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Recessive Stargardt’'s macular degeneration is an inherited blind-
ing disease of children caused by mutations in the ABCR gene. The
primary pathologic defect in Stargardt’s disease is accumulation of
toxic lipofuscin pigments such as N-retinylidene-N-retinylethano-
lamine (A2E) in cells of the retinal pigment epithelium. This accu-
mulation appears to be responsible for the photoreceptor death
and severe visual loss in Stargardt’s patients. Here, we tested a
therapeutic strategy to inhibit lipofuscin accumulation in a mouse
model of recessive Stargardt’s disease. Isotretinoin (Accutane) has
been shown to slow the synthesis of 11-cis-retinaldehyde and
regeneration of rhodopsin by inhibiting 11-cis-retinol dehydroge-
nase in the visual cycle. Light activation of rhodopsin results in its
release of all-trans-retinaldehyde, which constitutes the first reac-
tant in A2E biosynthesis. Accordingly, we tested the effects of
isotretinoin on lipofuscin accumulation in abar~/~ knockout mice.
Isotretinoin blocked the formation of A2E biochemically and the
accumulation of lipofuscin pigments by electron microscopy. We
observed no significant visual loss in treated abcr—/~ mice by
electroretinography. Isotretinoin also blocked the slower, age-
dependent accumulation of lipofuscin in wild-type mice. These
results corroborate the proposed mechanism of A2E biogenesis.
Further, they suggest that treatment with isotretinoin may inhibit
lipofuscin accumulation and thus delay the onset of visual loss in
Stargardt's patients. Finally, the results suggest that isotretinoin
may be an effective treatment for other forms of retinal or macular
degeneration associated with lipofuscin accumulation.

Fine central vision in humans is mediated by an area of the
retina called the macula, which contains a high density of rod
and cone photoreceptors. This region is vulnerable to degener-
ation in a group of central blinding diseases called the macular
degenerations. Age-related macular degeneration, for example,
is a common disease of complex etiology that causes reduced
visual acuity and legal blindness in the elderly (1, 2). Recessive
Stargardt’s disease is an inherited form of macular degeneration
with an onset of central visual loss during childhood (3) and an
estimated prevalence of =1/10,000 (4). Pathologically, Star-
gardt’s disease is associated with accumulation of fluorescent
lipofuscin pigments in cells of the retinal pigment epithelium
(RPE) (5, 6). The RPE is a layer of cells adjacent to the retina
that plays a critical role in photoreceptor survival (7). No
effective treatments exist for age-related or Stargardt’s macular
degeneration.

The gene affected in recessive Stargardt’s disease, ABCA4 or
ABCR, encodes a transporter protein in the rims of rod and cone
outer-segment discs (8-10). To study the function of the ABCR
protein and the molecular etiology of Stargardt’s disease, we
previously generated mice with a knockout mutation in the aber
gene. These animals have a complex ocular phenotype that
includes elevated all-frans-retinaldehyde (afRAL) after light
exposure and accumulation of lipofuscin pigments in cells of the
RPE (11-13). These animals also manifest very slow photore-
ceptor degeneration (13). Based on biochemical analysis of
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abcr—'~ mice (11-13) and the results of in vitro studies (14, 15),
ABCR appears to function as an outwardly directed flippase for
N-retinylidene-phosphatidylethanolamine (N-ret-PE), the
Schiff-base conjugate of phosphatidylethanolamine and afRAL.
Accordingly, ABCR may play a role in the visual cycle for the
regeneration of rhodopsin (Fig. 1.4) by accelerating removal of
atR AL from outer-segment discs (11).

The major fluorescent component of lipofuscin is the bis-
retinoid pyridinium salt N-retinylidene-N-retinylethanolamine
(A2E) (16, 17). Significant accumulation of A2E is seen in RPE
cells from abcr—/~ mice (11, 12) and patients with Stargardt’s
disease (5, 6, 12). A2E forms by sequential condensation of
aiRAL with phosphatidylethanolamine (Fig. 1B) (12, 18), both
of which are elevated in abcr™'™ retinas (11, 12). A2E sensitizes
RPE cells to light-induced apoptosis (19-21) and has an inhib-
itory effect on phospholipid turnover in RPE phagolysosomes
(22). Central blindness in Stargardt’s patients results from
photoreceptor degeneration caused by A2E-mediated toxicity to
the RPE (11, 21). Accordingly, a reasonable strategy to slow the
progression of visual loss in Stargardt’s patients is to inhibit
formation of A2E. Isotretinoin (13-cis-retinoic acid or Accu-
tane) is a drug in common use for the treatment of acne (23). A
side effect of treatment with isotretinoin is reduced night vision
(24, 25) because of its inhibitory effect on 11-cis-retinol dehy-
drogenase (11cRDH) in RPE cells (26, 27) (Fig. 14). Treatment
of rodents with isotretinoin was shown to delay rhodopsin
regeneration and slow recovery of rod sensitivity after light
exposure {28). Importantly, isotretinoin did not cause photore-
ceptor degeneration and actually protected photoreceptors from
light-induced damage (28). These observations suggest that
isotretinoin may safely inhibit formation of A2E in Stargardt’s
patients by reducing levels of its molecular precursors. In the
current study, we investigated this potential treatment strategy in
aber™' mice.

Materials and Methods

Mice. For all studies except the experiment represented in Fig. 6,
mice were maintained under 12-hr cyclic light with an average
illuminance of 10 lux inside the cages. For the study represented
in Fig. 6, mice were maintained under 12-hr cyclic light with an
average cage illuminance of 30 lux. Wild-type (strain C57BL/6)
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Fig. 1. Retinoid pathways in the retina and RPE. (4) Visual cycle mediating rhodopsin regeneration. Absorption of a photon (hv) by a rhodopsin molecule in
arod outer-segment disk induces photoisomerization of the 11cRAL chromophore, yielding activated metarhadopsin |l After several seconds, metarhodopsin
Il decays to yield apo-rhodopsin and free atRAL. Elimination of atRAL from the interior of outer-segment discs is facilitated by the ABCR transporter (11). The
atRAL subsequently is reduced to atROL (vitamin A) by atROL dehydrogenase (atRDH}. The atROL is released from the outer segment and taken up by an RPE
cell, where it is esterified by lecithin retinol acyl transferase (LRAT) to form an afl-trans-retiny| ester (atRE). Chemical isomerization is effected by isomerohydrolase
(IMH), which uses atRE as a substrate. The resulting 11¢ROL is oxidized by 11cRDH to form 11cRAL chromophore. 11cRDH is inhibited by isotretinoin with a K
of =0.1 uM (26, 27). The K for inhibition of 2tRDH by isotretinoin is at least two logs higher (N.L.M., R.A.R., and G.H.T., unpublished observations). 11cROL also
may serve as a substrate for LRAT to form 11cRE. The final step is recombination of 11cRAL with apo-rhodopsin in the outer segment to form a new molecule
of light-sensitive rhodopsin. (B} Synthesis of AZE. After light exposure, newly released atRAL condenses reversibly with phosphatidylethanolamine to form
N-ret-PE (step 1). Rarely, a second molecule of atRAL will condense with N-ret-PE 1o form A2PE-H; (step 2). The wavelength of maximal absorption (Amax) for
A2PE-H; is 500 nm. Within the acidic and oxidizing environment of RPE phagolysosomes, A2PE-H; is oxidized to N-retinylidene-N-retinylphosphatidylethano-
lamine (A2PE; Amax = 435 nm; step 3). Finally, hydrolysis of the phosphate ester yields AZE (Amax = 435 nm} and phosphatidic acid (step 4) (12).

and abcr~'~ (B6 x 129 hybrid) mice were administered isotreti- ~ of DMSO alone. To determine dihydro-N-retinylidene-N-
noin (Sigma) at 20 or 40 mg per kg of body weight in 25 pul of  retinylphosphatidylethanolamine (A2PE-H;) and A2E in RPE,
DMSO by i.p. injection. Control mice received 25-ul injections  aber™'~ mice were implanted s.c. for 1 month with a modified
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(29) Alzet model 2004 osmotic pump (Palo Alto, CA) containing
200 pl of isotretinoin (160 mg/ml) in DMSO (delivery rate =
0.25 pl/hr). To measure acute formation of N-ret-PE, 1.0 pCi
[*H]afROL (all-trans-retinol; 2.0 pmol per pCi) in 1.0 pl of
DMSO was injected into the vitreous cavities of mice by using a
33-gauge needle under direct visualization. All mice were anes-
thetized by i.p. injection of ketamine (200 mg/kg) plus xylazine
(10 mg/kg) before electroretinography (ERG) analysis, intrav-
itreal injections, and death by cervical dislocation.

ERG Analysis. Dark-adapted mice received a single i.p. injection of
isotretinoin at 40 mg/kg. One hour later, mice were anesthetized
with ketamine/xylazine. ERGs were recorded from the corneal
surface of one eye after pupil dilation (1% atropine sulfate), as
described (30). Responses were amplified (Grass CP511 AC
amplifier; Grass Instruments, Quincy, MA; x10,000; 3 dB down
at 2 and 10,000 Hz) and digitized by using a National Instruments
PCI-1200 I/O board (Austin, TX). Mice were kept on a heated
pad at 38°C. The recovery of dark-adapted function in treated
and untreated mice was measured after a 25-s exposure to
1,000-lux white light that bleached =40% of rhodopsin. The time
course of rod recovery in the dark was monitored by measuring
rod ERG amplitudes normalized to the prebleach amplitude. In
some experiments, a dim achromatic probe flash (—0.91 log
scotopic td-s) that produced only a definable b-wave (no a-wave)
was used. In other experiments, a bright probe flash (Kodak
Wratten 47B; 3.11 log scotopic td-s) that produced a saturated
(a-wave) photoresponse was used. The leading edges of the
a-waves (before and after photobleach) were fitted with a
computational model to provide estimates of photoreceptor
activity, as described (31, 32). The estimate of Rnipz (Fig. 2 C and
D) corresponds to the maximum saturated photovoltage derived
from the fit of this model. Mice treated with isotretinoin also
were tested 2 days before treatment, allowing direct measure-
ment of the treatment effect in the same animal.

Tissue Preparation and Extraction. After death, eyes were removed
and hemisected. For analysis of 11-cis-retinyl ester (11cRE),
A2PE-H,, and A2E, retinas, RPE, or eyecups containing retinas
plus RPE were dissected and homogenized in PBS, pH 7.2. For
11¢RE, 1.0 ml of ethanol was added and the samples were
extracted twice in 3.0 ml of hexane. For A2PE-H; and A2E, 4.0
ml of chloroform/methanol (2:1, vol/vol) was added and the
samples were homogenized. All samples were extracted with the
addition of 4.0 ml of chloroform and 3.0 ml of distilled water and
centrifuged at 1,000 X g for 10 min. For analysis of 11-cis-
retinaldehyde (11cRAL) and N-ret-PE, tissues were homoge-
nized in 0.1 M potassium phosphate buffer (pH 7.0) containing
6.0 M formaldehyde (33). Two milliliters of methylene chloride
was added to homogenates followed by incubation at 30°C for 10
min. Samples of 11cRAL were extracted twice in 3.0 ml of
hexane and prepared for HPLC as described above. One milli-
liter of methanol was added to the N-ret-PE, and the samples
were extracted with addition of 4.0 ml of chloroform and 3.0 ml
distilled water and centrifuged at 1,000 X g for 10 min. The
organic phases were removed and the samples were dried under
a stream of argon. The residues were redissolved in 100 pl of
hexane and analyzed by HPLC. All tissue manipulations were
done on ice under dim red light (Kodak Wratten 1A).

HPLC. A2E and A2PE-H» samples were analyzed by normal-
phase HPLC on a silica column (Microsorb 5 um Si, 250 X 4.6
mm) (Sigma) with the mobile phase: hexane/2-propanol/
ethanol/25 mM potassium phosphate/acetic acid
(485:376:100:50:0.275 vol/vol) in an Agilent (Wilmington, DE)
model 1100 liquid chromatograph with photodiode-array detec-
tor. Column and solvent temperatures were maintained at 30°C.
Chromatographic conditions and quantitation of A2E were as
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described (11, 12). Samples containing 11cRAL, 11cRE, and
[PH]N-ret-PE were analyzed by normal-phase HPLC by using
gradient elution (0.2-10% dioxane in hexane at 2 ml/min) on a
similar column. The chromatograph was equipped with an online
flow-scintillation analyzer (Packard 505TR) configured to mon-
itor *H-labeled compounds in the energy range of 0-15 keV as
described (34).

Electron Microscopy. One group of three 2-month-old abcr/~
mice were treated with daily i.p. injections of isotretinoin at 20
mg/keg for 2 months. A similar control group received no
treatment. All mice were anesthetized with ketamine/xylazine
and perfused through the heart with 2.0% paraformaldehyde
and 1.0% glutaraldehyde in PBS. Fixed eyes were removed and
sectioned along the ora serrata, and eyecups were immersed in
2.0% glutaraldehyde and 2.0% paraformaldehyde in 100 mM
cacodylate buffer (pH 7.4) overnight at 4°C. Fixed eyecups were
dehydrated through an ethanol series to 100% and embedded in
Poly/Bed 812 epoxy resin (Polysciences, Warrington, PA). Ul-
trathin sections (60 nm) from the central region of the eye were
cut with a Leica Ultracut UCT microtome (Deerfield, IL),
stained with 5.0% uranyl acetate and lead citrate, and examined
with a JEOL 1200EX transmission electron microscope.

Results

Isotretinoin Causes Delayed Dark Adaptation in Wild-Type and abcr—'—
Mice. All vertebrates experience a period of reduced visual
sensitivity after light exposure, called dark adaptation. As de-
scribed (28), wild-type mice show delayed dark adaptation after
a single dose of isotretinoin. We tested the effects of isotretinoin
in 4-month-old wild-type and abcr~'~ mice by ERG, which
records the electrical response of the retina to a light flash. Mice
were dark-adapted overnight and administered a single i.p. dose
of isotretinoin at 40 mg/kg. One hour after injection, the mice
were exposed to light that bleached ~40% of rhodopsin. We
analyzed mice by ERG immediately before and at different times
after the photobleach. In one set of experiments, we used dim
probe flashes to elicit the ERGs. Both wild-type and aber '~
mice dark-adapted more slowly after isotretinoin administration
(Fig. 2 A and B). Untreated abcr™' mice dark-adapted more
slowly than wild-type mice, as described (11). In another set of
experiments, we used bright probe flashes to elicit the ERGs.
Here, we observed much smaller differences in dark adaptation
between treated and untreated mice of both genotypes (Fig. 2 C
and D). Finally, we recorded ERGs without prior photobleach
from 4-month-old, dark-adapted wild-type and aber™/~ mice that
were either untreated, treated with a single i.p. injection of
isotretinoin at 40 mg/kg 1 hr before analysis, or treated for 2
months with daily i.p. injections of isotretinoin at 20 mg/kg. The
dark-adapted ERGs were indistinguishable between treated and
untreated mice of both genotypes (data not shown), indicating
that isotretinoin did not cause abnormalities in dark-adapted
visual function.

Effects of Isotretinoin on the Levels of Visual Retinoids. We examined
the levels of 11cRAL and 11¢RE by HPLC in eyecups (retina +
RPE) from 4-month-old light-adapted wild-type mice 1 hr after
a single i.p. injection of isotretinoin at different doses. As
expected, we observed a dose-dependent reduction in 11cRAL
(Fig. 34). 11cRE was undetectable in eyecups from mice that
received no isotretinoin but was present in treated mice at levels
that increased with the dose (Fig. 3B). No significant differences
in total retinoid levels were observed between treated and
untreated mice. We also looked at formation of N-ret-PE in
5-month-old aber™'~ mice treated with isotretinoin for 10 days by
i.p. injection at 20 mg/kg per day. Three days before sacrifice, we
injected a trace amount (2.0 pmol) of [*H|a/ROL into the
vitreous cavity of each eye. After 3 days under cyclic light, we
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Fig.2. Analysis of visual function by ERG in wild-type and aber '~ mice after
treatment with isotretinoin. (A) b-wave amplitudes elicited in wild-type mice
with a dim probe flash (—0.91 log scot td-s) at the indicated times after a 40%
photobleach divided by the dark-adapted b-wave amplitude. The mice re-
ceived a single injection of isotretinoin (40 mg/kg} 1 hr before the photo-
bleach (red circles, h = 7) or received no treatment (blue circles, n = 4). (B)
Same protacol as in A except mice were abcr /'~ genotype (red circles, n = 4;
blue circles, n = 5). (C) Rmpz amplitudes (derived from the leading edge of the
a-wave) elicited in wild-type mice with a bright probe flash (3.11 log scot td-s)
at the indicated times after a 40% photobleach divided by the dark-adapted
Rmp; amplitude. Treatment protocal was similar to A (red circles, n = 7; blue
circles, n = 7). (D) Same protocol as in € except mice were abcr '~ genotype

(red circles, n = 9; blue circles, n = 9). Error bars show SD.

collected eyecups from the injected eyes and assayed for [*H]N-
ret-PE by HPLC with an online radiometric detector. Compared
with untreated abcr—'~ controls, formation of ["H]N-ret-PE was
reduced by 40% in the treated eyecups (Fig. 3C).

Sustained Treatment with Isotretinoin Inhibits Accumulation of
A2PE-H; and A2E in abcr—'— RPE. Reduced formation of N-ret-PE in
treated retinas suggests that isotretinoin may inhibit accumula-
tion of A2E. To test this possibility, we administered isotretinoin
at 40 mg/kg per day via osmotic pump to 3-month-old aber™/"~
mice. After 1 month, we killed the mice and determined the
levels of A2PE-H, and A2E in RPE by HPLC. In untreated
abcr™~ mice or mice treated with DMSO vehicle alone,
A2PE-H, increased ~2.7-fold in the period between 3 and 4
months (Fig. 44). A2E increased 2.3-fold in DMSO-treated
controls during the same period (Fig. 4B). However, the levels
of both A2PE-H» and A2E virtually were unchanged from the
levels at 3 months in mice that received isotretinoin (Fig. 4).
These data suggest that treatment with isotretinoin suppresses
A2PE-H> and A2E accumulation.

Treatment with Isotretincin Inhibits Formation of Lipofuscin in
aber~'~ RPE. Next, we looked for an ultrastructural correlate of
the reduced A2E. We treated 2-month-old abcr™'~ mice with
isotretinoin at 20 mg/kg per day for 2 months. At the end of the
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Fig.3. Effects of isotretinoin on the content of visual retinoids in wild-type
and abcr '~ eyes. (A) Levels of 11cRAL in light-adapted, wild-type mice that
received either no isotretinoin (blue bar, n = 3 mice) or asingle injection 1 hr
before tissue collection of isotretinoin at 2.0 (red bar, n = 2), 20 (red bar, n =
3), or 200 (red bar, n = 3) mg/kg. (B} Levels of 11cRE in light-adapted wild-type
mice that received either no isotretinain or a single injection of isotretinain at
the indicated doses (n = 3) as described in A. Note the absence of 11¢RE in
untreated eyes. (C) [FHIN-ret-PE dpm expressed as a percentage of the total
[*Hldpm in phospholipid extracts from eyecups of abcr '~ mice that either
were untreated (blue bar, n = 3) or were treated with isotretinoin at 20mg,/kg
per day for 10 days (red bar, n = 4). Error bars show 5D.

treatment period, we examined the eyes by electron microscopy.
Representative electron micrographs of the central retina and
RPE from untreated (Fig. 54) and treated (Fig. 5B) 4-month-old
aber™'~ mice are shown. Oval melanosomes were present at
approximately equal density in RPE from both mice. However,
the irregularly shaped lipofuscin granules were more abundant
in the RPE from untreated mice. These data show that isotreti-
noin treatment inhibits accumulation of lipofuscin pigments.

Accumulation of A2E in Wild-Type RPE also Is Inhibited by Isotretinoin.
A2E accumulates at slower rates in RPE from wild-type mice
and normal humans (12). To test for a possible effect of
isotretinoin on this slow, age-dependent accumulation of A2E,
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Fig.4. Levelsof A2PE-H; and AZE in abcr™/~ RPE after 1 month of treatment
with isotretinain. (4) Levels of A2PE-H5 in RPE from 3-manth-ald abecr ™'~ mice
before treatment (green bar, n = 3 mice), 4-month-old untreated (blue bar,
n = 3) or DMSO-treated (blue bar, n = 3) control mice, and 4-month-old mice
treated with 40 ma/kg per day isotretinoin (red bar, n = 3). Values are
expressed as peak-height milliabsorption units (mAU) at wavelength (A) = 500
nm. (B} Levels of AZE in RPE from 3-manth-old aber '~ mice before treatment
(green bar, n = 3), 4-month-old DMSO-treated control mice (blue bar, n = 3),
and 4-month-old mice treated with 40 mg/kg per day isotretinoin (red bar, n =
3). Values are expressed in mAU at A = 435 nm. Error bars show 5D.
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Fig. 5. Electron microscopic analysis of RPE from 4-month-old aber/~ mice. (A) RPE and outer segments (0S) from an untreated mouse. (B) RPE and OS from
a mouse treated with isotretinoin for 2 months. Red arrows indicate the irregularly shaped lipofuscin pigment granules, which are distinct from the larger oval
melanosomes. (Bars, 2.0 pm.) Note the increased number of lipafuscin granules in RPE from the untreated mouse.

we treated 2-month-old, wild-type (C57BL/6) mice with daily
i.p. injections of isotretinoin at 20 mg/kg for 2 months. A2E was
reduced ~40% in these 4-month-old mice compared with the
levels in littermate controls who received either no treatment or
injections of DMSO vehicle (Fig. 6). The A2E-absorption data
in Fig. 6 represent a sum of peak areas from the different A2E
isoforms. Because of the dissimilar light-exposure histories and
A2E-quantitation methods, A2E levels in Figs. 4 and 6 are not
directly comparable. Under controlled conditions, A2E levels
are ~10-fold higher in 3-month-old aber/~ compared with
wild-type mice (12). The data in Fig. 6 show that isotretinoin acts
independently of the abcr genotype to reduce accumulation
of A2E.

Discussion

The primary deficit in aber~'~ mice and patients with Stargardt’s
disease is functional loss of the ABCR transporter. Impaired
clearance of N-ret-PE from outer segments that lack ABCR
favors the secondary condensation of N-ret-PE with arRAL to
form A2PE-H» (12) (Fig. 1B). The level of afRAL is =~1.5-fold
higher in abcr™'~ compared with wild-type outer segments (11),
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Fig. 6. Levels of AZE in 4-month-old wild-type mice after 2 months of
treatment with isotretinoin. AZE levels expressed as peak-area mAU (mAU at
A =435nm) are shown in RPE from untreated mice (blue bar, n = 4 mice), from
mice that received daily injections of DMS0 vehicle (blue bar, n = 3), and from
mice that received daily injections of isotretinoin at 20 mg/kg (red bar, n = 4).
Error bars show SD.
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suggesting that modest reductions in a/RAL may be all that are
required to inhibit formation of A2PE-H; and, hence, A2E. In
the current study, we sought to inhibit formation of A2E by
reducing production of retinaldehyde in outer segments.

Isotretinoin inhibits 11cRDH in RPE cells (26, 27). We
analyzed the kinetics of dark adaptation in isotretinoin-treated
and untreated mice by ERG with bright and dim probe flashes.
Dim flashes provide nonsaturating stimulation of rods, resulting
in an ERG response that is dependent on the level of rhodopsin.
Bright flashes saturate the rod response and, hence, elicit ERGs
less sensitive to rhodopsin levels. Both wild-type and aber™'~
mice showed smaller delays in dark adaptation after isotretinoin
administration with bright compared with dim probe flashes
(Fig. 2). These results suggest that isotretinoin reduced rhodop-
sin levels in both wild-type and aber™/~ retinas.

We confirmed the inhibitory effect of isotretinoin on 11¢cRDH
(Fig. 14) by demonstrating dose-dependent reductions in
11cRAL (Fig. 34). Because 11-cis-retinol (11¢ROL) is esterified
by LRAT (35, 36), treatment with isotretinoin should result in
increased 11cRE, which we observed (Fig. 3B). 11¢RE was not
detectable in 4-month-old untreated mice, as described (34, 37),
presumably because of rapid oxidation of 11¢cROL by 11cRDH
(Fig. 14). In addition to its effect on 11cRDH, might isotretinoin
act by inhibiting transport of 11¢RAL between RPE and pho-
toreceptors, because retinoic acid binds interphotoreceptor ret-
inoid-binding protein (38)? This is unlikely in view of the normal
rhodopsin regeneration kinetics observed in irbp~"~ knockout
mice (39). N-ret-PE is nearly 3-fold higher in retinas from
aber™'~ compared with wild-type mice because of increased
atRAL (11, 12). Lowering atRAL in abcr '~ photoreceptors
should result in reduced N-ret-PE. We injected radio-labeled
vitamin A into the vitreous cavities of mice that previously
received isotretinoin for 1 week and measured levels of labeled
N-ret-PE. This design permitted us to consider only N-ret-PE
formed during the treatment period. We observed an =~2-fold
reduction in labeled N-ret-PE (Fig. 3). Because N-ret-PE gives
rise to A2E (Fig. 1B), this result suggests that long-term treat-
ment with isotretinoin may suppress A2E accumulation. To test
this possibility, we measured levels of A2PE-H>» and A2E in
4-month-old aber~'~ RPE after 1 month of treatment. A2E
accumulates rapidly in abcr™'~ mice between 2 and 4 months of
age (12). In the current study, A2PE-H; increased almost 3-fold
and A2FE approximately doubled in untreated or DMSO-treated
abcr™'~ control mice (Fig. 4). However, in animals that received
isotretinoin, the levels of A2PE-H> and A2E at 4 months were
virtually unchanged from the starting levels in 3-month-old mice
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(Fig. 4). Thus, treatment with isotretinoin completely suppressed
subsequent accumulation of A2PE-H; and A2E. Because A2E
is the major fluorophore of lipofuscin (16, 17), we also examined
the morphological effects of isotretinoin treatment on lipofuscin
pigment formation in abcr™'~ eyes. We observed significantly
fewer pigment granules in RPE from treated animals compared
with untreated controls (Fig. 5). We observed no changes in the
ultrastructure of outer segments from treated aber™'~ mice.
Finally, we looked for an effect of isotretinoin treatment on the
much slower accumulation of A2E in wild-type RPE. After 2
months of treatment, A2E in RPE from 4-month-old, C57BL/6
mice was reduced =~40% compared with untreated or DMSO-
treated controls (Fig. 6). These data corroborate the proposed
pathway for A2E biogenesis (12, 18) depicted in Fig. 1B. Further,
the data establish that treatment with isotretinoin inhibits for-
mation of A2E and lipofuscin in aber™'~ and wild-type mice.
The phenotypes in aber™'~ mice and humans with Stargardt’s
disease are strikingly similar. Both show delayed dark adapta-
tion, elevated phosphatidylethanolamine in retina, elevated
A2PE-H; and A2E in RPE cells, and accumulation of lipofuscin
pigments in RPE (5, 6, 11, 12). Given the physiological, bio-
chemical, morphological, and genetic similarities between
abcr™'~ mice and Stargardts patients, a treatment that amelio-
rates the mouse phenotype should have a similar effect in
humans. Previously, we showed that A2E synthesis can be
virtually blocked by raising abcr™'~ mice in total darkness (12).
This observation suggests that Stargardt’s patients may slow
progression of their disease by limiting light exposure. In the
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current study, we replicated the effects of light deprivation on
A2E and lipofuscin accumulation in abcr™'~ mice by inhibiting
rhodopsin regeneration with isotretinoin. This treatment was
associated with delayed dark adaptation but normal absolute
rod-threshold sensitivity after prolonged dark adaptation. De-
layed dark adaptation also has been reported in humans taking
isotretinoin, although the prevalence of this side effect is difficult
to quantitate (24, 25). The dose of isotretinoin in the current
study (20—40 mg/kg per day) is much higher than the therapeutic
dose used in humans to treat acne (0.5-2.0 mg/kg per day).
However, the rate of clearance for isotretinoin is 10- to 20-fold
faster in mice than humans (40). We observed significant effects
on the levels of 11cRAL and 11¢RE after a single injection of
isotretinoin at 2.0 mg/kg (Fig. 3.4 and B), suggesting that this
dose inhibits 11cRDH. Together, these observations suggest that
suppression of A2E and lipofuscin accumulation may be
achieved in Stargardt’s patients with standard doses of isotreti-
noin. Finally, isotretinoin or other inhibitors of 11¢RDH may be
effective treatments for retinal or macular degenerations of
different etiologies associated with A2E accumulation.
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