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Mice lacking the visual cycle enzymes RPE65 or lecithin-retinol acyl
transferase (Lrat) have pupillary light responses (PLR) that are less
sensitive than those of mice with outer retinal degeneration (rd�rd
or rdta). Inner retinal photoresponses are mediated by melanopsin-
expressing, intrinsically photosensitive retinal ganglion cells
(ipRGCs), suggesting that the melanopsin-dependent photocycle
utilizes RPE65 and Lrat. To test this hypothesis, we generated
rpe65�/�; rdta and lrat�/�; rd�rd mutant mice. Unexpectedly, both
rpe65�/�; rdta and lrat�/�; rd�rd mice demonstrate paradoxically
increased PLR photosensitivity compared with mice mutant in
visual cycle enzymes alone. Acute pharmacologic inhibition of the
visual cycle of melanopsin-deficient mice with all-trans-reti-
nylamine results in a near-total loss of PLR sensitivity, whereas
treatment of rd�rd mice has no effect, demonstrating that the inner
retina does not require the visual cycle. Treatment of rpe65�/�; rdta
with 9-cis-retinal partially restores PLR sensitivity. Photic sensitivity
in P8 rpe65�/� and lrat�/� ipRGCs is intact as measured by ex vivo
multielectrode array recording. These results demonstrate that the
melanopsin-dependent ipRGC photocycle is independent of the
visual retinoid cycle.

melanopsin � pupillary light response � retinal degeneration �
retinal ganglion cell � visual photocycle

M ice blind from outer retinal degeneration retain the ability to
entrain their circadian rhythms to external light-dark cycles,

have active pupillary light responses (PLRs), and exhibit photically
induced melatonin suppression (1–4). These responses depend on
the opsin family member melanopsin (5), which is expressed
exclusively in a subset of intrinsically photosensitive retinal ganglion
cells (ipRGCs) (6–8). Mice with nonfunctional or degenerated rods
and cones that also lack melanopsin show no photically influenced
behavior or physiology (9, 10), and intrinsic photosensitivity of
retinal ganglion cells is lost in the absence of melanopsin (9, 11, 12).
Melanopsin forms a functional photopigment when heterologously
expressed in COS cells (13), Xenopus oocytes (14), Neuro-2A cells
(15), or HEK-293 cells (16). Melanopsin is thus necessary for
ipRGC photoreception, and is sufficient to confer photosensitivity
on intrinsically insensitive cell types. Taken together, these results
strongly suggest that melanopsin is the photopigment of inner
retinal photoreception.

All opsin photopigments use a retinoid chromophore that
undergoes isomerization upon absorption of an appropriate
wavelength photon. In rod photoreceptors, 11-cis-retinal chro-
mophore is photoisomerized to all-trans-retinal which dissociates
from the opsin protein (17). This all-trans-retinal photoproduct
is recycled to the active (11-cis) form by enzymatic conversion in
the adjacent retinal pigment epithelium (RPE) (18). The chro-
mophore used by melanopsin in situ is not presently known.
ipRGCs are physically distant from the enzymatic chromophore
regeneration machinery of the RPE. It is presently unknown
whether ipRGCs in situ use visual cycle chromophore regener-
ation mechanisms in the pigment epithelium, use components of

this pathway in the inner retina, or use a novel pigment regen-
eration mechanism.

Mice mutant in several steps of visual photopigment regen-
eration have been generated by reverse genetics. Lecithin-retinol
acyl transferase (Lrat) acylates all-trans-retinol with a fatty acid
ester tail, trapping retinol in the RPE. This is an essential step
in reconstitution of the 11-cis-retinal chromophore of visual
photoreceptors. RPE65 is an abundant protein expressed pri-
marily in the RPE; recent evidence has demonstrated that this
enzyme is a critical component of the isomerisation reaction that
converts fatty acid acylated all-trans-retinyl esters to 11-cis-
retinol (19–21). Mice lacking RPE65 or Lrat show markedly
reduced electroretinograms and PLRs (22, 23). Previous studies
have demonstrated that the PLRs of mice lacking RPE65 or Lrat
are �1,000-fold less sensitive than wild-type animals (23);
furthermore, these animals show �100-fold lower pupillary
response sensitivity than animals blind from outer retinal de-
generation caused by the rodless–coneless (rdta;cl) and outer
retinal degeneration (rd�rd) mutations (4, 24). Fu et al. (25)
compounded mutations causing loss of outer retinal function
[rod transducin (gnat1) and cone nucleotide gated channel
(cnga3)] with mutations in rpe65 and found less sensitive PLRs
in the gnat1�/�;cnga3�/�;rpe65�/� mice than in the gnat1�/�;
cnga3�/� mice.

Two hypotheses may be invoked to explain these findings.
First, the RPE65 and Lrat enzymes required for the visual
photocycle might directly participate in melanopsin chro-
mophore recycling. Alternatively, mutations in the lrat or rpe65
genes might have indirect effects on inner retinal photoreception
through developmental or physiological alterations of retinal
function. Developmentally, for instance, a ‘‘non-seeing’’ but
anatomically intact outer retina (as in an rpe65�/� or lrat�/�

mouse) might still influence ipRGC function either through
synaptic modulation of ipRGC function or through compensa-
tory retinal circuitry changes. Physiologically, the loss of visual
cycle enzymes might alter chromophore availability to the inner
retina without directly affecting the inner retinal photocycle.

Here we demonstrate that (i) paradoxically, outer retinal degen-
eration partially rescues the PLR phenotype of rpe65�/� and lrat�/�

mice, (ii) acute pharmacologic inhibition of the visual retinoid cycle
largely eliminates outer retinal photoreception, but does not affect
inner retinal photoreception, (iii) treatment of rpe65�/� mice with
outer retinal degeneration with oral retinal partially restores PLR
sensitivity to these mice, and (iv) ex vivo, inner retinal photosensi-
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tivity is preserved in mice lacking visual retinoid recycling function.
Taken together, these results suggest that ipRGC photoreception
can function independently of outer retinal pigment recycling
machinery, and suggest that chromophore depletion of the outer
retina indirectly inhibits inner retinal function.

Results
PLRs of rpe65�/� and lrat�/� Mice Are Partially Rescued by Outer
Retinal Degeneration. Previous studies have demonstrated profound
loss of pupillary light responsiveness in lrat�/� and rpe65�/� mice,
to levels �100-fold lower than seen in rd�rd mice tested under
identical conditions (4, 23, 24). To test whether this relative
insensitivity of lrat�/� and rpe65�/� mice is due to a direct effect of
these mutations on the inner retinal chromophore regeneration
mechanism, we generated two compound mutations, combining
outer retinal mutants rdta (in which diphtheria toxin is driven under
a rod-specific promoter, resulting in early and severe outer retinal
degeneration; ref. 26) and rd�rd (a null mutation in Pde6b resulting
in total loss of rod and near-total loss of cone function; refs. 27–29)
with rpe65�/� (22) and lrat�/� (23), respectively. If ipRGCs require
the visual pigment recycling pathway in vivo, we would predict that
rpe65�/�; rdta and lrat�/�; rd�rd would show additive epistasis for
PLRs, and should have equivalent or lower PLR sensitivity than
rpe65�/� or lrat�/� alone.

Histological examination of eyes from these mice revealed that
rpe65 and lrat mutations did not attenuate or enhance the severe
outer retinal degeneration caused by rdta and rd�rd (data not
shown). To assay inner retinal photoreception, PLRs to narrow
bandpass 470-nm light were measured (30) (Fig. 1). Consistent
with previous reports (23, 25, 31), mice with mutations in visual
cycle enzymes showed PLRs substantially less sensitive than

those of mice with outer retinal degeneration. Lrat�/� and
rpe65�/� mice showed half-maximal constriction of pupils at
�8.9 � 1014 photons�cm�2�s�1 compared with half-maximal
constriction at 6.3 � 1012 photons�cm�2�s�1 for rd�rd and rdta,
and 1.5 � 1011 photons�cm�2�s�1 for wild-type C57BL�6 mice.
Surprisingly, both rpe65�/�; rdta and lrat�/�; rd�rd mice were
more photosensitive than mice lacking rpe65 or lrat only: each
showed half-maximal constriction at �1.3 � 1014

photons�cm�2�s�1. Thus, rpe65�/�; rdta and lrat�/�; rd�rd PLRs
are �7-fold more sensitive than those of rpe65�/� and lrat�/�

mice. In turn, rpe65�/�; rdta and lrat�/�; rd�rd mice are �20-fold
less sensitive than rdta or rd�rd mice.

Pharmacologic Inhibition of Visual Retinoid Cycle Causes Loss of PLR
Sensitivity in Wild-Type and Melanopsin Mutant Mice, but Not in rd�rd
Mice. In addition to direct effects on photoreceptors, the rd�rd
mutation also results in alterations in inner retinal circuitry
(32–34). Similar changes have also been reported in retinas of
mice with mutations in the Leber’s congenital amaurosis-causing
gene Crx (35) and after simple visual deprivation (36, 37).
Recently, acute outer retinal degeneration has been reported to
alter melanopsin expression levels in the inner retina of the rat
(38, 39). Thus, the combined effects of visual retinoid cycle
mutations and retinal degeneration mutations could, in part, be
due to secondary changes in retinal circuitry from either muta-
tion affecting ipRGC function. Alternatively, loss of visual cycle
enzymes might alter chromophore availability to the inner retina,
without directly affecting the inner retinal photocycle itself. Such
a mechanism is consistent with the observations of Fu et al. (25)
that pupillary sensitivity of gnat1�/�;cnga3�/�;rpe65�/� could be
increased after treatment with 9-cis-retinal. Thus, it becomes
important to distinguish acute from chronic effects of visual
cycle enzyme loss.

To test for the acute effect of loss of retinoid processing on
inner retinal photoreception in adult animals, we used the potent
and specific visual cycle inhibitor all-trans-retinylamine (Ret-
NH2) (40, 41). Mice gavaged with 1 mg of Ret-NH2 show
substantial loss of electroretinogram within one day (41). Wild-
type mice treated with Ret-NH2 by gastric gavage showed a
�100-fold decrement in pupillary light responsiveness 24 h after
gavage (Fig. 2a). This effect persisted for 1 week after gavage but
was fully reversed 2 weeks after treatment (data not shown). The
sensitivity of PLRs in Ret-NH2-treated mice was greater than
that seen in rpe65�/� mice, suggesting either incomplete block-
age of the visual photocycle by Ret-NH2 or the presence of
compensatory developmental changes in rpe65�/� mice. To
determine the extent of blockade of visual photocycle activity,
we treated melanopsin-deficient mice (opn4�/�) with Ret-NH2
(Fig. 2b). Melanopsin-deficient mice treated with retinylamine
showed �15% constriction at maximal irradiance stimulation,
suggesting near-total blockade of outer retinal photoreception
by Ret-NH2. To determine the acute effect of visual photocycle
inhibition on inner retinal photoreception, we treated rd�rd mice
with Ret-NH2 (Fig. 2c). Ret-NH2 treatment had no effect on the
sensitivity of PLRs of rd�rd mice. Similarly, treatment of
rpe65�/�; rdta and lrat�/�; rd�rd with Ret-NH2 had no effect on
PLR sensitivity (Fig. 6, which is published as supporting infor-
mation on the PNAS web site). These results strongly support the
hypothesis that visual photocycle function is not acutely required
for inner retinal photoreceptive function in vivo.

The effects of visual cycle enzyme loss in rpe65�/� and lrat�/� on
inner retinal photoreception would therefore appear to be due to
chronic rather than acute changes. To determine what proportion
of these changes are due to reduced chronic chromophore avail-
ability, we compared the effects of oral gavage of 9-cis-retinal of
rpe65�/�; rdta mice to gavage of outer retinal degenerate mice (Fig.
3). Consistent with the previous report of Fu et al. (25), treatment
of rpe65�/�; rdta mice with 9-cis-retinal resulted in a �0.7 log

Fig. 1. PLRs. Irradiance–response relations for PLRs of rdta, rpe65�/�,
rpe65�/�;rdta (a) and rd�rd, lrat�/�, lrat�/�;rd�rd (b) mice stimulated by 470-nm
narrowbandpassfiltered light (n�6–9,mean�SEM).Pupillaryconstriction(c–n)
was stimulated by 470 nm light (3.98 � 1014 photons�sec�1�cm�2). An rdta pupil
before (c) and after (d) 30 s of light exposure is shown. An rpe65�/� pupil before
(e) and after (f) 30 s of light exposure is shown. An rpe65�/�; rdta pupil before (g)
and after (h) 30 s of light exposure is shown. An rd�rd pupil before (i) and after
(j) 30 s of light exposure is shown. An lrat�/� pupil before (k) and after (l) 30 s of
light exposure is shown. An lrat�/�; rd�rd pupil before (m) and after (n) 30 s
of light exposure is shown.
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increase in PLR sensitivity, indicating that the inner retinas of these
mice have chronic, reversible chromophore depletion. Interestingly,
we saw a small but statistically significant increase in the PLR
sensitivity of rd�rd mice treated with 9-cis-retinal, suggesting that in
the rd�rd animal, melanopsin may not be saturated with chro-
mophore. Importantly, the posttreatment PLR sensitivity of
rpe65�/�; rdta remained nearly 1 log less sensitive than that of
treated outer retinal degenerate mice. Thus, loss of visual cycle
enzyme function leads to both chromophore-dependent and chro-
mophore-independent reduction in inner retinal photosensitivity.

Effects of RPE65 and Lrat Deficiency on ipRGC Light Responses. To
determine the direct effect of mutations in retinoid processing
machinery on intrinsic photosensitivity of ipRGCs, we tested
postnatal day 8 (P8) wild-type, rpe65�/� and lrat�/� mice via
multielectrode array (MEA) recording of inner retinal photore-
ponses (11) (Figs. 4 and 5). Light-induced signaling from rod and
cone photoreceptors to retinal ganglion cells is not yet developed
at this age, so ipRGC function can be assessed directly. Because

of very high spontaneous ganglion cell firing activity, it is not
possible at present to record ipRGCs of wild-type adults by MEA
(11). Retinas were recorded under conditions of glutamatergic
and cholinergic blockade to eliminate intrinsic retinal wave
activity. Using MEA recordings, we have previously shown that
all inner retinal light responses in P8 postnatal mice require
melanopsin expression, and that these cells have spectral re-
sponse characteristics identical to those of ipRGCs identified by
retrograde tracing and recorded by patch-clamp technique (6,
11). Light-induced ipRGC action potentials were observed in
both rpe65�/� and lrat�/� mice (Fig. 4). In P8–P10 retinas, three
ipRGC response types have been described (11): type I cells
(�70%) have high photosensitivity but long latency to activity
onset in response to dim subsaturating illumination; type II cells
(�15%) have low sensitivity and long latency; and type III cells
(�15%) have high sensitivity and short latency. All three
response types were observed in lrat�/� and rpe65�/� retinas with
frequency statistically indistinguishable from wild-type (Table
1). Individual type I ipRGC light responses from wild-type,
rpe65�/�, and lrat�/� retinas were qualitatively indistinguishable
(Fig. 4), as were type II and III ipRGC light responses (data not
shown). Irradiance–response analysis of postnatal types I, II, and
III ipRGCs to 480-nm light revealed that wild-type, rpe65�/�,
and lrat�/� ipRGCs have very similar photosensitivity (Fig. 5),
although the type I cells of rpe65�/� and lrat�/� mice displayed
slightly decreased responses to subsaturating light stimulation
(�0.15 log lower than wild type).

Discussion
Several lines of evidence strongly suggest that melanopsin func-
tions as the photopigment in intrinsically photosensitive retinal
ganglion cells. Mice with outer retinal dysfunction or degener-
ation that also lack melanopsin show no nonvisual photorecep-
tive function (9, 10); no light responses of ipRGCs can be

Fig. 2. All-trans-retinylamine inhibits outer but not inner retinal photosen-
sitivity. Irradiance–response relations for PLRs of C57BL�6 (a), opn4�/� (b), and
rd�rd (c) mice before (control) and 24 h after (Ret-NH2) oral gavage of 1 mg
Ret-NH2. n � 3, 3, and 5 for C57BL�6, opn4�/�, and rd�rd, respectively; mean �
SEM.

Fig. 3. 9-cis-retinal partially rescues PLR sensitivity of rpe65�/�;rdta mice.
Irradiance–response relations for PLRs of rd/rd (a) and rpe65�/�;rdta (b) mice
before and 24 h after oral gavage of 1-mg 9-cis-retinal. n � 5 for rpe65�/�;rdta,
n � 6 for rd�rd; mean � SEM; asterisks indicate significance P � 0.05 by
Wilcoxon ranked sums test.
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recorded from opn4�/� animals (9, 11, 12); and heterologously
expressed melanopsin confers photosensitivity to nonphotore-
ceptive cells including Xenopus oocytes and immortalized mam-
malian cell lines (13–16). Although the requirement for exoge-
nous retinal differs in different heterologous expression systems
(e.g., HEK293-TrpC3 cells do not require exogenous retinal; ref.
16), it is presumed that melanopsin, like all opsins, utilizes a
retinal-based chromophore for its photopigment function.

The chromophore used by melanopsin in situ and the means by
which melanopsin chromophore is recycled are presently unknown.
In Neuro-2a culture, cells transfected with a human melanopsin
cDNA, 11-cis- and 9-cis-retinal were both able to serve as chro-
mophore (15). Interestingly, in these cells, all-trans-retinal could
function as chromophore if cells were pretreated with long-
wavelength light (15). This finding suggests the possibility that
melanopsin serves as both pigment and isomerase via sequential
photon absorptions. Such bistability has been observed in am-
phioxus melanopsin (42) as well as a lamprey pineal UV-sensitive
opsin (43). In addition to the bistability hypothesis, there are two

other possible hypotheses explaining the reconstitution of melan-
opsin photopigment. Melanopsin might use existing enzymatic
pathways for visual photopigment regeneration, namely the Lrat-
RPE65-dependent visual cycle. Alternatively, melanopsin could be
recycled via a cell-autonomous or inner retina-localized enzymatic
regeneration mechanism.

The finding that PLRs of rpe65�/� and lrat�/� mice are both
less sensitive than those of mice with outer retinal degeneration
is consistent with a model in which ipRGCs use Lrat and RPE65
for their chromophore regeneration. However, such a model
predicts that the effects of outer retinal degeneration should be
additive with those of rpe65�/� and lrat�/�. Fu et al. (25) reported
that combining two mutations, rod transducin (gnat1) and cone
nucleotide gated channel (cnga3), with rpe65�/� resulted in mice
that had significantly lower PLRs than gnat1�/�; cnga3�/� mice
alone; however, comparison of the gnat1�/�; cnga3�/�; rpe65�/�

mutant mice to rpe65�/� was not reported. In the present
experiments, we similarly found that compounding outer retinal
degeneration mutations rdta and rd�rd with rpe65�/� and lrat�/�,
respectively, resulted in mice with less sensitive PLRs than those
with outer retinal degeneration mutations alone. However, we
observed that (paradoxically) outer retinal degeneration par-
tially restored PLR sensitivity to rpe65�/� and lrat�/� mice. This
result is inconsistent with a model in which ipRGCs require
visual cycle enzymatic machinery for pigment regeneration.

We can posit two hypotheses for the finding that outer retinal
degeneration mutations partially restore PLR sensitivity in
rpe65�/� and lrat�/� mice. First, due to loss of �70% of the retinal
thickness in rd�rd and rdta mice, the ipRGCs may be physically
closer to the RPE and thus retinoid stores. Small amounts of retinal
are recycled in rpe65�/� mice, possibly through a RGR opsin-
dependent pathway (44), and low-level rod function (�0.1%)
persists in these mice via 9-cis-retinal (45, 46). ipRGCs may have

Fig. 4. ipRGC light responses of rpe65�/� and lrat�/� mice. Light-induced action potentials recorded from individual ipRGCs from C57BL�6 (a), rpe65�/� (b), and
lrat�/� (c) P8 mouse retinas via multielectrode array. Timing of light stimulus (60 s, 480 nm, 4.11 � 1013 photons�sec�1�cm�2) is indicated by step in horizontal line
below recordings. Zero voltage is indicated by dashed line. Cumulative average time course of type I ipRGC activity from C57BL�6 (d), rpe65�/� (e), and lrat�/�

( f) retinas in response to subsaturating and saturating light stimulation (60 s, 480 nm light pulse is indicated by step in horizontal line below histograms). n �
27, 45, and 43 cells for d, e, and f, respectively; mean, 1-s bins.

Table 1. Distribution of ipRGC types in wild-type, rpe65�/�, and
lrat�/� mice

Retinas

Number of ipRGCs recorded (% of total)

Total T1 T2 T3

Wild type 2 37 27 (72.9%) 6 (16.2%) 4 (10.8%)
rpe65�/� 3 53 45 (84.9%) 3 (5.6%) 5 (9.4%)
lrat�/� 3 59 43 (72.8%) 8 (13.6%) 8 (13.6%)

T1, T2, and T3 refer to type I, II, and III cells (see text). No significant
difference in distribution of cell types among genotypes was discerned
(ANOVA).
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better access to these stores in rpe65�/� or lrat�/� retinas with outer
degeneration. Alternatively, the intact but nonfunctional outer
retinas of rpe65�/� and lrat�/� mice may suppress light-dependent
ipRGC activity, either by direct synaptically mediated inhibition or
by developmental alterations in intrinsic retinal circuitry (38). The
results of our experiments using pharmacologic blockade of the
visual cycle support both aspects of this latter model. Whereas
administration of the visual retinoid cycle inhibitor Ret-NH2 caused
a �100-fold decrement in photosensitivity of wild-type mouse PLR,
administration of Ret-NH2 to rd�rd mice resulted in no loss of PLR
sensitivity, demonstrating that the inner retina does not acutely
require visual cycle enzyme function. As acute treatment with
Ret-NH2 functionally reduces available outer retinal chromophore,
were ipRGCs dependent on outer retina retinoid stores, we would
have expected a loss in sensitivity in rd�rd mice treated with
Ret-NH2. However, inner and outer retinal photoreception are not
completely independent. The PLR sensitivity of rd�rd mice treated
with Ret-NH2 was greater than that of wild-type mice treated with
this compound, suggesting that the nonfunctional outer retina of
treated wild-type mice exerted a net inhibitory effect on ipRGC

sensitivity. Outer retinal inhibition of ipRGC function has been
previously suggested by the finding that light-induced c-fos immu-
noreactivity is increased in the suprachiasmatic nuclei of mice with
outer retinal degeneration (47, 48).

The present experiments confirm earlier findings that the PLR
of mice lacking visual cycle enzymes is substantially lower than that
of mice with outer retinal degeneration (23, 31). As suggested by Fu
et al. (25), a component of this decreased sensitivity appears to be
due to chromophore depletion, as PLR sensitivity can be partially
rescued by systemic administration of cis-retinoid. These chro-
mophore depletion effects appear to be due to chronic alterations
in visual pigment processing because rd�rd mice show no decrease
in sensitivity after acute blockade of the visual cycle. However,
cis-retinoid treatment only partially restores visual sensitivity to
rpe65�/�;rdta mice; such mice still have �10-fold lower sensitivity
than rd�rd mice treated with cis-retinal. This finding suggests that
mutations in rpe65 and lrat have non-chromophore-dependent
developmental or physiological effects on retinal circuitry causing
long-term changes in inner retinal sensitivity.

Previous work by Fu et al. (25) suggested that ipRGCs of
rpe65�/� mice are �20-fold less sensitive (as measured by single
cell patch clamp recording) than those of wild-type animals. We
did not observe a significant decrease in sensitivity of ipRGCs of
rpe65�/� or lrat�/� mice in multielectrode array extracellular
recordings. This may have been due to differences in age of the
animals: we recorded from P8 retinas, a time when develop-
mental or chromophore-depletion effects of visual cycle retinoid
mutations may not have been manifest. Alternatively, the ob-
served decrement in rpe65�/� membrane currents seen in patch
clamp recording may not have been sufficient to alter action
potential firing as measured by multielectrode array.

The persistence of ipRGC light-dependent activity in rpe65�/�

and lrat�/� retinas demonstrates that inner retinal photorecep-
tion can function without these enzymes ex vivo. The full
preservation of PLR sensitivity in rd�rd mice treated with
Ret-NH2 demonstrates that the inner retina does not acutely use
visual cycle machinery in vivo. Because all inner retinal photo-
reception is melanopsin-dependent, this strongly suggests that
melanopsin utilizes a visual cycle-independent mechanism for
chromophore regeneration.

Materials and Methods
Mice. Melanopsin-deficient (opn4�/�) mice were obtained from
S. Panda (49). rpe65�/� were obtained from T. M. Redmond
(22). rpe65�/�, rdta (26), lrat�/� (23), and C3H�HeJ (rd�rd) mice
were crossed to generate rpe65�/�; rdta and lrat�/�; rd�rd mice.
Mice were genotyped by using established protocols from tail-
snip DNA (22, 23, 26, 48). Sibling mixed-strain mice were used
for PLR measurements. C57BL�6J mice were used as wild-type.
For multielectrode array experiments, rpe65�/� and lrat�/� mice
were produced via homozygous mating pairs. Mice were main-
tained in 12-h light�12-h dark conditions with food and water
available ad libitum. All studies were carried out under approved
institutional animal protocol, in accordance with ARVO guide-
lines for animal studies.

Histology. Eyes enucleated from killed 7- to 8-month-old mice
were immediately fixed in 10% formalin at room temperature
overnight. Fixed globes were embedded in glycol methacrylate,
sectioned (3 �m), and stained with toluidine blue.

Pupillometry. Pupillometry was performed as described (24, 30).
Briefly, mice were dark-adapted for �1 h before recordings and
tested without anesthesia at fixed circadian time. PLRs were
recorded under infrared conditions using a CCD video camera
fitted with IR filter and macro lenses. A halogen source was used
for light stimuli; wavelength and intensity were manipulated via
neutral density and narrow bandwidth (10 nm) interference

Fig. 5. Irradiance–response relations of rpe65�/� and lrat�/� ipRGCs. Irradi-
ance–response relationships for P8 type I (a), II (b), and III (c) ipRGCs from
C57BL�6, rpe65�/�, and lrat�/� mice. For C57BL�6, rpe65�/�, and lrat�/�,
respectively: n � 27, 45, and 43 cells in a, n � 6, 3, and 8 cells in b, and n � 4,
5, and 8 cells in c; mean � SEM.
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filters (Newport Corp-Oriel, Stratford, CT). Irradiance measure-
ments (W�m�2) were made by using a calibrated radiometer
(Advanced Photonics International, White Plains, NY). Irradi-
ance–response relations were fit with a Michaelis–Menten equa-
tion (50–52).

Retinoid Treatment. Ret-NH2 was synthesized as described (41).
Mice were fed 1 mg of Ret-NH2 suspended in vegetable oil via
oral gavage. For 9-cis-retinal treatment, 1 mg (Sigma) was
resuspended in 1 ml vegetable oil, and fed to mice via oral
gavage. For Ret-NH2 treatment, 24 h after gavage, mice were
exposed to 30 min of light (�2,500 lux, white fluorescent bulb)
and then dark-adapted for 2 h before pupillometry. For 9-cis-
retinal treatment, mice were tested after dark adaptation. In
each case, pre- and posttreatment pupillary responses were
compared as paired data from individual animals.

Multielectrode Array Recordings. Retinas from postnatal (P8)
rpe65�/�, lrat�/�, and wild-type mice were tested for ipRGC light
responses via multielectrode array recordings, and data were
analyzed as described (11). Briefly, each dissected retina (with-
out RPE) was positioned with its inner retinal surface in contact

with a planar array of 60 extracellular electrodes (Multi Channel
Systems, Reutlingen, Germany). Recordings were carried out in
the presence of glutamatergic and cholinergic blockade as
described (11). Data were acquired and analyzed via custom
software (53). Single units (with distinct interspike refractory
periods) were isolated via cluster analysis based on differences
in spike waveform. The light responses (total number of light-
induced action potentials) of individual cells were normalized to
each cell’s maximal response to 480 nm light. Light stimuli were
calibrated and delivered as described (11).
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