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Background: Retinoid dehydrogenases/reductases (RDHs) reduce retinal in rod photoreceptors.
Results: In single rod cells, RDH8 reduces retinal generated in outer segments; RDH12 reduces retinal that escapes to inner

segments.

Conclusion: By detoxifying stray retinal, RDH12 acts as a barrier against intracellular aldehyde diffusion.
Significance: This protective role is consistent with the severe pathology resulting from RDH12 mutations in human disease.

In vertebrate rod cells, retinoid dehydrogenases/reductases
(RDHEs) are critical for reducing the reactive aldehyde all-trans-
retinal that is released by photoactivated rhodopsin, to all-
trans-retinol (vitamin A). Previous studies have shown that
RDHS8 localizes to photoreceptor outer segments and is a strong
candidate for performing this role. However, RDH12 function in
the photoreceptor inner segments is also key, because loss of
function mutations cause retinal degeneration in some forms
of Leber congenital amaurosis. To investigate the in vivo roles of
RDHS8 and RDH12, we used fluorescence imaging to examine
all-trans-retinol production in single isolated rod cells from
wild-type mice and knock-out mice lacking either one or both
RDHs. Outer segments of rods deficient in Rdh8 failed to reduce
all-trans-retinal, but those deficient in Rdh12 were unaffected.
Following exposure to light, a leak of retinoids from outer to
inner segments was detected in rods from both wild-type and
knock-out mice. In cells lacking Rdh8 or Rdh12, this leak was
mainly all-trans-retinal. Wild-type rods incubated with all-
trans-retinal reduced moderate loads of retinal within the cell
interior, but this ability was lost by cells deficient in Rdh8 or
Rdh12. Our findings are consistent with localization of RDH8 to
the outer segment where it provides most of the activity needed
to reduce all-trans-retinal generated by the light response. In
contrast, RDH12 in inner segments can protect vital cell organ-
elles against aldehyde toxicity caused by an intracellular leak of
all-trans-retinal, as well as other aldehydes originating both
inside and outside the cell.
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The vitamin A metabolite 11-cis-retinal serves as the chro-
mophore moiety of the mammalian visual pigments, rhodop-
sin, and cone opsins, the primary light detectors (1). In verte-
brate rod photoreceptor cells, photons absorbed by rhodopsin
isomerize the 11-cis-chromophore to the all-trans-form that
stabilizes an active signaling conformation of the protein,
which initiates the reactions resulting in light detection (2, 3).
The photoactivated rhodopsin eventually dissociates into its
protein and retinoid components, releasing the toxic aldehyde
all-trans-retinal into the outer segment compartment of the
rod cell. Within the same compartment, all-trans-retinal is
converted to all-trans-retinol by a retinoid dehydrogenase/re-
ductase (RDH)? that uses NADPH as a cofactor (4, 5). All-trans-
retinol is then removed from the outer segment and transferred
to the adjacent retinal pigment epithelium (RPE) in a process
facilitated by the interphotoreceptor retinoid-binding protein
(6). This sequence of reactions accomplishes the removal of
all-trans-retinal from the outer segment and at the same time
delivers all-trans-retinol to the RPE.

In the RPE, all-trans-retinol can be recycled to generate the
11-cis-retinal necessary for the assembly of rhodopsin. The first
step involves the esterification of all-trans-retinol by lecithin:
retinol acyltransferase to form all-frans retinyl esters (7, 8).
Next, the retinoid isomerohydrolase activity of RPE65 acts on
the retinyl ester substrates to produce 11-cis-retinol (9-11). An
RDH that uses NAD ™ as a cofactor then oxidizes the 11-cis-
retinol to produce 11-cis-retinal (12) that is transported from
the RPE to the retina by the interphotoreceptor retinoid-bind-
ing protein (13) where it combines with opsin to form
rhodopsin.

The RDHs that catalyze the interconversion of retinal* and
retinol involved in rhodopsin turnover are members of the fam-
ily of short chain dehydrogenase/reductases. The retina and the

3 The abbreviations used are: RDH, retinoid dehydrogenase/reductase; RPE,
retinal pigment epithelium; QYR, ratio of fluorescence quantum yield of
retinol over that of retinal.

“When the isomer is not specified, retinal and retinol refer to the
all-trans-isomers.
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RPE contain several RDH isoforms, including at least three that
are loci for inherited defects, RDH5, RDH10, and RDH12 (14—
17). RDH isoforms 8, 11, 12, 13, and 14 and DHRS3 (retSDR1)
have been localized within the photoreceptor cells (18-21).
Among these, only RDH8 has been localized in the outer seg-
ment; it uses NADPH/NADP™ as cofactor, and its substrates
include the trans, but not cis, isomers of retinal and retinol (18,
22). RDH12 has been localized in the photoreceptor cell body
and also requires NADPH/NADP™ as cofactor, but in contrast,
does not show isomer specificity (19). Although no human dis-
eases have been associated with mutations in the gene encoding
RDHBS, mutations in the gene encoding RDH12 are associated
with one of the forms of Leber congenital amaurosis (14, 15).

To investigate the functional roles of RDH8 and RDH12 in
photoreceptor physiology, previous studies have developed
knock-out mice lacking either one or both of these enzymes
(23-25). Analysis of retinoid metabolism and visual perform-
ance in these animals showed that chromophore production
necessary for continuous visual cycle activity does not appear to
depend on the rate of reduction of all-trans-retinal in the rod
outer segments. We have now further examined the roles of
RDHS8 and RDH12 in the reduction of all-trans-retinal using
fluorescence imaging of retinoids in single living rod cells
obtained from these three strains of mice. The large difference
in the absorption maxima of all-trans-retinal and all-trans-ret-
inol allowed us to discern the contribution of all-trans-retinal
in the fluorescence signal by using excitation light of different
wavelengths. Our studies show that RDHS8 is necessary for
reducing the bulk of the all-trans-retinal released by photoac-
tivated rhodopsin in the outer segment and that RDH12 can
reduce all-trans-retinal that enters the inner segment from the
outer segment or from the environment outside the cell. These
findings show for the first time that both enzymes are required
to reduce all-frans-retinal generated after bleaching and pres-
ent in both photoreceptor inner and outer segments.

EXPERIMENTAL PROCEDURES

Animals—Wild-type mice (129/Sv and C57BL/6) were from
Harlan Laboratories (Indianapolis, IN). The Rpe65 protein in
C57BL/6 mice has a methionine at amino acid position 450,
whereas in 129/Sv mice it has a leucine. The mice that lacked
Rdh12 (Rdh127'~) had Rpe65-Leu*®, whereas those that
lacked Rdh8 (Rdh8 '~) or both Rdh8 and Rdh12 (Rdh8™'~;
Rdh127'7) had Rpe65-Met™°. Although the kinetics of rho-
dopsin regeneration are significantly slower in mice with
Rpe65-Met**® compared with those with Rpe65-Leu®® (26,
27), these differences in RPE enzyme activity would not be pre-
dicted to affect RDH activity present in isolated rod cells. The
animals were 3—5 months old and were kept in cyclic light with
a12-hlight cycle (6 a.m. to 6 p.m.). All of the animal procedures
were carried out in accordance with protocols approved by the
institutional animal care and use committees of the Medical
University of South Carolina and the University of Michigan
Medical School and with the recommendations of the Panel on
Euthanasia of the American Veterinary Medical Association.
For experiments, the animals were dark-adapted overnight and
sacrificed under dim red light, and the retinas were excised
under either dim red or infrared light in mammalian Ringer’s
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(130 mmol/liter NaCl, 5 mmol/liter KCl, 0.5 mmol/liter MgCl,,
2 mmol/liter CaCl,, 25 mmol/liter hemisodium-HEPES, 5
mmol/liter glucose, pH 7.40). Isolated rod photoreceptor cells
were obtained as described previously (28).

Fluorescence Imaging—Fluorescence measurements were
carried out on the stage of an inverted Zeiss Axiovert 100
microscope with a 40X oil immersion objective lens (N.A. =
1.3). The light for excitation was provided by a Xenon contin-
uous arc light source and fluorescence images were acquired
with a CCD camera. For measuring the overall kinetics of the
rod outer segment fluorescence signal, fluorescence was
excited with a broadband (40-nm bandwidth) 360-nm filter,
and the emission was collected through a long pass 420-nm
filter (emission >420 nm). For measuring the dependence of
the fluorescence signal on the excitation light wavelength,
fluorescence was excited with narrow band pass (10-nm band-
width) filters centered at 340, 360, and 380 nm; emission was
collected for >420 nm. For measuring the dependence of the
fluorescence signal on the emitted light wavelength, fluores-
cence was excited with the broadband (40-nm bandwidth)
360-nm filter, and emission was measured through a 457-nm
filter (50-nm bandwidth) and a 528-nm filter (38-nm band-
width). All of the experiments were carried out at 37 °C. With
the available glass optics, there is no way to avoid the mixing of
the retinol and retinal signals just by using different narrow
band excitation. With glass optics, 340 nm is the lowest wave-
length that can be used and is actually the isosbestic point for
retinal (A,,,, = ~380 nm) and retinol (A,,,,, = ~325 nm) (sup-
plemental Fig. S1A). Thus, the retinal contribution cannot be
eliminated. The particular broadband excitation of 360 nm was
selected because it allows for comparison with previously pub-
lished data from a wide range of species.

Fluorescence images were acquired at different times after
bleaching isolated cells with long wavelength light (1 min; >530
nm from a 150 W halogen lamp illuminator). Image acquisition
and analysis were carried out using Slidebook (Intelligent Imag-
ing Innovations, Denver, CO). For experiments with exogenous
retinal and retinol, the retinoids were delivered using lipid-free
BSA (1% in Ringer’s) as a carrier. The emission properties of
reduced pyridine nucleotide fluorescence were measured with
a solution of 200 um NADH placed in the same chambers used
for cells. All of the reagents were of analytical grade.

Fluorescence image acquisition was always carried out with
the same parameters, and the pixel intensity values used for
data analysis were not scaled. To facilitate visual comparison of
intensities in Figs. 1 and 4, images are presented with the same
intensity scale: a single intensity value is used for image mini-
mum, and a single intensity value is used for image maximum
for all images.

Retinol Fraction and the Fex-380/Fex-340 Fluorescence Ratio—
The contributions of retinal and retinol to the fluorescence signal
were assessed from the ratio Fex-380/Fex-340 of the fluorescence
excited by 380- and 340-nm light (emission collected for >420
nm). Retinal and retinol have different absorption spectra (29)
(supplemental Fig. S1A). If RAL and ROL stand for retinal and
retinol respectively, € is the extinction coefficient at wavelengths
340 and 380 nm, and Q is the fluorescence quantum yield (inde-
pendent of excitation wavelength), then:
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Fex-380/Fex-340

_ e350(RAL) X Q(RAL) X [RAL] + €54o(ROL) X Q(ROL) X [ROL]
"~ €30(RAL) X Q(RAL) X [RAL] + €55(ROL) X Q(ROL) X [ROL]

(Eq.1)

To find the dependence of the Fex-380/Fex-340 ratio on the
fraction of retinol, if » = [ROL]/([RAL] + [ROL)]) is the fraction
of retinol, Equation 1 can be written as follows.

€350(ROL)

Fex-380/Fex-340 = —————~
E340(RO|-)

(€330(RAL)/€350(ROL)) X (Q(RAL)/Q(ROL)) X (1 —r) +r
(€340(RAL)/€349(ROL)) X (Q(RAL)/Q(ROL)) X (1 —1r) +r

(Eq.2)

When all of the chromophore is retinol, » = 1, and Fex-380/
Fex-340 = €,4,(ROL)/€5,,(ROL). When all of the chromophore
is retinal, r = 0, and Fex-380/Fex-340 = €,4,(RAL)/€,,,(RAL).

Estimates for €,4,(ROL)/€;,,(ROL) were obtained from the
inner and outer segments of cells loaded with 50 uMm retinol, and
estimates for €;5,(RAL)/€5,,(RAL) from the inner and outer
segments of Rdh8 ' ;Rdh12~'~ cells loaded with 5 and 50 um
retinal (see Fig. 5). Therefore,

6380(ROL)/6340(ROL) ~0.16 (Eq 3)

€350(RAL)/€340(RAL) =~ 2.2 (Eq.4)

The isosbestic point for retinal and retinol is ~340-350 nm
(supplemental Fig. S1A). Therefore,

€340(RAL)/€349(ROL) = 1 (Eq. 5)

If

QYR = Q(ROL)/Q(RAL) (Eq. 6)

is the ratio of fluorescence quantum yields for retinol and reti-
nal, and we define

FR = Fex-380/Fex-340 (Eq.7)

then, after substituting the values from Equations 3-7 into
Equation 2, we obtain

FR = Fex-380/Fex-340 = (2.2 + (0.16 X QYR — 2.2)

XnN/(1+(QYR—1)Xr) (Eq.8)

or
r= (2.2 — FR)/((22 — FR) + QYR X (FR — 0.16))
(Eq.9)

The relative quantum yields for retinal and retinol were esti-
mated in two ways: (@) by loading broken off rod outer segments
with 50 uMm retinal or retinol for 10 min and measuring the
relative fluorescence using 340-nm excitation, which is the
isosbestic point (supplemental Fig. S1B); this gave QYR = 5.1;
or (b) by adding known amounts of retinol or retinal (0.8 mm) to
a solution of purified unbleached bovine rod outer segment
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FIGURE 1. Fluorescence increases after bleaching in the outer and inner
segment of isolated rod photoreceptors from mice lacking Rdh12 (A) or
Rdh8 (B). The bars are 5 um. IR, infrared images of the cells. Fluorescence
images of the cells (excitation, 360 nm; emission, >420 nm), before (dark) and
atdifferent times after bleaching, are shown. The particular fluorescence exci-
tation filter was used to allow comparison with previously reported results
from different species including mouse. All of the images are shown with the
same intensity scaling. The experiments were done at 37 °C.

membranes (containing 60 um rhodopsin, purified according
to Ref. 30), placing them in the same chambers used for cells
and measuring the fluorescence using 340-nm excitation (sup-
plemental Fig. S1C). The membranes without added retinoid
were used to measure background fluorescence. This gave
QYR = 15.7.

The values for QYR measured in this manner were several
times smaller than the value in ethanol (~50) (31) but were
broadly consistent with the relative levels of fluorescence inten-
sity attributed to endogenous retinal that have been measured
in broken off rod outer segments (32). The relation between the
ratio Fex-380/Fex-340 and the fraction of total retinoid that is
in the form of retinol, r, is plotted in supplemental Fig. S1D for
the two values of QYR. The Fex-380/Fex-340 ratio allows for
assessing the contributions of ROL and RAL to the fluorescence
signal. However, it provides information only on the ratio ROL/
RAL and not on the total retinoid amount present. Thus, the
total fluorescence signal is also needed to provide a measure of
the total retinoid present.

Statistical Analysis—Analysis of variance was used to test for
statistical significance. In the figures, statistically significant
differences are indicated with asterisks.

RESULTS

Rdh8-dependent Light-induced Increases in Rod Cell
Fluorescence—After mouse or other vertebrate rod and cone
photoreceptors are exposed to light, there is an increase in the
outer segment fluorescence that has been attributed to the for-
mation of all-trans-retinol (28, 31, 33). Fig. 1 shows that a sim-
ilar increase in fluorescence (excitation, 360 nm; emission,
>420 nm) was observed in isolated mouse rods deficient in
Rdh12 (Rdh12~'7) (Fig. 1A), but the increase was significantly
suppressed in rods deficient in Rdh8 (Rd#h8 ') (Fig. 1B). This
increase in rod outer segment fluorescence was accompanied
by an increase in inner segment fluorescence (Fig. 1), as previ-
ously observed in wild-type (see Fig. 34 in Ref. 28) and Abca4-
deficient (34) mouse rods. For Rdh12~'~ cells that retain RdhS8,
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FIGURE 2. Suppression of the increase in fluorescence after bleaching in
the outer (A) and inner (B) segments of isolated rod photoreceptors defi-
cient in Rdh8. Lack of Rdh12 does not affect the change in fluorescence in
either compartment. Fluorescence was excited with 360-nm light and emis-
sion collected >420 nm. This fluorescence signal was due to an unknown mix
of retinol and retinal but was dominated by retinol in wild type and Rdh12~/~
and by retinal in Rdh8 '~ and Rdh8 /~;Rdh12~'~ (see Fig. 4). The change in
fluorescence is plotted as a function of time after bleaching for 129/Sv wild-
type (O, n = 6), Rdh12-deficient (A, n = 11), and Rdh8-deficient (¥, n = 12)
mice and mice deficientin both Rdh8 and Rdh12 (@, n = 14). Error bars, S.E. All
of the experiments were done at 37 °C.

the changes in outer and inner segment fluorescence were
indistinguishable from those in 129/Sv wild-type cells (Fig. 2).
On the other hand, a lack of Rdh8 resulted in strong suppres-
sion of the fluorescence change in both the outer and the inner
segment. In addition, there was no discernible difference
between cells deficient in both Rdh8 and Rdh12 (Rdh8 '~;
Rdh127'7) from those deficient in only Rdh8 (Fig. 2). The
strong suppression of the fluorescence increase in the outer
segments of Rdh8 '~ cells resembled the suppression observed
in broken off rod outer segments. Broken off rod outer seg-
ments have been separated from the rest of the cell and do not
have access to the NADPH supplied by metabolic pathways of
the inner segment and as a result cannot reduce all-trans-reti-
nal to retinol. For wild-type cells, the modest increase in fluo-
rescence in broken off rod outer segments after bleaching has
been shown to be due to the accumulation of all-trans-retinal
(32). As supplemental Fig. S2 shows, the increase in fluores-
cence after bleaching in the outer segments of Rdh8 '~ cells
was virtually the same as in broken off rod outer segments from
wild-type mice, suggesting that the observed increase in fluo-
rescence was due to increased all-trans-retinal.

Rod Cell Fluorescence Is Distinct from That of Pyridine
Nucleotides—Previous work with mouse and other vertebrate
photoreceptors has shown that the increase in outer segment
fluorescence after bleaching is attributable to retinol and retinal
(32, 35). Special attention has been paid to the potential contri-
bution of the reduced forms of the pyridine nucleotides NADH
and NADPH whose excitation and emission spectra have sig-
nificant overlap with those of retinol and retinal. There is, how-
ever, sufficient difference in their emission spectra to permit
distinguishing the origin of the fluorescence signal. For fluores-
cence excited with 360-nm light, the emissions at 528 and 457
nm differ significantly between NADH/NADPH and retinol/
retinal, and the ratio Fem-528/Fem-457 has shown that the
increase in outer segment fluorescence after bleaching is due to
retinoids and not to pyridine nucleotides (32, 35). Fig. 3 com-
pares the Fem-528/Fem-457 ratio of the fluorescence increase
after bleaching in the outer, as well as the inner segment, of the
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FIGURE 3. The emission properties of the fluorescence that appears in
mouse rod photoreceptor outer and inner segments after bleaching are
consistent with those of retinoids and are different from those of NADH.
Ratios of the emission at 528 nm over that at 457 nm (Fem-528/Fem-457)) for
the outer and inner segment fluorescence changes for different mouse
strains, wild type (wt, n = 7 cells), Rdh12~/~ (n = 8), Rdh8 '~ (n = 9), and
Rdh8'~;Rdh12~'~ (n = 9), were measured 30 min after bleaching of dark-
adapted intact cells. The ratios for retinal (RAL, n = 8) and retinol (ROL, n = 9)
were measured 15 min after adding 50 um of exogenous retinoid to intact
Rdh8'~;Rdh127'~ cells. The ratio for NADH was measured with a solution of
200 uMm NADH (n = 4). Error bars, S.E. All of the experiments were done at 37 °C.

different mouse strains in our studies, with the ratios for retinal,
retinol, and NADH. The emission properties of the fluores-
cence signals obtained were consistent with retinol and retinal
and not with NADH or NADPH.

Increased Retinal/Retinol Ratios in Rod Cells Deficient in
Rdh8 or Rdhil2—Retinal and retinol have virtually identical
fluorescence emission spectra and indistinguishable Fem-528/
Fem-457 emission ratios (Fig. 3). Because of this similarity, it is
not possible to distinguish between the two retinoids using flu-
orescence emission. On the other hand, retinal and retinol do
have a large difference in excitation spectra, with A, values of
~380 nm for retinal and 325 nm for retinol. The ratio Fex-380/
Fex-340 of the fluorescence (emission > 420 nm) excited with
380- and 340-nm light differs dramatically between retinal and
retinol (Fig. 4A). Thus, this ratio can be used as an indicator of
the retinoid generated after bleaching in the outer and inner
segments of rod photoreceptors from different strains of mice.
In Rdh8 '~ cells, the fluorescence signal was similar to that of
retinal (Fig. 4B), whereas in Rdh12 '~ cells it was similar to
retinol (Fig. 4B). For exogenously added retinal and retinol, the
fluorescence signal was fairly bright for both retinoids, because
large amounts accumulated in the outer and inner segment
during the 15-min loading period (Fig. 4A). However, for
endogenously generated retinoids, the fluorescence signal was
much dimmer in the case of retinal compared with retinol (Fig.
4B), because retinal has a much lower fluorescence quantum
yield.

Relation between Fluorescence Ratios and Retinol/Retinal
Fraction—The data in Fig. 5 provide an accurate representation
of the roles of Rdh12 and Rdh8. However, they do so only in a
semiquantitative manner, because the fluorescence signal ratio
Fex-380/Fex-340 is not proportional to the fraction of total ret-
inoid that is in the form of either retinal or retinol. This is due to
the large difference in quantum yields between retinal and ret-
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FIGURE 4. Retinol and retinal were distinguished by exciting mouse rod
photoreceptors with 340 nm (top rows of fluorescence images) and 380
nm (bottom rows) light. Fluorescence emission was collected for >420 nm.
IR, infrared images. For each top and bottom pair, the images are shown at the
same intensity scaling. All bars are 5 um. A, fluorescence images 15 min after
the addition of 50 um retinol or retinal. B, fluorescence images 30 min after
bleaching of Rdh12~/~, Rdh8’~, and Rdh8 ’~;Rdh12/~ cells. All of the
experiments were done at 37 °C. The reason the Rdh8/~ image acquired
with 340-nm excitation appears brighter is the higher intensity value of the
background compared with the intensity of the background in the 380-nm
excitation image; both images are displayed with the same offset.
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FIGURE 5. The ratio Fex-380/Fex-340 of the fluorescence intensities
excited by 380- and 340-nm light is indicative of the retinol fraction in
the outer (A) and inner (B) segments of rod photoreceptors. The Fex-380/
Fex-340 ratio characteristic of retinol was obtained by loading intact cells with
50 um retinol (ROL). The Fex-380/Fex-340 ratio characteristic of retinal was
obtained by loading intact cells deficient in both Rdh8 and Rdh12 with 50 um
retinal (RAL). The fluorescence of wild-type (wt) outer and inner segments, 30
min after bleaching, has a ratio consistent with high retinol. The ratio shifts to
higher values, indicative of high retinal, for both outer and inner segments of
all types of cells loaded with high concentrations of retinal (50 um). Broken off
rod outer segments (ROS) of all types of cells also have a high Fex-380/Fex-340
ratio, again indicating retinal. The outer segments of rods that contain Rdh8
(wild type and Rdh 127/7) exhibit a ratio indicative of high retinol, even when
loaded with moderate concentrations of retinal (RAL 5 um). Rdh8 deficiency
results in higher outer segment Fex-380/Fex-340 ratios, indicating high reti-
nal, even with the endogenous chromophore only. The inner segments of
cells that lack Rdh8 also exhibit higher ratios as well. Rdh12 deficiency results
in higher inner segment Fex-380/Fex-340 ratios, indicating higher retinal,
even with the endogenous chromophore only. The data shown are the
means * S.E., with n = 5 cells. The temperature was 37 °C.

inol, such that even at relatively low fractions of the total, reti-
nol dominates the fluorescence signal. For high concentrations
of retinol, the ratio was 0.14—0.18 and indistinguishable from
the ratio of the endogenous retinoid at 30 min after bleaching,
0.16 = 0.02 (n = 16) for outer segments of intact wild-type cells
(Fig. 5), which is known to be due to ~80% retinol (28). For high
concentrations of retinal, achieved either in broken off rod
outer segments or by loading the cells with 50 uM retinal, the
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ratio was on the order of 1.8-2.6 (Fig. 5). Conversion of the
Fex-380/Fex-340 ratios to retinol/retinal fractions, which pro-
vide an intuitively familiar measure of enzyme activity, requires
knowledge of the fluorescence quantum yield ratio, QYR of
Equation 6. Measurements using single broken off mouse rod
outer segments loaded with the same concentrations of retinal
or retinol for the same length of time (supplemental Fig. S1B)
gave a QYR value of ~5.1. This approach has the advantage of
measuring QYR from rod outer segments; however, it does not
ensure that the outer segments have accumulated equal con-
centrations of retinal and retinol. This was addressed in sepa-
rate measurements that used purified unbleached bovine rod
outer segment membranes to which known concentrations of
retinal or retinol were added (supplemental Fig. S1C). These
gave a QYR value of ~15.7. Assuming that the absorption spec-
tra of the two retinoids are the same in cells as in solution, the
relation between the fluorescence ratio and the fraction of ret-
inol present was obtained (Equation 9) and plotted in supple-
mental Fig. S1D for the two values of QYR. The ratio becomes
very sensitive to changes in retinol when retinol is present as a
small fraction of the total retinoid. The conversion of the ratios
from Fig. 5 to fractions of retinol is provided in supplemental
Table S1 for the two different values of QYR, both of which
showed the same trends. For simplicity of presentation, the
value of QYR = 5.1 is used in the rest of the paper. For ratios
higher than ~0.5, the fraction of retinol drops below 0.5; ratios
0f0.75, 1.0, and 1.5 correspond to retinol fractions of ~0.3, 0.2,
and 0.1, respectively.

Retinol Fraction in Rod Inner and Outer Segments from Wild-
type and Rdh8- and Rdh12-deficient Retinas—The sensitivity of
the Fex-380/Fex-340 ratio to the presence of small fractions of
retinol was used to assess the ability of the outer and inner
segments of rod photoreceptors deficient in either Rdh8 or
Rdh12, or both, to convert retinal to retinol (Fig. 5). Because of
the lack of a sufficient supply of NADPH and regardless of their
strain of origin, broken off rod outer segments could not reduce
endogenous retinal. Hence, the fluorescence of bleached bro-
ken off rod outer segments had a high Fex-380/Fex-340 ratio,
consistent with the presence of retinal (Fig. 54). The Fex-380/
Fex-340 ratio for retinol was obtained by loading the cells with
a high concentration (50 um) of retinol for 15 min (Fig. 5); this
ratio was much lower than that for retinal.

In wild-type rods, the endogenously generated fluorescence
in outer segments was overwhelmingly caused by the presence
of retinol, having a ratio of 0.16 = 0.02 (n = 16) that corre-
sponds to a retinol fraction >80%. For the inner segments, the
endogenously generated fluorescence had a ratio of 0.28 = 0.04
(n = 12), corresponding to a retinol fraction of ~0.75. Both the
outer and inner segments of wild-type rods could efficiently
reduce moderate loads (5 um) of exogenous retinal, as shown by
the low values of the fluorescence ratio, 0.28 *= 0.05 (z = 10)
and 0.23 £ 0.03 (n = 8) for the outer and inner segments,
respectively. In contrast, in Rdh8 ' ;Rdh12~' cells deficient
in both Rdh8 and Rdh12, the fluorescence generated by endog-
enous or exogenous retinal (5 or 50 uM) was mostly due to
retinal, as judged by the high Fex-380/Fex-340 ratio.

In Rdh12~ '~ cells that lacked Rdh12 but retained wild-type
Rdh8, the fluorescence generated in the outer segments by
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endogenous retinoids, as well as by moderate loads (5 um) of
exogenous retinal, had Fex-380/Fex-340 ratios of 0.27 = 0.04
(n = 23) and 0.27 = 0.02 (n = 6), corresponding to large frac-
tions of retinol (~0.75). In the inner segment of these cells,
however, retinal made a large contribution to the endogenously
generated fluorescence signal, as judged by an Fex-380/Fex-340
ratio of 0.62 * 0.08 (n = 21), corresponding to a retinol fraction
of ~0.4. This ratio was significantly higher (p < 0.004) than the
ratio of 0.28 % 0.04 (n = 12) for wild-type cells, corresponding
to a retinol fraction of ~0.75. For moderate loads (5 um) of
exogenous retinal, virtually all of the fluorescence appearing in
the inner segments of Rdh 12/~ cells was due to retinal, having
an Fex-380/Fex-340 ratio of 1.87 = 0.49 (1 = 6), significantly
higher (p < 0.002) than wild type.

The importance of Rdh12 was most strikingly demonstrated
in the absence of Rdh8, in comparisons of the Fex-380/Fex-340
ratios for Rdh8 '~ and Rdh8 ' ;Rdh12~'~ inner segments
(Fig. 5B). For endogenous retinal (Intact), loss of Rdh12
resulted in an increase in the ratio from 0.91 = 0.12 (z = 15) to
2.08 = 0.22 (n = 15) (p < 0.0001), corresponding to a drop in
the retinol fraction from 0.25 to 0.01. For exogenous retinal (5
uM), a loss of Rdh12 resulted in an increase in the ratio from
0.90 £ 0.18 (n = 8) to 1.88 £ 0.22 (n = 13) (p < 0.006).

For Rdh8 '~ cells that lacked Rdh8 but retained wild-type
Rdh12, the endogenously generated fluorescence in outer seg-
ments had an Fex-380/Fex-340 ratio of 1.30 = 0.14 (n = 25),
corresponding to a retinol fraction of ~0.13. This fluorescence
ratio was much higher (p < 0.001) than the ratio of 0.16 * 0.02
(n = 16) for wild-type cells, which exhibit retinol fractions
>80%. The outer segments of Rdh8 '~ cells also failed to
reduce even moderate loads (5 um) of exogenous retinal, result-
ing in a ratio of 1.36 £ 0.13 (n = 7). In the inner segments of
Rdh8 ™'~ cells, the endogenously generated fluorescence con-
tained a large contribution by retinal, as indicated by an Fex-
380/Fex-340 ratio 0of0.91 = 0.12 (1 = 15), equivalent to a retinol
fraction of only ~0.25; this ratio was significantly higher (p <
0.001) than the ratio of 0.28 = 0.04 (n = 12) for wild-type cells
that corresponds to a retinol fraction of ~0.75. Importantly, for
moderate (5 um) loads of exogenous retinal, the retinol contri-
bution to inner segment fluorescence was significantly greater
in Rdh8™ '~ cells that contained Rdh12 than in the Rdh12~'~
cells (p < 0.04).

Fluorescence Increases in Rod Cells from Rdhl2-deficient
Mice Exposed to Exogenous Retinal—The results from Fig. 5
indicate that the inner segments of Rdk12 '~ cells have a defect
affecting the conversion of retinal to retinol. Because of the
importance of this enzyme in the function of the human retina,
we examined in more detail the response of Rdh12~'~ cells to
loads of retinal. For this, isolated rods were exposed to moder-
ate (1 and 5 uM) concentrations of exogenous retinal at 30 min
after bleaching, the time at which the fluorescence of retinol
generated from endogenous retinal reaches its peak. Upon
exposure of cells to 5 uM retinal, there was a severalfold increase
in fluorescence (excitation, 360 nm; emission, >420 nm) in
both their outer and inner segments. For outer segments, this
fluorescence increase was the same regardless of the presence
or absence of Rdh12 (Fig. 6A). For inner segments, fluorescence
increased ~2-fold slower (p < 0.03) in those of Rdh12~'~ rods
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FIGURE 6. The inner segments (B and D) Rdh12-deficient mice have a
lower capacity to reduce exogenously added retinal compared with
wild-type mice; their outer segments (A and C) have similar capacity as
wild type. A, fluorescence increase in the outer segments of rod photorecep-
tors from 129/Sv (O, n = 7) and Rdh12-deficient (A, n = 9) mice, at different
times after bleaching. All-trans-retinal (5 um) was added at 30 min after
bleaching. B, fluorescence in the inner segment of the cells shown in A.
C, fluorescence increase in the outer segments of rod photoreceptors from
129/Sv (O, n = 9) and Rdh12-deficient (A, n = 4) mice, at different times after
bleaching. All-trans-retinal (1 um) was added at 30 min after bleaching.
D, fluorescence in the inner segments of the cells shown in C. The fluores-
cence values have been normalized to that immediately before the addition
of retinal. Error bars, S.E. All of the experiments were done at 37 °C.

compared with 129/Sv wild type (Fig. 6B). For exposures to
lower concentrations of exogenous retinal (1 um), the fluores-
cence of the outer segment declined (Fig. 6C). This is because of
the robust removal of the endogenous retinol by the 1% BSA
that was used as a carrier for the exogenous retinal; the delivery
and reduction of the exogenously supplied retinal proceeds at a
much slower rate than the removal of the endogenous retinol,
resulting in the decline of fluorescence. As with the exposures
to 5 uM retinal, the outer segment fluorescence changes were
the same in Rdh12~' cells as in 129/Sv wild type (Fig. 6C). For
inner segments of Rdh12~'~ cells, the fluorescence declined
after exposure to 1 uM retinal-containing solution, whereas for
129/Sv wild-type cells it remained approximately stable (Fig.
6D), although at this concentration of retinal the difference
between wild-type and Rdh127'~ cells was not statistically sig-
nificant. Again, the BSA that is used as a carrier removed the
endogenous retinol, but in the case of the wild-type cells, the
inner segment retinal reductase activity converted sufficient
amounts of the exogenously supplied retinal to retinol to main-
tain the level of fluorescence.

Increased Levels of Short Chain Aldehydes Do Not Contribute
to Changes in Rod Cell Fluorescence—It is important to show
that the results in Fig. 6 reflect the conversion of exogenous
retinal to retinol and not the reduction of other RDH12 sub-
strates. Indeed, the addition of 5 um decanal, a substrate of the
family of short chain dehydrogenases/reductases to which
RDHI12 belongs, did not result in a fluorescence increase in
either the outer or the inner segment (supplemental Fig. S3).
Instead, there was a decrease caused by the removal of endog-
enously generated retinol by the BSA present as a carrier. The
decrease in fluorescence was the same in wild-type and
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FIGURE 7. Schematic of retinal reductase activity in rod photoreceptor
cells and retinoid flow to and from the RPE. A single RPE cell is represented
above a single photoreceptor cell below. The scheme includes the flow of
11-cis-retinal into the inner segment. At the present time, the signals that
regulate the flow of 11-cis-retinal from the retinal pigment epithelium to the
rod photoreceptor are not well understood, and no carrier has been identi-
fied that would facilitate its migration to the inner segment. The lack of iso-
meric specificity for RDH12 raises the possibility that the role of the enzyme
could include protection against a potential 11-cis-retinal leak as well. 77cRAL,
11-cis-retinal; 11cROL, 11-cis-retinol; AtRAL, all-trans-retinal; AtROL, all-trans-
retinol; RCHO, short chain aldehyde; RCHOH, short chain alcohol; Rh, rhodop-
sin; MRh, metarhodopsin.

Rdh12'" cells. This further corroborates the participation of a
robust inner segment RDH12 activity in the conversion of ret-
inal to retinol. This activity was the same in rod photoreceptors
from 129/Sv and C57BL/6 mice (supplemental Fig. S4), which
are known to have different rates of rhodopsin regeneration
because of differences in the isomerase activity of Rpe65.

DISCUSSION

After exposure of a rod photoreceptor to light, our studies
now show that the generation of all-trans-retinal and retinol in
mouse rod outer segments is accompanied by a leak of these
retinoids into the inner segments that can be quantified by
assaying the intrinsic fluorescence of these compounds.
Because of the presence of mitochondrial and nuclear DNA in
the inner segment, and the possibilities for protein damage and
buildup of metabolic by-products, photoreceptor cells are vul-
nerable to irreversible damage from retinal, a reactive aldehyde.
Protection against retinal necessitates its effective clearance,
which we find requires the combined action of RDH8 and
RDHI12. A model showing the proposed roles played by these
two enzymes in the reduction and cycling of retinal and retinol
between the RPE and rod photoreceptors is presented in Fig. 7.

In wild-type mouse rods, Rdh8 and Rdh12 reduce most of the
retinal generated by the bleaching of the full complement of
the visual pigment (>80% in the outer segment and ~75% in
the inner segment), as shown by the Fex-380/Fex-340 fluores-
cence ratios at 30 min after bleaching. This would indicate fairly
powerful reductase activity, given that the concentration of the
visual pigment (36), and thus the concentration of released ret-
inal after an exhaustive bleach, is ~3 mw in the outer segment,
perhaps reaching even higher levels in bright continuous light.
This is further supported by the significant conversion of mod-
erate loads (5 um) of exogenous retinal to retinol; 75 and 84% in
the outer and inner segment, respectively. Thus, these two
enzymes appear to account for most of the retinoid reductase
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activity in rod photoreceptors. In their absence, any residual
activity is overwhelmed, with Rdh8 ' ~;Rdh12~'~ cells failing
to reduce substantial amounts of endogenous retinal, achieving
only ~11% conversion in the outer segment and ~1% in the
inner segment.

The results obtained in our study are consistent with the
previous localization of Rdh8 in the outer segment (23) and
Rdh12 in the inner segment (24, 38) of rod photoreceptors cells.
We find that Rdh8 activity is essential for reducing the majority
of the retinal generated in the outer segment. Rods that lack
Rdh8 show strong suppression of fluorescence increases seen in
wild-type cells after rhodopsin bleaching. Rdh8 ™/~ outer seg-
ments convert only a small fraction, ~13%, of their total chro-
mophore to retinol, indicating that Rdh8 accounts for most of
the outer segment retinal reductase activity. In contrast, outer
segments that have Rdh8 can convert most of their endogenous
retinal to retinol, even in the absence of Rdh12 (~75% in
Rdh12'~ cells; >80% in wild type). Furthermore, rods without
Rdh12 can effectively process moderate loads (5 um) of exoge-
nously supplied retinal (retinol fraction of ~75% in both
RdhI12~'~ and wild-type cells). Previous studies have shown
that the reduction of retinal is less in the eyes and retinas of
RAh8~'~ mice but that there is substantial reduction of retinal,
and formation of retinol, even in its absence (25). Our studies
suggest that this occurs as a result of leakage of retinal out of rod
outer segments and into rod inner segments (discussed below).

A loss of Rdh12 activity results in a lower fraction of endog-
enous retinol (~40%, compared with ~75% in wild type) in rod
inner segments after bleaching. The effect of Rdh12 deficiency
becomes even more evident in the handling of higher loads of
retinal. When rods are incubated with 5 um exogenous retinal,
the conversion of retinal to retinol in outer segments is not
significantly diminished by the loss of Rdh12. However, the
fluorescence levels in inner segments deficient in Rdh12 are
significantly lower than in wild-type inner segments, with the
retinol fraction dropping from 84% in wild type, to just 4% in
Rdh127' cells. These differences are clearly due to the conver-
sion of retinal to retinol, because they disappear when decanal
is used instead. Evidence for a significant leak of endogenous
retinoid from photoreceptor-outer to -inner segments is seen
in the absence of Rdh12, when the fraction of retinol present in
the inner segments after bleaching drops to ~40%, compared
with ~75% in wild type. Furthermore, in cells that lack Rdh8,
the fraction of retinol in the inner segment drops from 25% in
Rdh8™'~ cells to 1% in RAh8™'~;Rdh127'~ cells, indicating a
nearly complete loss of the ability of double knock-out animals
to reduce retinal present in the inner segment. Thus, our data
do not support the notion that any other RDH isoforms con-
tribute significantly to the retinal reductase activity of rod inner
segments. This finding is of interest, in that a closely related
isoform, Rdh11, having substrate specificity similar to that of
Rdh12, is also expressed in mouse inner segments (19) at
~7-fold lower levels than Rdh12 (39), but apparently contrib-
utes relatively little to the retinal reductase activity present.

Our findings provide physiological confirmation of the pres-
ence of Rdh12 in rod inner segments and further indicate that it
plays a central role in protecting against the leak of retinal from
outer segments during light exposure. In addition, the broad
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substrate specificity of Rdh12, along with its robust enzymatic
activity, as evidenced by its ability to reduce moderate loads of
exogenous retinal, suggests that Rdh12 plays a generally impor-
tant protective role. This could include reduction of all-trans-
retinal released from rhodopsin newly formed in the inner
segment, as well as by-products of outer segment lipid peroxi-
dation (40). Furthermore, our studies showing significant
uptake of exogenous all-trans-retinal into rod inner segments
suggest that 11-cis-retinal, with a potential toxicity equivalent
to that of all-trans-retinal, may also enter this compartment.
Although retinaldehyde toxicity was not experimentally
addressed in the present study, aldehyde cytotoxicity is well
established (41-43). Thus, a lack of protection against both
retinaldehydes and short chain aldehydes would be predicted to
lead to irreversible damage to the mitochondria, the nucleus,
and the integrity of cellular proteins in general. This could
explain the association of RDH12 mutations with the presence
of severe retinal pathology in Leber congenital amaurosis
patients (14, 15) and suggests that therapeutic interventions to
reduce aldehyde toxicity may be useful in treating this disease
(44). The notable absence of a retinal degeneration phenotype
in Rdh12~'~ mice suggests the presence of important biologi-
cal differences that make human photoreceptors more suscep-
tible to RDH12 deficiency. However, differences relative to the
expression and localization of RDH isoforms, including
RDHI11, are not likely to be the reason why Rdh12~'~ mice
exhibit a less severe phenotype than individuals with RDH12
loss of function mutations. One important difference that could
make human photoreceptors more susceptible to RDH12 defi-
ciencies would be the need for a faster regeneration of rhodop-
sin after bleaching, which would require a higher rate of 11-cis-
retinal delivery and result in higher fluxes of retinaldehyde
through the cell (45).

The finding that the two enzymes Rdh8 and Rdh12 account
for most of the retinal reductase activity in mouse rod photore-
ceptors and that there is very limited retinol formation in their
absence has important implications for the mechanism of rho-
dopsin regeneration. Because the rate of recovery of 11-cis-
retinal levels after bleaching is not decreased in mice deficient
in Rdh8, Rdh12, or both (25), the reduction of all-trans-retinal
toretinolin the rod outer segment is not required for rhodopsin
regeneration, at least within the time frame of these experi-
ments. The retinyl ester pool in the RPE corresponds to only a
fraction of the rhodopsin amount in the retina (for example,
Ref. 46) and therefore is not sufficient to generate the full
amount of 11-cis-retinal needed for rhodopsin regeneration
after alarge bleach or during continuous illumination. One pos-
sible source for the needed retinol is the circulation. Another
possibility is that retinal generated in the rod outer segment is
transported to the RPE carried by the interphotoreceptor reti-
noid-binding protein or as a consequence of phagocytic uptake
of shed photoreceptor membranes (37) and converted to reti-
nol there. The present experiments with isolated rod photore-
ceptor cells cannot distinguish between these possibilities, but a
combination of both mechanisms seems likely.

In summary, using fluorescence microscopy to quantitate
relative levels of retinal and retinol, we have shown that Rdh8
and Rdh12 provide most of the retinal reductase activity pres-
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ent in mouse rod cells. We have also verified that the physio-
logical function of each RDH in living cells is consistent with
their known localization in the outer and inner segment,
respectively. Rdh8 is responsible for reducing the bulk of the
all-trans-retinal released from photoactivated rhodopsin after
light exposure, but some retinal leaks to the inner segment,
even in the presence of Rdh8. Rdh12 can protect the inner seg-
ment from this retinal leak and has sufficient activity to reduce
additional aldehydes as well. Our findings represent a signifi-
cant advance in understanding the role of RDHs in protecting
against the toxic effects of retinaldehydes and other short chain
aldehydes generated in light-exposed photoreceptor cells and
provide important insight into the pathological mechanisms
responsible for severe retinal degeneration in individuals with
RDH]I2 mutations.
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