279
Stem cells (SCs)

bone marrow-derived (MSCs), 384-386
brain-derived, 384
characteristics of, 377-380
controversy over use, 382-384
defined, 381-382
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differentiation of, 382
embryonic. See Embryonic stem (ES) 

cells
neural (NSCs), 210-211
retinal (RSCs), 210, 377-380, 383
for retinal repair, 381-386

STGD. See Stargardt disease (STGD)
Subretinal implantation, 321-325
Subretinal space

GFP expression in, 250f
hemorrhage in, 196
histological neovascularization in, 190,

191f
injected with rAAV, 267-273
membranous whorls in, 97
retinal implants in, 321-325
“ubiquitous” promoters in, 264

Sucrose gradient sedimentation, 43, 45
Superior colliculus (SC), 369-372, 

447-449
Suppressors of cytokine signaling (SOCS),

275-280
Survival signalling, 531-538
Synaptic terminals

localization of, 346-347
and neural activity, 351, 352f, 392-393
remodelling of, 406-407

Syntaxin, 379-380

T
Targeted gene replacement (TR), 111-114
Tectum, 389-393
Tetramers/tetramerization, 143
TFIIB-TBP binding complex, 221, 223
Threshold measurements, 170-171
Thrombi/emboli, 187
Thyroid hormone receptor beta 2 (TRb2),

150-151
Tight junction (TJ) proteins, 179-184
Tol2 transposase based systems, 203-204
Topography/topographic maps (retinotectal)

construction of, 390-391
in lizard models, 392-394
restoration of, 389-394, 391-393
upregulation in, 391-392

Toxicity, retinal, 63-67, 69-72, 291-294, 
425-435

Transcription factors
and b-PDE promoter, 218-228
Beta2/NeuroD, 155-160
bHLH (basic helix loop helix), 155-160

Bmi1 repressor, 209-214, 210f
CRX (cone-rod homeobox), 150-151
GAL4, 268-270, 272-273
gene regulation by, 217-228
Nr2e3 (nuclear receptor), 151
NRL (neural retina leucine), 133-138, 148,

150-151
Sp1, Sp3, and Sp4, 218-219, 223-225, 

227
Transducin, 413
Transducin alpha subunit (Ta), 125-126,

129f
Transgene expression, 125-126, 249
Transgene manipulation, 188
Transgenesis/transgenetic technology, 

201-206
limitations and future of, 205-206
in zebrafish, 202-203

Transglutaminase, neural (TGN), 525-529
antiserum production, 525-526
and optic nerve regeneration, 529

Transplantation
of BDNF, 363-366
pretesting for, 369
safety of, 385-386
timing of, 382-383
See also Retinal transplantation; Stem cells

(SCs)
Triamcinolone acetonide (TA), 309-313

procedure for injection, 311
Trophic factors, 373
Tryptamine, 70-71
TUJI. See Neuron-specific b-tubulin III

isoform (TUJI)
TUNEL (terminal deoxynucleotidyl

transferase UTP nick end labelling)
technique, 426-433, 449-450

quantification of, 427-428
Two-alternative forced choice (TAFC)

protocol, 169-172
Tyramine, 70-71
Tyrosine, 492-495

U
Ultraviolet (UV) spectrum, 71-72
Uncoupling protein UCP2, 291-292
Unfolded protein response (UPR), 85-86
Upregulation

of FGF2, GFAP, and c-Jun expression, 427,
431-432

in optic nerve, 525-529
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in topographic maps (retinotectal), 
391-392

USH proteins
molecular analysis of, 349-352
supramolecular complexes of, 350-351, 

352f
and Usher syndrome, 346

Usher syndrome (USH), 341-347, 349

V
Vacuoles in RPE, 96, 98f, 112-113
Vascular endothelial growth factor (VEGF)

controlling expression of, 303-306
and hypoxia, 163-164, 167, 198-199
and neovascularization, 180-184
retinal overexpression of, 187-192
synthesis inhibition in, 513-517
tight junction (TJ) proteins in, 182-184

Vasoproliferative retinopathy, 187-192
Vector titers, 258-261
VEGF. See Vascular endothelial growth factor

(VEGF)
Vein occlusions, 187, 310-313
Veins. See specific veins
VER (visual evoked response), 24f
Verteporfin (Visudyne), 36, 297-301
Vimentin, 379-380

Vision
assessment in mice, 169-172
central, 196, 283
color vision, 23f, 439
night blindness (nyctalopia), 4, 23, 49
peripheral, 283
sudden loss of, 196

Visual acuity
after TA injection, 312f
measurement of, 170-172, 171f

Visual cycle physiology, 47, 481
Visual evoked response (VER), 24f
Visual fields, 23f
Vitreous

hemorrhage into, 196
See also Intravitreal injections

W
Western blot of RPE65 expression, 250f

X
X-linked retinitis pigmentosa (XLRP), 29-32
Xenopus laevis, 141-145, 219-222, 456-457

Z
Zebrafish (Danio rerio) retina, 201-206
ZO-1 labelling, 181-184



Figure 9.4. Histopathology of choroideremia in a specimen taken from another patient. There is fibrosis of the
choroid and only a single choroidal artery remains. The retinal pigment epithelium and outer nuclear layers 
are absent. The inner nuclear layer rests against Bruch’s membrane. H&E ¥330. Reprinted from: Spencer WH,
Ophthalmic Pathology, An Atlas and Textbook (CD-ROM), Figure 9-723, 1997, with permission from Elsevier.

Figure 9.3. Ocular coherence tomography (OCT) through the optic nerve (arrowheads) and macula of the right
eye shows an abrupt demarcation (asterisk) between the island of intact retina and the area of atrophy. The outer
retina and RPE are absent, but a thin layer of inner retina and Bruch’s membrane (arrows) are intact within the
area of atrophy, consistent with histopathological samples from other patients with choroideremia (Compare to
Figure 9.4). Increased signal from the choroid underlying the atrophic area could be consistent with fibrosis of the
choroid.



Figure 36.3. Flourescent fundus image showing widespread GFP expression in rat retina 1 week after subretinal
injection of 3mL VSV-CbA-GFP lentiviral vector (A). Fundus image of same rat under white light illumination
(B). Arrows indicate small hemorrhage resulting from subretinal injection. Both images acquired with a Retcam
II imaging system (Massie Research, Pleasanton, CA).



Figure 36.4. High magnification view of GFP positive photoreceptors of mouse retina injected subretinally with
VSV-CMV-GFP LV vector at age P7 (A). Lower magnification view (B) of the same retina shown in (A) where
RPE and photoreceptors are seen expressing GFP. Expression of GFP restricted to the RPE layer in P14 mouse
retina injected with VSV-CMV-GFP LV vector (C). Injection track mark shown (arrows) and evidence of immune
response from autoflourescent macrophages bordering track mark (D). Low magnification view showing extent of
GFP expression along entire length of the RPE (E).



Figure 41.2. Multifocal ERG performed 1 week after PDT demonstrates reduced local retinal function in areas
of PDT-treated retina. (A) Averaged responses from 6 normal rat eyes shown topographically demonstrate slightly
reduced retinal function at the location of the optic disk (white circle). (B) Responses are reduced centrally in the
PDT-treated area of an eye treated with PBS 2 days prior to PDT. (C) The contralateral, BDNF-treated eye shows
improved retinal function in the PDT-treated area. (D) Superimposed multifocal ERG responses from the eyes
shown in (B) (black traces) and (C) (red traces) show improved function centrally in the BDNF-treated eye. Repro-
duced with permission of Investigative Ophthalmology and Visual Science in the format Other Book via Copy-
right Clearance Center from Paskowitz et al., Invest Ophthalmol Vis Sci 2004;45:4190-4196.



Making a map Making a map –– a two step process a two step process
1. Coarse map: 1. Coarse map: activity-independent mechanismsactivity-independent mechanisms

   molecular guidance cues   molecular guidance cues

2. Refinement: 2. Refinement: activity-dependent mechanismsactivity-dependent mechanisms

CaudalNasal Temporal Rostral

retina tectum

Figure 55.1. Diagram of two overlapping phases involved in restoration of retinotectal topography. During 
the activity-independent phase (left panel), RGC axons (dots in retinal outline) project axons with wide-spread 
terminal arbors in the optic tectum (jagged shapes in tectal outline). In the second phase, activity-dependent 
mechanisms focus terminal arbors and produce precise topography.

Figure 55.2. Visual training restores topography. Top panel: retinotectal maps assessed electrophysiologically.
Numbers in tectal outlines (top) indicate electrode positions and those in retinal outlines (bottom) indicate the loca-
tion of receptive fields. In normal and trained animals (left and centre) the map is topographic (rows). In untrained
animals (right), topography is lacking. Bold numbers represent robust responses, non-bold weak responses. Bottom
panel: retinotectal topography as assessed anatomically. Dorsal view of the optic tectum after placements of the
carbocyanine dyes DiI (square dotted lines) and DiAsp (round dotted lines) respectively in dorsal or ventral retina.
A retinotopic map is observed in normal and trained, but not untrained (complete overlap of dye labelling), animals.
Reproduced with permission from J. Neurotrauma.



Figure 60.1. Rod and cone death induced by hyperoxia. Blue is bisbenzamide labeling of DNA, showing (A-D)
the major layers of the retina (i – inner nuclear layer, o - outer nuclear layer). Red is TUNEL-labeling. Green in
E - H is PNA labeling of cone sheaths. A: Young adult C57BL/6J retina, kept in room air (normoxic control). 
B, C, D: Young adult C57BL/6J retina after 14d, 21d and 35d in hyperoxia. These images show the most affected
region of retina, at each exposure time. TUNEL labeling is restricted to the ONL up to 14d of exposure, but label-
ing of the INL is evident at 21d and 35d. E-H: Regions at the outer surface of the ONL. Occasional TUNEL+
nuclei were closely associated with cone sheaths (labeled green with PNA lectin). F is part of E, at higher power.
The scale bar in E represents 10mm in E, and 5mm in F, G, H.



Figure 60.4. Protein up-regulation induced by hyperoxia. Blue is bisbenzamide labeling of normal DNA, showing
nuclei of the major cell layers (i – inner nuclear layer, o – outer nuclear layer). Red in A – C is immunolabeling
for GFAP; green is immunolabeling for FGF-2. In D – I, blue is bisbenzamide labeling, red is labeling for c-Jun.
while green is labeling for either cytochrome oxidase (D, E, G, H) or PNA (F, I).

Figure 63.2. Arrestin-GFP translocation in rods from transgenic tadpoles treated or not treated with CHI. Con-
tralateral eyes from the animals used in Figure 63.1 were cryosectioned and the endogenous fluorescence of the
arrestin/GFP fusion protein visualized using confocal microscopy. Tadpoles were dark adapted overnight (DA),
exposed to light for 45min (LA 45min), or to light for 240min (LA 240min).



Figure 63.4. Translocation of myc-tagged arrestin-GFP fusion in transgenic tadpoles. Confocal images were
obtained from cryosections of xAr-myc-GFP transgenic tadpoles that were dark-adapted overnight (DA) or exposed
to light for 45min (LA 45min). The endogenous fluorescence of the GFP protein was imaged.

Figure 63.6. Confocal images of xAr-4K Æ Q-GFP translocation in rod photoreceptors. Transgenic tadpoles were
dark-adapted overnight (DA), light adapted for 50min (LA 50min), or light adapted for 240min (LA 240min).
Images show the endogenous fluorescence of the GFP in the fusion protein.
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