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A
mong the most surprising find-
ings in visual science of the last
decade has been that photore-
ception in the mammalian retina

is not restricted to the rods and cones, but
extends to a small number of cells in the
inner retina. These new photoreceptors,
which comprise a small subset of retinal
ganglion cells (1), are capable of driving
a number of ‘‘non-image-forming’’ light
responses including circadian photoen-
trainment and the regulation of pupil size
even in the absence of functional rods and
cones (2, 3). The so-called intrinsically
photosensitive retinal ganglion cells
(ipRGCs) absorb light through an opsin�
retinaldehyde-based photopigment called
melanopsin (4–8). Although the details of
melanopsin’s photochemistry in mammals
remain only partially defined, the evidence
to date supports the hypothesis that, just
like other opsin photopigments, the criti-
cal first event in melanopsin activation is
photoisomerization of the retinaldehyde
chromophore from a cis to an all-trans
conformation (6–8). An important impli-
cation of such a mechanism is that to at-
tain photosensitivity melanopsin requires
a steady supply of cis-retinaldehyde. The
primary source of chromophore in the
vertebrate eye is a multistep enzymatic
pathway, known as the retinoid or visual
cycle, by which 11-cis retinaldehyde is re-
generated from bleached all-trans originat-
ing in photoreceptor outer segments (Fig.
1A). Critical elements of this pathway oc-
cur in the retinal pigment epithelium
(RPE). As melanopsin is found in the
more superficial layers of the retina, dis-
tant from the RPE, it would seem poorly
placed to obtain cis-retinaldehyde from
this source. This raises the question of
how melanopsin recovers from bleach.
An attractive hypothesis is that it uses an
independent, more local, source of cis-
retinaldehdye rather than relying on the
RPE-based visual cycle. Two articles in
this issue of PNAS (9, 10) test this hy-
pothesis and provide the most compelling
evidence to date that melanopsin does
indeed use its own separate regeneration
mechanism in vivo.

Doyle et al. (9) and Tu et al. (10) set
out to test whether the activity of
ipRGCs is altered by lesions of the
classical visual cycle. To this end, they
assessed non-image-forming light re-
sponses (photoentrainment and the
pupillary light reflex) and, in the case

of Tu et al., ipRGC activity directly, in
mice lacking Rpe65 or lecithin-retinol acyl
transferase (Lrat), critical components of
the visual cycle (Fig. 1A and ref. 11).
Rpe65�/� and Lrat�/� mice experience
substantial deficits in chromophore avail-
ability and a consequent near-total col-
lapse of rod�cone activity (12, 13). At first
blush these animals seem to disprove the
hypothesis that ipRGCs are independent
of the visual cycle. Pupillary responses
(13, 14) and circadian photoentrainment
(9) both are impaired beyond the level
predicted by rod�cone loss, and direct
recording of ipRGCs confirms that a de-
crease in their photosensitivity underlies
these effects (14). How then to explain
these surprising findings? Does melanop-
sin in fact use the visual cycle? The most
important contribution of these two arti-
cles (9, 10) is to reveal that the decrease
in ipRGC activity in these animals is in
fact secondary to the profound effects of
visual-cycle impairment on the activity of
outer retinal photoreceptors.

The researchers reach this conclusion
from experiments in which they introduce
visual-cycle deficiency to mice either ho-
mozygous for the rd mutation or bearing
the rdta transgene. Both rd�rd and rdta
mice are established models of outer reti-
nal degeneration. rd is a null mutation of

the gene encoding the �-subunit of the
rod-specific phosphodiesterase, which
abolishes rod phototransduction and in-
duces a gradual degeneration of rod cells
(15). The rdta transgene also induces rod
degeneration, but in this case, through
targeted expression of diphtheria toxin
(16). Both models experience substantial
secondary effects on cone viability, but,
importantly, ipRGCs seem to be largely
unaffected. Surprisingly, despite reducing
the theoretical photoreceptive capacity
compared with Rpe65�/� or Lrat�/� ani-
mals, Rpe65�/�;rdta and Lrat�/�;rd�rd
mice show a paradoxical increase in pho-
tosensitivity. This observation reveals that
the reduced ipRGC activity of animals
lacking visual cycle is largely attributable
to an inhibitory influence of the inactive
outer retina and suggests that ipRGCs are
in fact resistant to the loss of Rpe65 or
Lrat. Importantly, Tu et al. (10) continue
to confirm this by using all-trans-retinyl-
amine to block the visual cycle acutely.
ipRGC activity is not impaired by this
treatment. Together, these data (9, 10)
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Fig. 1. Chromophore regeneration in vertebrate and invertebrate photoreceptors. (A) Simplified version
of the vertebrate visual cycle by which 11-cis retinaldehyde (Ra) is regenerated after bleach. The enzymes
Lrat and Rpe65 (in white) are critical components of this pathway, which reside in the RPE. (B) In
invertebrate rhabdomeric photoreceptors, opsin protein binds both cis- and trans-retinaldehyde, allow-
ing photoregeneration of bleached photopigment. Rol, retinol. Opsin protein is represented in cartoon
form by seven transmembrane �-helices.
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provide the most comprehensive in vivo
evidence yet that melanopsin acts largely
independently of the visual cycle.

If the most important implication of
these articles relates to the visual cycle, it
is worth digressing to ask why an intact
outer retina should render ipRGCs partic-
ularly sensitive to the effects of visual-
cycle lesions. Sadly, there is no simple
answer to this question. The most parsi-
monious explanation is that although
melanopsin does not directly rely on the
visual cycle, the intact rods�cones of
Rpe65�/� and Lrat�/� mice impair retinal-
dehyde availability for ipRGCs. Perhaps
the large pool of chromophore-hungry
rod and cone opsin alters retinoid balance
in the retina to the detriment of melanop-
sin. In support of this possibility, previous
work suggests that exogenous retinalde-
hyde can reverse the effects of Rpe65 loss
on non-image-forming responses even if
any effects of this treatment on rod�cone
activity are excluded (14).

However, simple chromophore deple-
tion need not account for all of the effects
of visual-cycle loss on ipRGCs, and the
authors of refs. 9 and 10 raise two other
potential consequences. The first is that
the inactive outer retina may provide a
physiological inhibition of ipRGC activity
in Rpe65�/� and Lrat�/� mice. The issue
of rod�cone input to ipRGCs is currently
one of great interest. There is anatomical
evidence for a convergence of rod�cone
pathways onto ipRGCs in the rodent ret-
ina (17) and, in the primate, ipRGCs re-
ceive a physiological ‘‘on’’ signal from
rods and L�M cones, but an ‘‘off’’ signal
from S cones (18). The precise nature of
rod�cone input to mouse ipRGCs remains
unknown, although an excitatory input is
suggested by the observation that classi-
cal photoreceptors can drive non-image-
forming light responses in the absence of
melanopsin (19, 20). It may be that the
influence of the largely inactive photo-
receptors of Rpe65�/� and Lrat�/� mice is
primarily inhibitory. However, previous
work showing that ipRGC activity sur-

vives unimpaired in mice lacking rod�
cone phototransduction (Cnga3�/�

Gnat1�/�) but that additional loss of
Rpe65 does impair ipRGC function would
argue against this explanation for the
Rpe65�/� phenotype (14).

The final possibility proposed is that
the inactive outer retina of Rpe65�/� and
Lrat�/� mice may impair the development
and�or viability of ipRGCs. Doyle et al.
(9) provide some intriguing evidence in
support of this possibility. They show that
the number of cells immunoreactive for
melanopsin is reduced in Rpe65�/� mice
compared with either WT or Rpe65�/�;rdta
animals. There is also a suggestion of re-
organization of the remaining cells, with
melanopsin staining particularly reduced
in the outer inner plexiform layer. Inter-
estingly, alterations in melanopsin expres-
sion have also been reported after some
other types of retinal dystrophy (21, 22),
suggesting that the outer retina may in-
deed play a role in the development and
maintenance of ipRGCs.

Elucidating rod�cone input to ipRGCs
and identifying the factors regulating
melanopsin expression and ipRGC devel-
opment are important areas for future
research. However, undoubtedly the most
important implication of these articles (9,
10) relates to the nature of melanopsin’s
local chromophore supply. If melanopsin
does not use the visual cycle to obtain
cis-retinaldehyde, what does it use? The
most elegant potential solution comes
from the world of invertebrate vision. The
rhabdomeric photoreceptors of inverte-
brates also use opsin�retinaldehyde-based
photopigments. However, a critical differ-
ence in their photochemistry is that rather
than releasing bleached all-trans retinalde-
hyde for recycling elsewhere, these opsins
retain it and, through absorption of a fur-
ther photon, regenerate 11-cis (Fig. 1B).
These so-called bistable pigments there-
fore have an intrinsic regeneration mecha-
nism and are resistant to bleach.

Support for the theory that melanopsin
functions as such a bistable pigment

comes from heterologous expression stud-
ies. In the most comprehensive analysis of
this subject to date, Koyanagi et al. (23)
showed that melanopsin from the proto-
chordate Amphioxus could be regenerated
with 11-cis retinaldehyde and subsequently
bleached to form a stable, light-sensitive
product. By using appropriate wave-
lengths, they were able to drive photoint-
erconversion between these two states,
supporting the hypothesis that they repre-
sent melanopsin binding retinaldehyde in
all-trans and 11-cis conformations. We
await a comparable data set for mamma-
lian melanopsin. Nonetheless, the
evidence available to date supports the
conclusion that mammalian melanopsin
also is a bistable pigment because, under
heterologous expression, both human and
mouse melanopsins can drive G protein
signaling cascades in a light-dependent
manner when provided with either cis- or
all-trans isoforms of retinaldehyde (6, 7).

The hypothesis that mammalian melan-
opsins are bistable awaits direct demon-
stration, and, even if proved, would not
preclude the possibility that ipRGCs use
additional, supplementary regeneration
mechanisms. The mammalian retina has
two putative photoisomerases, retinal G
protein-coupled receptor (RGR) and
peropsin, thought to have the ability to
regenerate 11-cis from all-trans retinalde-
hyde in a light-dependent manner (24,
25). Both photoisomerases are found in
the RPE, whereas RGR is also localized
to the Müller cells that span the retina. In
theory, either or both photoisomerases
could form the basis of a visual cycle-
independent regeneration of melanopsin.
There is also evidence of a regeneration
cycle based in Müller cells used by cones
(25), which melanopsin could also co-opt.
Consequently, although the clever money
is going on the possibility that melanopsin
acts as its own photoisomerase, it may
be some time before we can approach
a full understanding of the regenera-
tion pathways supporting inner retinal
photoreception.
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