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ABSTRACT The first step in the Visual Cycle, the series of reactions that regenerate the vertebrate visual pigment rhodopsin,
is the reduction of all-trans retinal to all-trans retinol, a reaction that requires NADPH. We have used the fluorescence of all-trans
retinol to study this reduction in living rod photoreceptors. After the bleaching of rhodopsin, fluorescence (excitation, 360 nm;
emission, 457 or 540 nm) appears in frog and wild-type mouse rod outer segments reaching a maximum in 30—-60 min at room
temperature. With this excitation and emission, the mitochondrial-rich ellipsoid region of the cells shows strong fluorescence as
well. Fluorescence measurements at different emission wavelengths establish that the outer segment and ellipsoid signals
originate from all-trans retinol and reduced pyridine nucleotides, respectively. Using outer segment fluorescence as a measure
of all-trans retinol formation, we find that in frog rod photoreceptors the NADPH necessary for the reduction of all-trans retinal
can be supplied by both cytoplasmic and mitochondrial metabolic pathways. Inhibition of the reduction reaction, either by retinoic

acid or through suppression of metabolic activity, reduced the formation of retinol. Finally, there are no significant fluorescence

changes after bleaching in the rod outer segments of Rpe65™

INTRODUCTION

The first step of the visual transduction process in vertebrate
photoreceptors is the photoisomerization of the visual
pigment chromophore from its 11-cis conformation to all-
trans. The isomerization leads to the formation of photo-
activated rhodopsin, which begins the cascade of reactions
constituting visual phototransduction (for reviews see Ebrey
and Koutalos, 2001; Fain et al., 2001). Photoactivated
rhodopsin is deactivated through phosphorylation by rho-
dopsin kinase and capping by arrestin. Subsequently, all-
trans retinal dissociates from the protein and is recycled to
form 11-cis retinal through a series of reactions called the
Visual Cycle. The first step in this cycle occurs in the
photoreceptor outer segment. All-frans retinal is reduced to
all-frans retinol by the photoreceptor retinol dehydrogenase,
in a reaction utilizing NADPH (Futterman et al., 1970;
Palczewski et al., 1994). Then, retinol is removed from the
outer segment presumably by lipophilic carriers present in the
interphotoreceptor matrix, such as serum albumin and
interphotoreceptor matrix retinoid binding protein (IRBP)
(Adler and Edwards, 2000). The retinol is transferred to the
retinal pigment epithelium (RPE) (Okajima et al., 1990),
where it is converted to retinyl ester (Saari et al., 1993). The
ester is isomerized to form 11-cis retinol (Bernstein and
Rando, 1986; McBee et al., 2000), which is oxidized to 11-cis
retinal. 11-cis Retinal is transported back to photoreceptor
outer segments to regenerate rhodopsin. The regeneration of
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mice, which lack 11-cis retinal.

the pigment takes a long time for rod photoreceptors, which
are responsible for vision at low light intensities. On the other
hand, cone photoreceptors, which are responsible for vision at
high light intensities, regenerate their pigment much faster,
perhaps through the use of another pathway that involves the
retinal Miiller cells (Mata et al., 2002).

We have followed the approach of Tsina et al. (2004) and
taken advantage of the intrinsic fluorescence of all-frans
retinol to study its formation in the outer segments of living
rod photoreceptors from frog and mouse. Frog rod photo-
receptors are large, robust, contain a single chromophore, and
can survive isolated for several hours, allowing extensive
experimental manipulations. Mouse rod photoreceptors are
much smaller and fragile, but allow the use of genetically
modified animals. We demonstrate that the fluorescence ap-
pearing in rod outer segments after bleaching of rhodopsin
is distinct from the fluorescence of the rich in mitochon-
dria ellipsoid region of the cells; we establish that the outer
segment fluorescence signal is due to retinol, whereas that of
the ellipsoid region is due to NAD(P)H . We have probed the
metabolic requirements for the formation of all-frans retinol
after rhodopsin bleaching and find that the required NADPH
can be produced through several metabolic pathways. We
also find that inhibition of the reduction step, either by retinoic
acid, a retinol dehydrogenase inhibitor, or through suppres-
sion of metabolic activity, reduces the level of retinol reached
in the outer segment, in agreement with the step being
kinetically important as previously proposed. However, this
inhibition does not increase the time it takes for the retinol
concentration to reach a steady state, as it would have been
expected if the reduction were the only slow step. As
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expected, we do not observe any significant fluorescence
changes after bleaching in the rod outer segments of Rpe65 '~
mice, which lack 11-cis retinal.

MATERIALS AND METHODS

Grass frogs (Rana pipiens; Blue Spruce Biological Supply, Castle Rock,
CO) were used to obtain living, isolated rod photoreceptor cells. Procedures
for obtaining isolated photoreceptor cells have been described in detail
elsewhere (Koutalos et al., 1995; Nakatani et al., 2002). Briefly, an animal
was dark-adapted for 2-3 hr, sacrificed, and the retinas excised in the dark
with the help of infrared image converters. Isolated photoreceptor cells
were obtained by chopping the retina with a razor blade under Ringer’s
solution in a petri dish coated with Sylgard elastomer. The composition of
the amphibian Ringer’s solution in mM is: 110 NaCl, 2.5 KCI, 1.6 MgCl,,
1 CaCl,, 5 HEPES, 5 glucose, pH = 7.55. Isolated cells in Ringer’s were
transferred to 100-uL chambers that fit on the microscope stage. This
procedure results mostly in rod photoreceptor cells that have broken below
the ellipsoid region, although intact cells are obtained as well. Rod outer
segments with attached ellipsoid (ROS-RIS preparation) are viable and
metabolically competent (Biernbaum and Bownds, 1985).

We have inhibited different metabolic pathways as follows: a), to inhibit
glycolysis and the pentose phospate pathway, we employed 10 mM
deoxyglucose, an inhibitor of glucose phosphorylation (Kletzien and Perdue,
1973), in the absence of glucose; b), to deplete mitochondrial NAD(P)H
pools and also stop mitochondrial generation of ATP, we employed 10 uM
FCCP (an uncoupler of oxidative phosphorylation) and 5 uM oligomycin
(an inhibitor of the mitochondrial ATP-synthase; Hoppe et al., 1986); and c),
to inhibit the supply of mitochondrial metabolites like isocitrate to cytosolic
NADP*-dependent dehydrogenases, we employed 1 mM 1,2,3-benzene-
tricarboxylic acid (1,2,3-BTC; a specific inhibitor of the mitochondrial
tricarboxylate transporter; Parlo and Coleman, 1986). These inhibitory
treatments were used separately and in different combinations. Deoxyglu-
cose, 1,2,3-BTC and 1,2,4-BTC were dissolved directly into buffer, whereas
FCCP and oligomycin were diluted from stock solutions in dimethylsulf-
oxide (DMSO). The final DMSO concentration was no more than 0.1%,
which in control experiments was shown to have no effect.

Experiments on mouse rod photoreceptors were carried out with slices of
retinas from wild-type (strains C57BL/6, SV129, CDI1, FVB) mice and
genetically modified (knockout) mice lacking the Rpe65 protein (Rpe65~'™).
The Rpe65~'~ animals (Redmond et al., 1998) were kindly provided by Dr.
M. Redmond at the National Eye Institute. The animals were male or female.
For wild-type, the animal ages used were typically 2—6 months old, whereas
for the Rpe65~'~ were 23 months old. We did not detect any dependence of
the results on the strain, sex, or age of the animals. Animals were dark-
adapted overnight, sacrificed in dim red light and the eyes were enucleated;
subsequently the retinas were excised under infrared illumination and placed
in mammalian Ringer’s slightly modified from He et al. (2000) and Winkler
(1981) with a composition in mM: 130 NaCl, 5 KCI, 0.5 MgCl,, 2 CaCl,,
25 HEPES, 5 glucose, pH = 7.40, Osmolality = 310 mOsm. This mamma-
lian photoreceptor Ringer’s, lacking bicarbonate (but with a high concen-
tration of HEPES), has been sufficient for obtaining and maintaining living
mouse retinal slices. Isolated retinas were embedded in 3% low-temperature
gelling agarose (gelling point 26°C) at 37°C, and then rapidly cooled to gel
the agarose. The agarose blocks were sliced with vibratory microtome
Vibratome 1000 (Vibratome Instruments, Saint Louis, MO) under dim red
light. The slice thickness was typically 250 wm. Agarose slices containing
the retinal slices were placed in a chamber that fit on the microscope stage.
As judged by the metabolic competence for the reduction of all-trans retinal
to all-trans retinol after bleaching, retinal slices can be kept alive at room
temperature in this Ringer’s for at least 6 h. During the course of the
experiment, the slice was perfused with mammalian Ringer’s.

Fluorescence imaging experiments on isolated frog rod photoreceptor
cells were carried out on the stage of an inverted Zeiss Axiovert 100
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microscope (Carl Zeiss, Thornwood, NY), using a Xenon continuous arc
light source from Sutter Instrument Company (Novato, CA), a Zeiss 40X
Plan Neofluar oil immersion objective lens (NA = 1.3), and a SensiCam
CCD camera (Cooke Corporation, Auburn Hills, MI). The experiments were
carried out at room temperature. Image acquisition and analysis were carried
out using the Intelligent Imaging Innovations (Denver, CO) software. Rod
outer segment and ellipsoid fluorescence was excited with 360 nm light and
the emission was measured at 457 nm. In some experiments emission was
also measured at 530 nm. The fluorescence intensity was measured over
defined regions of interest (ROI) contained in the ellipsoid, the outer
segment and background, and analyzed using the software. To allow for
instrument-independent comparisons, the fluorescence intensities from the
rod outer segment at different time points were normalized to the initial
value of the fluorescence before bleaching. This normalization procedure did
not introduce any spurious features, as neither the retinoic acid nor the
inhibitors had a significant effect on the absolute value of the initial rod outer
segment fluorescence. For fluorescence measurements of NADPH (see
Fig. 3 B), the solution containing NADPH was placed in the same kind
of chamber used for the measurements with cells.

Fluorescence imaging experiments on mouse retinal slices were carried
out on the stage of an upright Zeiss Axioscope 2FS microscope (Carl Zeiss,
Thornwood, NY), using a Till Photonics Monochromator light source
(Eugene, OR), a Zeiss 40X Achroplan water immersion objective lens
(NA = 0.8), and a SensiCam CCD camera (Cooke Corporation, Auburn
Hills, MI). The experiments were carried out at room temperature. Image
acquisition and analysis were carried out using the Intelligent Imaging
Innovations (Denver, CO) software. Slice fluorescence was excited with
360 nm light and the emission was collected between 525 and 565 nm.
The excitation light intensity did not cause significant bleaching of slice
fluorescence. The fluorescence intensity was measured along the retinal
layers using ImageJ software (http://rsb.info.nih.gov/ij/), allowing the
separation of the fluorescence signal originating from different retinal
layers. For this procedure to be valid, good vertical arrangement (stacking)
of retinal layers in the slice was essential and was judged by focusing at
different slice depths before imaging. Slices with inadequate layer stacking
were discarded. To allow comparison across different slices and independent
of instrument, the fluorescence intensities from the rod outer segment (ROS)
layer at different time points were normalized to the initial value of the
fluorescence before bleaching. As with the frog cell measurements, this nor-
malization procedure did not introduce any spurious features, as the retinoic
acid had no significant effect on the absolute value of the initial rod outer
segment layer fluorescence.

Screening effects were an important concern in the experiments with
mouse slices, which were imaged through a water-immersion lens in an
upright microscope: in experiments where all-trans retinal was added there
was a significant reduction of fluorescence (~36%) immediately after
addition, presumably due to screening of the excitation light by the retinal-
containing solution. The data after addition of all-trans retinal have been
corrected for this effect through multiplication by a factor obtained by
comparing the fluorescence intensity just before and immediately after the
addition of all-trans retinal. For experiments with retinoic acid, there is no
direct way to distinguish between screening and inhibition of retinol
production. Therefore, we compared the screening effect of 100 uM all-
trans retinal and 100 uM all-trans retinoic acid using fluorescence intensity
calibration standards (2.5 wm diameter spheres having excitation/emission
maxima at 350/440 nm from Molecular Probes, Eugene, OR) under the same
optics and conditions as for experiments with slices. All-trans retinal
reduced the measured fluorescence by ~16%, whereas all-trans retinoic acid
reduced it by ~2%. If we extrapolate the sphere result to the slice, screening
by retinoic acid should have no more than 5% of an effect on the fluo-
rescence. Consistent with the lack of significant screening, the presence of
retinoic acid had no detectable effect on the absolute value of the initial rod
outer segment layer fluorescence. The lack of significant screening by
retinoic acid (absorption maximum ~350 nm) as opposed to retinal
(absorption maximum ~370 nm) is probably due to the cutting-off of the
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lower wavelength light by the glass optics. In experiments with isolated frog
rod photoreceptors, there was no possibility for screening, as they were
carried out with an inverted microscope and the cell was imaged directly
through the chamber’s glass bottom using an oil immersion lens.

For two-photon microscopy, a Ti:Sapphire tunable IR laser was used to
excite fluorescence (Williams et al., 1994) in bleached frog rods with 720 nm
light through a Zeiss 40X water immersion lens (IR, NA = 0.8). The laser is
part of a Zeiss LSM 510 Non-Linear Optical Confocal Microscope that
includes an array of detectors for simultaneously measuring emission at
different wavelengths (Zeiss 510 Meta system). The bandwidth for the
emission measurements was 21.4 nm at each wavelength.

All reagents were of analytical grade. Bovine serum albumin (BSA)
was dissolved in Ringer’s at 1% (150 uM) concentration. All-trans retinal,
all-trans retinol, and retinoic acid were dissolved in ethanol and their
concentrations measured with a spectrophotometer. All-frans retinal and
all-trans retinol were delivered to the cells using 1% BSA as carrier. No
carrier was used for retinoic acid. For the inhibition experiments, isolated
cells or slices were preincubated for 15 min with retinoic acid before the
initial measurement. This preincubation time was chosen as it is the time it
takes exogenous all-frans retinol to equilibrate. All experiments were carried
out at room temperature.

RESULTS

Bleaching of rhodopsin in an isolated dark-adapted frog rod
photoreceptor leads to the gradual increase in fluorescence in
the outer segment (Fig. 1), similar to what has been observed
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FIGURE 1 Production of retinol after rhodopsin bleaching in isolated frog
rod photoreceptors. (A) Infrared image of a dark-adapted isolated frog rod.
Bar is 10 wm. (B—E) Fluorescence images (excitation, 360 nm; emission,
457 nm) of the rod in A at various time points: (B) Dark-adapted cell, before
exposure to light; (C) immediately after exhaustive bleaching of rhodopsin
for 1 min; (D) 10 min after bleaching; (E) 30 min after bleaching; and (F)
increase of outer segment fluorescence with time after rhodopsin bleaching.
The first time point (at # = —1 min) is the outer segment fluorescence of the
dark-adapted cell. All subsequent fluorescence values have been normalized
to this one. (@) averaged data from 12 cells under control conditions; (A)
averaged data from six cells in the presence of 100 wM retinoic acid, a retinol
dehydrogenase inhibitor. Retinoic acid suppresses the increase in fluores-
cence.
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in salamander rods (Tsina et al., 2004). Fig. 1 A shows
a bright field infrared image of an isolated frog rod. The cell
is dark-adapted and in the first fluorescence image (Fig. 1 B)
most of the fluorescence is concentrated in the ellipsoid
region of the cell, which is densely packed with mitochon-
dria. The dark-adapted outer segment shows a very small
level of fluorescence. Subsequently, the cell was exposed for
1 min to intense 490 nm light from the Xenon light source
that bleached almost the full complement of the outer
segment rhodopsin. The image acquired immediately after
the end of the bleach showed a slight increase in outer
segment fluorescence (Fig. 1 C). Subsequently, images were
acquired every 5 min, and showed a steady increase in outer
segment fluorescence (Fig. 1, D and E). To quantify the
fluorescence changes occurring in the outer segment after
rhodopsin bleaching and allow comparisons across instru-
ments and cells with outer segments of different diameters,
the value of the outer segment fluorescence at each time
point was divided by the initial value before bleaching. The
solid circles in Fig. 1 F show the averaged data from 12 rods.
The initial value before bleaching (at # = —1 min) is 1 due to
the normalization. Immediately after bleaching (at # = 0 min)
outer segment fluorescence has increased, and continues
increasing reaching a maximum after 3040 min; then it
begins to decline slowly. The decline does not reflect fluo-
rophore bleaching, as control experiments showed that each
measurement bleached <0.5% of the fluorophore.

The fluorescence increase in the outer segment after
bleaching has been observed before and attributed to the all-
trans retinol produced from the reduction of the all-trans
retinal released from photostimulated rhodopsin (Kaplan,
1985; Tsina et al., 2004). Carrying out the bleaching in the
presence of 100 uM retinoic acid, a retinol dehydrogenase
inhibitor (Palczewski et al.,, 1994), resulted in marked
suppression of the fluorescence increase (n = 6; Fig. 1 F,
open triangles). However, the inhibition did not increase the
time it took for the outer segment fluorescence to rise to
a steady-state level. The suppression of fluorescence was not
an artifact of the normalization procedure, as retinoic acid did
not affect the absolute value of the initial rod outer segment
fluorescence.

The results of Fig. 1 show that there is also significant
fluorescence in the ellipsoid region of the cell, as has been
observed before (Kaplan, 1985; Tsina et al., 2004). As the
ellipsoid is rich in mitochondria, this fluorescence may be
due to reduced pyridine nucleotides, NADH, and NADPH
(Chance and Thorell, 1959). NADH and NADPH have iden-
tical fluorescence excitation and emission spectra (Patterson
et al., 2000) and are subsequently referred to as NAD(P)H.
Fig. 2 shows that the emission spectrum of the ellipsoid
fluorescence is different from that of the outer segment
fluorescence, consistent with different fluorophores being
responsible. Fluorescence was excited with 720 nm light
(two-photon molecular excitation), and the emission was
measured at different wavelengths between 409 and 644 nm.
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FIGURE 2 Different origin of the fluorescence in the ellipsoid and the
outer segment regions of a rod photoreceptor. Fluorescence was excited with
720 nm light from a Ti:Sapphire laser. (A) Fluorescence image at emission
430 nm (21.4 nm bandwidth, centered at 430 nm). The ellipsoid fluorescence
is strongest and clearly visible. (B) Fluorescence image at emission 473 nm
(21.4 nm bandwidth). The outer segment fluorescence intensity is similar to
that from the ellipsoid region. (C) Emission spectra from ellipsoid (black
solid line) and outer segment (shaded dashed line), from n = 6 rod cells. The
straight-line segments connect the experimental points. Error bars represent
standard errors.

Fig. 2 A shows the fluorescence image of a bleached frog rod
measured at 430 nm. The ellipsoid region is the brightest. Fig.
2 B shows the fluorescence image of the same rod measured at
473 nm. At this emission wavelength, the outer segment and
the ellipsoid regions have similar brightness, suggesting that
the fluorophore in the outer segment is different from that in
the ellipsoid. The fluorescence emission spectra from the
outer segment and the ellipsoid region are shown in Fig. 2 C
(n = 6 rod cells). Fluorescence values for the ellipsoid were
normalized to the value at 452 nm, whereas the values in the
outer segment were normalized to the value at 495 nm. As
expected from the images in Fig. 2, A and B, the fluorescence
emission spectrum for the outer segment is red-shifted com-
pared to that for the ellipsoid, again suggesting that different
fluorophores are responsible.
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The all-trans retinol fluorescence emission spectrum is
indeed red-shifted with respect to that of NADPH (Fig. 3 A).
The emission spectrum is not a mirror image of the absorption
spectrum, presumably because of the contribution from a
low-lying and weakly allowed electronic state (lAg_) that is
distinct from the main absorption band transition state ('By)
(see review by Honig and Ebrey, 1974 for discussion). This
red shift should result in different relative emissions at dif-
ferent wavelengths. To confirm the identity of the fluoro-
phores responsible for the fluorescence from the ellipsoid
and outer segment compartments, we compared the emission
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FIGURE 3 (A) Fluorescence excitation and emission spectra obtained in
a spectrofluorimeter. (/) Retinol excitation, (2) NADPH excitation, (3)
NADPH emission, and (4) retinol emission. (B) 530:457 emission ratios for
fluorescence intensity changes under different treatments. NADPH in
chamber (n = 6); R-M, ellipsoid fluorescence increase after rotenone +
myxothiazole (n = 4); FCCP, ellipsoid fluorescence decrease after FCCP
(n = 8); bleach, outer segment fluorescence increase 30 min after exhaustive
bleach (n = 7); BSA, outer segment fluorescence decrease 30 min after
exposure to 1% BSA (n = 7); retinal, outer segment fluorescence increase
15 min after addition of 100 uM retinal (n = 5); retinol, outer segment
fluorescence increase 15 min after addition of 100 uM retinol (n = 6). Error
bars represent standard errors.
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ratios at 530 and 457 nm for the fluorescence changes brought
about by a variety of experimental manipulations (Fig. 3 B).
Rotenone and myxothiazole are inhibitors of the mitochon-
drial electron transport chain and lead to accumulation of
NADH (Halangk and Kunz, 1991). Exposure of rod photo-
receptors to 5 uM rotenone and 2 uM myxothiazole led to
a fluorescence increase in the mitochondrial (ellipsoid) re-
gion. The Fs30/F457 emission ratio for this fluorescence in-
crease was indistinguishable from the ratio for NADPH.
FCCP on the other hand is an uncoupler of oxidative phos-
phorylation and leads to the exhaustion of NADH and the
accumulation of the nonfluorescent NAD " (Halangk and
Kunz, 1991). Exposure of rod photoreceptors to 10 uM FCCP
resulted in a decrease in fluorescence in the ellipsoid region.
This fluorescence decrease also had a Fs3¢/F457 emission ratio
indistinguishable from the ratio for NADPH. Addition of
exogenous all-trans retinol led to a fluorescence increase in
the outer segment as the retinol accumulated in the rod disk
membranes, and made it possible to obtain the Fs30/F4s7
emission ratio for retinol fluorescence. The rod outer segment
fluorescence increase measured 30 min after the bleaching of
rhodopsin had the same Fs30/F457 emission ratio as all-trans
retinol. Incubation with 150 uM BSA for 30 min led to
areduction in the ROS fluorescence, with F53(/F4s7 emission
ratio the same as all-frans retinol, consistent with the lipo-
philic fluorophore removed by BSA being retinol. Finally,
addition of exogenous all-trans retinal led to a ROS fluo-
rescence increase with the same Fs30/F457; emission ratio as
all-trans retinol, suggesting that the exogenously supplied
retinal is reduced to retinol by the retinol dehydrogenase. In
summary, the results of Fig. 3 B show that the fluorescence
signal from the ellipsoid region is consistent with NAD(P)H,
whereas that from the outer segment region is consistent with
all-trans retinol.

Since the reduction of all-trans retinal to retinol requires
NADPH, suppression of metabolic activity should also
suppress the reduction. Metabolic pathways that can supply
the required NADPH in the cytoplasm include the pentose
phosphate pathway (Hsu and Molday, 1994) and NADP™-
linked isocitrate and malate dehydrogenases (Winkler, 1986)
utilizing substrates provided by the mitochondria. NADPH
can also be synthesized from NADH by transhydrogenases.
To suppress metabolic activity, we have employed three in-
hibitory cocktails that: a), inhibit glycolysis and the pentose
phosphate pathway; b), deplete mitochondrial NAD(P)H
pools and also stop mitochondrial generation of ATP; and c),
inhibit the mitochondrial tricarboxylate transporter. Appli-
cation of all of these a), b), and c) treatments together
significantly suppressed the rise in ROS fluorescence after
bleaching (Fig. 4 A, open triangles), in agreement with the
reduction of all-frans retinal to retinol being responsible for
the increase in fluorescence. As in the case of inhibition of
the reduction by retinoic acid, the treatment did not increase
the time it took for the outer segment fluorescence reach
a steady-state level. As before, the suppression of fluores-
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FIGURE 4 Effects of metabolic inhibitors on production of all-trans
retinol after bleaching. (A) Control (@) and all the inhibitors together (A).
Error bars represent standard errors. (B) All the inhibitors are needed for the
effect. Outer segment fluorescence 30 min after exhaustive bleach in the
presence of different inhibitory cocktails. The cell numbers were: control,
n = 12; all inhibitors, n = 9; without 1,2,3-BTC, n = 6; without FCCP and
oligomycin, n = 7; without deoxyglucose, n = 7. Error bars represent
standard errors.

cence was not an artifact of the normalization procedure, as
the inhibitors did not have a significant effect on the absolute
value of the initial rod outer segment fluorescence.

We further quantified the effect of metabolic suppression
by comparing the levels of ROS fluorescence reached at
30 min after bleaching. We found that removal of any one of
the three inhibitory treatments resulted in the rescue of the
fluorescence increase (Fig. 4 B). Also, substitution of the
inactive isomer 1,2,4-BTC (Cheema-Dhadli et al., 1976) for
1,2,3-BTC had no effect on all-trans retinol formation: the
normalized fluorescence at 30 min was 10.4 = 1.0 (n = 8)
for 1,2,4-BTC plus the a) and b) treatments, whereas it was
11.6 = 1.3 (n = 12) for control, 12.0 = 1.2 (n = 6) for the a)
and b) treatments without 1,2,3-BTC, and 6.2 = 1.1 (n =9)
for a), b), and ¢) treatments together. Therefore, the effect of
1,2,3-BTC was specific. The results indicate that the cells
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can utilize NADPH produced from different metabolic path-
ways, and it is only upon suppression of several pathways
simultaneously that NADPH becomes limiting. The results
further suggest that the frog rod cells contain significant
stores of metabolites that the cell can draw upon to maintain
metabolic activity even in the absence of primary substrate
(glucose) and under inhibition of other metabolic pathways.

Mouse rods are much smaller and more fragile than
amphibian rods, and we have not been able to consistently
obtain viable preparations of isolated mouse rods. We ad-
dressed this problem by using a slice preparation from mouse
retinas that proved to be very robust for following the re-
duction of all-frans retinal to retinol. Fig. 5 shows a bio-
chemically active 250-um thick retinal slice from a C57BL/6
mouse. Panel A is a Nomarski image, showing the retinal
layers with the photoreceptor outer segments at the top of the
slice. Panel B is a fluorescence image of the same field,
obtained with 360 nm excitation and >500 nm emission
filters. This is a bleached retina and the fluorescence in the
rod outer segments is due to all-frans retinol that is produced
from the reduction of the all-frans retinal generated upon
bleaching. It is not clear what the fluorescence from the other
layers originates from, but NADH and NADPH may be
contributing to it. Experiments with mouse retinal slices were
carried out at room temperature allowing a direct comparison
with the frog results.

Fig. 6 shows an experiment with a retinal slice from
a C57BL/6 mouse. Panel A is a Nomarski image of the ROS
area of the slice, taken with infrared light at the beginning of
the experiment. Panels B—E show the fluorescence images of
the same field, obtained with 360 nm excitation and 525-565
nm emission filters. Panel B is the first fluorescence image of
the unbleached slice. Panel C is the first fluorescence image
obtained immediately after bleaching the slice with white
light. Panels D and E are the images obtained 10 min and
90 min after bleaching, respectively. Panel F shows the fluo-
rescence profiles of the images (B—E) along the length of the
photoreceptor layer. There is a large progressive increase in
fluorescence in the ROS layer after bleaching, reflecting the
reduction of all-frans retinal (generated from rhodopsin
bleaching) to all-trans retinol. The accompanying increase in
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fluorescence in the RIS layer may be due to NAD(P)H,
reflecting stimulation of mitochondrial metabolic activity.

To quantify the fluorescence changes occurring in mouse
ROS after rhodopsin bleaching, similar experimental and
data analysis procedures as with frog rods were followed:
images were acquired every 5 min, and the value of the outer
segment layer fluorescence at each time point was divided by
the initial value before bleaching. The solid circles in Fig. 7
show the averaged data from 10 slices. The initial value
before bleaching (at + = —1 min) is normalized to 1. Im-
mediately after bleaching (at + = 0 min) outer segment
fluorescence has increased, and continues increasing reach-
ing a maximum after ~60 min. As in the case of frog rods,
carrying out the bleaching in the presence of 100 uM of the
retinol dehydrogenase inhibitor retinoic acid (Palczewski
et al, 1994) resulted in marked suppression of the
fluorescence increase (n = 5 slices; Fig. 7, open squares),
whereas not increasing the time it takes fluorescence to reach
steady state. ROS layer fluorescence increased after addition
of 100 uM all-trans retinal (n = 5 slices; Fig. 7, open
triangles), indicating that mouse rod outer segments reduce
exogenously added all-frans retinal. No significant fluores-
cence changes were observed after addition of 9-cis or 11-cis
retinals, indicating that these isomers were not readily re-
duced, in accordance with the known stereospecificity of the
dehydrogenase (Palczewski et al., 1994).

To further test the notion that the fluorescence increase in
rod outer segments after thodopsin bleaching is due to all-
trans retinol, we repeated the experiments with slices from
the retinas of Rpe65 '~ mice (Fig. 8, A—E). The Visual Cycle
is impaired in these mice and the retinas lack 11-cis retinal
and rhodopsin (Redmond et al., 1998). No significant fluo-
rescence increases were observed in the rod outer segments
of Rpe65~'~ mice after bleaching (Fig. 8 F, solid circles), in
agreement with the absence of significant amounts of visual
pigment in these cells (Redmond et al., 1998; but see Fan
et al., 2003 and discussion below). Addition of all-trans
retinal resulted in an increase in rod outer segment fluo-
rescence similar to the one observed in wild-type mice (Fig.
8 F, open triangles), suggesting that the dehydrogenase step
is not compromised in the Rpe65 '~ animals.

FIGURE 5 A biochemically active slice from
a mouse retina. (A) Nomarski image. Abbreviations:
ROS, rod outer segments; RIS, rod inner segments (the
photoreceptor ellipsoids); ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; and GCL, ganglion cell
layer. (B) Fluorescence image of the field in A. Scale
bar is 10 wm. The experiment was carried out at room
temperature.
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FIGURE 6 Generation of all-trans retinol in a wild-type mouse retinal
slice after bleaching. The panels show the photoreceptor layer of the slice.
(A) Infrared image of the photoreceptor layer of an unbleached retinal slice.
(B) Slice fluorescence before bleaching. (C—E) Fluorescence after bleaching:
(C) Immediately after, (D) after 10 min, and (E) after 90 min. (F) Fluo-
rescence profiles of the images (B—F) along the length of the photoreceptor
layer. The rod outer segment layer fluorescence increases from B to E. Ex-
periments were carried out at room temperature.

DISCUSSION

After bleaching of the visual pigment rhodopsin, there is
a large fluorescence increase in the outer segments of rod
photoreceptors. This fluorescence is of a different origin than
the fluorescence of the mitochondria-rich ellipsoid region of
the cell, which is due to NAD(P)H. The outer segment fluo-
rescence is due to the appearance of all-trans retinol, produced
from the reduction of all-frans retinal that is released after
rhodopsin bleaching. It is not due to retinyl esters, as they do
not appear to form in the outer segment (Zimmerman, 1974;
Bridges, 1976). It takes 3040 min after bleaching for the
level of all-trans retinol to reach a maximum in frog rods, in
close agreement with measurements in salamander rods
(Tsina et al., 2004). As the fluorescence reaches a maximum
in 60 min in mouse rods at room temperature, it appears that
the formation of all-frans retinol proceeds with similar
kinetics in different species. The level of rod outer segment
retinol concentration, as manifested by its fluorescence, re-
flects a balance between its formation and its removal. This
slow removal is evidenced by the slow decline of fluorescence
in frog rods after ~40 min. In the presence of lipophilic carrier
proteins the removal is accelerated (see Tsina et al., 2004).
The retinol removal is probably due to slow partitioning into
the bulk aqueous solution, though we cannot exclude the
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FIGURE 7 Increase of outer segment fluorescence with time after
rhodopsin bleaching. The first time point (at 1 = —1 min) is the outer
segment fluorescence of the dark-adapted slice. All subsequent fluorescence
values have been normalized to this one. (@) Control (n = 10); (OJ) in the
presence of 100 uM retinoic acid, a retinol dehydrogenase inhibitor (n = 5);
and (A) addition of 100 uM all-trans retinal 60 min after bleaching (n = 5).
Experiments were carried out at room temperature.

possibility of retinol diffusing and getting trapped in the form
of retinyl esters in other photoreceptor cell compartments
(Zimmerman, 1974; Bridges, 1976). Consistent with abalance
between retinol formation and removal, inhibition of the
formation of retinol by retinoic acid or metabolic inhibitors
suppresses the maximal level of concentration that is reached.
So, the concentration of retinol present in the outer segment
does not reflect the total amount of retinol formed.

The broadly similar kinetics of the retinol fluorescence
increase after bleaching across species could be considered
rather surprising. Mouse rods are ~100X smaller than
amphibian rods and contain a proportionately smaller number
of visual pigment molecules, which would mean that less
NADPH is required for the reduction of the all-trans retinal
produced by the bleaching. Since the metabolic activity of
mouse rods may be expected to be different from that of
amphibian rods, this broad kinetic agreement could be for-
tuitous. But it could also be an indication that steps other
than the reduction of all-frans retinal are kinetically important
(see below).

The slow kinetics of retinol formation is consistent with
the reduction of all-frans retinal being the rate-limiting step
in the Visual Cycle, as proposed by Saari (2000) on the basis
of experiments with whole animals (Saari et al., 1998) and by
Tsina et al. (2004) on the basis of experiments with isolated
salamander rods. In further agreement with this notion,
inhibition of retinol dehydrogenase with retinoic acid, and
suppression of metabolic activity, which would lower the
NADPH levels, resulted in significant reduction of the con-
centration of all-trans retinol reached. However, these treat-
ments did not slow down the rate at which retinol formation



Retinal Reduction in Frog and Mouse Rods

F 2 100 uM retinal
8 54
S | Ad
[x) T
g 44 Aé
c | 2
3 a
[T m
N 2
& a
o 21 YaX
S A
S 1{mesbbéGecccsccccce
5 4
£ ol . . . .
0 20 40 60 80
Time (min)

FIGURE 8 Fluorescence changes reflecting all-frans retinol production
in the rod outer segments of Rpe65 '~ mice. The panels show the
photoreceptor layer of the slice. (A) Infrared image of the photoreceptor
layer of an unbleached retinal slice. (B) Slice fluorescence before bleaching.
(C-E) Fluorescence after bleaching: (C) Immediately after, (D) after 10 min,
and (E) after 90 min. (F) Kinetics of fluorescence change. The ROS
fluorescence was measured from the fluorescence profiles obtained at dif-
ferent times after bleaching and delivery of all-frans retinal. Bleaching took
place between time t = —1 min and ¢ = 0. The first time point (at # = —1 min)
is the outer segment fluorescence of the dark-adapted slice. All subsequent
fluorescence values have been normalized to this one. (@) Control (n = 6);
(A) addition of 100 uM all-zrans retinal 30 min after bleaching (n = 6).
Experiments were carried out at room temperature.

reached a steady state. If the retinol dehydrogenase reaction
were the only slow step in the production of retinol, then the
effects of the inhibitory treatments would include also a slow
down of the rate at which retinol formation reached a steady
state. Therefore, the data indicate that there must be more
slow steps involved, steps that occur earlier than the retinol
dehydrogenase reaction. One possibility for such a slow step
is the release of all-#rans retinal from the opsin binding site,
which could take several minutes (Matthews et al., 1963;
Farrens and Khorana, 1995; Shichida and Imai, 1999). An-
other possibility is the transport of all-frans retinal from the
opsin to the retinol dehydrogenase: after release from opsin,
all-trans retinal is reversibly bound to phosphatidylethanol-
amine inside the disks, and is subsequently transported to the
cytosol and made available to retinol dehydrogenase by the
ABCR protein (Weng et al., 1999). Mutations in the ABCR
protein are responsible for Stargardt’s disease, an early onset
form of macular degeneration. The presence of additional
slow steps before the retinol dehydrogenase would be
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consistent with the results of Saari et al. (1998) and those of
Tsina et al. (2004). It is important to keep in mind that in
isolated cells and tissues there is no mechanism for the rapid
removal of the generated all-frans retinol, in contrast to the
situation in the whole animal. Thus, all-frans retinol accu-
mulates in the ROS and reaches higher concentrations,
a feature that allows the monitoring of the reduction reaction,
but also presents an important difference with the in vivo
situation. The two treatments, inhibition of retinol dehydro-
genase and suppression of metabolic activity, both result
in a reduction in the maximal level of all-trans retinol that
is reached after bleaching. As described above, this is
consistent with the maximal levels of retinol attained re-
flecting a balance between production from the reduction of
all-trans retinal and loss from the outer segment membranes
to extracellular space. This balance is achieved after the
completion of the prior slow steps that dominate the overall
kinetics.

In frog rods, the formation of all-frans retinol after
bleaching is suppressed by a combination of metabolic in-
hibitors. These inhibitors are expected to suppress the dif-
ferent metabolic pathways that synthesize the NADPH
necessary for the reduction of all-frans retinal, and the
combination reduces the mitochondrial NAD(P)H fluores-
cence. Since it is not certain that each of these inhibitors would
work as expected in an intact cell, it is the actual observation of
the suppression of retinol formation that serves as a positive
control. The inhibitors are targeting a), glycolysis and the
pentose phosphate pathway; b), mitochondrial ATP and
NAD(P)H generation; and c¢), mitochondrial isocitrate trans-
port. If any of these three pathways is allowed to function
unperturbed, the retinol formation is unaffected. The results
suggest that multiple pathways can contribute to the genera-
tion of the NADPH necessary for the reduction of all-trans
retinal. These data are consistent with the pentose phosphate
pathway (Hsu and Molday, 1994) as well as with NADP™-
linked isocitrate dehydrogenase (Winkler, 1986) being able to
supply the reducing equivalents. The mitochondrial contri-
bution is clearly not limited to ATP, which could be used
for the phosphorylation of glucose, but may also include
isocitrate and other metabolites. A surprising result is that the
inhibition of glucose phosphorylation is not sufficient by itself
to suppress the production of NADPH. Since glucose is the
primary metabolic substrate for the mitochondrial metabolism
as well, this suggests that the cells contain sufficient stores of
metabolites that they can draw upon, a conclusion consistent
with the presence of glycogen stores (Witkovsky and Yang,
1982; Fliesler et al., 1997). The presence of such stores is
probably a feature of amphibian neurons. Preliminary experi-
ments in mouse retinal slices (Chen, Solessio, Barlow, and
Koutalos, unpublished observations) indicate that the mere
removal of glucose reversibly suppresses the formation of all-
trans retinol in rod outer segments after rhodopsin bleaching.
This observation is consistent with the lack of metabolite
stores in mammalian rod photoreceptors (Rungger-Brandle
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et al., 1996). However, even in the mouse, the metabolic
pathways that provide the NADPH required for retinol for-
mation appear to be quite robust. Thus, retinol formation
proceeds at room temperature, when under similar conditions
the light-sensitive current of mammalian rod photoreceptors
becomes almost undetectable (Robinson et al., 1993). The
situation also contrasts with the metabolic sensitivity of
retinol-processing steps in the retinal pigment epithelium that
seem to be responsible for the blocking of the visual cycle in
excised mouse eyes (Ostroy et al., 1993; Palczewski et al.,
1999).

The rod photoreceptors of Rpe65 '~ mice have been shown
to contain small amounts of isorhodopsin, a 9-cis retinal
containing pigment (Fan et al., 2003), which is responsible for
light responses obtained from these photoreceptors. The
amount of isorhodopsin in Rpe65~'~ animals that have been
kept in the dark for 5 weeks reaches ~5% of the wild-type
pigment level (Fan et al., 2003), but is quickly lost when the
animal is exposed to cyclic light. In the experiments reported
here, the animals were kept in cyclic light, and were not dark-
adapted for more than a few hours before the experiment. The
observed lack of a significant increase in rod outer segment
fluorescence after bleaching is therefore consistent with the
lack of a significant amount of rhodopsin or isorhodopsin
present. As retinol formation proceeds briskly upon addition
of exogenous all-trans retinal, it appears that in these geneti-
cally modified animals the retinol dehydrogenase step is not
affected and the rod photoreceptors remain metabolically
competent.

In conclusion, we have established that the fluorescence
signals from the outer segment and from the ellipsoid region
of rod photoreceptors are due to all-trans retinol and
NAD(P)H, respectively. We find that at room temperature
the formation of all-frans retinol after rhodopsin bleaching
is slow, taking 30-60 min to reach maximum level in an
amphibian and a mammalian species. The data presented here
are consistent with additional slow steps occurring before the
reduction of all-trans retinal by retinol dehydrogenase. In frog
rods, the NADPH required for the formation of all-trans
retinol can be supplied from multiple metabolic pathways.
Finally, we used the genetically modified Rpe65 '~ mice to
demonstrate that no significant rod outer segment fluores-
cence changes are observed after bleaching in the absence of
11-cis retinal.
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