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Stargardt disease, an ATP-binding cassette, subfamily A, member 4
(ABCA4)-related retinopathy, is a genetic condition characterized
by the accelerated accumulation of lipofuscin in the retinal pig-
ment epithelium, degeneration of the neuroretina, and loss of
vision. No approved treatment exists. Here, using a murine model
of Stargardt disease, we show that the propensity of vitamin A to
dimerize is responsible for triggering the formation of the majority
of lipofuscin and transcriptional dysregulation of genes associated
with inflammation. Data further demonstrate that replacing vita-
min A with vitamin A deuterated at the carbon 20 position (C20-
D3-vitamin A) impedes the dimerization rate of vitamin A—by ap-
proximately fivefold for the vitamin A dimer A2E—and subsequent
lipofuscinogenesis and normalizes the aberrant transcription of
complement genes without impairing retinal function. Phenotypic
rescue by C20-D3-vitamin A was also observed noninvasively by
quantitative autofluorescence, an imaging technique used clinically,
in as little as 3 months after the initiation of treatment, whereas
upon interruption of treatment, the age-related increase in auto-
fluorescence resumed. Data suggest that C20-D3-vitamin A is a clini-
cally amiable tool to inhibit vitamin A dimerization, which can be
used to determine whether slowing the dimerization of vitamin A
can prevent vision loss caused by Stargardt disease and other reti-
nopathies associatedwith the accumulation of lipofuscin in the retina.

C20-D3-vitamin A | age-related macular degeneration | bisretinoid | A2E |
ALK-001

Stargardt disease, first described in 1909, is an autosomal re-
cessive macular dystrophy affecting ∼1 in 10,000 people. The

majority of people affected by the disease present with un-
correctable, decreased visual acuity during their teenage years,
which most often progresses to legal blindness. To date, there is
no approved intervention. Stargardt disease is marked by pre-
mature accumulation of lipofuscin in the retinal pigment epi-
thelium (RPE), degeneration of the neuroretina, and subsequent
loss of vision. The condition results from mutations in the ATP-
binding cassette, subfamily A, member 4 (ABCA4) gene (1), which
encodes a transmembrane flippase localized in photoreceptor outer
segments. The flippase transports the phosphatidyl-ethanolamine-
retinaldehyde Schiff base between the cytosol and the cytoplasmic
disk surfaces (2). Mutations in ABCA4 also result in retinitis pig-
mentosa and cone-rod dystrophy and have been linked to age-re-
lated macular degeneration (AMD) (3, 4).
The accumulation of lipofuscin in the RPE is a common de-

nominator in retinopathies associated with mutations in the
ABCA4 gene. Also known as “wear and tear pigment,” lipofuscin
accumulates as a byproduct of cumulative damage during aging.
The brown-yellow, autofluorescent, electron-dense material is
also found in cells of the liver, kidney, heart muscle, adrenals,
nerve, and ganglion and is considered one of the most consistent
morphologic features of aging with a rate of accumulation in-
versely related to longevity (5, 6). In Stargardt disease, changes
in RPE lipofuscin-related autofluorescence (AF) signals are
present in areas of imminent functional loss (7). The RPE serves
as the outer blood–retinal barrier. The cell layer is responsible

for the uptake of retinol from the circulatory system, converting
retinol to 11-cis-retinal, and transporting 11-cis-retinal to the
photoreceptors for photon recognition in a process called the
vitamin A cycle; recycling of photoreceptor outer segments; and
transporting ions, glucose, metabolites, and fluid to maintain the
milieu of the neuronal retina. RPE senescence is thought to lead
to neuroretina degeneration and vision loss (8).
How RPE lipofuscin forms is unknown. The retina ranks

among the highest energy-consuming systems (9). Modulating
energy use by depriving the eye of vitamin A (10), inhibiting
enzymes involved in the vitamin A cycle (11, 12), or regulating
photon catch (10) each result in a decrease in RPE lipofuscin.
Modulating energy use leads to changes in the levels of in-
termediates of the vitamin A cycle (retinaldehyde, retinol, retinyl
esters), changes in rhodopsin signaling and activation, changes in
retinal energetics (glucose, high-energy phosphates, lipid pro-
files), and changes in cellular byproducts (reactive oxygen spe-
cies, dimerized vitamin A, glycation endproducts, etc.). Many of
these biochemical events have been proposed to contribute to
RPE senescence and the formation of RPE lipofuscin (5, 6). As
such, the contribution of any specific biochemical event to retinal
lipofuscinogenesis remains elusive. Elucidating the minor and
major drivers of lipofuscin generation is a main challenge toward
better understanding the etiology of Stargardt disease and reti-
nopathies associated with RPE lipofuscin accumulation.
Using an albino mouse model of Stargardt disease, it was shown

that replacement of dietary vitamin A with vitamin A deuterated
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at the carbon 20 position (C20-D3-vitamin A) from birth to 1 y of
age resulted in an 80% decrease in the vitamin A dimer, A2E, a
significant decrease in RPE lipofuscin, and preservation of retinal
function compared with control animals fed diets containing vita-
min A (13). However, in humans, replacing vitamin A with C20-D3-
vitamin A from birth is challenging because Stargardt disease is
most often diagnosed after the onset of symptoms, usually during
one’s teenage years. In addition, RPE lipofuscinogenesis is thought
to involve melanin (14), which the albino mice lack. Albino Star-
gardt animals, and animals lacking melanin in general, also tend to
be more susceptible to retinal degeneration compared with pig-
mented animals (15, 16). This suggests that melanin plays a role in
retinal homeostasis, which was not modeled in albino mice.
Here, using pigmented mice, we used C20-D3-vitamin A as a tool

to demonstrate that the dimerization of vitamin A contributes to
the majority (∼50%) of lipofuscin in the RPE.We further show that
the dimerization of vitamin A is a continuous pathologic event.
Replacement of vitamin A with C20-D3-vitamin A at any point
during the disease process prevents the dimerization of vitamin A,
and thus the formation of lipofuscin without adverse effects on the
retina electrophysiologic function. Data suggest that C20-D3-vita-
min A might be used clinically to prevent vitamin A dimerization
and subsequent lipofuscin accumulation in Stargardt disease and
other retinopathies characterized by lipofuscin accumulation, and
that disease progression can be monitored clinically by fundus AF.

Results
Fundus AF. The mouse model for Abca4-related retinopathy has a
neo cassette replacing the promoter and exon 1 of the Abca4 gene,
thus abolishing gene expression (17). Similar to humans, Abca4
knockout (Abca4−/−) mice exhibit increased rates of vitamin A
dimerization and lipofuscin accumulation compared with their
wild-type counterparts (17, 18). Administration of C20-D3-vitamin
A has been shown to inhibit vitamin A dimerization (19). Thus, to
determine whether vitamin A dimerization was responsible for RPE
lipofuscin formation, we administered a standard rodent diet to a
cohort of Abca4−/− mice (control group) and compared signatures
of retinal health with another cohort, in which we replaced vitamin
A in the standard diet by the same amount of C20-D3-vitamin A

(treatment group). Fundus AF intensity resulting from 488-nm
excitation measured in vivo was used as a biomarker of lipofuscin
content in the RPE. AF intensity with 790-nm excitation was also
assessed, as it has been suggested to increase with melanolipofuscin
formation (18). In vivo fundus AF resulting from 488-nm excitation
was 89% greater in 9-mo-old Abca4−/−mice administered vitamin A
at natural abundance compared with 9-mo-old Abca4−/− mice
given C20-D3-vitamin A (AF intensity = 108 ± 14 control vs. 57 ± 5
treated; P < 0.05; Fig. 1 A and B). Likewise, AF from 790-nm ex-
citation was 33% greater in the Abca4−/− control animals compared
with the Abca4−/− C20-D3-vitamin A-treated animals (64 ± 9 control
vs. 48 ± 2 treated; P < 0.05; Fig. 1 C and D).
For additional comparison, we administered diets containing

vitamin A or C20-D3-vitamin A to wild-type (Abca4+/+) animals.
Abca4−/− animals administered vitamin A had 130% higher
488-nm AF and 88% higher 790-nm AF compared with wild-type
animals given the same diet, confirming that the increase in
488-nm and 790-nmAF was caused by the Abca4mutation. Treating
Abca4−/− mice with C20-D3-vitamin A reduced both 488-nm and
790-nm AF levels to near those of the wild-type mice raised on
normal vitamin A, demonstrating a correction of the AF-associated
phenotype. In addition, treating wild-type mice with C20-D3-vitamin
A reduced 488-AF by 28%, but had negligible effect on 790-nm AF.

Lipofuscin Granules. To demonstrate that the reduction in AF levels
correlated with a decrease in the RPE lipofuscin granule content,
we used transmission electron microscopy to survey the RPE layer
of the 9-mo-old Abca4−/− and wild-type animals administered the
C20-D3-vitamin A-replaced or standard diet. Masked quantifica-
tion of electron-dense lipofuscin granules was done using particle
analysis software. For each eye, electron-dense, irregular, and/or
granular bodies were quantified in 12 serial sections, sliced 100 nm
apart (Fig. 2 A and B and SI Appendix, Fig. S1). Abca4−/− animals
fed the standard diet had 3.6 times more lipofuscin granules
compared with wild-type animals given the same diet (Fig. 2C and
SI Appendix, Table S1), in accordance with the measured increase
of 488-nm AF.When Abca4−/− animals were administered C20-D3-
vitamin A, a 50% reduction in the lipofuscin granule content was
observed compared with when the animals were administered

Fig. 1. C20-D3-vitamin administration reduces lipofuscin-
related fundus AF. Representative fundus AF images
taken with 488-nm (A) or 790-nm (C) excitation from
9-mo-oldwild-type (WT) andAbca4−/−mice. Animals were
fed with either a standard diet (control) or a diet in which
vitamin A was replaced by C20-D3-vitamin A from wean-
ing (treated). The bar charts illustrate average fundus AF
intensities at 488 nm (B) and 790 nm (D), with SDs for
each cohort of animals (n = 10 eyes of 10 animals). Unless
noted with a bar, asterisks represent significant deviations
(P < 0.05) from WT control animals fed a standard diet.

Fig. 2. Inhibiting vitamin A dimerization
prevents lipofuscin granule accumulation
in the RPE. Representative transmission
electron micrographs of a RPE cell taken
from 9-mo-old Abca4−/− mutant mice ad-
ministered either vitamin A (control, A) or
C20-D3-vitamin A mice (treated, B). Lipo-
fuscin granules were reconstructed from
20 serial sections taken at 100-nm intervals
and overlaid in red on a representative sec-
tion of the RPE shown in light gray. (C) Av-
erage lipofuscin volume per cytoplasmic
volume, with 95% confidence intervals
from animals described in A and B. −/−,
Abca4−/−mutantmice;WT, wild-type,Abca4+/+,
controls. Unless noted with a bar, asterisks represent significant deviations (P < 0.05, as determined by one-way analysis of variance) from wild-type
animals given vitamin A (WT Control). (Scale bar, approximately 1 μm.)

8416 | www.pnas.org/cgi/doi/10.1073/pnas.1506960112 Charbel Issa et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506960112/-/DCSupplemental/pnas.1506960112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506960112/-/DCSupplemental/pnas.1506960112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1506960112


www.manaraa.com

vitamin A, again in accord with 488-nm AF measurements (Fig.
2C). C20-D3-vitamin A similarly reduced the amount of lip-
ofuscin granules in wild-type animals by 22% compared with
controls at 9 mo, although not with statistical significance
(P > 0.05).

Vitamin A Dimerization. After determining that administering C20-
D3-vitamin A could reduce RPE lipofuscin, we investigated
whether reductions in lipofuscin correlated with amounts of vita-
min A-derived ocular pigments. Organic extracts of eyes from
9-mo-old Abca4−/− mice administered a standard diet were dark
orange in color (Fig. 3A). Ultra performance liquid chromatog-
raphy (UPLC) analysis of the extracts with detection at long-
wavelength absorption (445 nm) identified multiple orange pig-
ments, two of which identified as the A2E and iso-A2E vitamin A
dimers (Fig. 3B). In contrast, eye extracts from wild-type mice
given the standard diet were a faint orange color, and although the
number of pigments separated by UPLC were comparable (Fig.
3B), their magnitude was reduced by 89% compared with that of
Abca4−/− mutant mice, indicating that the increased concentration
of ocular pigments was a consequence of the Abca4 defect (Fig.
3C). Eye extracts from the treated Abca4−/− mice (Fig. 3A) were
essentially similar in color to extracts of wild-type mice, and total
ocular pigment content was decreased by 78% compared with the
Abca4−/− animals fed vitamin A at natural abundance (Fig. 3C).
C20-D3-vitamin A administered to affected animals normalized
the concentration of A2E and other ocular pigments closer to
wild-type levels, in accordance with 488-nm AF, suggesting that
C20-D3-vitamin A normalized the rate of vitamin A dimerization in
the genetically affected animals. Interestingly, the C20-D3-vitamin A
treatment also reduced ocular pigments in wild-type mice by 67%
compared with wild-type mice given a standard diet. The levels of
A2E vitamin A dimer followed a similar trend as the levels of
orange pigments (Fig. 3C).

To evaluate the rates of accumulation of ocular pigments, we
quantified the total amounts of A2E and orange ocular pigments
in 3-, 6-, and 9-mo-old mice. Data revealed that ocular pigments
and A2E increased with age (Fig. 3 D and E). In Abca4−/− animals
administered vitamin A, orange pigments accumulated ∼10 times
faster than in wild-type animals receiving vitamin A at natural
abundance. When administered C20-D3-vitamin A, accumulation
rates were four times slower (five times for A2E) compared with
accumulation rates in the same animals given vitamin A. A similar
trend was observed for wild-type animals, in which the accumu-
lation rate of orange pigments was attenuated by about six times
on C20-D3-vitamin A supplementation.

Modulation of Complement. After establishing that administration
of C20-D3-vitamin A to Abca4−/− animals normalized vitamin A
dimerization rates and the rate of lipofuscin accumulation to that
seen in wild-type animals, we investigated whether transcription of
genes encoding for components of the complement pathway, in-
cluding complement substrates [complement component C3 (C3),
complement factor B (Cfb)], soluble [complement factor h (Cfh),
complement factor properdin (Cfp)], and cell surface [cluster of
differentiation 59 (Cd59)] complement regulators, were altered.
Transcription of C3 was up-regulated by 2.2-fold in Abca4−/− mice
compared with wild-type controls (Fig. 4). In contrast, mRNA
levels for Cfp and Cfb were both down-regulated by 2.3-fold and
twofold, respectively, in the Abca4−/− mice compared with wild-
type controls. Taken together, data suggest that the Abca4−/−

mutation altered complement status. Administration of C20-D3-
vitamin A to Abca4−/−mice reversed the above Abca4−/−mutation-
related changes in DNA transcription such that mRNA levels of all
three genes were now not statistically different between the
Abca4−/−-treated mutants and the wild-type control animals. Ad-
ministration of C20-D3-vitamin A to wild-type animals further
shifted mRNA expression in the opposite direction of dysregulated
mRNA levels of the Abca4−/− mice given a normal diet. There was
no statistically significant difference in mRNA levels for Cfh (SI
Appendix, Fig. S2). As an incidental finding, mRNA levels for the
complement inhibitor Cd59 were up-regulated in both wild-type and
Abca4−/− animals administered C20-D3-vitamin A compared with
the same animals administered vitamin A (SI Appendix, Fig. S2).

Electroretinography. To assess any potentially adverse effects on
retinal function resulting from long-term supplementation of C20-
D3-vitamin A, we used electroretinography (ERG). Dark-adapted
a- and b-waves (scotopic function; Fig. 5A) and light-adapted single
flashes at 0.5 and 1 log cd·s/m2 and 20-Hz flicker responses (phot-
opic function; Fig. 5B) were indistinguishable between 9-mo-old
wild-type and Abca4−/−mice administered a normal diet, confirming
that wild-type and Abca4−/− knockout mice are indistinguishable
by electrophysiology at 9 mo (18). As expected, Abca4−/− mice ad-
ministered C20-D3-vitamin A or vitamin A for 9 mo had identical
dark-adapted a- and b-waves (Fig. 5A) and light-adapted single-
flash ERGs at 0.5 and 1 log cd·s/m2, as well as 20-Hz flicker

Fig. 3. C20-D3-vitamin A administration prevents vitamin A dimerization.
(A) Alcohol extracts of retinas from 9-mo-old, Abca4−/− mutant mice adminis-
tered vitamin A (control) or C20-D3-vitamin A from weaning (treated). Extracts
from control eyes are less orange in color. (B) Representative UPLC chromato-
grams of eye extracts from A, along with that from wild-type (WT) mice ad-
ministered vitamin A (control). Each peak represents an orange ocular pigment
derived from vitamin A. (C) Average amounts of total orange ocular pigments
and the A2E vitamin A dimer with SDs from the 9-mo-old animals described in
the text, as determined by UPLC. Unless noted with a bar, asterisks represent
significant deviations (P < 0.05) from wild-type animals given vitamin A (WT
Control). (D) Average amounts of orange ocular pigment and SDsmeasured over
time in the above groups of animals. (E) Average amounts of the A2E vitamin A
dimer with SDs measured over time in the above groups of animals. Ten left eyes
were averaged for each bar or point in the above panels (n = 10). −/−, Abca4−/−

mutant mice; RAU, relative absorbance units; WT, wild-type.

Fig. 4. C20-D3-vitamin normalizes transcription of complement genes.
Quantification of mRNA from 9-mo-old wild-type and Abca4−/− mice, ad-
ministered either vitamin A (control) or C20-D3-vitamin A from weaning
(treated). To generate each bar, total RNA from 5–10 eyes was extracted.
−/−, Abca4−/− mutant mice; WT, wild-type. Unless noted with a bar, asterisks
represent significant deviations (P < 0.05 by two-tailed, unpaired t test) from
wild-type animals given vitamin A (black bars).
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responses (Fig. 5B), demonstrating that no adverse events in
electrophysiologic function resulted from long-term inhibition
of dimerization with C20-D3-vitamin A. Likewise, wild-type mice
administered C20-D3-vitamin A for 9 mo had identical ERG
parameters (SI Appendix, Fig. S3).

Variable Age at Treatment Initiation. In a clinical setting, treatment
is usually initiated on presentation of symptoms. To investigate the
effects of treatment starting times, we administered C20-D3-
vitamin A to Abca4−/− mice, starting from various ages [weaning
(21 d) and 1.5, 3, and 6 mo of age], and measured AF signals at
various points until the cohorts reached 9 mo of age (Fig. 6A). To
one cohort, we administered the diet containing C20-D3-vitamin
A from weaning to 3 mo of age and then switched back to normal
vitamin A for the remaining 6 mo of treatment (Fig. 6A).
In all groups, 488-nm AF increased with age (Fig. 6B). How-

ever, there was a strong correlation between 488-nm AF intensity
at 9 mo and duration of C20-D3-vitamin A administration: The
longer the animals consumed C20-D3-vitamin A, the lower the
488-nm AF levels. Nine-month-old Abca4−/− mice administered
C20-D3-vitamin A from weaning had the least intense AF, similar
to age-matched wild-type mice reared on vitamin A throughout
the 9-mo period, whereas 9-mo-old Abca4−/−mice given vitamin A
had the most intense 488-nm AF, confirming data presented in
Fig. 1 generated with different cohorts of animals. Nine-month-
old mice administered C20-D3-vitamin A from 6, 3, and 1.5 mo of
age showed progressively less intense 488-nm AF respectively
compared with 9-mo-old mice administered vitamin A. Surpris-
ingly, changes in AF from administering C20-D3-vitamin A were
measurable in as little as 3 mo, irrespective of when the treatment
was initiated. When mice were crossed over from the C20-D3-
vitamin A diet back to normal vitamin A, 488-nm AF levels in-
creased, which was also apparent within 3 mo. The above changes
in 488-nm AF levels were mirrored by the concentrations of A2E
and other orange ocular pigments, as presented in Fig. 6 C and D.

Discussion
Along with A2E (20–23), other dimers of vitamin A (24, 25), as well
as higher-order vitamin A adducts (26) and other uncharacterized
orange pigments, have been identified in lipofuscin granules and/or
RPE extracts. Here, knocking out the Abca4 gene correlated with an
increase in all orange pigments. Whether such pigments are primary
insults that trigger lipofuscin formation or secondary symptoms of
the aging retina is not known. Using C20-D3-vitamin A, we were able
to impede the nonenzymatic Schiff base-mediated dimerization of
vitamin A in pigmented mice, resulting in a parallel decrease in all
orange pigments and in the amount of lipofuscin granules. Because
only dimerization requires cleavage of carbon hydrogen bonds at
carbon number 20 of vitamin A, the kinetic isotope effects resulting
from the hydrogen/deuterium exchange are selective for the rate of
vitamin A dimerization. With this tool, we showed that at least 50%

of the amount of RPE lipofuscin at 9 mo (by counting lipofuscin
granules and confirming by quantitative 488-nmAF) can be attrib-
uted to the propensity of vitamin A to dimerize. As lipofuscin ac-
cumulation is a hallmark of RPE senescence, this work suggests that
vitamin A dimerization is a major chemical event responsible for
RPE senescence and that inhibiting dimerization may impede RPE
senescence and related retinopathies. C20-D3-vitamin A slows the
rate of vitamin A dimerization by as much as sevenfold in test tubes
(19), and the rate of accumulation of orange ocular pigments and
A2E by four- to sixfold in animals, but does not entirely halt the
dimerization. As such, the remaining lipofuscin may result from re-
sidual dimerization of vitamin A or from other, poorly under-
stood events that may also be responsible for lipofuscinogenesis
in other tissues.
Changes in the transcription of complement genes suggest that

the Abca4−/− mutation provides an environment leading to per-
sistent retinal inflammatory dysregulation. Along with lipofuscin
accumulation, dysregulated inflammation is a hallmark of retinal
senescence (27). The complement system comprises ∼20 proteins
synthesized by the liver and the RPE (28). Chronic activation of
complement is thought to play a role in the development and
progression of retinopathies, such as AMD (29). For example,
complement proteins such as C3 (30), CFB (31), and CFP (32), all
dysregulated here in the mutant animals, are found in histologic
specimens of AMD eyes, whereas variants of several genes
encoding complement proteins are associated with a modulated
risk to develop AMD. To date, the triggers or immunogens for
complement activation are not known. However, using in vitro and
animal models, several groups have shown that dimers of vitamin
A, such as A2E, may activate complement (33–35). Our data
demonstrate that inhibiting dimerization by C20-D3-vitamin A
normalizes the transcriptional dysregulation of complement
components. Interestingly, transcription of CD59, an inhibitor
of the complement whose down-regulation may be involved in
choroidal neovascularization (36), was up-regulated in both wild-
type and mutant animals upon inhibiting the dimerization of vi-
tamin A. Accordingly, the continuous formation of vitamin A di-
mers may provide immunogens resulting in chronic activation of
complement. Taken together, the data suggest that the comple-
ment system may play a role in the severity of Stargardt disease.
The pigmented Abca4−/− mice used here start showing signs of

electrophysiologic degeneration resulting from the Abca4 mutation
after about 18 mo of age (18). Thus, interrogation by ERG, before
any anticipated functional declines, provides a convenient means
to evaluate long-term retinal safety of inhibiting vitamin A di-
merization. Our data show that long-term inhibition of vitamin A
dimerization does not result in retinal degeneration, and demon-
strate that the nonenzymatic dimerization of the vitamin provides
no measurable benefit, contrary to what has been suggested (37).
The presented ERG data further reveal that vitamin A dimerization
is an early event in disease etiology and triggers lipofuscin accu-
mulation and transcriptional dysregulation of complement before
electrophysiologic functional declines can be measured.
To date, other approaches to prevent the dimerization of vi-

tamin A all rely on depriving the photoreceptors of vitamin A.
These include inhibiting retinal pigment epithelium-specific
65-kDa protein (RPE65), retinol-binding-protein (RBP), or in-
troducing molecules, such as foreign amines, into the eye to react
with retinaldehyde. A necessary consequence of depriving the
photoreceptors of vitamin A is rod-mediated or peripheral visual
dysfunction (38, 39). However, patients with ABCA4-related
retinopathies first lose central vision and rely on peripheral vi-
sion. Thus, worsening of the remaining peripheral vision in hopes
of halting dwindling central vision is a challenging trade-off. Per-
haps more important, depriving the photoreceptors of vitamin A
may result in constitutive opsin signaling and retinal degeneration
(40, 41). This is evidenced in chronic vitamin A deficiency in
retinal dystrophies such as Leber congenital amaurosis, caused by
mutations in genes involved in the vitamin A cycle and mutations
in RBP, which result in diminished delivery of vitamin A to the eye
and lead to retinal atrophy (42). In contrast, we could not identify

Fig. 5. Long-term inhibition of vitamin A dimerization by C20-D3-vitamin A
does not compromise retinal function. (A) Average dark-adapted a- and
b-wave amplitudes in response to flashes of light of increasing intensity.
(B) Average light-adapted, b-wave amplitudes with amplitudes elicited by
light flickering at 20 Hz. Mice were given the control or C20-D3-vitamin A
(treated) diet from weaning to 9 mo of age. All curves represent averages
and SDs for 10 eyes (n = 10). −/−, Abca4−/− mutant mice; WT: wild-type. All
ERG responses were identical between the three cohorts.
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any adverse effect on photopic and scotopic function resulting
from long-term inhibition of vitamin A dimerization through
prolonged administration of C20-D3-vitamin A.
Data also demonstrate that 488-nm AF can be used to eval-

uate interventions that attempt to modulate RPE lipofuscin. Quan-
titative AF is a noninvasive imaging modality that is becoming more
accessible in clinical practice. Depending on the excitation wave-
length, fundus AF derives from RPE lipofuscin or melanin/
melanolipofuscin, both of which may be indicative of RPE health.
In prior work, administration of C20-D3-vitamin A to albino Star-
gardt mice from birth resulted in reduced RPEAF, as measured ex
vivo (13). Here, in pigmented mice, we detected in vivo, dynamic
changes in AF in as little as 3 mo after the start or the stoppage of
administration of C20-D3-vitamin A. The observed therapeutic
rescue of Abca4-triggered increases in AF was verified through
quantifying vitamin A dimers and lipofuscin granules. Of note
was the increase in AF when treated mice were switched back to
normal vitamin A, indicating that the disease process was not
halted and that continuous treatment with C20-D3-vitamin A is
required to prevent vitamin A dimerization in the eye. These
relatively rapid phenotypic changes are in agreement with swine
models, which showed that the vitamin A pool in the retina can be
replaced with C20-D3-vitamin A within a couple of weeks (43).
Taken together, the data provide a case for the use of quantitative
AF as a biomarker to evaluate the disease progression and po-
tential treatment effects in lipofuscin-associated retinopathies.
Preventative interventions should be safe, well-tolerated,

and convenient for wide-scale implementation. As most

lipofuscin-related retinopathies progress slowly, a modest inhibition
of vitamin A dimerization might be sufficient to delay onset of vision
loss by decades. C20-D3-vitamin A is a precise tool to prevent the
dimerization of vitamin A without compromising retinal func-
tion. Such a tool may be used to evaluate whether impeding vi-
tamin A dimerization benefits patients affected with Stargardt
disease, age-related macular degeneration, or other retinopa-
thies characterized by lipofuscin accumulation in the RPE.

Materials and Methods
Mice. Pigmented, Abca4−/− mice (129S4/SvJae-ABCA4tm1Ght) were provided by
Gabriel Travis (David Geffen School of Medicine, University of California, Los
Angeles, CA) (14) and housed in the Biomedical Sciences Division, University of
Oxford, United Kingdom. Pigmented wild-type control mice (129S2/SvHsd)
were purchased from Harlan Laboratories. All experiments were conducted in
female mice. Animals were kept in a 12-h light (∼100 lx)/dark cycle, with food
and water available ad libitum. All procedures regarding the use of animals
were approved by local and national ethical and legal authorities.

Treatment. C20-D3-retinyl acetate (ALK-001) was provided by Alkeus Phar-
maceuticals, blended with olive oil, and added to a grain-based diet at
15,000 IU/kg diet otherwise deficient in vitamin A. The control diet was the
same grain-based diet but with the addition of nondeuterated retinyl ace-
tate at 15,000 IU/kg diet in place of C20-D3-retinyl acetate. Both diets con-
tained ca. 0.16 mg β-carotene/kg diet. Special Diets Services prepared the
diets. Animals were switched to treatment or control diet at weaning
(21 d of age) or when otherwise stated.

Fundus AF Imaging. Standardized fundus AF imaging using a confocal scan-
ning laser ophthalmoscope (SpectralisHRA; Heidelberg Engineering) was
performed by the same examiner in all animals according to a previously
published protocol (18, 44). The right eye of each animal was used for imaging.
After alignment of the camera, using the near-infrared reflectance mode, the
focus was set to the plane with the highest reflectivity. Subsequently, near-in-
frared and blue AF images were recorded using the automatic real time (ART)
mode. Exposure time before recording blue AF images was 10–20 s to allow
sufficient photopigment bleaching, but to avoid other processes leading to
changes of the fluorescence signal (44). For quantitative analysis, mean gray levels
(acquired with standardized signal detector sensitivity, unprocessed, 1,536 × 1,536
pixels) were measured by an unmasked reader as described (18) within a ring-
shaped area between 250 and 450 pixel radii from the optic disk center, using
ImageJ software (Version 1.43; National Institutes of Health, rsb.info.nih.gov/ij).
The “electronic zero” was subtracted from each measured gray value to obtain
the corrected gray level, which was used for all calculations.

A2E Quantification. The cornea and lens were removed under PBS. Dissected
eyecups were immediately snap frozen and stored at −80 °C until further
processing. Frozen eyecups were placed into a 1.5-mL centrifuge tube con-
taining 0.5 g of 1 mm zirconium oxide beads, 250 μL of 1-butanol containing
1 mg butylated hydroxytoluene per milliliter of butanol (butanolBHT), and
homogenized with a bead mill homogenizer (BBY24M Bullet Blender
STORM; Next Advance Inc.; setting seven for 5 min). We then added 400 μL
saturated sodium chloride, rehomogenized for 10 min, and separated the
resulting phases by centrifugation at 16,000 rpm for 5 min. We removed
200 μL of the butanol phase and added it to a 300-μL-capacity autosampler
vial (Microsolv Technology Corp.), and the samples were held at room
temperature in an autosampler until they were injected in the UPLC system.
For UPLC analysis, we injected 100 μL of the above eye extracts into a Flexar
FX-15 system with a PDA Detector (Perkin-Elmer). The system contained a 2.1 ×
150 mm, 2.7 μm, C18 column (Brownlee SSP, Perkin-Elmer) with a 2.1 × 5 mm
guard column with the same packing material. The column oven was set to
45 °C, and samples were eluted at 0.4 mL per minute with 50% by volume
methanol containing 20% isopropanol and 0.01% trifluoroacetic acid (solvent
A) and 50% (vol/vol) type 1 water containing 0.01% trifluoroacetic acid (solvent
A) for 1 min. The gradient was changed to 100% solvent A over the course of
10 min and was further eluted for 15 min with 100% solvent A. We detected
A2E and other vitamin A dimers at 445 nm. Under these conditions, the limit of
detection for A2E was 3 pmol of A2E on column. To confirm retention times for
A2E in eye extracts, we spiked eye extracts with 0.4 μL of an A2E stock solution
(1 mg A2E/mL butanol-BHT). A2E standard was synthesized following published
procedures (45). To confirm that all A2E was extracted, we re-extracted ho-
mogenates with another 250-μL portion of a butanol-BHT and analyzed the
second extract by UPLC. No further A2E was detected. A pooled SD of 20% was
used, and significance was calculated with a two-sided, two-tailed t test.

Fig. 6. C20-D3-vitamin administration rapidly prevents vitamin A dimer-
ization and lipofuscin accumulation. (A) Abca4−/− mutant mice were divided
into six experimental cohorts, and each cohort was administered a diet containing
C20-D3-vitamin A (treated) or vitamin A (control) over time, according to the panel.
(B) Relative average 488-nm fundus AF intensities with SDs from animals described
in A. Ten eyes were averaged for each data point (n = 10). The red lines corre-
spond to the periods during which animals were administered C20-D3-vitamin A,
as shown in A, whereas the blue lines correspond to the control diet. Treatment
crossovers are highlighted by black arrows. Data were normalized so that un-
treated controls had a relative AF intensity of 1 at 3 mo. Data points at weaning
and 1.5 mo are extrapolated from historical controls. (C) Relative average fundus
fluorescence intensities with SDs, at 9 mo of age, at the conclusion of treatment
regimens described in A and B. (D) Average amounts of total orange ocular pig-
ments and of the A2E dimer, with SDs, in 9-mo-old animals, at the end of treat-
ment, as determined by UPLC. *P < 0.05. P values compare significant deviations
from wild-type animals fed vitamin A.
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Electron Microscopy. Eyecups (one per animal) were fixed at 4 °C in 2%
(vol/vol) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) containing
100 mM sucrose. Serial electron microscopy was performed by Renovo Neural
Inc., and images were acquired using a Zeiss Sigma VP scanning electron mi-
croscope equipped with Gatan 3View in-chamber ultramicrotome. Masked
quantification of electron-dense lipofuscin granules was done using Fiji soft-
ware suite. For each eye, electron-dense, irregular, and/or granular bodies
were quantified in 12 serial sections sliced 100 nm apart. Two eyes per treat-
ment group were evaluated. Statistical analysis was performed using one-way
analysis of variance (SI Appendix, Table S1).

Quantitative Reverse Transcription PCR. After enucleation and removal of
orbital tissue, cornea, and lens, the resulting eyecups were immediately snap
frozen in liquid nitrogen and stored at −80 °C. RNA was extracted from the
eyecups with RNeasy mini (RNeasy; Qiagen). Equal quantities of 300–400 ng
RNA were used as a template for cDNA manufacture for each sample. cDNA
was produced with a QuantiTect reverse transcriptase kit (Qiagen). Primers
were designed for specific probe-binding regions using Roche Universal
Probe Library (SI Appendix, Table S2). Quantitative reverse transcription PCR
was performed to detect mRNA levels of mouse C3, Cfb, Cfp, Cd59, and Cfh.
Reagents were obtained from Roche Diagnostics. Technique was based on
FAM-labeled hydrolysis probes (Roche Diagnostics). Reactions were per-
formed in triplicate in 20-μL aliquots. Fold-change was determined using the
ΔΔCt method. Relative gene expression value ΔCt was calculated against

β-actin for each cDNA sample. ΔΔCt values were calculated against 9-mo-old
untreated wild-type samples.

ERG. Animals were dark-adapted for at least 12 h before ERG responses were
recorded from one eye, using a setup described previously (44). For dark-adapted
(scotopic) testing, responses were elicited by flashes of white light on a dark
background. Stimulus intensity was increased over ∼8 log units (SI Appendix,
Table S3). For light-adapted testing, animals were pre-exposed to steady full-
field white background illumination (30 cd/m2) for 10 min. Responses were then
recorded to light flashes and to 20-Hz flicker of two intensities (0.5 and 1 log
cd·s/m2) superimposed on the same background light. In single-flash ERGs, the b-
wave amplitude (from a-wave trough to b-wave peak) was measured for all
ERGs, whereas the a-wave amplitude (from baseline to a-wave trough) was
measured only when recognizable as a distinct component (stimulus intensities ≥
−1 log cd·s/m2). Both amplitudes were measured in unfiltered recordings. Details
of the ERG testing protocol and analysis are provided in SI Appendix, Table S3.
For analysis of dose–response curves, data were fit to logistic functions (46).
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