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Abstract

Purpose: Intrinsically photosensitive retinal ganglion cells (ipRGCs) contain the photopigment 

melanopsin and can signal light continuously for many hours. Melanopsin is excited when its 

chromophore 11-cis-retinal absorbs a photon and becomes all-trans-retinal, which must be 

reisomerized to 11-cis-retinal to regenerate photoexcitable melanopsin. Due to the great distance 

separating ipRGCs from the retinal pigment epithelium (RPE) whose retinoid cycle produces 11-
cis-retinal, ipRGCs had been assumed to regenerate all melanopsin molecules autonomously. 

Surprisingly, we previously found that pharmacologically inhibiting the retinoid cycle rendered 

melanopsin-based responses to prolonged illumination less sustained, suggesting that the RPE 

may supply retinoids to help ipRGCs regenerate melanopsin during extended photostimulation. 

However, the specificity of those drugs is unclear. Here, we reexamined the role of the retinoid 

cycle, and tested whether the RPE-to-ipRGC transport of retinoids utilizes cellular retinaldehyde-

binding protein (CRALBP), present throughout the RPE and Müller glia.

Methods: To measure melanopsin-mediated photoresponses in isolation, all animals were 8- to 

12-month-old rod/cone-degenerate mice. We genetically knocked out RPE-specific 65 kDa protein 

(RPE65), a critical enzyme in the retinoid cycle. We also knocked out the CRALBP gene rlbp1 
mainly in Foxg1-expressing Müller cells. We obtained multielectrode-array recordings from 

ipRGCs in a novel RPE-attached mouse retina preparation, and imaged pupillary light reflexes in 
vivo.

Results: Melanopsin-based ipRGC responses to prolonged light became less tonic in both 

knockout lines, and pupillary light reflexes were also less sustained in RPE65-knockout than 

control mice.

Conclusions: These results confirm that ipRGCs rely partly on the retinoid cycle to 

continuously regenerate melanopsin during prolonged photostimulation, and suggest that 

CRALBP in Müller glia likely transports 11-cis-retinal from the RPE to ipRGCs – this is the first 

proposed functional role for CRALBP in the inner retina.
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Introduction

Intrinsically photosensitive retinal ganglion cells (ipRGCs) are output neurons of the 

mammalian retina that drive irradiance-dependent, nonimage-forming visual responses 

including pupil constriction, melatonin suppression, and circadian photoentrainment. These 

ganglion-cell photoreceptors contain the photopigment melanopsin and can signal light 

continuously for many hours1. Like the photopigments of rods and cones, melanopsin uses 

the chromophore 11-cis-retinal to sense light: photon absorption isomerizes 11-cis-retinal to 

all-trans-retinal, which then activates the phototransduction cascade2, 3. To restore 

photosensitivity, all-trans-retinal must be reisomerized to 11-cis-retinal. For rods and cones, 

such reisomerization involves the nearby retinal pigment epithelium (RPE) which contains 

enzymes mediating the retinoid cycle. Located far from the RPE, ipRGCs possess intrinsic 

mechanisms for regenerating 11-cis-retinal4–6. Surprisingly, when we used drugs to inhibit 

the RPE retinoid cycle or poison Müller glia, melanopsin-based ipRGC and pupil responses 

to prolonged illumination became less sustained, and exogenous cis-retinal rescued the 

deficit, suggesting that the continuous regeneration of light-sensitive melanopsin during 

extended photostimulation depends partly on retinoids imported from the RPE to ipRGCs 

via Müller cells7, perhaps because ipRGCs’ endogenous regenerative mechanisms are 

insufficient.

Our objectives in this study were twofold. First, the specificity of the drugs we used to 

inhibit the retinoid cycle7 is not well-understood, so we sought to reexamine the role of this 

cycle by disrupting it genetically. Second, if the RPE retinoid cycle does contribute to 

prolonged melanopsin photoresponses, we wanted to test whether the trafficking of retinoids 

from the RPE to ipRGCs relies on cellular retinaldehyde-binding protein (CRALBP), 

present throughout the RPE and Müller glia8. In order to measure melanopsin 

photoresponses in isolation, all mice were homozygous for the rd1 mutation (pde6brd1/rd1) 

which causes all rods and the vast majority of cones to degenerate9. To achieve the first 

objective of assessing the role of the retinoid cycle, we compared pde6brd1/rd1 mice with 

pde6brd1/rd1; rpe65rd12/rd12 mice which do not express RPE65 (retinal pigment epithelium-

specific 65 kDa protein), a critical component of the retinoid cycle10; for simplicity we will 

call them “rd1; rpe65 control” and “rd1; rpe65 knockout” mice respectively. To achieve the 

second objective of testing whether CRALBP traffics retinoids from the RPE through Müller 

cells to ipRGCs, we aimed to knock out the CRALBP gene, rlbp1, in RPE and Müller cells 

as selectively as possible. Thus we crossed an rlbp1 flox line with mice expressing Cre 

recombinase under the foxg1 promoter which is active in Müller cells11 and a subset of RPE 

cells12, and compared the resulting “rd1; foxg1::rlbp1 knockout” mice with Cre-negative 

“rd1; rlbp1 control” littermates.
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Methods

Mouse lines

All procedures were approved by the University of Michigan Institutional Animal Care and 

Use Committee. All animals were rod/cone-degenerate mice homozygous for the pde6brd1 

mutation. To produce “rd1; rpe65 knockout” mice, rd1 mice homozygous for the pde6brd1 

mutation were crossed with mice homozygous for the rpe65rd12 mutation to create 

heterozygous offspring, which were then intercrossed and genotyped using the primer sets 

“rd1 seq For-Rev” and “rd12 seq For-Rev” (Table 1), producing pde6brd1/rd1; rpe65rd12/rd12 

mice, with pde6brd1/rd1; rpe65+/+ littermates serving as “rd1; rpe65 control”.

To produce “rd1; foxg1::rlbp1 knockout” mice, we obtained mice containing the 

rlbp1tm1a(EUCOMM)Wtsi allele (“rlbp1-A” in Fig. 1A) from the European Conditional Mouse 

Mutagenesis Program13. They were mated with FLPo transgenic mice14 that had been 

backcrossed to C57BL/6 mice, in order to remove the DNA sequences flanked by the FRT 

sites to produce the conditional allele “rlbp1-B” that carries rlbp1 exon 5 flanked by loxP 

sites (Fig 1A). These resulting pups were genotyped to verify the presence of the floxed 

rlbp1 (rlbp1B) gene. The animals containing rlbp1-B were crossed with pde6brd1/rdd1 mice 

over two generations to produce pde6brd1/rd1; rlbp1B/B, which were then crossed with a Cre 

recombinase line, foxg1Cre/+, over two generations to obtain pde6brd1/rd1; rlbp1B/B; 
foxg1Cre/+ breeders. The pde6brd1/rd1; rlbp1B/B; foxg1Cre/+ progeny mice (“rd1; foxg1::rlbp1 
knockout”) were compared with Cre-negative pde6brd1/rd1; rlbp1B/B; foxg1+/+ littermates 

(“rd1; rlbp1 control”). We did not use pde6brd1/rd1; rlbp1+/+; foxg1Cre/+ mice as control 

because rlbp1B/B and rlbp1+/+ might not be functionally equivalent. Table 1 lists all 

genotyping primers.

In pde6brd1/rd1 mice, rod degeneration is complete by postnatal day 65, although a small 

percentage of cone nuclei (but not outer segments) survive beyond 4 months of age9. The 

residual cone nuclei in 6–10-week-old pde6brd1/rd1 mice appear incapable of driving 

pupillary light reflexes because when melanopsin was knocked out in these mice to block 

ipRGC photoreception, such reflexes were abolished15. Our experiments used mice between 

8 and 12 months old, of both sexes.

Immunohistochemistry

Each mouse was dark-adapted overnight and euthanized using CO2 followed by cervical 

dislocation. Eyecups were harvested under dim red light in PBS or Ames’ medium 

(MilliporeSigma, St. Louis MO). After 1 hr fixation in 4% paraformaldehyde, each eyecup 

was rinsed three times in PBS, and infiltrated with increasing concentrations of sucrose at 4 

°C: 10% sucrose in PBS for 30 min, 20% sucrose in PBS for 30 min, and 30% sucrose in 

PBS for 30 min. The eyecup was then incubated in a 2:1 mix of 30% sucrose/PBS and 

Tissue-Tek optimum cutting temperature compound for 1 hr at room temperature, frozen 

using dry ice, and kept in a −70 °C freezer for long-term storage. After allowing the tissue 

block to equilibrate to a cryostat’s temperature, it was sectioned at 15 μm thickness. The 

sections were placed on Superfrost glass slides and allowed to dry for 10 min. After using an 

ImmEdge pen to draw a hydrophobic barrier around each sectioned tissue, we incubated the 
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tissue in primary block (PBS containing 10% normal donkey serum and 0.5% Triton X-100) 

at room temperature for 2 hr, and then in primary block plus a mouse anti-CRALBP 

antibody diluted 1:1000 (MilliporeSigma catalog no. MA1–813) overnight at 4 °C. The 

slides were rinsed three times using PBS, and incubated in secondary block (PBS with 5% 

normal donkey serum and 0.5% Triton X-100) plus donkey anti-mouse secondary antibody 

tagged with either FITC or Cy5 (Jackson Immuno; 1:250) for 30 min at room temperature. 

After rinsing the slides three times using PBS, the sections were submerged in Fluoromount-

G mounting medium (SouthernBiotech, Birmingham AL) and covered with cover slips. 

Immunofluorescence was imaged using the 488 nm or 633 nm laser of a Leica SP5 confocal 

microscope.

Multielectrode-array (MEA) extracellular spike recording

Each mouse was dark-adapted for 15–20 hr. Under dim red light, it was euthanized using 

CO2 followed by cervical dislocation, and one eye was harvested and submerged in room-

temperature Ames’ medium gassed with 95% O2 5% CO2. Under infrared night vision 

goggles, an eyecup was generated and its peripheral parts gently cut away by a razor blade, 

leaving an approximately 2.2 mm × 2.2 mm square containing the optic disc at the center; 

the vitreous was left intact, as vitrectomy could detach the retina from the RPE. In the 

experiment using RPE-detached retinas, the RPE was gently removed from the retina using 

forceps, and the isolated retina was also cut into an approximately 2.2 mm × 2.2 mm square 

containing the optic disc at the center, with the vitreous left intact. For both RPE-attached 

and RPE-detached retinas, the preparation was flattened ganglion cell side down onto a 60-

channel MEA with 30μm electrodes at 200μm spacing (Multi Channel Systems, Germany) 

and anchored by a weighted nylon mesh. Thirty-three °C Ames’ medium containing 16 mM 

D-glucose was fed into the MEA chamber at 4–5 mL min−1 and recycled using a peristaltic 

pump, and continuously gassed by 95% O2 5% CO2 in the MEA chamber as well as the 

reservoir. We chose not to include synaptic blockers so that the MEA recordings and in vivo 
pupillometry were conducted under relatively similar conditions, and because synaptic 

blockers might alter photoresponse sustainedness by changing the membrane potentials of 

ipRGCs16. After superfusion in darkness for 2 hr, a full-field 480 nm light produced by a 

monochromator (Optical Building Blocks, Birmingham NJ) was presented continuously 

from below the MEA for 60 min (Figs. 2A and 4A, stimulus trace), with 14.6 log photons 

cm−2 s−1 intensity at the retina.

We only analyzed photoresponses lasting >2 min as cells exhibiting shorter responses could 

have been unhealthy. Spike clustering was performed using Offline Sorter software (Plexon, 

Dallas TX). Spike histograms were generated in Origin software (OriginLab, Northampton 

MA) with 1-min bins (Figs. 2B and 4B) and the tallest column (always the first column 

during the 60-min stimulus) was used to calculate the peak response (Figs. 2C and 4C, left 
plot); specifically, the average of the 2 pre-stimulus columns (reflecting spontaneous 

spiking) was subtracted from the tallest column. Photoresponse sustainedness was quantified 

at the midpoint and near the end of the stimulus: 1) the “30min-to-peak ratio” (Figs. 2C and 

4C, middle plot) was calculated by subtracting the average of the 2 pre-stimulus columns 

from the average of the 29th and 30th columns during the stimulus, and dividing this 

difference by the peak response; 2) the “60min-to-peak ratio” (Figs. 2C and 4C, right plot) 
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was calculated by subtracting the average of the 2 pre-stimulus columns from the average of 

the 59th and 60th columns during the stimulus, and dividing this difference by the peak 

response. For both ratios, a higher value would indicate a more sustained photoresponse. 

The 30min-to-peak ratio allows a direct comparison of the ipRGC responses with the pupil 

responses, which were evoked using a 30-min light step (see below). Statistical comparisons 

were made between rd1; rpe65 control and rd1; rpe65 knockout, and between rd1; rlbp1 
control and rd1; foxg1::rlbp1 knockout, using unpaired Student’s t-test for normally 

distributed data and Mann-Whitney U test for non-normal data, with p < 0.05 indicating a 

significant difference.

Pupillary light reflex (PLR) imaging

Animals were handled as previously described17. Briefly, each dark-adapted mouse was i.p. 

injected with the sedative acepromazine (5 mg/kg; VetOne, Boise ID), and anesthesia 

induced by 4% isoflurane. Then it was placed on a recirculating water blanket set at 41 °C, 

and the isoflurane level reduced to 0.5%. The right pupil was dilated by 2.5% phenylephrine 

hydrochloride (Paragon BioTeck, Portland OR) and 1% tropicamide (Akorn, Lake Forest 

IL). The left pupil was kept moist by Goniovisc hypromellose lubricating gel (HUB 

Pharmaceuticals, Rancho Cucamonga CA) and imaged continuously using an EyeLink 1000 

Plus eye tracker (SR Research, Ottawa ON, Canada) first in darkness for 1 min, and then 

470 nm LED light (16.0 log photons cm−2 s−1) was presented continuously to the right eye 

for 30 min (Figs. 3A and 5A, stimulus trace), shorter than the MEA stimulus duration 

because in PLR sessions the amount of glare often increased over time due to drifts of the 

lubricating gel, making it difficult to image for >30 min. Right after imaging, the mouse was 

euthanized by CO2 and cervical dislocation.

Pupil diameters were measured offline using a custom LabVIEW program17. To generate 

Figs. 3B and 5B, the pre-stimulus pupil diameters were averaged and normalized to 1, and 

all subsequent diameters were expressed as fractions of this normalized baseline. To 

calculate the peak response (Figs. 3C and 5C, left plot), the minimum pupil diameter during 

the stimulus was subtracted from the averaged pre-stimulus diameter, and this difference was 

divided by the averaged pre-stimulus diameter. To quantify response sustainability, we 

calculated the “final-to-peak ratio” (Figs. 3C and 5C, right plot) by subtracting the average 

of the pupil diameters during the final 2 min of the stimulus from the averaged pre-stimulus 

diameter, and dividing this difference by the difference between the averaged pre-stimulus 

diameter and the minimum diameter (i.e. the peak response); a higher ratio would indicate a 

more sustained PLR. Statistics were performed as described above for the MEA data.

Results

Functional deficits in rd1; rpe65 knockout ipRGCs and mice

To investigate whether eliminating RPE65 would compromise melanopsin-based 

photoresponses in ipRGCs, we used the MEA to record action potentials from 78 rd1; rpe65 
control ipRGCs (from 8 mice) and 70 rd1; rpe65 knockout ipRGCs (from 6 mice) in RPE-

attached retinas. Though diverse photoresponse durations were seen within each genotype, 

responses lasting throughout the 60-min light were somewhat more common in rd1; rpe65 
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control ipRGCs than in their knockout counterparts, and Fig. 2A (top and middle recordings) 

provides representative examples. Indeed, the population-averaged spike histograms (Fig. 

2B left and middle plots) show that although both genotypes’ photoresponses decayed over 

time, the mean spike rate of rd1; rpe65 control cells stayed above the baseline throughout the 

60-min light, whereas the knockout cells’ mean spike rate had fully returned to the baseline 

by the end of that light. Confirming that this ex vivo retinal preparation preserves retina-RPE 

connectivity, ipRGCs in RPE-detached rd1; rpe65 control retinas gave photoresponses that 

fully returned to the baseline well before the end of the 60-min light (Figs. 2A bottom 
recording, 2B right plot), far more transient than the photoresponses from RPE-attached 

rd1;rpe65 control retinas (Figs. 2A top recording, 2B left plot). Statistical comparisons of 

rd1; rpe65 control and knockout ipRGC photoresponses (recorded from RPE-attached 

retinas) are summarized in Fig. 2C. The two genotypes had statistically similar peak 

response spike rates near the beginning of the 60-min light (Mann-Whitney p = 0.072; left 
plot), but the 30min-to-peak and 60min-to-peak response ratios were both significantly 

higher in the rd1; rpe65 control (Mann-Whitney p = 0.0085 and 0.0099 respectively; middle 
and right plots), confirming that the absence of RPE65 accelerated the decay of the 

melanopsin photoresponse during the light step.

To ascertain whether abolishing RPE65 expression would impact melanopsin-mediated 

nonimage-forming visual behavior, we measured PLRs in 20 rd1; rpe65 control mice and 22 

rd1; rpe65 knockout mice. Fig. 3A shows representative images from two mice, at three time 

points: just before the 30-min light; peak constriction shortly after light onset; and near the 

end of this light. The population-averaged pupil diameter measurements (Fig. 3B) suggest 

that while the two genotypes had comparable peak responses shortly after stimulus onset, 

the amount of constriction near the end of the stimulus seemed greater in the control. 

Statistical comparisons of rd1; rpe65 control and knockout mice (Fig. 3C) confirm that peak 

constriction near the beginning of the 30-min light was statistically similar (t-test p = 0.51; 

left plot), whereas the final-to-peak constriction ratio was significantly higher for rd1; rpe65 
control (t-test p = 0.023; right plot), indicating that RPE65 helps sustain the melanopsin-

based PLR during the 30-min light step.

Functional deficits in rd1; foxg1::rlbp1 knockout ipRGCs and mice

Having established that the RPE retinoid cycle helps sustain melanopsin-based responses to 

prolonged illumination, we next examined whether such sustainability depends on CRALBP 

in the RPE and/or Müller glia, by knocking out the floxed rlbp1 gene using foxg1-driven Cre 

recombinase (Fig. 1A). Within the retina, foxg1-driven Cre expression is restricted to Müller 

glia11. CRALBP immunostaining was virtually eliminated within the neural retina, 

suggesting that Müller cells no longer contained this protein, although staining was still 

visible in the RPE (Fig. 1B right), presumably reflecting CRALBP in non-Foxg1-expressing 

RPE cells12. No obvious staining remained when the immunohistochemistry protocol 

omitted the primary antibody (not shown).

We first recorded from 45 rd1; rlbp1 control ipRGCs (from 9 mice) and 136 rd1; 
foxg1::rlbp1 knockout ipRGCs (from 13 mice) and measured their spiking responses to the 

60-min light step. The control cells had a tendency to exhibit longer-lasting responses than 
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the knockout cells, as illustrated in the example recordings (Fig. 4A) and the population-

averaged spike histograms (Fig. 4B). Statistical comparisons (Fig. 4C) confirm that rd1; 
rlbp1 control ipRGCs had more sustained photoresponses than rd1; foxg1::rlbp1 knockout 

ipRGCs, as the former had significantly higher 30min- and 60min-to-peak response ratios 

(Mann-Whitney p = <0.00001 and 0.0080 respectively; middle and right plots), although the 

two genotypes had comparable peak responses (t-test p = 0.36; left plot).

Finally we imaged 30-min PLRs in 9 rd1; rlbp1 control mice and 20 rd1; foxg1::rlbp1 
knockout mice, and Fig. 5A shows example data. The averaged responses in Fig. 5B suggest 

that the two genotypes had comparable peak responses, while constriction near the end of 

the stimulus seemed stronger in the control. However, even though the difference in the 

mean final-to-peak constriction ratio was sizeable (Fig. 5C right plot), this difference was 

not statistically significant (t-test p = 0.16), which could conceivably be a type II error 

caused by the relatively small sample (n = 9) of the rd1; rlbp1 control; limited resources 

precluded the generation of more mice.

Discussion

We have developed a novel MEA recording preparation that preserves mouse retina-RPE 

connectivity. In earlier studies1, 7 we successfully obtained RPE-attached rat retinas from 

eyecup pieces lacking the optic disc, but when equivalent pieces of mouse eyecups were 

flattened onto the MEA, the RPE detached from the retina easily, and few ipRGCs could 

give hour-long photoresponses. In the present study, we overcame this limitation by using a 

piece of mouse eyecup containing the optic disc which helped keep the retina attached to the 

RPE.

We previously7 inhibited the retinoid cycle pharmacologically using 13-cis-retinoic acid18 

and α-phenyl-N-tert-butylnitrone19, but here we knocked out rpe65 genetically. The two 

approaches have different pros and cons: the drugs acted acutely but potentially had off-

target effects, while gene knockout was specific but could have induced developmental 

changes20, 21. Nonetheless, these divergent approaches gave the same result, namely, 

disrupting the retinoid cycle made melanopsin-based responses to 14.6 log photons cm−2 s−1 

480 nm light less tonic, thus strengthening the hypothesis that the RPE helps regenerate 

melanopsin during extended photostimulation, presumably to complement ipRGCs’ intrinsic 

regenerative mechanism(s) such as photoreversal6. A 2006 paper reported that rpe65+/− and 

rpe65−/− rodless mice gave similar circadian phase shift responses, but it only tested a low-

intensity 15min-duration stimulus4. In Zhao et al. 2016 we showed that melanopsin’s 

dependence on the retinoid cycle could only be detected if the stimulus was sufficiently 

intense and prolonged, i.e. 14.6 log photons cm−2 s−1 for >5 min and 12.8 log photons cm−2 

s−1 for >25 min. In the current study, rd1 mice with and without RPE65 gave comparable 

melanopsin-based responses shortly after stimulus onset, but as light stimulation continued 

the knockout mice’s responses became progressively weaker than the control’s, so that the 

knockout mice had significantly lower 30min-to-peak response ratios.

Although knocking out rpe65 in rodless mice had modest to no impact on short-duration 

melanopsin photoresponses4, 5, such photoresponses were drastically reduced when rpe65 
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was knocked out in mice with structurally intact photoreceptors3–5. A plausible explanation 

is that the photoreceptors compete with ipRGCs for the small amounts of chromophores 

present in RPE65-deficient retinas22, and eliminating most of the photoreceptors allows 

ipRGCs better access to these chromophores4, 5. The dramatically suppressed melanopsin 

photoresponses in such rpe65 knockout mice would have made it difficult to study the 

sustainedness of these photoresponses. Thus, in the present study we opted to knock out 

rpe65 in rod/cone-degenerate mice, in order to better preserve melanopsin photoresponses.

We have also investigated a potential mechanism for trafficking retinoids from the RPE to 

ipRGCs. Two proteins are known to shuttle retinoids within the RPE at different steps of the 

retinoid cycle: cellular retinol binding protein (CRBP) binds to all-trans-retinol, and 

CRALBP binds to 11-cis-retinol and 11-cis-retinal23–25. CRALBP in RPE cells’ apical 

processes may also serve to export 11-cis-retinal to the subretinal space26. Moreover, 

CRALBP is present in Müller cells and has been proposed to facilitate the release of 11-cis-

retinol to cones, which then isomerize it to 11-cis-retinal27. Knocking out the CRALBP gene 

rlbp1 delayed rods’ and cones’ dark adaptation and attenuated their photoresponses27, 28. 

Before the current study, one prior study had tested for a contribution of CRALBP to ipRGC 

photoreception by comparing the PLRs of rlbp1−/− and control mice at high light intensities 

(up to 15.5 log photons cm−2 s−1), and no difference was found; however, stimulus duration 

was only 30 sec, and only peak response amplitudes were analyzed27. By increasing 

stimulus duration to 30 min (for PLRs) and 60 min (for MEA recordings), we found that 

while knocking out rlbp1 in Foxg1-expressing cells (i.e. Müller glia and some RPE cells) did 

not affect peak response amplitudes, it significantly reduced response sustainedness. In both 

rd1; foxg1::rlbp1 and rd1; rpe65 knockouts, the deficits appeared more pronounced for the 

MEA recordings than for the PLRs (compare the 30min-to-peak ratios in Figs. 2C, 4C with 

the final-to-peak ratios in Figs. 3C, 5C), as previously observed in rats7. Considering that the 

MEA recordings likely included multiple ipRGC types29, 30 whereas the PLRs reflected 

mainly the M1 type31, a plausible explanation is that RPE65 and CRALBP are more 

important for non-M1 than M1 ipRGCs. The various ipRGC types’ diverse photoresponse 

kinetics32 may also have contributed to the sizable SEMs for the 30min-to-peak and 60min-

to-peak ratios of the MEA-recorded light responses (Figs. 2C, 4C).

Immunostaining of rd1; foxg1::rlbp1 knockout eye sections revealed robust CRALBP 

expression in the RPE, but virtually no expression in the neural retina and hence Müller 

cells. (In fact, CRALBP staining in the RPE of these mice seemed even stronger than that in 

control mice, although immunohistochemistry is not a quantitative assay.) Since Foxg1 is 

expressed in a mosaic of RPE cells12, the overall CRALBP level in the RPE probably 

decreased in rd1; foxg1::rlbp1 knockout mice, so the photoresponse deficits seen in these 

mice could be caused by the lack of CRALBP in Müller cells, or the presumed reduced 

expression of this protein in the RPE, or both. We suspect these deficits were caused mainly 

(though not exclusively) by the lack of CRALBP in Müller cells, not just because the foxg1-

dependent rlbp1 knockout impacted these glia more than the RPE, but also because it is 

unlikely that reduced expression (as opposed to elimination) of this protein in the RPE 

would cause a phenotype as severe as that for rd1; rpe65 knockout mice, whose retinas have 

undetectable levels of 11-cis-retinal10 – compare Figs. 2B middle and 4B right. Thus, we 

hypothesize that the rd1; foxg1::rlbp1 knockout phenotype is caused mainly by an inability 
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of Müller cells to transport retinoids from the RPE to ipRGCs, essentially blocking ipRGCs’ 

access to exogenous retinoids. This hypothesis is appealing because CRALBP is abundantly 

present throughout Müller cells, from the outer limiting membrane to the inner limiting 

membrane8, but the only function demonstrated so far is exporting 11-cis-retinol to cones in 

the outer retina27, and so the presence of CRALBP in the inner retina remained a mystery.

How might ipRGCs receive retinoids from the RPE? Interphotoreceptor retinoid-binding 

protein (IRBP) could traffic retinoids from the RPE to Müller cells8, in which CRALBP 

could subsequently shuttle them toward ipRGCs. CRALBP can bind to both 11-cis-retinal 

and 11-cis-retinol25, so theoretically it could transport both 11-cis-retinal from the RPE 

retinoid cycle and 11-cis-retinol from Müller cells’ cone-specific cycle23, but since ipRGCs 

cannot utilize 11-cis-retinol to regenerate melanopsin7, 33 and CRALBP has a higher affinity 

for 11-cis-retinal than 11-cis-retinol34, we propose that CRALBP transports 11-cis-retinal to 

ipRGCs.

Besides obtaining retinoids from the RPE, melanopsin regeneration during photostimulation 

also involves photoreversal where all-trans-retinal remains linked to a photoexcited 

melanopsin molecule, and subsequent photon absorption isomerizes it to 11-cis-retinal 

thereby making the melanopsin molecule photoexcitable again6. Additional mechanisms 

probably contribute to melanopsin regeneration, because our observation that the peak 

responses at light onset were similar in rd1; rpe65 knockout and control mice (Figs. 2C left, 
3C left) indicates that full melanopsin regeneration had occurred during the preceding dark 

period despite the lack of photoreversal (which requires light exposure) and RPE65. Several 

retinoid-processing enzymes have been identified in Müller glia and the ganglion cell layer, 

e.g. dihydroceramide desaturase-1 (DES1)35, multifunctional O-acyltransferase (MFAT)36, 

diacylglycerol O-acyltransferase-1 (DGAT1)37, and retinal G-protein-coupled receptor 

(RGR)38. These enzymes could produce chromophores for ipRGCs and/or cones, but 

probably not rods since rod photosensitivity is abolished in RPE65-deficient mice39.

rlbp1 mutations can cause various human eye diseases such as autosomal recessive retinitis 

pigmentosa40, Bothnia dystrophy41, retinitis punctate albescens42, and fundus 

albipunctatus43. Severe impairments in rod/cone function are well documented44–46. Our 

results suggest that these diseases could potentially also impact ipRGC photoreception and 

hence nonimage-forming visual responses such as circadian photoentrainment, melatonin 

suppression, and mood regulation.
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Fig. 1. 
Creating rd1; foxg1::rlbp1 knockout mice and characterizing CRALBP expression. A) The 

creation of pde6brd1/rd1; rlbp1B/B; foxg1+/+ (“rd1; rlbp1 control”) and pde6brd1/rd1; rlbp1B/B; 
foxg1Cre/+ (“rd1; foxg1::rlbp1 knockout”) mice. “rlbp1-A” mice were mated with FLPo 

mice to produce “rlbp1-B” mice. After crossing the latter with pde6brd1/rd1 mice, the 

resulting pde6brd1; rlbp1B mice were mated with a foxg1Cre line to produce “rlbp1-C” mice 

in which the rlbp1 exon 5 was excised in Foxg1-expressing cells. Cre-negative littermates 

served as controls. B) CRALBP immunostaining in posterior eye sections. In rd1; rlbp1 
control mice (left) prominent CRALBP expression was detected in both retina and RPE. By 

contrast, in rd1; foxg1::rlbp1 knockout mice (right) CRALBP staining was nearly absent in 

the retina.
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Fig. 2. 
Multielectrode-array (MEA) recordings of pde6brd1/rd1; rpe65+/+ (“rd1; rpe65 control”) and 

pde6brd1/rd1; rpe65rd12/rd12 (“rd1; rpe65 knockout”) ipRGCs. A) The photostimulation 

protocol (top trace) and representative raw recordings from three ipRGCs, with the 

corresponding raster plot underneath each recording. The top and middle recordings were 

made from RPE-attached rd1; rpe65 control and rd1; rpe65 knockout retinas respectively, 

whereas the bottom recording was from an rd1; rpe65 control retina that had been 

mechanically isolated from the RPE. The stimulus was full-field 480 nm light at 14.6 log 

photons cm−2 s−1. B) Spike histograms averaged from all rd1; rpe65 control ipRGCs (n = 

78) and rd1; rpe65 knockout ipRGCs (n = 70) in RPE-attached retinas, and all rd1; rpe65 
control ipRGCs (n = 33) in RPE-detached retinas. C) Comparisons of photoresponse 

features between the two genotypes, based on the MEA recordings from RPE-attached 

retinas. From left to right: the peak light-evoked spike rate near the beginning of the 60-min 

light step; 30min-to-peak ratio of the photoresponse; and 60min-to-peak ratio of the 

photoresponse. Error bars are S.E.M. **, p < 0.01.
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Fig. 3. 
Pupillary light reflexes (PLRs) of rd1; rpe65 control and rd1; rpe65 knockout mice. A) The 

photostimulation protocol (top trace) and representative images from two mice. The Roman 

numerals above the protocol trace indicate the three time points for the example images, and 

the numbers within the images are normalized pupil diameters. The stimulus was full-field 

470 nm light at 16.0 log photons cm−2 s−1. B) Pupil diameters averaged from all rd1; rpe65 
control mice (n = 20) and rd1; rpe65 knockout mice (n = 22) during the first 9 min of 

imaging including 1 min of pre-stimulus darkness, and the last ~4 min of the 30-min light 

step. The black traces depict mean diameters and the surrounding gray areas depict S.E.M. 
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C) Comparisons of the rd1; rpe65 control and rd1; rpe65 knockout PLRs. Left: Peak pupil 

constriction during the 30-min light step. Right: Final-to-peak constriction ratio during that 

light step. Error bars are S.E.M. *, p < 0.05.
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Fig. 4. 
MEA recordings of pde6brd1/rd1; rlbp1B/B; foxg1+/+ (“rd1; rlbp1 control”) and pde6brd1/rd1; 
rlbp1B/B; foxg1Cre/+ (“rd1; foxg1::rlbp1 knockout”) ipRGCs. A) The photostimulation 

protocol, representative raw recordings from two ipRGCs in RPE-attached retinas, and 

corresponding raster plots. B) Spike histograms averaged from all rd1; rlbp1 control ipRGCs 

(n = 45) and rd1; foxg1::rlbp1 knockout ipRGCs (n = 136). C) Comparisons of the two 

genotypes’ photoresponses. Error bars are S.E.M. **, p < 0.01. ***, p < 0.001.
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Fig. 5. 
PLRs of rd1; rlbp1 control and rd1; foxg1::rlbp1 knockout mice. A) The photostimulation 

protocol and representative images from two mice, with the numbers inside the images 

indicating normalized pupil diameters. B) Pupil diameters averaged from all rd1; rlbp1 
control mice (n = 9) and rd1; foxg1::rlbp1 knockout mice (n = 20). C) Comparisons of the 

rd1; rlbp1 control and rd1; foxg1::rlbp1 knockout PLRs. Error bars are S.E.M.
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Table 1

Primers for genotyping.

rd1 seq For TCCTCATCAGCTTCCTAGCCT

rd1 seq Rev GGTAGGCAGATTACCTGAAAGT

rd12 seq For GATCCATGCTCCTAAAGTCTATCC

rd12 seq Rev GGTGATAGAAAGGCTCAGATCC

rlbp1 5arm F2 CCCTCACTGTGGTTCATAACT

rlbp1 3crit R1 CATGCGTACTGTGCTTTTAC

5’CAS-F1 AAGGCGCATAACGATACCAC

3’LOXP-R1 ACTGATGGCGAGCTCAGACC

Cre_F1 CGACCAGGTTCGTTCACTCA

Cre_R1 CAGCGTTTTCGTTCTGCCAA
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