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RDH1I12 mutations are responsible for early-onset autosomal
recessive retinal dystrophy, which results in profound retinal
pathology and severe visual handicap in patients. To investigate
the function of RDH12 within the network of retinoid dehydro-
genases/reductases (RDHs) present in retina, we studied the ret-
inal phenotype of Rdh12-deficient mice. In vivo rates of all-
trans-retinal reduction and 11-cis-retinal formation during
recovery from bleaching were similar in Rdh12-deficient and
wild-type mice matched for an Rpe65 polymorphism that
impacts visual cycle efficiency. However, retinal homogenates
from Rdh1l2-deficient mice exhibited markedly decreased
capacity to reduce exogenous retinaldehydes in vitro. Further-
more, in vivo levels of the bisretinoid compound diretinoid-pyr-
idinium-ethanolamine (A2E) were increased in Rdh12-deficient
mice of various genetic backgrounds. Conversely, in vivo levels
of retinoic acid and total retinol were significantly decreased.
Rdh12 transcript levels in wild-type mice homozygous for the
Rpe65-Leu® polymorphism were greater than in Rpe65-Met*>°
mice and increased during postnatal development in wild-type
mice and Nrl-deficient mice having an all-cone retina. Rdh12-de-
ficient mice did not exhibit increased retinal degeneration relative
to wild-type mice at advanced ages, when bred on the light-
sensitive BALB/c background, or when heterozygous for a
null allele of superoxide dismutase 2 (Sod2*'~). Our findings
suggest that a critical function of RDH12 is the reduction of
all-trans-retinal that exceeds the reductive capacity of the
photoreceptor outer segments.
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RDH12 is a major disease gene for Leber congenital amauro-
sis, with RDH12 mutations responsible for approximately 2% of
cases of childhood-onset severe autosomal recessive retinal
dystrophy (1-4). Affected individuals experience poor vision in
early life, which progressively declines with age as a result of
both rod and cone degeneration (5). Analyses of retinal organi-
zation and visual function in patients with mutations in RDHI12
or RPE65, another Leber congenital amaurosis gene involved in
retinoid metabolism, show distinctly different pathologies
associated with defects in each gene that will be important to
consider when developing targeted forms of therapy (6).

RDH1I2 encodes a member of the family of short chain dehy-
drogenases/reductases that catalyze oxidation and reduction
reactions involved in various aspects of metabolism (reviewed
in Refs. 7 and 8). In the photoreceptor cells and retinal pigment
epithelium (RPE),? the interconversion of oxidized and reduced
retinoids by RDH enzymes is an important feature of the visual
cycle, the process responsible for the conversion of vitamin A
(all-trans-retinol) to 11-cis-retinal, the chromophore of the vis-
ual pigments (reviewed in Ref. 9). On the basis of in vitro assays
showing reactivity toward retinaldehyde substrates and expres-
sion in photoreceptor cells, RDH12 was initially proposed to
function in the reduction of all-frams-retinal released by
bleached visual pigments (10). Subsequent in vitro studies
showed that RDH12 can also act upon C9 aldehydes resulting
from lipid photo-oxidation (11-13), as well as certain steroid
substrates (14), suggesting that it contributes to additional
pathways important for photoreceptor function. In previous
studies, we generated Rdh12-deficient mice and evaluated their
retinal phenotype, finding grossly normal retinal histology, vis-
ual responses, retinoid content, and assays of oxidative stress
(15). We also showed that RDH12 localizes to photoreceptor
inner segments in humans and mice, distant from the photo-
transduction reactions occurring in the outer segment disc
membranes. Based on this analysis, we concluded that RDH12

3 The abbreviations used are: RPE, retinal pigment epithelium; RDH, retinol
dehydrogenase/reductase; A2E, diretinoid-pyridinium-ethanolamine;
HPLC, high performance liquid chromatography; GFP, green fluorescent
protein; L/L, Leu**° polymorphism; M/M, Met**° polymorphism; PBS, phos-
phate-buffered saline; ONL, outer nuclear layer.
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deficiency does not limit chromophore synthesis or visual cycle
throughput, in agreement with Maeda et al. (16).

Similarly, earlier attempts to identify an RDH isoform essen-
tial for chromophore synthesis failed. These studies included
generation and analysis of Rdh5-deficient mice lacking the
RDH isoform specific to the RPE (17), Rdh11-deficient mice
lacking the RDH isoform most closely related to Rdh12 (18, 19),
and Rdh8-deficient mice lacking the RDH isoform that local-
izes to photoreceptor outer segments (20). In each case, loss-of-
function resulted in only minor slowing of dark adaptation
without accompanying retinal degeneration, thus raising the
possibility of redundancy in RDH function relative to the visual
cycle mechanism.

We now report that the retinas of Rdh12-deficient mice
exhibit a markedly decreased capacity to reduce retinaldehyde
substrates in vitro but do not show decreased synthesis of
11-cis-retinal in vivo or age-related degeneration on various
genetic backgrounds. Our data are consistent with a mecha-
nism in which RDH12 contributes to the reduction all-trans-
retinal that escapes conversion to all-frams-retinol by
enzyme(s) present in the outer segments. Although fundamen-
tal differences exist between species, our findings in mice point
to an important role of RDH12 in retinoid metabolism occur-
ring in photoreceptor cells, and of likely relevance to disease
pathology in the human retina, but which does not limit chro-
mophore synthesis in vivo.

EXPERIMENTAL PROCEDURES

Animals and Antibodies—Transgenic mice of the following
genotypes were used for our studies: Rdh12~’~ mice homozy-
gous for a Rpe65-Leu*® (L/L) or Rpe65-Met**° (M/M) poly-
morphism on a mixed Sv129;C57BL/6 (pigmented) back-
ground (15); Rdh12~'~ mice on the BALB/c (albino)
background and homozygous for Rpe65-Leu**° (L/L) that were
obtained by breeding (generation F6); RdhI2~'~ mice het-
erozygous for a Sod2 null allele (Sod2™’~) and homozygous for
Rpe65-Met**° (M/M) obtained by breeding with mice from
The Jackson Laboratory (Bar Harbor, ME; stock No. 002973,
strain B6.129S7-Sod2”"*%°?); Rdh11~'~ mice homozygous for
Rpe65-Leu*® (L/L) (pigmented) characterized by P. Nelson
and K. Palczewski (18); and Nr/~/~ mice homozygous for
Rpe65-Met*>° (M/M) that have a model “all-cone” retina
(21). Primary antibodies used were: a rabbit anti-Rdh12
polyclonal antibody specific for the mouse protein (against
252GPFFKSTSQGAQ?®3) (15); a rabbit anti-transducin poly-
clonal antibody (Genetex); and a rabbit anti-arrestin polyclonal
antibody (Affinity Bioreagents).

Analysis of Visual Cycle Retinoids—All-trans-retinal, all-
trans-retinol, and 11-cis-retinal levels in mouse eyes were
determined using normal-phase high performance liquid chro-
matography (HPLC) as described previously (3). In brief, dark-
adapted mice (~3 months old) were subjected to bleaching
light (5000 lux, 15 min), recovered in the dark for 0—60 min,
and euthanized. Under dim red light, whole eyes were homog-
enized in chloroform:methanol:hydroxylamine, the organic
phases were collected, and the solvent evaporated. The extracts
were dissolved in hexane and chromatographed on a Supelcosil
LC-31 analytical column (25 cm X 4.6 mm, 5 um) developed

AUGUST 7, 2009 -VOLUME 284+NUMBER 32

Rdh12 Effects on Retinoid Processing in Retina

with 95% hexane, 5% 1,4-dioxane. Absorbance peaks were iden-
tified by comparison with external standards, and molar quan-
tities per eye were calculated by comparison with standard
concentrations determined spectrophotometrically using pub-
lished extinction coefficients (22) and normalizing to total sam-
ple volumes. Retinaldehyde content was calculated as the sum
of syn- and anti-retinal oximes. Data were analyzed and curves
fitted using SigmaPlot (Systat Software Inc.). Standards used
were: all-trans-retinol (SigmaAldrich), 11-cis-retinol obtained
by NaBH, reduction of 11-cis-retinal (R. Crouch), and all-
trans- and 11-cis-retinal oximes obtained by hydroxylamine
reaction of the corresponding aldehydes (23).

Analysis of Lipofuscin Pigment Accumulation—RPE lipofus-
cin pigments were separated, identified and quantified by
HPLC analysis as previously described (24, 25). In brief, poste-
rior segments from 3—-6 mouse eyes (from animals ~3-6
months old) were homogenized in phosphate-buffered saline
(PBS) and extracted with chloroform:methanol. After passage
through a reverse-phase cartridge (C8 Sep-Pak, Millipore) in
0.1% trifluoroacetic acid in methanol and evaporation of sol-
vent, the extracts were dissolved in 50% methanolic chloroform
containing 0.1% trifluoroacetic acid and chromatographed on
Atlantis® dC18 (3 wm, 4.6 X 150 mm) and Delta Pak® C4 (5
pm, 3.9 X 150 mm) columns (Waters Corp.) using gradients of
water and aceotnitrile with 0.1% of trifluoroacetic acid. Molar
quantity per eye was determined from peak areas using calibra-
tion curves constructed from known concentrations of synthe-
sized standards and by normalizing to the total sample volume
(26 -28).

Analysis of Retinoic Acid and Total Retinol—HPLC analysis
coupled with tandem mass spectrometry or UV analysis was
used to quantitate retinoic acid and total retinol levels, respec-
tively, present in the retinas of dark-adapted mice (~5 months
old) according to methods described previously (29, 30). In
brief, retinas were homogenized in 0.9% NaCl, and 4,4-dimeth-
yl-retinoic acid and retinyl acetate in acetonitrile were added as
internal standards followed by the addition of ethanolic KOH.
The samples were extracted with hexane, and the organic
phase, containing nonpolar retinoids, was collected. The aque-
ous phase was acidified by the addition of HCI, and polar reti-
noids were extracted in hexane. After evaporation of the
organic phases, the extracts were resuspended in acetonitrile.
Total retinol content was analyzed by reverse-phase HPLC on a
Zorbax SB-C18 column (4.6 X 100 mm, 3.5 um) developed
with gradients of water, acetonitrile, and 0.1% formic acid with
quantification by analysis of UV absorbance at 325 nm and
comparison to standards. For retinoic acid analysis, extracts
were subjected to HPLC on an Ascentis RP-Amide column
(Supelco, 2.1 X 150 mm, 3 wm) using gradients of water, ace-
tonitrile, 0.1% of formic acid; tandem mass spectrometry data
were acquired with atmospheric pressure chemical ionization
operated in positive ion mode. All retinoid standards except
4,4-dimethyl-retinoic acid were purchased from Sigma-Al-
drich, with concentrations verified spectrophotometrically
using published extinction coefficients (31).

Analysis of Retinal Reductase Activity—Mouse retina homo-
genates were assayed for retinal reductase activity with exoge-
nous substrates. Light-adapted mice (~2-5 months old) were
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euthanized, and dissected retinas from 4—8 animals were
pooled and homogenized in 300 ul of 0.25 M sucrose, 25 mm
Tris acetate, pH 7, 1 mm dithiothreitol. The homogenates were
centrifuged at 1000 X gfor 5 min to remove unbroken cells, and
then the supernates were sonicated with a microtip probe (30
times for 1 s) on ice. Protein concentrations were determined
by a modification of the Lowry procedure (32), and levels of
Rdh12 and arrestin (a marker for total photoreceptor proteins)
were evaluated by densitometric analysis of Western blots.
Assay reactions (200 wl) were prepared that contained 20 ug of
retinal protein, 200 uM all-frans-retinal or 11-cis-retinal, and
200 um NADPH in HEPES buffer (pH 8); reactions were incu-
bated for 0—60 min at 32 °C (a reaction temperature that min-
imizes thermal isomerization of the retinoid substrates, as well
as enzyme inactivation). All-¢rans-retinol and 11-cis-retinol
formation were quantitated using normal-phase HPLC analysis
with comparison to standards, as described above, and the data
were analyzed using SigmaPlot. Controls for recovery included
samples containing known amounts of standard compounds as
described previously (3).

Immunohistochemistry— Anesthetized mice (~3 months
old) were perfused with 4% paraformaldehyde in 0.1 M sodium
phosphate, pH 7.4, the eyes were enucleated and post-fixed
(total fixation time = 15 min) and rinsed in phosphate buffer,
and the anterior segments and lenses were removed. The pos-
terior eyecups were transitioned through a sucrose series and
flash-frozen in sucrose-OCT. Cryosections (18 um) were per-
meabilized with 0.125% Triton X-100 in PBS, treated with bio-
tin blocking reagents (Invitrogen), blocked with 1% bovine
serum albumin, 10% normal goat serum, and 0.125% Triton
X-100 in PBS for 1 h, and then incubated over night at 4 °C with
primary antibody in 1% bovine serum albumin, 1% normal goat
serum, and 0.125% Triton X-100 in PBS and washed. Sections
were incubated with biotinylated anti-rabbit secondary anti-
body (1:400; Molecular Probes) for 3 h, washed, and incubated
with streptavidin-Alexa Fluor-488 or -555 (Molecular Probes,
1:500). Sections were washed, mounted in ProLong Gold con-
taining 4',6-diamidino-2-phenylindole (Molecular Probes) to
stain nuclei, and imaged using an Olympus FV500 confocal
microscope with FluoView FV500 data acquisition software.

Analysis of Histology and Retinal Thickness—Anesthetized
mice were perfused, and the eyes were enucleated, post-fixed
for atleast 1 hin 4% paraformaldehyde or 2% paraformaldehyde
plus 2% glutaraldehyde, and embedded in JB-4 plastic. Sections
(5 wm) were stained with Lee’s stain and imaged on a Nikon
Eclipse E800 microscope with Nikon DMX1200 digital camera
using the manufacturer’s data acquisition software. Measure-
ments of retinal outer nuclear layer thickness on sections par-
allel to the vertical meridian of the eye were plotted versus dis-
tance from the optic nerve head for animals of various ages (33).

Analysis of Transcript Abundance by Quantitative Real-time
PCR—Total RNA was isolated from mouse retinas (~2-3
months old) using the RNeasy mini kit (Qiagen), and quality
and quantity were assessed using an Agilent Bioanalyzer 2100.
First strand ¢cDNAs were generated using SuperScript II
(Invitrogen) and oligo(dT) (Invitrogen). Sequences present in
the 3'-untranslated regions of transcripts of interest were
amplified using AmpliTaq Gold (Applied Biosystems) and
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SYBR Green I (Molecular Probes) with a Rotor-Gene3000 ther-
mocycler (Corbett Research) as follows: 95 °C for 10 min, 95 °C
for 25 s, 57 °C for 25 s, and 72 °C for 30 s, with steps 2—4
repeated 35 times. Samples in triplicate were each amplified in
triplicate and normalized to the values for Hprt transcripts.
Primers (sense, antisense) were as follows: Rdh12, 5'-GGCCA-
ATCTGCTCTTCACTC-3', 5'-ACTTTCCACTCAGGGGC-
TCTA-3'; Rdhlil, 5'-CCACAGCAAACTAGCCAACA-3', 5'-
CCAACTGGCAATCACTGAAA-3;Rdh8,5'-GATGTGGCC-
CAGGTCATT-3', 5'-GACCAAGGTTGAGGAGGTGA-3';
Hprt, 5'-GCAAGCTTGCTGGTGAAAGGA-3', 5'-CCTGA-
AGTACTCATTATAGTCAAGGG-3'.

Microarray Analysis of Expression—Total retinal RNA from
Rdh12~'~ and wild-type mice (~2 months old) was isolated as
described above and converted into biotinylated, fragmented,
and cleaned cRNA using Affymetrix reagents. Mouse genome
arrays (Affymetrix 430_2.0) were hybridized with fragmented
cRNA and processed as described (34). The arrays were opti-
cally read with a Hewlett-Packard GeneArray scanner, and
CHP/.CEL files were generated using the Affymetrix microar-
ray suite of programs. The quality of the GeneChip hybridiza-
tions was excellent according to Affymetrix criteria. Normal-
ization and calculation of signal intensities were performed
using the Robust Multi-Chip Average software package (R-Pro-
ject). Ratios of average signal intensity (log 2) were calculated
for probe sets between pairs of genotypes and converted to
average -fold change. Statistical validation was performed as
described previously (34) by assigning p values and -fold
changes of gene responses in a two-step procedure based on the
construction of false discovery rate confidence intervals (35,
36). Affymetrix GeneChip data for flow-sorted GFP™ photore-
ceptor cells from wild-type and Nr/~/~ mice at various devel-
opmental ages were generated as described previously (37).

RESULTS

Visual Cycle Retinoids in Rdh12-deficient Mouse Eyes—The
first step in the recycling aspect of the visual cycle is the con-
version of all-trans-retinal, released from bleached visual pig-
ments, to all-trans-retinol, which is returned to the RPE. In
studies employing retinoid extraction and HPLC analysis, we
showed previously that steady-state levels of visual cycle reti-
noids were similar in the eyes of Rdh12-deficient and wild-type
mice heterozygous for the Rpe65-L450M (L/M) polymorphism
thatimpacts rates of chromophore synthesis (15). We have now
used these methods to evaluate retinoid processing during dark
adaptation in Rdh12-deficient mice homozygous for the
Rpe65-Leu*® (L/L) variant associated with high visual cycle
throughput (38). During recovery in the dark after full bleach-
ing, our results show that rates of all-zrans-retinal reduction
and 11-cis-retinal formation are not significantly different
between Rdh12~'~ and wild-type animals (Fig. 1).

RDH Activity in Rdhi2-deficient Mouse Retinas—To deter-
mine the contribution of Rdh12 to the overall capacity of the
mouse retina to reduce retinaldehyde substrates, we performed
in vitro assays of retinal homogenates with exogenous all-trans-
retinal or 11-cis-retinal as substrate. Retinas from Rdh12~'~
and wild-type mice on three different genetic backgrounds
were evaluated: Rpe65-L/L or Rpe65-M/M on 129Sv:C57BL/6
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FIGURE 1. All-trans-retinal, 11-cis-retinal, and all-trans-retinol levels during

recovery from bleaching. Rdh12-deficient and wild-type mice were exposed to

bleaching light (5000 lux, 15 min) and recovered in the dark for the times shown.

Retinoids extracted from whole eyes in organic solvents were quantitated using

normal-phase HPLC analysis. A, all-trans-retinal; B, all-trans-retinol; C, 11-cis-reti-

nal. Experimental values are plotted as mean = S.E.(n = 3).O,Rdh12™/~ mice; ®,
wild-type mice.

(pigmented) and Rpe65-L/L on BALB/c (albino). For wild-type
pigmented and albino mice that were Rpe65-L/L, we found that
robust retinal reductase activity was present in assays with sat-
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urating levels of all-trans-retinal or 11-cis-retinal (Fig. 2, A and
C). Initial rates of all-trans-retinol formation were 0.51 and 0.62
pmol min~" pg protein”! in the pigmented and albino mice,
respectively. Similarly, initial rates of 11-cis-retinol formation
were 0.70 and 0.60 pmol min~ " ug protein™'. For Rdhi12~/~
mice, significantly lower retinal reductase activity was observed
with both substrates (Fig. 2, A and C). Initial rates of all-trans-
retinol formation were 0.052 and 0.057 pmol min~' ug pro-
tein! in pigmented and albino mice, respectively, whereas
11-cis-retinol formation was undetectable. Mice on the Rpe65-
M/M background exhibited lower RDH activity than Rpe65-
L/L mice; however, the relative decrease in RDH activity seen in
Rdh12~'~ mice was similar (Fig. 2, B and D).

RDH Activity in Rdhlli-deficient Mouse Retina—In vitro
assays of retina homogenates from Rdh11~'~ mice exhibited
retinoid reductase activity that was significantly greater than of
Rdh12~'~ mice on the same genetic background (pigmented
Rpe65-L/L) (Fig. 3). At saturating substrate concentrations, ini-
tial rates of all-trams-retinol and 11-cis-retinol formation in
Rdh11~'~ retinal homogenates were 0.57 and 0.99 pmol min ~*
ug protein*, respectively.

RPE Lipofuscin Pigments in Eyes of Rdh12-deficient Mice—
The removal of all-trans-retinal from the photoreceptor outer
segments requires its conversion to all-trans-retinol, with inef-
ficient removal resulting in increased accumulation of A2E and
other lipofuscin pigments in the RPE (39). To determine the
effect of Rdh12 deficiency on lipofuscin accumulation, HPLC
analysis of A2E and A2E isomers present in posterior eyecups
was performed for pigmented and albino mice on the Rpe65-
L/Lbackground (Fig. 4). The data show that A2E levels (the sum
of A2E and isomers) increased with age in both Rdh12~"~ and
wild-type animals at ~3, 5, and 6 months of age. In addition,
Rdh12~'~ mice exhibited significantly increased A2E levels rel-
ative to wild-type at each age. Levels of A2E were also increased
in Rdh12~'~ mice on the Rpe65-M/M background (assayed at 5
months old), although levels were less than in Rpe65-L/L ani-
mals, as observed previously in studies of wild-type mice (24).
In contrast, analysis of eyecups from pigmented Rdh1l "~
mice showed only slightly elevated A2E levels. Rdh12~"~ mice
also exhibited similar increases in levels of atRAL dimer-phos-
phatidylethanolamine, another aldehyde derivative component
of RPE lipofuscin (data not shown).

Retinoic Acid Content of Rdhl12-deficient Mouse Retina—
Retinoic acid synthesis involves the oxidation of retinaldehydes
in a reaction typically catalyzed by members of the family of
aldehyde dehydrogenase enzymes (reviewed in Ref. 41). To
determine whether Rdh12 deficiency affects retinoic acid syn-
thesis in the retina, directly or indirectly, we assayed retinal
homogenates from dark-adapted mice using HPLC-coupled
tandem mass spectrometry. We found that retinoic acid levels
were decreased in Rdh12~'~ mice relative to the wild type, in
both pigmented and albino animals that were Rpe65-L/L (Fig.
5). Downward trends were apparent in the data calculated per
retina, and statistical significance (p < 0.01) was reached for
data normalized to protein content, suggesting variability in
tissue recovery. Similar results were obtained for RdhI2~ '~
mice that were Rpe65-M/M (data not shown). In addition, sig-
nificant decreases in total retinol content of retinas from
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type mice that were Rpe65-L/L or
Rpe65-M/M. We found that Rdhi2
transcripts were ~4-fold lower in
mice with the Rpe65-M/M poly-
morphism, associated with low lev-
els of 11-cis-retinal synthesis, com-
pared with mice with Rpe65-L/L,
which exhibits high visual cycle
throughput (Fig. 6A4). In Nrl-defi-
cient mice having an all-cone retina,
Rdh12 transcript levels were
approximately 10-fold lower than in
wild-type mice (Rpe65-M/M) (Fig.
6B). Changes of the same magni-
tude were not seen for Rdhl1.

To evaluate Rdh12 expression
during development, data from
microarray analysis of flow-sorted
GFP-positive photoreceptor cells
were obtained as described previ-
ously (37). The photoreceptor cells
were from dissociated retinas of
transgenic mice expressing GFP
under the control of the Nrl pro-
moter on the wild-type (predomi-
nantly rod) or the Nr/~/~ (all-cone)
background (Rpe65-M/M). Plots of
normalized signal intensity showed
that Rdh12 transcript levels mark-
edly increased from embryonic day
16 to postnatal day 28 in wild-type
mice and to a lesser extent in Nl '~
mice (Fig. 6C). In contrast, Rdhll
transcript levels remained relatively
unchanged in both wild-type and
Nrl~'~ mice.

Expression of RDH Isoforms in
Wild-type and  Rdhl2-deficient
Mice—The absence of retinal
pathology in Rdh12-deficient mice
suggests, as one possibility, that one
or more RDH isoform(s) with over-
lapping activity compensates for
Rdh12 loss-of-function. To com-
pare the expression of RDH iso-
forms of Rdh12~'~ and wild-type

RdhI2~'~ mice were detected using HPLC-coupled UV analy-
sis (Fig. 5B). Together, these findings suggest that Rdh12 defi-
ciency in the retina produces a shift in retinoid homeostasis
resulting in decreased retinoid content, inconsistent with a pre-
viously proposed model suggesting that Rdh12 deficiency
increases retinoic acid levels because of increased levels of reti-
naldehydes (42).

Rdh12 Expression on Various Genetic Backgrounds and dur-
ing Development—To determine whether Rdh12 expression
reflects differences in visual cycle efficiency attributable to the
Rpe65-L450M polymorphism, we used quantitative real-time
PCR to compare transcript levels in eyes from pigmented wild-
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mice (Rpe65-L450M) in total retinal RNA, relative transcript
abundance was evaluated using Affymetrix microarray profil-
ing. For each of the RDH isoforms reported to be present in
photoreceptor cells and represented on gene chips (Rdhl1,
Rdh13, Rdh14, Dhrs3(retSDR1) (10, 43)), we found no marked
differences in expression between the Rdh12~ '~ and wild-type
mice (Table 1). This was also the case for Rdh10 expressed in
RPE and Miiller cells (44), as well as other known RDH iso-
forms, including Rdhl, Rdh7, Rdh9, and Rdh16 (data not
shown). One exception was Rdh5, for which transcripts were
apparently decreased ~1.7-fold in Rdh12~’~ mice. The pres-
ence of Rdh5 transcripts in our RNA preparations likely reflects
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FIGURE 4. A2E levels in Rdh12-deficient and wild-type mice. Mouse posterior eyecups of Rdh12-deficient
and wild-type mice were extracted using organic solvent, and A2E levels (the sum of A2E and isoA2E) were
quantitated using HPLC with comparison to standards. A, representative reverse-phase HPLC chromatograms
obtained by monitoring at 430 nm. B, A2E levels in posterior eyecups at the ages indicated. Mice were C57BL/6
pigmented) unless noted, with M/M designating data from mice homozy-
gous for Rpe65-Met**° and albino indicating mice that were BALB/c. (], Rdh12~/~; B, wild type; &, Rdh117/~.

and homozygous for Rpe65-Leu**° (

Assays were plotted as mean * S.E.forn > 3.* p < 0.05; **, p < 0.01.

the presence of contaminating RPE cells in our dissected retinal
tissue, as Rdh5 is an RPE enzyme involved in the conversion of
11-cis-retinol to 11-cis-retinal (45). A second exception was RdhS,
which localizes to photoreceptor outer segments. Because Rdh8 is
not represented by probe sets on the Affymetrix gene chips, Rdh8
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expression was evaluated using quan-
titative real-time PCR analysis, which
showed that transcripts were
decreased ~3.1-fold in Rdhi12™/~
mice. The apparent down-regulation
of Rdh5 and Rdh8 suggests that reti-
noid processing associated with visual
cycle function is less robust in the
absence of Rdh12. As no known RDH
isoforms appear to be up-regulated in
Rdh12™'"" mice, our findings suggest
that the activity provided by the
enzyme levels normally present in
mouse retina are sufficient to com-
pensate for Rdh12 loss-of-function.

Rdh12 Localization in Dark- and
Light-adapted Mouse Retina—OQur
previous studies of RDH12 localiza-
tion showed immunoreactivity in the
photoreceptor inner segments and
outer nuclear layer in mouse and
human retina. To determine whether
Rdh12 undergoes light-induced move-
ments similar to the translocation of
other photoreceptor proteins (46), we
compared the pattern of Rdh12
immunoreactivity in retinas of wild-
type albino mice (Rpe65-L/L) that
were dark-adapted or exposed to
bleaching light (2000 lux for 2 h) (sup-
plemental Fig. 1). Under conditions
resulting in redistribution of transdu-
cin from photoreceptor outer seg-
ments in the dark, to inner segments
in the light, Rdh12 immunoreactivity
remained confined to the inner seg-
ments. Similar results were obtained
for wild-type pigmented mice, in
which bleaching was less efficient
(data not shown).

Effects of Aging and Oxidative stress
in Rdhl12-deficient mice—To assess
potential changes in retinal histology
at advanced ages, we performed mor-
phometric analysis of retina/RPE/
choroid sections from Rdh12-defi-
cient and wild-type mice reared in
normal laboratory lighting. We found
no evidence of increased retinal
pathology or decreased outer nuclear
layer (ONL) thickness in RdhI2/~
mice at 20 months old that were pig-
mented and Rpe65-L/L or Rpe65-

M/M (supplemental Fig. 2, A and B). We also evaluated the retinas
of albino Rdh12~/~ mice on the BALB/c background, which
imparts increased light sensitivity due in part to the presence of the
Rpe65-L450 polymorphism (47). Again, no increased retinal
pathology or decreased ONL thickness was seen in Rdh12-defi-
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for Rdhi2 (supplemental Fig. 2D).
In addition, the RDH activity of ret-
inal lysates assayed in vitro was
equivalent in Rdhi2~'~;Sod2*’'~
and Rdhi2™’~ animals on the
Rpe65-M/M background (data not
shown).

DISCUSSION

The present study establishes
that Rdh12 loss-of-function mark-
edly impacts the overall capacity of
the mouse retina to reduce retinal-
dehyde substrates, even though in
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FIGURE 6. Comparative analysis of Rdh11 and Rdh12 expression in mouse retina. Quantitative real-time
PCR was used to amplify RDH transcripts from retina total RNA, and cycle threshold data were normalized to
Hprt and plotted as -fold difference. A, transcript levels in wild-type mice on the Rpe65-Met**° background
compared with levels in wild-type mice on the Rpe65-Leu**® background (pigmented 110 days old; n = 3).
B, RDH transcript levels in Nri~’~ mice compared with levels in wild-type mouse (pigmented Rpe65-M/M, 50
days old; n = 3).C, expression during retinal developmentin Nrl~’~ and wild-type mice. Normalized microarray
intensity data for flow-sorted GFP* photoreceptors isolated and analyzed as described in Ref. 37 is shown for
following ages: embryonic day 16 (E16) and postnatal (P) days 2, 6, 10, and 28 (n = 4 for each time point). O,

Nrl~'~; @, wild-type.

TABLE 1

Microarray analysis of RDH isoforms expressed in mouse retina
Rdh127'~ and wild-type mice (WT) were heterozygous for Rpe65-L450M. Data
shown were calculated from the average intensity values of four replicates. For genes
with multiple probes sets, the values shown correspond to those with the highest
intensity signals. NA, not applicable.

Gene L.D. Probe set Rdhi12™'~ vs. WT
-Fold change
Rdhi2 1424256_at —129.99
Rdhll 1418760_at 1.29
Rdh10 1426968_a_at —1.38
Rdhi3 1433799_at 1.15
Rdhi14 1417438 _at 1.05
Dhrs3 1448390_a_at —1.06
Rdh5 1418808_at —1.68
Rdh8* NA —-3.15

“ Values obtained by quantitative real-time PCR analysis.

cient mice crossed onto the BALB/c background for six genera-
tions (supplemental Fig. 2C).

To determine whether increased oxidative stress exacerbates
the retinal phenotype of Rdh12-deficient mice, we crossed mice
carrying a null allele of the superoxide dismutase 2 gene (Sod2)
with RdhI2~'~ animals. Although the homozygous null
Sod2~'~ genotype is lethal, Sod2 "/~ mice are viable and exhibit
increased levels of reactive oxygen species associated with
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vivo rates of all-trans-retinal reduc-
tion during recovery from bleaching
are not significantly affected. The
decrease in the ability of the Rdh12-
deficient retina to reduce all-trans-
retinal and profound loss of activity
toward 11-cis-retinal suggest that
Rdh12 makes a unique contribution
to the capacity for retinoid process-
ing in the photoreceptor cells.
These findings are consistent with the assumption that defects
in retinoid metabolism contribute to the disease phenotype
resulting from RDHI2 mutations in patients. Together with
previous studies, our results suggest that the supply of all-trans-
retinol needed for chromophore synthesis is not limited by
RDH activity in the photoreceptors (15, 16, 18 -20) and that
this need may be met by delivery from the circulation and stores
of retinyl esters in the RPE. It follows that increased rates of
regeneration attributed to interphotoreceptor retinol-binding
protein (IRBP) (50) may result from a potential role in reducing
photoreceptor levels of all-trans-retinol rather than its delivery
to the RPE.

Previous studies of the retinal phenotype of Rdh12-deficient
mice did not detect marked changes in retinoid processing or
visual cycle function (15, 16). In one study, delayed recovery of
the electroretinogram a-wave after bleaching was observed as
well as increased levels of 11-cis-retinal, but no decrease in all-
trans-retinal reductase activity was detected in vitro (16). Sub-
sequent studies of Rdh12-Rdh8 double knock-out mice showed
that Rdh12 loss-of-function significantly decreased the all-
trans-retinal reductase activity of Rdh8-deficient mice (51). In
contrast, our studies show that retina homogenates from mice
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deficient in Rdh12 alone have significantly reduced capacity for
reduction of both trans- and cis-retinaldehydes on all genetic
backgrounds tested, but do not exhibit delayed dark adaptation
or increased levels of retinaldehydes in vivo (this work and Ref.
15). In addition, the decrease of retinal reductase activity in
Rdh12-deficient mice is greater than that observed for Rdh11-
deficient mice. We also found that Rdh12-deficient mice
exhibit elevated A2E levels, and that these levels increase with
aging, in agreement with earlier studies (16). In addition, wild-
type mice with the Rpe65-M/M polymorphism exhibit lower
levels of retinal reductase activity than mice with the Rpe65-L/L
polymorphism, associated with higher visual cycle activity (38,
47). Thus, a key finding of our study is that Rdh12 activity
appears to correlate with visual cycle activity, with loss-of-func-
tion resulting in a shift in the equilibrium toward products that
exit the visual cycle. As Rdh12 deficiency does not result in
elevated levels of total retinaldehydes, such increases are likely
to occur focally, transiently, or in both ways. Although differing
in mechanistic detail and degree of severity, the resulting accu-
mulation of A2Es may reflect a situation akin to that due to
mutations in ABCA4, which delay the removal of all-trans-ret-
inal from the disc membranes (53).

Our studies showed that retinoic acid levels are decreased in
the retinas of Rdh12-deficient mice. This finding was unex-
pected, as a previous study of recombinant RDH12 activity in
vitro found increased levels of retinoic acid in transfected cells
expressing loss-of-function mutants relative to cells expressing
the wild-type protein (42). The previous study suggested that
RDH12 reduction of retinaldehydes is needed to protect against
the potentially damaging effects of high levels of retinoic acid.
However, our data do not support the view that RDH12 acts
exclusively as a reductase in vivo to decrease levels of retinoic
acid, as in vivo levels of both retinoic acid and total retinol were
decreased in Rdh12~'~ mice. The decrease in retinoic acid lev-
els resulting from Rdh12 deficiency points to a complex mech-
anism involved in regulating retinoic acid biosynthesis, sug-
gesting the possibility that RDH12 may play a role in this
mechanism in the retina, acting either as a reductase or a dehy-
drogenase depending on its metabolic environment. Our find-
ings further suggest that some aspects of the disease phenotype
associated with human RDHI2 mutations may be a conse-
quence of impaired retinoic acid production and/or availability.

The broad substrate specificity of RDH12 has prompted sug-
gestions that this enzyme functions in diverse aspects of retinal
cell biology. In vitro assays of recombinant RDH12 activity have
shown it to be active in reducing certain lipid photo-oxidation
products including the C9-aldehydes nonanal and 4-hy-
droxynonenal (11), as well as certain steroids including dihy-
drotestosterone (14), albeit with lower affinity and catalytic effi-
ciency compared with all-trans-retinal. In our initial analysis of
the phenotype of Rdh12-deficient mice, we found no increase
in oxidative products measured as thiobarbituric acid-reactive
substances in the retina (15). We have now studied the retinal
phenotype of Rdh12-deficient mice that were heterozygous for
a null allele of manganese superoxide dismutase 2 (Sod2"'").
Mice heterozygous for Sod2 loss-of-function were used as
model to test for effects of increased oxidative stress, as reduc-
tion of this enzyme activity results in increased mitochondrial
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FIGURE 7. Schematic of RDH isoforms and retinoids present in the outer
retina and RPE.

oxidative damage and susceptibility to apoptotic cell death (54),
whereas the Sod2 '/~ genotype is lethal (48, 49), and severe
Sod2 deficiency alone results in profound retinal degeneration
(55, 56). Our results show no evidence of increased retinal cell
death in Rdh127'~;Sod2"'~ mice, as measurements of ONL
thickness, as well as retinoid reductase activity,4 were similar to
those of Rdh12~'~ mice on the wild-type background. Previous
studies also reported increased apoptotic cell death in retinas of
Rdh12-deficient mice exposed to high intensity illumination
(16). However, we detected no increase in age-related pathol-
ogyin Rdh12~ '~ mice, including animals on the albino BALB/c
background that were reared in normal laboratory lighting.
Thus, our findings do not rule out the possibility that RDH12
plays arole in protecting against oxidative stress and light-dam-
age, but they do not support the view that this is its exclusive
function.

Efforts to identify the RDH enzymes essential for visual cycle
function have been confounded by the fact that photoreceptor
cells express a number of isoforms which exhibit the necessary
specificity in vitro (10,43, 57) (Fig. 7). Elegant studies of retinoid
processing in retina slices and isolated photoreceptor cells have
shown that all-trans-retinol formation localizes to the outer
segments during recovery from bleaching (40, 58). Of the RDH
isoforms known to be expressed in retina, only RDH8 has been
localized to the outer segments (51, 57). However, Rdh8-defi-
cient mice exhibit only mild perturbations in retinoid process-
ing (decreased rates of dark adaptation) without accompanying
pathology (20). In Rdh12-Rdh8 double knock-out mice, rates of
dark adaptation are further slightly decreased, and outer seg-
ments are shorter, but significant levels of chromophore syn-
thesis persist (51). These findings are consistent with recent
measurements of in vivo rates of all-frans-retinol synthesis sug-
gesting that the rate-limiting step in the production of the
11-cis-retinal chromophore is the release of all-trans-retinal

4 ). Chrispell, unpublished data.
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from opsin (50). Thus, the primary role of RDH isoforms pres-
ent in the photoreceptors may be to reduce potentially toxic
levels of retinaldehydes in various cellular compartments. It
seems possible that RDH8, which recognizes trans- but not
cis-retinaldehydes, is important for the rapid reduction of all-
trans-retinal in the vicinity of the rhodopsin signaling complex,
whereas the contribution of RDH12, with its broader substrate
specificity and localization near the metabolic source of
NADPH, becomes more important under conditions of contin-
uous illumination. As RDH12 is restricted to inner segments in
both human and mouse retinas (15, 16), and we found no evi-
dence of light-induced translocation, this implies that all-trans-
retinal can move between outer and inner segment compart-
ments, perhaps associated with retinoid-binding proteins or
with opsin found in the inner segment plasma membrane.

It is not uncommon for mouse models to fail to show the
human disease phenotype unless subjected to appropriate
stress conditions or placed on a permissive genetic background
(52). Accordingly, mice deficient in Rdh12 do not suffer the
devastating consequences of RDH12 loss-of-function seen in
humans, and they fail to exhibit retinal pathology or limited
visual cycle function (15, 16). In this case, differences between
human and mouse seem likely to reflect differences in the
expression and/or catalytic activity of a second RDH isoform
that maintains activity levels above a critical threshold in
mouse, but not in human, retinas. If so, RDH11 is a likely can-
didate for providing this activity, as it is apparently expressed
in the photoreceptor inner segment, and no other RDH iso-
forms appear to be significantly up-regulated in Rdh12-de-
ficient mice. In addition, the genes encoding RDH11 and
RDH12 are highly related evolutionarily and are located in
head-to-head orientation on the same chromosome in
human and mouse. An important challenge for the future
will be to generate animal models of the human pathology
resulting from RDHI12 mutations.

In summary, our analysis of the retinal phenotype of Rdh12-
deficient mice supports the view that defects in retinoid metab-
olism are a contributing factor to disease resulting from RDH12
loss-of-function mutations in patients, providing new insights
into the visual cycle mechanism and localization of retinoid
processing reactions. Future studies of the relative contribu-
tions of the RDH isoforms to photoreceptor function will be
needed to fully understand the role of RDH12 in retinal physi-
ology, as well as for the development of strategies for therapeu-
tic intervention.
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