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Summary

One of the fundamental mysteries of the human visual

system is the continuous function of cone photoreceptors
in bright daylight. As visual pigment is destroyed, or

bleached, by light [1], cones require its rapid regeneration,
which in turn involves rapid recycling of the pigment’s chro-

mophore. The canonical visual cycle for rod and cone
pigments involves recycling of their chromophore from all-

trans retinol to 11-cis retinal in the pigment epithelium, adja-
cent to photoreceptors [2]. However, shortcomings of this

pathway indicate the function of a second, cone-specific,
mechanism for chromophore recycling [3]. Indeed, biochem-

ical [3–7] and physiological [8] studies on lower species
have described a cone-specific visual cycle in addition to

the long-known pigment epithelium pathway. Two important
questions remain, however: what is the role of this pathway

in the function of mammalian cones, and is it present in
higher mammals, including humans? Here, we show that

mouse, primate, and human neural retinas promote pigment
regeneration and dark adaptation selectively in cones, but

not in rods. This pathway supports rapid dark adaptation

of mammalian cones and extends their dynamic range in
background light independently of the pigment epithelium.

This pigment-regeneration mechanism is essential for our
daytime vision and appears to be evolutionarily conserved.

Results

Cone Dark Adaptation in the Isolated Mouse Retina

We measured flash sensitivity of single photoreceptors before
and after exposure to bright light to determine whether the
mouse retina, isolated from the pigment epithelium, is able
to promote cone pigment regeneration and dark adaptation.
We used a suction electrode to record membrane current
from individual mouse rods and cones in retina removed
from the pigment epithelium. Rod recordings were done
from wild-type (WT; C57BL/6) mice, and cone recordings
were done from rod transducin a-subunit knockout (Tra2/2)
mice, as described previously [9].

We compared the dark current and sensitivity of photore-
ceptors before (dark adapted) and after 40 s of exposure to
bright light followed by recovery in darkness (bleached, DA).
With subsequent 4 hr dark incubation, exposure of rods in
isolated retina to bleaching light produced a significant
decrease in dark current, from 15 pA to 5 pA, and a 155-fold
decrease in their flash sensitivity, from 3.1 6 0.5 3 1021 (n = 6)
pA photon21 mm2 for dark-adapted cells to 2.0 6 0.2 3 1023

(n = 6) pA photon21 mm2 after bleach (Figure 1A). In contrast,
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identical bleach followed by 2 hr dark incubation of cones in
Tra2/2 retinas had no effect on the dark current, and the sensi-
tivity recovered to 50% of its dark-adapted value, from 1.57 6
0.35 3 1024 (n = 5) pA photon21 mm2 to 0.78 6 0.25 3 1024

(n = 5) pA photon21 mm2 (Figure 1B). Cone recovery after
a bleach took place in the absence of pigment epithelium, indi-
cating that substantial cone pigment regeneration occurred
within the mouse retina. Rod pigment regeneration under the
same conditions was insignificant even after longer dark incu-
bation. These results are consistent with our recent findings
from wild-type mice via whole-retina electroretinogram (ERG)
recordings [8] (see also Figures 1C and 1D). Notably, cone
ERG recovery could be observed after subsequent second
and third exposures to the bleaching light (Figure 1D). Consid-
ering the low level of free 11-cis retinal in the mouse retina (A.L.
Lyubarsky and E.N. Pugh, Jr., 2007, Invest. Ophthalmol. Vis.
Sci., abstract, p. 3246), this result indicates that cone pigment
regeneration in the isolated retina was driven by recycling
chromophore released from bleached visual pigment rather
than by a store of retinoid. A simple explanation for the incom-
plete cone pigment regeneration would be that the retina was
damaged during dissection, or that chromophore released
from bleached cones was lost to the perfusion solution,
thereby reducing the chromophore available for regeneration.

Role of Müller Glia in the Retina Visual Cycle
Biochemical studies in cone-dominant retinas [3, 5], as well as
recordings from salamander retina [8], suggest that retinal
Müller glia might be part of the retina visual cycle. To investi-
gate the role of Müller cells in mammalian cone pigment regen-
eration, we first perturbed the physical contact between a
cone and the rest of retina, including Müller cells. We achieved
that by drawing the inner segment of a cone from a piece of
retina into a suction electrode. We found that cone dark adap-
tation was blocked and could not be observed in this configu-
ration (Figure 1B, right).

Next, we selectively disrupted the function of Müller cells by
preincubating the retina for 2.5 hr with the glial cell metabolic
inhibitor a-aminoadipic acid (L-a-AAA), a well-known selective
gliotoxin [10], prior to recordings. Such treatment provides an
effective block of the retina visual cycle in salamander retina
[8]. L-a-AAA preincubation resulted in weaker immunostaining
of glial processes for Müller cell-specific glutamine synthetase
(GS) and loss of Müller cell nuclei (Figure 2A). The gliotoxin did
not affect the function of dark-adapted cones (Figure 2B, left)
but dramatically inhibited the recovery of cone response
amplitude in the isolated retina after a bleach (Figure 2B,
center). Cone sensitivity also declined, from 1.75 6 0.38 3
1024 (n = 4) pA photon21 mm2 in dark-adapted cells to 5.12 6
1.41 3 1026 (n = 4) pA photon21 mm2 after the bleach. Thus,
blocking Müller cell function, either physically or pharmaco-
logically, inhibited the mouse retina visual cycle and blocked
pigment regeneration and dark adaptation in cones.

Application of exogenous 11-cis retinol reversed the cone
desensitization in the bleached gliotoxin-treated mouse retina
and promoted recovery of cone sensitivity to dark-adapted
levels, 1.52 6 0.04 3 1024 (n = 5) pA photon21 mm2 (Figure 2B,
right; see also Figure 2C). This result indicates that the

mailto:kefalov@wustl.edu


Current Biology Vol 19 No 19
1666
Figure 1. Effect of Bleach on Rod and Cone

Single-Cell Responses in Isolated Mouse Retina

Single-cell suction recordings of flash intensity-

response families from rods of wild-type mice

(A) and cones of Tra2/2 mice (B). Top panels

show test flash responses from individual cells

recorded in dark-adapted state (left) or after

a 40 s, 500 nm light bleach and 4 hr (rod) or 2 hr

(cone) dark recovery period (right). Right-most

panel in (B) shows responses from a cone that

was bleached and held in the recording electrode

during the dark recovery period. Here and in all

subsequent figures, photoresponses were

generated by 20-ms test flashes delivered at

time 0 and of intensity increasing in 0.5 log unit

steps. Red traces represent photoresponses to

291 photons mm22 for rods (A) and to 75,814

photons mm22 for cones (B). Bottom panels

show the corresponding intensity-response rela-

tions for these cells, fit with Michaelis-Menten

function R/Rmax = I/(I+IO), where R/Rmax is the

normalized response amplitude, I is the flash

intensity, and IO is the intensity required to

produce half-saturating response. The desensiti-

zation produced by the bleach was persistent in

rods but largely reversed in cones from isolated

retina in the absence of pigment epithelium.

(C) Rod ERG responses from isolated wild-type

mouse retina in darkness (left) and after a

bleach and 2 hr dark recovery period (right).

Red traces represent photoresponses to 1,977

photons mm22. The wavelength of all test flashes

was 500 nm.

(D) Cone ERG responses from Tra2/2 retina in

dark-adapted state (left) and after each of three

subsequent bleaches, followed by dark recovery

period (right three panels). The substantial desen-

sitization induced by the bleach was persistent in

rods but was largely reversed in cones.

The wavelength of all test flashes was 500 nm.
gliotoxin did not affect the ability of cones to oxidize 11-cis
retinol or to regenerate their pigment but rather blocked the
supply of recycled chromophore, most likely 11-cis retinol,
from Müller cells to cones. In contrast, 11-cis retinol was not
able to promote rod pigment regeneration and had no effect
on the sensitivity of bleached rods (data not shown).

Role of the Retina Visual Cycle in Cone Dark

and Background Adaptation
To study the recovery of cone sensitivity in real time and
determine the kinetics of chromophore recycling by the
cone-specific retina visual cycle, we recorded rod and cone
ERG photoresponses from isolated mouse retina. The Tra2/2

retina restored cone sensitivity to half of its dark-adapted level
within 5 min after a bleach (Figure 3A). Consistent with our
single-cell results, this recovery was inhibited when the func-
tion of Müller cells was blocked by L-a-AAA (Figure 3A).
Thus, the Müller cell-mediated retina visual cycle was rapid
and could promote the dark adaptation of mouse cones at
a rate identical to the one measured in vivo [11].

To establish whether the rapid cone pigment regeneration
by the retina visual cycle affects the dynamic range of cones
in background light, we compared light adaptation of cones
in isolated retina with and without functional retina visual
cycle. Blocking the retina visual cycle with L-a-AAA resulted
in a substantial shift to the left in the cone background adapta-
tion curve (Figure 3B). The background light required to reduce
sensitivity to half of its dark-adapted level decreased by
9.2 fold, from 25,165 photons mm22 s21 (n = 7) in control retina
to 2,747 photons mm22 s21 (n = 8) in L-a-AAA-treated retina.
Applying exogenous 11-cis retinal reversed the effect of L-a-
AAA on background adaptation in low-intensity backgrounds
(Figure 3B). The efficiency of 11-cis retinal in rescuing back-
ground adaptation declined with increasing light intensity,
most likely because the limited supply of exogenous chromo-
phore could not keep up with the high rate of pigment bleach-
ing in brighter backgrounds. These results indicate that, in
background light conditions, the retina visual cycle provides
chromophore for cones to broaden their functional range.

Functional Retina Visual Cycle in the Primate
and Human Retina

To investigate whether a visual cycle is present in the primate
and human retinas, we studied their cones by using whole-
retina ERG recordings. Because primate eye enucleation was
performed in bright light, both rods and cones were initially
bleached. After 3 hr dark incubation of primate retina attached
to the pigment epithelium in eyecup, we observed prominent
rod (slow, high sensitivity) and cone (fast, low sensitivity)
components in the ERG response (Figure 4A, left) consistent
with a dark adaptation of both rods and cones. However, after
this retina was isolated from the eyecup, bleached, and then
incubated in darkness for 3 hr, the rod component was abol-
ished, whereas the cone component recovered essentially
completely (Figure 4A, right). Similarly, a light-adapted primate
retina removed from the eyecup immediately after enucleation
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and incubated for 1 hr in darkness exhibited a robust cone
response but no rod response (Figure 4B). After a subsequent
bleach and 1 hr dark incubation, the cone response amplitude
recovered essentially completely and cone sensitivity recov-
ered to 30% (n = 8) of the pre-bleach level (Figure 4B).

Finally, we performed recordings from freshly harvested
human retina. Because enucleation and retina removal were
performed in bright light, both rods and cones were initially
bleached. After incubation in darkness for 3 hr, we observed
robust cone responses but no rod responses (Figure 4C,
left). The ability of the isolated human retina to promote cone

Figure 2. Effect of the Müller Cell Inhibitor L-a-AAA on the Recovery of

Mouse Cone Sensitivity after a Bleach

(A) Comparison of the morphology of control retina (left) and retina incu-

bated in 10 mM L-a-AAA gliotoxin for 2.5 hr (right). Missing Müller cell nuclei

in right panel are indicated by arrowheads.

(B) Cone suction recordings from isolated Tra2/2 retina pretreated with

10 mM L-a-AAA in darkness for 2.5 hr and then transferred to control solu-

tion prior to recordings. Cone test-flash responses from retina in dark-adap-

ted state (left), bleached and incubated in darkness for 2 hr (middle), and

bleached and incubated in darkness for 2 hr in the presence of 11-cis retinol

(11cROL, right). Red traces represent photoresponses to 75,814 photons

mm22. The wavelength of all test flashes was 500 nm.

(C) Intensity-response relations of the cells from (B) fitted with Michaelis-

Menten function. The recovery of sensitivity and amplitude of cones from

isolated retina were blocked by the gliotoxin but brought back by the addi-

tion of 11-cis retinol.
dark adaptation was further demonstrated by the recovery of
cone sensitivity after a 40 s bleach and 1 hr dark incubation
(Figure 4C, right). Similarly to the case of mouse, inhibiting
the function of Müller cells with gliotoxin in isolated human
retina blocked the recovery of cone sensitivity (Figure 4D).
Subsequent treatment with exogenous 11-cis retinol reversed
the effect of the bleach and promoted cone-specific dark
adaptation (Figure 4D). In contrast, exogenous 11-cis retinal
induced dark adaptation and response recovery in both rods
and cones of gliotoxin-treated bleached human retina (data
not shown). Together, these results demonstrate that, similar
to salamander and mouse, the primate and human retinas
promote cone-selective pigment regeneration and dark adap-
tation independently of the pigment epithelium.

Discussion

Our results establish the function of a mechanism by which
the mammalian neural retina recycles chromophore and
enables pigment regeneration independently of the pigment

Figure 3. Effect of the Retina Visual Cycle on Mouse Cone Dark and Light

Adaptation

(A) Recovery of cone sensitivity after a bleach at time 0 from ERG recordings

of isolated Tra2/2 retina in control solution (black, n = 5) and Tra2/2 retina

pretreated for 2.5 hr with 10 mM L-a-AAA (red, n = 5). The isolated Tra2/2

retina promoted rapid cone dark adaptation at body temperature that could

be inhibited by the gliotoxin L-a-AAA. Data are fitted by single exponential

functions.

(B) Cone desensitization in background light from ERG recordings of

isolated Tra2/2 retina. Data are fitted with the Weber-Fechner relation

S/SDA = (1 + IB/IO)21, where S is the light-adapted sensitivity, SDA is the

dark-adapted sensitivity, IB is the intensity of the background, and IO is

the background that reduced sensitivity to half of SDA. IO was 25,165

photons mm22 s21 for cones in control retinas (n = 7) and was reduced to

2,747 photons mm22 s21 in L-a-AAA treated retinas (n = 8). Exogenous

11-cis retinal reversed the effect of gliotoxin, with IO = 20,749 photons

mm22 s21 (n = 7). All sensitivity measurements were normalized to the corre-

sponding dark-adapted value. Error bars give SEM.
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Figure 4. Effect of Bleach on Cone ERG

Responses in Isolated Primate and Human

Retinas

(A) Primate rod (slow, high sensitivity) and cone

(fast, low sensitivity) ERG responses from retina

dark adapted in eyecup after enucleation in

bright light (left). After a subsequent bleach of

the isolated retina, the rod component was abol-

ished, whereas the cone component recovered

substantially (right).

(B) Cone ERG responses from primate retina,

dark adapted in the absence of pigment epithe-

lium after enucleation in bright light (left) and after

subsequent bleach and 1 hr dark incubation

(right). Primate cone response amplitude and

sensitivity recovered substantially after the

bleach.

(C) Cone ERG responses from human retina, dark

adapted in the absence of pigment epithelium

after enucleation in bright light (left) and after

subsequent bleach and 1 hr dark incubation

(right). Human cone response amplitude and

sensitivity recovered substantially after the

bleach.

(D) Cone ERG recordings from human retina pre-

treated with 10 mM L-a-AAA in darkness for 2.5 hr

and then transferred to control solution prior to recordings. Cone test-flash responses from retina in dark-adapted state (left) and bleached and dark-adap-

ted for 1 hr in control solution (middle) or in the presence of 11-cis retinol (11cROL, right). The gliotoxin blocked recovery of sensitivity and amplitude of

human cones from isolated retina, but exogenous 11-cis retinol reversed that effect. Red traces represent photoresponses to 18,560 photons mm22

(A–C) and to 663,500 photons mm22 (D). The wavelength of all test flashes was 560 nm.
epithelium. This visual cycle promotes the rapid pigment
regeneration and dark adaptation selectively in cones, but
not in rods. The recycling of chromophore released from
bleached cone pigment involves the retinal Müller glia, where
all-trans retinol is converted most likely to 11-cis retinol. We
demonstrate the robust function of this pathway in the retinas
of mice, primates, and humans. Together with our previous
salamander results [8] and recent biochemical studies from
zebrafish [12], chicken [6], and ground squirrel [3], our findings
indicate that the retina visual cycle is evolutionally conserved.
The presence of a retina visual cycle in a wide range of species,
from amphibian to human, also points to its critical role in cone
photoreceptor function.

Functional Role of the Mammalian Retina Visual Cycle
The neural retina visual cycle plays an important role for
mammalian daytime vision. We find that, after an essentially
complete bleach, the mammalian retina promotes cone dark
adaptation at rates comparable to the rates of recovery of
cone sensitivity in vivo [11, 13]. Thus, the neural retina visual
cycle helps explain the substantially faster pigment regenera-
tion and dark adaptation of mammalian cones, compared with
rods. In addition, we show that this rapid pigment regeneration
enables mammalian cones to maintain sufficient pigment
levels to function in steady bright light that bleaches their
pigment at a high rate. In that way the retina visual cycle
extends the functional range of cones. Because the canonical
pathway for recycling chromophore through the pigment
epithelium is too slow to keep up with the high rate of pigment
bleaching in steady bright light [3], the neural retina visual
cycle should be critical for maintaining adequate levels of
pigment and the continuous function of cones during the
day. Together, our results demonstrate that the mammalian
retina visual cycle is essential for maintaining our daytime
vision, mediated by the cones, in bright and rapidly changing
light conditions during the day.
Cone Specificity of the Retina Visual Cycle

We find that the presumptive product of the retina visual cycle,
11-cis retinol, promotes pigment regeneration and dark adap-
tation only in mammalian cones but not in rods. The exclusive
ability of mammalian cones to utilize 11-cis retinol for pigment
regeneration grants the cone-selectivity of the retina visual
cycle. The enzyme responsible for converting 11-cis retinol
to 11-cis retinal in cones remains unknown. Previous biochem-
ical studies from mouse retina have failed to detect enzymatic
activities consistent with a retina visual cycle [3] most likely
because of the small number of cones (3%) in the mouse
retina. In addition, two studies of all-cone Nrl2/2 mice lacking
RPE65, a key component of the pigment epithelium visual
cycle, also could not find evidence for chromophore recycling
in the mouse retina, further raising doubts about the function of
a cone-specific visual cycle in mammals with rod-dominant
retinas [14, 15]. However, our results clearly demonstrate the
presence of a visual cycle in mouse, primate, and human
retinas indicating the function of an 11-cis retinol dehydroge-
nase in their cones.

Human Retina Visual Cycle and Cone Disorders

The characterization of a cone-specific visual cycle in the
human retina calls attention to its possible clinical implication
for cone visual disorders. Deficits in the canonical visual cycle
have been implicated in multiple visual disorders, and the
mechanisms by which chromophore deficiency affects rod
function have been well characterized [16]. However, under-
standing of the mechanisms by which such disorders affect
cones is lagging behind. Our characterization of a human
cone-specific visual cycle indicates that cones might be
affected differently from rods in disorders of the pigment
epithelium visual cycle. One example of such disorder is Leber
congenital amaurosis (LCA) associated with chromophore
deficiency due to mutations in RPE65. Notably, in patients
with LCA, cone sensitivity is less severely affected than rod
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sensitivity [17], indicating a possible role for the retina visual
cycle in maintaining higher chromophore level in cones,
compared with rods. In addition, possible deficiencies in the
retina visual cycle are likely to selectively disturb the function
of cones. Finally, it would be important to consider how the
function of the retina visual cycle is affected with age and
whether gradual deterioration of that pathway is linked to
age-related cone disorders, most notably age-related macular
degeneration.

Experimental Procedures

Mice were dark-adapted overnight and euthanized by CO2 asphyxiation,

and the eyes were enucleated under dim red light. Under infrared light,

the eyeballs were hemisected, and the retinas were removed and placed

in L-15 medium saturated with pure oxygen. To block the function of Müller

cells, prior to isolating the retina, we incubated the eyecup with 10 mM L-a-

AAA dissolved in L-15 medium (pH 7.4) for 2.5 hr in oxygen-saturated

chamber at room temperature. Single-cell suction recordings for rods and

cones were done as described previously [9, 18]. Rod and cone electroreti-

nogram (ERG) photoresponses from isolated mouse retina were done as

described previously [8, 19, 20]. By pharmacologically blocking synaptic

transmission (see the Supplemental Experimental Procedures available

online), we recorded the photoreceptor component (a-wave) of isolated

retina ERG responses. Test flashes at 500 nm were delivered from an optical

bench via a set of calibrated neutral-density filters. The signals were ampli-

fied, low-pass filtered at 30 Hz (8-pole Bessel), and digitized at 100 Hz for

further analysis. Flash sensitivity was calculated from the linear region of

the intensity-response curve as the ratio of response amplitude and flash

intensity.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures and can

be found with this article online at http://www.cell.com/current-biology/

supplemental/S0960-9822(09)01480-8.
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