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PURPOSE. Light detection destroys the visual pigment. Its regeneration, necessary for the
recovery of light sensitivity, is accomplished through the visual cycle. Release of all-trans
retinal by the light-activated visual pigment and its reduction to all-trans retinol comprise
the first steps of the visual cycle. In this study, we determined the kinetics of all-trans
retinol formation in human rod and cone photoreceptors.

METHODS. Single living rod and cone photoreceptors were isolated from the retinas of
human cadaver eyes (ages 21 to 90 years). Formation of all-trans retinol was measured
by imaging its outer segment fluorescence (excitation, 360 nm; emission, >420 nm).
The extent of conversion of released all-trans retinal to all-trans retinol was determined
by measuring the fluorescence excited by 340 and 380 nm. Measurements were repeated
with photoreceptors isolated from Macaca fascicularis retinas. Experiments were carried
out at 37°C.

RESULTS. We found that ∼80% to 90% of all-trans retinal released by the light-activated
pigment is converted to all-trans retinol, with a rate constant of 0.24 to 0.55 min–1

in human rods and ∼1.8 min–1 in human cones. In M. fascicularis rods and cones,
the rate constants were 0.38 ± 0.08 min–1 and 4.0 ± 1.1 min–1, respectively. These
kinetics are several times faster than those measured in other vertebrates. Interphotore-
ceptor retinoid-binding protein facilitated the removal of all-trans retinol from human
rods.

CONCLUSIONS. The first steps of the visual cycle in human photoreceptors are several times
faster than in other vertebrates and in line with the rapid recovery of light sensitivity
exhibited by the human visual system.
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The human retina contains two kinds of photorecep-
tor cells: rods and cones.1 The one type of rod and

the three types of cones are each sensitive to a different
range of light wavelengths. Rods have high sensitivity to
light and are responsible for vision in dim light, whereas
cones have low light sensitivity and are responsible for
vision at the high light intensities of daytime and for color
discrimination. Conversion of light to an electrical signal
takes place in the photoreceptor outer segments, which are
packed with visual pigment molecules, the primary light-
detectors.2 Visual pigments are composed of a light-sensitive
chromophore, 11-cis retinal, attached to a protein, opsin.
Each of the four photoreceptor types contains a different
type of visual pigment, all of which, however, contain the
same 11-cis retinal chromophore. The different properties
of the different types of visual pigments are due to different
types of opsins. Light detection proceeds in the same way in
both rods and cones: Incoming light absorbed by the visual
pigment isomerizes the chromophore from 11-cis to all-
trans, bringing about a conformational change in the visual

pigment that initiates a cascade of reactions culminating
in a change in membrane potential; the electrical signal
is then transmitted to the brain. At the same time,
the photoisomerization of the chromophore to all-trans
destroys the visual pigment and necessitates its regenera-
tion. Visual pigment regeneration is essential for the recov-
ery of visual sensitivity after light exposure,3 a process
critical for carrying out daily tasks and one that dete-
riorates with age.4 Visual pigment regeneration is much
faster in humans and non-human primates compared
to several other mammalian species (for a summary,
see Ref. 3).

The reactions regenerating the pigment are known as the
visual cycle5 and begin with the release of all-trans reti-
nal from the light-activated visual pigment, leaving behind
opsin, which is then available to combine with fresh 11-
cis retinal and regenerate the visual pigment. Upon its
release, all-trans retinal is reduced to all-trans retinol in a
reaction catalyzed by retinol dehydrogenase 8 (RDH8)6–9

and using nicotinamide adenine dinucleotide phosphate
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FIGURE 1. Images of isolated human retina (A) and isolated human
rod (B) and cone (C) photoreceptors. ON, optic nerve spot; M,
macula. Phototransduction, the conversion of light to an electri-
cal signal, takes place in the photoreceptor outer segments, which
contain the light-detecting visual pigments. The inner segments
contain the metabolic machinery that supports outer segment func-
tion, including the supply of NADPH.

(NADPH),10 and initiating the series of reactions that recy-
cle the chromophore into fresh 11-cis retinal. All-trans
retinol is removed from photoreceptor outer segments and
transported to the adjacent retinal pigment epithelial (RPE)
or Müller cells,5 where it is recycled to reform the 11-cis
isomers, 11-cis retinal in the RPE cells11 or 11-cis retinol
in the Müller cells.12,13 Both rods and cones can utilize
11-cis retinal supplied to them by RPE cells5; cones can
also utilize 11-cis retinol supplied by the Müller cells,14,15

because they are able to oxidize it to 11-cis retinal.16

Defects in the processing of the visual pigment chro-
mophore are linked to diseases of the retina,17,18 with the
slower regeneration of the visual pigment in particular
being one of the early symptoms of age-related macular
degeneration.19

The first steps of the visual cycle in photoreceptor
outer segments—namely, the release of all-trans retinal
from photoactivated pigment that makes opsin available
for regeneration and the formation of all-trans retinol that
begins the recycling of the chromophore—are expected to
be sufficiently rapid to support the overall kinetics of visual
pigment regeneration. In mouse rods, all-trans retinol forms
with a rate constant of 0.06 min–1 after light exposure,20

sufficiently fast to accommodate the kinetics of rhodopsin
regeneration in mouse retinas but too slow compared
to that in human retinas (see Discussion). We therefore
hypothesized that formation of all-trans retinol proceeds
much faster in human rod photoreceptors compared to
mouse.

The levels of all-trans retinol and all-trans retinal can be
measured with high resolution in real time in single photore-
ceptor cells by imaging their fluorescence.21 Here, we report
on the characterization of the kinetics of all-trans retinol
formation in single rod and cone photoreceptor cells isolated
from human donor eyes (Fig. 1) with fluorescence imag-
ing. We have corroborated our findings with photoreceptor
cells isolated from the eyes of a non-human primate,Macaca
fascicularis. We find that, in human rod and cone photore-
ceptors, the all-trans retinal released from the photoacti-
vated pigment is quantitatively converted to all-trans retinol.
This conversion to all-trans retinol proceeds several times
faster in human compared to mouse rods, paralleling the
faster recovery of sensitivity after light exposure in humans.
The results indicate that the enzymatic machinery of human
photoreceptors effectively and rapidly removes the all-trans

retinal generated during light detection, making it available
for speedy recycling.

MATERIALS AND METHODS

Human Donor Eyes

Donor eyes were procured through the National Disease
Research Interchange. Eyes were from donors without diag-
nosed eye disease or diabetes mellitus. Retinas from human
donor eyes were subject to a long and variable period of
ischemia, which might affect the responses of the cells. We
addressed this by adhering to the following protocol: Eyes
were enucleated within 10 hours postmortem and placed in
moist chambers labeled to specify whether the globes were
left or right. They were then shipped to the laboratory on ice
in a light-tight container and dissected within 48 hours after
donor death. Upon inspection the retinas did not show any
signs of pathology. Eyes from 12 donors, male and female,
ages 21 to 90 years, were used in this study. The study used
available eyes, so any potential effects of donor sex could
not be properly studied.

Macaca fascicularis Eyes

M. fascicularis eyes were obtained from Alpha Genesis
(Yemassee, SC, USA), located within an hour’s drive from the
laboratory. Tissue was procured when animals were sacri-
ficed for another purpose; the animals were free of eye
disease or any conditions related to visual dysfunction. Eyes
were removed immediately following euthanasia and placed
in moist chambers labeled to specify whether the globes
were left or right. They were brought to the laboratory on
ice in a light-tight container and were dissected within 3
to 4 hours after death. From experiments with retinas from
three animals, we determined that following this protocol
dissected retinas contain 75% ± 7% unbleached rhodopsin.
Animals were male and female and ages ranged from 2 to
19 years.

Measurement of the Level of Unbleached
Rhodopsin in M. fascicularis Retinas

All procedures were carried out under dim red light. Follow-
ing isolation of the retina and separation of the macula for
experiments with cones, a large piece (about 1/4) of the
rod-rich perimacular region was homogenized in PBS (10-
mmol/L sodium phosphate and 150-mmol/L NaCl, pH 7.0)
and split into two aliquots of 300 μL each. To one of the
aliquots, 5 nmol of 11-cis retinal (1 μL from a stock solution
of 5 mM in ethanol) was added, and to the other 1 μL of
ethanol was added. Each aliquot was then mixed and incu-
bated for 20 minutes at room temperature. After the incu-
bation, the retinal membranes of each aliquot were solubi-
lized in 0.66% dodecylmaltoside in PBS, hydroxylamine was
added to a final concentration of 15 mM, and spectra were
recorded between 250 and 700 nm with a Cary 300 spec-
trophotometer (Varian, Palo Alto, CA, USA). The amount of
rhodopsin in each aliquot was measured from the difference
in the absorbance at 500 nm before and after bleaching the
samples with >530 nm light. The ratio of the amount of
rhodopsin in the unregenerated sample over the amount in
the 11-cis retinal–regenerated sample was used as the esti-
mate for the level of unbleached rhodopsin present in the
retina.
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Isolation of Single Rod and Cone Photoreceptor
Cells

Retinas were excised under either dim red or infrared light
in mammalian physiological solution (130-mmol/L NaCl,
5-mmol/L KCl, 0.5-mmol/L MgCl2, 2-mmol/L CaCl2,
25-mmol/L HEPES hemisodium salt, and 5-mmol/L glucose,
pH = 7.40) and kept in a light-tight container at 4°C until
they were used for the isolation of cells.20 The macular
region (Fig. 1) was identified by noting the position of the
optic nerve, knowing whether the eye was left or right, and
keeping track of tissue orientation during dissection (the
macula is on the temporal side of the optic nerve between
the retinal arcades). Rod photoreceptors were isolated from
the rod-rich area surrounding the macula, and cone photore-
ceptors from the cone-rich center of the macula (Ref. 1,
p. 43, based on Ref. 22). Single photoreceptor cells were
obtained by chopping a piece of retina with a razor blade in
a dish coated with Sylgard elastomer (Dow Corning Corpo-
ration, Midland, MI, USA) and placed in 100-μL chambers
that fit on the microscope stage.20 To keep the cells in place
during experimental manipulations, the bottoms of the
chambers were coated with 0.01% polyornithine solution
(Sigma-Aldrich, St. Louis, MO, USA). For the experiments
described here, the photoreceptors used were isolated
within the first 2 days after dissection of the retina. Within
this time period, the cells maintained their ability to gener-
ate the amount of NADPH required for the quantitative
reduction of all-trans retinal to all-trans retinol.

Fluorescence Imaging

Fluorescence imaging experiments were carried out as
described previously20 on the stage of an inverted Zeiss
Axiovert 100 microscope (Carl Zeiss Microscopy, White
Plains, NY, USA) with a 40× oil immersion objective lens
(numerical aperture = 1.3). A xenon continuous arc light
source provided the light for excitation, and an Orca-285
charge-coupled device (CCD) camera (Hamamatsu Photon-
ics, Bridgewater, NJ, USA) was used to acquire images. For
measuring all-trans retinol, fluorescence was excited with a
broadband (40-nm bandwidth) 360-nm filter, and the emis-
sion was collected through a long-pass 420-nm filter (emis-
sion, >420 nm). The particular broadband excitation of
360 nm was selected because it allows for comparison with
previously published data from a wide range of species.
For measuring the Fex-340/Fex-380 ratio of the fluores-
cence intensities excited by 340-nm and 380-nm light, fluo-
rescence was excited with narrow bandpass (10-nm band-
width) filters centered at 340 nm and 380 nm, and emission
was collected for >420 nm. Most experiments were carried
out with photoreceptors, with the outer segment attached to
an intact inner segment, which ensured access to NADPH;
these cells are also referred to as metabolically intact.23 Some
experiments (Supplementary Fig. S1) used broken-off rod
outer segments (bROSs), outer segments completely sepa-
rated from inner segments and therefore without access to
NADPH; these rod outer segments are also referred to as
metabolically compromised.23 For human bROSs, the Fex-
340/Fex-380 ratio at 10 minutes after bleaching was 0.47 ±
0.03 (n = 9), consistent with that for all-trans retinal, indi-
cating that there was no significant reduction of all-trans
retinal to all-trans retinol. We were able to collect reliable
data for the Fex-340/Fex-380 ratio, but we did not attempt
to characterize the kinetics of the fluorescence change after

bleaching in bROSs. Rods isolated from human donor eyes
have small amounts of rhodopsin present, and, because of
the lower quantum yield, the intensity of fluorescence due
to retinal is much lower than that of the same concentration
of retinol. Thus, metabolically compromised human rods
generate a very small fluorescence signal after bleaching,
making it difficult to reliably detect and analyze.

For an experiment, fluorescence images were initially
recorded for the dark-adapted cell, then the cell was
bleached and fluorescence images were recorded at differ-
ent times. The bleaching light came from a 150-W halo-
gen lamp illuminator (Edmund Optics, Barrington, NJ, USA),
using >530 nm light for 1 minute for rods and white
light for 15 seconds for cones. Image acquisition and anal-
ysis were carried out using Slidebook (Intelligent Imag-
ing Innovations, Denver, CO, USA). Fluorescence inten-
sity was measured over defined regions of interest in the
outer segments and background; after correcting for back-
ground, the initial value before bleaching was subtracted
from all subsequent values to obtain the fluorescence due
to retinoids. All experiments were carried out at 37°C.

Kinetics of All-trans Retinol Formation

We approximated the formation and elimination of all-trans
retinol following light activation of the visual pigment as
two separate first-order processes with rate constants f1 and
f220,24,25:

Visual pigment
light−→Photoactivated pigment

f1→All-trans retinol
f2→Bulk solution (1)

In our experiments, formation of the light-activated
pigment by light was much faster than the formation and
elimination of all-trans retinol; in addition, >90% of the
outer segment visual pigment is photoisomerized and acti-
vated by the bleaching light.20,25 In that case, the concentra-
tion of all-trans retinol [ROL] at time t after visual pigment
bleaching is given by

[ROL] = [P]T · f1
f1 − f2

· (
e− f2 ·t − e− f1·t)

where [P]T is the total concentration of the visual pigment
in the photoreceptor outer segment, ∼3 mM. The outer
segment fluorescence (F) due to all-trans retinol is given
by

F = A · f1
f1 − f2

· (
e− f2·t − e− f1·t) (2)

where the parameter A is the outer segment fluores-
cence intensity that would correspond to the total amount
of retinyl chromophore released by the photoactivated
pigment. Values of the parameters A, f1, and f2 were deter-
mined by least-squares fits of the time course of the average
fluorescence intensity values using Origin software (Origin-
Lab Corporation, Northampton, MA, USA). Errors for param-
eters were obtained from the curve fits. Another approach
for determining the values of the parameters is to fit the
time course of the fluorescence intensity values for each cell,
obtain the kinetic parameters for each cell, and then aver-
age the individual cell parameters. The two approaches yield
similar results.
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Removal of All-trans Retinol by
Interphotoreceptor Retinoid-Binding Protein

The human rod photoreceptors used for these determina-
tions had not been regenerated with exogenously added
11-cis retinal. Interphotoreceptor retinoid-binding protein
(IRBP) was added to the rods 10 minutes after the bleach-
ing of rhodopsin. The outer segment all-trans retinol fluo-
rescence was normalized to the value at 11 minutes, and the
rate constant k for all-trans retinol removal was determined
by fitting the normalized fluorescence values obtained after
11 minutes with single-exponential functions, e–k ·(t–11), of
unitary amplitude at t = 11 minutes.25,26 We chose the partic-
ular experimental design not only to allow for direct compar-
isons with the results from mouse cells26 but also to ensure
that the cells generated a strong fluorescence signal to allow
for reliable analysis. For example, if we were to add IRBP
from the beginning of the experiment, we would expect
very low levels of outer segment retinoid fluorescence (Ref.
26, fig. 8), which would have been compounded by the
small amounts of rhodopsin present in isolated human
rods.

Regeneration With 11-cis Retinal

For some experiments, the visual pigment of isolated human
photoreceptors was regenerated with 11-cis retinal by incu-
bating the cells (after they had been placed in the exper-
imental chambers) with 2.5- or 5-μM 11-cis retinal for
10 minutes using IRBP in physiological solution as the
carrier; the IRBP concentration was twice the concentration
of 11-cis retinal. At the end of the incubation, IRBP and 11-cis
retinal were removed by washing the cells three times with
physiological solution. These incubations were carried out at
room temperature. Interestingly, regeneration with a higher
concentration of 11-cis retinal did not result in a higher level
of rhodopsin in all cases.

Materials

IRBP was purified from bovine interphotoreceptor matrix by
a combination of concanavalin-A, affinity, anion exchange,
and size-exclusion chromatography and was used as
described previously.26 The 11-cis retinal was obtained
through a National Eye Institute program that makes it avail-
able for vision research; its concentration was determined
from its absorption spectrum measured with the Cary 300
spectrophotometer and using an extinction coefficient of
24,935 M–1 cm–1 at 380 nm in ethanol.27 All other reagents
were obtained from Sigma-Aldrich.

Statistical Analysis

Error bars represent SEM.

RESULTS

Formation of All-trans Retinol in Single Isolated
Human Rod Photoreceptors

Exposure of isolated human rod photoreceptors to light
(>530-nm light for 1 minute) results in a transient increase in
the outer segment fluorescence (emission, >420 nm) excited
by 360-nm light (Fig. 2A). Figure 2B shows the time-course
of changes in the outer segment fluorescence from seven

FIGURE 2. Kinetics of all-trans retinol formation in isolated human
rod photoreceptors. (A) Increase in rod outer segment fluorescence
after rhodopsin bleaching. IR, infrared image of a rod photorecep-
tor isolated from a human donor retina (age 80 years); fluorescence
(excitation, 360 nm; emission, >420 nm) images of the cell were
acquired before (dark) and at different times after bleaching. All
fluorescence images are shown at the same intensity scaling. Scale
bar: 5 μm. (B) Kinetics of the fluorescence appearing after bleach-
ing of rhodopsin in the outer segments of human rod photorecep-
tors (n = 7; donor age 80 years). Bleaching was carried out between
t= −1 and 0 minute. Error bars represent standard errors. All exper-
iments were conducted at 37°C. The solid line is a least-squares fit
according to Equation 2, giving a rate constant for the rise in fluo-
rescence of 0.25 ± 0.02 min–1. (C) Excitation of outer segment fluo-
rescence with 340-nm and 380-nm light (emission, >420 nm). IR,
infrared image of a human rod photoreceptor (donor age 76 years);
fluorescence images of the cell were acquired before (dark) and at
10 minutes after bleaching of rhodopsin. Images are shown at the
same intensity scaling to facilitate comparisons. Scale bar: 5 μm.
(D) Ratio of the intensities of the fluorescence excited by 340-nm
(Fex-340) and 380-nm (Fex-380) light in human rod outer segments
(n = 8; donor age 76 years) after rhodopsin bleaching. Bleaching
was carried out between t = −1 and 0 minute. Error bars represent
standard errors. The fluorescence intensity ratios determined for all-
trans retinal and all-trans retinol (Supplementary Fig. S1) are also
shown. All experiments were conducted at 37°C.

rod cells isolated from the same donor. The fluorescence
rose and reached a peak ∼10 minutes after bleaching of the
visual pigment and then declined slowly. A least-squares fit
with Equation 2 (see Methods) gave f1 = 0.25 ± 0.02 min–1

for the rate constant for the rise in fluorescence, and f2 =
0.017 ± 0.001 min–1 for the rate constant for the decline.
Experiments with isolated rods from two other donors gave
values of 0.50 ± 0.05 min–1 and 0.53 ± 0.10 min–1 for the
rising phase rate constant f1, whereas the values for the
falling phase rate constant f2 were 0.013 ± 0.001 min–1

and 0.022 ± 0.003 min–1 (Table, unregenerated). To ensure
that the increase in rod outer segment fluorescence origi-
nated mostly from all-trans retinol, we measured the ratio
of the fluorescence >420 nm that is excited by 340 nm
(Fex-340) and 380 nm (Fex-380). Because all-trans retinol
and all-trans retinal fluoresce with very different excitation



Human Rods and Cones: First Steps of Visual Cycle IOVS | July 2024 | Vol. 65 | No. 8 | Article 9 | 5

TABLE. Values of the Parameters Describing The Kinetics of All-trans Retinol Formation in Human Rod Photoreceptors Isolated From
Different Donors

Donor Age (y) 11-cis Retinal Cells, n f1 (min–1) f2 (min–1) A

Ungenerated
90 — 6 0.50 ± 0.05 0.013 ± 0.001 47 ± 1
80 — 4 0.53 ± 0.10 0.022 ± 0.003 19 ± 1
80 — 7 0.25 ± 0.02 0.017 ± 0.001 91 ± 3

Regenerated
21 5 μM 9 0.26 ± 0.04 0.008 ± 0.001 99 ± 5
78 5 μM 4 0.44 ± 0.05 0.012 ± 0.001 65 ± 2

2.5 μM 4 0.55 ± 0.09 0.013 ± 0.001 28 ± 1
88 5 μM 5 0.24 ± 0.05 0.013 ± 0.003 50 ± 4

2.5 μM 5 0.33 ± 0.09 0.002 ± 0.003 77 ± 7

For three of the donors, cells were not regenerated with 11-cis retinal prior to the measurement of all-trans retinol formation (unre-
generated). For another three donors, cells were regenerated by incubating for 10 minutes with 2.5- or 5-μM 11-cis retinal (regenerated).
All experiments were conducted at 37°C. The parameters are as follows: f1, rate constant for retinol formation; f2, rate constant for retinol
removal; and A, fluorescence corresponding to the amount of rhodopsin present before bleaching. Parameters were determined from least-
square fits of Equation 2 to the experimental data points (as in Figs. 2B, 3B).

wavelength maxima, the Fex-340/Fex-380 fluorescence ratio
provides a measure of the fraction of the all-trans retinal
released by the light-activated visual pigment converted to
all-trans retinol.6,23 The experiment in Figure 2C shows that
the outer segment fluorescence generated after exposure of
an isolated human rod photoreceptor to light (>530 nm for
1 minute) was much more effectively excited by the 340-
nm light, consistent with an all-trans retinol origin (Supple-
mentary Fig. S1). Figure 2D shows the values of the Fex-
340/Fex-380 ratios for the outer segment fluorescence gener-
ated immediately after and 10 minutes after visual pigment
bleaching (n = 8 rods, isolated from the same donor). These
ratio values of ∼5 to 6 are similar to those measured in
the outer segments of mouse rod photoreceptors and indi-
cate that ∼80% to 90% of the released all-trans retinal was
converted to all-trans retinol.23 The quantitative conversion
of all-trans retinal to all-trans retinol also indicates that the
isolated human rod photoreceptors used in these exper-
iments had the metabolic capacity to generate the large
amounts of NADPH necessary for the conversion.

For the majority of donor eyes, isolated rod photorecep-
tors did not generate a significant increase in outer segment
fluorescence after the bleaching of rhodopsin, presumably
due to excessive exposure to light prior to arrival in the labo-
ratory. In those cases, we recorded a robust outer segment
fluorescence signal after regeneration of the isolated rod
cells with 11-cis retinal. Figure 3A shows an experiment with
an isolated human rod photoreceptor after it was regener-
ated with 5-μM 11-cis retinal. Following bleaching of the
cell with >530-nm light for 1 minute, there was a transient
increase in outer segment fluorescence (excitation, 360-nm;
emission, >420-nm). Figure 3B shows the average of the
outer segment fluorescence change from four rod cells from
the same donor retina after their regeneration with 5-μM
11-cis retinal. The fit with Equation 2 gave values of f1 =
0.44 ± 0.05 min–1 and f2 = 0.012 ± 0.001 min–1 for the
rate constants for the rise and decline of outer segment
fluorescence, respectively. Experiments with four isolated
rods from the same donor but regenerated with 2.5-μM
11-cis retinal, gave values of f1 = 0.55 ± 0.09 min–1 and
f2 = 0.013 ± 0.001 min–1 for the two rate constants. Addi-
tional experiments with rods isolated from two more donors
and regenerated with either 2.5- or 5-μM 11-cis retinal gave
broadly similar values for the rising and falling phase rate
constants f1 and f2 (Table, regenerated). Most of the outer

segment fluorescence that appeared in the 11-cis retinal–
regenerated rod cells after bleaching was due to all-trans
retinol, as shown from measurements of the Fex-340/Fex-
380 ratio (Figs. 3C, 3D), indicating that ∼80% to 90% of the
retinal was converted to retinol.

We corroborated these findings with rod photorecep-
tors isolated from M. fascicularis retinas (Fig. 4), which
contained ∼75% unbleached rhodopsin. Analysis of the all-
trans retinol formation kinetics gave values of f1 = 0.38
± 0.08 min–1 and f2 = 0.011 ± 0.002 min–1 for the rate
constants for the rise and decline of outer segment fluores-
cence, respectively (Fig. 4B). The values of the Fex-340/Fex-
380 fluorescence ratio were also ∼5 to 6 (Fig. 4D), corre-
sponding to ∼80% to 90% conversion of released all-trans
retinal to all-trans retinol.

Removal of All-trans Retinol by IRBP

In the absence of extracellular carriers, the all-trans retinol
that forms in human rod outer segments following exposure
to light leaves the cell slowly, resulting in a decline in outer
segment fluorescence (Figs. 2A, 2B). This process can be
accelerated by the specialized carrier protein IRBP. Figure 5A
shows rapid decline of outer segment fluorescence (excita-
tion, 360 nm; emission, >420 nm) after the addition of 3-μM
IRBP in the extracellular medium. Following the addition of
3-μM IRBP, outer segment fluorescence declines with a rate
constant k = 0.08 ± 0.01 min–1 (Fig. 5B). The addition of
13-μM IRBP results in even faster decline of fluorescence,
with a rate constant k = 0.22 ± 0.04 min–1 (Fig. 5B).

Formation of All-trans Retinol in Single Isolated
Human Cone Photoreceptors

Obtaining viable single cones from human donor eyes was
significantly more challenging than obtaining rods. We were
able to record a transient increase in outer segment fluo-
rescence after light exposure after regeneration of isolated
cone cells with 11-cis retinal. After incubation with 11-cis
retinal (2.5-μM for 10 minutes), exposure of a cone cell
to white light for 15 seconds resulted in a rapid transient
increase in outer segment fluorescence (excitation, 360 nm;
emission, >420 nm) (Fig. 6A). The average of the change
in outer segment fluorescence from three cone cells from
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FIGURE 3. Kinetics of all-trans retinol formation in isolated human
rod photoreceptors that had been regenerated with 11-cis retinal.
(A) Increase in outer segment fluorescence after rhodopsin bleach-
ing in a human rod photoreceptor (donor age 78 years) regenerated
with 11-cis retinal (5 μM for 10 minutes). IR, infrared image of the
cell; fluorescence (excitation, 360 nm; emission, >420 nm) images
of the cell were acquired before (dark) and at different times after
bleaching. All fluorescence images are shown at the same intensity
scaling. Scale bar: 5 μm. (B) Kinetics of the fluorescence appearing
after bleaching of rhodopsin in the outer segments of human rod
photoreceptors regenerated with 11-cis retinal (5 μM for 10 minutes;
n = 4; donor age 78 years). Bleaching was carried out between t =
−1 and 0 minute. Error bars represent standard errors. All experi-
ments were conducted at 37°C. The solid line is a least-squares fit
according to Equation 2, giving a rate constant for the rise in fluo-
rescence of 0.44 ± 0.05 min–1. (C) Excitation of outer segment fluo-
rescence with 340-nm and 380-nm light (emission, >420 nm). IR,
infrared image of a human rod photoreceptor (donor age 89 years)
regenerated with 11-cis retinal (2.5 μM for 10 minutes); fluorescence
images of the cell were acquired before (dark) and at 10 minutes
after bleaching of rhodopsin. Images are shown at the same inten-
sity scaling to facilitate comparisons. Scale bar: 5 μm. (D) Ratio of
the intensities of the fluorescence excited by 340-nm (Fex-340) and
380-nm (Fex-380) light in human rod outer segments (n = 5; donor
age 89 years) after rhodopsin bleaching; the rod cells had been
regenerated with 11-cis retinal (2.5 μM for 10 minutes). Bleaching
was carried out between t = −1 and 0 minute. Error bars represent
standard errors. The fluorescence intensity ratios determined for all-
trans retinal and all-trans retinol (Supplementary Fig. S1) are also
shown. All experiments were conducted at 37°C.

the same donor retina after their regeneration with 2.5-μM
11-cis retinal is shown in Figure 6B. Following the bleach-
ing of visual pigment, cone outer segment fluorescence rises
rapidly, reaches a peak within ∼1 minute, and then declines
slowly. A least-squares fit with Equation 2 gave f1 = 1.8 ± 0.1
min–1 for the rate constant for the rise in fluorescence and f2
= 0.05 ± 0.01 min–1 for the rate constant for the decline.
As in rod cells, most of the outer segment fluorescence
that appeared in the 11-cis retinal–regenerated cone cells
after bleaching was due to all-trans retinol, as shown from
measurements of the Fex-340/Fex-380 ratio (Figs. 6C, 6D),
again corresponding to ∼80% to 90% of retinal converted to

FIGURE 4. Kinetics of all-trans retinol formation in M. fascicularis
rod photoreceptors isolated from dark-adapted eyes. (A) Increase
in rod outer segment fluorescence after rhodopsin bleaching. IR,
infrared image of an isolated M. fascicularis rod photoreceptor;
fluorescence (excitation, 360 nm; emission, >420 nm) images of the
cell were acquired before (dark), and at different times after bleach-
ing; bleaching was carried out between t = −1 and 0 minute. All
fluorescence images are shown at the same intensity scaling. Scale
bar: 5 μm. (B) Kinetics of the fluorescence appearing after bleach-
ing of rhodopsin in the outer segments of isolated M. fascicularis
rod photoreceptors (n = 7). Bleaching was carried out between
t= −1 and 0 minute. Error bars represent standard errors. All exper-
iments were conducted at 37°C. The solid line is a least-squares
fit according to Equation 2, giving a rate constant for the rise in
fluorescence of f1 = 0.38 ± 0.08 min–1 and a rate constant for the
decline of f2 = 0.011 ± 0.002 min–1. (C) Excitation of outer segment
fluorescence with 340-nm and 380-nm light (emission >420 nm).
IR, infrared image of an isolated M. fascicularis rod photoreceptor;
fluorescence images of the cell were acquired before (dark) and at
10 minutes after the bleaching of rhodopsin. Images are shown at
the same intensity scaling to facilitate comparisons. Scale bar: 5 μm.
(D) Ratio of the intensities of the fluorescence excited by 340-nm
(Fex-340) and 380-nm (Fex-380) light in M. fascicularis rod outer
segments (n = 7) after rhodopsin bleaching. Bleaching was carried
out between t = −1 and 0 minute. Error bars represent standard
errors. The fluorescence intensity ratios determined for all-trans reti-
nal and all-trans retinol (Supplementary Fig. S1) are also shown. All
experiments were conducted at 37°C.

retinol. We had more success at isolating viable single cones
from M. fascicularis retinas; furthermore, those cells did not
require regeneration with 11-cis retinal to produce an outer
segment fluorescence signal (Fig. 7). The rate constants for
the rise and decline of outer segment fluorescence in M.
fascicularis cones were f1 = 4.0 ± 1.1 min–1 and f2 = 0.04
± 0.01 min–1, respectively, and 80% to 90% of the released
retinal was converted to retinol.

DISCUSSION

The conversion of all-trans retinal to all-trans retinol
requires NADPH10 and hence depends on the ability of the
metabolic machinery of the photoreceptor cells to generate
the NADPH necessary to reduce the large amount of all-trans
retinal released from photoactivated visual pigment after a
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FIGURE 5. Removal of all-trans retinol from human rod photorecep-
tor outer segments by IRBP. (A) Removal of all-trans retinol formed
after rhodopsin bleaching by 3-μM IRBP. IR, infrared image of a
single human rod photoreceptor (donor age 69 years). Scale bar:
5 μm. Bleaching was carried out between t = −1 and 0 minute, and
IRBP was added 10 minutes after bleaching. Fluorescence images
of the cell (excitation, 360 nm; emission, >420 nm) are shown at
the same intensity scaling. (B) Removal of all-trans retinol by 3-μM
IRBP (�; n = 8; donor age 69 years) and 13-μM IRBP (�; n = 5;
donor age 82 years) added at t = 10 minutes after the bleaching
of rhodopsin. Retinol outer segment fluorescence intensities have
been normalized over the value at t = 11 minutes, 1 minutes after
the addition of IRBP. Error bars denote standard errors. The lines
are simple exponentials, e–k ·(t–11), decaying to 0 with unitary ampli-
tude at t = 11 minutes, with rate constants k determined by the
data points. The rate constants were 0.08 ± 0.01 min–1 for 3-μM
IRBP and 0.22 ± 0.04 min–1 for 13-μM IRBP. All experiments were
conducted at 37°C.

full bleach. Because of the prolonged period of ischemia
endured by the human donor eyes used in our studies, the
ability of photoreceptors isolated from them to generate the
required NADPH is of concern. The adequacy of NADPH
generation can be assessed from the extent of all-trans reti-
nal conversion to all-trans retinol.6,23 There is a high (∼80%
to 90%) conversion of the released all-trans retinal to all-
trans retinol for both rod and cone photoreceptors from
both human and M. fascicularis cells, as illustrated by the
Fex-340/Fex-380 fluorescence ratio values of ∼5 after visual
pigment bleaching (Figs. 2D, 3D, 4D, 6D, 7D). These values
of the ratio are also similar to those measured in rod photore-
ceptors isolated from dark-adapted mice,23 whose retinas
were dissected immediately after death and thereby subject

FIGURE 6. Kinetics of all-trans retinol formation in isolated human
cone photoreceptors that had been regenerated with 11-cis retinal.
(A) Increase in outer segment fluorescence after visual pigment
bleaching in a human cone photoreceptor (donor age 85 years)
regenerated with 11-cis retinal (2.5 μM for 10 minutes). IR, infrared
image of the cell; fluorescence (excitation, 360 nm; emission,
>420 nm) images of the cell were acquired before (dark) and at
different times after bleaching. All fluorescence images are shown
at the same intensity scaling. Scale bar: 5 μm. (B) Kinetics of the
fluorescence appearing after the bleaching of visual pigment in the
outer segments of human cone photoreceptors regenerated with
11-cis retinal (2.5 μM for 10 minutes; n = 3; donor age 85 years).
Bleaching was carried out between t = −0.25 and 0 minute. Error
bars represent standard errors. All experiments were conducted at
37°C. The solid line is a least-squares fit according to Equation 2,
giving a rate constant for the rise in fluorescence of 1.8 ± 0.1 min–1.
(C) Excitation of outer segment fluorescence with 340-nm and 380-
nm light (emission, >420 nm). IR, infrared image of a human cone
photoreceptor (donor age 89 years) regenerated with 11-cis reti-
nal (2.5 μM for 10 minutes); fluorescence images of the cell were
acquired before (dark) and at 1 minute after bleaching of visual
pigment. Images are shown at the same intensity scaling to facilitate
comparisons. (D) Ratio of the intensities of the fluorescence excited
by 340-nm (Fex-340) and 380-nm (Fex-380) light in human cone
outer segments (n = 7; donor age 89 years) after visual pigment
bleaching; the cone cells had been regenerated with 11-cis reti-
nal (2.5 μM for 10 minutes). Bleaching was carried out between
t = −0.25 and 0 minute. Error bars represent standard errors. The
fluorescence intensity ratios determined for all-trans retinal and all-
trans retinol (Supplementary Fig. S1) are also shown. All experi-
ments were conducted at 37°C.

to virtually no ischemia. Therefore, there is no discernible
impairment in the ability of the isolated human photorecep-
tor cells used in this study to generate the necessary levels
of NADPH. The extent of conversion of all-trans retinal to
all-trans retinol is a measure of the level of NADPH, with
the conversion of 80% to 90% corresponding to a 0.1 to
0.2 reduced fraction of NADP,23 which is in good agreement
with histochemical measurements.28 It should be noted that
the quantitative (80%–90%) and fast conversion of the all-
trans retinal released from photoactivated visual pigment
to all-trans retinol indicates that the enzymatic mechanisms
present in human rod and cone photoreceptors efficiently
remove all-trans retinal, a reactive and cytotoxic aldehyde,29

and thus guard against it.
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FIGURE 7. Kinetics of all-trans retinol formation in M. fascicularis
cone photoreceptors isolated from dark-adapted eyes. (A) Increase
in cone outer segment fluorescence after visual pigment bleaching.
IR, infrared image of an isolatedM. fascicularis cone photoreceptor;
OS denotes the outer segment of the cell. Fluorescence (excitation,
360 nm; emission,>420 nm) images of the cell were acquired before
(dark) and at different times after bleaching, which was carried
out between t = −0.25 and 0 minute. All fluorescence images are
shown at the same intensity scaling. Scale bar: 5 μm. (B) Kinet-
ics of the fluorescence appearing after bleaching of visual pigment
in the outer segments of isolated M. fascicularis cone photorecep-
tors (n = 5). Bleaching was carried out between t = −0.25 and 0
minute. Error bars represent standard errors. All experiments were
conducted at 37°C. The solid line is a least-squares fit according
to Equation 2, giving a rate constant for the rise in fluorescence of
f1 = 4.0 ± 1.1 min–1 and a rate constant for the decline of f2 = 0.04
± 0.01 min–1. (C) Excitation of outer segment fluorescence with 340-
nm and 380-nm light (emission, >420 nm). IR, infrared image of an
isolated M. fascicularis cone photoreceptor; fluorescence images
of the cell were acquired before (dark) and at 1 minute after the
bleaching of visual pigment. Images are shown at the same intensity
scaling to facilitate comparisons. Scale bar: 5 μm. (D) Ratio of the
intensities of the fluorescence excited by 340-nm (Fex-340) and 380-
nm (Fex-380) light in M. fascicularis cone outer segments (n = 10)
after visual pigment bleaching. Bleaching was carried out between
t = −0.25 and 0 minute. Error bars represent standard errors. The
fluorescence intensity ratios determined for all-trans retinal and all-
trans retinol (Supplementary Fig. S1) are also shown. All experi-
ments were conducted at 37°C.

The ability of the isolated human photoreceptor cells
to generate the large amounts of NADPH needed for the
reduction of all-trans retinal to all-trans retinol suggests a
functional metabolic machinery, which should also gener-
ate adenosine triphosphate (ATP). Thus, it is unlikely that
ABCA4 activity, which is ATP dependent,30,31 is compro-
mised. A decline in ABCA4 activity could potentially result
in a transient buildup in all-trans retinal, which however
was not detected. The relatively stable values of the Fex-
340/Fex-380 ratio at the early time points after light expo-
sure suggest that there is no transient buildup of all-trans
retinal. Rather, as all-trans retinal is released from the
light-activated pigment, it is reduced to all-trans retinol,
rapidly reaching thermodynamic equilibrium—as is also
the case in mouse rods.23 It is possible that some of

the released all-trans retinal forms Schiff base with phos-
phatidylethanolamine, but biochemical experiments with
rod outer segment membranes detected no Schiff base
formation by the all-trans retinal released from light-
activated rhodopsin in the presence of NADPH.32

In several rod cells, there was an increase in inner
segment fluorescence after the bleaching of rhodopsin (for
example, Figs. 2A, 3A, 4A), which likely represents all-trans
retinol and retinal leakage from the outer to the inner
segment, as previously seen in mouse rods.6 Such leakage
underscores the important protective role for inner segment
retinol dehydrogenases, such as RDH12, which would clear
all-trans retinal flowing in from the outer segment. RDH12
mutations have been associated with Leber congenital amau-
rosis, a degeneration of the retina.33,34 Unfortunately, we
were not able to determine the Fex-340/Fex-380 ratios for
this inner segment fluorescence signal, as its intensity was
not sufficient.

In human rod photoreceptors that contained sufficient
amounts of rhodopsin to allow measurements without
regeneration with 11-cis retinal, all-trans retinol formed with
a rate constant f1 of 0.25 to 0.53 min–1 (Fig. 2B, Table); simi-
lar rate constants, 0.24 to 0.55 min–1, were obtained from rod
cells regenerated with 11-cis retinal (Fig. 3B, Table). Because
of the variable amounts of rhodopsin present in different cell
preparations, we considered the possibility that the faster
kinetics of all-trans retinol formation were associated with
cells that contained smaller amounts of rhodopsin, thus
requiring less NADPH. The level of rhodopsin present can
be estimated from the value of the parameter A in Equation 2
(listed in the Table), or, alternatively, from the peak value of
the outer segment fluorescence after bleaching (shown in
Supplementary Fig. S2). Overall, there did not appear to be
a major impact of the level of rhodopsin on the rate constant
f1 for all-trans retinol formation, including for cells from
the same donor (Table). In addition, the kinetics of all-trans
retinol formation in M. fascicularis rods, isolated from reti-
nas with ∼75% of rhodopsin unbleached, were very similar
(Fig. 4B), with a rate constant f1 of 0.38 min–1, well within
the range measured from human rods. This good agreement
also suggests that any effects of the long period of retinal
ischemia on human rod photoreceptor function had a mini-
mal impact on the kinetics of all-trans retinol formation.
Thus, the measured kinetics of all-trans retinol formation in
human rods are unlikely to be significantly affected by either
rhodopsin levels or the prolonged period of retinal ischemia
prior to cell isolation. It was not possible to rigorously exam-
ine a possible dependence of all-trans retinol formation on
donor age. Almost all of the data are from photoreceptor
cells obtained from donors older than 78 years. Neverthe-
less, measurements from a single younger donor (21 years)
are consistent with the rest.

In the human eye, after the bleaching of rhodopsin during
the process of light detection, the recovery of light sensi-
tivity is determined by the regeneration of rhodopsin from
opsin and 11-cis retinal.3 Because all-trans retinol is formed
from the all-trans retinal released by the light-activated
rhodopsin, its appearance reflects the availability of opsin
for regeneration with fresh 11-cis retinal. Therefore, follow-
ing the bleaching of rhodopsin, the rate constant for opsin
availability will be at least f1, corresponding to a half-time of
less than ln2/f1 ≈ 1.3 to 2.8 minutes. This is sufficiently fast
to allow the regeneration of rhodopsin and the recovery of
light sensitivity to proceed with a half-time of ∼6 minutes
(Ref. 3, figs. 9 and 10); it also reflects the rapid completion
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of the first of the series of reactions that recycle the retinyl
chromophore and reform 11-cis retinal.

The rate constant f1 of 0.25 to 0.53 min–1 of all-trans
retinol formation in isolated human rods is several times
faster than that measured in isolated wild-type mouse rods,
0.06 min–1.20 The difference in all-trans retinol formation
kinetics does not appear to be due to differences in NADPH
availability, given the similar extent, 80% to 90%, of all-trans
retinal to all-trans retinol conversion in both human and
mouse rods. Thus, it is likely that the difference in kinet-
ics reflects a faster release of all-trans retinal from light-
activated human rhodopsin compared to mouse. The slower
kinetics of all-trans retinol formation in mouse rods are in
line with the slower regeneration of rhodopsin in mouse
eyes, which proceeds with a half-time of ∼20 minutes (Ref. 3,
fig. 22).

The presence of IRBP in the extracellular space greatly
facilitated the removal of all-trans retinol from human
rod outer segments in a concentration-dependent manner
(Fig. 5), as has been shown previously with photoreceptor
cells from other species.24–26,35 Although the experiments
utilized IRBP purified from bovine retinas, we do not expect
the heterologous origin to have a major effect on the results,
as the bovine protein is 84% identical to the human.36 For
the experiments, one of the IRBP concentrations, 13 μM,
was chosen because it is reported to be the concentra-
tion in human subretinal space.37 The other concentration,
3 μM, was chosen to provide an additional comparison with
results from experiments with mouse rod cells and is the
concentration reported in rat subretinal space.37 The rate
constants for the removal of all-trans retinol from human
rods by 3-μM and 13-μM IRBP (0.08 min–1 and 0.22 min–1,
respectively) are slightly higher than the ones that would be
expected for the removal from mouse rods (Ref. 26, fig. 3).
This points to possible differences in the removal process in
the two species. One possible difference may be in the puta-
tive receptor that mediates the removal by IRBP,25 and yet
another may be in the known structural differences between
human and mouse rod outer segments, such as the number
and depth of incisures.38,39 It is important to note that the
rate constant of 0.22 min–1 for the removal of all-trans retinol
by 13-μM IRBP, the reported physiological concentration,
is in good agreement with the time constant of 50 to 300
seconds for the removal estimated from in vivo measure-
ments in Macaca mulatta retinas.40

The human retina contains three types of cone photore-
ceptor cells, which are sensitive to long (L), middle (M), and
short (S) wavelengths (also known as red-, green- and blue-
sensitive cones, respectively).1 S-cones comprise about 10%
of the total cone population and are absent from the center
of the fovea; there are about two to four times as many L-
cones as M-cones.1 So, although we were not able to discrim-
inate among the different types of cone cells, we expect L
and M to be the types with which our experiments were
carried out. Because L and M visual pigments are highly
homologous, we also expect the kinetics of all-trans reti-
nal release from light-activated visual pigment to be similar,
and therefore the kinetics of all-trans retinol formation, as
well. We made no attempt to classify the cone cells accord-
ing to their morphology, which varies considerably across
the retina (Ref. 41, p. 206, based on Ref. 42). In human cone
cells, all-trans retinol formed with a rate constant f1 of ∼1.8
min–1 (Fig. 6B), smaller than the rate constant of 4.0 min–1

measured in M. fascicularis cones (Fig. 7B) but within the
range of variability in rate constants that would be expected

from the results with rods. These f1 values are comparable
to those measured for the red- and blue-sensitive cones from
the larval tiger salamander retina (2.6 and 1.4 min–1, respec-
tively) (Ref. 24, table I). These kinetics of all-trans retinol
formation indicate that, following light detection, cone opsin
becomes available for regeneration with a half-time of less
than ln2/f1 ≈ 0.4 minutes, which is sufficiently fast to allow
the regeneration of cone visual pigment and the recovery
of light sensitivity to proceed with a half-time of ∼1 minute
(Ref. 3, fig. 11).

In summary, we have determined the kinetics of the first
steps of the reactions responsible for the regeneration of the
visual pigments of the human rod and cone photoreceptors
after exposure to light. As we hypothesized, these kinetics
are much faster than those in mouse rod photoreceptors and
can support the overall kinetics of visual pigment regenera-
tion. The swift completion of these initial steps is essential
for diurnal vision. First, it allows for the rapid recovery of
sensitivity to light supporting the continuous vision neces-
sary for daily activities. Second, it accomplishes the rapid
removal of the large amounts of all-trans retinal, a reactive
and cytotoxic aldehyde, released by the light-activated visual
pigments. The importance of the speed of these reactions is
highlighted by the severe diseases of vision associated with
their impairment, as well as by the difficulties experienced
when the recovery of light sensitivity is slower than normal.
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