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Stargardt disease, also known as juvenile macular degenera-
tion, occurs in approximately one in 10,000 people and results
from genetic defects in the ABCA4 gene. The disease is charac-
terized by premature accumulation of lipofuscin in the retinal
pigment epithelium (RPE) of the eye and by vision loss. No
cure or treatment is available. Although lipofuscin is consid-
ered a hallmark of Stargardt disease, its mechanism of forma-

tion and its role in disease pathogenesis are poorly understood.

In this work we investigated the effects of long-term adminis-
tration of deuterium-enriched vitamin A, C20-D;-vitamin A,
on RPE lipofuscin deposition and eye function in a mouse
model of Stargardt’s disease. Results support the notion that
lipofuscin forms partly as a result of the aberrant reactivity of
vitamin A through the formation of vitamin A dimers, provide
evidence that preventing vitamin A dimerization may slow
disease related, retinal physiological changes and perhaps vi-
sion loss and suggest that administration of C20-D;-vitamin A
may be a potential clinical strategy to ameliorate clinical
symptoms resulting from ABCA4 genetic defects.

Autosomal recessive Stargardt disease (STGD1) is a macu-
lar dystrophy resulting from mutations in the ABCA4 (ABCR)
gene. The age of onset of Stargardt disease is typically 10-20
years of age and leads in almost all cases to blindness by age
50 (1, 2). A hallmark of the disease is premature lipofuscin
accumulation in the retinal pigment epithelium (RPE)? of the
eye. The RPE is critical for the neurosensory retina homeosta-
sis; it acts as a transport exchange system with blood capillar-
ies and is critical for regeneration and phagocytosis of photo-
receptor outer segments. It is hypothesized that when RPE
lipofuscin reaches a critical level, it contributes to a decline in
cell function (3—8) resulting in the degeneration of the macu-
lar region of the neurosensory retina leading to loss of central
vision (9-11).

The defective gene in Stargardt, ABCA4, encodes for an
outer segment rim protein (RmP). The function of RmP is to
transport the all-trans-retinaldehyde-phosphatidylethanol-
amine (retinaldehyde-PE) Schiff base from the luminal side of
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the disk membrane to the cytosolic face, where retinaldehyde
can then be converted back to retinol (3). In the absence of its
proper transporter, the retinaldehyde-PE conjugates may re-
act to form vitamin A dimers (A2E and ATR-dimer among
others), which are then deposited in the RPE after phagocyto-
sis of the photoreceptors outer segments. Numerous studies
have demonstrated the toxicity of vitamin A dimers to cul-
tured RPE cells and they are hypothesized to play a key role in
lipofuscin formation and subsequent retinal degeneration (12,
13). Nevertheless, the exact mechanisms that lead to lipofus-
cin accumulation or to vision loss as a result of the impaired
transport of the retinaldehyde-PE conjugates remain unclear.
In the accompanying article, we have shown that the rate-
determining step in vitamin A dimerization is the cleavage of
a C20 carbon-hydrogen bond of the retinaldehyde-PE Schiff
base (14). Replacing the C20 hydrogen atoms of vitamin A
with deuterium atoms (i.e. C20-D;-vitamin A) makes this
bond harder to cleave and impedes vitamin A dimerization
(14). In this study we sought to determine whether retarding
the intrinsic reactivity of vitamin A to dimerize could slow
lipofuscin formation in the RPE and delay changes associated
with human Stargardt disease. To accomplish this we raised
ABCA4~’~ mutant albino mice (the mouse model of human
Stargardt’s disease) on diets containing either C20-D-vitamin
A (the treated group) or vitamin A at its natural isotopic
abundance (the control group) and measured the concentra-
tion of vitamin A dimers, lipofuscin and other biological
markers indicative of ocular health in both groups. Treated
mice exhibited an 80% reduction in A2E, a 95% reduction in
ATR dimer and a 70% decrease in fundus autofluorescence at
three months of age. After six months, the treated group
showed fewer lipofuscin granules as visualized qualitatively by
electron microscopy, and at 12 months they showed im-
proved eye function as measured by electroretinogram (ERG).
These results suggest that pathological phenotypes that arise
from defects in the ABCA4 gene may result from the
dimerization of vitamin A and may be ameliorated by imped-
ing the ability of vitamin A to dimerize. These results further
indicate that administration of C20-D,-vitamin A may be a
viable therapeutic approach to prevent vitamin A dimeriza-
tion and slow the progression of associated retinal diseases.

EXPERIMENTAL PROCEDURES
Compounds—C20-D;-retinyl acetate (the acetate form of

vitamin A) was prepared according to the literature (15) and
contained 5% D,, 15% D,, and 80% D, at the C20 position, as
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measured using APCI (atmospheric pressure chemical ioniza-
tion) mass spectrometry (MS) by calculating the ratio of peaks
at the corresponding values of m/z. A2E was prepared accord-
ing to the literature (16). Retinol (17) and retinaldehyde (18)
were prepared from retinyl acetate according to literature
procedures. The structures of all synthesized compounds
were verified using "H,">C NMR spectroscopy and/or MS.

Animals—All animal protocols were approved by the Insti-
tutional Animal Care and Use Committee of Columbia Uni-
versity and complied with guidelines set forth by the Institute
for Laboratory Animal Research (Guide for the Care and Use
of Laboratory Animals). All animals were housed under 12-h
light/dark cycles in environmentally controlled rooms. The
ABCA4-null mutant mice (129/Sv X C57BL/6]) used in this
study were homozygous for the Rpe65 Leu450 variant and
were obtained from a colony housed in the Columbia Univer-
sity Medical Center; they have been described in the literature
(19).

Long Term Treatment—For the treated group, C20-D-
retinyl acetate was blended with sucrose and added to a puri-
fied diet (at 20,000 IU/kg diet) that was deficient in vitamin A.
For the control group, the same amount of retinyl acetate was
added to the same base purified diet. Harlan Teklad (Madi-
son, W1) prepared the final diets. ABCA4~ '~ breeding pairs
were divided into two groups and fed the diets, through preg-
nancy and lactation. We evaluated only the offspring of mice
that had been on the above diets for a minimum of six
months.

Dietary Exchange of Vitamin A in Mature Mice—As above,
C20-D;-retinyl acetate was blended with sucrose and added
to a purified diet (at 100,000 IU/kg diet). 2-Month-old
ABCA4 ™'~ animals raised on standard rodent chow were
then placed on the C20-D;-vitamin A diet for one additional
month.

A2E and ATR-dimer Quantification—Tissues were pro-
cessed and A2E was measured by HPLC as previously de-
scribed (14). ATR-dimer was simultaneously analyzed at 515
nm by measuring the total area of the peaks that displayed the
characteristic UV-Vis spectroscopic absorbance profile of
ATR-dimer (20, 21).

Retinoid Quantification—Ocular retinol, retinyl palmitate,
and retinaldehyde were quantified using standard HPLC tech-
niques by comparing the HPLC retention times and peak ar-
eas of unknown samples with those of known standards. Reti-
nol and retinyl palmitate were detected at 325 nm and
retinaldehyde at 380 nm.

Liver Vitamin A Isotopic Ratio—For the quantification of
retinyl ester isotopic ratios from liver, 10 mg of liver was ho-
mogenized in butanol (100 ul). The homogenates were clari-
fied through centrifugation and then analyzed directly using
MS.

Retina Vitamin A Isotopic Ratio—Animals were dark-
adapted overnight and four retinas were collected under dark
conditions using night vision goggles and a dissecting micro-
scope fitted with a night vision viewer. The retinas were ho-
mogenized in butanol (100 ul), the homogenates were clari-
fied through centrifugation and then analyzed directly using
MS.
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RPE Autofluorescence—Quantification of RPE autoflures-
ence was performed as essentially described by Katz et al.
(22). Briefly, under a 10X stereomicroscope with standard
illumination, eyecups were dissected out, separated from the
retina, and slits were made along the periphery so that they
could lay flat. The eyecups were then positioned with the RPE
cells up in a 35 X 10 mm round, biomedical-grade polysty-
rene Petri dish and covered with a 22 X 22 glass coverslip and
a phosphate buffered saline solution containing calcium and
magnesium (Dulbecco’s). All autofluorescence measurements
were made under identical conditions over the span of 2 days,
using a 10X objective attached to a confocal laser-scanning
microscope (Zeiss LSM 510; excitation 488; emission >520
LP). For autofluorescence quantification, two-three images
were recorded at different locations that displayed a uniform
layer of RPE cells for each retina. Then for each image, mean
pixel intensity was measured at four different locations, using
the program Image] (National Institutes of Health, Bethesda,
MD).

Electron Microscopy—For each diet, the right eyes of two
6-month-old animals were evaluated. The eyes were fixed
overnight in 4% formaldehyde and 1% glutaraldehyde in 0.1 m
phosphate buffer (pH 7.4). They were then immersed in 8%
(0.2 m) sucrose in 0.1 m phosphate buffer (3 X 15 min) and
post-fixed in 1% osmium tetroxide in 0.1 m phosphate buffer
(1 h). The eyes were dehydrated (50% ethanol, 15 min; 70%
ethanol, 15 min; 95% ethanol, 15 min; 100% ethanol, 2 X 15
min), embedded (100% propylene oxide, 2 X 15 min; 1:1
EMBed 812:propylene oxide, 1-2 h; 2:1 EMBed 812:propylene
oxide, overnight; embedded in beam capsules; baked in an
oven at 60 °C, 48 h). The eyes were sectioned (by first cutting
thick sections (0.5-1.0 wm), observing the sections under a
microscope to determine the precise location of the cuts, and
then ultrathin sectioning at a thickness of 60 —90 nm) and
next the sections were placed onto grids, stained (uranyl ace-
tate, 15 min; lead citrate, 5 min) and observed under an elec-
tron microscope. Total area and size of dense electron bodies
were measured using image]J.

Quantitative Real Time Polymerase Chain Reaction
(qRT-PCR)—For statistical power, three biological replicates
were used for each data point. RNA was isolated in triplicate
from 10-pooled eyecups together with the retinas (for a total
of 15 animals, or 30 eyes per group) using a Qiagen RNeasy
minikit and QIA shredder columns, according to the manu-
facturer’s instructions. One microgram of RNA was reverse
transcribed using an RT?2 First Strand Kit and applied to PCR
array plates (PAMM-077: Mouse Inflammatory Response and
Autoimmunity PCR Array from SABiosciences). Plates were
processed in an Applied Biosystems 7500 Fast Real-Time PCR
System, using automated baseline and threshold cycle detec-
tion. RT-PCR results were calculated using the Delta-Delta
CT method; data were interpreted using SABioscience web-
based PCR array data analysis tool.

ERG Recordings—The light stimulus was delivered from a
desktop ganzfeld stimulator (Color Dome, Diagnosys, Little-
ton, MA) and responses were recorded on the Espion console.
Prior to ERG analysis, ophthalmoscopic examination con-
firmed that all eyes were free of opacities or other gross
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FIGURE 1. C20-D;-vitamin A impedes A2E- and ATR-dimer biosynthesis in a mouse model of Stargardt disease. A and B, representative HPLC traces of
retinoids and vitamin A dimers extracted from the eyes of ABCA4~/~ mice raised on vitamin A. C-E, UV-Vis spectra of the represented peaks. In this report,
AZ2E refers to both A2E and its geometric isomer, iso-A2E, and ATR-dimer refers to peaks between 16.8 and 17.4 min, those with characteristic absorbance
spectra of ATR dimer. Relative concentrations of A2E at 3 and 6 months (F) and ATR-dimer at 3 months (G) in control (vitamin A) and treated (C20-D;-vita-
min A) animals. Each smaller open circle represents a measurement for 10-pooled eyecups for a total of n = 15 animals per bar. ***: p < 0.001.

anomalies. Animals were dark-adapted overnight and all sub-
sequent procedures were performed under a dim, 660-nm
LED light source. Pupils were dilated with phenylephrine hy-
drochloride (2.5%) and cyclopentolate hydrochloride (0.5%)
applied topically to the cornea. After 10 min, mice were anes-
thetized with an intraperitoneal injection of a mixture of ke-
tamine (80 mg kg™ ') and xylazine (5 mg kg™ ') while corneal
hydration was maintained through topical application of
methyl cellulose (1 drop, ~50 mg; topical to cornea; Metho-
cel; Dow Chemical, Zirich, Switzerland). Corneal anesthesia
was achieved with tetracaine hydrochloride (0.5%, one drop;
Bausch and Lomb). To maintain a body temperature of 37 °C,
animals were rested on a homeothermic blanket connected to
a temperature control unit (Harvard Apparatus). The active
electrodes were fashioned from a 0.005 inch platinum-iridium
wire; they were formed in loops and attached to 1.5-mm, fe-
male, DIN connectors and placed on the right and left cor-
neas. Electrical contact between the corneas and electrodes
was achieved using a drop of 1% methylcellulose. A saline-
soaked cotton-wick electrode was placed in the mouth and a
needle electrode was placed subcutaneously in the scalp,
which served as reference and ground leads, respectively. Re-
cordings were taken simultaneously from both eyes.

Flicker ERG—Flashes were provided by a red (635 = 25 nm)
LED at 0.041umol m ™2 s~ '. Animals were presented with
three flashes for each frequency. All curves were captured and
viewed; curves judged to be excessively noisy were excluded. For
each animal, the peak-to-trough amplitude of each harmonic
was measured and averaged to obtain the final amplitude for
each frequency. Final ERG values for each frequency and age
group were obtained by averaging the average amplitude for each
frequency measured for each animal in the group. The p values
were calculated by using the distribution of the average ampli-
tude for each frequency in the respective group.

ERG a- and b-waves—we presented single flashes of white
light of nine intensities from a xenon lamp. For each intensity,
we presented five flashes. We measured a-wave amplitudes
from baseline-to-trough and b-wave amplitudes from the a-
wave trough to the b-wave peak. Final values of a- and b-am-
plitudes were calculated by averaging the average a- and b-
wave amplitudes respectively, for each animal.
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Statistical Analysis—Comparisons between groups were
made using two-tailed, unpaired ¢-tests. A p value of less than
0.05 was considered statistically significant. Data are reported
as means along with standard deviations. The “n” value de-
notes the number of animals used in each group for a particu-

lar outcome measure.

RESULTS

Ocular A2E and ATR-dimer—We raised two groups of
ABCA4~'~ mice on diets containing either C20-D,-all-trans-
retinyl acetate (the treated group) or all-trans-retinyl acetate
(the control group). At three months of age we measured the
concentration of vitamin A dimers contained in the RPE (eye-
cup) and retina by HPLC (Fig. 1, A—E). In the treated group
we measured 13 * 0.6 pmol of A2E/eye corresponding to 80%
less (p < 0.001) A2E (Fig. 1F) than in the control group, which
averaged 53 * 4 pmol of A2E/eye (n = 15 animals for each
group). Similarly, we measured 95% less ATR-dimer (Fig. 1G)
in the treated animals relative to the controls (# = 15 animals
per group, p < 0.001). The concentrations of ATR-dimer in
the treated group approached the limit of detection resulting
in more deviation in this measurement. At six months of age,
we took a second measurement of A2E (Fig. 1F), which
showed an unchanged (p > 0.05) amount of A2E in the
treated animals between 3 and 6 months. For comparison,
3-month-old albino ICR wild-type mice raised on a standard
rodent chow had 15 £ 1 pmol of A2E per eyecup (14). Mice in
the treated group therefore resulted in levels of vitamin A
dimers comparable to levels seen in healthy wild-type mice
raised on standard diets.

Ocular C20-Ds-vitamin A Incorporation—In the retina,
vitamin A exists primarily as retinaldehyde. We used MS to con-
firm the presence of C20-D;-retinaldehyde in the retina of the
treated animals. Under MS conditions retinaldehyde was visual-
ized at m/z (mass-to-charge ratios) of 285 in the untreated group
(Fig. 2A). In the treated group, in addition to a smaller baseline
peak at 285 m/z there was a larger peak at 288 m1/z correspond-
ing to C20-D;-retinaldehyde ion (Fig. 2B), suggesting that vita-
min A at natural abundance had been substantially replaced with
C20-D,-vitamin A in the retina of the treated animals.
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FIGURE 2. Vitamin A is swapped for C20-D;-vitamin A in treated ani-
mals. Representative MS of retina (top) and liver (bottom) extracts from ani-
mals raised on naturally occurring vitamin A (control group, panels A and C)
or on C20-D5-vitamin A (treated group, panels B and D). Numbers above
lines are m/z ratios.

Liver C20-D;-vitamin A Incorporation—In mammals, 80 —
90% of the body’s vitamin A is stored in the liver as retinyl
esters. Thus to investigate the extent to which body vitamin A
had been replaced with C20-D,-vitamin A, we measured the
hepatic ratio of deuterated vitamin A to native vitamin A us-
ing MS. Under the MS conditions in place, liver retinyl esters
from untreated animals fragmented to yield a base peak at
m/z 269 (23) (Fig. 2C). We did not observe a base peak at m/z
269 in the animals raised on C20-D;-vitamin A, but instead,
we observed a base peak shifted by three mass units to m/z
272 and corresponding to the C20-D,-retinyl ester fragment
(Fig. 2D). This result confirms that these animals mainly
stored C20-D;-vitamin A and that hydrogen-deuterium ex-
change was negligable during the use and storage of C20-D5-
vitamin A. Additionally, through HPLC analysis we found no
statistical difference in the concentrations of liver and ocular
retinoids in both groups except that in the treated group the
retinoids were enriched with deuterium.

RPE Autofluorescence—In human Stargardt disease, areas of
hyper autofluorescence are frequently observed throughout
the retina (24). Fundus autofluorescence, which arises primar-
ily from the RPE, has been used as a clinical marker of disease
progression related to age and/or inherited macular degenera-
tions. Thus we compared the RPE autofluorescence of the two
groups by examining the flat mounted eyecups using a confo-
cal scanning laser microscope. The treated group exhibited a
70% decrease in mean autofluorescence intensity relative to
that of the control (n = 5, p < 0.001) (Fig. 3).

Visualization of Lipofuscin Granules—ABCA4~'~ mice
exhibit a similar ultrastructural pattern to humans with early
stage STGD (25). Thus, as a first approximation of retinal
health, we examined the number and location of dense lyso-
somal bodies at 6 months using electron microscopy (Fig. 4).
The treated group clearly had fewer-electron-dense lysosomal
bodies than the control animals. The accumulation of lyso-
somal bodies in the control animals was most notable in the
apical portions of the cytoplasm, a typical feature of the RPE
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FIGURE 3. C20-D;-vitamin A reduces RPE autofluorescence in the Star-
gardt mouse. A, average retinaldehyde autofluorescence from RPE cells
(eyecups), from 5 three-month-old mice administered vitamin A (control,
left bar) and 5 three-month-old mice administered C20-D5-vitamin A (treat-
ment, right bar). Circles represent individual pixel intensity measurements
for each flat mount image. Standard deviations are shown. ***: p < 0.001.
Band C, representative confocal fluorescence microscopy images taken
under identical conditions of an eyecup from a treated (C) and control ani-
mal (B).

FIGURE 4. C20-D5-vitamin A reduces lipofuscin deposits. Representative
electron micrographs of RPE layer from 6-month-old ABCA4 /™ mice raised
on a diet containing either vitamin A (panel A), revealing electron-dense
bodies (dark spots, total relative area of 8147; average relative size 24, area
fraction 5.1); and C20-D5-vitamin A (panel B), revealing ~50% fewer elec-
tron-dense bodies, distributed throughout the cytoplasm (total relative
area of 4164, average relative size 13, area fraction 2.6). BM: Bruch’s mem-
brane. Same magnification level between the two micrographs.

of aged (24-month) wild-type mice (Fig. 4A4) (26). On the
other hand, only a few lysosomal bodies, sparsely distributed
throughout the cytoplasm, were visible in the RPE of the
treated animals (Fig. 4B). This finding is in accord with obser-
vations of the RPE layer of younger wild-type animals (26).

Ocular Inflammation—It is believed that RPE cell debris
(lipofuscin) serves as a chronic inflammatory stimulus for
complement activation and a potential nucleation site for
drusen formation (27-29). Thus at 12 months, we used quan-
titative RT-PCR to determine whether the decreased ocular
lipofuscin in response to treatment altered the expression of
inflammatory cytokines and chemokines as well as their re-
ceptors. We measured a statistically significant decrease in
C4b (by 1.51-fold; p = 0.02) and IL-7 (by 1.46-fold; p = 0.04)
expression and an increased expression of CCr1 (by 2.57-fold;
p = 0.04), Lt-« (by 2.14-fold; p = 0.04) and Ly96 (1.1-fold;
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p = 0.01) for treated mice compared with controls (n = 15
animals or 30 eyes per group, Fig. 5). The remaining 77 genes
of the PAMM-077 Mouse Inflammatory Response and Auto-
immunity PCR Array showed no statistically significant differ-
ence between the two groups (p > 0.05).
Electrophysiology—To evaluate eye health, we measured
electroretinogram (ERG) amplitudes in dark-adapted mice in
response to red light flickering at various frequencies. We
chose to use longer-wavelength red light, which is poorly ab-
sorbed by pre-retina tissue, to minimize potential differences
in pre-retina filtering between the two groups of animals. Fig.
6A summarizes the ERG amplitudes in response to a red light
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FIGURE 5. Animals raised on C20-D;-vitamin A have altered ocular gene
expression. Volcano plot of p values correlated to fold change in gene ex-
pression in 1-year-old treated animals relative to controls, as measured us-
ing qRT-PCR. Experiments were done in triplicate with a sample size of n =
15 animals per group or 30 eyes.
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flickering at 7, 10, and 13 flashes per second (Hz) for treated
and control mice at one year of treatment. The treated ani-
mals had statistically larger flicker ERG responses relative to
those of the control group for all three of the frequencies
tested (n = 10 for the control and # = 15 for the treated
group, p < 0.001). Fig. 6C summarizes the flicker recording
measured at one year (data from panel 6A) and three months.
In three months animals, there was no statistical significance
in the ERG amplitudes of the two groups. However, upon ag-
ing, the flicker response decreased. This decrease in ampli-
tude was more pronounced for the control animals: the 7-,
10-, and 13-Hz flicker responses decreased by 31, 34, and 42%,
respectively upon aging. On the other hand, for the treated
animals, the 7-, 10-, and 13-Hz flicker responses decreased by
only 16, 23, and 26%, respectively, showing a significant (p <
0.001) delay in the age-related decline in ERG signal.

We also measured the dark-adapted ERG response to a sin-
gle flash of white light ranging in intensity over five log units
after one year of treatment (Fig. 6C). From intensity response
curves (Fig. 6D) we calculated a- and b-wave maximum am-
plitudes. Treated animals had significantly larger maximum
amplitudes (7 wV larger for the a-wave; 30 wV larger for the
b-wave) compared with the untreated animals.

Dietary Exchange of Vitamin A in Mature Mice—In the
above series of experiments, we used animals that had been
raised from birth on diets containing either native or C20-D,-
vitamin A. To replicate more realistic conditions, we meas-
ured whether a change in dietary vitamin A from the standard
form to C20-D,-vitamin A in adult mice could also slow A2E-
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FIGURE 6. C20-D;-vitamin A delays electrophysiological retinal deterioration in a mouse model of Stargardt disease. A, average flicker ERG curves in
response to 635 * 25 nm light flickering at different frequencies, at one year. n = 10 animals were used for the vitamin A group (control) and n = 15 for the
C20-D5-vitamin A group (treatment). ***: p < 0.001. B, change in flicker ERG amplitude upon aging for control and treated mice. The first bar of each group-
ing represents 3-month-olds and the second bar 1-year-olds (data from panel A). At 3 months, the difference between the control and treated groups were
not statistically significant. Standard errors are shown. C, average ERG curves in response to a single flash of white light for 1-year-old animals raised on the
two diets. D, ERG intensity response curves for the a- (lower curves) and b-waves (top curves) corresponding to ERG curves shown in panel C. The numbers

above the curves are p values.
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biosynthesis. Thus we placed two-month-old ABCA4~ '~ ani-
mals raised on a standard commercial diet on a new diet
containing 100,000 IU of deuterated vitamin A/kg feed, ap-
proximately five times the amount of vitamin A contained in
most commercial diets. After one month on this diet, we
compared retinal A2E levels to age-matched animals raised
on a standard rodent diet. The treated animals had ~60% less
(p < 0.001) A2E relative to animals raised on the standard
rodent diet (20 = 5 pmol/eye in the treated group versus 53 =
4 pmol/eye for the untreated group), this level was only
slightly higher (20%) than the level of A2E in three-months-
old animals raised exclusively on C20-D5-vitamin A from
birth. By use of MS we determined that after one month of
treatment, 35% of liver vitamin A was the deuterated form.

DISCUSSION

The ABCA4~'~ mouse was created as an animal model of
Stargardt disease (25). In this work, we raised two groups of
ABCA4 '~ mice on diets containing vitamin A as either C20-
D;-all-trans-retinyl acetate (the treated group) or all-trans-
retinyl acetate at its natural isotopic abundance (the control
group). While both groups received the same amount of their
respective vitamin A, deuteration of vitamin A at the C20 po-
sition impeded vitamin A dimerization as measured by a sig-
nificant decrease in A2E and ATR-dimer, and was consistent
with previously reported data for wild-type mice (14). The
decrease in RPE autofluorescence in the treated group, as
measured by confocal laser scanning microscopy, suggested a
decrease in RPE lipofuscin granule concentration, a conclu-
sion that was further supported by a decrease in electron
dense bodies observed in electron micrographs of RPE cells.
As these mice are albino, melanolysosomes were most likely
not a significant contributor to these electron dense deposits.
Autofluorescence data seemed to indicate that deuterium in-
corporation at carbon C20 of vitamin A hindered the forma-
tion of lipofuscin deposits. Vitamin A dimers themselves
comprise only a small fraction of lipofuscin granules (0.019 —
0.024%)(30,31), have different fluorescence quantum yields,
lifetimes and profiles relative to those of lipofuscin granules,
and unlike the granules, their autofluorescence diminishes
upon exposure to light (32).

The C4b gene encodes the basic form of complement factor
4. The observed decrease in C4b expression measured by
qPCR in the treated animals was also in accord with de-
creased vitamin A dimers and lipofuscin. Indeed, prior work
has suggested that vitamin A dimers can activate the comple-
ment cascade (33) and that C4b expression is increased in
aged mouse retinas (34, 35). Although the exact roles of C4b
and of the previously mentioned inflammatory genes in mac-
ular degeneration and retinal heath are not fully understood,
it could be suggested that there was an effect of long-term
C20-D;-vitamin A administration on ocular inflammation
when compared with control animals raised on vitamin A at
natural abundance. Future work elucidating the role of these
genes will be needed to further interpret these results.

The ERG records the summation of electrical responses by
the eye in response to light stimuli and is widely used as a
measure of retinal health. The a-wave is thought to reflect
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photoreceptor function while the b-wave and the flicker re-
sponse are thought to originate from neurons in the retina
that are postsynaptic to the photoreceptors and reflect ON-
bipolar cell function, but can also be used as sensitive indica-
tors of photoreceptor function (36). ABCA4 '~ animals have
been reported to exhibit slow, ongoing photoreceptor degen-
eration as measured by the ERG a-wave (25) and outer nu-
clear layer (ONL) thickness (37) at twelve months of age. This
age related decline in ERG amplitude may be greater (38) or
similar in magnitude (39, 40) when compared with wild-type
animals depending on the reference study. Indeed, direct
comparisons with a “wild-type” control can be complicated by
the fact that phenotypic variability may be caused by alleles,
which are not per se linked to the target locus (41, 42). For
example, there have been conflicting reports on whether
ABCA4~’~ mice exhibit slower (4, 25) or faster (43) ERG
dark-adaptation times depending on the wild-type animal
used as controls. For this study, in the absence of a congenic
ABCA4 '~ strain, we compared ERG changes between two
groups of genetically matched animals. Because the most pro-
nounced difference between the control and treated animals
was the amount of ocular vitamin A dimers and lipofuscin, we
propose that the larger ERG responses from the treated ani-
mals provide evidence that retinal function in this animal
model of Stargardt disease could be preserved through the
slowing of vitamin A dimerization and presumably lipofuscin
accumulation.

C20-D,-vitamin A is attractive considering that deuterium
incorporation at the C20 position is not expected to interfere
with the endogenous role of vitamin A in the body, as the C20
carbon hydrogen bond does not seem to be cleaved during
normal vitamin A metabolism (44). Our observation that the
C20 deuteriums were not exchanged for hydrogens in vitamin
A isolated from the livers of animals raised exclusively on
C20-D,-vitamin A, supports the notion that this bond is not
involved in vitamin A processing except in the synthesis of
vitamin A dimers. We have now raised several generations of
animals exclusively on C20-D,-vitamin A and have not no-
ticed any abnormalities (i.e. clean, sleek, well groomed fur,
and good skin and mucosal color, alert, socially active, and
tended to explore the cage perimeter). Furthermore, deuteri-
um-enriched vitamin A has been used safely in humans for
over 20 years to study the biological role of vitamin A, identify
its metabolites and establish its pharmacokinetics and phar-
macodynamics (45). Thus, we do not expect long-term con-
sumption of C20-D;-vitamin A to produce any side effects
outside of those developed from normal vitamin A consumed
under widely recognized safe doses. The fact that we also ob-
served a 60% decrease in A2E in the study involving adult
mice fed with C20-D;-vitamin A for 1 month suggests that
lipofuscin pigment biosynthesis can be slowed soon after ad-
ministration of C20-D;-vitamin A, before liver reserves are
completely swapped to the deuterated form of the vitamin.
This may be the result of faster exchange of new ingested die-
tary vitamin A with the RPE versus liver reserves and is con-
sistent with prior work on wild-type mice (14). A similar ef-
fect in humans would make C20-D,-vitamin A an attractive
clinical approach to delay vitamin A dimerization.
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In humans (16, 46 —48) and rodent models (25, 49 —53) of
macular degeneration, high levels of vitamin A dimers corre-
late with poor retina and RPE health. Using in vitro models,
vitamin A dimers have been shown to destabilize lipid mem-
branes (54), act as a retinoid X receptor (RXR) agonist (55),
act as RPE65 antagonist, activate the complement cascade
(56), inhibit cholesterol metabolism (57), deactivate mito-
chondria, inhibit phagocytosis (58), act as pro-oxidants (59),
associate with DNA (60, 61) and form peroxides (62, 63). Nev-
ertheless, whether vitamin A dimers contribute to, are merely
a symptom of, or even protect against retinal degeneration is
still controversial (64, 65). This work suggests that slowing
down vitamin A dimerization may delay age-related ocular
changes and supports the notion that these dimers do indeed
contribute to retinal degeneration.

Notably, our data suggest that dimerization of retinalde-
hyde may contribute to the formation of ocular lipofuscin.
This conclusion is consistent with observations noted in ani-
mals raised on vitamin A deficient diets (22), in animals (67)
and humans (68) with RPE65 genetic defects, and in animals
administered vitamin A cycle antagonists (TDH, acutane, Ret-
NH,) (69-71) or with impeded delivery of ocular vitamin A
(Fenretinide) (72). In all of the above conditions, the concen-
tration of vitamin A in the retina was decreased along with
the amount of RPE lipofuscin. However, vitamin A is a potent
physiological modulator (73), and vitamin A deficiency or
visual cycle inhibition could in theory result in a decrease in
lipofuscin by a variety of mechanisms. In this work, we show
that vitamin A dimerization and lipofuscin formation can
both be slowed by decreasing the reactivity of vitamin A while
keeping its concentration and presumably its processing by
the visual cycle the same.

To the best of our knowledge, this is the first report of a
slowing of electrophysiological retinal degeneration, as meas-
ured by ERG, in a mouse model of Stargardt and suggests that
reducing the ability of vitamin A to dimerize may slow age-
related retinal physiological changes. Prior physiological evi-
dence demonstrating the toxicity of vitamin A dimers and
lipofuscin has been elusive. In this report we present evidence
that is in accord with the general hypothesis that lipofuscin is
not benign but can impair cellular function and contribute to
retinal degeneration. Psychophysical measurements of visual
function are of future interest.

Data presented here also indicate that hampering the activ-
ity of retinaldehyde through deuterium incorporation may be
a promising strategy for slowing vitamin A dimerization and
lipofuscin formation resulting from ABCA4 mutations. The
overall strategy is outlined in Fig. 7. It has been estimated that
one in 20 people carry a disease-associated ABCA4 allele (74—
76), and ABCA4 mutations are believed to be responsible for a
large variety of retinal degenerations. Although these muta-
tions most commonly result in Stargardt disease and fundus
flavimaculatus, some forms of cone-rod degeneration, retini-
tis pigmentosa and an increased risk of developing age-related
macular degeneration (AMD) have been linked to ABCA4
mutations (77, 78). In all of these diseases, the concentrations
of vitamin A dimers are above normal. Other retinal diseases
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Disk Lumen

FIGURE 7. Hypothesized model of lipofuscin prevention by C20-D-vita-
min A. Pathways for retinaldehyde/phosphatidylethanolamine Schiff base
(Retinaldehyde-PE) clearance from the disk lumen. The shaded area repre-
sents the disk lumen. Clearance pathways are marked 1-5. Arrows going
outside the gray area represent movement out of the disk lumen. In theory,
the retinaldehyde-PE Schiff base that forms in the rod outer segment after
photon isomerization may follow several pathways: 1) it can react to form
A2E leading to lipofuscin; 2) it may be actively (ABCA4 mediated) or pas-
sively (diffusion) transported out of the disk lumen; 3) it may dissociate back
to retinaldehyde and PE and retinaldehyde may then be actively or pas-
sively transported out of the disk lumen (79); 4) it may isomerize, dissociate
and the generated 11-cis-retinaldehyde may recombine with opsin to form
rhodopsin (66) or 11-cis-retinaldehyde and its other isomers may be actively
or passively transported out of the disk lumen; and lastly 5) it may be deliv-
ered to the RPE directly when the outer segment is phagocytosed. In path-
ways 2-5 retinaldehyde can presumably be reincorporated back into the
visual cycle. Once outside the disk lumen retinaldehyde can be reduced to
retinol. In the case of ABCA4 defects leading to Stargardt disease pathway
two is slowed resulting in, presumably, an increase in pathway one leading
initially to vitamin A dimerization, lipofuscin formation and ultimately vision
loss. By the incorporation of deuterium atoms at the C20 position of vitamin
A, we have shown in prior work that pathway one becomes higher in en-
ergy, and as a result is slowed down. This should allow more time for retin-
aldehyde to be re-incorporated into the visual cycle via pathways 2-5.
Through this mechanism, the use of C20-deuterated vitamin A may be an
effective methodology toward mitigating the clinical consequences of al-
terations in the ABCA4 gene.

are also marked by excessive accumulation of vitamin A
dimers, such as Best disease (47) and potentially others.

In inherited or age related macular degenerations and dys-
trophies, the mechanism by which vitamin A dimerizes re-
quires the breaking of a C20-H bond of vitamin A. As such,
deuterium incorporation at the C20 position should slow vita-
min A dimerization in all of these pathologies. Although the
exact role of vitamin A dimers such as A2E in the formation
of lipofuscin and in the pathogenesis of macular degeneration
is still yet to be fully elucidated, the concentration of ocular
vitamin A dimers increase with age in all people, early during
the pathogenesis of Stargardt disease and in other inherited
macular dystrophies and are widely believed to be detrimen-
tal. As a result there is a rationale for clinically preventing
vitamin A dimerization as a means of preventing vision loss.
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