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Prolonged Inner Retinal Photoreception Depends on the
Visual Retinoid Cycle

Xiwu Zhao,' Weston Pack,' Naheed W. Khan,' and Kwoon Y. Wong'?
Department of Ophthalmology & Visual Sciences and 2Department of Molecular, Cellular & Developmental Biology, University of Michigan, Ann Arbor,
Michigan 48105

In addition to rods and cones, mammals have inner retinal photoreceptors called intrinsically photosensitive retinal ganglion cells
(ipRGCs), which use the photopigment melanopsin and mediate nonimage-forming visual responses, such as pupil reflexes and circadian
entrainment. After photic activation, photopigments must be reverted to their dark state to be light-sensitive again. For rods and to some
extent cones, photopigment regeneration depends on the retinoid cycle in the adjacent retinal pigment epithelium (RPE). By contrast,
ipRGCs are far from the RPE, and previous work suggests that melanopsin is capable of light-dependent self-regeneration. Here, we used
in vitro ipRGC recording and in vivo pupillometry to show that the RPE is required for normal melanopsin-based responses to prolonged
light, especially at high stimulus intensities. Melanopsin-based photoresponses of rat ipRGCs were remarkably sustained when a func-
tional RPE was attached to the retina, but became far more transient if the RPE was removed, or if the retinoid cycle was inhibited, or when
Miiller glia were poisoned. Similarly, retinoid cycle inhibition markedly reduced the steady-state amplitude of melanopsin-driven pupil
reflexes in both mice and rats. However, melanopsin photoresponses in RPE-separated rat retinas became more sustained in the presence
of an 11-cis-retinal analog. In conclusion, during prolonged illumination, melanopsin regeneration depends partly on 11-cis-retinal from
the RPE, possibly imported via Miiller cells. Implications for RPE-related eye diseases and the acne drug isotretinoin (a retinoid cycle
inhibitor) are discussed.
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Intrinsically photosensitive retinal ganglion cells (ipRGCs) contain the photopigment melanopsin and drive subconscious phys-
iological responses to light, e.g., pupillary constriction and neuroendocrine regulation. In darkness, each photopigment molecule
in ipRGCs, as well as rod/cone photoreceptors, contains 11-cis-retinal (a vitamin A derivative) and light isomerizes it to all-trans-
retinal, which activates the photopigment. To make this photopigment excitable again, all-trans-retinal must be reisomerized to
11-cis-retinal. For rods and to some extent cones, this reisomerization occurs in the adjacent retinal pigment epithelium (RPE), but
because ipRGCs are far from the RPE, they are thought to regenerate excitable melanopsin exclusively through RPE-independent
means. Here, we present electrophysiological and behavioral evidence that ipRGCs depend on the RPE to continuously regenerate
melanopsin during intense prolonged photostimulation. j

ignificance Statement

(ipRGCs). In a fully dark-adapted photoreceptor, its photopig-
ment comprises an opsin apoprotein covalently linked to a
light-absorbing chromophore, 11-cis-retinal (Walker et al,
2008). Light isomerizes 11-cis-retinal into all-trans-retinal, which
activates the photopigment. To reset the pigment to its photoex-

Introduction
The mammalian retina contains three classes of photoreceptors:
rods, cones, and intrinsically photosensitive retinal ganglion cells
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citable dark state, all-trans-retinal must be reisomerized to 11-cis-
retinal. For rods, reisomerization requires the retinoid cycle in
the nearby retinal pigment epithelium (RPE), whereas for cones,
it also involves the Miiller glia’s retinoid cycle (Wang and Kefa-
lov, 2011). In contrast, because ipRGCs are located far from the
RPE, they have been proposed to regenerate their photopigment,
melanopsin, independently of the RPE. Supporting this notion,
the melanopsin-driven visual behaviors of rod/cone-degenerate
mice were unaffected when the RPE retinoid cycle was abolished
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Figure 1.

Cluster analysis of an MEA recording, which contains light-induced spikes from an ipRGC and spontaneous spikes from a conventional, nonphotoreceptive ganglion cell. This recording

was made from an RPE-attached rat retina in the presence of control medium, and the stimulus was 1h 480 nm light at 14.6 log quanta cm ~2s . A, Waveforms of the spikes from the ipRGC
(green) and the other cell (yellow), which have significantly different shapes and amplitudes. B, Principal component analysis of all spikes in this recording, with each dot representing one spike. The
lateral dispersion of the ipRGC cluster (green) reflects the fact that spike amplitude increased gradually over the course of the 70 min recording. €, The entire recording, with the ipRGC spikes in green

and the conventional ganglion cell’s spikes in yellow.

(Doyle et al., 2006; Tu et al., 2006). Moreover, there is evidence
that melanopsin can self-regenerate through photoreversal.
That is, after photoexcitation, all-trans-retinal remains at-
tached to melanopsin and is converted by subsequent light
absorption to 11-cis-retinal (Fu et al., 2005; Koyanagi et al.,
2005; Melyan et al., 2005; Panda et al., 2005; Mure et al., 2007,
2009; Davies et al., 2011) or another excitable state, 7-cis-
retinal (Matsuyama et al., 2012; Emanuel and Do, 2015).

However, melanopsin regeneration must also involve light-
independent mechanisms because previously light-adapted ipRGCs
gradually regain intrinsic photosensitivity in darkness (Wong et al.,
2005; Sexton et al., 2012b). Further, dark-adapted ipRGCs contain
only 11-cis-retinal-bound melanopsin; if photoreversal was the sole
regenerative mechanism, then a substantial amount of all-trans-
retinal-bound molecules would also exist (Walker et al., 2008). The
Miiller-cell retinoid cycle is unlikely to contribute to melanopsin
regeneration because ipRGCs seem unable to use cis-retinol (Sexton
etal,, 2012b), the retinoid synthesized by Miiller cells for regen-
erating cone photopigments (Wang and Kefalov, 2011). These
results led Sexton et al. to speculate that ipRGCs might possess
alight-independent isomerase (Sexton et al., 2012a), although
evidence remains lacking. In summary, the mechanisms that
regenerate melanopsin are poorly understood. Here, we show
that the RPE retinoid cycle is involved under certain photo-
stimulation conditions.

Materials and Methods

Animals. All procedures were approved by the University Committee on
Use and Care of Animals. The animals were 2—6-month-old Long—Evans
rats and 5-10-month-old homozygous rdI mice, and both genders were
used. Animals were maintained in a 12 h light/dark cycle and experi-
ments were performed during the light phase. All animals were dark-
adapted overnight before each experiment.

Chemicals. The control medium was Ames’ medium supplemented
with 100 uMm L-(+)-2-amino-4-phosphonobutyric acid (.-AP4), 80 um
6,7-dinitroquinoxaline-2,3-dione (DNQX), 50 uMm D-(-)-2-amino-5-
phosphonopentanoic acid (p-AP5), 16 mm D-glucose, and 0.2—-0.5%
DMSO. DMSO was included in control medium because stock solutions

of 9-cis-retinal, 13-cis-retinoic acid (13cisRA) and «-phenyl-N-tert-
butylnitrone (PBN) were DMSO-based. We purchased 1-AP4, DNQX,
and D-AP5 from Tocris Bioscience; 9-cis-retinol from Toronto Research
Chemicals; xylazine, phenylephrine hydrochloride, and tropicamide
from Akorn; proparacaine from Bausch & Lomb; ketamine from Hos-
pira; and all other chemicals from Sigma-Aldrich.

Multielectrode-array recording. Retinal preparations, light source, data
acquisition, and spike analysis were as described previously (Wong,
2012). All retinas were superfused in darkness under each control or drug
condition for 4—10 h before the 1 h light stimulation. ipRGC spikes were
identified through thresholding and cluster analysis using Offline Sorter
software (Plexon; Fig. 1). To calculate a cell’s peak light-evoked spike
rate, firing rate was averaged over 1 s bins and the highest rate identified,
from which the mean rate of prestimulus spontaneous spiking (if any)
was subtracted. To quantify the “sustainedness” of a light response, its
“final-to-peak ratio” was calculated by dividing its average spike rate
during the last 10 min of light by its peak spike rate. Statistical compari-
sons used the unpaired Student’s ¢ test for normally distributed data and
the Mann—Whitney U test for non-normal data, with the significance
level set at p = 0.05. Error values are SEM.

Whole-cell recording. Whole-cell current-clamp recordings were ob-
tained from a-like, M4-type ipRGCs in Long—Evans rat eyecups, as de-
scribed previously (Pack etal., 2015). We targeted this cell type because it can
be identified relatively easily by its uniquely large soma (Reifler et al., 2015).
Recordings were made after the eyecup had been incubated in 0.2% DMSO,
6 uM 13cisRA, or 300 um PBN for 1-8 h. Ten-second depolarizing current
steps were injected in 50 pA increments, and the spikes evoked during the
second half of the 150 pA current step were used to calculate each cell’s mean
spike height and width. Spike height was measured from the point where
membrane depolarization began to accelerate, and spike width was mea-
sured at half-height (see Fig. 3E, inset). The means from all cells were aver-
aged to generate the plots shown in Figure 3E.

Electroretinography. Electroretinography (ERG) was performed using
the Espion E? system (Diagnosys). Rats were anesthetized with intraperi-
toneal injection of ketamine (93 mg/kg) and xylazine (8 mg/kg). Pupils
were dilated with phenylephrine hydrochloride (2.5%) and tropicamide
(1%). Body temperature was maintained at 37°C with a heating pad.
After topical corneal anesthesia (0.5% proparacaine) and hydration (2%
methylcellulose), corneal ERGs were recorded using gold contact lens
electrodes (Mayo). A gold wire loop put in the mouth served as reference,
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and the ground electrode was on the tail. Scotopic ERGs were evoked
using 1 ms white flashes at 0.19 log cd s/m>.

Pupillometry. Before and throughout imaging, animals were anesthe-
tized by ketamine (93 mg/kg for rats, 70 mg/kg for mice) and xylazine (8
mg/kg) and their body temperature maintained using a heating pad. We
opted for anesthesia over head restraint due to the very prolonged re-
cording duration, and because brain-state fluctuations in unanesthetized
animals strongly influence pupil size (McGinley et al., 2015). DMSO (0.2
ml for rats and 0.02 ml for mice) with or without 13cisRA (100 mg/kg)
was injected intraperitoneally. After the left eye’s pupil had been dilated
as described above, a syringe with a 30 gauge needle was used to puncture
a hole through the ora serrata and inject intravitreally PBS (70 ul for rats
and 5 ul for mice) containing 2 mm 1-AP4, 2 mm DNQX, and 2 mm
D-AP5. Following 1 h dark adaptation, a pupillometer (NeurOptics
A-2000) was used to present 463 nm light onto the left eye and image the
right eye’s consensual pupil reflex. The final-to-peak ratio was calculated
by dividing the average response amplitude during the last 2 min of
photostimulation by the peak response. For rats, ERG was recorded
from the left eye immediately after pupillometry to verify the drugs had
blocked the b-wave.

Sodium iodate injection. While a rat was in a restrainer (Braintree Sci-
entific), 0.4 ml saline with sodium iodate (50 mg/kg) was injected into its
tail vein. Animals were killed 4—6 d afterward for multielectrode array
(MEA) recording.

Results

Normal melanopsin-based photoresponses require the RPE
In RPE-attached retinas superfused with Ames’ medium contain-
ing rod/cone signaling blockers (control medium), ipRGCs gen-
erate very long-lasting melanopsin photoresponses (Wong,
2012). Figure 2A shows averaged and representative responses to
1 h 480 nm light steps at 14.6 log and 12.8 log quanta cm s~ '
[for reference, a typical cloudy day is equivalent to ~15.6 log
quanta cm % s~ ! of 480 nm photons in terms of its ability to
activate melanopsin (Enezi et al., 2011)]. Both responses peaked
within 5 min and then decayed toward a steady state. In isolated,
RPE-less retinas, melanopsin photoresponses also decayed after
peaking, but the decay was faster and the steady-state amplitude
was much lower (Fig. 2B). Final-to-peak response ratios were
significantly lower than for RPE-attached retinas at both 14.6 and
12.8 log intensities (p < 0.001). Peak spike rates were also lower
than for RPE-attached retinas at 14.6log (33.0 = 1.8 vs 43.9 = 4.3
Hz, p = 0.017), though statistically similar at 12.8 log (p =
0.107). These differences could be due to the absence of the RPE,
or due to mechanical damage inflicted during retinal isolation, or
both. Thus, we next disrupted the RPE through intravenous in-
jection of sodium iodate rather than by mechanical means. The
melanopsin photoresponses in iodate-treated, RPE-attached ret-
inas were still abnormally transient (Fig. 2C), with final-to-peak
ratios being significantly lower than for untreated RPE-attached
retinas (p < 0.001 at both intensities). However, though these
retinas experienced less mechanical perturbation, peak spike
rates were even lower (15.4 = 1.2 Hz for 14.6 logand 5.3 = 0.9 Hz
for 12.8 log), probably due to iodate’s toxic effect on retinal neu-
rons (Tao et al., 2013).

Importance of the RPE retinoid cycle

Despite their shortcomings, the two previous experiments
pointed to the possibility that a functional RPE is required for
normal melanopsin photoresponses. The RPE’s main functions
are to maintain retinal health and to synthesize 1I-cis-retinal
through the retinoid cycle (Strauss, 1995), and so the abnor-
mal light responses in Figure 2 B, C could be caused by poor ret-
inal health or elimination of the retinoid cycle, or both. To test
the hypothesis that these abnormal photoresponses were due to
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disruption of the retinoid cycle, we recorded from RPE-attached
retinas in the presence of 3—10 uM 13cisRA or 200-500 um PBN,
which inhibit the RPE retinoid cycle (Sieving et al., 2001; Mandal
etal., 2011). These drugs had similar effects and so the data were
pooled. Compared with RPE-attached retinas in control me-
dium, peak response amplitudes at both 14.6 and 12.8 log inten-
sities were statistically similar (p > 0.05), but responses were
abnormally transient (Fig. 2D) and had significantly lower final-
to-peak ratios (p < 0.001 at both intensities). This result raised
the possibility that 11-cis-retinal from the RPE helps ipRGCs re-
generate melanopsin during prolonged illumination, thereby
enabling them to keep responding at high spike rates. Two addi-
tional observations reinforced this possibility. First, while reti-
noid cycle inhibition made the responses to both intensities decay
faster, it affected the higher-intensity response more: the 14.6 log
response in Figure 2D became significantly smaller than that in
Figure 2A starting with the second 5 min bin, whereas the 12.8 log
responses from the two recording conditions did not differ sig-
nificantly until the sixth bin (Fig. 2D, asterisks), suggesting that
intense light exhausts melanopsin molecules faster and 11-cis-
retinal from the RPE is needed sooner to sustain the photore-
sponse. Second, in the presence of 100 uM 9-cis-retinal (a
commercially available analog of 11-cis-retinal), the 14.6 log pho-
toresponses in isolated retinas became more tonic (Fig. 2E), with
the final-to-peak ratio being significantly higher (p = 0.035) than
that for the 14.6 log response in Figure 2B (isolated retinas in
control medium), though it remained lower (p < 0.01) than the
ratio for the 14.6 log response in Figure 2A (RPE-attached retinas
in control medium), suggesting 9-cis-retinal reconstituted mel-
anopsin only partially. The key final-to-peak ratios are shown in
Figure 2F.

There was a potential caveat, however, because I3cisRA
and/or PBN could have caused the above changes by acting on
ipRGCs’ spike-generation mechanisms rather than on the mel-
anopsin photoresponse. This possibility was ruled out by two
control experiments. First, when 6 mm KCI was added for 1 h to
control medium containing 100 uMm picrotoxin, 5 uM strychnine,
and 13cisRA or PBN (picrotoxin and strychnine were included to
block KCl-evoked amacrine-cell signaling), the firing rates of
ipRGCs in isolated retinas were dramatically elevated throughout
the hour (Fig. 3A), just as when the bath had DMSO instead of
13cisRA or PBN (Fig. 3B). Incidentally, the Figure 3B result fur-
ther confirmed that the transient photoresponses detected in iso-
lated retinas (Fig. 2B) were not caused by the retinal isolation
procedure compromising ipRGCs’ ability to generate prolonged
spiking. In the second control, whole-cell recordings showed that
M4 cells’ spiking responses to current injection (Fig. 3C) were not
significantly altered by these drugs, in terms of both firing rate
(Fig. 3D) and spike waveform (Fig. 3C, bottom recordings, E).
This result confirms that 13cisRA and PBN do not affect the
voltage-gated channels underlying spike generation.

Dependence on the retinoid cycle is behaviorally relevant

We next examined the impact of retinoid cycle inhibition on the
pupillary light reflex (PLR), a nonimage-forming visual behavior
believed to be driven by both M1 and non-M1 ipRGCs (Ecker et
al., 2010). To study melanopsin-mediated PLRs in Long—Evans
rats, rod/cone signaling blockers were injected into the left eye
whose pupil had been dilated. This treatment abolished the ERG
b-wave, a field potential reflecting the light responses of bipolar
cells (Fig. 4A), confirming effective block of rod/cone transmis-
sion to bipolar cells. Any residual signaling from bipolar cells to
ganglion cells would probably be antagonized by DNQX and
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example recordings that contain relatively well isolated spikes from two different ipRGCs, with the raster plots showing spike timings. The sporadic, nonlight-evoked vertical lines in these recordings
include both spontaneous spikes from other, nonphotoreceptive ganglion cells and mechanical/electrical artifacts. To show individual spikes more clearly, two 10 s segments of each recording are
displayed on an expanded time scale below the raster plot. B, Melanopsin photoresponses of ipRGCs inisolated retinas. Left, Averaged spike histograms. N = 63 cells for 14.6 log and 57 cells for 12.8
log. Right, Example recordings and raster plots. C, Melanopsin photoresponses of ipRGCs in RPE-attached retinas that had been treated with sodium iodate. N = 29 cells for 14.6 log and 51 cells for
12.8 log. D, Melanopsin photoresponses recorded from RPE-attached retinas in the presence of retinoid cycle inhibitors. N = 48 cells for 14.6 log and 74 cells for 12.8 log. The asterisks mark the
histogram columns that are significantly shorter (p << 0.05) than those shown in A. E, Melanopsin photoresponses recorded from isolated retinas in the presence of 9-cis-retinal (n = 70 cells).
F, A summary of the key results. These final-to-peak response ratios were calculated from the 14.6 log responses shown in 4, D, B, and E, respectively. *p << 0.05; **p << 0.01; ***p < 0.001; n.s.,

Not significantly different.

D-AP5. A 463 nm light with an intensity of 15.9 log quanta cm 2
s~ ' at the cornea was presented to the injected eye for 20 min, and
the other eye’s consensual PLR imaged. PLRs were recorded both
from control rats intraperitoneally injected with DMSO and
from rats whose RPE retinoid cycle was inhibited by intraperito-
neally injected 13cisRA (Sievingetal., 2001). Although all animals
displayed PLRs lasting the duration of the stimulus, the 13¢isRA-
injected rats’ responses decayed faster and final-to-peak response
ratios were significantly smaller (p = 0.014; Fig. 4B). In contrast,
the two animal groups’ responses to a lower stimulus intensity
(13.9 log quanta cm ~* s~ ') had statistically indistinguishable
final-to-peak ratios (p = 0.457; Fig. 4C), suggesting that retinoid
cycle inhibition had a more pronounced impact at the higher
light intensity.

Although the intraocularly injected drugs were expected to
completely block rod/cone signaling to ganglion cells, this could
not be known for certain. Thus, we also measured PLRs at the
15.9 log intensity using aged homozygous rdl mice that were
completely rodless and nearly coneless (Carter-Dawson et al.,
1978). The residual cones do not appear sufficient to drive the
PLR because knocking out melanopsin in rdI mice eliminates the
PLR, as noted in a previous study (Panda et al., 2003), even
though that study used younger (6—10 weeks) mice and did not
include pharmacological blockade of rod/cone signaling. None-
theless, to ensure that rod/cone transmission was completely ab-
sent, all our mice received intraocular injection of L-AP4, DNQX,
and D-AP5. Compared with DMSO-injected control mice, the
PLRs of the 13cisRA-injected mice had a significantly lower final-
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reservoir increased ipRGC spiking for 1h even when the superfusate contained 3—10 um 73cisRA or 200 um PBN. Left, Averaged spike histogram generated from 36 ipRGCs in isolated retinas. Right,
Example recording from one cell. B, 6 mm KClinduced a comparable spiking increase when the superfusate contained 0.2% DMSQ instead of 73¢isRA or PBN. Left, Spike histogram averaged from 27
ipRGCs in isolated retinas. Right, Example recording from one cell. C=E, 10 s current steps of various amplitudes were applied to 11 M4 cells in the presence of 0.3% DMSO, and to 16 M4 cells in the
presence of 10 wm 73cisRA or 500 pum PBN. €, Example 150 pA responses (upper recordings) and individual spikes from these responses (bottom recordings). D, At each current amplitude, total spike
counts for the two conditions were statistically similar (p > 0.05). E, The spikes in the 150 pA responses had statistically similar (p > 0.05) heights (left plot) and widths (right plot) in the two

conditions. The inset illustrates how these two parameters were measured.

to-peak ratio (p = 0.008; Fig. 4D). The 13cisRA did not induce
these effects by obstructing iris constriction or dilation because
topically applied carbachol still fully constricted the pupils of
13cisRA-injected rats and mice (Fig. 4E), and because DMSO-
injected and 13cisRA-injected animals had comparable dark-
adapted pupil sizes (p = 0.45 for rats and 0.24 for mice).

Requirement for Miiller glia

Considering the great distance between the RPE and ipRGCs, an
obvious question is how retinoids are transported between them.
Since Miiller cells span the thickness of the retina and interact
closely with ipRGCs (Viney et al., 2007), we hypothesized that
they transport 11-cis-retinal from the RPE to ipRGCs. To test
whether these glia are required for ipRGCs to generate sustained
intrinsic photoresponses, we obtained MEA recordings from
RPE-attached retinas in the presence of 3-10 mm DL-2-
aminoadipic acid (DL-2-AAA), a Miiller cell-specific gliotoxin
(Pedersen and Karlsen, 1979). Compared with RPE-attached ret-
inas in control medium (Fig. 2A), photoresponses recorded in the
presence of DL-2-AAA were more transient and had lower final-
to-peak ratios at both 14.6log (p < 0.001) and 12.8 log intensities
(p = 0.017; Fig. 5A). However, since DL-2-AAA is somewhat
neurotoxic (Casper and Reif-Lehrer, 1983), it could have im-
paired ipRGCs’ ability to spike tonically. We ruled out this pos-
sibility through a control experiment in which RPE-attached
retinas were incubated in 100 um 9-cis-retinal as well as DL-2-
AAA, which significantly increased the final-to-peak ratio (p =
0.002; Fig. 5B), suggesting that the transient light responses in

Figure 5A were not caused by an inability to spike tonically. This
result also confirmed that those transient light responses were
due to a loss of 11-cis-retinal.

While the requirement for Miiller cells is consistent with the
hypothesis that they traffic 1I-cis-retinal from the RPE to
ipRGCs, an alternative explanation is that ipRGCs use the 11-cis-
retinol made by these glia to regenerate excitable melanopsin, so
that melanopsin regeneration was compromised when Miiller
cells were poisoned. This is unlikely the case, because the mel-
anopsin photoresponses recorded from isolated retinas remained
extremely transient in the presence of the 11-cis-retinol analog
9-cis-retinol (100 uMm; Fig. 5C), as previously reported for mouse
ipRGCs (Sexton et al., 2012b). Reinforcing this conclusion, even
though Miiller cells presumably remained functional in isolated
retinas superfused with control medium, the melanopsin photo-
responses recorded from such retinas (Fig. 2B) were just as tran-
sient as those shown in Figure 5A.

Responses to longer-wavelength light

As mentioned (see Introduction), previous studies showed that
melanopsin can regenerate itself through photoreversal, with the
best wavelength for photoreversal being longer than the excita-
tion A, of 480 nm (Koyanagi et al., 2005; Melyan et al., 2005;
Mure et al., 2007, 2009; Matsuyama et al., 2012; Emanuel and Do,
2015). Thus, it is conceivable that in the absence of the retinoid
cycle, the short-wavelength lights used in the above experiments
(Figs. 2-5) were ineffective for reversing melanopsin and qui-
ckly exhausted excitable photopigments, resulting in transient
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Figure4. Inhibition of the retinoid cycle made the melanopsin-driven PLR less sustained. In this experiment, rod/cone signaling
blockers were injected into the eyes of both Long—Evans rats and homozygous rd7 mice. 4, To verify that the injected drugs were
effective on the rats, ERGs were recorded from a sham-injected eye (left) and an eye injected with rod/cone signaling blockers
(right). The lack of a h-wave (right) confirmed that rod/cone signaling to bipolar cells was blocked. B1, Averaged PLRs of rats
intraperitoneally injected with 73cisRA (gray trace) versus DMSO-injected rats (dark trace), with peak amplitude normalized to 1.
The shaded areas around the traces show SEM. The stimulus was a 463 nm light at 15.9 log quanta cm ~2s ~'.N = 11 rats for the
DMSO injection and 8 rats for 73cisRA. B2, 13cisRA reduced the final-to-peak amplitude ratio. C, When stimulus intensity was
reduced to 13.91og quantacm ~2s ", 73cisRA did not significantly alterthe final-to-peak response ratio. N = 8 rats for DMSO and
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light responses. In the final experiment,
we tested whether a longer-wavelength
light, which is better for photoreversal,
would evoke more sustained ipRGC re-
sponses in isolated retinas. Specifically,
we tested 560 nm at 15.7 log quanta
cm 25!, which should match the 14.6
log 480 nm stimulus in its ability to ex-
cite melanopsin (Berson et al., 2002).
As a confirmation, these stimuli indu-
ced similar peak response amplitudes
(32.2 = 2.1 Hz for 15.7 log 560 nm vs
33.0 = 1.8 Hz for 14.6 log 480 nm, p =
0.284). But since the peak wavelength
for photoreversal is red-shifted, this 560
nm light should be better than the 480
nm stimulus for photoreversing mel-
anopsin. Though the averaged 560 nm
response seemed slightly more sus-
tained (compare Figs. 2B, 6), the final-
to-peak ratios were not significantly
different (p = 0.401).

Discussion

Reconciling with previous studies

Three prior studies that examined ipRGCs’
reliance on the RPE by either knocking out
critical components of the retinoid cycle
(rpe65 and Irat) or inhibiting this cycle phar-
macologically gave divergent results. Fu et
al. (2005) showed that, with rpe65 knocked
out, the melanopsin-based photosensiti-
vity of both the PLR and ipRGCs in 1-3-
month-old gnatl '~ cnga3™’~ mice (which
have physically intact but nonfunctional
rods and cones) was reduced up to 40-fold.
In contrast, Doyle et al. (2006) reported that
2-3-month-old rpe65 /" rdta mice (which
are rodless) had normal circadian phase-
shift responses to a 15 min, ~11 log quanta
cm ~%s ™! light pulse. Tu et al. (2006) tested
30 s lights of various intensities and found
that while knocking out rpe65 or Iratin 7—-8-
month-old rdta or rdl mice reduced PLR
sensitivity 20-fold, acute pharmacologic in-
hibition of the retinoid cycle in rdta or rdi
mice had no impact. These findings led Tu
et al. to propose that melanopsin photosen-
sitivity does not acutely require the RPE be-
cause ipRGCs have an intrinsic capacity to
regenerate melanopsin using both light-
dependent and light-independent means,
although it is impaired by chronic retinoid
depletion such as occurs in rpe65 /" ani-

«—

6 rats for 73cisRA. €1, Averaged PLRs. €2, Averaged final-to-
peak amplitude ratios. D, The final-to-peak response ratios of
rd1mice were significantly reduced by 73cisRA. N = 9 mice for
DMSO0 and 8 mice for 73cisRA. D1, Averaged PLRs. D2, Aver-
aged final-to-peak ratios. E, Topically applied 1 m carbachol
fully constricted the pupils of both DMSO-injected and
13cisRA-injected rats (ET) and rd7 mice (E2) within 5 min.
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mals. To explain why rodless rpe65 /" mice gave stronger
melanopsin-driven photoresponses than rpe65’~ mice with intact
photoreceptors, rods were speculated to have an inhibitory influence
on ipRGCs, possibly by acting as a chromophore sink (Doyle et al.,
2006; Tu et al., 20006).

Here, we tested longer and higher-intensity stimuli and found
that acutely inhibiting the RPE retinoid cycle in wild-type retinas
reduced melanopsin photosensitivity in a time-dependent and
intensity-dependent way: during continuous stimulation by in-
tense light (~15 log quanta cm ~*s '), sensitivity was attenuated
after just several minutes, whereas at ~13 log quantacm ~*s ™', it
was not significantly affected for much longer. Even in homozy-
gous rd1 mice, where rods’ presumed inhibitory effect on ipRGCs
is eliminated and ipRGCs are physically closer to the RPE, normal
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melanopsin-driven PLR responses to prolonged intense light still
required the RPE retinoid cycle. To reconcile our results with the
three earlier studies, we propose the following. ipRGCs’ intrinsic
mechanisms for pigment regeneration can sustain responses to
low light intensities for long periods, and may also help melanop-
sin dark-adapt after light adaptation (Wong et al., 2005). But
during intense illumination, these intrinsic mechanisms cannot
keep up with the high demand for excitable photopigments, and
11-cis-retinal from the RPE serves to speed up melanopsin refor-
mation and maintain a robust photoresponse. Thus, at high stim-
ulus intensities, as little as several minutes of RPE retinoid
depletion can begin to impair melanopsin photosensitivity. This
model can also explain the effects of age and genetic background
observed in the three prior studies. All animals were housed in

1-hr 560 nm light
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Figure 6.  The dependence on the RPE extends to longer wavelengths. Melanopsin photoresponses were recorded from isolated retinas, using a 560 nm stimulus that was as effective for
activating melanopsin as the 14.6 log 480 nm light used in the other experiments, but should be more effective for melanopsin photoreversal. Left, Averaged spike histogram. N = 61 cells. Right,
An example recording.
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daily light/dark cycles. Each day, melanopsin in the rpe65 '~ and
Irat’~ animals was bleached substantially during the light phase
and then restored in the dark phase, but probably incompletely.
Thus, whereas melanopsin photoreception still appeared nor-
mal in 2-3-month-old rpe657/7 rdta mice (Doyle et al., 2006),
it was reduced 20-fold 5 months later (Tu et al., 2006). In
contrast, 1-3-month-old rpe65 "/ gnatl '~ cnga3~’" mice al-
ready showed significant deficits because their rods and cones
competed with ipRGCs for the low level of 9-cis-retinal avail-
able (Fan et al., 2003), thereby accelerating melanopsin
depletion.

An unexpected role for the RPE retinoid cycle

There are three reasons why ipRGCs’ dependence on the RPE
retinoid cycle is surprising. First, melanopsin can regenerate self-
sufficiently via photoreversal because its all-trans-retinal-bound
excited state can be reverted to the 11-cis-retinal-bound dark
state through photon absorption. But, as explained (see Intro-
duction), photoreversal cannot be the only mechanism for regen-
erating melanopsin. Moreover, even invertebrate photopigments
well known to be bistable and capable of photoreversal undergo
slow regeneration in the absence of light (Hillman et al., 1983). In
addition, Montell and colleagues showed that the maintenance of
Drosophila rhodopsin depends on the retinoid cycle in retinal
pigment cells, which are equivalent to the mammalian RPE, sug-
gesting that “a bistable pigment and a visual cycle are not exclu-
sive” and that “mammalian photoreceptor cells that use bistable
rhodopsin-like receptors also depend on enzymatic visual cycles”
(Wangetal., 2010). In fact, during prolonged exposure to intense
light, melanopsin reformation may depend more on the RPE
than on photoreversal, even for a long-wavelength stimulus
thought to be potent for photoreversal (compare Figs. 2A, 6). We
further noticed that the response to such a stimulus was statisti-
cally indistinguishable from that induced by a shorter wavelength
(Fig. 2B, top), mirroring Lucas and colleagues’ finding that the
behavioral responses of rodless, coneless mice to broad-spectrum
lights could be predicted simply by weighting these spectra ac-
cording to the nomogram for melanopsin excitation (Enezi et al.,
2011).

Melanopsin photoreversal has led to the view that photoacti-
vation should not release all-trans-retinal from the opsin apopro-
tein, and this is the second reason why the RPE’s contribution to
melanopsin reformation is surprising: such contribution requires
all-trans-retinal to dissociate from melanopsin so that it can be
replaced with exogenous II-cis-retinal. Indeed, Sexton et al.
found melanopsin to be highly resistant to bleaching by hydrox-
ylamine or bright light that could easily release 11-cis-retinal
from rod/cone photopigments (Sexton et al., 2012b). But hy-
droxylamine does bleach melanopsin somewhat (Walker et al.,
2008; Matsuyama et al., 2012), and 1 h of illumination by white
fluorescent light equivalent to ~14.7 log quanta cm > s ' of
480 nm light (Enezi et al., 2011) strongly bleaches melanopsin
(Jones et al., 2013). Further, adding 9-cis-retinal to light-adapted
ipRGCs increased melanopsin photosensitivity (Fu et al., 2005;
Do etal.,2009). Yau and colleagues cautioned that ipRGCs might
have bare melanopsin molecules that are normally unused, which
could combine with the applied 9-cis-retinal to form functional
photopigments. However, we found that adding 9-cis-retinal to
dark-adapted ipRGCs did not increase their peak spike rates (Fig.
2, compare B, E), indicating that dark-adapted ipRGCs contain
few if any bare melanopsin molecules. In summary, there is am-
ple evidence that melanopsin is bleachable, making it possible for
exogenous II-cis-retinal to reconstitute photopigments. Never-
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theless, melanopsin does appear to retain the chromophore more
tightly than rod/cone photopigments (Thompson et al., 2001;
Sexton et al., 2012b). Thus, it is reasonable to hypothesize that
while melanopsin is less bleachable than rod/cone photopig-
ments, it can be bleached to some extent, thereby allowing exog-
enous II-cis-retinal to contribute to pigment reformation.
Finally, the physical distance separating ipRGCs from the RPE
makes their interaction surprising. We hypothesized that Miiller
cells traffic retinoids from the RPE to ipRGCs because they are the
only cells that span the retina and because they associate inti-
mately with ipRGCs (Viney et al., 2007), and our DL-2-AAA data
support this hypothesis (Fig. 5A). Cellular retinaldehyde-binding
protein (CRALBP) is distributed throughout Miiller cells, with
the highest density near ganglion cells (Bunt-Milam and Saari,
1983). While CRALBP in the outer retina facilitates cones’ dark
adaptation (Xue et al., 2015), its role in the inner retina remains
mysterious. We propose that it shuttles retinoids from the RPE to
ipRGCs. Although CRALBP does not appear necessary for mice
to generate normal melanopsin-driven PLR responses to 30 s
light (Xue et al., 2015), its requirement for responses to much
longer photostimulation has not been examined. Miiller cells
could conceivably also contribute directly to melanopsin regen-
eration. Even though Miiller cells do not synthesize 11-cis-retinal
(Wang and Kefalov, 2011) and the 11-cis-retinol they produce
cannot be used by ipRGCs, it remains possible that they synthe-
size an unidentified retinoid that ipRGCs can use. However, even
if such a mechanism exists, it is unlikely to make a dominant
contribution during prolonged illumination because the light re-
sponses recorded from isolated retinas (where this mechanism
would be functional) were not noticeably more tonic than those
recorded in the presence of DL-2-AAA (compare Figs. 2B, 5A).

Clinical relevance

The retinoid cycle inhibitor 13cisRA is also called isotretinoin and
is used as a treatment for severe acne. Due to its inhibition of the
RPE retinoid cycle, isotretinoin causes poor night vision in some
patients (Weleber et al., 1986; Sieving et al., 2001). Our data
suggest that it could also attenuate melanopsin-based photore-
ception and thus compromise ipRGC-driven photoresponses,
such as circadian entrainment, mood enhancement, and sleep
regulation, a hypothesis first proposed by Szabo (2007). This
action on ipRGCs could contribute to some of the psychiatric
side effects of this drug (Kontaxakis et al., 2009).

Our findings further suggest that ipRGC function may be im-
paired in eye diseases involving disruptions of the RPE retinoid
cycle, such as Leber’s congenital amaurosis (Gu et al., 1997; Mar-
lhens et al., 1997). Considering that retinoid cycle inhibition
caused melanopsin responses to prolonged intense light to be-
come more transient than those evoked by lower intensities (Fig.
2D), moderate ambient light levels may be the best for promoting
nonimage-forming photoreception in these patients.
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