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PURPOSE. Retinitis pigmentosa (RP) is a blinding neurodegenerative disease of the retina
that can be affected by many factors. The present study aimed to analyze the effect of
different environmental light intensities in rd10 mice retina.

METHODS. C57BL/6J and rd10 mice were bred and housed under three different environ-
mental light intensities: scotopic (5 lux), mesopic (50 lux), and photopic (300 lux). Visual
function was studied using electroretinography and optomotor testing. The structural and
morphological integrity of the retinas was evaluated by optical coherence tomography
imaging and immunohistochemistry. Additionally, inflammatory processes and oxidative
stress markers were analyzed by flow cytometry and western blotting.

RESULTS. When the environmental light intensity was higher, retinal function decreased
in rd10 mice and was accompanied by light-dependent photoreceptor loss, followed
by morphological alterations, and synaptic connectivity loss. Moreover, light-dependent
retinal degeneration was accompanied by an increased number of inflammatory cells,
which became more activated and phagocytic, and by an exacerbated reactive gliosis.
Furthermore, light-dependent increment in oxidative stress markers in rd10 mice retina
pointed to a possible mechanism for light-induced photoreceptor degeneration.

CONCLUSIONS. An increase in rd10 mice housing light intensity accelerates retinal degen-
eration, activating cell death, oxidative stress pathways, and inflammatory cells. Lighting
intensity is a key factor in the progression of retinal degeneration, and standardized
lighting conditions are advisable for proper analysis and interpretation of experimental
results from RP animal models, and specifically from rd10 mice. Also, it can be hypothe-
sized that light protection could be an option to slow down retinal degeneration in some
cases of RP.
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Retinitis pigmentosa (RP) is a very heterogeneous group
of inherited neurodegenerative diseases of the retina

that affect the structure and function of photoreceptors and
retinal pigment epithelium (RPE). This group of diseases
is characterized by the progressive loss of vision from the
periphery toward the central retina, known as tunnel vision,
eventually leading to complete blindness.1–3 The disease
begins with a primary degeneration of rod photoreceptors,
followed by a secondary dysfunction of cone photorecep-
tors. To date, mutations have been identified in more than
80 different genes that can lead to RP.4 More than half of
those mutations are located in genes that encode proteins
related to the phototransduction cascade.5 In rd10 mice,
one of the most used animal models of RP, retinal degen-
eration is caused by a missense mutation in exon 13 of
the catalytic b subunit of the phosphodiesterase 6 (Pde6b)
gene,6 which is involved in the hydrolysis of cyclic guano-
sine monophosphate (cGMP). Pde6b mutation causes an

increase in cGMP concentration, affecting cGMP-gated chan-
nels and the flow of cations through them,7–9 inducing rod
photoreceptor degeneration, which leads to secondary cone
photoreceptor death. As a consequence of this photorecep-
tor cell death, there is an increase of the retinal inflammatory
state due to the activation of microglia, which also exacer-
bates retinal degeneration.10

Many studies suggest that the death of rod photore-
ceptors is accompanied by an increase of retinal oxygen
levels11 and reactive oxygen species (ROS) from different
sources.12,13 This contributes to the increment of oxidative
stress and exacerbates rod degeneration.14–18 It is known
that, in a stress context, ROS may interact with macro-
molecules, including lipids, proteins, or DNA, inducing cell
dysfunction and death.19,20 In addition, the retina has a
high level of nitric oxide (NO), a widespread neurotrans-
mitter in this tissue.21,22 However, NO may also interact with
oxygen and superoxide anion, generating reactive nitrogen
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species (RNS) and peroxynitrite, which are extremely neuro-
toxic.21–23

Although continuous light deprivation has been
proposed as a potential factor to prevent retinal degen-
eration in RP,20,24–27 the retinal daily exposure to light
is almost inevitable in patients. Thus, the effect of light
on retinal degeneration remains an important issue to
be considered. In this work, we focus on the effects of
three different light intensities, corresponding to scotopic,
mesopic, and photopic vision, on retinal degeneration in
rd10 mice and healthy animals. Our results indicate that
an increase of environmental light intensity is determinant
for the progression of the retinal degeneration in RP and
related diseases.

MATERIAL AND METHODS

Animals and Light Conditions

Male and female C57BL/6J and homozygous rd10/rd10
(B6.CXBl-Pde6brd10/J) mice, both pigmented, were used.
All mice were bred and provided by the animal facil-
ity of the University of Alicante, and they were kept
under controlled conditions of temperature (23 ± 1°C) and
humidity (55%–60%). The animals were kept in transpar-
ent polysulfone cages and exposed to a cycle of 12 hours
light/12 hours darkness. Three different environmental light
conditions were tested: scotopic (5 lux), mesopic (50 lux),
and photopic (300 lux), using natural daylight fluorescent
tubes as a light source. The light intensity was measured
at the cage level with the light sensor oriented toward the
light source using a Mavolux Digital Lux Meter (GOSSEN
Foto- und Lichtmesstechnik GmbH, Nuremberg, Germany).
All animals were born under mesopic conditions and moved
to darker or brighter conditions before postnatal day 10
(P10), prior to eye-opening. A total of 62 mice were used,
distributed in six experimental groups: rd10 mice raised at
5 lux (n = 11), 50 lux (n = 11), or 300 lux (n = 12) and
age-matched wild-type C57BL/6J mice also raised at 5 lux
(n = 8), 50 lux (n = 8), or 300 lux (n = 12). At the end of
the experiment (P30), all animals were euthanized by cervi-
cal dislocation.

All animals were handled and maintained following
the current ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and European Direc-
tive 2010/63/EU. The experiments were approved by the
research ethics committee for animal use and care at the
University of Alicante (UA-07/22/2013). All effort was taken
to minimize animal suffering and to reduce the number of
animals used.

PCR and Rpe65 Sequence Analysis

The existence of the Rpe65 Leu450Met gene variation, found
in the C57BL/6J mouse genome,28 confers resistance against
light damage.29 To corroborate the existence of this poly-
morphism in our experimental groups, total genomic DNA
was isolated from C57BL/6J and rd10 mice tail tissue using
the NucleoSpin Tissue kit (Macherey-Nagel GmbH & Co.
KG, Dueren, Germany). The region of interest of the Rpe65
gene was amplified by PCR using HOT FIREPol DNA Poly-
merase (Solis BioDyne, Tartu, Estonia) and specific primers
(forward, 5′-TATGCATACGGACTTGGGTTGA-3′; reverse,
5′-TTCTGGTGCAGTTCCATTCAGT-3′) designed using the
Primer designing tool (National Center for Biotechnology

Information, Bethesda, MD, USA). The PCR was performed
under the following conditions: one 15-minute initial dena-
turing step at 95°C; 30 cycles of a 20-second denaturing step
at 95°C; a 24-second annealing step at 63°C; a 42-second
elongation step at 72°C; and one 5-minute final elongation
step at 72°C. This amplification resulted in a product of
391 bp purified with the NZYGelpure kit (NZYTech, Lisboa,
Portugal) and sent to Sanger sequencing (STAB Vida,
Caparica Portugal).

Electroretinograph Recordings

Electroretinography (ERG) responses were recorded in total
darkness at P30, after overnight adaptation to darkness. The
animals were anesthetized by an injection of ketamine (100
mg/kg) and xylazine (4 mg/kg), kept on a thermal blan-
ket at 38°C, and prepared for bilateral recording under dim
red light. The pupils were dilated by 1% tropicamide (Alcon
Cusí, Barcelona, Spain) and 0.2% polyacrylic acid carbomer
(Viscotears; Novartis, Barcelona, Spain) was instilled to
improve the electric contact and to avoid eye dehydration.
DTL fiber electrodes (Retina Technologies, Scranton, PA,
USA) were used for recording. As a reference electrode,
a 25-G platinum needle was inserted under the scalp
between the eyes. A ground needle electrode was inserted
under the skin in the base of the tail. All of the procedure was
performed in a Faraday cage. Scotopic ERG responses were
recorded in both eyes with a Ganzfeld illuminator generating
flashlight stimuli. Eleven stimuli with increasing luminance
of 10-ms duration were presented to the animals. An interval
of 10 seconds was left between dim flashes (–5 to –0.6 log
cd·s/m2) and 20 seconds between the highest flashes (0–1
log cd·s/m2). Using a DAM50 data acquisition board (World
Precision Instruments, Aston, UK), signals were amplified
and band-filtered (1–1000 Hz, without notch filtering). A
PowerLab system (AD Instruments, Oxfordshire, UK) was
used to perform stimuli presentation and data acquisition (4
kHz). The amplitude of the a-wave was measured from the
prestimulus baseline to the most negative trough, and the
amplitude of the b-wave was measured from the trough of
the a-wave to the peak of the b-wave.

Optomotor Test

An Argos optomotor system (Instead Technologies, Elche,
Spain) was used to evaluate the visual acuity of awake, freely
moving mice at the endpoint (P30). The system is comprised
of a chamber formed by four computer screens facing each
other and a central platform on which to place the mice
(Fig. 2E). The stimuli consisted of vertically oriented gratings
that rotate horizontally around the animal for 5 seconds, with
an initial spatial frequency of 0.088 cycles/degree and 100%
contrast. The mouse response was recorded by a camera
located in the upper part of the system. Smooth head move-
ments in the direction of the rotating gratings were evalu-
ated by a trained observer. The visual acuity threshold was
assigned to the last spatial frequency to which the mouse
responded.

Optical Coherence Tomography

High-resolution optical coherence tomography (OCT)
images of the central retina were obtained with a
Spectralis OCT system (Heidelberg Engineering, Heidel-
berg, Germany). The animals were anesthetized through
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TABLE. Antibodies Used for Immunofluorescence and Western Blotting

Molecular Marker Antibody Supplier Catalog No. Dilution

Cone arrestin Rabbit polyclonal MilliporeSigma AB15282 IF 1:200
Rhodopsin Mouse monoclonal MilliporeSigma MAB5356 IF 1:100
Calbindin D-28K Rabbit polyclonal Swant CB-38a IF 1:500
C-terminal binding protein-2 (CtBP2) Mouse monoclonal BD Biosciences 612044 IF 1:1000
Vesicular glutamate transporter 1 (VGluT1) Guinea Pig polyclonal MilliporeSigma AB5905 IF 1:1000
Ionized calcium-binding adapter molecule 1 (Iba1) Rabbit polyclonal Wako Chemicals 019-19741 IF 1:1000
Glial fibrillary acidic protein (GFAP) Mouse monoclonal Sigma-Aldrich G3893 IF 1:500
CD68 Rat monoclonal Bio-Rad Laboratories MCA1957 IF 1:500
4-Hydroxynonenal (4-HNE) Mouse monoclonal Abcam ab48506 WB 1:1000
Nitric oxide synthase 1 (NOS1) antibody R-20 Rabbit polyclonal Santa Cruz Biotechnology sc-648 WB 1:200
Recoverin Rabbit polyclonal MilliporeSigma AB5585 WB 1:1000
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Mouse monoclonal MilliporeSigma MAB374 WB 1:500

Supplier locations: MilliporeSigma (Burlington, MA, USA); Swant (Marly, Switzerland); BD Biosciences (San Jose, CA, USA); Wako (Rich-
mond, VA, USA); Sigma-Aldrich (St. Louis, MO, USA); Bio-Rad Laboratories (Hercules, CA, USA); Abcam (Cambridge, UK); Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). IF, immunofluorescence; WB, western blotting.

intraperitoneal injection of ketamine (100 mg/kg) and
xylazine (4 mg/kg) and were kept on a heating pad at 38°C.
The pupils were dilated by topical application of 1% tropi-
camide (Alcon Cusí). In order to preserve corneal hydra-
tion, a drop of physiological serum was applied in each eye
and protected by a contact lens. OCT high-resolution cross-
sectional images were generated in the central region of the
retina, above the optic nerve. Total retinal thickness exclud-
ing RPE was quantified throughout the OCT cross-sectional
images in six different points separated by 500 μm. Four to
12 animals were analyzed in each experimental group.

Immunohistochemistry

All histological studies were performed at P30. After sacri-
ficing the animals, the dorsal margin of the limbus was
marked by a suture. The eyes were enucleated and fixed at
room temperature in 4% paraformaldehyde (PFA) for 1 hour,
washed in 0.1-M phosphate buffer (PB; pH 7.4), and sequen-
tially cryoprotected in 15%, 20%, and 30% (w/v) sucrose.
Cornea, lens, and vitreous body were removed, and the
eyecups were prepared for cross-sectional cryosections as
previously described by our group.30–32 Sections 16-μm thick
were obtained and stored at –20°C.

For single or double immunostaining procedure, sections
were thawed, washed in PB, and incubated 1 hour in block-
ing solution, consisting of 10% (v/v) normal donkey serum
in PB with 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MO).
The sections were then incubated overnight at room temper-
ature with the appropriate combinations of primary antibod-
ies at different dilutions (listed in the Table) in PB with 0.5%
Triton X-100. Sections were then washed in PB and incu-
bated with the secondary antibodies for 1 hour. Secondary
antibodies used were Molecular Probes Anti-Rabbit Alexa
Fluor 488 and 555, Anti-Mouse Alexa Fluor 555 and 647,
Anti-Guinea Pig Alexa Fluor 633, and Anti-Rat Alexa Fluor
488 conjugates (1:100; Thermo Fisher Scientific, Waltham,
MA, USA). When indicated, the Molecular Probes nuclear
marker TO-PRO-3 iodide was added at a 1:1000 dilution.
Finally, sections were washed in PB and mounted with Citi-
fluor (Citifluor Ltd., London, UK) under a coverslip. Images
were taken with a Leica TCS SP8 confocal laser-scanning
microscope (Leica Microsystems, Wetzlar, Germany).

To quantify the number of photoreceptor rows, hema-
toxylin staining was performed. For this purpose, sections

were thawed, washed in PB, and stained with Mayer’s hema-
toxylin solution (254766; Panreac, Barcelona, Spain) for 5
minutes. Then, sections were washed and mounted with
glycerol:PB (1:1 v/v) solution under a coverslip. The number
of photoreceptor rows was measured in at least two non-
consecutive sections containing the optic nerve in three to
seven retinas from each experimental group. The quantifi-
cation was performed every 500 μm from the optic nerve to
each ora serrata (temporal and nasal).

Quantification of Synaptic Connectivity

In order to evaluate synaptic connectivity between photore-
ceptors and their postsynaptic cells, the fluorescence area
associated with C-terminal binding protein 2 (CtBP2)
immunostaining in the outer plexiform layer (OPL) was
measured using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). The quantification was carried
out in central images taken on each side of the optic nerve,
in at least three non-consecutive sections.

Quantification of Inflammation Markers

Different markers were used to measure the inflammatory
state of the retinas in animals of both strains under the
different housing light conditions (5, 50, or 300 lux). Cross-
sectional retinal cryosections were used to quantify the
number of microglial cells (ionized calcium-binding adapter
molecule 1 [Iba1] positive),33,34 as well as the microglial cells
that expressed the CD68 marker (specific for a phagocytic
state).34,35 The quantification was performed in at least four
non-consecutive sections, and the total length of the retinal
sections was analyzed.

In addition, gliosis in Müller cells and astrocytes was
analyzed measuring the fluorescence area associated with
glial fibrillary acidic protein (GFAP) immunostaining using
the ImageJ software. The quantification was performed on
central images taken on each side of the optic nerve, in at
least three non-consecutive sections.

Flow Cytometry

The immune system-related cell populations in the retinas
were analyzed using flow cytometry. After the eyes were
enucleated, retinas were dissected out and disaggregated
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in 1 mL of pH 7.4 PBS by pipetting gently up and down,
using a wide-bore pipette tip. Then, retinal cell suspensions
were filtered, to prevent clumps, using a 30-μm strainer
(BD Biosciences, San Diego, CA, USA), and labeled with a
cocktail of five antibodies acquired from e-Bioscience (San
Diego, CA, USA): anti-CD11b-PE (clone M/170), anti-CD45-
FITC (clone 30-F11), anti-CD11c-PerCpCy5.5 (clone N418),
anti-major histocompatibility complex (MHC) class II (I-
A/I-E)-PECy7 (clone M5/114.15.2), and anti-CD169-eFluor
660 (clone SER-4). After discarding doublets and debris
events, the CD11b-positive cells (a marker of myeloid
cells, as microglia and infiltrating macrophages)36–38 were
analyzed for their immunoreactivity against MHC class II
(activated cells),39–41 CD11c (a marker of dendritic and
microglia cell populations),42–44 and sialoadhesin (CD169,
which stains activated macrophages and microglial cell
populations).45,46 Immunoreactivity against CD169, CD11c,
and MHC class II antibodies in CD11b-positive cells allowed
analysis of subpopulations of cells that contribute to the
inflammatory process, as do the activated microglia and
infiltrating cells. The immunogenicity against CD45 was
also analyzed as a marker of the microglia and leucocyte
population, which is increased in activated cells, infiltrating
monocytes and macrophages.38,41,47 Each mouse retina was
analyzed individually, and at least three retinas from differ-
ent animals for each experimental group were assessed.
Data were acquired on an LSR Fortessa cytometer (BD
Biosciences) and analyzed using FCS Express 6 flow cytom-
etry software (De Novo, Los Angeles, CA, USA).

Western Blot

Retinas were isolated and proteins were extracted using
RIPA buffer (Sigma-Aldrich) containing protease (cOmplete
EDTA-free; Roche Applied Science, Mannheim, Germany)
and phosphatase (PhosStop; Roche) inhibitor cocktails.
After incubation for 30 minutes, debris was pelleted by
10-minute centrifugation (14,000g) at 4°C, and protein
concentration in the supernatants was quantified with the
Bio-Rad protein assay (Bio-Rad Laboratories, Inc., Hercules,
CA, USA), using bovine serum albumin as standard. Equal
amounts of protein from each sample (40 μg) were dena-
tured by diluted in Laemmli Sample Buffer (4% SDS, 100-mM
dithiothreitol, 20% glycerol, 0.004% bromophenol blue, 125-
mM Tris-HCl, pH 6.8; Bio-Rad Laboratories) and heated to
95°C for 10minutes. Afterward, samples were resolved on
5% to 12% SDS-PAGE gels and transferred onto polyvinyli-
dene difluoride membranes (MilliporeSigma, Burlington,
MA, USA). Membranes were incubated overnight at 4°C
with 4-hydroxynonenal (4-HNE), neuronal nitric oxide
synthase (nNOS), recoverin (RCVRN), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Table) antibodies
prepared in 2.5% (w/v) non-fat dry milk in Tris-buffered
saline/0.1% Tween-20 (TBS/T, pH 7.6). After three 5-minute
washes with TBS/T, membranes were incubated for 2 hours
at room temperature with Invitrogen goat anti-rabbit or goat
anti-mouse IgG–horseradish peroxidase (1:5000; Thermo
Fisher Scientific) in TBS/T. Thereafter, the blots were
washed again with TBS/T and incubated with Pierce ECL
substrate (Thermo Fisher Scientific). The signal was revealed
and detected with a ChemiDoc XRS+ imaging system
(Bio-Rad Laboratories). Finally, protein levels were
quantified by densitometry using ImageJ software and
normalized by GAPDH values as a housekeeping protein.

Superoxide Anions Production

Dihydroethidium (DHE, D1168; Thermo Fisher Scientific), a
redox-sensitive probe that exhibits bright red fluorescence
in the cell cytoplasm and nucleus when oxidized to ethid-
ium, was used to quantify the state of oxidative stress.
Briefly, isolated whole-mount retinas were incubated with
5-μM DHE in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F-12) for 30 minutes at 37°C and 5%
CO2. Then, after three washes in PB solution, retinas were
fixed in 4% PFA for 30 minutes. Images were taken with
a Leica TCS SP8 confocal laser-scanning microscope (Leica
Microsystems). The number of cells that presented intracel-
lular oxidized DHE was counted and relativized to the area
in at least four images taken from different regions of whole-
mounted retinas.

Statistics

Data for C57BL/6J and rd10 mice reared at the three different
light conditions were statistically analyzed using Prism soft-
ware (GraphPad Software, Inc., San Diego, CA, USA). The
D’Agostino–Pearson normality test was used to determine
whether the data followed a normal distribution. For data
with a normal distribution, ANOVAs and Tukey’s post hoc
tests were applied to determine the significant differences
between the different experimental groups. By contrast,
for data without a normal distribution, Kruskal–Wallis and
Dunn’s post hoc tests were applied. When two groups were
compared, the Mann–Whitney U test was applied. Differ-
ences were considered statistically significant at P < 0.05.
Values in all graphs were represented as the mean value ±
SEM.

RESULTS

C57BL/6J and rd10 Mice Present a Protective
Polymorphism in Rpe65 Gene

To ascertain the presence of the Rpe65 Leu450Met gene vari-
ation in our experimental groups, a region of the exon
13 that include the codon of interest was targeted (Fig. 1A).
After extraction of genomic DNA from C57BL/6J and rd10
mice tissue, the target region was amplified by PCR and the
product was purified and sequenced. Both C57BL/6J and
rd10 mice carried the polymorphism that confers resistance
against light-induced damage, presenting the ATG (Met) vari-
ant in the 450 codon of the Rpe65 gene instead of the CTG
(Leu) codon (Figs. 1B, 1C).

Light-Induced Alterations of Visual
Responsiveness

In order to assess the effect of environmental light on the
visual function of normal and diseased retinas, scotopic ERG
responses were recorded in both C57BL/6J and rd10 mice
at P30. In all three experimental conditions tested, ERG
amplitudes in C57BL/6J (Fig. 2A) were higher than those
obtained in rd10 mice at the same light conditions (Fig. 2B).
No differences in the amplitude of ERG responses were
found between C57BL/6J mice reared at different environ-
mental light conditions (Fig. 2C). By contrast, in rd10 mice,
a significant light-dependent decrease in the amplitude of
both a- and b-waves was observed for almost all flash lumi-
nances (Fig. 2D). Mean values of a- and b-wave amplitudes
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FIGURE 1. C57BL/6J and rd10 mice present the Rpe65 Leu450Met variant. (A) A schematic representation of the Rpe65 gene and its
exons. The forward and reverse primers (forward, 5′-TATGCATACGGACTTGGGTTGA-3′; reverse, 5′-TTCTGGTGCAGTTCCATTCAGT-3) flank
the regions of interest, which include codon 450 in the exon 13 (red and blue). The C57BL/6J mice genome, found in DNA databases
(GenBank; NC_000069.6), presents the polymorphism (red nucleotide) that confers light-induced damage resistance. (B) For C57BL/6J and
rd10 mice, Sanger sequencing results of PCR products after genomic amplification of the region of interest. Boxed region corresponds to
the polymorphism. (C) Segment of the RPE65 amino acid sequence highlighting the 450 amino acid (Met) in red.

from rd10 mice reared at 300 lux were significantly lower
(41% and 68% of decrease at the higher flash intensity) than
those measured in rd10 mice reared at 50 lux (P < 0.0001,
both waves) (Figs. 2C, 2D). In the same way, mean values
of a- and b-wave amplitudes from rd10 mice maintained at
50 lux were significantly lower (73% and 48% of decrease at
the higher flash intensity) than those obtained in rd10 mice
reared at 5 lux (P < 0.05 and P < 0.0001 for the respective
waves) (Figs. 2C, 2D).

Optomotor testing was performed to analyze visual acuity
in both strains in the three light conditions. No differ-
ences were found among the three C57BL/6J mice groups
(Fig. 2F). However, visual acuity values for rd10 mice housed
at 5-, 50-, and 300-lux cyclic light were significantly lower
than the values for their matching C57BL/6J animals (48%,
66%, and 79% lower, respectively). Also, a light-dependent
visual acuity reduction was observed in the rd10 strain,
where animals reared at 300 lux showed the lowest values.
Mean values from rd10 mice reared at 300 lux were signif-
icantly lower than those from rd10 mice reared at 50 lux
(37% less; P < 0.001), and these were significantly lower
than the ones obtained in animals reared at 5 lux (35% less;
P < 0.0001) (Fig. 2F). Altogether, these results demonstrate
that an increase in the rearing light intensity induces a
decrease in retinal responsiveness in rd10 mice.

Light-Induced Degeneration of Photoreceptor
Population

In order to assess the integrity of the retina, OCT images
were obtained at P30 from C57BL/6J and rd10 mice reared

in different light conditions. Figure 3 shows representative
OCT images (Figs. 3A–3F) and retinal thickness measure-
ments (Fig. 3G) from each experimental group. In C57BL/6J
mice housed at the different conditions, there were no differ-
ences in the retinal structure (Figs. 3A–3C) or in the mean
retinal thickness (Fig. 3G), indicating that, under our experi-
mental conditions, rearing light intensity does not affect the
integrity of the retina in healthy animals. Conversely, in rd10
mice, a higher decrease in the total retinal thickness was
observed as the light environment increased (Figs. 3D–3F),
which is probably due to the degeneration of photorecep-
tors. However, due to a disorganization of the outer hyper-
and hyporeflective layers in rd10, it was not possible to accu-
rately measure the outer nuclear layer (ONL) thickness in
these animals. OCT images of rd10 mice reared at 5 lux still
showed the outer hyperreflective band corresponding to the
ellipsoid zone, which became fainter in rd10 mice reared at
50 lux and completely disappeared in rd10 mice housed at
300 lux, for which it was not possible to distinguish any
band. Finally, statistically significant differences in the total
retinal thickness were found between the rd10 5-lux and
300-lux groups (P < 0.05) and between the rd10 50-lux and
300-lux groups (P = 0.005), with the 300-lux intensity being
the environmental condition where a major decrease in reti-
nal thickness occurred (Fig. 3G).

The number of photoreceptor rows in the retinas of
each experimental group was quantified in cross-sectional
cryosections stained with hematoxylin (Figs. 4A–4F). As the
progression of the retinal degeneration in the rd10 mice
model is not uniform throughout the retina, the number of
photoreceptor rows was quantified in different retinal areas,
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FIGURE 2. Effect of environmental light conditions on retinal function. (A, B) Representative dark-adapted ERG intensity responses to 1 log
cd·s/m2 flashes from C57BL/6J (A) and rd10 mice (B) reared under 5, 50, and 300 lux cyclic light. (C, D) Luminance–response curves of
P30 C57BL/6J (C) and rd10 mice (D) housed at the different light conditions (n = 5 to 9). Each graph includes measurements for mixed
a-wave (left graphs) and b-wave (right graphs) responses. (E) Configuration of the optomotor system. Image was created using BioRender
(https://biorender.com/). (F) Visual acuity measured as the spatial frequency threshold in C57BL/6J and rd10 mice reared at 5, 50, and
300 lux (n = 4 to 9). Two-way (ERG) and one-way (optomotor test) ANOVA and Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 for comparisons between animals housed at 50 and 300 lux. †P < 0.05, ††P < 0.01, †††P < 0.001, ††††P < 0.0001 for comparisons
between animals housed at 5 and 50 lux.
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FIGURE 3. Effect of environmental light conditions on retinal structure. (A–F) OCT images of P30 C57BL/6J mice (A–C) and rd10 mice
(D–F) maintained under 5, 50, and 300 lux cyclic light. (G) Mean total retinal thickness quantification (n = 4 to 12). Kruskal–Wallis test (for
C57BL/6J mice); one-way ANOVA, Tukey’s post hoc test (for rd10 mice). *P < 0.05, **P < 0.01. RNFL+GCL, retinal nerve fiber layer and
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external
limiting membrane; EZ, ellipsoid zone; RPE, retinal pigment epithelium. Scale bars: 50 μm.

from the temporal to the nasal zone (Figs. 4G, 4H). No signif-
icant differences were found in the mean number of photore-
ceptor rows among C57BL/6J mice exposed to the three
housing light conditions studied (Fig. 4G), but there was a
slight decrease in the mean photoreceptor rows from the
center to the periphery. In contrast, rd10 mice at the same
age showed a drastic reduction in the number of photorecep-
tor rows. Also, the degeneration was not uniform throughout
the retina, being more pronounced in the temporal zone in
all rd10 mice experimental groups, regardless of the rear-
ing light intensity (Fig. 4H). Moreover, rd10 mice exhib-
ited a light-dependent photoreceptor degeneration, where
rd10 mice reared at 5 lux showed the highest number of
photoreceptor rows in the central, temporal, and nasal zone
(3.4 ± 0.2, 5.0 ± 0.4, and 6.5 ± 0.6, respectively), and the
rd10 mice reared at 300 lux showed the lowest number of
photoreceptor rows (1.0 ± 0.0, 2.4 ± 0.2, and 3.6 ± 0.1, at
the same zones).

Because OCT images showed anomalies in the hyper-
reflective bands of the outer retina of rd10 mice, specific
markers were used to study photoreceptor morphology
in both strains (Fig. 5). No differences in photoreceptor
morphology were observed between C57BL/6J mice housed
under the different light-rearing conditions (Figs. 5A–5C).
In all cases, normal cone photoreceptors (green) with well-
defined outer segments, long axons, and normal pedicles
were observed. Furthermore, all of the C57BL/6 mice groups
exhibited a normal rhodopsin distribution (red), located in
the rod outer segments. By contrast, striking differences
in the photoreceptor morphology were observed among
the three rd10 mice groups (Figs. 5D–5F), compared with
C57BL/6J mice. Moreover, photoreceptor degeneration in
rd10 mice varied with light intensity (5, 50, and 300 lux).
The distribution of rhodopsin in rd10 mice rod cells was
abnormal. In these mice, rhodopsin was no longer
completely located in the rod outer segments but was
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FIGURE 4. Effect of environmental light conditions on outer nuclear layer. (A–F) Cross-sectional cryosections of retinas from P30 C57BL/6J
mice (A–C) and rd10 mice (D–F) maintained under 5, 50, and 300 lux cyclic light. Images correspond to the central area of the retina, near
the optic nerve. (G, H) Mean number of photoreceptor rows along central sections of the retina from C57BL/6J mice (G) and rd10 mice (H)
reared under the different light conditions (n = 3 to 7). Two-way ANOVA and Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001 for comparisons between animals housed at 50 and 300 lux. †P < 0.05, ††P < 0.01, †††P < 0.001, ††††P < 0.0001 for comparisons
between animals housed at 5 and 50 lux. INL, inner nuclear layer; ONL, outer nuclear layer; ON, optic nerve. Scale bars: 50 μm.

also progressively accumulated in the cell body as the
ambient light intensity became higher (Figs. 5G–5I). Also,
cones of rd10 mice reared at 5 lux (Figs. 5D, 5J)
presented short and swollen outer segments and dras-
tically reduced axon length. When the housing light
intensity was higher, cones completely lost their axons,
and pedicles emerged directly from the cell body (rd10
mice at 50 lux) (Figs. 5E, 5K). Cone morphology had
completely degenerated in rd10 mice reared at 300 lux,
when the cell body was the only identifiable structure
(Figs. 5F, 5L).

Light-Induced Degeneration of Photoreceptor
Synaptic Connectivity

When the outer retina is damaged, postsynaptic cells are also
involved in remodeling processes. In order to analyze synap-
tic connectivity between photoreceptors and postsynaptic
horizontal cells, calbindin was used as a specific marker
of horizontal cells and vesicular glutamate transporter
1 (VGluT1) to visualize photoreceptor synaptic boutons.

Additionally, C-terminal binding protein 2 (CtBP2) was used
as a surrogate marker of presynaptic structures located in
photoreceptor axon terminals. No differences in synaptic
connectivity were observed among the C57BL/6J experimen-
tal groups (5, 50, and 300 lux). As observed in Figures 6A
and 6E, C57BL/6J horizontal cells (green) exhibited exten-
sive dendritic and axon terminal tips projecting from the
cellular body and coming into contact with the axon termi-
nals of cones and rods. In contrast, a light-dependent remod-
eling of horizontal cells was noticed in rd10 animals exposed
to the three housing light intensities (Figs. 6B–6D, 6F–6H).
A drastic reduction in the terminal tips of horizontal cells
was observed in rd10 mice raised at 5 lux (Fig. 6F). The
rd10 mice maintained at 50 lux showed an even greater
retraction of the dendrites and axon terminals of horizon-
tal cells, exhibiting few remaining terminal tips (Fig. 6G) and
sending those remaining processes toward the inner nuclear
layer, as observed in rd10 mice raised at 300 lux (Fig. 6H).
Moreover, a light-intensity-dependent reduction in VGluT1
staining was found in rd10 mice (Figs. 6J–6L) compared
to C57BL/6J counterparts (Fig. 6I), evidencing a loss of
functional axon terminals of photoreceptors. Likewise,
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FIGURE 5. Effect of environmental light conditions on photoreceptor morphology. (A–L) Cross-sectional cryosections of retinas from P30
C57BL/6J mice (A–C) and rd10 mice (D–L) reared under 5, 50, and 300 lux cyclic light and immunolabeled against cone arrestin (cone
cells, green), rhodopsin (Rho, rod cells, red), and TO-PRO 3 (nuclei, blue). In C57BL/6J mice, merged images showed a normal cone
photoreceptor morphology and rhodopsin distribution (A–C). In rd10 mice, merged images (D–F) showed a light-dependent degeneration
of the photoreceptors, with an abnormal distribution of rhodopsin (G–I) accumulated in the rod cell body and a progressive morphological
alteration of the cones (J–L). OS, outer segments; ONL, outer nuclear layer. Scale bars: 20 μm.

a dramatic loss of synaptic ribbons was observed in rd10
mice depending on the rearing light intensity (5, 50, or 300
lux) (Figs. 6P–6R) and compared to C57BL/6J control mice
(Figs. 6M–6O).

The density of presynaptic structures in the OPL was
quantified by obtaining the profile plots of mean gray
intensity for retinal sections stained with CtBP2 (Figs. 6M–
6R). No differences were found between the C57BL/6J
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FIGURE 6. Effect of environmental light conditions on photoreceptor connectivity and second-order neurons. (A–L) Cross-sectional cryosec-
tions of retinas from a representative C57BL/6J mouse maintained at 50 lux cyclic light (A, E, I) and rd10 mice (B–D, F–H, J–L) reared at 5,
50, and 300 lux cyclic light. Retinas were immunolabeled against calbindin (horizontal cells, green), VGluT (axon terminals, blue), and CtBP2
(presynaptic structures, red). Merged images showed a light-dependent degeneration of synaptic connectivity between photoreceptors and
their second-order neurons in rd10 mice (B–D) compared with the C57BL/6J mouse retina (A). (E–H) Calbindin immunolabeling revealed a
progressive light-dependent degeneration of the dendritic arborization of the horizontal cells in rd10 mice. Arrowheads point to conserved
horizontal cell tips. (I–L) VGluT immunolabeling evidenced a light-dependent loss of functional photoreceptor axon terminals in rd10 mice.
(M–R) Representative cross-sectional retinal cryosections showing CtBP2 immunolabeling and the corresponding profile plots of mean gray
intensity from C57BL/6J (M–O) and rd10 mice (P–R) reared at the different light conditions. Red arrows point to CtBP2 peaks at the OPL
level. (S) Quantification of CtBP2 fluorescence at the OPL level for each experimental group (n = 3), showing a light-dependent reduction
in rd10 mice. OPL, outer plexiform layer. Kruskal–Wallis and Dunn’s post hoc test. **P < 0.01. Scale bars: 10 μm (A–L), 20 μm (M–R).

mice at different light conditions (Fig. 6S). By contrast,
the mean area of the profiles obtained at the OPL signif-
icantly decreased in rd10 mice housed at 5, 50, and
300 lux compared to the corresponding C57BL/6J animals
(52%, 77%, and 90% lower, respectively). When compar-
ing rd10 mice groups, a significant light-dependent reduc-
tion of the mean area of the profiles was observed (P
< 0.005), where animals reared at 300 lux showed the
lowest mean area (Fig. 6S), which was significantly lower

than the one from rd10 mice housed at 5 lux (79% lower,
P < 0.01).

Light-Dependent Increase of Inflammation
Markers

During retinal degeneration, inflammatory processes are
triggered. Flow cytometry analysis of retinal cells allowed
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FIGURE 7. Effect of environmental light conditions on inflammatory cells. (A–C) Whole retinal cells from C57BL/6J and rd10 mice reared at 5,
50, and 300 lux cyclic light stained for CD11b, CD45, CD11c, MHC class II, and CD169 and analyzed by flow cytometry. After gating singlets
(A) and discarding cell debris (B), CD11b+ cells were gated (C) and analyzed. (D, E) Mean values of CD169+ populations for C57BL/6J and
rd10 mice at different light conditions (D) and representative contour plots of CD169 expression (E). (F, G) Mean values of CD11c+–MHC
class II+ populations from C57BL/6J and rd10 mice at different light conditions (F) and representative plots presenting CD11c and MHC
class II expression (G). Each dot plot is representative of a minimum of four independent replicates. Kruskal–Wallis and Dunn’s post-hoc
test. *P < 0.05.

differentiating among the immune-related cell populations
implicated in the degenerative process. As expected, posi-
tive staining of the markers CD11b and CD45 showed a
significant rise in retinas from rd10 mice compared to
C57BL/6J mice. After excluding doublets (Fig. 7A) and cellu-
lar debris (Fig. 7B), CD11b-positive populations (Fig. 7C)
were analyzed for their immunoreactivity against CD169
(Fig. 7D) or against CD11c and MHC class II (Fig. 7F)
antigens. Although the number of CD11b+–CD169+ cells
was significantly higher in rd10 mice than in their C57BL/6J

mice counterparts at all conditions tested, no significant
differences were observed between different light intensi-
ties in rd10 mice (Figs. 7D, 7E). A significant increase of
activated immune-related cells (CD11b+–CD11c+–MHC class
II+) was observed in rd10 mice compared to control mice at
all conditions tested (Fig. 7G). Moreover, in rd10 mice main-
tained at 50 lux this cell population was significantly higher
than that observed in mice at 5 lux (P < 0.05) (Fig. 7F).
Finally, C57BL/6J mice showed an increase of the CD11b+–
CD11c+–MHC class II+ cell population that correlated with
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FIGURE 8. Effect of environmental light conditions on retinal microglia and macroglia. (A–H) Representative images of retinal sections
from a C57BL/6J mice maintained at 50 lux cyclic light (A, E) and rd10 mice reared at 5 (B, F), 50 (C, G), and 300 lux (D, H) cyclic light,
immunolabeled against Iba1 (microglia, red) and CD68 (phagocytic vesicles, green). CD68 immunolabeling revealed a light-dependent
increase in phagocytic activity of microglial cells in rd10 mice (F–H). Insets show a magnification of representative microglial cells.
(I–N) Representative cross-sectional retinal cryosections showing GFAP immunostaining (activated macroglia, green) and their correspond-
ing profile plots of mean gray intensity from C57BL/6J mice (I–K) and rd10 mice (L–N) reared at 5, 50, and 300 lux. GFAP immunolabeling
showed a light-dependent increase in reactive gliosis in rd10 mice (L–N). (O–Q) Quantification of the number of Iba1+ cells (O) and CD68+
cells (P) per section from each experimental group and the CD68+/Iba1+ ratio (Q) for rd10 mice (n = 4 to 6). (R) Quantification of GFAP
immunofluorescence relativized to the retinal area for each experimental group (n = 3). Kruskal–Wallis and Dunn’s post-hoc test. *P < 0.05.
ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar: 20 μm.

the increment of light intensity, showing statically significant
differences between mice housed at 5 lux and those at 300
lux (P < 0.05) (Fig. 7F).

To further analyze the participation of activated
microglial cells in the light-intensity-dependent inflam-

mation process, Iba1+ populations and immunoreactivity
against the CD68 marker, evidence of phagocytic activity,
were assessed in retinal sections from each experimental
group (Figs. 8A–8H). Immunohistochemistry images showed
an increase in Iba1+ cells (red) and CD68+ cells (green)
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in rd10 mice (Figs. 8B–8D, 8F–8H) compared to C57BL/6J
animals (Figs. 8A, 8E). Also, these cells migrated toward the
photoreceptor layers (ONL and outer segments) in rd10 mice
retinas, unlike the C57BL/6J animals, where no Iba1+ cells
could be detected above the OPL. In the rd10 mice retinas,
an increase was observed in the number of microglia with
an ameboid shape and phagocytic profile as the light inten-
sity increased. The quantification of immune-related cells
showed a significant increase in both the Iba1+ (Fig. 8O)
and the CD68+ (Fig. 8P) cell populations in rd10 mice
(P < 0.01 and P < 0.05, respectively) as compared to
C57BL/6J animals. No differences among C57BL/6J groups
or among rd10 groups were found. However, CD68+/Iba1+

cell ratios (Fig. 8Q) showed a gradual increment in rd10 mice
as the light intensity increased, being statistically significant
between 5 and 300 lux intensity (P < 0.05). This indicates
that the activation degree of microglial cells depends on the
light intensity in the rd10 degeneration.

The reactive gliosis of macroglial cells (astrocytes and
Müller cells) was analyzed by quantifying GFAP immunore-
activity in retinal sections from each experimental group.
No differences were observed between C57BL/6J mice
reared at different light conditions (Figs. 8I–8K), in
which GFAP immunoreactivity was only detectable in the
inner margin of the retina, where astrocytes are located
(Figs. 8I–8K). By contrast, GFAP immunoreactivity increased
in rd10 mice (Figs. 8L–8N), compared to their control
C57BL/6J animals (Figs. 8I–8K) (at least 50% higher).
Furthermore, a light-dependent significant increase in reac-
tive gliosis was observed in rd10 animals housed at the
different conditions (Fig. 8R), as the GFAP immunoreactivity
in animals reared at 300 lux was higher than that of rd10
mice housed at 5 lux (P < 0.05). The retinas of these mice
showed GFAP immunoreactivity not only in the inner margin
of the retina but also throughout the entire Müller cell length
(Figs. 8L–8N), which also suffered a progressive shortening.

Light-Induced Changes in Oxidative Stress
Biomarkers

Retinal oxidative stress was analyzed in each experimen-
tal group by measuring protein levels of both neuronal
nNOS, involved in the production of RNS, and 4-HNE, indica-
tive of lipid peroxidation, by western blotting. Also, the
RCVRN protein level, which is proportional to the number
of photoreceptor cells, was measured. All western blot
measurements were first normalized by GAPDH as a protein
loading control and later normalized per the amount of
RCVRN detected. Although retinas from the three C57BL/6J
mice groups showed no differences in levels of RCVRN (Figs.
9A, 9B), the rd10 mice retinas showed a light-dependent
decrease (Figs. 9C, 9D) that correlated with the loss of
photoreceptor cells in these animals. Normalized levels of
the analyzed oxidative biomarkers did not change between
retinas from C57BL/6J animals housed in different light
conditions (Figs. 9E, 9F), but a light-dependent increase in
the normalized levels of 4-HNE (Fig. 9G) and nNOS (Fig. 9H)
was found in retinas from rd10 mice, with a statistically
significant increment in retinal nNOS protein expression
(P < 0.05).

To confirm western blot results and to evaluate intra-
cellular ROS in situ, we used the DHE probe, which is a
sensitive marker of the superoxide anion levels. Considering
that the greatest differences in oxidative stress measured by

4-HNE and nNOS were observed between animals reared
at 50 and 300 lux, intracellular superoxide anion levels were
assessed in these experimental groups. Whole-mount retinas
from rd10 mice (Fig. 9J) showed higher immunoreactivity
at the photoreceptor layer than that observed in C57BL/6J
animals (Fig. 9I), which showed only a few marked cells.
Quantification of the number of photoreceptor cells that
presented fluorescence emission of oxidized DHE per retinal
area showed no significant differences between C57BL/6J
mice reared at 50 and 300 lux (Fig. 9K). By contrast, the
number of cells showing fluorescence emission was drasti-
cally higher in rd10 mice reared at 50 and 300 lux compared
to their corresponding C57BL76J mice (more than 3000 and
10,000% higher, respectively) (Fig. 9K). Moreover, a signifi-
cant light-dependent increase (P < 0.0001) in the number of
fluorescent cells was observed in rd10 mice housed at 300
lux as compared to the rd10 mice housed at 50 lux (Fig. 9K).

DISCUSSION

It has been demonstrated that complete light deprivation
may exert a neuroprotective effect on the progression of RP,
whereas exposure to light can damage retinal cells.25,27,48

In many studies, retinal degeneration has been assessed by
testing a single light intensity or complete darkness.9,25,27,49

In this study, we evaluated whether slight changes in
light-intensity conditions may affect the rate of the neurode-
generation process in RP, using the rd10 mouse model.
One of the main novelties of this study compared to other
published works is the analysis of three lighting conditions,
which represented the three categories of vision: scotopic,
very low levels of lighting (5 lux); mesopic, low levels of
lighting (50 lux); and photopic, indoor illumination condi-
tions (300 lux). Our results demonstrate that the evolution of
the neurodegenerative process in RP changes depending on
the intensity of lighting conditions, indicating that scotopic,
mesopic, and photopic light conditions are directly involved
in the rate of degeneration in RP. It should be considered that
∼50 lux or ∼300 lux are the commonly used rearing light
intensities for rd10 animals5,6,25,50–53 when lighting condi-
tions are specified in the literature.

Previous studies showed that an amino acid variation
at the position 450 of RPE65 protein (Leu450Met) confers
resistance against light-induced damage, which has been
described in C57BL/6J mouse.29,54,55 RPE65 is a protein
expressed in the retinal pigment epithelium and is involved
in the rhodopsin regeneration during the visual cycle. It
was also found that the animal strains carrying the varia-
tion Rpe65Met450 present lower levels of RPE65 protein and
a slower visual cycle.20,29,54,55 In the present study, we have
shown that the rd10 mouse also carries the same variation
(Rpe65Met450). Nevertheless, our results show a drastic loss
of retinal responsiveness in rd10 mice at the endpoint of
the study, which correlates with the severe morphological
changes observed, mainly affecting the outer retina, where
a dramatic reduction in the number of photoreceptor cells
was found. Interestingly, these changes were different for
rd10 mice reared at different light intensities, with worse
functional and morphological outcomes observed in mice
reared at the highest light intensity (300 lux). The fact that
rd10 mice housed at 5 lux had better preserved retinal
function and structure agrees with previous studies show-
ing that dark-adapted animals suffering from RP exhibited
a slower rate of degeneration compared with light-exposed
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FIGURE 9. Effect of environmental light conditions on oxidative stress. (A–H) Representative western blots (A, C) and protein level quantifi-
cation (B, D, E–H) of 4-HNE, nNOS, RCVRN, and GAPDH in C57BL/6J mice (A, B, E, F) and rd10 mice (C, D, G, H) reared at 5, 50, and 300
lux cyclic light. Mean RCVRN levels in C57BL/6J mice (B) and rd10 mice (D), normalized to GAPDH expression, revealed a light-dependent
reduction in rd10 mice. Expression of 4-HNE and nNOS was normalized to RCVRN levels. Expression of both 4-HNE and nNOS exhibited a
light-dependent increase in oxidative stress in rd10 mice. (I–J) Images from whole-mounted retinas showing the immunoreactivity of DHE
probe at the photoreceptor level in a representative C57BL/6J mouse (I) and a representative rd10 mouse (J) reared at 50 lux cyclic light.
Arrowheads point to intracellular DHE-positive cells. (K) Quantification of intracellular DHE-positive cells per mm2 in C57BL/6J and rd10
mice reared at 50 and 300 lux cyclic light. Kruskal–Wallis and Dunn’s post hoc test; Mann–Whitney U test. *P < 0.05, ***P < 0.01. Scale bars:
20 μm.

animals.9,27,48 As the results of Sundar et al.9 show, the retina
of rd10 mice kept in total darkness also degenerates, remain-
ing approximately four photoreceptors rows in the ONL at
P45, being probably slightly more preserved than our results
found in rd10 mice housed at 5-lux illumination. Neverthe-
less, the absence of a dark-reared rd10 mice experimental
group in our study may be a limitation to better determin-
ing the threshold of light-induced retinal degeneration in
rd10 mice.

The photoreceptor degeneration in rd10 mice has been
extensively studied since this animal model emerged;
however, there are some discrepancies with regard to the
rate of photoreceptor degeneration described by various
authors. Barhoum et al.5 and Gargini et al.50 reported that
photoreceptor degeneration in rd10 mice began around
P20, with the maximum degeneration occurring around P25
when animals were raised at an illumination of around
50 to 60 lux. In contrast, Arango-Gonzalez et al.51 and Roche
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et al.35 showed that the peak of photoreceptor death in
the same mice strain was around P18 to P20. However,
these authors did not indicate the light-intensity conditions
under which the animals were raised. Because the rearing
light intensity affects the rate of photoreceptor degeneration
in rd10 mice, it seems important that the light conditions
should be standardized among the different research groups.
This is especially relevant when it comes to comparing the
effectiveness of possible therapies. Our results also show a
marked remodeling in the horizontal cell processes and a
light-dependent loss of the synaptic contacts between the
photoreceptor terminals and the horizontal cell processes
in rd10 mice. These findings correlate with previous ones
showing advanced stages of retinal degeneration in rd10
mice5,50,56 and with the described process of retinal remod-
eling during photoreceptor degeneration.5,10,57–62

In all retinal degenerative diseases, photoreceptor degen-
eration is accompanied by the proliferation and activation
of resident microglia and by the recruitment of immune
cells as monocytes and macrophages, which contribute to
the inflammatory state of the tissue.10,31,33 Accordingly, our
results show an increase in the immune cells implicated in
the inflammatory process in rd10 mice. However, rd10 mice
raised in different light conditions showed few differences
in the immune-related cells populations, probably due to the
advanced state of the degenerative process at the endpoint
of the study (P30). Nevertheless, the microglial cells acquire
an ameboid shape, and their phagocytic activity increases in
a light-intensity-dependent manner. The activation of retinal
Müller cells and astrocytes, referred to as reactive gliosis, is
also a common feature in rd10 mice.50,56 Here, we show that
there is a light-intensity-dependent increase in reactive glio-
sis in rd10 mice, together with a progressive light-intensity-
dependent reduction in the length of Müller cells, which
has been associated with the degeneration of photorecep-
tor cells.50,56

The main mechanisms involved in the exacerbation of
retinal degeneration are not yet known in detail. Our results
point to the increase of oxidative stress as one of the possible
mechanisms underlying gradual light-induced photorecep-
tor degeneration, as a gradual increase of RNS and ROS was
observed when the environmental light intensity was higher
during light time. This finding coincides with previous work
that has described an increase in retinal ROS photosynthe-
sized from different sources63–65 when using blue light. In
the retina, RNS have an important role in the increment of
oxidative stress.66 Specifically, nNOS is the main source of
NO in photoreceptors and contributes to the generation of
RNS.66 Thus, the correlation between photoreceptor loss and
nNOS protein levels observed in rd10 mice exposed to differ-
ent light conditions possibly implicates RNS in the onset
and exacerbation of photoreceptor degeneration. In addi-
tion to light-induced changes in RNS, our results showed
a drastic light-intensity-dependent increase of intracellular
superoxide anions in rd10 mice. Moreover, the increase in
both RNS and superoxide anions correlated with a rela-
tive, although non-significant, increase in 4-HNE, which is
known as the major diffusible toxic product generated by
lipid peroxidation.11 It should also be noted that slight non-
significant increases in oxidative stress were observed in a
light-dependent manner in C57BL/6J mice, although these
changes are not relevant enough to trigger photoreceptor
death in these animals. Probably, the increase in RNS, 4-HNE,
or superoxide anions in C57BL/6J mice is compensated by
the antioxidant mechanisms that healthy retinas activate in
response to homeostasis disruption.67,68 By contrast, when

basal oxidative stress is relatively high, due to the disease
process, light-induced changes in the redox balance proba-
bly lead to exacerbation of the retinal degenerative process.
On the other hand, the increase of 4-HNE adducts in a light-
intensity-dependent manner, due to oxidatively damaged
lipids, could be directly related to inflammation69–71 and cell
death72–74 in rd10 mice. It is important to keep in mind that
rd10 mice have a mutation in the Pde6b gene that causes an
accumulation of cGMP and keeps cGMP-gated cation chan-
nels open, generating an excessive accumulation of cations
within the cell and inducing oxidative stress and photore-
ceptors degeneration.7–9,75

One commonly proposed hypothesis that explains retinal
photodamage is based on the light-induced accumulation of
all-trans-retinal, one of the products of the phototransduc-
tion cascade. The processing of all-trans-retinal and its trans-
formation back into the 11-cis-retinal chromophore is essen-
tial for the survival of photoreceptors.20,76,77 The accumu-
lation of free all-trans-retinal within photoreceptors medi-
ates the production of oxidative stress through the genera-
tion of superoxide radicals and other ROS when the light
continues irradiating these photoreceptors.76,78,79 Neverthe-
less, other evidence may not support this hypothesis. The
all-trans-retinal production per eye after rhodopsin photo-
bleaching in mice80 is significantly lower than the concentra-
tion that promotes the death of RPE cultured cells.81 More-
over, some authors do not consider all-trans-retinal to be
sufficiently stable and abundant to be the main sensitizer
for light-dependent damage.82,83 Finally, the susceptibility to
retinal light damage in rats increases with age,84 whereas
there is no evidence of an age-dependent increment of all-
trans-retinal.

Another hypothesis recently proposed by Sundar et al.9

suggests that the light-induced exacerbation of photorecep-
tors death in the rd10 mice is initiated by a rhodopsin-
mediated signaling cascade. By removing the Rpe65 gene
from rd10 mice, they observed that the retina was equally
preserved at dark conditions and at light conditions. In
contrast, by removing the Gnat1 gene, which encodes for
rod transducin-α, they observed that the retina degenerated
under both light and dark conditions. This study indicates
that light-induced photoreceptor cell death is mediated by
rhodopsin signaling which is transducin independent, affect-
ing cGMP-gated cation channels. These would lead to an
accumulation of Ca2+ in the cell, inducing photoreceptor
degeneration due to oxidative stress.

Likewise, mitochondria are one of the main targets of
calcium toxicity85 and major ROS generators. It has been
previously described that light-induced calcium accumula-
tion may result in mitochondrial membrane depolarization
and induce a higher production of ROS.85–87 In addition, it
has also been proposed that blue light, which is part of the
visible light spectrum, can be absorbed by mitochondrial
respiratory chain chromophores, inducing a disruption in
mitochondrial dynamics, damaging the mitochondria, and
generating an increase in ROS.88,89 However, considering
that mitochondrial chromophores are present in all retinal
cells, they may not be the primary agent of light-induced
damage, as degeneration occurs primarily in photoreceptor
cells.

Finally, it has been demonstrated that lipofuscin
fluorophores such as the bis-retinoid N-retinylidene-N-
retinylethanolamine (A2E) initiate light-induced apoptosis of
RPE cells.90 These pigments reduce the phagocytic function
of these cells91,92 and are formed in greater quantity when
there is an increase in oxygen.91 Moreover, lipofuscin-related
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fundus autofluorescence is increased in retinitis pigmentosa
patients.93 All of this evidence indicates that lipofuscin accu-
mulation could be a possible process that leads to the light
susceptibility described in this work.

There is a close relationship among oxidative stress, cell
death, and inflammation in neurodegeneration,94 as well as
in retinal diseases.67,68 Thus, despite identifying the active
crosstalk among its main implicated factors,95,96 it remains
difficult to establish which factor is the cause or conse-
quence of the others. Considering the effects attributed
to light-induced damage,77,85,86,97 our results suggest that
the increase of oxidative stress could be activating both
cell death15–19 and inflammation pathways.69–74,98,99 Thus,
it seems reasonable that oxidative stress may be one of
the underlying mechanisms of the light-induced neurode-
generation in rd10 mice retina, although it may not be the
only mechanism. However, more experiments are needed to
establish this causation.

Altogether, our results indicate that light-intensity condi-
tions are important for the progression of RP in rd10
mice, even carrying the Rpe65Met450 variation, as it induced
microglia and dendritic cells activation and increased oxida-
tive stress, accelerating the rate of photoreceptor death in
the retina and subsequent retinal remodeling, in addition to
worsening the visual function. Thus, for proper analysis and
interpretation of experimental results, as well as for possible
comparison among various studies, rearing light intensity
should be considered for RP animal models, and specifically
for rd10 mice. Standardization of the lighting conditions
would be recommended for rd10 mice and other RP
animal models with mutations conferring light-induced reti-
nal degeneration. Moreover, today there is no effective treat-
ment for patients suffering from RP, and protection from
light is usually recommended in order to prevent further
damage to the retina. As RP is a progressive neurodegen-
erative disease of the retina where patients become blind,
findings from this study indicate that neuroprotection from
light-induced damage could be a good option to slow down
retinal degeneration in some types of RP.
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