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PURPOSE. The purpose of this study was to extend our understanding of how aging affects
normal retina function and morphology in wild-type C57BL/6J mice, by analyzing elec-
trophysiological recordings and in vivo and post mortem anatomy.

METHODS. Electroretinograms (ERGs), spectral domain optical coherence tomography
(SD-OCT), and confocal scanning laser ophthalmoscope (cSLO) in vivo images were
obtained from mice between the ages of 2 and 32 months in four groups: group 1
(<0.5 years), group 2 (1.0–1.5 years), group 3 (1.5–2.0 years), and group 4 (>2.0 years).
Afterward, mouse bodies and eyes were weighed. Eyes were stained with hematoxylin
and eosin (H&E) and cell nuclei were quantified.

RESULTS. With aging, mice showed a significant reduction in both a- and b-wave ERG
amplitudes in scotopic and photopic conditions. Additionally, total retina and outer
nuclear layer (ONL) thickness, as measured by SD-OCT images, were significantly
reduced in older groups. The cSLO images showed an increase in auto-fluorescence at
the photoreceptor-RPE interface as age increases. H&E cell nuclei quantification showed
significant reduction in the ONL in older ages, but no differences in the inner nuclear
layer (INL) or ganglion cell layer (GCL).

CONCLUSIONS. By using multiple age groups and extending the upper age limit of our
animals to approximately 2.65 years (P970), we found that natural aging causes negative
effects on retinal function and morphology in a gradual, rather than abrupt, process.
Future studies should investigate the exact mechanisms that contribute to these gradual
declines in order to discover pathways that could potentially serve as therapeutic targets.
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Age-related visual impairment affects the physical,
psychological, and social function of older adults1 and is

a major risk factor for many prevalent ophthalmic disorders.2

Even healthy patients have structural retinal changes with
age, including decreased retinal nerve fiber layer and mean
central retinal thickness,3 as well as decreased thickness
of individual retinal layers, such as the ganglion cell layer
(GCL), inner plexiform layer (IPL), and inner nuclear layer
(INL).4 These changes in retinal layer thickness are accom-
panied by decreased rod photoreceptor density,5 altered
retinal microvasculature,6,7 mitochondrial dysfunction with
increased reactive oxygen species (ROS) generation,8 and
para-inflammation.9 The morphological and physiological
changes likely cause exponential decreases in rod and cone
amplitudes and increased implicit times in both photopic
and scotopic conditions.10,11 Outside of the retina, aging can

cause stiffening of lens fibers and zonules, leading to pres-
byopia, and the loss of transparency in lens crystallin, lead-
ing to cataracts.2 Additionally, as age increases, macrophages
and microglia infiltrate the photoreceptor-retinal pigment
epithelium (RPE) interface,12,13 there is an increase in intra-
cellular lipofuscin and extracellular drusen,14,15 and Bruch’s
membrane thickens.16

Animal studies evaluating age-related changes in the
visual system have observed gross structural, morpholog-
ical, and functional changes in both the retina and RPE
and explored underlying mechanisms. Aging studies in rats
showed gradual decreases in a- and b-wave electroretino-
gram (ERG) responses and significant thinning was observed
in the IPL, outer plexiform layer (OPL), INL, and outer
nuclear layer (ONL).17,18 In mice, similar decreases in ERG
responses were observed between 1.5 and 18 months of
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age, which correlated with metabolic changes in the retina,
RPE/choroid, optic nerve, and lens.19

Many aging studies in rodents compare relatively young
animals (< 6 months) to “aged” animals, which range from
roughly 1 to 2 years old. Although useful as a general
comparison, investigating the differences between 1 “young”
group and 1 “aged” group does not provide information
on the overall progression of ocular changes due to aging.
Therefore, we included multiple age groups in our current
study to identify a general age when these ocular changes
occur as well as extend the upper age limit to include
animals that are at the maximum life expectancy of mice.
The purpose of this study was to build upon and extend our
understanding of how aging affects normal retina function
and morphology by analyzing electrophysiological record-
ings and in vivo and post mortem anatomic data collected
from wild-type C57BL/6J animals aged 2 to 32 months.

METHODS

Animals

Mouse housing, experiments, and handling were approved
by the Emory University Institutional Animal Care and Use
Committee. Studies were conducted in adherence with Asso-
ciation for Research in Vision and Ophthalmology (ARVO)
and followed guidance and principles of the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC). C57BL/6J (wild-type) mice were maintained on
a 12-hour light/dark cycle at 22°, and standard mouse chow
(Lab Diet 5001; PMI Nutrition Inc., LLC, Brentwood, MO,
USA) and water were provided ad libitum. Animals were
either purchased from Jackson Laboratories (JAX) directly
or bred in-house for three generations or less from JAX
breeding pairs. The mice in each group represent multiple
different litters and all of the mice used in this study are
independent from one another (i.e. no mouse was included
in multiple groups). Therefore, we expect no batch effects.
The mice were managed and housed by Emory Univer-
sity Division of Animal Resources. Adult mice were euth-
anized using CO2 gas asphyxiation for 5 minutes followed
by cervical dislocation. All mice used for this study were
divided up into the following groups: group 1 (postnatal
day 60–180); group 2 (postnatal day 365–544); group 3
(postnatal day 545–729); and group 4 (postnatal day 730+).
There is a fair distribution of genders in all groups (see
the Table).

Electroretinograms

Mice were dark-adapted overnight the day before ERGs were
assessed. Each mouse was anesthetized using intraperitoneal

(IP) injections of 100 mg/kg of ketamine and 15 mg/kg
xylazine (ketamine; KetaVed from Patterson Veterinary,
Greeley, CO, USA; xylazine from Patterson Veterinary).

Once anesthetized, proparacaine (1%; Akorn Inc., Ann
Arbor, MI, USA) and tropicamide (1%; Akorn Inc.) eye drops
were administered as a topical anesthetic and to dilate the
pupils. Mice were placed on a heating pad inside of a
Faraday cage directly in front of the desktop BigShot LED
Ganzfeld stimulator (LKC Technologies, Gaithersburg, MD,
USA). Custom-made platinum wire fiber electrodes were
placed in contact with each individual cornea. Refresh tears
(Allergan) were added to form a “bubble” on each eye in
order to maintain conductivity with the electrode fibers. The
1-centimeter reference electrodes (LKC Technologies) were
inserted into each cheek pad and a ground electrode (LKC
Technologies) was placed in the tail. ERGs were recorded
for the scotopic condition (0.00039–137 cd s/m2 with 3–
10 flash stimuli increasing in time intervals ranging from
4.1 to 62.6 seconds) and for the photopic condition (0.16–
79.65 cd s/m2 with 25 flash stimuli at time intervals of 0.476
seconds). Afterward, mice were injected with reversal agent
(0.5 mg/mL atipamezole, injection volume 5 μL per gram
mouse weight; Patterson Veterinary) and placed individually
in cages on top of heated water pads until fully awake.

In Vivo Ocular Imaging

Mice were anesthetized using IP injections of 100 mg/kg
of ketamine and 15 mg/kg xylazine as above. Once anes-
thetized, proparacaine and tropicamide eye drops were
administered as a topical anesthetic and to dilate the pupils
as above. A MicronIV spectral domain optical coherence
tomography (SD-OCT) system with fundus camera (Phoenix
Research Labs, Pleasanton, CA, USA) was used to obtain
fundus photographs and retinal morphology for both eyes.
Images were taken after clear visualization of the fundus
with the optic nerve centered was obtained. Circular SD-
OCT B-scans approximately 100 micrometers from the optic
nerve head were taken and 50 scans were averaged together.
The retinal morphology images were analyzed for both
total retinal thickness and photoreceptor layer thickness
using Photoshop CS6 (Adobe Systems Inc., San Jose, CA,
USA) by two individuals who were masked to sample iden-
tity. The number of pixels was converted into microm-
eters by multiplying by a conversion factor (1 pixel =
1.3 micrometer).

Afterward, a rigid contact lens was placed on the eye
(BOZR = 1.7 mm, diameter = 3.2 mm, power = Plano),
and confocal scanning laser ophthalmoscopy (cSLO) blue
autofluorescence (488 nm excitation wavelength) imaging
was conducted using the Spectralis HRA + OCT (Heidel-
berg Engineering) instrument. Various images were taken

TABLE. Sample Sizes for Each Group Per Technique

ERG Fundus and SD-OCT Images HRA cSLO Eye Weights H&E

Group 1 N = 10 N =13 N = 12 N = 10 N = 4
F = 3; M = 7 F = 3; M = 10 F = 4; M = 8 F = 3; M = 7 F = 2; M = 2

Group 2 N = 7 N = 12 N = 11 N = 4 N = 3
F = 6; M = 1 F = 3; M = 9 F = 5; M = 6 F = 4; M = 0 F = 1; M = 2

Group 3 N =5 N = 9 N = 10 N = 6 N = 4
F = 2; M = 3 F = 6; M = 3 F = 8; M = 2 F = 4; M = 2 F = 3; M = 1

Group 4 N =3 N =8 N = 5 N =6 N =3
F = 3; M = 0 F = 4; M = 4 F = 2; M = 3 F = 3; M = 3 F = 1; M = 2
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en face at fairly discrete depths using intraocular landmarks.
For the purposes of this study, we are showing images from
the “farthest”/deepest layer, which we believe to be at the
level of the photoreceptor-RPE cells. During imaging and
anesthetic recovery, the mice were kept on water-circulating
heat pads to maintain their body temperature.

Ocular Section Histology

Eyes were enucleated and placed in 10 mL of chilled
95% methanol 5% acetic acid for 4 days at −80°C. After-
ward, samples were dehydrated twice in 100% ethanol for
20 minutes, placed in xylene twice for 20 minutes, and
then embedded in paraffin. Sagittal plane sections were
cut at 5 micrometer increments. Sagittal sections contain-
ing the optic nerve were selected for further staining to
ensure consistency across all samples. Sections were then
stained with hematoxylin and eosin (H&E) to visualize reti-
nal morphology. Nuclei in the ONL, INL, and GCL were
counted manually by two individuals who were masked to
sample identity. Only nuclei within a 100-micrometer section
were counted using Photoshop CS6 at regularly spaced inter-
vals 250 micrometers apart from the optic nerve in both the
superior and inferior directions.

Eye and Body Weight

Mouse body-weight measurements were taken using a scale
(Escali Corporation Model L600, Burnsville, MN, USA). Eyes
were enucleated and fat and extra ocular muscle were
removed using forceps under a dissecting microscope.
Individual eyes were then weighed (Denver Instrument
Company Model A-160, Bohemia, NY, USA).

Statistical Analysis

Statistical analysis was conducted using Prism 8.4.2 on
Mac OS X Version 7 (GraphPad Software, Inc., La Jolla,
CA, USA). All data are summarized as mean +/− standard
deviation (SD) and individual statistical tests are listed in
figure legends. Any P values < 0.05 were considered to be
statistically significant. Each sample group member is an
independent mouse and sample sizes for each figure are
listed in the Table.

RESULTS

We first assessed how retinal function changes with age by
recording a- and b-waves in both scotopic and photopic
conditions across a series of increasing flash intensities.
Overall, both bar and line graphs of a- and b-wave ampli-
tudes showed significant decreases in retinal function across
different age groups regardless of condition (Supplementary
Fig. S1). These differences were most evident when look-
ing at the raw average ERG waveforms from the youngest
animals (group 1) and the oldest animals (group 4; Supple-
mentary Fig. S2). At low flash intensities in both scotopic and
photopic conditions, there was little difference between the
two groups; however, at medium and high flash intensities
in both scotopic and photopic conditions, the differences
became much more apparent. At the highest flash intensi-
ties (137 cd s/m2 for scotopic conditions or 79.65 cd s/m2

for photopic conditions), there were significant differences
among the youngest group (group 1) and the three older
groups (group 2, group 3, and group 4; Fig. 1). There were
significant differences among group 1 and the remaining

FIGURE 1. Electroretinogram recordings of a- and b-waves show decreased retinal function in both scotopic and photopic conditions as
age increases. Bar graphs show the amplitude of a-waves and b-waves for both scotopic conditions and photopic conditions at the highest
flash intensities (137 cd s/m2 or 79.65 cd s/m2, respectively). In all four conditions, there are significant decreases in retinal function as age
increases. For scotopic a-waves, there are significant differences among group 1 and the remaining three groups (group 2, group 3, and group
4). No differences were observed among group 2, group 3, and group 4. The same pattern is observed for the scotopic b-waves, photopic
a-waves, and photopic b-waves. A 2-way ANOVA with Tukey’s multiple comparisons test was conducted between the mean amplitudes in
all possible pair combinations across all four conditions. A full list of comparisons and P values is listed in Supplementary Figure S1 and
Supplementary Tables S1 to S4. Sample sizes Group 1 (< 0.5 years) n = 10 (3F/7M); group 2 (1.0–1.5 years) n = 7 (6F/1M); group 3
(1.5–2.0 years) n = 5 (2F/3M); group 4 (> 2.0 years) n = 3 (3F). * = P value < 0.05; ** = P value < 0.01; *** = P value < 0.001; **** = P
value < 0.0001.
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FIGURE 2. In vivo imaging of C57BL/6J retinas shown significant decreases in total retinal thickness and photoreceptor layer thickness over
time. SD-OCT images show total retinal thickness and photoreceptor layer thickness decrease over time. Micron IV fundus photography
shows an increased mottled or dappled appearance in C57BL/6J eyes with aging (additional images available in Supplementary Fig. S2).
There are also opacities and uneven illumination evident in the older animals that could be indicative of increased cataract development
or incomplete iris dilation. These features have been highlighted by white arrows. Green circles indicate the circumference where retinal
b-scans were taken from. Scans did not cut through any features indicated by the white arrows. Additionally, quantification of SD-OCT
images, circular scans taken approximately 100 micrometers from the optic nerve head, show a significant decrease in total retinal thickness
among group 1 and group 2, group 3 and group 4. There was also a significant decrease in total retinal thickness between group 2 and
group 3. When specifically looking at the ONL (photoreceptor layer), a significant decrease was observed among group 1 and group 2, group
3 and group 4 as well as between group 2 and group 4. A 1-way ANOVA with Tukey’s multiple comparisons test was conducted between
the mean thickness measurements in all possible pair combinations. A full list of comparisons and P values is listed in Supplementary Table
S5 (Total Retinal Thickness) or Supplementary Table S6 (Total Photoreceptor Layer Thickness). Sample sizes group 1 (< 0.5 years) n = 13
(3F/10M); group 2 (1.0–1.5 years) n = 12 (3F/9M); group 3 (1.5–2.0 years) n = 9 (6F/3M); and group 4 (> 2.0 years) n = 8 (4F/4M). * = P
value < 0.05; ** = P value < 0.01; *** = P value < 0.001; **** = P value < 0.0001.

three groups (group 2, group 3, and group 4) in the scotopic
a-wave. No differences were observed among group 2, group
3, and group 4. The same pattern was observed for the
scotopic b-waves and photopic b-waves. Photopic a-waves
only showed significant differences between group 1 and
group 2, not among the older groups. The full list of statis-
tical comparisons for a- and b-wave ERG results in both
scotopic and photopic conditions at increasing flash inten-
sities is available in Supplementary Tables S1 to S4.

Morphological changes were seen with age in fundus
and SD-OCT images. Qualitatively, as age increases, there
was an increasingly mottled appearance in the C57BL/6J
fundus photographs (Supplementary Fig. S3). Additionally,
there are also opacities evident in the older animals that

could be indicative of increased cataract development or
complications of incomplete iris dilation. We have high-
lighted some, but not all, of these features with white arrows
in both Figure 2 and Supplemental Figure S3. Quantification
of the total retinal thickness and ONL from SD-OCT images
showed significant decreases as age increased (see Fig. 2).
For total retinal thickness, there were significant decreases
among group 1 and the remaining three groups (group 2,
group 3, and group 4). There was also a significant decrease
in total retinal thickness between group 2 and group 3.When
specifically looking at the ONL, a significant decrease was
observed among group 1 and the remaining groups (group
2, group 3, and group 4) as well as between group 2 and
group 4. A full list of statistical comparisons for total retinal
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FIGURE 3. Heidelberg Spectralis cSLO images show increased blue auto-fluorescence at the photoreceptor-RPE junction as age increases.
Sample sizes group 1 (< 0.5 years) n = 12 (4F/8M); group 2 (1.0–1.5 years) n = 11 (5F/6M); group 3 (1.5–2.0 years) n = 10 (8F/2M); and
group 4 (> 2.0 years) n = 5 (2F/3M).

FIGURE 4. Eye weights increase with age. Raw eye weight data show a gradual and significant increase between group 1 and group 4, group
2 and group 4, and group 3 and group 4. When the eye weight is adjusted for the body weight of the animal, there remains a significant
difference between group 1 and group 4 as well as group 3 and group 4. Sample sizes group 1 (< 0.5 years) n = 10 (3F/7M); group 2
(1.0–1.5 years) n = 4 (4F); group 3 (1.5–2.0 years) n = 6 (4F/2M); and group 4 (> 2.0 years) n = 6 (3F/3M). * = P value < 0.05; ** = P value
< 0.01; *** = P value < 0.001; **** = P value < 0.0001.

thickness and photoreceptor layer thickness is available in
Supplementary Tables S5 and S6, respectively.

In addition to the thickness changes seen in the
retina, changes were also observed in representative cSLO
images from the layer of cells at the general level of the
photoreceptor-RPE interface (Fig. 3, Supplementary Fig. S4).
These images capture the area from the external limit-
ing membrane through the inner and outer segments and
continues through the interdigitations between the outer
segments and RPE cells into the apical face of the RPE. In the
youngest animals (group 1), no abnormalities were observed
in the fundus autofluorescence images; however, numerous
discrete small punctate spots became apparent by one year
of age (group 2) and remained constant and pronounced up
to 2+ years of age (group 4).

After ERGs and in vivo images were collected, the eyes
were enucleated and weighed. Eye weights increased grad-
ually, but significantly with age among group 1 and the
remaining three groups (group 2, group 3, and group 4;
Fig. 4). However, when the eye weight is adjusted for the
body weight of the animal, there is only a significant differ-

ence between group 1 and group 4, and between group 3
and group 4. A full list of statistical comparisons for eye
weight and eye weight adjusted for body weight is available
in Supplementary Tables S7 and S8, respectively.

Finally, H&E staining provided a more detailed overview
of the morphological changes that occur during aging.
We show one representative whole eye, retina, and
photoreceptor–RPE interface image for each group (Fig. 5).
Overall, we did not observe any obvious morphological
changes in the retina as age increases. In group 4, there
were some subtle irregularities in the inner and outer
segments and the RPE sheet was slightly bumpy with small
amounts of irregular thinning and elevation in patches,
which we hypothesize to correspond with the mottling that
was observed in the fundus images (Supplementary Fig.
S5). Alas, we are unable to prove or disprove this hypothe-
sis until better alignment and registration can be achieved.
Quantification of cell nuclei number at 250 micrometer
intervals from the optic nerve head both in the superior
and inferior direction for the ONL, INL, and GCL showed
consistent significant decreases in the ONL, but not the
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FIGURE 5. Post mortem retinal morphology shows decreasing cell nuclei counts in the outer nuclear layer (ONL) with increasing age whereas
inner nuclear layer (INL) and ganglion cell layer (GCL) remain relatively equal. Representative images of H&E staining of the whole eye
and retinal sections from all four groups shows gross changes in retinal morphology. Quantification of cell nuclei counts at 250-micrometer
intervals from the optic nerve head both in the superior and inferior direction in the ONL show statistically significant decreases between
group 1 and group 4 at the majority of the intervals: however, no significant differences among group 1, group 2, and group 3. A 2-way
ANOVA with Tukey’s multiple comparisons test was conducted between the mean nuclei counts in all possible pair combinations. A full list
of comparisons and P values is listed for the ONL, INL, and GCL in Supplementary Tables S9 to S11, respectively. Total sample sizes for
H&E-stained images: group 1 (< 0.5 years) n = 4 (2F/2M); group 2 (1.0–1.5 years) n = 3 (1F/2M); group 3 (1.5–2.0 years) n = 4 (3F/1M);
and group 4 (> 2.0 years) n = 3 (1F/2M). * = P value < 0.05; ** = P value < 0.01; *** = P value < 0.001; **** = P value < 0.0001.

INL or GCL (see Fig. 5). In the ONL, there were signifi-
cant decreases in the number of nuclei at the majority of
intervals between group 1 and group 4; however, no signif-
icant differences were observed among group 1, group 2
and group 3. In the INL and GCL, whereas there were
certain intervals that had significant decreases, they were
not consistent among particular groups or at particular inter-
vals. Therefore, they were likely not biologically meaning-
ful. We also quantified the RPE thickness and number of
cells in the subretinal space; however, there were no signif-
icant differences between any of the groups (Supplemen-
tary Fig. S5). A full list of statistical comparisons for nuclei
counts in the ONL, INL, and GCL is available in Supplemen-
tary Tables S9 to S11, respectively. Additionally, statistical
comparisons for RPE thickness across age and the number of

cells in the subretinal space are available in Supplementary
Tables S12 to S14.

DISCUSSION

The purpose of this study was to expand our current
understanding of how natural aging affects retinal function
and morphology. Here, we sought to understand if vision
changes due to natural aging occur gradually or abruptly.
Whereas the majority of aging studies in the visual system
compare one “young” group of animals to another “old”
group, one that is generally 1 to 2 years old, our study has
multiple age groups and extends the upper age limit of our
animals to approximately 2.65 years (P970). Although the
relationship between mouse and human age is not directly
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correlated due to developmental differences, the upper age
limit of 2.65 years for mice is close to the maximum life
expectancy of a laboratory mouse and thus may represent
people who are centenarians (100+ years old) or super-
centenarians (110+ years old).20

When assessing retinal function through ERGs (see Fig. 1,
Supplementary Figs. S1, S2), there were significant differ-
ences among the “young” group (< 0.5 years) and the three
older groups for scotopic a- and b-waves and photopic b-
waves. Photopic a-waves only showed significant differences
between group 1 and group 2, not with the older groups.
This is likely due to the large variation in responses in older
animals, suggesting that cone functionality may be more
sensitive and variable in aging compared to rod photorecep-
tors or the inner retinal neurons. Additionally, cone photore-
ceptors make up a very small percentage of mouse retinal
neurons (< 3%); therefore, small differences in cone death
or dysfunction in individual mice could have a large impact
on the group’s variation.

When assessing retinal morphology through SD-OCT and
fundus images (see Fig. 2, Supplementary Fig. S3), the
fundus images show a clear increase in mottling with age.
This mottling may be due to a number of different causes,
including, but not limited to, the loss and/or reorganiza-
tion of RPE cells or changes in the structures underneath
the retina, including the subretinal space, RPE, or choroid.
The exact cause of the mottling is beyond the scope of this
present study but should be noted. The SD-OCT images
show gradual and significant decreases in total retinal thick-
ness and photoreceptor layer thickness. For total retinal
thickness, there were significant decreases among group
1 and the remaining three age groups, but also between
group 2 and group 3. This suggests that between the ages
of 2 months and 2 years, there was likely a loss of neuronal
cell bodies or synapses; however, after 2 years of age, the
total retinal thickness stabilizes. The ONL followed a simi-
lar trend where the thickness significantly decreased among
group 1 and the remaining three age groups. Additionally,
significant differences were also seen between groups 2 and
4, not groups 2 and 3, suggesting that the overall ONL thick-
ness stabilized across 1 year of age, but then decreased
again at 2 years of age. One technical limitation in our SD-
OCT image methodology is that our images are obtained
from a ring approximately 100 micrometers from the optic
nerve head. Therefore, any changes outside of this immedi-
ate area, including those in peripheral areas as well as those
in the nasal-temporal or equatorial orientations would be
missed. Age-related increases in mottling and lens opacities
were observed in fundus images. The white/blue opacities
could be indicative of increased cataract formation or due to
incomplete iris dilation. Changes in the clarity of the opti-
cal media, whether via corneal opacity, lens opacity, or any
other disturbances, will lead to a scattering of light. Less
light hitting the back of the eye will reduce the intensity of
the fundus, SD-OCT, and auto fluorescence images, and may
contribute to a reduction in contrast and detail in the images,
including gray spots on the color fundus photographs or
“dark” areas on the autofluorescent images.

The cSLO data also showed increased optical aberra-
tions in the blue–autofluorescence among group 1 and the
remaining three older groups. These aberrations remained
relatively stable after 1 year of age (see Fig. 3, Supplementary
Fig. S4). Within a given eye, the aberrations were consistent
and remain in the same location even during repeated obser-
vation, indicating that they are not artifacts of the instrumen-

tation or the orientation of the mouse’s optical axis relative
to the instrument’s optical axis.

Although our study cannot definitively identify the aber-
rations, there are multiple hypotheses within the field. The
autofluorescent aberrations observed in the cSLO images
could be photoreceptor cell rosettes/tubulations resulting
from age-related degeneration of the ONL.21 These ONL
tubulations have been previously observed in patients
with age-related macular degeneration (AMD).22 The reti-
nal degeneration can lead to the accumulation of bisretinoid
compounds that are transferred to the RPE during photore-
ceptor outer segment membrane shedding and phagocyto-
sis.23,24 This intracellular lipofuscin is a hallmark of aging25

and contains fluorophores, such as A2E.26,27 Lipofuscin accu-
mulation is mostly observed in many different retinal degen-
eration and detachment animal models28–30 and can be quan-
tified in vivo.31 Commercially available C57BL/6N mice have
been found with rd8 mutations, resulting in retinal degener-
ation and confounding interpretations.32 Our animals were
purchased from Jackson Laboratories (C57BL/6J) and were
screened for rd8 mutations. None of our animals had rd8
mutations and we do not observe any photoreceptor rosettes
in the H&E sections; therefore, we view the degeneration
hypothesis less favorably.

Another possible source of the autofluorescence are
microglia. Microglia have numerous roles in both healthy
and degenerating eyes.33–35 We hypothesize that some of the
autofluorescence may be contributed by surveilling and acti-
vated microglia that phagocytosed cellular debris, including
lipofuscin. The interplay among A2E, lipofuscin, and subreti-
nal microglia activation and accumulation has been exten-
sively studied and can cause AMD-like features in trans-
genic mouse models.36–40 Autofluorescent granule deposits
have been observed in Iba1+ positive microglia found in
both the perivasculature and subretinal space in 12- and 18-
month old mice.41 This increase in microglial presence corre-
sponds with changes in gene expression related to immune
activation in the aging retina.42,43 Although these microglia
and macrophages are active in aged wildtype and transgenic
mouse models, there is little evidence to support their pres-
ence in aged human RPE or AMD-related subretinal drusen
deposits.44,45 Overall, the lack of rosettes in H&E sections
and outer retinal tubulations in the SD-OCT imaging seems
to eliminate those two possibilities and favor the microglia
and macrophage hypothesis; however, our data do not firmly
establish the identity of the aberrations. This will require
future experimentation.

A technical limitation that may contribute to the sudden
increase in autofluorescence in the cSLO images among
group 1 and the remaining groups is automatic normaliza-
tion by the Spectralis software. The Spectralis equipment
normalizes the overall intensity of different cSLO images;
therefore, as fluorescent agents accumulate with increasing
age, a threshold of fluorescence will be reached that the
equipment can detect and produce an image with sufficient
detail. This can make intensity comparisons between indi-
vidual mice and different ages difficult to interpret. Another
limitation is that the automatic normalization and variation
in optical media clarity between different eyes leads to vari-
able image quality, making quantitative assessment of fluo-
rescent intensities difficult.

The changes seen in lens opacity corroborated eye weight
data, which showed increasing eye weight as age increases,
even when adjusted for the body weight of the individual
mouse (see Fig. 4). The lens continuously grows throughout
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life when new epithelial cells differentiate into fiber cells and
then lay down over existing cells to form distinctive layers.46

Finally, cell nuclei quantification taken from H&E-stained
sagittal cross-sections of the retina showed significant
decreases in the ONL, but not in the INL or GCL, between
group 1 and group 4 at the majority of the intervals (see
Fig. 5). There were no significant differences among group
1, group 2 and group 3. This differs from observations by
in vivo SD-OCT imaging, where differences among group 1
and the other three groups were observed in the ONL. This
discrepancy is likely due to the cell nuclei counts being done
within 100 micrometer sections along the length of the entire
retina in contrast to the OCT images, which were taken at
a central area near the optic nerve head. There were also
no significant differences in the RPE thickness or number of
cells in the subretinal space across age, although some RPE
irregularities were observed (see Supplementary Fig. S5).

Aging is a biological process that affects all organ
systems, tissues, and cell types and factors, such as genetics,
nutrition, and physical activity can modulate its effects on
health.47 Aging affects different biological processes, such as
mitochondrial function, proteostasis, autophagy, and cellular
senescence via alterations in genomic stability, epigenetics,
and transcription.48–52 Resources, such as the Age Phenome
Knowledgebase, and animal models of aging highlight how
this process affects all organ systems and tissues, including
the eyes.53,54 Age remains one of the major risk factors for
various ophthalmic disorders, most notably cataracts, glau-
coma, and AMD.55–57 Yet, despite this vast wealth in knowl-
edge, there is little information about the rate of vision loss
over time or how specific biological processes affect the rate
of visual decline. Overall, our study aligns with and builds
upon previous literature studying the effects of aging on
the visual system. One limitation of our study is our focus
on only one mouse strain, C57BL/6J. Although these highly
inbred mice are considered “wild-type” and many genetic
mutant strains are made or studied on this background, there
are many other “wild-type” inbred mouse strains that repre-
sent substantially different genetic backgrounds. Thus, the
changes that we observed may be specific to a particular
genetic background and will likely be influenced by allelic
or single nucleotide polymorphism (SNP) differences that
are unique to that particular strain. Another limitation in
this current study is our focus on the retina only, not on
other ocular tissues, such as the cornea or RPE, which are
also known to undergo natural changes related to aging.
Specifically, in AMD, the RPE becomes dysfunctional and is
no longer able to perform its synergistic role in nourishing
and protecting photoreceptors. In addition to this synergistic
role, the RPE also performs other critical functions, includ-
ing forming the blood-retina barrier, transporting nutrients,
retinoids, and waste products and phagocytosis of outer
segments.58 Future studies need to assess the natural effects
of aging on these structures, especially at the extreme ages
(2+ years) that represent the upper limit of life expectancy.
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