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the Gi/o family of G proteins and antagonizing GPCR signaling through
Gq and Gs families of G proteins. Furthermore, bipolar and horizontal
were also protected even when the individual drugs were given at dos
are subeffective doses required for monotherapeutic effectiveness.
transcriptome analysis provided molecular evidence supporting the p
tive effects of the combination therapies.
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RESULTS

Bright light exposure impairs OPL and photoreceptor
terminal morphology in Abca4 � /� Rdh8� /� mice
Abca4� /� Rdh8� /� mice lack adenosine triphosphate–binding cassette, sub
family A (ABC1), member 4 (Abca4) and retinol dehydrogenase 8 (R
and exhibit increased susceptibility to light-induced photoreceptor de
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ation (18). In addition to the loss of photo
receptors induced by exposure to bri
light at 10,000 lux for 30 min (Fig. 1
A and B), histological examination o
the retinas revealed thinning of the O
that accompanied the onset of pho
receptor cell loss. The OPL is a netwo
of synapses of photoreceptors, bipolar c
and horizontal cells. We observed spora
thinning of the OPL in retinas 3 hours af
light exposure and detected uniform thinn
1 day later (Fig. 1B). Most photorecep
cells had disappeared 7 days after li
exposure, and the distinct demarcat
between the inner nuclear layer (INL
which represents packed bipolar, ho
zontal, and amacrine cells, and the ou
nuclear layer (ONL), which represen
photoreceptors, was no longer appar
Histological examination at higher res
lution consistently demonstrated narrow
of the OPL 3 hours after light exposure (F
1C). Transmission electron microscopy
vealed damaged mitochondria, cytoplas
vacuolization, and the loss of synap
ribbons in photoreceptor synaptic ter
inals, which are major cellular constitue
of the OPL, 3 hours after light exposu
when only sporadic photoreceptor c
death had begun (Fig. 1D and fig. S1A
These results indicated that light expos
caused rapid impairment of photorecep
synaptic terminals and disruption of OP
morphology.

To evaluate other changes in the O
after exposure to bright light, we pe
formed immunohistochemistry. We us
antibodies recognizing the synaptic v
icle protein synaptophysin to label ro
and cone terminals (19). We observed a
broad distribution of synaptophysin
the OPL of mice that had not been e
posed to bright light, and this stainin
was disrupted 1 day after exposure
bright light (Fig. 2A).
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Abca4� /� Rdh8� /� mice bred into an albino background that lack pigmen
tation in the retina and choroid also exhibited susceptibility to bright light–
induced retinal damage (fig. S1). Similar to the pigmentedAAbca4� /� Rdh8� /�

mice, light induced a reduction in synaptophysin labeling in the retinas
albino mice (fig. S1B). These results confirmed that bright light exposure
damaged photoreceptor synaptic terminals in mouse retinas.

Secondary neurons are impaired in light-exposed Abca4 � /�

Rdh8� /� mice
In addition to photoreceptor cell synaptic terminals, the OPL consis
horizontal cell projections and bipolar cell dendrites, which repre
secondary neurons. We used calbindin D as a marker to asse
changes in horizontal cells in response to bright light (20) and PKCa to
assess light-induced changes in bipolar cells (21). Calbindin D staining
was reduced in the retinas of light-exposedAbca4� /� Rdh8� /� mice such
t
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Fig. 1. Disruption of the OPL and damage of photoreceptor synaptic terminals in bright light–exposed retinas
of Abca4� /� Rdh8� /� mice. (A) Schematic of the experimental protocol. Four- to 6-week-old male and female
pigmented Abca4� /� Rdh8� /� mice or BALB/c mice were exposed to bright light at 10,000 lux for 30 min,
followed by the procedures as indicated. IHC, immunohistochemistry; OCT, optical coherence tomogra-
phy; SLO, scanning laser ophthalmoscopy; ERG, electroretinogram; TPM, two-photon microscopy; RNA-
seq, RNA sequencing. (B) After 4�,6-diamidino-2-phenylindole (DAPI) staining, retinal cryosections from
Abca4� /� Rdh8� /� mice were observed under a fluorescence microscope. Retinas were collected from
Abca4� /� Rdh8� /� mice at the time points indicated including 3 hours, 1 day, and 7 days after light expo-
sure. Red arrows mark areas showing the thinning of the OPL. (C) Toluidine blue…stained retinal sections
from Abca4� /� Rdh8� /� mice unexposed to bright light or at 3 hours after light exposure. White lines outline
the OPL. (D) Electron microscopy of retinal sections from Abca4� /� Rdh8� /� mice unexposed to bright light
or at 3 hours after light exposure. M, mitochondrion; R, synaptic ribbon in photoreceptor synaptic terminal.
Red arrows, cytoplasmic vacuolation.
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