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ABSTRACT

Purpose: To test the hypothesis that delayed dark adaptation in patients with macular degeneration is due to an excess of free
unliganded opsin (apo-opsin) and a deficiency of the visual chromophore, 11-Cis retinal, in rod outer segments.

Methods: A total of 50 human autopsy eyes were harvested from donors with and without macular degeneration within 2-24 hrs.
postmortem. Protocols were developed which permitted dark adaptation of normal human eyes after death and enucleation.
Biochemical methods of purifying rod outer segments were optimized and the concentration of rhodopsin and apo-opsin was
measured with UV-visible scanning spectroscopy. The presence of apo-opsin was calculated by measuring the difference in the
rhodopsin absorption spectra before and after the addition of 11-cis retinal.

Results: A total of 20 normal eyes and 16 eyes from donors with early, intermediate and advanced stages of macular degeneration
were included in the final analysis. Dark adaptation was achieved by harvesting whole globes in low light, transferring into dark
(light-proof) canisters and dissecting the globes using infrared light and image converters for visualization. Apo-opsin was readily
detected in positive controls after the addition of 11-cis retinal. Normal autopsy eyes showed no evidence of apo-opsin. Eyes with
macular degeneration also showed no evidence of apo-opsin, regardless of the severity of disease.

Conclusions: Methods have been developed to study dark adaptation in human autopsy eyes. Eyes with age-related macular
degeneration do not show a deficiency of 11-cis retinal or an excess of apo-opsin within rod outer segments.
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INTRODUCTION

DEFECTS IN VISUAL CHEMISTRY IN MACULAR DEGENERATION PATIENTS

Age-related macular degeneration is the most common cause of visual loss in patients over the age of 75 years in the United States and
other developed countries. The etiology is multifactorial and is linked to environmental insults, cardiovascular disease and genetic
polymorphisms involving the innate immune system.'™ Ninety percent of patients suffer from the dry form of the disease, which is
characterized by the accumulation of drusen, basal laminar and basal linear deposits, thickening of Bruch’s membrane, atrophy of
retinal pigment epithelial cells and photoreceptor degeneration.'””’

Patients with macular degeneration describe numerous symptoms that point to abnormalities in the chemistry of vision. Poor night
vision and transient scotomas, glare and light intolerance, loss of discrimination and resolution, visual illusions and hallucinations, are
symptoms which fall into the categories of impaired dark adaptation,® impaired light adaptation,’ abnormal synaptic remodeling,'® and
disrupted feedback inhibition. "'

Visual abnormalities caused by biochemical defects in the visual cycle and the visual transduction cascade have been described in
detail using suction pipette recordings and ERGs in amphibians,'*"* primarily because of the larger size and accessibility of their
photoreceptor cells, and in the mouse, whose genome can be genetically modified."”” However, the biochemical roadblocks which
cause abnormalities in macular degeneration patients have not been identified. This is due to the lack of a good animal model of age-
related macular degeneration that replicates the human condition and the inherent difficulty studying biochemical processes in living
patients. Human autopsy tissues are available, but there are numerous challenges, including the lack of methodology for collecting and
maintaining tissue in a viable state for study. In spite of these challenges, understanding the biochemical defects causing visual
symptoms in patients with age-related macular degeneration could reveal important details about the pathophysiology and assist with
the development of new therapies. For this reason, one of the goals of this proposal was to develop better methods for studying the
biochemistry of vision in autopsy eyes from patients with macular degeneration.

DARK ADAPTATION AND MACULAR DEGENERATION

One of the earliest symptoms in patients with macular degeneration is difficulty adjusting to dim lighting after exposure to bright
lights.'® This adjustment from bright to dark lighting conditions or dark adaptation requires the restoration of rod photoreceptor
sensitivity, which is decreased in proportion to the extent of light exposure. While there is a normal delay in the ability of the healthy
eye to recover vision after exposure to bright light, patients with macular degeneration have an excessive delay before they can adjust
to low light conditions, on the order of 3-5 fold or even longer (Figure 1). In a normal healthy eye, the ability to regain a moderate
level of visual sensitivity in darkness will occur within 6 minutes, whereas in a patient with macular degeneration, the time varies in
proportion to the stage and severity of the disease.'” Delays more than 30 minutes are relatively common in patients with advanced
disease.

Why do patients with macular degeneration have prolonged delays in the time required to adjust to low light conditions?
Restoring photoreceptor cell sensitivity requires regeneration of the visual pigment rhodopsin in the rod photoreceptor cells. This
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reaction occurs when the chromophore, 11-cis retinal, binds to apo-opsin in the outer segments of rod photoreceptor cells. The reason
for the delay in dark adaptation in macular degeneration patients is not known, but is likely due to an abnormality in one or more of
the pathways that govern the regeneration of rhodopsin: (1) Restocking the supplies of chromophore, 11-Cis retinal, in the visual cycle,
(2) Release and decay of the light-activated chromophore, all-trans retinal, (3) Turnoff of the active photopigment Meta II, and/or (4)
Regeneration of the unphosphorylated form of rhodopsin. A brief review of the basic biochemistry of these three processes will be
described in the following sections.
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FIGURE 1.

Dark Adaptation Curves using the AdaptDxTM dark adaptometer from patients without (A) and with macular
degeneration (B). The time at which the scotopic vision recovers to a sensitivity of 3 log units [5x10-3 scot cd/m2] is 5.3
minutes in the normal eye and over 18 minutes in the eye with macular degeneration.

Human Visual Pigments

The human eye perceives light in the visible spectrum using four visual pigments. The visual pigments consist of a low light receptor,
rhodopsin, which is located in the outer segments of rod photoreceptor cells, and three distinct cone pigments, red, green and blue,
which reside in separate cone photoreceptor cells. The visual pigments are comprised of four related G protein-coupled receptors
(GPCRs), known as opsins, and a single chromophore, 11-Cis retinal, that binds to all opsins through a protonated Schiff base linkage.
1819 Although the cone pigments use the same chromophore, 11-Cis retinal, the absorption spectrum of each cone pigment is different
and is determined by the interaction of 11-cis retinal with the unique amino acid sequences within the chromophore binding pocket.*’
This feature, spectral tuning, allows each visual pigment to absorb light within a specific yet different range of wavelengths.
Following light absorption, the pigments are described as “bleached”, a historical term which refers to the color change when the low
light receptor, rhodopsin, changes from a deep red color to an orange and later pale yellow color.

11-cis retinal is unique as a ligand for GPCRs because it functions as an inverse agonist that blocks signaling through the G protein
transducin in the fully dark-adapted state yet activates signaling following isomerization by light. The ability of 11-cis retinal to lock
the visual pigments into an inactive state is a key mechanism for maintaining a high degree of visual sensitivity in the retina,
particularly in rod photoreceptors, where they can respond to a single photon of light.'

The Visual Transduction Cascade

In the presence of light, 11-cis retinal isomerizes into all-trans retinal. In spite of the relatively small size of retinal, the isomerization
reaction has significant structural consequences on the larger opsin moiety, which forms a rapid series of structurally related photo-
intermediates that progress to the fully active structure known as meta-rhodopsin II (Meta II), and an inactive storage form, known as
Meta I11.>! Meta II binds a heterotrimeric G-protein transducin, leading to a catalytic exchange of GDP for GTP in the alpha subunit of
transducin which activates the cyclic nucleotide phosphodiesterase (PDE6) [For reviews, see’*]. The resulting effect is a decrease in
free cGMP that leads to closure of the cGMP-gated ion channels in the plasma membrane, a decrease in intracellular Ca* levels and a
decrease in the circulating dark current that controls neurotransmitter release at the photoreceptor synapse.

An important regulatory event in the visual transduction cascade is the rapid inactivation of the active photoproduct Meta II, which
occurs either by formation of the inactive photoproduct Meta III*' or through an energy dependent process that involves ATP-
mediated phosphorylation by rhodopsin kinase and secondary binding by arrestin.”

Shutting off the Visual Transduction Cascade

Like all GPCRs, the active state of Meta II rhodopsin is quickly quenched to turn off the signal. This regulatory mechanism attenuates
the response so that rapid changes in the environment can be detected.** Abnormalities in the reactions that quench Meta II and the
reactions that reverse these changes will negatively impact the kinetics of dark adaptation.>?® In the case of rhodopsin, Meta II is
quenched by the phosphorylation of serine and threonine residues by rhodopsin kinase (Grkl) and subsequent arrestin (Arrl)
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binding.*”?" Mice that fail to quench active Meta II either due to impaired rhodopsin kinase activity or arrestin binding exhibit

delayed dark adaptation kinetics.”*** Likewise, conditions that fail to dephosphorylate rhodopsin will slow complete dark adaptation
and decrease photoreceptor cell sensitivity.*

Stiles-Crawford and the Equivalent Background Intensity Theory of Dark Adaptation

In 1932, Stiles & Crawford proposed a theory of dark adaptation which equated the decrease in photosensitivity after bright light
exposure, termed desensitization, to a steady background of light that was described as a luminous veil.**** This phenomenon of
equivalent luminance and dark adaptation was studied using psychophysical methods in humans by multiple investigators.**** Various
hypotheses were put forth to explain the cause of the background light response, including neural adaptation and a decrease in
rhodopsin levels.”® Eventually, interest focused on a long lasting photoproduct of bleaching, a molecule which activates the visual
transduction cascade at low levels until it decays.””* One of these putative photoproducts was free unliganded opsin or apo-opsin.

Constitutively Active Opsin

In the absence of bound 11-cis retinal, the apo-opsin molecule is constitutively active, capable of activating transducin at a low level
in the absence of ligand and independent of light.”* Single cell electrophysiologic studies have demonstrated that bleached rods
contain constitutively active apo-opsin which remains desensitized to light until the addition of 11-cis retinal regenerates
rhodopsin.***” While the efficiency of visual transduction by apo-opsin is very low (10'6) compared to the activity of active meta-
rhodopsin I1***%, the constitutive activity of significant amounts of apo-opsin will activate the visual transduction cascade to a
sufficient degree to decrease the circulating current. This will cause the cell to behave as if it is light adapted, raising the rod threshold
and decreasing night vision.*** Fain and Lisman originally proposed that constitutively active apo-opsin could cause the
photoreceptor degeneration seen in severe cases of Vitamin A deficiency and certain forms of retinitis pigmentosa.’’’ This popular
hypothesis gathered additional support when the RPE65-/- mouse, which contains unliganded opsin due to a secondary deficiency in
11-cis retinal, showed light adapted characteristics, with poor rod photosensitivity, decreased circulating current and secondary
photoreceptor cell degeneration.*

11-cis Retinal and The Visual Cycle

Dark adaptation requires restoring rod photoreceptor cell sensitivity to low levels of light. This process is dependent on multiple
biochemical steps needed to reestablish the dark current. Equally important, this process is also dependent on the regeneration of
rhodopsin, which requires a new supply of 11-cis retinal from the visual cycle (see reviews’”>"). The synthesis and recycling of 11-cis
retinal is a highly cooperative process involving multiple enzymes and transporters in both the photoreceptor cell and the RPE cell.
After rhodopsin is activated by light to form meta-rhodopsin II, all-trans retinal is released from the retinal binding pocket of opsin
into the intradiscal space where it binds to a retina-specific ATP binding cassette transporter (ABCR)**** that transports the bound
retinoid across the disc membrane into the cytoplasmic space, where it is reduced to all-trans retinol (vitamin A) by all-trans retinol
dehydrogenase (RDH12).>* It is then transported to the RPE*® where it is esterified by lecithin retinol acyltransferase *’to form all-
trans retinyl esters, an important storage form for vitamin A.*® In the next step, 11-cis retinol is released from all-trans retinyl esters
by isomerization and hydrolysis by RPE65.%%* 11-cis retinol is oxidized to the chromophore 11-cis retinal by retinol dehydrogenase 5
and then transported back to the photoreceptor cell to combine with apo-opsin and regenerate rhodopsin. Mutations in specific genes
involved in the processing and transport of retinoids between the photoreceptors and RPE disrupts the visual cycle, leading to
numerous retinal degenerations, including retinitis pigmentosa, congenital stationary night blindness, Leber’s congenital amaurosis,
retinitis punctate albescens and Stargardt’s disease (see review™).

VITAMIN A DEFICIENCY-HISTORICAL OVERVIEW AND CLINICAL INSIGHTS

To understand the potential relationship between impaired dark adaptation, 11-Cis retinal insufficiency and macular degeneration, it is
useful to review the studies of Vitamin A deficiency and the visual defects, pathophysiology and therapeutic insights that are relevant
to this thesis.

George Wald, John Dowling and others described the pathologic and functional consequences of vitamin A deficiency in mice,
rats and cats. **°° Using animals kept in cyclic light, they showed that abnormal dark adaptation did not develop until vitamin A stores
were significantly depleted from the liver. Thereafter, abnormal ERG changes progressed rapidly. Within two months of vitamin A
deficiency, rhodopsin declined to 2% of normal levels. Apo-opsin could be measured in retinal extracts for the next 2-3 weeks.
Thereafter, progressive outer segment degeneration occurred and the structural integrity of the outer retina was permanently
damaged.®*®® By six months of vitamin A deficiency, complete outer segment degeneration and significant inner segment
degeneration occurred and by ten months, there was extensive, permanent retinal degeneration.** In addition, the mortality rate of
vitamin A deficient animals was high, as the majority of mice died within 9-10 months.

Noell reported that the functional effects of vitamin A deficiency directly correlated with the lighting conditions in the animal
facility.”” He showed that vitamin A deficient rats would maintain normal ERGs and normal rhodopsin levels for 5-6 months if the
rats were maintained in complete darkness, whereas those exposed to cyclic light would progress to severe retinal degeneration in the
same time frame. These studies support the idea that occupancy of the retinal binding pocket in rhodopsin is an important requirement
for normal photoreceptor function and survival.

Important clinical insights have been gained from examining the outcomes of vitamin A supplementation in animals with vitamin
A deficiency. Animals supplemented during the early stages of deficiency are capable of regenerating outer segments and recovering
normal ERGs. However, by the time inner segment degeneration begins, the recovery of the outer nuclear layer is limited.
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Photoreceptor outer segments can regenerate from surviving cells, but the thickness of the outer nuclear layer cannot be restored to
normal if outer nuclear thickness has already decreased.

These findings explain the variable recovery seen in patients with vitamin A deficiency. While some patients with mild vitamin A
deficiency recover completely, others recover only partially. The recovery appears to be related to the underlying structural integrity
of the photoreceptors before the replacement therapy is initiated, just as the restoration of normal ERG thresholds and structural
morphology in the animal models correlate with the severity of photoreceptor degeneration that occurs before vitamin A is restored to
the diet.+%>¢%

In summary, the historical observational studies with vitamin A deficient animals indicates that the lack of 11-cis retinal leads to
prolonged dark adaptation, abnormal photoreceptor cell morphology and ultimately irreversible photoreceptor degeneration. The
correlation between delayed dark adaptation, 11-cis retinal deficiency and photoreceptor degeneration supports the hypothesis that
deficiencies in 11-cis retinal could be related to the pathologic and functional defects seen in patients with macular degeneration.

Animal Models with 11-cis Retinal Deficiency

Mouse models with genetic mutations have provided opportunities to study the mechanisms that lead to visual impairment and
photoreceptor degeneration in the setting of 11-cis retinal deficiency. The RPE65(-/-) mouse does not synthesize 11-Cis retinal, and
the photoreceptors have an excess of unliganded opsins. In the absence of 11-Cis retinal, the opsins in the rod photoreceptors are
constitutively active, stimulating the visual transduction cascade at levels which mimics the effect of low light.**** This model
develops photoreceptor degeneration and demonstrates that occupancy of the retinal binding pocket with 11-cis retinal is important for
normal photoreceptor cell survival.®*"

Certain genetic models of retinitis pigmentosa contain mutations in the retinal binding pocket of opsin that lead to constitutive
activity of the phototransduction cascade.””"”> The most notable examples are the rhodopsin mutations at Lys-296 and Glu-113, the
amino acids that bind to 11-cis retinal to form the protonated Schiff base and the salt bridge which locks rhodopsin into an inactive
configuration. Mutations at either of these sites disrupt normal binding, leading to rhodopsin structures that are highly constitutively
active.”"™ Mice harboring the constitutively active K296E mutation show severe photoreceptor degeneration as a result of
mistrafficking of rhodopsin, which is heavily phosphorylated and bound to arrestin.”

Human Diseases Associated with 11-cis retinal Deficiency

A deficiency in 11-cis retinal has been linked to a number of human retinal diseases associated with dark adaptation defects, including
vitamin A deficiency from liver disease, colon resections or dietary nutritional shortages and mutations in genes involved in the visual
cycle such as RPE65, retinol dehydrogenases (RDHS & 12) and cellular retinaldehyde binding protein (CRALBP).

Mutations in the RPE65 gene have pointed toward the importance of constitutively active opsin as a mechanism associated with
retinal disease. RPE65 mutations block 11-cis retinal synthesis by inhibiting the isomerization and hydrolysis of all-trans retinyl
esters into 11-Cis retinol, which results in an excess of constitutively active opsin® and a severe form of childhood retinal
degeneration, known as Leber’s Congenital Amaurosis (LCA).” The strong relationship between the retinoid deficiency and retinal
degeneration has been demonstrated by the visual improvement in patients whose supply of 11 cis-retinal has been replaced by either
gene therapy’® or by oral replacement of 9-cis retinyl acetate, a prodrug that is converted into 9-cis retinal by the RPE cell.”’

Less severe disease causing delayed dark adaptation in the setting of 11-Cis retinal deficiency is seen in patients with congenital
stationary night blindness, a condition caused by mutations in retinol dehydrogenase 5 (RDHS5). These patients have pronounced
defects in dark adaptation due to a roadblock in the conversion of 11-cis retinol to 11-Cis retinal in the RPE.” In these cases the
photoreceptors are preserved, and there is no significant retinal degeneration. It has been suggested that other enzymes in the RPE will
compensate for the loss of RDHS, although at a much slower rate. Meanwhile, patients with RDH12 mutations accumulate excess all-
trans retinal in the photoreceptor as a result of decreased reduction of all-trans retinal to all-trans retinol (vitamin A). This defect
slows down the visual cycle, reduces recycling of 11-cis retinal and leads to severe retinal degenerations at an early age.”

Another condition causing night blindness from decreased 11-Cis retinal stores is found in patients with retinitis punctate
albescens. This condition is caused by mutations in cellular retinaldehyde binding protein (CRALBP),*®" which delivers 11-cis
retinol in the RPE to retinal dehydrogenase for oxidation to 11-Cis retinal.**** These patients have minimal rod function but are able to
dark-adapt following prolonged time periods.

HYPOTHESIS

In this thesis, we test the hypothesis that an excess of apo-opsin is present within the rod outer segments of patients with macular
degeneration as a result of a deficiency of 11-cis retinal. The hypothesis explains many of the visual symptoms that are described by
our patients, including prolonged dark adaptation and transient scotomas on awakening. We reason that the reduced macular
sensitivity® is consistent with a moderate level of “background noise”, which could be attributed to the constitutive activity of apo-
opsin in the photoreceptor cells, as originally proposed for cases of vitamin A deficiency and certain forms of retinitis pigmentosa.**”
394142 We also predict that the rod photoreceptors in macular degeneration patients might follow a similar outcome as the
photoreceptors in Vitamin A deficient animals and the RPE65 (-/-) mouse in which the deficiency of 11-cis retinal leads to
photoreceptor degeneration.*’

To pursue this hypothesis, we (1) developed methods of dark adapting normal human autopsy eyes, (2) refined methods to isolate
rod outer segments from a single human retina and (3) measured the levels of apo-opsin in human retinal extracts by regenerating
rhodopsin with exogenous 11-Cis retinal.
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MATERIALS AND METHODS

REAGENTS

Frozen bovine retinas were obtained from W.L. Lawson LLC (Omaha, NE). 11-Cis retinal was a kind gift from Dr. Rosalie Crouch
(Medical University of South Carolina, Charleston, SC) and the National Eye Institute. Hydroxylamine hydrochloride, fatty-acid free
bovine serum albumin and dithiothreital (DTT) was purchased from Sigma-Aldrich, Inc. (Saint Louis, MO). n-dodecyl-B-D-
maltopyranoside, (DM) Anagrade, was purchased from Affymetrix Inc. (Maumee, OH). Protease inhibitor cocktail tablets were
purchased from Roche.

COLLECTION OF HUMAN AUTOPSY EYES

A waiver from full IRB review was obtained from the Scripps Office for the Protection of Research Subjects for the collection of
human autopsy eyes. The donor tissue was obtained from the San Diego Eye Bank with the consent of the patient’s family and was
consistent with the tenets of the Declaration of Helsinki. The tissues were de-identified to maintain patient confidentiality and
recorded by eye bank number. Eye bank technicians recorded past medical and ocular history from family members, specifically any
details about macular degeneration, injections and smoking history.

BIOCHEMICAL ISOLATION AND PURIFICATION OF BOVINE ROS

Bovine rod outer segments containing rhodopsin were purified in milligram quantities from frozen bovine retinas and used as a
positive control for the experiments and methodology outlined in this proposal. Bovine rod outer segment purity was consistently
high with 280nm/498nm absorbance ratios <2.5, which is indicative of the bulk of the total protein being rhodopsin. The methods for
purifying ROS, measuring rhodopsin concentration, bleaching and regeneration were similar to the standard techniques used for
bovine rhodopsin.®

Purification of Dark-Adapted Bovine ROS

Bovine rhodopsin was obtained from purified bovine rod outer segments, isolated according to a modification of the sucrose flotation
technique described by Papermaster.®

Frozen aliquots of 50 bovine retinas were thawed under dim indirect red light (GBX-2 Kodak safe light filter with 15 watt bulb) at
4°C. The outer segments were mechanically dislodged in 75 ml of cold 47% (w/w) sucrose in Buffer A (20mM Tris HCI (pH 7.4), 1
mM CaCl,, 2mM DTT), supplemented with protease inhibitors. The slurry was transferred into tubes and centrifuged at 17,500 rpm in
a SS34 rotor for 20 minutes. The lipid rich rod outer segments were collected from the surface and diluted with 100 ml Buffer A. The
sample was pelleted at 13,500 rpm in a SS34 rotor at 4°C. The pellet was resuspended in Buffer A and loaded over a discontinuous
sucrose gradient (30% (W/w), 25% (w/w)), and centrifuged at 25,000 rpm for 30 minutes at 4°C in an SW28 rotor. The heavy ROS
band was removed from the 25-30% sucrose interface and diluted 1:1 with 80 ml of Buffer A. The sample was spun at 17,500 rpm in
an SS34 rotor for 10 min at 4°C and rinsed with 50 ml of 10mM Tris HCL, (pH7.4), 100 mM NaCl, 5 mM MgCl,, 2mM DTT. The
pellets were rinsed twice in 50 ml 10mM Tris HCI (pH 7.4), 0.1 mM EDTA and centrifuged for 20 mins at 17,500 rpm in an SS34
rotor. The rod outer segments (ROS) were stored in 10mM Tris HCI (pH 7.4), 0.1 mM EDTA at -80°C.

Measurement of Rhodopsin Concentration

Rod outer segments were solubilized in the presence of 0.05% DM and the spectrum of rhodopsin was recorded using a PerkinElmer
Lambda 18 UV-Visible scanning spectrometer. The difference in the absorbance spectrum at 498nm was measured in the presence of
20 mM NH,OH (pH 6.5) after illumination with a yellow light from a high intensity Halogen light source (300 watt) equipped with a
520nm cut-off filter. The calculation of rhodopsin concentration was based on Beer’s law with the rhodopsin extinction coefficient of
40,600 M cm™.*® The purity of the rhodopsin was calculated from the 280/498 ratio.

Preparation of Apo-opsin from Bovine ROS

Apo-opsin was prepared from native rhodopsin by bleaching with yellow light from a high intensity Halogen light source (300 watt)
equipped with a 520nm cut-off filter for 15 min at 4°C in Hanks Balanced Salt Solution (HBSS) containing 20 mM NH,OH (pH 6.5).
The outer segment membranes were washed three times in 2.5% fatty acid free bovine serum albumin (BSA) at 4°C in HBSS to
remove retinal oximes (Beckman Optima TLX, 30,000 g, 20 min), followed by three washes in HBSS to remove the BSA. The final
pellet was resuspended to the original volume in buffer. Opsin concentration was determined after incubation with excess 11-Cis
retinal to regenerate rhodopsin.

Regeneration of Rhodopsin and Measurement of Apo-opsin

Rhodopsin was regenerated from apo-opsin by adding an excess of 11-Cis retinal from a 100% ethanol stock, maintaining the final
ethanol concentration at or below 1.0%. Regeneration was monitored over 15-20 minutes using scanning spectrophotometry and the

difference between the initial absorption of rhodopsin and the final absorption was used to calculate the concentration of apo-opsin in

the sample using Beer’s law and the rhodopsin extinction coefficient of 40,600 M™" cm™ .*¢

COLLECTION OF HUMAN AUTOPSY EYES AND EXTRACTION OF DARK-ADAPTED HUMAN ROS
Retinal Dissection

Whole globes were enucleated within an average of 8.6 hr (+/- 5.5 hr) after death, (median 7.0 hr, range 2-20 hrs, death to
preservation) and placed into dark canisters. The whole globes were stored in light-proof stainless steel canisters in a cooler with wet
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ice during transportation to the laboratory. The globes were dissected at room temperature and the retinal extracts were kept at 4° C
during processing. The globe dissection was performed under infrared lighting using infrared image converters to eliminate any
chance of bleaching rhodopsin with the moderate-high intensity red light that was needed to visualize the retina well enough to dissect
it from the RPE. The globe was oriented using the medial rectus muscle insertion as a landmark and the anterior segments were
removed at the pars plana using a sharp surgical scissors. The posterior pole was oriented to localize the optic nerve head and the
cortical vitreous was removed with a pipet tip. A small peripheral retinal detachment was created at the pars plana using suction and
blunt forceps and extended circumferentially to create a complete retinal detachment and separate the retina from the retinal
pigmented epithelium. The retina was excised over the optic nerve head with Wescott scissors and placed into a plastic 15 ml cup for
extraction and/or purification of rod outer segments. The dissection was performed as carefully as possible to reduce artifacts on the
surface of the underlying RPE. The freed retina was removed with suction directed over the optic nerve head.

Extraction and Purification of Human Rod Outer Segments

Several protocols were used to extract rod outer segments. All procedures were performed using infrared lighting and infrared image
converters. Retinal extracts were prepared from single eyes.

The first protocol for isolating human rod outer segments was based on the same protocol used for bovine rod outer segment
purification,® previously described.

In other studies, rhodopsin was extracted using a simplified method of detergent extraction.®’” In this protocol, the entire retina was
placed into a plastic beaker with 5 ml H,O and stirred inside dark (light-proof) stainless steel canisters which were positioned over a
magnetic stirrer in the cold room at 4°C. 10.6 nmoles of 11-Cis retinal was added to the beaker containing the right retina in each pair
of eyes. The left retina was extracted without the addition of 11-cis retinal. After 45 min, the retina was transferred to a centrifuge
tube and spun at 15,000 rpm in an SS34 rotor at 4°C. The supernatant was removed and the pellet was extracted on ice with 1.5% DM
for 60 min. The extract was spun at 15,000 rpm in an SS34 rotor at 4°C to pellet insoluble debris. The supernatants were collected
and scanned to calculate the concentration of rhodopsin in the extract. The difference between the final yield in the right eye (+11-cis
retinal) was compared with the left eye (minus 11-Cis retinal) to determine whether the procurement protocol resulted in complete dark
adaptation.

In other studies, rod outer segments were purified in suspension, without detergent, over discontinuous sucrose gradients. This
protocol was a slightly different modification of Papermaster®than the procedure used for bovine ROS and was based on a series of
low speed spins at 4,000-6000 rpm in a Sorvall SS34 rotor using 30% sucrose as the initial extraction solution. Subsequent to
collecting the supernatants from the spins, the suspension was placed over a discontinuous sucrose gradient and spun in an
ultracentrifuge using the same procedure outlined for bovine ROS. The purification was optimized using several different
ultracentrifuge tubes and rotors, before the optimal purity was obtained using the SW41 Ti, swinging bucket rotor.

Methods of Grading Autopsy Eyes
The stage of macular degeneration was evaluated after the retina had been removed in the dark. The remaining eye cup was
transferred to the dissecting microscope in room light where the retinal pigment epithelium was analyzed for abnormalities, including

depigmentation and hyperpigmentation; drusen, geographic atrophy, subretinal fibrosis, scarring and choroidal neovascularization.
Hemorrhage associated with choroidal neovascularization was noted.

RESULTS

EXTRACTION AND PURIFICATION OF HUMAN ROD OUTER SEGMENTS

In spite of having optimized our techniques for purifying bovine rod outer segments in suspension with a high degree of success, the
purification of human ROS from a single retina was challenging. Our initial protocol relied on homogenization techniques described
in the literature for bovine eyes.*> However, the suspensions of human ROS were impure and turbid, which led to excessive light
scattering that masked the absorption differences at 498nm before and after bleaching. In other cases, the small amount of visual
pigment, which typically ranged from 4-7 nanomoles, was lost in the course of multiple spins and extractions that were used during
the purification protocol. In some cases, the pigment was partially bleached during tissue harvesting. We found that even limited
exposure to direct red light during dissection partially bleached the visual pigment extracted from a single retina.

To address these challenges, we switched to infrared light and used infrared image converters to avoid all visible light. We also
used the differential centrifugation and detergent extraction technique reported by Fulton®”*’. This method eliminated the problems
from light scattering as small contaminating lipid vesicles were reduced. Next, we eliminated the detergent extraction and combined
the differential centrifugation spins with a modified sucrose gradient to achieve a high purity of human ROS in suspension. Figure 2
demonstrates a comparison of the absorption spectrums for human rhodopsin from suspensions of rod outer segments prepared using
differential centrifugation without (left panel) and with a discontinuous sucrose gradient (right panel). The purity of rhodopsin in
human rod outer segments improved by 500% as the A,g¢/A49g ratios decreased to 5.7.
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FIGURE 2.

Purification of human rod outer segments over discontinuous sucrose gradients. Left:
Absorption spectra of human rhodopsin in rod outer segments before sucrose gradient
purification. The presence of rhodopsin is indicated by the difference in the absorption reading
at 498 nm before and after light exposure. The Ajg0/Ageg ratio indicates the sample is still
impure.  Right: Absorption spectra of human rhodopsin in rod outer segments after
discontinuous sucrose gradient purification. The A,gy/A4eg ratio indicates a higher degree of
purity.

TECHNIQUES FOR DARK ADAPTING HUMAN AUTOPSY EYES

To accomplish the goals of this study, we first needed to establish methods to achieve complete dark-adaptation of human autopsy
eyes from normal donors. This protocol was essential to conclude that any apo-opsin which we detected in the retinal extracts of
macular degeneration eyes could be attributed to the pathophysiology of disease, as opposed to bleaching artifacts from light exposure
during harvest.

We started with techniques that were published by previous investigators who showed that human retinas isolated from enucleated
eyes after death were capable of dark-adaptation.®” These investigators demonstrated that human ROS were capable of complete
rhodopsin regeneration by adding exogenous 11-Cis retinal to extracts that had only partially dark-adapted. We started with the same
conditions used by previous investigators, established baseline levels for rhodopsin and apo-opsin in our autopsy eye tissue and
refined the protocol to achieve complete dark adaptation.

To establish an initial baseline, we obtained a pair of human autopsy eyes that were harvested in standard lighting conditions 5
hours after death and transported to the eye bank in a cooler on ice. We purified rod outer segments in the absence and presence of
9101 -cis retinal to determine how much dark-adapted pigment was present with the standard protocols used by previous investigators.*”

Table 1 shows a comparison between the rhodopsin yields in the two eyes. We recovered 2 nmoles from the left eye, a relatively
low yield, but one that was not unexpected since the autopsy eyes had been exposed to light during procurement and transportation. In
comparison, we recovered 4.6 nmoles from the left eye, which was processed in the presence of exogenous 11-Cis retinal to test for
light exposure. The retina supplemented with 11-cis retinal contained 2.3 fold more rhodopsin, an increase that was likely due to the
regeneration of rhodopsin from apo-opsin during the incubation with 11-cis retinal. This finding supported our initial expectations
that the standard eye bank processing conditions were unlikely to provide human retinas that were fully dark-adapted.

TABLE 1. RHODOPSIN RECOVERY FROM EYES HARVESTED IN LIGHT

W W e t

Rhodopsin (nmoles)

—_

i
Without 11-cis retinal With 11-ris retinal

1Rho 2 4.6
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To address this problem, we requested that the eye bank personnel harvest the globes in low light conditions and immediately
place the eyes into dark (light-proof) canisters. We expected the human globes would have sufficient metabolic activity to dark adapt
within several hours of death, as shown for bovine retinas which dark adapt for up to four hours after enucleation.”’ Eye bank
technicians were advised not to shine a penlight on the eye to assess for the phakic status before enucleation and to transfer the globes
directly into the dark canisters at the bedside instead of first transporting the globes back to the eye bank per their routine. This
modified harvesting protocol was used with the next four pairs of eyes. Each pair of retinas was extracted with and without excess 11-
cis retinal using infrared light to test for complete dark adaptation. Figure 3 shows a comparison between the rhodopsin yields in this
series. In contrast to the yield with the standard harvesting conditions, the rhodopsin recovery in the modified technique was
consistently high, averaging 5.05-5.15 nmoles/eye. In addition, there was no major difference in the recovery of rhodopsin between
the right and left eyes, suggesting the visual pigment was fully dark-adapted.

We concluded that dark adaptation was possible in postmortem human autopsy eyes using this harvesting method. We used this
modified protocol for all the studies designed to measure apo-opsin in retinas from patients with and without macular degeneration

Rhodopsin Recovery

(¥

Rhodopsin nmoles
N W

1 _— -
0 Without 11-cis retinal With 11-cis retinal
695 5.4 5.3
B701 4.5 5
716 4.7 5
w757 5.6 5.3
Avg 5.05 5.15
FIGURE 3.

Rhodopsin recovery from eyes harvested using dark canisters. Four pairs of autopsy eyes
(Donor # 695, 701, 716, 757) were harvested in low light conditions, immediately placed into
dark canisters and extracted without (solid line) and with (dashed line) exogenous 11-Cis retinal.

DETECTION OF APO-OPSIN IN HUMAN RETINA EXRACTS

To further validate that we could detect apo-opsin in human rod outer segments, we prepared a retina extract from a dark-adapted eye
that was exposed to a bright flash of light before dissection. This retina served as another positive control for apo-opsin. Figure 4
shows the spectral curve of rhodopsin in this sample before and during a 20 minute incubation with 11-cis retinal. The baseline
spectrum is shown in red. Rhodopsin regeneration from apo-opsin is indicated by the progressive increase in absorption at 498 nm at
2 minutes (blue line) and 20 minutes (green line). The bleached spectrum, post-light exposure, was used to calculate the difference
spectrum (purple line), which represents the spectral curve of rhodopsin. The presence of apo-opsin in this extract is demonstrated by
the increase in absorption at 498 nm as opsin binds to 11-Cis retinal to form rhodopsin.
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FIGURE 4.

Detection of Apo-opsin in Human Retina Extracts. (A) The spectral scan of rhodopsin in the extract of an eye
exposed to a bright flash of light was measured before and after the addition of 11-cis retinal, (before, red line;
after 2 min, blue line; after 20 min, green line) and following bleaching with bright light (purple line).
Regeneration of rhodopsin is seen as an increase in absorption at 498 nm (blue arrow). (B) The difference
spectrum was taken by subtracting the scan taken 20 minutes after the addition of 11-Cis retinal from the scan
taken after light exposure (purple line), illustrating the typical rhodopsin peak at 498 nm. The conversion of 11-
cis retinal to all-trans retinal after bleaching is detected as a negative deflection at 380 nm.

MEASUREMENTS OF APO-OPSIN IN NORMAL HUMAN EYES

Once we had established that apo-opsin could be detected in human retinal extracts after light exposure, we began testing extracts
from normal human eyes. Using the harvesting conditions established for dark adaptation, a series of 13 normal human eyes collected
between 2 — 20 hours following death (median 7.5 hrs) were tested for apo-opsin. The initial scan was performed before the addition
of 11-cis retinal, and repeat spectral scans were performed twice during a 20 minute period. The results showed no further rhodopsin
regeneration in any extracts. A representative experiment is shown in Figure 5. The dark-adapted spectrum, shown in red, overlaps
the spectra obtained two minutes (blue line) and 20 minutes (green line) following addition of 11-Cis retinal. There is no evidence of a
progressive increase in absorbance at 498 nm in this sample, nor in any of the retina extracts from normal eyes. In comparison with
the results shown in Figure 3, where a progressive increase in absorbance at 498 nm indicates the presence of rhodopsin regeneration,
these spectral scans did not change. These findings indicate that there is no apo-opsin in the human retina extracts obtained from
normal autopsy eyes in this study.

0.2+

Absorption

0.0 T

5(110 . Btlm
Wavelength (nm)
— Dark Adapted Conc. = 1.65uM
— + 11-cis retinal 2 min
-+ 11-cis retinal + 20 min 498A = 0.067
— + 11-cis + 20 min + hv
FIGURE 5.

Measurements of apo-opsin in normal human eyes. Eyes from a normal donor was dark-adapted
in black canisters and rhodopsin extracts were prepared for the measurement of apo-opsin. The
dark-adapted spectrum of rhodopsin at baseline (red line) and the spectra obtained after
incubation with 11-cis retinal show no difference in absorption at 498 nm (blue arrow) [2 min
(blue line) and 20 min (green line)].
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CHARACTERISTICS OF DONOR EYES WITH MACULAR DEGENERATION

Twelve eyes with macular degeneration were identified during gross microscopic examination of the posterior poles after retinal
dissection. The pathologic findings in these eyes were categorized into three groups, corresponding to early (small drusen) (4 eyes),
intermediate (drusen and macular pigmentary abnormalities) (8 eyes) and advanced macular degeneration (geographic atrophy
involving the central macula and/or subretinal neovascular membranes and/or disciform scarring) (4 eyes). Table 2 describes the
donor eye characteristics. The median death-preservation time of the eyes with early, intermediate and advanced disease was 2.5 hr
(range 2-3 hr); 6.0 hr (range 5-17 hr); 9.5 hr (range 6-13 hr).

TABLE 2. DONOR EYE CHARACTERISTICS

MACULAR AGE DEATH TO MEDIAN

DISEASE
DEGENERATION LEVEL EYES # RANGE PRESERVATION
STAGE ) (HR) (HR) CHARACTERISTIC
None 1 16 56-85 2-20 7.5 No disease
Early 2 4 78-81 2-3 2.5 Small drusen
Intermediate 3 ] 71-88 5.17 6 Drusen and Plgmentary
Abnormalities
Geographic Atrophy,
Advanced 4 4 85-97 6-13 9.5 Neovascular membranes,

Disciform Scars

EXTRACTS FROM EYES WITH MACULAR DEGENERATION CONTAIN NO APO-OPSIN

Using the harvesting conditions established for dark adaptation, retina extracts were prepared and tested for apo-opsin. The initial scan
was performed before the addition of 11-cis retinal, and repeat spectral scans were performed twice during a 20 minute period.
Similar to the findings in the eyes of donors with normal retinas, the retinal extracts of the donors with macular degeneration showed
no evidence of regeneration at 498 nm. These findings demonstrate there is no apo-opsin in the human retina extracts obtained from
autopsy eyes of patients with early, intermediate or late stages of macular degeneration.

A representative example is shown in Figure 6. This pair of eyes was harvested within 6 hrs of death and had photographs of the
retinal pigment epithelium after dissection of the retina to document the ocular pathology. The right-sided photograph is identical to
the left and has been labeled. The photograph shows large macular drusen, retinal pigment epithelial abnormalities, subretinal blood
and punched out areas of geographic atrophy. The fellow eye had identical findings.

Figure 7 shows the results of the measurement of apo-opsin in this retinal extract. Figure 7A shows the dark-adapted spectral scan
of rthodopsin before (red line) and after bleaching with light (blue line). Blue arrow indicates the maximum absorption of rhodopsin.
Figure 7B shows the dark-adapted spectral scans before and after a 20 minute incubation with 11-Cis retinal. No increase is seen in the
absorption at 498 nm (blue arrow) during the 20 minute time period. Figure 7C shows the full spectrum from 700 — 250 nm before
and after incubation with 11-cis retinal and following bleaching with light (11-cis peak at 380 nm; rhodopsin peak at 498 nm). From
this result and the results of the other eyes, we conclude that no apo-opsin can be detected in the retinal extracts from donors with
macular degeneration.

FIGURE 6.

Fundus photograph taken after the dissection of the retina from 97 year-old right eye with advanced age-related macular
degeneration. This photograph shows large drusen, retinal pigmented epithelial abnormalities, blood and areas of
geographic atrophy. The right picture has been labeled.
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FIGURE 7.

Spectral scans of the retinal extracts from the donor eye with advanced macular degeneration
shown in Figure 6. (A) The rhodopsin spectrum before (red line) and after (blue line) bleaching
with bright light. (B) The dark-adapted spectrum after the addition of exogenous 11-cis retinal
(2 min red line; 20 min blue line) to test for rhodopsin regeneration. (C) The full spectral curves
before and after the addition of 11-cis retinal, and after bleaching in bright light. No increase in
rhodopsin absorption is detected at 498 nm (blue arrows).

DISCUSSION

A deficiency in the availability of 11-Cis retinal has been proposed to be a primary cause of many visual symptoms described by
patients with macular degeneration, which include a constellation of dark adaptation abnormalities.**®> These complaints are also
described by patients with vitamin A deficiency, which creates a strong clinical correlation between the symptomatology and a
potential pathophysiologic mechanism. Additional evidence for decreased transport of 11-Cis retinal comes from the pathologic
findings of increased thickening of Bruch’s membrane and the buildup of basal laminar and basal linear deposits,””*”® which
potentially reduces the diffusion of vitamin A from the choriocapillaris to the RPE cells. Reticular drusen could create another barrier
to the transport of 11-Cis retinal from the RPE to photoreceptor outer segments.”””® In addition, a reduction in the production of 11-cis
retinal could also occur with RPE cell dysfunction and cell death.**

To address this hypothesis, we considered several approaches. Knowing that macular degeneration eyes contain a decrease in the
density of photoreceptor cells,”'® we anticipated that measurements of rhodopsin content alone would not be helpful because any
decrease in rhodopsin content could be attributed solely to photoreceptor cell death. Electrophysiology approaches to measure apo-
opsin in patients did not seem feasible and microspectrometric approaches in postmortem human eyes, similar to those used in in the
salamander or mouse, would be challenging due to postmortem changes in photoreceptor viability. We concluded that measuring the
presence of apo-opsin in dark-adapted macular degeneration eyes would be worth exploring.

MEASUREMENTS OF APO-OPSIN IN AUTOPSY EYES

The first outcome of this study is that normal human autopsy eyes can be collected in a dark-adapted state with modifications of
standard harvesting conditions. Previous investigators had found substantial amounts of bleached pigment after harvesting human
retinas in either normal or low light conditions.”””*!°" Transferring the whole globes into dark canisters immediately after enucleation
and the dissection of the human globe and the removal of the retina in the dark using infrared lighting and image converters are key
differences.

The second outcome of this study is that rod outer segments can be extracted and purified from a single human retina for use in
biochemical studies of dark adaptation. Although the initial extraction protocols were performed in detergents, we were able to use
modifications of sucrose gradient methods to recover and purify rod outer segments in suspension to a reasonably high degree of
purity. This allowed us to avoid many problems associated with light scattering during spectroscopy.

The central finding in this study is that we did not identify apo-opsin in the retinal extracts of any of the dark-adapted eyes with
macular degeneration. We predicted that normal eyes had the ability to fully dark-adapt after death but eyes from patients with
macular degeneration would not have the same capacity to if there was a deficiency in 11-cis retinal. This prediction was based on
studies showing normal human and bovine autopsy eyes maintain significant metabolic activity after death, at levels which are
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greatest at 4° C compared to 37° C for at least 4 hours.”"'**'”* Postmortem bovine retinas will regenerate rhodopsin for at least 4
hours®”' and postmortem human autopsy eyes will synthesize ATP, GTP and phosphorylate light-activated rhodopsin for at least 4
hours.'**'® While the metabolic activity of normal retinas is maintained at a high level for 1-2 hours, with a gradual decrease over 4
hours'®, the metabolic activity of autopsy eyes with retinal disease, in this case retinitis pigmentosa, is significantly decreased at 1-2
hours, with 75% less GTP synthesized than in normal postmortem retinas.'” Based on these findings, we predicted the metabolic
activity and synthesis of 11-cis retinal in RPE cells is likely to be significantly reduced in postmortem eyes with macular degeneration
compared to the eyes from patients without disease.

There are several interpretations of our results. First, it is possible that there is no significant deficiency of 11-Cis retinal in the
autopsy eyes of patients with macular degeneration compared to normal eyes. In support of this interpretation, we had strong positive
controls. We were able to detect apo-opsin in normal eyes harvested in standard conditions. In addition, we could detect apo-opsin in
an eye that was transported in dark canisters and then exposed to a bright light flash prior to extraction. This second control shows
that endogenous stores of 11-Cis retinal are not sufficient to fully regenerate rhodopsin in autopsy eyes after bleaching. It also shows
that a metabolically inactive retina is unable to fully dark-adapt after bright light.

However, we are cautious in accepting this interpretation. An important caveat to consider is that all of the autopsy eyes may have
fully dark-adapted with the modified harvesting protocol if the metabolic activity in the retina remained sufficiently high that
rhodopsin regenerated in vivo before enucleation and the dim light used for enucleation did not bleach detectable amounts of visual
pigment. In this scenario, we would not detect apo-opsin in any of the macular degeneration eyes even if there was a relative
deficiency at some point after death. The shortest death to enucleation time that we could achieve was two hours, which is relatively
fast and within a time frame that might be expected to show a deficiency of 11-Cis retinal in the setting of macular disease.
Nonetheless, it is possible that there could have been enough regeneration within two hours in this eye and in the other pair with early
macular degeneration that was recovered within three hours of death. If this was the case and the retina has enough metabolic activity
that rhodopsin could be regenerated in vivo after death, it would be difficult to envision a means to study this hypothesis with autopsy
tissues unless the eyes are removed so early after death that the viability of the tissue is maintained.

A second caveat to consider is that we recovered the whole retina, not just the macula. Since the number of rod photoreceptors
within the central macula is a small percentage compared to the rods across the whole retina, a small amount of apo-opsin in the
macula might not be detectable in these samples, especially if the amount of pigment bleached is a small percentage of the total. We
chose to harvest the entire retina in this protocol to optimize our recovery of purified outer segments from a single retina. The concern
was that purifying outer segments from the small area in the macula would make detection and measurement of small amounts of
rhodopsin even more difficult. Rod outer segments might be extractable from the macula, but sample impurities could possibly mask
the small levels of rhodopsin and light scattering could potentially interfere with spectrophotometric measurements. To address these
challenges in future studies, we could use new spectrophotometers which incorporate small custom integrating spheres that would
overcome the problems caused by extensive light scattering in small crude extracts.

Although this data must be cautiously interpreted with the caveats above, it is worth reconsidering our original hypothesis that a
decrease in 11-Cis retinal transport and an excess of apo-opsin explains the delays in dark adaptation and other visual function
abnormalities seen in patients with age-related macular degeneration. Our data clearly does not support this hypothesis. Furthermore,
other findings raise additional doubts as to its validity. In particular, if 11-Cis retinal supplies are rate-limiting, one might expect high
dose supplementation of vitamin A to lead to a rapid improvement in visual sensitivity, similar to the improvement seen in patients
with vitamin A deficiency and Sorsby’s macular degeneration,'®'%, who recover normal dark adaptation times within a week of
initiating vitamin A treatment.'”'® Like macular degeneration eyes, Sorby’s macular degeneration is associated with an accumulation
of sub-RPE deposits as a result of mutations in tissue inhibitor of metalloprotease III (TIMP3). Jacobson reported two patients with
early and advanced stages of Sorby’s degeneration who showed rapid reversal of delayed dark adaptation and scotopic visual
thresholds within a week after vitamin A supplementation.'® Yet, macular degeneration patients show only marginal improvement in
dark adaptation after 30 days of high dose vitamin A supplementation, with a reduction in the time needed to achieve a log sensitivity
of 3.0 from 38 minutes to 35 minutes, and an increase in the rod slope from 0.15 to 0.17. ' These values achieved statistical
significance but are considerably less impressive than what has been observed after treating vitamin A deficiency. Yet, macular
degeneration is a complex and multifactorial condition and it is highly likely the pathophysiology involves a number of roadblocks,
including complement mediated dysfunction of RPE cells, cell death, delayed transport across a thickened Bruch’s membrane-RPE
interface, decreased recycling of 11-Cis retinal in the visual cycle, and other mechanisms outlined below.

ALTERNATIVE HYPOTHESES

It is worth considering what other steps in the visual cycle might be involved in the delayed dark adaptation observed in patients with
age-related macular degeneration. This is an important exercise because an understanding of other roadblocks in the visual cycle
and/or the visual transduction cascade can direct the development of new treatments.

Alternative hypotheses all implicate a prolonged active photointermediate of bleaching®” and an energy-dependent process that
may not be able to keep up with demand. Among the possibilities are (1) Delayed release and decay of all-trans retinal, (2) Delayed
shutoff of active Meta-rhodopsin II and (3) Delayed or incomplete dephosphorylation of rhodopsin. Mouse models containing
mutations in each of these pathways have shown abnormal dark adaptation with persistent activation of the phototransduction cascade
and reduced rod photosensitivity.”?*"'%!"! It is worth considering whether any of these energy-dependent pathways might be affected
in the setting of macular degeneration.
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Delayed release and decay of all-trans retinal

One alternative hypothesis for delayed dark adaptation implicates a delay in the release and/or decay of the active photoproduct all-
trans retinal. This energy-dependent process occurs after the active photo-intermediate Meta II decays into apo-opsin and all-trans
retinal. If stores of all-trans retinal are not removed, it is capable of diffusing back into the retinal binding pocket of apo-opsin and
reinitiating visual transduction.''>'"* This event will activate transducin at a much higher level than the constitutive signaling of apo-
opsin and has been proposed to contribute to the reduction in photosensitivity seen after light exposure.”''® To prevent this
spontaneous activation, all-trans retinal must be reduced to all-trans retinol (vitamin A) by RDH12 in the outer segment in a rate
limiting step in the visual cycle that is highly dependent on the metabolic stores of NADPH.>*!""” Mutations in RDH12 interfere with
this process and lead to severe photoreceptor degeneration””, suggesting this roadblock will have a significant impact on photoreceptor
cell survival. Whether there is delayed release and/or decay of all-trans retinal in the setting of macular degeneration is not known.

Delayed shutoff of active Meta-rhodopsin 11

A second hypothesis for delayed dark adaptation implicates another energy-dependent process, a delay in the phosphorylation of
active metarhodopsin II by rhodopsin kinase and arrestin binding. Because complete quenching of Meta II rhodopsin requires both
phosphorylation of serine and/or threonine residues and subsequent binding by arrestin, abnormalities in either of these energy-
dependent processes will fail to quench active Meta II, leading to persistent activation of the transduction cascade, decreased rod
photosensitivity and prolonged dark adaptation. *>**** While the potential role of delayed shutoff of active Meta II has not been
demonstlr?gted in age-related macular degeneration eyes, a decrease in immunoreactive arrestin has been shown in human retinal
extracts.

Delayed or incomplete dephosphorylation of rhodopsin

A third hypothesis implicates a delay in the dephosphorylation of rhodopsin. Using ex vivo models of light-exposed retinas,
dephosphorylation has been shown to be an energy dependent process which reduces rod photosensitivity but does not prevent
rhodopsin regeneration.”” Mutations in this process have been proposed to prolong the last phase of dark adaptation.”” The role of this
pathway in the setting of macular degeneration is also not known.

CONCLUSIONS

New approaches to improving vision in patients with macular degeneration would benefit from a more complete understanding of the
specific chemical defects causing dark adaptation abnormalities and other visual symptoms. In the absence of a good animal model of
age-related macular degeneration, investigators search for clues in human tissues.”'"*'?* And, although there are significant limitations
associated with using human autopsy tissue, many investigators attempt to correlate the pathology found in human autopsy eyes to
molecular and biochemical outcomes,™ '*'** which in some cases have led to great insights.'"’

This study may not be viewed as a definitive test of the 11-cis retinal deficiency hypothesis in macular degeneration eyes.
However, the finding that an excess of apo-opsin is not detected in the eyes of patients with macular degeneration challenges us to
consider additional experimental approaches and alternatives for testing this theory. It also gives us pause to consider alternative
hypotheses to explain the dark adaptation abnormalities in patients with macular degeneration, all within the context of what we know
about the visual cycle and the visual transduction cascade.
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