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Abstract

Purpose—Long-term effects of treatment with 9-cis-retinyl acetate (9-cis-R-Ac), an artificial
retinoid prodrug, were tested on changes in rod and cone visual functions in mice.

Methods—The acetyl ester of the functional geometric chromophore 9- cis-retinal was delivered
by oral gavage to C57BL/6 female mice. In initial experiments, 10-month-old mice were employed
for the single treatment with 9-cis-R-Ac or the control vehicle. In long-term experiments, 4-month-
old mice were treated with 9-cis-R-Ac monthly for 6 and 10 months. Photoreceptor status was
evaluated by various electroretinographic (ERG) techniques, retinoid analyses, and retinal
morphology. Opsin, the predicted target of oxidized 9-cis-R-Ac, was purified and its chromophore
characterized.

Results—As compared to 4-month-old mice, age-related changes observed in vehicle treated mice
at 10 months of age included a progressive decline in ERG responses, such as a decreased rate of
dark adaptation, and a lowered rhodopsin/opsin ratio. Administration of 9-cis-R-Ac increased the
rhodopsin regeneration ratio, and improved ERG responses, dark adaptation. Compared to vehicle
treated controls, 10- and 14-month-old mice treated monthly with 9-cis-R-Ac for 6 or 10 months
exhibited improved dark adaptation. For 14-month-old mice treated monthly we observed changes
in the expression of retina-specific genes in the eye by mRNA expression profiling, but no significant
differences in gene expression were detected in the liver and kidney.

Conclusions—Deteriorating photoreceptor function documented in mice at 10 and 14 versus 4
months of age was improved significantly by long-term, monthly administration of 9-cis-R-Ac. These
findings suggest a potential therapeutic approach to prevent age-related retinal dysfunction.
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INTRODUCTION

To understand why human vision declines with age, much research has focused on the retina,
the layer of rod and cone photoreceptors cells that convert light into electrical signals. Studies
in mice have shown that age-related decreases in retinal rod cell function cannot be explained
by rod cell loss, abnormal retinal plasticity or any signs of retinal disease 13, But Jackson and
colleagues have reported a dramatic slowing of rod-mediated dark adaptation after light

ixposure associated with human aging that was related to delayed regeneration of rhodopsin

Inadequate availability and/or processing of vitamin A to the visual chromophore, 11-cis-
retinal (reviewed in Refs. 4/ ) can adversely affect vertebrate rhodopsin regeneration and
visual transduction (reviewed in Refs. 68 ). As in aging, rhodopsin regeneration after light
exposure is more delayed in humans and mice Wlth vitamin A deficiency due either to
inadequate dietary intake or intestinal absorptlon Moreover treatment with vitamin A and
its derivatives may have beneficial effects in aéglng 9 and retinal diseases such as Sorshy’s
fundus dystrophy and retinitis plgmentosa

Retinoid absorption, storage and recycling after bleachln% of retinal pigments is impaired in
mice lacking lecithin:retinol acyltransferase (LRAT) 4 and a null mutation in the human
LRAT gene results in early-onset rod-cone dystrophy 15 The latter resembles a form of human
Leber’s congenital amaurosis (LCA) in which disabling mutations in the retinal pigment
epithelium- sgecmc 65 kDa (RPE65) gene also cause severe rod and cone photoreceptor
dysfunction LCA patients carrying mutations in both LRAT and RPEG5 genes, like Lrat—/
—and Rpe65—/— knockout mice, may lack 11-cis-retinal and rhodopsin, manifest abnormalities
in all-trans-retinyl ester levels within RPE cells, show severe |m?airment of rod and cone
photoreceptor functions and exhibit retinal degeneration 11,12,16-18,

We previously reported that the biochemical defects causing LCA-like symptoms in Lrat—/—
and Rpe65—/— knockout mice could be bypassed by oral gavage with 9-cis-retinal. This
treatment resulted in preserved retinal morphology and recovery of normal rod function as
assessed by single cell recordings and ERG measurements 12, 17,18 g.cis-Retinal forms
photoactive isorhodopsin which, when bleached, undergoes conformational changes vra the
same photoproducts as does rhodopsin that is naturally regenerated from 11-cis- retinal 1
Others have reported that 11-cis-retinal given by intraperitoneal injection also improved vision
in Rpe65—/— mice 20

Recently we found that gastric gavage with a more chemically stable compound than either 9-
cis- or 11-cis-retinal, i.e. 9-cis-retinyl acetate (9-cis-R-Ac), produced the same beneficial
effects as 9-cis-retinal in Lrat—/— mice 12. Now we report that monthly gavage with 9-cis-R-
Ac significantly improved age-related deteriorating photoreceptor function in mice. This
compound may have therapeutic potential for humans as well.

METHODS

Animals

Pigmented age-matched C57BL/6 female mice obtained from Charles River Laboratories were
maintained on a normal diet in complete darkness or on a 12-hr light/dark cycle. All animal
experiments involved procedures approved by the University of Washington and Case Western
Reserve University Animal Care Committees and conformed to recommendations of the
American Veterinary Medical Association Panel on Euthanasia and the Association of
Research for Vision and Ophthalmology.
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Single dose and long-term treatment of mice with 9-cis-R-Ac

9-cis-R-Ac was prepared as previously described 12,13 A dose of ~80 mg/kg body weight of
9-cis-R-Ac in 150 pl vegetable oil was administered by gavage to each treated animal. Prior

to the single dose experiments (Fig. 1A), 10-month-old mice were dark-adapted for more than
48 hr, gavaged with 9-cis-R-Ac or vehicle control solution 1 hr before bleaching, exposed to
light at 500 cd-m~2 for 20 min and dark-adapted for 16 hr before analyses.

For the long-term treatment studies, mice obtained at 3 months of age were maintained until
4 months of age before experiments were initiated. Then they were gavaged with 9-cis-R-Ac
or vehicle solution once a month for different periods. Six groups of mice were studied (Fig.
1B). The first 3 groups (CO, C1 and C2, total n=35 for each group) were treated with vehicle
as controls and tested at 4, 10 and 14 months of age. The other 3 groups (N1, N2 and N3, n=35)
were gavaged with 9-cis-R-Ac. Group N1 was gavaged for 6 months and tested at 10 months
of age. Group N2 was gavaged with 9-cis-R-Ac for 10 months and tested at 14 months of age.
Group N3, was gavaged with vehicle until 10 months of age and then received 9-cis-R-Ac
monthly until testing at 14 months of age. In another control group not shown in Fig. 1B, 10
mice were gavaged with ~80 mg/kg body weight of all-trans-R-Ac (Sigma-Aldrich, Corp.), a
functional vitamin A analog, for 10 months and tested at 14 months of age.

Two weeks after the last gavage with either, 9-cis-R-Ac, all-trans-R-Ac or vehicle, groups of
48 hr dark-adapted mice were tested for single flash ERG and recovery of dark adaptation after
light exposure, rhodopsin/opsin and retinoids in the eye and retinal morphology. Mice were
exposed to light of intensity 500 cd-m~2 that bleached ~ 75 % of rhodopsin, anesthetized and
monitored by ERG for one hr to evaluate recovery of dark adaptation.

Electroretinography (ERG)

ERGs of anesthetized mice were recorded as previously reported 21,22, Briefly, mice were
dark-adapted overnight prior to recording. Then they were anesthetized under a safety light by
an intraperitoneal injection of 20 ul/g body weight of 6 mg/ml ketamine and 0.44 mg/ml
xylazine diluted with 10 mM sodium phosphate, pH 7.2, containing 1700 mM NacCl. Pupils were
dilated with 1% tropicamide. A contact lens electrode was placed on the eye and a reference
electrode and ground electrode were positioned on the ear and tail. ERGs were recorded with
the universal testing and electrophysiologic system UTAS E-3000 (LKC Technologies, Inc.).

Single-flash recording

Mice were exposed to a series of white light flash stimuli at a range of intensities (—3.7-2.8
log cd-s:-m~2) with each flash duration (from 20 ps to 1 ms) adjusted according to the selected
intensity. Two to five recordings were made at sufficient intervals (from 10 s to 10 min) between
flash stimuli that allowed mice to recover. Light-adapted ERG responses were recorded after
bleaching at 1.4 log cd-m~2 for 15 min. Typically, four to eight animals were used to generate
each data point under all conditions. Leading edges of the ERG responses were fitted with a
model of rod photoreceptor activation 17,

Dark adaptation after intense constant illumination

Mice were dark-adapted overnight and then bleached by the background light of a Ganzfeld
chamber (500 cd-m~2) for 3 min. After the light was turned off, mice were exposed to a single-
flash ERG at —0.2 log cd-s-m~2 and recovery of a-wave amplitude was monitored every 5 min
for 60 min. The recovery ratio was calculated by normalizing single flash a-wave amplitude
responses at various times following bleaching to WT dark-adapted a-wave responses at the
identical flash intensity (- 0.2 log cd-s:m~2).
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Purification of rhodopsin

Rhodopsin was purified under dim red light as previously described 23 Ppurified anti-rhodopsin
C terminus antibody 1D4 24 was immobilized on CNBr-activated Sepharose 4B and a 4.6 x
12-mm column was packed with 2 mg of 1D4 antibody/ml of Sepharose beads. Mouse whole
eyes in 137 mM NaCl, 5.4 mM NayHPOQOy, (pH 7.5) were homogenized with a glass-to-glass
2.7 mM KCl and 1.8 mM KH,PO4 homogenizer. After centrifuging the homogenate at
14,000g for 5 min, the pellet was solubilized in buffer containing 1% dodecyl-B-maltoside in
10 mM Bis-Tris propane (pH 7.5) containing 500 mM NacCl. This solution was clarified by
centrifugation at 125,000g for 20 min and the supernatant was loaded onto an antibody 1D4-
packed immunoaffinity column which then was thoroughly washed at a flow rate of 0.5 ml/
min with 10 mM Bis-Tris propane (pH 7.5) containing 500 mM NaCl and 0.1% dodecyl-p-
maltoside. Purified mouse rhodopsin was eluted with 100 uM nonapeptide (TETSQVAPA) in
10 mM Bis-Tris propane (pH 7.5) containing 500 mM NaCl and 0.1% dodecyl-p-maltoside at
room temperature. The purified rhodopsin concentration was determined at 500 nm and the
total amount of opsin and rhodopsin at 280 nm with a Hewlett-Packard 8452A UV-visible
spectrophotometer. 25 The purity of eluted rhodopsin was evaluated by SDS-PAGE.
Rhodopsin and isorhodopsin coeluted from the immunoaffinity 1D4-column. The vast majority
of opsin molecules were regenerated with 11-cis-retinal and less than 10% were regenerated
with 9-cis-retinal under these experimental conditions. Therefore, the concentration of
isorhodopsin which has a spectrum and absorption maximum similar to rhodopsin was not
sufficient to shift the spectrum of this rhodopsin/isorhodopsin mixture dominated by rhodopsin.
To confirm whether 9-cis-retinal regenerated opsin as isorhodopsin, we extracted retinoids
from purified visual pigment and definitely detected 9-cis-retinal. This result demonstrates that
both 11-cis-retinal and 9-cis-retinal recombined with opsin.

Retinoid analyses

All experimental procedures related to extraction, derivatization and separation of retinoids
were carried out under dim red light ;)rovided by a Kodak No. 1 safelight filter (transmittance
>560 nm) as described previously 17,18, 21, 26 Ejyted fractions of purified rhodopsin from
6 mouse eyes were combined (total 3.0 ml) and mixed with an equal volume of 100% methanol.
The mixture then was vortexed and incubated on ice for 15 min. Retinoids were extracted twice
with an equal volume of 100% hexane (6 ml total). The combined extracts were dried under
argon and retinoids were separated by normal phase HPLC (Beckman, Ultrasphere-Si, 5 um,
4.6 x 250 mm) with 10% ethyl acetate and 90% hexane at a flow rate of 1.4 ml/min and detected
at 325 nm by an HP1100 HPLC with a diode array detector and HP Chemstation A.03.03
software. A2E was analyzed as previously described 21,

Analysis of retinoic acid in the liver was carried out as described before 12 with an Agilent
1100 HPLC and two tandem normal phase columns: a Varian Microsorb Silica 3 pm, 4.6 x
100 mm (Varian, Palo Alto, CA) and an Ultrasphere-Si, 5 um, 4.6 x 250 mm column. An
isocratic solvent system of 1000:4.3:0.675 hexane:2-propanol:glacial acetic acid (v/v) was
used for elution at a flow rate of 1 ml/min at 20 °C with detection at 355 nm. Calibration was
done with standards of all-trans-RA and 9-cis-RA purchased from Sigma-Aldrich.

Immunoblotting

Immunoblotting was done according to standard protocols using Immobilon-P to adsorb
proteins (polyvinylidene difluoride; Millipore Corp.). Monoclonal anti-rhodopsin antibody
(1D4) was provided by Dr. R. Molday. The anti-LRAT (mAb) 27 anti-transducin (Gt) (mADb)
(unpublished), anti-guanylate cyclase 1 (1S4, mAb) 28 anti-guanylate cyclase-activating
protein 1 (UW14 gAb) 29, anti-guanylate cyclase-activating protein 2 (UW50 pAb) 30, anti-
rhodopsin kinase 1 and anti-retinol dehydrogenase 12 (pAb) 32 \were generated in our
laboratory. Alkaline phosphatase-conjugated goat anti-mouse IgG or goat anti-rabbit 1gG
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(Promega) were used as secondary antibodies. Protein bands were visualized with 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium color development substrate (Promega).
Proteins (30 ug per each well) were separated by 12.5% SDS-PAGE.

Retinal Morphology

For light microscopy, mouse eyecups were fixed with 2.5% glutaraldehyde and 1.6%
paraformaldehyde in 0.08 M 1,4-piperazinediethanesulfonate buffer (PIPES) (pH 7.4)
containing 2% sucrose for ~1 hr at room temperature followed by 23 hr at 4 °C. Eyecups then
were washed with 0.13 M sodium phosphate buffer (pH 7.3) and dehydrated through a
CH30H series and embedded in JB4 glycol methacrylate. Sections (6 pm) were stained by
immersion in 5% Richardson’s stain for 1.5 — 2 min at room temperature and then destained
in 0.13 M sodium phosphate (pH 7.3) until the retinal layers were visible by light microscopy
(about 8-15 min). For transmlssmn electron microscopy, mouse eyecups were analyzed as
described prevmusly 1,22 ‘Mice used to evaluate retinal morphology were not exposed to
photobleaching prior to analysis.

RNA microarray analysis

RNA was isolated from 10 eyes, 100 mg of liver or 100 mg of kidney from groups of C2 and
N2 mice (Fig. 1B) with a RiboPure Kit (Ambion, Austin, TX). Quality of the preparations was
verified by RNA agarose gel electrophoresis and the Agilent Bioanalyzer. Aliquots of total
RNA isolated from the different tissues and from mice undergoing various treatments were
detection-labeled and hybridized on the mouse genomic microarray using a service provided
by NimbleGen System Inc. (Madison, WI). The microarray contained all 37,364 genes in the
entire mouse transcriptome as represented by the University of California, Santa Cruz database
(build HG 17) with a minimum of 11 probes per gene. Gene expression was normalized
according to probe signal, and the average signal for each gene was normalized for each sample
replicate.

Array data for samples across the whole study were normalized by NimbleGen Systems Inc.
(Madison, WI) that employed the robust multichip analysis feature of the data analysis package
contained in http://www.bioconductor.org. Project-wide spreadsheets of robust multichip
analysis results were exported to Microsoft Excel and expression level ratios were calculated
for all the possible pair-wise comparisons comprising one control and one treated sample.
These pair-wise ratios were imported to Microsoft Access and mined for credible-fold changes
in gene expression. Changes greater than or equal to a 2-fold increase or less than or equal to
a 0.5-fold decrease were considered significant. Differentially expressed genes were then
exported from Access as Excel files and were assigned functional annotations by Lucidyx
Searcher software (http://www.lucidyx.com).

Statistical analyses
Statistical analyses were performed by one-way ANOVA.

RESULTS

Both single dose and longer-term monthly dosage regimens with 9-cis-R-Ac were used to
assess the effect of artificial chromophore augmentation on the visual function of mice. 9-cis-
R-Ac is a pro-drug that is metabollcally converted first to fatty acid esters and consequently
to 9-cis-retinal to form |sorhodopsm . The retinoid dosage regimen was based on our previous
studies wherein a single dose of 9-cis-retinoid (about 100 m%/kg) significantly restored ERG
responses in mice that were maintained for a month 1 In addition to previous study,
no direct assessments of 9-cis- R Ac pharmacodynamlcs pharmacokinetics or bioavailability
were made in the current work 1 Twenty 10-month-old mice were employed for the single
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dose experiments (Fig. 1A), whereas 210 mice analyzed at either 10 or 14 months of age were
used for the longer-term monthly 9-cis-R-Ac treatment studies (Fig. 1B). Additionally, four-
month-old mice also were gavaged monthly for 10 months with all-trans-R-Ac (n = 10) before
selective analyses were performed.

Single dose treatment of C57BL/6 female micewith 9-cis-R-Ac

Forty eight hr dark-adapted, 10-month-old mice were gavaged with a single dose (~80 mg/kg
body weight) of 9-cis-R-Ac or control vehicle and exposed to strong illumination for 20 min
(500 cd-m~2 that bleached ~ 90 % rhodopsin). Then mice were dark-adapted for 16 hr after
which various analyses were performed (Fig. 1A). Single-flash ERG conducted on treated and
untreated mice showed that functional a- and b-wave amplitudes of 9-cis-R-Ac treated mice
in scotopic ERG recordings were slightly increased as compared with the amplitudes in control
mice (Fig. 2, panels A and B; a-waves, p<0.01). Photopic ERG recordings were largely
unaffected compared with the amplitudes in control mice (Fig. 2, panels C and D). To
investigate whether 9-cis-retinal was utilized to form isorhodopsin and assess how much
unliganded opsin was present, we purified rhodopsin, isorhodopsin and opsin by
immunoaffinity chromatography from the eyes of treated and control groups of mice. Opsin,
rhodopsin and isorhodopsin are copurified by this procedure. The molar extinction coefficients
of rhodopsin and isorhodopsin are similar but not identical, i.e. 42+2 x1073 at 502 nm for
rhodopsin and 444 x10~3 at 494 nm for isorhodopsin 33 The absorption spectra shown in
Fig. 3A, upper panel, are representative of pooled peak fractions of purified rhodopsin/
isorhodopsin/opsin normalized for absorbance at 500 nm. The concentration of isorhodopsin
which has a spectrum and absorption maximum close to rhodopsin was not sufficient to shift
the spectrum of the copurified rhodopsin/isorhodopsin mixture dominated by rhodopsin. Thus,
regeneration ratios calculated from these curves (280 nm/500 nm) yield only an indirect
estimate of the total protein represented by rhodopsin/isorhodopsin because determining the
exact composition of these purified fractions would require direct biochemical analysis.
Absorbance at intermediate wavelengths (about 380 nm) probably emanates from free retinals
coeluted with visual pigments. The regeneration ratio of rhodopsin/isorhodopsin to opsin was
significantly higher in eyes from treated than from control mice (Fig. 3 A, lower panel). To
confirm whether 9-cis-retinal regenerated opsin as isorhodopsin, we extracted retinoids from
purified visual pigment and definitely detected 9-cis-retinal. Significant amounts of 9-cis-
retinal also were detected in eyes of treated mice exposed to intense light (Fig. 4A, 4B) whereas
the amounts of 11-cis-retinal and all-trans-retinyl esters were not significantly affected in
control and treated groups of mice (Fig. 4B, 4C). Retinyl esters are present in significant
amounts only in the RPE of mouse eyes as reported in many previous studies 34,35 In treated
mice exposed to intense light, the RPE also stored significant amounts of 9-cis-retinyl esters,
precursors of the retinal (Fig. 4C). Only trace amounts of 9-cis-retinal and 13-cis-retinal were
detected in either control mouse eyes or unbleached eyes from treated mice (Fig. 3B). These
small amounts of cis-retinal are likely produce by thermal isomerization during retinoid
extraction and HPLC analysis (Fig. 3B). These results clearly demonstrate that 9-cis-R-Ac is
trans-esterified to its fatty acid esters and consequently to form functional 9-cis-retinal in wild-
type C57BL/6 female mice. After bleaching, 9-cis-retinal binds to opsin even in the presence
of a functional retinoid cycle that produces 11-cis-retinal to regenerate rhodopsin. Retinoid
levels in eyes from mice treated with all-trans-R-Ac showed no significant changes compared
with controls. This result demonstrates that both 11-cis-retinal and 9-cis-retinal recombined
with opsin.

Long-term treatment of C57BL/6 female mice with 9-cis-R-Ac

For long-term treatment studies (Fig. 1B), C57BL6 female mice were gavaged monthly with
9-cis-R-Ac, all-trans-R-Ac or control vehicle for 6 or 10 months with one exception. Group
N3 4-month-old mice received vehicle control for 6 months and then 9-cis-R-Ac for only 4
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months before analysis. We chose 14-month-old mature mice as the oldest mice for this study
because they are still sturdy and able to tolerate repetitive anesthesia and multiple gavages.

Single flash ERG analyses of long-term treated mice with 9-cis-R-Ac

Mice were examined by non-invasive ERG methods to evaluate rod- and cone-mediated light
responses after long-term 9-cis-R-Ac treatment. ERG responses of 4-month-old CO mice were
used as the baseline for comparing ERG data obtained from C1, C2, N1, N2 and N3 groups of
mice. To indicate statistical differences between CO and other plots, the CO data are shown as
a gray colored background area representing the CO mean +/— 1 SD. The bars shown in C1 and
N1 represent £1 standard error of the mean (n = 10). Two to five recordings were obtained at
intervals starting at 10 s and increasing to 10 min (see Methods). The first set of analyses was
done in mice at 4 and 10 months of age. Under scotopic conditions, the amplitudes of a-waves
were decreased in 10-month-old as compared to 4-month-old mice, especially at high flash
intensities (C1 versus CO group, Fig. 5A), and changes in b-waves also were evident (Fig. 5B).
Under photopic conditions, no differences were observed in either a- or b-waves (Fig. 5C, 5D).
When 4-month-old groups of mice gavaged monthly with either 9-cis-R-Ac or vehicle for 6
months were compared (N1 versus C1), improvement was observed for the N1 group with
respect to a- and b-waves at high flash strengths (p < 0.01, one-way ANOVA) under both
photopic and scotopic conditions except for a-waves noted under photopic conditions (Fig. 5A,
B, C, D).

The second set of analyses was done in 14-month-old mice. No significant differences were
found in a- and b-wave amplitudes between control (C2) and treated (N2 and N3) groups of
mice under either scotopic or photopic conditions (Fig. 5E, F and G). Slight improvements in
b waves were observed under photopic conditions (Fig. 5H). Maximal a-wave amplitudes
estimated from a-wave maximal responses in dark-adapted mice also did not differ significantly
between treated and control mice (C2: 720,57 £ 162.42 uV, N2: 723.02 £ 92.53 uV, N3: 809.50
+180.07 pV, P>0.2).

Changes in dark adaptation of long-term treated mice with 9-cis-R-Ac

Recovery of the ERG response (dark adaptation) following bleach was measured by monitoring
the amplitude of a-waves after retinal exposure to intense constant illumination for 3 min (500
cd-m~2, bleaching ~ 75 % rhodopsin). Recovery of this response was significantly faster in the
9-cis-R-Ac treated groups compared with the control groups of mice at both 10 months (N1
vs. C1, Fig. 6A) and 14 months of age (N2 and N3 vs. C2, Fig. 6B)(p < 0.001, one-way
ANOVA). To indicate statistical differences between CO and other plots, the CO data are shown
as a gray colored background area representing the CO mean +/— 1 SD. Retinoid content in the
eyes of each group was quantitatively evaluated at four time points during dark adaptation (0,
10, 30, and 60 min) after the 3 min bleach. The amount of regenerated 11-cis-retinal in the
treated group of 10-month-old mice was significantly higher than in the control group at 30
and 60 min after bleach as measured by retinoid analysis. In 14-month-old mice, the amount
of regenerated 11-cis-retinal was slightly higher in the N3 group whereas no significant
difference was found between the C2 and N2 groups (data not shown). No differences were
observed in the kinetics of all-trans-retinal and all-trans-retinyl-esters in the eye between
treated (both N2 and N3) and untreated (C2) mice at 14 months of age and neither 9-cis-retinal
nor 9-cis-retinyl esters were detected in eyes from untreated groups (data not shown).

Effects of long-term administration of all-trans-R-Ac on visual function

In additional control experiments, 4-month-old mice were gavaged with the inactive isomer,
all-trans-R-Ac (n = 10) for 10 months and evaluated at 14 months age. Examination revealed
no significant differences as compared with vehicle controls (C2) in single flash ERG a- and
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b-wave analyses or in dark adaptation recovery (n = 3). These results indicate that ERG effects
are specific for the 9-cis isomer.

Analyses of rhodopsin, A2E and retinoid acids in control and long-term treated mice with 9-

cis-R-Ac

In long-term experiments, regeneration ratios (rhodopsin/opsin) and total amounts of purified
rhodopsin showed no significant differences between control and treated groups of mice at
both 10 and 14 months of age. Amounts of purified protein recovered from the treated groups
at 14 months of age (N2 and N3) were significantly lower than those from control mice (C2),
whereas the corresponding amounts were only slightly less in 10-month-old treated as
compared to control mice (N1 versus C1) (data not shown).

AZ2E and iso-A2E accumulation were measured in the eye (Fig. 7A) to evaluate the safety of
long-term administration of 9-cis-R-Ac. This ester potentially could be converted to retinal at
low levels in the treated mice, and in turn, retinal could spontaneously condense to A2E
compounds 36,37, A2E and iso-A2E were detected at similar levels in treated and control mice
at both 10- and 14 months of age (Fig. 7B) whereas A2E accumulation was below detectable
levels in 4-month-old pre-treatment controls (CO, Fig. 7B). Although long-term treatment with
retinyl esters might produce elevated levels of mitogenic retinoic acids in the liver; however,
we found that hepatic retinoic acid levels were below detectable levels in all groups of mice
(data not shown).

Health status and retinal morphology of long-term treated micewith 9-cis-R-Ac

Animals were evaluated weekly for activity and changes in coat and skin appearance. No
changes in these parameters were observed during the experimental period aside from those
due to natural aging. Body weights obtained before treatment and at 10 months and 14 months
of age showed no significant differences between vehicle control (C1-2) and treated groups
of mice (N1-3) (data not shown).

Light microscopy revealed no major abnormalities in the retinas of vehicle, 9-cis-R-Ac or all-
trans-R-Ac (n = 2) treated mice at 10 and 14 months of age. Moreover, retinas from the two
9-cis-R-Ac treated groups were indistinguishable. Lengths of rod outer segments (ROS) were
similar in control and treated groups at 10- and 14 months of age (Fig. 8B; n = 5) but were
significantly decreased as compared to ROS lengths of 4-month-old mice (C0) whose retinal
histology is shown in Fig. 8A. The thickness of each major layer in the retina also was similar
in control and treated groups. TEM analysis of the outer retina and RPE layer revealed no gross
differences between control and treated mice nor did higher resolution of the interface between
the RPE and ROS reveal any abnormalities (data not shown).

Changes in RNA expression profiles with 9-cis-R-Ac administration

RNA microarray analyses were used to document possible changes in gene expression profiles
after long-term treatment with 9-cis-R-Ac. Expression levels of mMRNA in the eye, liver and
kidney were determined and compared between treated (N2) and control (C2) groupsusing a
37,364 gene array provided by NimbleGen System Inc. Changes greater than or equal to a 2-
fold increase or less than or equal to a 0.5-fold decrease were considered significant.
Representative normalized values of mMRNA from three different tissues, eye, liver and kidney
were plotted (Fig. 9). Selected changes commonly observed between C2 and N2 are shown in
supplemental Table 1, 2. In the eye, 9-cis-R-Ac treatment elevated expression of 290 genes by
a factor of 2 or more and attenuated expression of more than 1057 genes by a factor of 0.5 or
less (Fig. 9; Table S1). Butin the liver of treated mice, expression of only 7 genes was increased
by a factor of 2 or more and that of only 20 genes was suppressed by a factor of 0.5 or less
(Fig. 9; Table S2). In the kidney of treated mice, 90 genes increased their expression by a factor
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of 2 or more and 3 genes suppressed it by a factor of 0.5 or less (Fig. 9; Table S2). Several
phototransduction-specific, retinoid processing and functionally relevant mRNAs in the eye
whose expression was affected are listed in Table S2. Protein levels of transducin (Gt),
rhodopsin kinase, guanylate cyclase-activating proteins 1 and 2, guanylate cyclase 1, retinol
dehydrogenase 12 and LRAT were not affected in all groups of mice as assessed by
immunoblotting (data not shown).

DISCUSSION

Based on experiments in mice, this is the first report that age-related deterioration of dark
adaptation is ameliorated by artificial cis-retinoid treatment. This finding probably relates to
analogous age-related decline in human vision manifested by dramatic slowing of rod-mediated
dark adaptation that has been directly attributed to delayed rhodopsin regeneration 1 Two
different types of studies were done here. After single dose studies revealed that 9-cis-retinoids
could enter the eye, we undertook the set of experiments showing that long-term administration
of 9-cis-R-Ac significantly decreased deterioration of retinal function in aging mice.

Single dose experiments

In agreement with earlier studies, the ERG response in mice measurably declined between 4
and 10 months of age and small but detectible amounts of free opsin were present in the older
animals. These experiments were designed to test whether 9-cis-retinoids can enter the eyes
of 10-month-old mice and affect visual function. Clearly 9-cis-retinal had entered the eye by
the time these treated mice were tested 16 hr after intense light exposure. But the vast majority
of opsin molecules still were regenerated with 11-cis-retinal leaving less than 10% that were
regenerated with 9-cis-retinal under these experimental conditions. Importantly, when
retinoids were extracted from purified proteins to identify bound chromophore, significant
amounts of 9-cis-retinal were detected in samples from bleached mice treated with 9-cis-R-
Ac. This suggests that 9-cis-retinal was used to regenerate opsin by forming isorhodopsin (Fig.
3B). To evaluate changes of retinoid content in the treated mice, we extracted retinoids from
whole eyes. As predicted, significant amounts of 9-cis-retinal also were detected in eyes of
treated mice exposed to intense light (Fig. 4A and B) whereas the amounts of 11-cis-retinal
and all-trans-retinyl esters were virtually unchanged in control and treated animals (Fig. 4B
and C).

Under fully dark-adapted conditions, opsin present in ROS from either control mouse eyes or
unbleached eyes from treated mice mostly recombines with 11-cis-retinal. Therefore, the
demand for exogenous regeneration of visual pigment is low in control and treated unbleached
eyes. Levels of retinyl esters can differ quite markedly between individual mice because these
intermediates vary more than any other retinoid in the eye. Importantly, in WT mice, all-trans-
retinyl esters comaprise one of the major retinoids in the eye whereas 9-cis-retinyl esters are
undetectable 34 35, However, during light exposure or dark-adaptation after bleaching,
regeneration of opsin was supplemented by 9-cis-retinal present in the RPE of treated mice.
Moreover, there was no statistically significant difference in all-trans-retinyl esters between
control mice and mice treated with a single dose of 9-cis-R-Ac. In bleached and treated mice,
9-cis-retinoids are seized into the eye and significant amounts of 9-cis-retinyl esters were stored
in the RPE. These precursor compounds are converted to the visual chromophore 9-cis-retinal,
the active compound that regenerates isorhodopsin and improves retinal function without
isomerization in the RPE. In fact, a-wave amplitudes were significantly improved in treated
mice (Fig. 2A). These results encouraged us to investigate the effects of long-term treatment
of aging mice with 9-cis-R-Ac.
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Long-term treatment of mice with 9-cis-R-Ac

Based on the positive results of this single dose study (Fig. 2, 3, 4), we then evaluated the
effects of long-term administration of 9-cis-R-Ac. Prior to our ERG evaluation, these mice
were completely dark-adapted for 48 hours. Therefore, rhodopsin was maximally regenerated
by endogenous 11-cis-retinal. Then our ERG procedure bleached less than 0.5% of total
pigment under scotopic conditions so improvement of retinal function might not be detectible
by a single flash ERG. ERG responses to a single light flash were significantly improved in
10-month-old mice that were treated for the previous 6 months with 9-cis-R-Ac as compared
with the oil-treated controls (Fig. 5A, B, C, D). But these therapeutic effects of 9-cis-R-Ac
were not observed in 14-month-old mice treated for previous 10 months (Fig. 5 E, F, G, H).
However, these older mice did display a significant treatment effect involving dark adaptation
(Fig. 6B, N2 and N3 groups). Recovery from strong illumination exposure was delayed in
untreated mice, consistent with a delayed regeneration of rhodopsin due to slower production
of chromophore 6. Visual pigments were characterized by the same procedures used for the
single-dose study two weeks after the last gavage to allow complete renewal of ROS. In the
10- and 14-month-old mice there were no significant differences in the amounts of purified
rhodopsin/isorhodopsin whereas the purified pigments significantly decreased in treated mice
at both ages. From these observations, we suggest that the mechanism(s) for dark-adaptation
improvement observed in the longer-term studies differ from those involved in the single dose
study.

That long-term gavage of 14-month-old mice with all-trans-R-Ac had no effect on measured
ERG parameters is not surprisin%because only the cis-form of the chromophore can recombine
with opsin (reviewed in Ref. 4: ©). Thus, all-trans-retinoid would only add substrate for the
isomerization reaction but not supplement the active chromophore if isomerization was
attenuated. In this study, mice were fed regular mouse chow containing high levels of retinol.
Thus, we did not expect that supplementation with all-trans-retinoid would have any effect on
retinoid status. The observed effects in our experiments instead were purely due to 9-cis-
retinoid. Interestingly, Owsley and colleagues r%ported mild improvement of dark-adaptation
in humans after all-trans-retinol administration 38. Such findings could originate from
improvements in vitamin A homeostasis rather than from exogenous chromophore
supplementation as noted in our work.

Long-term treatment (6—10 months) with 9-cis-R-Ac was well tolerated by C57BL/6 female
mice. Age-related morphological changes in the retina observed in both treated and control
mice were not affected by treatment. Importantly, potentially toxic byproducts of retinoid
treatment, A2E and retinoic acid, did not accumulate in these mice even though genetically
modified mice 21> 39 are capable of accumulating abnormal amounts of A2E. It has been
suggested that the mechanism of A2E accumulation is due to a significant buildup of all-
trans-retinal after light exposure, resulting in generation of N-retinylidene-
phosphatidylethanolamine, the precursor of A2E 39, As shown in this study, 9-cis-R-Accan
be hydrolyzed, oxidized and incorporat ed into free opsin within the retina resulting in an
increased regeneration ratio of rod pigments. However, the amount of all-trans-retinal
generated by physiological light is constant regardless of the amounts of rod pigments and the
regeneration ratio. Accordingly, it is not surprising that A2E levels were unaffected by 9-cis-
R-Ac administration. Indeed, the beneficial effect of cis-retinoid supplementation seems more
advantageous from this perspective than from any anti-oxidant effects generally attributed to
retinoids 40.

Long-term treatment with retinoids could lead to changes in gene expression, because the end-
products of retinol oxidation are toxic retinoic acids that might accumulate to excess. But we
did not detect any such retinoic acid accumulation, consistent with the fact that their expression
levels are tightly regulated by both synthesis and degradation 41,42 Moreover, the expression
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profile of only a small number of mMRNAs was modified in the liver and kidney whereas mMRNA
expression was changed in more than 1,300 genes in the eyes of WT mice treated with 9-cis-
R-Ac. Several phototransduction mRNAs were affected, but the relation to the protein level is
unclear. These changes could results in higher degradation of mMRNAs or higher stability of
proteins during aging. As a result, improvement of retinal function was observed in 14-month-
old mice treated with 9-cis-R-Ac. Our previous work demonstrated that 13-cis-retinoic acid, a
potent transcriptional regulator, disregulated the expression of many more RNAs when
administered to mice 43. Interestingly, the expression levels of inflammatory and complement
component mRNAs were reduced. The mechanisms of these effects are still unclear, but they
are likely a positive result of long-term treatment with 9-cis-R-Ac. We speculate that such
regulation of phototransduction gene expression by long-term treatment with 9-cis-R-Ac. This
regulation might induce improvement of retinal function and homeostasis in retina and RPE.
Consistent with this idea is the observation that lowering expression levels of Gnat1*/~,
rhodopsin*/~ and Rhd12*/~ in heterozygotic mice fails to significantly affect ERG responses
(Maeda T, Palczewski unpublished data; and Ref. 44). These results may be a consequence of
reducing stress and improving dark-adaptation by treatment with 9-cis-retinoid. Indeed, MRNA
expression levels of inflammatory and complement component proteins were remarkably
decreased in 14-month-old mice as compared with control animals. These results suggest that
9-cis-retinoid treatment reduced age-dependent inflammatory reactions observed in mouse
RPE that are similar to those recently proposed as one of the potential causes of human AMD
45, Taking into account that certain visual functions improved, some of these alternations in
expression must relate to molecular changes in the eye.

That 9-cis-R-Ac preserved visual functions in mice is consistent with previous work on vitamin
A deprivation and also with “the equivalent light hypothesis” proposed to explain the age-
related decline in dark adaptation noted in vertebrates 46, 47, Rhodopsin regeneration should
be more compromised in animals and humans deprived of vitamin A, an essential substrate for
the production of the visual chromophore, 11-cis-retinal, via the visual (retinoid) cycle
(reviewed in Ref. 6). “The equivalent light hypothesis” proposes that unliganded opsins
(rhodopsins lacking a chromophore) trigger phototransduction events that ultimately lead to
the demise of photoreceptor cells. Thus, death of photoreceptor and RPE cells in the aging eye
could result from the accumulation of opsins devoid of chromophore 48 Hence,
supplementation of the native chromophore needed for visual pigment regeneration could be
highly beneficial 12 49,

Possible prophylactic uses of 9-cis-retinoids

Humans begin to lose their ability to dark adapt beginning in the 3/4-4t" decade 50 This decline
in visual function is manifest by reduction in the ability to perform activities such as driving
at night and reading in darkened environments 51 such symptoms become more debilitating
with age and can resultin reduced independence and activity. Thus, a safe therapy that improves
dark adaptation and photoreceptor sensitivity would be welcome. In our experiments, mice
were treated with 9-cis-retinoids orally for 10 months without significant side effects whereas
acute and chronic side effects of high vitamin A (all-trans-retinol) have been reported in human
studies 92 that advocate further safety studies for dose and delivery systems. Results of our
experiments suggest that oral 9-cis-retinoid administration may provide such a benefit, both
as a long-term prophylactic agent and possibly as a therapeutic compound as well.

The beneficial effects and relative safety of 9-cis-retinoids may extend to age-related macular
degeneration, the leading cause of legal blindness in the US and Europe 53, Although many
factors may contribute to this disease, little attention has been devoted to age related
biochemical defects in the visual cycle. Indeed, dark-adaptation in age-related maculopathy
patients manifests as a delayed recovery of dark adaptation as well as an elevated absolute
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visual threshold®4—57. Here, we have shown that there are biochemical changes in the visual
cycle that occur with age, namely an increase in free opsin and the opsin/rhodopsin ratio. As
noted above, when such changes are excessive they can lead to retinal degeneration such as
seen in LCA 48. We also know that free opsin results in spontaneous initiation of the visual
cascade in rod photoreceptors 46, 58-62 | addition to decreasing the signal-to-noise ratio in
the visual system, this may also promote a metabolic overload in the RPE. In fact, dark-
adaptation in retina is a highly ATP-dependent process which has been estimated to consume
up to four times more oxygen under scotopic conditions®3. That in turn may result in the
formation of more waste products, free radicals and, eventually, drusen.83 So, decreasing free
opsin with 9-cis-retinoid therapy may lead to a reduction of those precursors believed to initiate
AMD. This proposition and the profound impact it may have on prevention of AMD warrants
further study.

Although the transparency of lens and cornea also decline with age 64 the increase in retinal
sensitivity observed here could be, at least partially, a more important factor in improving
visual function associated with aging. A strong argument can be made that lens/cornea
problems can often be corrected by surgery but surgery would do little to relieve the age-related
decline in retinal function described here.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Experimental protocol for single dose treatment of 10-month-old mice with 9-cis-R-Ac and
timelines for multiple dose long-term treatment regimes

(A) Fully dark-adapted (48 hr) 10-month-old mice were gavaged with 9-cis-R-Ac(~80 mg/kg
body weight) or control vehicle vegetable oil solution. One hr after gavage, mice were exposed
to continuous strong light at 500 cd-m~2 for 20 min (~90% rhodopsin bleach) followed by 16
hr of dark adaptation. Mice then were examined by ERG and eyes were analyzed for rhodopsin
and retinoid content. ERGs also were recorded prior to the 9-cis-R-Ac treatment. (B)Mice were
gavaged monthly with 9 -cis-R-Ac (~80 mg/kg body weight) or control vehicle solution for 6
or 10 months as described in Methods.
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Fig. 2. Single flash ERGs of 10-month-old mice treated with a single dose of 9-cis-R-Ac

Mice were treated with 9-cis-R-Ac or control vehicle by gastric gavage as described in

Materials and Methods (Fig. 1A). Animals were dark-adaptated for 16 hr after bleaching with
intense light and scotopic (A, B) and photopic (C, D) ERGs were recorded. Bars represent 1
standard errors of the mean, and gray colored background areas represent responses from
pretreated 10-month-old mice. The a-wave amplitudes of 9-cis-R-Ac treated mice increased
significantly (A, *; p<0.01) whereas b-wave amplitudes showed slight improvement under
scotopic conditions (B). No significant differences were observed under photopic conditions

(C, D). Statistical analyses were performed by one-way ANOVA.
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Fig. 3. Characterization of purified visual pigments from 10-month-old mice treated with a single
dose of 9-cis-R-Ac

Mouse eye visual pigments; rhodopsin, isorhodopsin and opsin were copurified as described
in Methods from 10-month-old animals treated with a single dose of 9-cis-R-Ac as shown in
Fig. 1A. The regeneration level of purified rhodopsin/isorhodopsin/opsin was calculated from
the ratio of absorbance at 500 nm (opsin with bound chromophore) to that of total opsin at 280
nm. (A). Above. Normalized representative absorbance spectra of purified rhodopsin from a
10-month-old 9-cis-R-Ac treated mouse (a, solid line) and a control mouse (b, dashed line) are
shown. The bar indicates 0.02 AU. Below. The regeneration ratio of the 9-cis-R-Ac treated
group was slightly higher than the control group (n = 3, p < 0.02), indicating that the treated
group had a lower level of unliganded (free) opsin (a). Means + S.D. are indicated. (B).
Retinoids in the purified mouse visual pigment were extracted as described in Methods. 11-
cis-Retinal was detected in the visual pigment from WT mice whereas both 11-cis-retinal and
9-cis-retinal (1) were observed in treated mice. Other minor cis-retinoids that could form during
sample preparation (i.e. 13-cis-retinal (I1)) also were detected in samples from treated and
control mice.
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Fig. 4. Retinoid levels in eyes from 10-month-old mice gavaged with a single dose of 9-cis-R-Ac and

exposed to intense light followed by full dark-adaptation

(A) HPLC separation of retinoids from 9-cis-R-Ac treated and vehicle treated control mice.
Fatty acid all-trans-retiny| esters eluted first (peak 1) followed by syn-11-cis-retinal oxime (2),
syn-all-trans-retinal oxime (3), syn-9-cis-retinal oxime (4) and all-trans-retinol (5). Minor
peaks on the chromatograms represent syn-oximes and the asterisk (*) indicates a spike related
to a solvent change. Inset(a), an expanded scale of the chromatogram shows peaks 3 and 4
corresponding to levels of syn-all-trans-retinal and syn-9-cis-retinal oximes. Online spectra of
these oximes are shown below (3 and 4). Retinoid levels in the eyes from treated and control
mice (Fig. 1A) were analyzed by HPLC. Extraction procedures and derivatization with
hydroxylamine to improve the recovery of retinals are described in Methods. (B and C)
Quantification of retinals and esters. Amounts of 11-cis-retinal and all-trans-retinyl esters were
similar in eyes of 9-cis-R-Ac treated and control mice but 9-cis-retinal and 9-cis-retinyl esters
were detected only in the eyes of treated mice (n = 3, p < 0.0001). Levels of other non-polar
retinoids were similar in 9-cis-R-Ac treated and untreated animals. A significant amount of 9-
cis-retinal (peak 4) was detected in the samples from treated mice. Means £ S.D. are indicated.
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Fig. 5. ERG responses of 10- and 14-month-old mice treated monthly with 9-cis-R-Ac or control

vehicle for various periods

Scotopic and photopic ERGs were recorded from dark-adapted mice as described in

Methods. The a- and b-wave amplitudes are plotted as a function of

light intensity and error

bars are shown (n = 10) and gray colored background areas represent responses from C0O mice.

Compared to control 10-month-old mice (C1), responses of 10-month
for 6 months with 9-cis-R-Ac (N1) were increased significantly und

-old mice treated monthly
er scotopic (A, B) and

photopic (D) conditions (p<0.01) except for a-wave amplitudes under photopic conditions (C).
No significant differences between 14-month-old mice treated monthly with 9-cis-R-Ac for
either 10 or 4 months (groups N2 and N3) relative to vehicle treated controls (C3) were

observed under either scotopic (E, F) or photopic (G, H) conditions.
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Fig. 6. Recovery of dark adaptation after intense light bleaching by 10- and 14-month-old mice
treated monthly with 9-cis-R-Ac or control vehicle for various periods

(A) Recovery of 10-month-old mice from intense retinal bleaching. Different groups of 48 hr
dark-adapted mice were bleached with intense constant illumination (500 cd-m~2) for 3 min
and a-wave amplitude recovery was monitored by recording single-flash ERGs (—0.2 log
cd-s-m~2) over a 60 minute dark adaptation period. The rate of recovery was significantly higher
in 10-month-old mice treated monthly with 9-cis-R-Ac (N1) than in similarly aged mice
gavaged with control vehicle (C1). Moreover, treatment with 9-cis-R-Ac even restored the rate
of recovery to that seen in 4-month-old mice. Gray colored background areas represent
recovery responses from CO mice. (B) Recovery of 14-month-old mice from intense retinal
bleaching. A significantly higher recovery rate occurred in 14-month-old 9-cis-R-Ac treated
mice (N2 and N3) than in similarly aged vehicle gavaged (C2) animals (**, n=5; p<0.001; ***,
p<0.0001, respectively). Again, 9-cis-R-Ac treated mice showed the same response as did
young 4-month-old mice. Error bars are indicated.
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Fig. 7. A2E accumulation in the eyes of control and long-term 9-cis-R-Ac treated mice

(A) Chromatographic separation and spectra of A2E and iso-A2E. A representative HPLC
chromatogram of eluted A2E and iso-AZ2E is shown from a group of 10-month-old N1 mice
treated monthly with 9-cis-R-Ac for 6 months (left panel in A). Inset. Magnified elution profiles
of A2E and iso-A2E are highlighted. Spectra of these peaks (I and 1) represent A2E and iso-
AZ2E, respectively (top right). (B) Amounts of A2E (black bars) and iso-A2E (gray bars) from
different experimental groups are shown. Amounts of A2E did not differ significantly among
all groups of mice with the exception of N3, where they were slightly decreased (p<0.05).
Iso-AZ2E levels were similar among all groups. Neither compound was detected at significant
levels in young 4-month-old untreated mice (C0). Means £ S.D. are indicated (n = 5), ND, not
determined.
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Fig. 8. Retinal morphology of 9-cis-R-Ac gavaged mice

(A) A representative cross- section of retina from a 4-month-old untreated mouse (CO) is
shown. RPE, retinal pigment epithelium; PR, photoreceptors, ROS, rod outer segment; IS,
inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; and GCL, ganglion cell layer. (B) Thicknesses of the ROS and IS
and numbers of ONL nuclei in retinas of control and 9-cis-R-Ac treated mice of various ages
are shown. Data points are plotted as a function of the distance from the optic nerve head
(ONH). Lengths of the ROS and IS of young 4-month-old control mice (CO) were significantly
greater than those of all other groups of 10- and 14-month-old mice (*, n=5; p<0.01). No other
significant differences were detected. Means + S.D. are indicated.
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Fig. 9. RNA array analyses of control and long-term 9-cis-R-Ac treated mice

Expression levels of 37,364 genes from the eye, liver and kidney of two groups of 10-month-
old mice, C2 and N2, were examined with cDNA arrays (Nimblegen). Two independent RNA
samples were prepared for microarray hybridization. Representative normalized values of
MRNA expression were plotted (control vs. the 9-cis-R-Ac treated group) as scatter plots with
Sigma Plot v9.0. Genes expressed more than 2.0 fold and less than 0.5 fold are indicated in red
and blue respectively. Further information is available from supplemental Tables S1 and S2.
Immunoblots of eye extracts from different groups of mice were probed with various antibodies

as described in Methods.
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