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Abstract
Purpose—RDH11 and RDH12 are closely related retinol dehydrogenases expressed in the retina.
RDH12 has been linked to the early-onset retinal dystrophy Leber congenital amaurosis, whereas
RDH11 has not been associated with human disease. To understand their physiological roles, the
authors investigated their expression during development and their regulation by light-induced
oxidative stress in mouse retina.

Methods—Quantitative RT-PCR and immunoblot analysis were used for quantification of RDH11
and RDH12 during development and oxidative stress. Expression during development was measured
between embryonic day (E) 12 and postnatal day (P) 210 (7 months) in C57BL/6 mouse eyes.
Expression during light-induced oxidative stress was measured between 2 and 24 hours of exposure
to light in BALB/c mouse retina.

Results—The RDH11 level was low and remarkably constant during development and oxidative
stress. RDH12 expression started at P7 and increased until P30 to approximately sevenfold higher
than RDH11. Oxidative stress induced by exposure to constant bright light led to a rapid and
significant decrease of RDH12 protein.

Conclusions—The low and constant expression of RDH11 suggested a housekeeping function for
this enzyme. The onset of RDH12 expression during the maturation of photoreceptor cells suggested
a function related to the visual process. The light-induced rapid decrease of RDH12 protein, preceding
the decrease of the mRNA, suggested a specific degradation of the protein rather than a regulation
of gene expression.

Leber congenital amaurosis (LCA), a severe and early-onset form of retinal dystrophy, has
been linked to mutations in several distinct genes, including RDH12.1–5 The RDH12 gene
encodes a microsomal retinol dehydrogenase that is expressed in photoreceptor cells in retina.
6–9 RDH11, the most closely related sequence, shares 73% identity with RDH12 in
humans6 and 67% identity with RDH12 in mice. RDH11 is a microsomal retinol
dehydrogenase expressed in many tissues in mice including liver, testis, and retina.10 RDH11
has not been linked to any human disease.

The physiological role of these enzymes has been investigated in vivo using knockout mice.
As retinol dehydrogenases, these enzymes were expected to be important in the retinoid cycle
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for the recycling of the visual chromophore 11-cis retinal, allowing the regeneration of
photosensitive rhodopsin pigment after bleaching.11 However, a decrease in the regeneration
of 11-cis retinal has not been found in Rdh11 or Rdh12 knockout mice.8,9,12,13 These
knockout mice, however, exhibit a significant delay in dark adaptation after bleaching.8,12,
13 This phenotype cannot be explained by a delay of 11-cis retinal recycling, leaving the
molecular mechanism for the delay in dark adaptation unknown. It was hypothesized that
RDH12 catalyzes the reduction of all-trans retinal in photoreceptor inner segments, indirectly
participating to the clearance of all-trans retinal in the outer segments. A delayed clearance in
the knockout would then block the regeneration of photosensitive rhodopsin.8 Interestingly,
clinical observations in patients with LCA caused by mutations of the RDH12 gene revealed
that almost all patients had a defect in dark adaptation during the first years of life, followed
by progressive rod-cone dystrophy.1,4,5,14

Although Rdh11 knockout mice have not been tested for sensitivity to light damage, Rdh12
knockout mice have a greater sensitivity to light-induced photoreceptor apoptosis.8 When
exposed to constant bright light for 48 hours, photoreceptor cell loss was induced in the
pigmented Rdh12 knockout mice but not in the wild-type mice.8 The molecular mechanism
leading to this murine phenotype is unknown. It was hypothesized that the accumulation of
all-trans retinal in photoreceptor inner segments of the knockout mice could be a sensitizer for
light damage far beyond what is observed in the wild-type mice.8 LCA patients with mutated
RDH12 have progressive photoreceptor degeneration affecting rods and cones. Onset of
symptoms begins in early childhood (2–4 years) and progression to legal blindness begins in
early adulthood, but it is unknown whether exposure to light or oxidative stress plays a role in
this pathogenesis.1,2,4,5

The substrate specificity and catalytic activities of RDH11 and RDH12 have been characterized
in vitro by using purified enzymes and microsomal fractions of transfected cells.6,7,10 These
studies have shown that RDH11 and RDH12 are able to catalyze the reduction of two distinct
groups of aldehydic substrates: the retinaldehydes and the short-chain (hydroxy)aldehydes.7,
10 Because of their activity toward retinaldehydes, these enzymes were named retinol
dehydrogenases and the idea that they could play a direct part in the visual cycle was proposed.
3,6,7,15 Their activity toward the short-chain (hydroxy)aldehydes suggests that they may have
additional or alternative roles.7,10 Short-chain (hydroxy)aldehydes are toxic end products of
the lipid peroxidation of membrane polyunsaturated fatty acids. This nonenzymatic, auto-
amplified degradation of lipids is induced by reactive oxygen species generated in excess
during oxidative stress.16 Short-chain (hydroxy)aldehydes are thought to mediate, at least in
part, the apoptotic response induced by oxidative stress in cells.17–19 Because RDH11 and
RDH12 catalyze the reduction of these toxic aldehydes to less toxic alcohols, they may protect
photoreceptor cells against the toxicity and apoptosis induced by oxidative stress.

The similarities between RDH11 and RDH12 (sequence, activity, substrate specificity, and the
common phenotype of delayed dark adaptation in knockout mice) suggest that the two enzymes
may have overlapping physiological roles. In this study, we describe the expression levels and
regulation of RDH11 and RDH12 enzymes during development and during exposure to
oxidative stress. We found a significantly higher expression level of RDH12 than RDH11 in
the mouse retina at all times after postnatal day (P) 7. We also found that exposure to oxidative
stress greatly affects RDH12 levels but not RDH11 levels. We concluded that the two enzymes
differ in their expression during development and in their regulation by light-induced oxidative
stress.
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MATERIALS AND METHODS
Materials

Rabbit polyclonal antibodies against mouse RDH11 and RDH12 were produced and affinity
purified by Pacific Immunology Corp. (Ramona, CA). Synthetic peptides (amino acids [aa]
301–316 of RDH11 and aa 289–304 of RDH12) were coupled with keyhole limpet hemocyanin
and were used for immunization. Chemicals and mouse monoclonal anti-Flag antibody were
from Sigma (St. Louis, MO). Mouse monoclonal anti-β actin was from Abcam (Cambridge,
MA). The protein oxidation detection kit was from Chemicon (OxyBlot; Temecula, CA).

Animals
The animals were maintained in a 12-hour dim light-dark cycle. BALB/c and C57BL/6 mice
were purchased from Charles River Laboratory (Raleigh, NC), and Rdh11 and Rdh12 knockout
lines were maintained at the Dean A McGee Eye Institute. BALB/c mice were exposed to
damaging light, as described.20 Briefly, unanesthetized mice were exposed to 3000-lux diffuse,
cool, white fluorescent light for indicated times in clear plastic cages with wire tops. Drinking
water was supplied by a bottle attached to the side of each cage and food was placed inside the
cage such that there was no obstruction between the light and each animal. Each cage contained
one mouse. All exposures to light were stopped at 6 PM. The animals either were killed
immediately for tissue collection or were returned to the dim light-dark cycle for 7 days before
the eyeballs were collected for histologic examination. This 7-day period after light treatment
allowed the retina to clear all dead cells and to return to a well-organized morphology. Mice
were killed by CO2 inhalation, a method approved by the Panel of Euthanatization of the
American Veterinary Medical Association. All procedures were performed according to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the
University of Oklahoma Health Sciences Center (OUHSC) Guidelines for Animals in
Research. All protocols were reviewed and approved by the Institutional Animal Care and Use
Committees of the OUHSC and the Dean A. McGee Eye Institute.

Tissue Dissection and Processing
Eyeballs were collected from 10-month-old C57BL/6 mice in RNase-free phosphate-buffered
saline after 12 hours of dark adaptation. Clean, uncontaminated retina, iris-ciliary body, and
posterior segment containing RPE/choroid/scleral tissues were collected for RNA preparation,
as described.21 For expression during development, whole eye globes without lenses from
C57BL/6 mice were individually frozen for all time points after birth. Before birth, at
embryonic day (E) 12, a part of the head containing both eyes was frozen, and at E15 and E18,
both eye globes from each embryo were pooled and frozen. For light-induced oxidative stress,
dissected retinas from 10-week-old BALB/c mice were individually frozen immediately after
light exposure. From each mouse, one retina was used for RNA preparation and one retina was
used for protein preparation. For histology of these retinas, eyeballs were oriented by labeling
the superior half with a permanent dye. Oriented eyes were embedded in paraffin, and sections
were cut along the vertical meridian, through the optic nerve head, and stained with
hematoxylin and eosin for viewing.

RNA Preparation and Quantitative RT-PCR
Total RNA was prepared from individual frozen retinas using reagent (Trizol; Invitrogen,
Carlsbad, CA). cDNA was prepared using the reverse transcription system from Promega
(Madison, WI) with oligo primers. Gene-specific primers for quantitative RT-PCR were
(dT)15 chosen close to the 3′ end of the cDNA and were designed to span at least an intron to
avoid amplification of any genomic contamination. Sequences of primers are available on
request. Each quantitative RT-PCR reaction was set up in a final volume of 25 μL containing
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12.5 μL SYBR Green from Bio-Rad (Hercules, CA), cDNA made from 65 ng total RNA, and
0.4 μM each primer. Reactions were set up in triplicate on 96-well plates and quantified (iQ
Real-Time PCR Detection System; Bio-Rad). Expression data were calculated from four
independent samples, each performed in triplicate, and were normalized with the expression
of the housekeeping gene Rpl19, as indicated.22

Protein Preparation and Immunoblot Analysis
Four retinas from four different mice were pooled and homogenized in reagent (T-PER; Pierce,
Rockford, IL) in the presence of protease inhibitors (2 μg/mL aprotinin, 5 μg/mL pepstatin A,
10 μg/mL leupeptin, and 0.5 mM phenylmethylsulfonyl fluoride; final concentrations). After
15-minute incubation at 4°C, the samples were centrifuged at 10,000g for 5 minutes, and the
supernatants were collected. Protein concentrations were measured using the Coomassie
reagent (Pierce). Immunoblot analysis was carried out as described using a luminol substrate
(SuperSignal West Pico Chemiluminescent Substrate; Pierce).13 Signals were quantified using
the (Image Station 4000R; Eastman Kodak; Rochester, NY). As loading controls, membranes
were stained with Ponceau red from Sigma, and each immunoblot was probed with anti-actin
antibody. To perform the immunoblot detection of carbonyl groups introduced into proteins
by oxidative reactions, 20 μg each protein extract was derivatized with 2,4-dinitrophenylhy-
drazine and immunoblotted (OxyBlot Protein Oxidation Detection Kit; Chemicon) according
to the manufacturer’s protocol.

RNA In Situ Hybridization
For in situ hybridization, paraffin sections were deparaffinized using all RNase-free solvents
and buffers. The mouse Rdh11 antisense probe (5′-
GACCAAGTACAGGATGAAGGGAAGAGAGAGCAGAAGC-AGGAATCCGAA-3′)
was synthesized and biotin labeled by GeneDetect (Bradenton, FL). In situ hybridizations were
performed according to the protocol provided at
http://www.genedetect.com/Merchant2/InsituParaffinBIOTIN.pdf, with pepsin for
permeabilization and 1:50 dilution of the probe. The probe was detected (TSA Biotin System;
Perkin Elmer, Waltham, MA) and visualized with horseradish peroxidase chromogenic
substrate diaminobenzidine.

RESULTS
Transcription of Rdh11 and Rdh12 Genes in Mouse Retina

RDH12 localization in the retina has been previously investigated by using in situ
hybridization6 and immunohistochemistry.8,9 These studies showed that both the mRNA and
the protein are located in rod inner segments and cell bodies. Localization of RDH11 in the
retina was also investigated.6,10,13 Immunohistochemistry results were contradictory. One
group showed expression in the retinal pigment epithelium (RPE),6 and our group showed
expression in various layers of the retina, including photoreceptor inner segments.10 In another
study, we further investigated the localization of Rdh11 gene transcription by taking advantage
of the knockout mice in which the Rdh11 gene was replaced by LacZ, leaving the promoter of
Rdh11 intact.13 In these mice, β-galactosidase activity was found exclusively in photoreceptor
inner segments, demonstrating an active transcription in photoreceptor cells.13 However, it
could be argued that Rdh11 expression in some tissues, such as RPE, was strictly dependent
on intronic sequences of Rdh11 removed in the knockout.

We dissected mouse eyes and measured by quantitative RT-PCR the levels of Rdh11 and
Rdh12 mRNA in the retina, iris/ciliary body (Iris/CB), and RPE/choroid/sclera (RPE/Ch/Sc)
fractions (Fig. 1A). Rdh11 mRNA was found primarily in the retina, but it was also expressed
in the RPE/Ch/Sc at a lower level (25% of the signal is located in this fraction). We quantified
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rhodopsin (Rho) and Rpe65 levels in the retina and RPE/Ch/Sc as a control for the purity of
the dissected fractions (Fig. 1B). We found less than 3% cross-contamination between the two
fractions. Therefore, the expression of Rdh11 in the RPE/Ch/Sc cannot be explained by a
contamination of retina. Rdh12 mRNA was found in the retina and was undetectable in the
RPE/Ch/Sc, confirming the previously published results.6,8,9

We further investigated the localization of Rdh11 mRNA by in situ hybridization (Fig. 1C).
As a negative control, we used a section from Rdh11 knockout mouse. The Rdh11-specific
signal (present in wild-type but not in knockout mice) was located in photoreceptor inner
segments (IS; arrow), confirming our previous β-galactosidase results.13 No specific signal
was detected in the RPE/Ch/Sc, suggesting that Rdh11 expression level is lower in these cells,
probably below the minimum level of detection for in situ hybridization.

Relative Expression Levels of RDH11 and RDH12
As shown in Figure 1A, Rdh12 mRNA is 40-fold more abundant than Rdh11 mRNA (Rdh12
mRNA level, 2; Rdh11 mRNA level, 0.05) in the 10-month-old retina. To confirm the higher
expression of RDH12 at the protein level, we used affinity-purified polyclonal antibodies raised
against a specific sequence of 16 amino acids located in the C-terminal portion of each protein.
We first estimated the relative affinities of each antibody against its antigen (Fig. 2A). We
transfected HEK-293 cells with expression constructs encoding flag-tagged versions of
RDH11 and RDH12. After immunoprecipitation with anti-flag antibody, we compared the
amounts of RDH11-Flag and RDH12-Flag proteins (1.0 and 1.9, respectively) using the anti-
flag antibody. We then stripped the blot, cut it in half, and hybridized the half containing
RDH11-Flag with anti-RDH11 antibody and the half containing RDH12-Flag with anti-
RDH12 antibody. Dilution of antibodies, incubation times, and exposure times were the same
for the two halves. Signal intensities for RDH11-Flag and RDH12-Flag were 1.0 and 2.3,
respectively. We concluded that if the affinity of anti-RDH11 for RDH11 is arbitrarily defined
as 1.0, the affinity of anti-RDH12 for RDH12 is 1.2 (2.3/1.9).

Figure 2B shows the specificity of each antibody for its antigen. Increasing amounts of protein
(5–40 μg) from wild-type retina were run with 40 μg protein from Rdh11 knockout retina (Fig.
2B, top). As expected, one band corresponding to RDH11 was found around 31 kDa; it was
the only band that disappeared in the Rdh11 knockout. Two unknown proteins cross-reacted
with the anti-RDH11 antibody, but they did not correspond to a modified version of RDH11
because they were still present in the knockout. A similar experiment was conducted using the
Rdh12 knockout retinal extract as a negative control (Fig. 2B, bottom). The specific signal
corresponding to RDH12 was found around 31 kDa and was absent in the knockout. Another
unknown protein cross-reacted with the anti-RDH12 antibody, but no cross-reactivity occurred
between the RDH12 antibody and the anti-RDH11 antibody. We quantified the RDH11 and
RDH12 signals in these blots. Protein amounts, antibody dilutions, incubation times, and
exposure times were the same for the two blots. As shown in Figure 2B, the amount of RDH12
was 7- to 10-fold higher than the amount of RDH11 (average result was 8.2-fold). Taking into
account the slightly higher affinity of RDH12 antibody, we concluded that we have sevenfold
(8.2/1.2 = 6.8) approximately more RDH12 protein than RDH11 protein in 2-month-old
dissected mouse retina. mRNA and protein quantifications showed that RDH12 was
significantly more abundant than RDH11 in the mouse retina, but the differences were less
pronounced at the protein than at the RNA level.

Expression of RDH11 and RDH12 during Development
We then quantified the expression levels of Rdh11 and Rdh12 in mouse eye globes without
lens from E12 to 7 months using real time RT-PCR. As shown in Figure 3A, Rdh11 mRNA
levels were low but relatively constant at all times. Rdh12 mRNA levels were lower than
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Rdh11 and almost undetectable until P3. Then Rdh12 increased rapidly between P3 and P15.
After P15, Rdh12 expression continued to increase at least to 7 months of age but at a lower
rate.

We performed a similar analysis at the protein level (Figs. 3B, 3C). The results were essentially
similar to those obtained with mRNAs; RDH11 levels were low but detectable and relatively
constant at all times. RDH12 expression started at P7 and increased until P30. The RDH12
protein level then remained stable even though mRNA levels were still increasing.

Regulation of Rdh11 and Rdh12 Expression during Light Exposure
Because of the possibility that RDH11 and RDH12 could be protective against the toxicity of
(hydroxy)aldehydes produced during lipid peroxidation, we quantified Rdh11 and Rdh12
mRNA levels during light-induced oxidative stress. An induction of these genes by oxidative
stress would argue in favor of such function. Exposure to bright constant light has been shown
to induce oxidative stress in the rodent retina.23 We used BALB/c mice because their
sensitivity to light damage has been well characterized.24,25 All the mice were humanely killed
at the same time, after being dark adapted, light adapted, or subjected to light damage (constant
bright light set at 3000 lux) from 2 to 24 hours. Histologic examination of these retinas
performed 7 days after light exposure (Fig. 4A) showed shortening of rod outer segments after
2 hours of light exposure and a progressive loss of photoreceptor cell nuclei starting after 2
hours of light exposure and reaching its maximum after 12 hours of light exposure. Oxidative
modification of retinal proteins was detected by immunoblotting immediately after light
exposure (Fig. 4B). Protein carbonylation started to increase at 2 hours of light exposure and
reached its maximum at 12 hours of light exposure. These results showed the extent of retinal
damage caused by exposure of BALB/c mice to bright light in this experiment. We measured
the mRNA and protein levels of RDH11 and RDH12 immediately after light exposure (Figs.
5, 6). As shown in Figure 5, Rdh11 mRNA remained remarkably stable until 24 hours of light
damage, whereas Rdh12 mRNA decreased rapidly after 8 hours of light damage to reach 25%
of its original level at 24 hours. As a control for the induction of specific genes during light-
induced oxidative stress, we used heme oxygenase 1 (HO-1).26 As shown in Figure 5, the level
of HO-1 mRNA increased after 6 hours of light damage until 12 hours of light damage. We
concluded that there is no such induction of Rdh11 and Rdh12 genes during acute light-induced
oxidative stress.

We confirmed the stable amount of RDH11 and the decrease of RDH12 at the protein level
(Figs. 6A, 6B). However, as shown in Figure 6B, the decrease of RDH12 starts earlier than 8
hours. After a slight increase of RDH12 protein level at 2 hours of light damage, the protein
level decreased until 8 hours of light damage, even though the mRNA level was still stable
during this time. Then the protein level remained stable until 24 hours of light damage, at
approximately 50% of its original level. In this experiment, we used one retina for RNA and
one retina for protein from the same mouse so that we could relate the mRNA and protein
changes in the same set of mice.

DISCUSSION
To gain some insight into the physiological functions of RDH11 and RDH12, we investigated
their gene expression in the developing and aging (7-month-old) mouse retina and under
conditions of acute oxidative stress.

Retinal development is a complex process including the generation of seven distinct retinal
cell types, neuronal differentiation, vascularization, and the onset of vision.27,28 Retinal
expression profiles of thousands of genes have been analyzed during mouse retinal
development and grouped by clusters of distinct expression profiles.29,30 Correlation between
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gene expression and specific postnatal developmental events can be used as an indication for
a gene function. According to Dorrell et al.,29 50% of the genes expressed in the retina have
minimal expression changes and vary less than threefold during development. Many common
housekeeping genes have expression that remains constant even during extreme physiological
changes, such as those occurring during development. According to our study, Rdh11 falls into
this category; it remains constant during development and during light-induced acute oxidative
stress, suggesting a housekeeping function for this gene.

In contrast, Rdh12 has a low expression level at birth, with expression increasing after P3 and
throughout postnatal development. The onset of RDH12 protein expression coincides with the
elongation of the rod outer segments (the first disks appear at P631), and RDH12 increases
rapidly until P30. During this period the onset of vision (at P12, when the pups open their eyes)
and the maturation of the visual process take place.31 The elongation of the rod outer segments
takes place during the third trimester in human retinal development,31,32 suggesting that in
humans, RDH12 may already be expressed at birth with the onset of vision.

Many of the genes in this category of expression profile are directly or indirectly related to the
visual process.29 It has been shown that a functional visual cycle and efficient recycling of
photosensitive rhodopsin are required to mediate light-induced oxidative stress,23 establishing
the concomitant onset of vision and light-induced oxidative stress. Therefore, an enzyme that
detoxifies byproducts of oxidative stress would be needed at the onset of vision and at all times
thereafter.

In the second part of this study, we explored the possibility that Rdh11 and Rdh12 can have a
detoxification function during oxidative stress. We reasoned that if Rdh11 and Rdh12 do have
such function, then these genes would be induced during oxidative stress. We found that
Rdh11 mRNA and protein were not induced during light-induced oxidative stress. Similarly,
we did not find any upregulation of the Rdh12 gene during oxidative stress, as tested in our
conditions. However, we found a rapid decrease of Rdh12 mRNA after 8 hours of light damage.
cDNA microarray analysis of retinal gene transcription during light damage has shown that
during the early phase of light damage, up to 7 hours in BALB/c mice, gene transcription does
not decrease in photoreceptors. In fact, some genes are even upregulated.33 After 8 hours of
light damage, however, we observed a general shutdown of gene transcription in photoreceptor
cells. We quantified the expression of two other photoreceptor-specific genes, Elovl4 and
Rom-1, and found that their mRNA levels were stable until 8 hours of light damage and then
decreased between 8 and 24 hours of light damage, as in Rdh12 (not shown). Therefore, the
decrease in Rdh12 mRNA probably was not caused by a specific downregulation of this gene
but rather by a nonspecific shutdown of gene transcription.

Interestingly, we found a moderate and transient increase of RDH12 protein at 2 hours of light
damage that was followed by a decrease in RDH12 protein level starting after only 2 hours of
light damage This was 6 hours before the mRNA decrease started in the same set of mice, and
it suggested that the regulation of RDH12 takes place at the protein level. Our results suggested
that an induction in RDH12 protein degradation takes place early during light damage. We can
speculate that this is induced by oxidative modification of the protein, leading to its degradation
by the proteasome system. Oxidation of proteins can be induced directly by reactive oxygen
species and by indirect modification by the secondary byproducts of oxidative stress such as
4-hydroxynonenal (4-HNE).34 Because of its microsomal localization and its catalytic activity
on 4-HNE,7 RDH12 may be particularly exposed to 4-HNE modifications during oxidative
stress. In the hypothesis that RDH12 does have a detoxification role, the rapid decrease of the
protein level may precipitate the damage caused by light-induced oxidative stress. The
mechanism for this decrease will have to be investigated further.
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Figure 1.
Localization and quantification of Rdh11 and Rdh12 mRNAs in adult C57BL/6 mouse eye.
(A, B) Quantification of indicated mRNAs in dissected mouse retina, iris/ciliary body, and
RPE/choroid/sclera (RPE/CH/Sc). Total RNA from three 10-month-old adult mice were
prepared individually and subjected to real-time PCR quantification. Each value represents the
average amount of indicated mRNA relative to that of Rpl19, which was arbitrarily defined as
1. Error bars represent the SD of the three samples. (C) Low-power view of bright-field–
illuminated eye sections from wild-type (WT) and Rdh11 knockout (KO) albino mice
hybridized with an antisense Rdh11 probe. Note the absence of signal in photoreceptor inner
segments (IS, arrow) in the knockout mouse, indicating that this signal is specific for Rdh11
mRNA. OS, rod outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer.

Kanan et al. Page 10

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Quantification of the relative expression levels of the RDH11 and RDH12 proteins in C57BL/
6 mouse retina. (A) Measure of the relative affinities of anti-RDH11 and anti-RDH12
antibodies for their respective antigens. On day 0, HEK293 cells were transfected with flag-
tagged RDH11 and RDH12 (11-flag and 12-flag, respectively) using transfection reagent
(FuGene 6; Roche, Indianapolis, IN), according to the manufacturer’s protocols. On day 3,
cells were harvested and proteins were immunoprecipitated with anti-flag antibody coupled to
agarose beads (Sigma) according to the manufacturer’s instructions. After elution in Laemmli
buffer, samples were subjected to SDS-PAGE, then immunoblotted with an anti-flag antibody
coupled with HRP. The blot was then stripped and reprobed with a 1:500 dilution of anti-
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RDH11 or anti-RDH12 antibody, as indicated. Signals were quantified using the (Image Station
4000R; Kodak) and expressed relative to 11-flag arbitrarily defined as 1. (B) RDH11 and
RDH12 relative expression in C57BL/6 mouse retina. Four retinas from 2-month-old wild-
type, Rdh11 knockout (11-KO), or Rdh12 knockout (12-KO) mice were pooled before
homogenization and protein extraction using reagent (T-PER; Pierce). Aliquots (5, 10, 20, 40
μg) of wild-type protein extract and 40 μg indicated knockout extract were subjected to SDS-
PAGE, then immunoblotted with a 1:500 dilution of anti-RDH11 or anti-RDH12 antibody.
Signals were quantified and expressed relative to the first line containing 5 μg protein and
blotted with anti-RDH11, which was arbitrarily defined as 1. *Nonspecific bands.
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Figure 3.
Expression levels of RDH11 and RDH12 during development in C57BL/6 mouse eye. (A)
Quantification of Rdh11 and Rdh12 mRNA. For each time point, four samples were prepared
from eye globes minus the lens and subjected to real-time PCR quantification. Each value
represents the average amount of mRNA relative to that of Rpl19, which was arbitrarily defined
as 1. Error bars represent the SD for the four samples. (B) Immunoblots showing RDH11 and
RDH12 during development. For each time point, four individual samples (eye globes minus
the lens) were pooled before homogenization and protein extraction using T-PER reagent.
Aliquots (40 μg) of protein extracts were subjected to SDS-PAGE, then immunoblotted with
a 1:500 dilution of anti-RDH11 or anti-RDH12 antibody. (C) Protein levels during
development. Signals for RDH11 and RDH12 were quantified from the immunoblots shown
in (B) and plotted.
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Figure 4.
Retinal damage induced by light exposure. (A) Histology showing morphologic changes in
retina after light exposure. Ten-week-old BALB/c mice were light adapted (LA) or exposed
to bright light (3000 lux) for the indicated times and were killed 7 days after light exposure.
Hematoxylin and eosin staining was performed on paraffin sections of eyeballs. Three
independent experiments were conducted with reproducible results, and representative data
are shown. Shortening of the rod outer segments and loss of photoreceptor cell nuclei in the
ONL were observed after light exposure. RPE/Ch/Sc, RPE/choroid/sclera; OS, rod outer
segment; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. All
panels are 0.5 to 1 mm superior to the optic nerve head. (B) Immunoblot showing oxidative
modification of proteins during light exposure. BALB/c mice were light adapted (LA) or
exposed to light damage (LD) for indicated times and were killed immediately after light
exposure. For each condition, retinas from three BALB/c mice were pooled before
homogenization and protein extraction using reagent (T-PER; Pierce). Aliquots (20 μg) of fresh
protein extracts were derivatized and immunoblotted using a protein oxidation detection kit
(OxyBlot; Chemicon) according to the manufacturer’s protocol.
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Figure 5.
Quantification of Rdh11 and Rdh12 mRNA during light exposure. Four 10-week-old BALB/
c mice were used for each condition—dark-adapted (DA), light-adapted (LA), and light-
damaged (LD)—for the indicated times. Total RNAs were prepared from one retina from each
mouse and subjected to real-time PCR quantification. Each value represents the average
amount of indicated mRNA relative to that of Rpl19, which was arbitrarily defined as 1. Error
bars represent the SD for the four samples.

Kanan et al. Page 15

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Quantification of RDH11 and RDH12. (A) Immunoblots showing RDH11 and RDH12 during
light exposure. For each condition, four retinas from four BALB/c mice were pooled before
homogenization and protein extraction using reagent (T-PER; Pierce). Aliquots (40 μg) of
protein extracts were subjected to SDS-PAGE, then immunoblotted with a 1:500 dilution of
anti-RDH11 or anti-RDH12 antibody. As a loading control, immunoblots were probed with
anti-actin antibody at a 1:1000 dilution. (B) Protein levels during light exposure. Signals for
RDH11 and RDH12 were quantified from the immunoblots shown in (A) and from two
additional sets of immunoblots. Averages were plotted relative to RDH12 DA, arbitrarily
defined as 1. Error bars represent the SD from the three immunoblots.
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