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Abstract: Blue light exposure-induced retinal damage has been extensively studied. Although many
in vitro studies have shown the benefits of blue light-blocking lenses (BBL) there have been few
comprehensive in vivo studies to assess the effects of BBL. We investigated the influence of blue light
exposure using light-emitting diodes on retinal histology and visual cortex neurons in rodents. We
also considered whether retinal and cortical changes induced by blue light could be ameliorated with
blue light-blocking lenses. A total of n = 24 (n = 6 in each group; control, light exposure without
lenses, two different BBLs)) male Wistar rats were subjected to blue light exposure (LEDs, 450–500 lux)
without or with BBLs (400–490 nm) for 28 days on a 12:12 h light–dark cycle. Histological analysis of
retinae revealed apoptosis and necrosis of the retinal pigment epithelium (RPE), photoreceptors, and
inner retina in the light exposure (LE) group, along with increase caspase-3 immunostaining in the
ganglion cell layer (p < 0.001). BBL groups showed less caspase-3 immunostaining compared with
the LE group (p < 0.001). V1-L5PNs (primary visual cortex layer 5 pyramidal neurons) demonstrated
reduced branching and intersections points for apical (p < 0.001) and basal (p < 0.05) dendrites
following blue light exposure. Blue light-blocking lenses significantly improved the number of basal
branching points compared with the LE group. Our study shows that prolonged exposure to high
levels of blue light pose a significant hazard to the visual system resulting in damage to the retina
with the associated remodeling of visual cortex neurons. BBL may offer moderate protection against
exposure to high levels of blue light.

Keywords: visual cortex neuron; caspase-3; blue light-blocking lenses; retina; light damage

1. Introduction

Increasingly larger segments of the population are exposed to extended periods of
exposure to light from light emitting diodes (LED) [1,2]. It has been estimated that on
average a person spends about 4–6 h using digital display devices, such as smartphones,
laptops, and televisions that emit blue light [3,4]. Additionally, the growing uptake of
efficient LEDs in the domestic setting has raised concerns, as LEDs emit more energy at
shorter wavelengths compared with conventional lighting [3]. The emission spectrum of
LEDs has a strong peak between 400 nm to 490 nm [5,6], with a significant proportion of
the energy across this range being transmitted to the retina [7–11]. It is well recognized that
across the visible spectrum the shorter wavelengths carry higher energy and can cause the
most photothermal damage to retina cells [12–14].
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Exposure to LEDs has been demonstrated to alter retinal structure and function, as
well as other neuroendocrine systems, as evidenced by changes in cortisol levels, circadian
rhythms, pupillary responses, mood, and alters behavior [15–18]. Likewise, exposure to
higher levels of blue light significantly disrupts the regulation of circadian rhythms and
alters behavior, as has been documented in a range of mammalian species [19–24].

Cell culture studies have demonstrated that the blue light portion of the electro-
magnetic spectrum (400–500 nm) induces photochemical and photothermal damage to the
retina [25,26]. Specifically, exposure of cultured retinal pigment epithelial (RPE) cells to blue
light compared to that emitted from digital devices causes increased free radical production
and oxidative stress, which in turn leads to reduced cellular function [27,28]. Human studies
and in vivo animal experimental models have demonstrated evidence of oxidative stress and
damage to retinal layers when exposed to ultra-violet (UV) light from LEDs [29].

Various blue light-blocking lenses are commercially available, which seek to selectively
filter out and protect the eyes from blue light. BBLs have also been proposed to improve
sleep quality following the use of digital devices at night and to decrease eye tiredness
and symptoms of eye strain [27,28,30–33]. Although several in vitro studies have been
designed to assess the effectiveness of BBL [34], studies in cell culture systems do not
recapitulate many features of prolonged exposure to high levels. Using clear cages made of
blue light-blocking material used in intraocular lenses [35], a previous study demonstrated
that blue light-blocking lenses reduced oxidative stress and inflammation in the RPE and
choroid, induced by 20 min of exposure to very high levels of blue light (3000 lux). Whilst
this in vivo study provided some insight, the light exposure employed represents acute and
severe phototoxic injury. As such, in the present study, we examined the efficiency of two
commercially available blue light-blocking spectacle lenses on a chronic model of moderate
blue light exposure (450–500 lux) using Wistar rats. Specifically, we test the hypothesis that
prolonged moderate blue light exposure impacts retinal structure and neurons in the visual
cortex. We also examine the hypothesis that commercially available blue light-blocking
lenses will ameliorate these effects.

2. Methodology
2.1. Experimental Setup and Animal Resources

All experimental procedures in the present study were approved by the institutional
animal ethics committee (IAEC) at Kasturba Medical College, Manipal Academy of Higher
Education (IAEC/KMC/02/2017). Animal handling and investigational procedures were
carried out as per CPCSEA (No:94/PO/Re Bi/5/99/CPCSEA) and ARRIVE guidelines.

Eight-week-old male Wistar rats were procured from the central research animal
facility laboratory at Manipal Academy of Higher Education (MAHE, Manipal, India).
Figure 1 summarizes the experimental approach. In brief, rats were divided into four
groups, with 6 animals in each group, which included a control group (NC), a blue LED light
exposure group (LE), and two blue light-blocking lens protection groups, one with Crizal
Prevencia (CP, Essilor, Charenton-le-Pont, France) and the other using Duravision Blue
lenses (DB, Carl Zeiss, Oberkochen, Germany). The light exposure group was subjected
to blue LED (400–490 nm) light (Ack LED Panels, 3W, Epistar, ES-EMBCF22L-A, InGan-
series Blue LED chip, Hsinchu, Taiwan). The light source was fitted on the top of the cage
(L = 100 cm, W = 70 cm and H = 50 cm) 50 cm from the cage bottom (level at the eyes
was 450–500 lux). Illumination measurements (lux) were taken vertically and horizontally
and averaged, to compensate for the rats’ eye anthropometrical geometry. In the blue
light-blocking lens (CP and BD) groups, rats were exposed to the same light; however, BBLs
(CP and DB) were fitted over the LEDs. Control group rats were maintained in a standard
research laboratory lighting environment and provided with food and water ad-libitum. In
all experimental groups, rats were exposed for 28 days, on a 12:12 h exposure cycle (at 8 a.m.).

Narrowband blue LED light from 400 to 490 nm was used for the experiment. Stimulus
irradiance was measured at the level of the animal’s eye (50 cm from a light source above
their heads) using a spectrometer (Asensetek Lighting Passport Pro, New Taipei City, Tai-
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wan). The percentage of absolute transmittance of the blue light-blocking lenses (BBLs), CP
(blue trace) and DB (red trace): wavelength emissions measured using the Zeiss Humphrey
lens analyzer (LA360) (Figure 2A). The LED light source used in the experiments (black
trace) is shown in Figure 2B. The blue and red traces are identical for peak wavelength but
was flatter than unfiltered blue light. The absolute transmittance without BBLs (100% value
of transmittance; black trace) was reduced with blue light-blocking lenses to 93.73% (DB)
and 88.34% (CP) across the whole blue LED radiation spectrum.

Life 2022, 12, x FOR PEER REVIEW 3 of 15 
 

 

In all experimental groups, rats were exposed for 28 days, on a 12:12 h exposure cycle (at 

8 am). 

 

Figure 1. Flow chart of the methodology used in this study. 

Narrowband blue LED light from 400 to 490 nm was used for the experiment. Stim-

ulus irradiance was measured at the level of the animal’s eye (50 cm from a light source 

above their heads) using a spectrometer (Asensetek Lighting Passport Pro, New Taipei 

City, Taiwan). The percentage of absolute transmittance of the blue light-blocking lenses 

(BBLs), CP (blue trace) and DB (red trace): wavelength emissions measured using the 

Zeiss Humphrey lens analyzer (LA360) (Figure 2A). The LED light source used in the ex-

periments (black trace) is shown in Figure 2B. The blue and red traces are identical for 

peak wavelength but was flatter than unfiltered blue light. The absolute transmittance 

without BBLs (100% value of transmittance; black trace) was reduced with blue light-

blocking lenses to 93.73% (DB) and 88.34% (CP) across the whole blue LED radiation spec-

trum. 

Figure 1. Flow chart of the methodology used in this study.

Life 2022, 12, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 2. (A). Absolute transmittance percentage of two blue light-blocking lenses (BBLs). (B). Light 

intensity (in arbitrary unit) of the unfiltered blue LED (light emitting diodes) and with the blue light-

blocking lenses in place. 

2.2. Histology 

After 28 days, all animals were sacrificed with a lethal dose of Pentobarbitonol (i.p. 

100 mg/kg) (Virbac AH, Inc., (Westlake, TX, USA), Siegfried USA, LLC., (Pennsville, NJ, 

USA), Euthasol® ) and xylazine (10 mg/kg) (Prodivet pharmaceuticals nv, Hagbenden, 

Proxylaz® , Raeren, Belgium). Eyes were enucleated using forceps (number 5) and Sklar’s 

blunt enucleation scissors. Immediately after enucleation eyes were placed in 4% para-

formaldehyde for 7 days and retinal sections (40 μm in thickness) were cut in the sagittal 

plane containing the optic nerve on paraffin-embedded blocks and stained with hematox-

ylin and eosin (H&E) and caspase-3 immunofluorescent staining. Hematoxylin and eosin-

stained retinal cross-sections were assessed by a masked histopathologist for the presence 

of cell atrophy, vacuolation, pyknosis, and morphological alterations (Table 1). Images 

were acquired from the posterior pole within 1 mm of the optic nerve. The brain was col-

lected and immersed in a freshly prepared Golgi–Cox stain. 

Table 1. Hematoxylin and eosin-stained retinal sections for blue LED light exposure and lens pro-

tection groups. 

Layer Damage 
NC n = 6  

(12 Sections) 

LE n = 6  

(12 Sections) 

CP n = 6  

(12 Sections) 

DB n = 6  

(12 Sections) 

Ganglion cell layer 

Atrophy 0 8 (66.0%) 3 (25.0%) 2 (16.0%) 

Vacuolation 0 1 (8.33%) 4 (33.0%) 4 (33%) 

Pyknosis 0 1 (8.33%) 1 (8.33%) 0 

Focal enlargement 0 6 (50.0%) 0 0 

Inner plexiform layer Atrophy 0 2 (16.0%) 0 2 (16%) 

Inner nuclear nayer Atrophy 0 2 (16.0%) 0 2 (16%) 

Outer nuclear nayer 
Atrophy 0 0 2 (16.0%) 0 

Decreased thickness 0 3 (25.0%) 0 0 

Inner segment–outer 

Segment 
Decreased thickness 0 8 (66.0%) 7 (58.0%) 6 (50.0%) 

  

Figure 2. (A). Absolute transmittance percentage of two blue light-blocking lenses (BBLs). (B). Light
intensity (in arbitrary unit) of the unfiltered blue LED (light emitting diodes) and with the blue
light-blocking lenses in place.



Life 2022, 12, 243 4 of 13

2.2. Histology

After 28 days, all animals were sacrificed with a lethal dose of Pentobarbitonol
(i.p. 100 mg/kg) (Virbac AH, Inc., (Westlake, TX, USA), Siegfried USA, LLC., (Pennsville,
NJ, USA), Euthasol®) and xylazine (10 mg/kg) (Prodivet pharmaceuticals nv, Hagben-
den, Proxylaz®, Raeren, Belgium). Eyes were enucleated using forceps (number 5) and
Sklar’s blunt enucleation scissors. Immediately after enucleation eyes were placed in 4%
paraformaldehyde for 7 days and retinal sections (40 µm in thickness) were cut in the
sagittal plane containing the optic nerve on paraffin-embedded blocks and stained with
hematoxylin and eosin (H&E) and caspase-3 immunofluorescent staining. Hematoxylin
and eosin-stained retinal cross-sections were assessed by a masked histopathologist for the
presence of cell atrophy, vacuolation, pyknosis, and morphological alterations (Table 1).
Images were acquired from the posterior pole within 1 mm of the optic nerve. The brain
was collected and immersed in a freshly prepared Golgi–Cox stain.

Table 1. Hematoxylin and eosin-stained retinal sections for blue LED light exposure and lens
protection groups.

Layer Damage NC n = 6
(12 Sections)

LE n = 6
(12 Sections)

CP n = 6
(12 Sections)

DB n = 6
(12 Sections)

Ganglion cell layer

Atrophy 0 8 (66.0%) 3 (25.0%) 2 (16.0%)
Vacuolation 0 1 (8.33%) 4 (33.0%) 4 (33%)

Pyknosis 0 1 (8.33%) 1 (8.33%) 0
Focal enlargement 0 6 (50.0%) 0 0

Inner plexiform layer Atrophy 0 2 (16.0%) 0 2 (16%)

Inner nuclear nayer Atrophy 0 2 (16.0%) 0 2 (16%)

Outer nuclear nayer Atrophy 0 0 2 (16.0%) 0
Decreased thickness 0 3 (25.0%) 0 0

Inner segment–outer Segment Decreased thickness 0 8 (66.0%) 7 (58.0%) 6 (50.0%)

2.3. Immunofluorescence

Serial cryosections (Leica cm3050-s, Leica Microsystems, Wetzlar, Germany) 40 µm
thick in the sagittal plane were mounted on gelatin-coated slides and kept at −80 ◦C before
further processing. Sections were fixed with 2% paraformaldehyde in 0.01M phosphate
buffer solution at 24 ◦C for 1 h, followed by incubation with 1% H2O2, 2% sodium azide,
0.1% saponin, 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) in
EBSS-saponin for 36 h at 24 ◦C in the dark. Sections were then rinsed and incubated
in a moist chamber overnight at 24 ◦C with primary rabbit polyclonal to active + pro
Caspase 3 antibody directed against cleaved caspase-3 (1:200 aliquoted 4 µL of antibody is
added to 1.6 mL of PBS.TX) with 200 µL buffer (Abcam, Cambridge, UK). Sections were then
washed and incubated with a secondary antibody (1:100, anti-rabbit IgG [(whole molecule)
F(ab)2 fragment-Cy3 antibody, green fluorescence, Abcam)] for 16 h at 42 ◦C in the dark.

2.4. Retinal Immunofluorescence Imaging and Quantification

Caspase-3 (active + pro Caspase-3) stained retinae were imaged using a Dmi8- SP8 Con-
focal Microscope (Leica Microsystems, Wetzlar, Germany) with a zoom factor of 0.75 and a
63 × oil immersion objective. Excitation and emission wavelengths used were 555 nm and
569 nm, respectively. Laser power offset, gain, and other acquisition parameters were deter-
mined using isotopic control samples and were set to 0.5% for all images. These parameters
were then fixed across all retinal samples. Retinal mosaics were created in Adobe Photoshop
7.0 (Mountain View, CA, USA). A total of 12 images, 2 from each eye, were analyzed in each
group. Retinal layers were segmented by a masked observer, and the average intensity
was calculated after subtracting the background using ImageJ software (National Institute
of Mental Health 2010, License: Public Domain, BSD-2 (version 1.44k)) [36]. Examples of
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retinal layer segmentation can be found in Supplementary Figure S1. As they can be diffi-
cult to separate, the inner plexiform layer (IPL) was combined with the inner nuclear layer
(INL). Similarly, given that in the damaged retina the outer plexiform layer (OPL) could be
difficult to segment, this was combined with the outer nuclear layer (ONL). Additionally,
in some cases, photoreceptors were detached from the RPE; as such, the photoreceptor
layers were not included in the analysis. The brightness of each layer was then expressed
relative to the average brightness of the entire retina (%). Data from images collected from
the same eye were then averaged.

2.5. Golgi–Cox Stains for Visual Cortex Layer 5 Pyramidal Neurons (V1-L5PN)

The whole rat brain was immersed in Golgi–Cox stain (prepared 12 h before the
experiment). The solution was changed every 5 days for 21 days. Tissue sections of 150 µm
were obtained using a sledge microtome (RMT Series, Radial Instruments, Ambala, Cannt,
India) and immersed in freshly prepared 5% sodium carbonate for 20 min. They then
underwent 3 washes in 70% ethanol each for 10 min, followed by 3 washes in 90% ethanol
every 10 min, 3 washes in 100% ethanol every 10 min, and 3 washes in sulphur-free xylene
every 10 min, after which sections were mounted using distyrene plasticizer xylene (Merck
DPX new, Sigma-Aldrich, Darmstadt, Germany).

2.6. V1-L5PN Image Capture Dendritic Quantification

Golgi-stained pyramidal neurons in V1 layer 5 were imaged using the 20X objective of a
wide-field microscope (Motic Red 200 microscope, Kowloon, Hong Kong) and a digital cam-
era (Moticam 580–5.0 mp with Motic Images-Plus 2.0, Kowloon, Hong Kong). Thirty pho-
tomicrographs, each separated by 5 µm in the z-plane, were collected. Photomicrographs
with a calibrated Sholl’s grid (Motic software 2.0 ML, Kowloon Bay, Kowloon, Hong Kong)
were projected on the laptop screen. Dendrites were manually traced in a masked fashion.
For apical and basal dendrites, the number of branching points and intersections with
20 µm concentric circles up to 140 µm from the soma were quantified using Sholl’s analysis.
The neurons were selected based on the following parameters: complete staining of an indi-
vidual neuron, background staining, uniformity of neuronal staining, clarity in staining with
dendritic spines, and any artifacts that were not taken into consideration during quantification.

2.7. Statistical Analysis

Statistical analysis was undertaken using R software (Massachusetts Institute of Tech-
nology (MIT), Cambridge, Massachusetts, (version 3.6.3)) [37]. Two-way ANOVA was used
to compare the difference in visual cortex pyramidal neurons and one-way ANOVA was
used for caspase-3 expression. Tukey’s HSD post hoc test was used to compare differences
between groups.

3. Results
3.1. Retinal Histology

Figure 3 shows the effect of 28 days of 12 h per day blue light exposure on retinal
histology. In comparison to the normal controls (NC) group (Figure 3A,B), the light-
exposed retina showed disrupted outer retinal structure, with fewer photoreceptor nuclei,
loss of photoreceptor outer segments, and disrupted outer plexiform layers (Figure 3C,D).
Additionally, the INL and GCL was disorganized with evidence of cell nuclei clumping
and vacuoles (Figure 3D). Nucleolar damage, including disruption of the ONL, OPL, and
inner retinal layers, was less evident in the lens protection groups (Figure 3E–H). Larger
images are shown in Supplementary Figure S2. Pathology observations of retinal sections
are summarized in Table 1.
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Figure 3. Retinal histology in normal controls (NC), blue light exposure (LE), and lens protection
(CP and DB) groups after 28 days of light exposure. Representative images of hematoxylin and
eosin-stained retinal cross-sections from the controls (A,B), LE (C,D), as well as CP (E,F), and DB
(G,H) blue light-blocking lens groups. Scale bar = 100 µm. Photoreceptor, ganglion cell layer (GCL),
inner nuclear layer (INL), inner plexiform layer (IPL), outer plexiform layer (OPL), outer nuclear
layer (ONL), and retinal nerve fiber layer (RNFL).

Figure 4 shows retinal caspase-3 immunofluorescence following 28 days of moderate
blue light exposure. At this endpoint, there was increased caspase-3 immunofluorescence



Life 2022, 12, 243 7 of 13

in the ganglion cell layer in the blue light-exposed group (LE, second row). There was less
evidence of caspase-3 staining in the two BBL groups (CP, third row, and DB fourth row).
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Figure 4. Blue light-induced caspase-3 immunostaining in retinal layers. Representative caspase -3
immunofluorescence, IgG (whole molecule) F(ab)2 fragment-Cy3 (antibody). At 28 days after light
exposure, compared with controls (A–C), blue light-exposed (LE) eyes showed increased apoptosis in
the GCL (D–F). This was less evident in both blue light-blocking CP (G–I) and DB (J–L) lens groups.
GCL—retinal ganglion cell layer, IPL—inner plexiform layer, INL—inner nuclear layer, ONL—outer
nuclear layer, OPL—outer plexiform layer, Ph—photoreceptors, and RNFL—retinal nerve fiber layer.
Scale bar = 100 µm.

Caspase-3 immunostaining was quantified in the GCL as well as the IPL-INL and OPL-
ONL, as summarized in Figure 5. One-way ANOVA comparisons between groups showed
significant differences between groups in the ganglion cell layer (Figure 5A, p < 0.0001),
with the blue light exposure group showing significantly higher staining than BBL groups.
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There was a significant difference in caspase-3 immunostaining in the IPL-INL (Figure 5B,
p = 0.004), with LE and DB groups demonstrating significantly lower staining than the NC
group. There was no difference between groups in the outer retina (OPL-ONL Figure 5C,
p = 0.16).
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rescence. Bar plots showing signal intensity relative to total retinal intensity (%) for the ganglion cell
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ANOVA comparison between groups. * Indicates significant (p < 0.05) post hoc difference between pairs.

3.2. Blue Light-Induced Changes to Visual Cortex Neurons

V1-L5PN were examined 28 days following light exposure. As shown in Figure 6,
blue light exposure altered dendritic morphology of both basal and apical dendrites. This
disruption was particularly evident in the blue light exposure group (Figure 6B). There
appeared to be less disruption in the two lens groups (Figure 6C,D).

Figure 6 confirms that blue light exposure reduced the number of branching points at
all distances from the soma. Two-way ANOVA of apical branching points for all groups
as a function of distance from the soma (Figure 7A), revealed no interaction (F18,140 = 1.18,
p = 0.28), but there was a significant treatment effect (F3140 = 30.39, p < 0.0001). Post hoc
comparison of the main effect demonstrated that all light exposure groups (LE, CP, and
DB) had fewer apical branching points than the control group. For basal branching points,
the LE groups showed fewer branching points further away from the soma at 60–120 mm
(Figure 7B). Both CP and DB lens groups demonstrated fewer branching points closer to the
soma (<60 mm) but a similar number of branching points away from the soma. Two-way
ANOVA confirmed that there was a significant interaction between the treatment group
and distance (F18,140 = 2.07, p = 0.012). Multiple comparisons of main treatment effects
showed that there were fewer basal branching points in the LE group compared with the
control group (p = 0.003). However, there was no difference between the CP (p = 0.07)
and DB (p = 0.12) blue light-blocking lens groups compared with controls. In terms of the
number of apical dendritic intersections (Figure 7C), there was a significant group difference
(F3140 = 25.56, p < 0.0001), with post hoc analysis revealing that both light exposure (LE,
p < 0.0001) and CP lens (p < 0.0001) groups were significantly lower than controls, whereas
the DB lens group was similar to the control group (p = 0.98). With regards to the number
of basal dendritic intersections (Figure 7D), again, there was no interaction effect, but a
significant group difference (F3140 = 11.68, p < 0.0001). In comparison to the control group,
light exposure (p < 0.0001) as well as CP (p = 0.001) and DB lens (p = 0.005) groups had
significantly fewer basal dendritic intersections.
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lens groups ((C): CP and (D): DB). Scale bar = 50 µm. Disruption of soma shape (*) basal (orange
arrowhead) and apical dendrites (blue arrowhead) was particularly evident in the LE group.

Life 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

light exposure (p < 0.0001) as well as CP (p = 0.001) and DB lens (p = 0.005) groups had 

significantly fewer basal dendritic intersections. 

 

Figure 7. Morphology of pyramidal neurons in layer 5 of visual area 1 following blue light exposure. 

(A): Number of apical dendritic branching points as a function of distance from cell soma for all 4 

groups (NC = control, LE = light exposure, CP = Crizal Prevencia, DB = Duravision Blue). Error bar 

indicates the standard error of the mean. (B): Number of basal dendritic branching points. (C): Num-

ber of apical dendritic intersections. (D): Number of basal dendritic intersections. The p-value for 

the interaction between group and distance (In) as well as for treatment difference between groups 

(Tx) derived from a two-way ANOVA are included. 

4. Discussion 

Blue light damage to the cell can occur directly or indirectly from the release of toxic 

intermediaries or via inflammation [38]. Exposure to blue light causes reactive oxygen 

species (ROS) overproduction retinal apoptosis, and damage to mitochondria [14] which 

are present in high numbers, particularly in photoreceptors and in the intraocular portion 

of ganglion cell axons. The degree of damage depends on retinal irradiance and the dura-

tion of light exposure. Previous studies demonstrate that a high level (1000 lux or more) 

of acute blue light exposure for even short periods (minutes to hours) can cause damage 

to the RPE [9,13,14,39,40] and photoreceptors, with disruption of photoreceptor outer seg-

ments and outer nuclear layer apoptosis [14,41,42]. Consistent with these previous studies 

we demonstrate that chronic exposure to high levels of blue light resulted in widespread 

damage to the retina, including the inner retina. Specifically, in addition to gross histolog-

ical disruption of the outer retina (Figures 3 and 4), our results indicate that after 28 days 

of exposure to blue light the inner retinal ganglion cells continue to undergo apoptosis 

[14]. This retinal ganglion cell (RGC) apoptosis may have arisen from direct blue light 

damage to RGCs. Additionally, RGC death can arise as a delayed even, secondary to pho-

toreceptor and outer retinal cell loss [43]. 

We found that with BBLs, there was less damage to the outer retinal layers (Figures 

4 and 5) consistent with a number of previous studies [30,44]. These studies show that 

0

2

4

6

8

b
ra

n
c
h

in
g

  
p

o
in

ts

NC

LE

CP

DB

0.0

0.5

1.0

1.5

2.0

0 20 40 60 80 100 120 140
0

5

10

15

20

in
te

rs
e
c
ti

o
n

s

0 20 40 60 80 100 120 140
0

1

2

3

4

A B

C D

apical basal

distance from soma (mm)

In: p=0.28
Tx: p<0.0001

In: p=0.283
Tx: p<0.0001

In: p=0.012
Tx: p=0.005

In: p=0.12
Tx: p<0.001

Figure 7. Morphology of pyramidal neurons in layer 5 of visual area 1 following blue light exposure.
(A): Number of apical dendritic branching points as a function of distance from cell soma for all
4 groups (NC = control, LE = light exposure, CP = Crizal Prevencia, DB = Duravision Blue). Error
bar indicates the standard error of the mean. (B): Number of basal dendritic branching points.
(C): Number of apical dendritic intersections. (D): Number of basal dendritic intersections. The
p-value for the interaction between group and distance (In) as well as for treatment difference between
groups (Tx) derived from a two-way ANOVA are included.
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4. Discussion

Blue light damage to the cell can occur directly or indirectly from the release of toxic
intermediaries or via inflammation [38]. Exposure to blue light causes reactive oxygen
species (ROS) overproduction retinal apoptosis, and damage to mitochondria [14] which
are present in high numbers, particularly in photoreceptors and in the intraocular portion of
ganglion cell axons. The degree of damage depends on retinal irradiance and the duration
of light exposure. Previous studies demonstrate that a high level (1000 lux or more) of
acute blue light exposure for even short periods (minutes to hours) can cause damage
to the RPE [9,13,14,39,40] and photoreceptors, with disruption of photoreceptor outer
segments and outer nuclear layer apoptosis [14,41,42]. Consistent with these previous
studies we demonstrate that chronic exposure to high levels of blue light resulted in
widespread damage to the retina, including the inner retina. Specifically, in addition to
gross histological disruption of the outer retina (Figures 3 and 4), our results indicate that
after 28 days of exposure to blue light the inner retinal ganglion cells continue to undergo
apoptosis [14]. This retinal ganglion cell (RGC) apoptosis may have arisen from direct blue
light damage to RGCs. Additionally, RGC death can arise as a delayed even, secondary to
photoreceptor and outer retinal cell loss [43].

We found that with BBLs, there was less damage to the outer retinal layers (Figures 4 and 5)
consistent with a number of previous studies [30,44]. These studies show that reducing the
blue light (430 nm) transmission by 50% with BBLs reduced retinal photochemical damage
by approximately 80% [25,27,30,45]. We also found that in both blue light-blocking groups
there was little evidence of caspase-3 fluorescence in the GCL (Figures 4 and 5A). We also
demonstrate for the first time that the beneficial effects of BBL on the retina also had some
ameliorative effects on visual cortex pyramidal neurons.

Characterization of L5PNs in V1 revealed clear alteration of apical and basal dendritic
morphology, with fewer branching points and intersection in animals chronically exposed
to blue light. Damage to ganglion cell axons can lead to retrograde degeneration and
death of RGC as well as the loss of anterograde of transport and Wallerian degeneration,
which in turn impacts various sites of RGC termination in the brain [46]. Changes in
L5PNs have been reported following retinal and ganglion cell injury, including ischemia
retinal degeneration [47–50], glaucoma [51–53]. We show here that BBL (CP and DB)
significantly reduced structural alteration in L5PNs. Specifically, BBLs increased basal
branching points and DB lenses increased the number of apical intersections compared with
blue light exposure. This improvement in the morphology of neurons in the visual cortex
(Figures 6 and 7) is consistent with a reduction in RGC apoptotic caspase-3 immunostaining
(Figures 4 and 5).

In our study, we considered two commercially available BBLs (CP and DB). Although
there are other commercially available BBLs, we picked these two lenses because they are
the most prescribed blue light-blocking lenses (data from an unpublished survey). Both CP
and DB lenses provided similar benefits; however, the decline in apical intersection number
was significantly improved in the DB group but not the CP group (Figure 7).

This study has some limitations. The rat lens is more transparent when compared to
other mammals, and they are more susceptible to retinal damage [11]. Thus, care should
be taken when extrapolating our findings to the human eye. Our study has only assessed
a single time point, which was designed to model a scenario of prolonged high level
blue light exposure. The spectral transmission of clear lenses generally provide over 90%
transmission, down to 400 nm [54]. Given the relatively narrow band of the blue LEDs
used in this study (Figure 2B) such lenses would be expected to make little difference to the
blue light delivered to the control animals used in this study. A more detailed study, with
more time point sampling and specific cell death assay (e.g., TUNEL), and more moderate
blue light levels would help elucidate the sequence of events and help to identify the extent
of retinal injury needed to drive changes in cortical neurons. Whilst we provide evidence
that blue light-blocking lenses reduced retinal and V1-L5 pyramidal cell injury with high
levels of blue light exposure, further studies employing electrophysiological or behavioral
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measures are needed to consider either of these anatomical observations in order to result
in functional benefit.

5. Conclusions

We demonstrate that prolonged exposure to high levels of blue light causes widespread
retinal injury with severe outer retinal damage, ongoing apoptosis in retinal ganglion cells,
and remodeling of neurons in the visual cortex. Importantly, we demonstrate that the
extent of retinal injury and cortical remodeling induced by moderate blue light exposure
can be ameliorated, in part by commercially available blue light-blocking lenses.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12020243/s1, Figure S1: Illustration of segmentation of retinal
layer for quantification of fluorescence intensity. To account for background fluorescence, each layer
is expressed relative (%) to the average brightness of the entire retina. Figure S2: Large images of
retinal cross section shown in Figure 3 for a normal control (NC, A), blue light exposure (LE, B) and
lens protection (CP and DB, C and D) groups after 28 days of light exposure. Scale bar = 100 µm.
Photoreceptor, Ganglion cell layer (GCL), inner nuclear layer (INL), inner plexiform layer (IPL), outer
plexiform layer (OPL), and outer nuclear layer (ONL), retinal nerve fiber layer (RNFL).

Author Contributions: Conceptualization, N.T., S.S., M.V., M.B.J., S.S.B. and S.G.; methodology, N.T.,
S.S., M.V., M.B.J., B.V.B., S.P.K., S.S.B. and S.B.G.; software, N.T., S.B.G. and B.V.B.; validation, N.T.,
S.S., S.B.G., S.G., S.S.B. and B.V.B.; formal analysis, N.T. and S.B.G.; investigation, N.T., S.S., S.G.,
M.V., S.P.K. and M.B.J.; resources, N.T., S.S., M.V. and M.B.J.; data curation, N.T., S.B.G. and B.V.B.;
writing—original draft preparation, N.T., S.S., B.V.B. and M.V.; writing—review and editing, S.S.,
S.B.G., B.V.B. and S.G.; visualization, N.T., S.S., B.V.B. and S.B.G.; supervision, S.S., M.V., M.B.J., S.B.G.
and B.V.B.; project administration, S.S., S.B.G. and B.V.B.; funding acquisition, N.T., S.S. and M.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science& Engineering Research Board (SERB) (a statutory body
of the Department of Science & Technology, Government of India), grant number EMR/2017/004341.

Institutional Review Board Statement: All experimental procedures in the present study were
approved by the institutional animal ethics committee (IAEC) at Kasturba Medical College, Manipal
Academy of Higher Education (IAEC/KMC/02/2017, dated 21 January 2017), India. Animal handling
and investigational procedures were carried out as per CPCSEA (No:94/PO/Re Bi/5/99/ CPCSEA)
and ARRIVE [55] guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Behar-Cohen, F.; Martinsons, C.; Viénot, F.; Zissis, G.; Barlier-Salsi, A.; Cesarini, J.P.; Enouf, O.; Garcia, M.; Picaud, S.; Attia, D.

Light-emitting diodes (LED) for domestic lighting: Any risks for the eye? Prog. Retin. Eye Res. 2011, 30, 239–257. [CrossRef]
2. Sheppard, A.L.; Wolffsohn, J.S. Digital eye strain: Prevalence, measurement and amelioration. BMJ Open Ophthalmol. 2018, 3,

e000146. [CrossRef]
3. Lawrenson, J.G.; Hull, C.C.; Downie, L.E. The effect of blue-light blocking spectacle lenses on visual performance, macular health

and the sleep-wake cycle: A systematic review of the literature. Ophthalmic Physiol. Opt. 2017, 37, 644–654. [CrossRef] [PubMed]
4. Hiromoto, K.; Kuse, Y.; Tsuruma, K.; Tadokoro, N.; Kaneko, N.; Shimazawa, M.; Hara, H. Colored lenses suppress blue

light-emitting diode light-induced damage in photoreceptor-derived cells. J. Biomed. Opt. 2016, 21, 035004. [CrossRef]
5. O’Hagan, J.B.; Khazova, M.; Price, L.L.A. Low-energy light bulbs, computers, tablets and the blue light hazard. Eye 2016, 30,

230–233. [CrossRef]
6. Delcourt, C.; Carrière, I.; Ponton-Sanchez, A.; Fourrey, S.; Lacroux, A.; Papoz, L. POLA Study Group Light exposure and the

risk of age-related macular degeneration: The Pathologies Oculaires Liées à l’Age (POLA) study. Arch. Ophthalmol. 2001, 119,
1463–1468. [CrossRef]

7. Ham, W.T.; Ruffolo, J.J.; Mueller, H.A.; Clarke, A.M.; Moon, M.E. Histologic analysis of photochemical lesions produced in rhesus
retina by short-wave-length light. Invest. Ophthalmol. Vis. Sci. 1978, 17, 1029–1035.

https://www.mdpi.com/article/10.3390/life12020243/s1
https://www.mdpi.com/article/10.3390/life12020243/s1
http://doi.org/10.1016/j.preteyeres.2011.04.002
http://doi.org/10.1136/bmjophth-2018-000146
http://doi.org/10.1111/opo.12406
http://www.ncbi.nlm.nih.gov/pubmed/29044670
http://doi.org/10.1117/1.JBO.21.3.035004
http://doi.org/10.1038/eye.2015.261
http://doi.org/10.1001/archopht.119.10.1463


Life 2022, 12, 243 12 of 13

8. Wen, R.; Cheng, T.; Song, Y.; Matthes, M.T.; Yasumura, D.; LaVail, M.M.; Steinberg, R.H. Continuous exposure to bright light
upregulates bFGF and CNTF expression in the rat retina. Curr. Eye Res. 1998, 17, 494–500. [CrossRef] [PubMed]

9. Moon, J.; Yun, J.; Yoon, Y.D.; Park, S.I.; Seo, Y.J.; Park, W.S.; Chu, H.Y.; Park, K.H.; Lee, M.Y.; Lee, C.W.; et al. Blue light effect on
retinal pigment epithelial cells by display devices. Integr. Biol. 2017, 9, 436–443. [CrossRef] [PubMed]

10. van Norren, D.; Gorgels, T.G.M.F. The Action Spectrum of Photochemical Damage to the Retina: A Review of Monochromatic
Threshold Data. Photochem. Photobiol. 2011, 87, 747–753. [CrossRef] [PubMed]

11. Van Norren, D.; Schellekens, P. Blue light hazard in rat. Vision Res. 1990, 30, 1517–1520. [CrossRef]
12. Grimm, C.; Wenzel, A.; Williams, T.P.; Rol, P.O.; Hafezi, F.; Reme, C.E. Rhodopsin-Mediated Blue-Light Damage to the Rat Retina:

Effect of Photoreversal of Bleaching. Investig. Ophthalmol. Vis. Sci. 2001, 42, 497–505.
13. Contín, M.A.; Arietti, M.M.; Benedetto, M.M.; Bussi, C.; Guido, M.E. Photoreceptor damage induced by low-intensity light:

Model of retinal degeneration in mammals. Mol. Vis. 2013, 19, 1614–1625. [PubMed]
14. Shang, Y.M.; Wang, G.S.; Sliney, D.H.; Yang, C.H.; Lee, L.L. Light-emitting-diode induced retinal damage and its wavelength

dependency in vivo. Int. J. Ophthalmol. 2017, 10, 191–202. [CrossRef]
15. Hatori, M.; Gronfier, C.; Van Gelder, R.N.; Bernstein, P.S.; Carreras, J.; Panda, S.; Marks, F.; Sliney, D.; Hunt, C.E.; Hirota, T.; et al.

Global rise of potential health hazards caused by blue light-induced circadian disruption in modern aging societies. NPJ Aging
Mech. Dis. 2017, 3, 5–7. [CrossRef] [PubMed]

16. Paul, K.N.; Saafir, T.B.; Tosini, G. The role of retinal photoreceptors in the regulation of circadian rhythms. Rev. Endocr. Metab.
Disord. 2009, 10, 271–278. [CrossRef] [PubMed]

17. Johansson, A.; Nordin, S.; Heiden, M.; Sandström, M. Symptoms, personality traits, and stress in people with mobile phone-related
symptoms and electromagnetic hypersensitivity. J. Psychosom. Res. 2010, 68, 37–55. [CrossRef]

18. Ostrin, L.A.; Abbott, K.S.; Queener, H.M. Attenuation of short wavelengths alters sleep and the ipRGC pupil response. Ophthalmic
Physiol. Opt. 2017, 37, 440–450. [CrossRef]

19. Weng, S.; Estevez, M.E.; Berson, D.M.; Barnes, S. Mouse Ganglion-Cell Photoreceptors Are Driven by the Most Sensitive Rod
Pathway and by Both Types of Cones. PLoS ONE 2013, 8, e66480. [CrossRef]

20. Tosini, G.; Ferguson, I.; Tsubota, K. Effects of blue light on the circadian system and eye physiology. Mol. Vis. 2016, 22, 61–72.
21. Bauer, M.; Glenn, T.; Monteith, S.; Gottlieb, J.F.; Ritter, P.S.; Geddes, J.; Whybrow, P.C. The potential influence of LED lighting on

mental illness. World J. Biol. Psychiatry 2018, 19, 59–73. [CrossRef] [PubMed]
22. West, K.E.; Jablonski, M.R.; Warfield, B.; Cecil, K.S.; James, M.; Ayers, M.A.; Maida, J.; Bowen, C.; Sliney, D.H.; Rollag, M.D.; et al.

Blue light from light-emitting diodes elicits a dose-dependent suppression of melatonin in humans. J. Appl. Physiol. 2011, 110,
619–626. [CrossRef]

23. Chang, A.M.; Aeschbach, D.; Duffy, J.F.; Czeisler, C.A. Evening use of light-emitting eReaders negatively affects sleep, circadian
timing, and next-morning alertness. Proc. Natl. Acad. Sci. USA 2015, 112, 1232–1237. [CrossRef]

24. Prayag, A.S.; Najjar, R.P.; Gronfier, C. Melatonin suppression is exquisitely sensitive to light and primarily driven by melanopsin
in humans. J. Pineal Res. 2019, 66. [CrossRef] [PubMed]

25. Sparrow, J.R.; Miller, A.S.; Zhou, J. Blue light-absorbing intraocular lens and retinal pigment epithelium protection in vitro. J.
Cataract Refract. Surg. 2004, 30, 873–878. [CrossRef] [PubMed]

26. Ham, W.T.; Mueller, H.A. The Photopathology and Nature of the Blue Light and Near-UV Retinal Lesions Produced by Lasers
and Other Optical Sources. In Laser Applications in Medicine and Biology; Springer: Boston, MA, USA, 1989; pp. 191–246.

27. Ayaki, M.; Yoshimura, M.; Nakano, M.; Maruyama, Y.; Negishi, K.; Tsubota, K.; Kitazawa, M.; Hattori, A. Protective effect of
blue-light shield eyewear for adults against light pollution from self-luminous devices used at night. Chronobiol. Int. 2016, 33,
134–139. [CrossRef]

28. Ide, T.; Toda, I.; Miki, E.; Tsubota, K. Effect of Blue Light–Reducing Eye Glasses on Critical Flicker Frequency. Asia-Pacific J.
Ophthalmol. 2015, 4, 80–85. [CrossRef]

29. McCarty, C.A.; Taylor, H.R. A Review of the Epidemiologic Evidence Linking Ultraviolet Radiation and Cataracts. In Progress in
Lens and Cataract Research; KARGER: Basel, Switzerland, 2002; Volume 35, pp. 21–31.

30. Leung, T.W.; Li, R.; Kee, C.-S. Blue-Light Filtering Spectacle Lenses: Optical and Clinical Performances. PLoS ONE 2017, 12,
e0169114. [CrossRef]

31. Allen, A.E.; Procyk, C.A.; Howarth, M.; Walmsley, L.; Brown, T.M. Visual input to the mouse lateral posterior and posterior
thalamic nuclei: Photoreceptive origins and retinotopic order. J. Physiol. Neurosci. C 2016, 594, 1911–1929. [CrossRef]

32. Kiser, A.K.; Deschler, E.K.; Dagnelie, G. Visual function and performance with blue-light blocking filters in age-related macular
degeneration. Clin. Exp. Ophthalmol. 2008, 36, 514–520. [CrossRef]

33. Alzahrani, H.S.; Khuu, S.K.; Roy, M. Modelling the effect of commercially available blue-blocking lenses on visual and non-visual
functions. Clin. Exp. Optom. 2019, 1–8. [CrossRef]

34. Liu, X.; Zhou, Q.; Lin, H.; Wu, J.; Wu, Z.; Qu, S.; Bi, Y. The protective effects of blue light-blocking films with different shielding
rates: A rat model study. Transl. Vis. Sci. Technol. 2019, 8, 19. [CrossRef] [PubMed]

35. Narimatsu, T.; Negishi, K.; Miyake, S.; Hirasawa, M.; Osada, H.; Kurihara, T.; Tsubota, K.; Ozawa, Y. Blue light-induced
inflammatory marker expression in the retinal pigment epithelium-choroid of mice and the protective effect of a yellow intraocular
lens material invivo. Exp. Eye Res. 2015, 132, 48–51. [CrossRef]

http://doi.org/10.1076/ceyr.17.5.494.5186
http://www.ncbi.nlm.nih.gov/pubmed/9617544
http://doi.org/10.1039/C7IB00032D
http://www.ncbi.nlm.nih.gov/pubmed/28386617
http://doi.org/10.1111/j.1751-1097.2011.00921.x
http://www.ncbi.nlm.nih.gov/pubmed/21410704
http://doi.org/10.1016/0042-6989(90)90032-G
http://www.ncbi.nlm.nih.gov/pubmed/23901245
http://doi.org/10.18240/ijo.2017.02.03
http://doi.org/10.1038/s41514-017-0010-2
http://www.ncbi.nlm.nih.gov/pubmed/28649427
http://doi.org/10.1007/s11154-009-9120-x
http://www.ncbi.nlm.nih.gov/pubmed/19777353
http://doi.org/10.1016/j.jpsychores.2009.06.009
http://doi.org/10.1111/opo.12385
http://doi.org/10.1371/journal.pone.0066480
http://doi.org/10.1080/15622975.2017.1417639
http://www.ncbi.nlm.nih.gov/pubmed/29251065
http://doi.org/10.1152/japplphysiol.01413.2009
http://doi.org/10.1073/pnas.1418490112
http://doi.org/10.1111/jpi.12562
http://www.ncbi.nlm.nih.gov/pubmed/30697806
http://doi.org/10.1016/j.jcrs.2004.01.031
http://www.ncbi.nlm.nih.gov/pubmed/15093654
http://doi.org/10.3109/07420528.2015.1119158
http://doi.org/10.1097/APO.0000000000000069
http://doi.org/10.1371/journal.pone.0169114
http://doi.org/10.1113/JP271707
http://doi.org/10.1111/j.1442-9071.2008.01824.x
http://doi.org/10.1111/cxo.12959
http://doi.org/10.1167/tvst.8.3.19
http://www.ncbi.nlm.nih.gov/pubmed/31143526
http://doi.org/10.1016/j.exer.2015.01.003


Life 2022, 12, 243 13 of 13

36. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

37. R Core Development Team R: A Language and Environment for Statistical Computing, 3.2.1. 2015. Available online: http//www.
r-project.org (accessed on 14 August 2021).

38. Zhao, Z.-C.; Zhou, Y.; Tan, G.; Li, J. Research progress about the effect and prevention of blue light on eyes. Int. J. Ophthalmol.
2018, 11, 1999–2003. [CrossRef] [PubMed]

39. Núñez-Álvarez, C.; Osborne, N.N. Blue light exacerbates and red light counteracts negative insults to retinal ganglion cells in situ
and R28 cells in vitro. Neurochem. Int. 2019, 125, 187–196. [CrossRef] [PubMed]

40. Ortín-Martínez, A.; Valiente-Soriano, F.J.; García-Ayuso, D.; Alarcón-Martínez, L.; Jiménez-López, M.; Bernal-Garro, J.M.;
Nieto-López, L.; Nadal-Nicolás, F.M.; Villegas-Péez, M.P.; Wheeler, L.A.; et al. A novel in vivo model of focal light emitting
diode-induced cone-photoreceptor phototoxicity: Neuroprotection afforded by brimonidine, BDNF, PEDF or bFGF. PLoS One
2014, 9, e113798. [CrossRef] [PubMed]

41. Shahinfar, S.; Edward, D.P.; Tso, M.O.M. A pathologic study of photoreceptor cell death in retinal photic injury. Curr. Eye Res.
1991, 10, 47–59. [CrossRef] [PubMed]

42. Wu, J.; Gorman, A.; Zhou, X.; Sandra, C.; Chen, E. Involvement of caspase-3 in photoreceptor cell apoptosis induced by in vivo
blue light exposure. Investig. Ophthalmol. Vis. Sci. 2002, 43, 3349–3354.

43. Garcia-Ayuso, D.; Di Pierdomenico, J.; Agudo-Barriuso, M.; Vidal-Sanz, M.; Villegas-Pérez, M. Retinal remodeling following
photoreceptor degeneration causes retinal ganglion cell death. Neural Regen. Res. 2018, 13, 1885–1886. [CrossRef]

44. Niwano, Y.; Iwasawa, A.; Tsubota, K.; Ayaki, M.; Negishi, K. Protective effects of blue light-blocking shades on phototoxicity in
human ocular surface cells. BMJ Open Ophthalmol. 2019, 4. [CrossRef]

45. Tanito, M.; Kaidzu, S.; Anderson, R.E. Protective effects of soft acrylic yellow filter against blue light-induced retinal damage in
rats. Exp. Eye Res. 2006, 83, 1493–1504. [CrossRef] [PubMed]

46. Vasalauskaite, A.; Morgan, J.E.; Sengpiel, F. Plasticity in Adult Mouse Visual Cortex Following Optic Nerve Injury. Cereb. Cortex
2019, 29, 1767–1777. [CrossRef] [PubMed]

47. Pearson, H.E.; Stoffler, D.J. Retinal ganglion cell degeneration following loss of postsynaptic target neurons in the dorsal lateral
geniculate nucleus of the adult cat. Exp. Neurol. 1992, 116, 163–171. [CrossRef]

48. Pearson, H.E.; Thompson, T.P. Atrophy and degeneration of ganglion cells in central retina following loss of postsynaptic target
neurons in the dorsal lateral geniculate nucleus of the adult cat. Exp. Neurol. 1993, 119, 113–119. [CrossRef] [PubMed]

49. Nishizawa, Y. Glutamate release and neuronal damage in ischemia. Life Sci. 2001, 69, 369–381. [CrossRef]
50. Witte, O.W.; Bidmon, H.J.; Schiene, K.; Redecker, C.; Hagemann, G. Functional Differentiation of Multiple Perilesional Zones after

Focal Cerebral Ischemia. J. Cereb. Blood Flow Metab. 2000, 8, 1149–1165. [CrossRef]
51. Crawford, M.L.J.; Harwerth, R.S.; Smith, E.L.; Mills, S.; Ewing, B. Experimental glaucoma in primates: Changes in cytochrome

oxidase blobs in V1 cortex. Investig. Ophthalmol. Vis. Sci. 2001, 42, 358–364.
52. Davis, B.M.; Crawley, L.; Pahlitzsch, M.; Javaid, F.; Cordeiro, M.F. Glaucoma: The retina and beyond. Acta Neuropathol. 2016, 132,

807–826. [CrossRef]
53. Harwerth, R.S.; Quigley, H.A. Visual Field Defects and Retinal Ganglion Cell Losses in Human Glaucoma Patients. Arch

Ophthalmol. 2006, 6, 853–859. [CrossRef]
54. Rifai, K.; Hornauer, M.; Buechinger, R.; Schoen, R.; Barraza-Bernal, M.; Habtegiorgis, S.; Glasenapp, C.; Wahl, S.; Mappes, T.

Efficiency of ocular UV protection by clear lenses. Biomed. Opt. Express 2018, 9, 1948–1963. [CrossRef] [PubMed]
55. du Sert, N.P.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; et al. The

arrive guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 2020, 18, e3000410. [CrossRef]

http://doi.org/10.1038/nmeth.2019
http//www.r-project.org
http//www.r-project.org
http://doi.org/10.18240/ijo.2018.12.20
http://www.ncbi.nlm.nih.gov/pubmed/30588436
http://doi.org/10.1016/j.neuint.2019.02.018
http://www.ncbi.nlm.nih.gov/pubmed/30825600
http://doi.org/10.1371/journal.pone.0113798
http://www.ncbi.nlm.nih.gov/pubmed/25464513
http://doi.org/10.3109/02713689109007610
http://www.ncbi.nlm.nih.gov/pubmed/2029848
http://doi.org/10.4103/1673-5374.239436
http://doi.org/10.1136/bmjophth-2018-000217
http://doi.org/10.1016/j.exer.2006.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16997296
http://doi.org/10.1093/cercor/bhy347
http://www.ncbi.nlm.nih.gov/pubmed/30668659
http://doi.org/10.1016/0014-4886(92)90164-L
http://doi.org/10.1006/exnr.1993.1012
http://www.ncbi.nlm.nih.gov/pubmed/8432344
http://doi.org/10.1016/S0024-3205(01)01142-0
http://doi.org/10.1097/00004647-200008000-00001
http://doi.org/10.1007/s00401-016-1609-2
http://doi.org/10.1001/archopht.124.6.853
http://doi.org/10.1364/BOE.9.001948
http://www.ncbi.nlm.nih.gov/pubmed/29675331
http://doi.org/10.1371/journal.pbio.3000410

	Introduction 
	Methodology 
	Experimental Setup and Animal Resources 
	Histology 
	Immunofluorescence 
	Retinal Immunofluorescence Imaging and Quantification 
	Golgi–Cox Stains for Visual Cortex Layer 5 Pyramidal Neurons (V1-L5PN) 
	V1-L5PN Image Capture Dendritic Quantification 
	Statistical Analysis 

	Results 
	Retinal Histology 
	Blue Light-Induced Changes to Visual Cortex Neurons 

	Discussion 
	Conclusions 
	References

