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Abstract

Background: Initial manifestations of neurodegenerative ocular conditions, including age-related macular degeneration (AMD) and
glaucoma, often remain undetected in the early stages and can begin after the age of 50 years with the likelihood gradually increasing
each year thereafter. This study aimed to explore variances in visual and retinal function and anatomy among C57BL/6J mice, aiming to
pinpoint differences between biological age and sex factors that potentially lead to the onset of vision impairment. Methods: A longitu-
dinal study evaluated visual acuity (VA) and contrast sensitivity (CS) using optomotor reflex (OMR), and retinal function, encompassing
scotopic and photopic measurements, was recorded by electroretinogram (ERG) at 12 months of age. Tissue was subsequently harvested
for histological analysis, complementing the in vivo findings. Disparities in visual function were observed between individual male and
female mice, necessitating categorization of visual impairment levels to investigate further sex-specific differences in the study’s aging
population. Comparisons between sex and the degree of visual impairment were conducted using ANOVA followed by Tukey’s or Bon-
ferroni’s post-hoc corrections and unpaired #-tests. Pearson correlation analysis determined the association between biological factors.
Results: Sex-related disparities were found in the visual function of male (n = 13) and female (n = 18) mice aged 5-12 months. Eyes
were categorized by vision impairment: normal vision, or low, moderate, or severe vision loss at the end of the study. Male and female
mice differed in mean contrast sensitivity, indicating less sensitivity to fine detail and moving stimuli in female mice (11-12 months old,
p < 0.001). Spectral-domain optical coherence tomography (SD-OCT) revealed a thinner retinal outer nuclear layer in male mice (p <
0.0001), although this did not vary across different levels of vision impairment. ERG indicated slower retinal responses in male mice
(p < 0.05), while histology showed a significant reduction in the inner plexiform layer thickness in male mice with severe vision loss
(» < 0.0001). Conversely, female mice exhibited greater thinning in the photoreceptor layer when vision was unimpaired (p < 0.01).
Conclusions: The study shows that sex and extent of vision impairment influence visual and retinal health, with individual retinal layers
differentially changing in thickness over time.
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1. Introduction processes and encompasses both the development and ag-
ing of the structure and function of organs. Aging is a sig-
nificant contributor to the accumulation of oxidative stress
that results in degeneration of the structure and function of
tissues, including the retina [12]. Oxidative stress-induced
cellular senescence and reduced density of retinal ganglion
cells, bipolar cells, photoreceptors, and pigment epithelial
cells can induce vision loss [13,14]. Structurally, retinal
layer thickness in normal eyes changes with age, specifi-
cally significant decreases in the thickness of the peripapil-
lary retinal nerve fiber layer (RNFL), pericentral ganglion
cell layer (GCL), peripheral inner plexiform layer (IPL),
and foveal outer segment layer (OSL) thickness with age,
and a significant increase in the thickness of the foveal
retinal pigment epithelial (RPE) with age [15]. Similarly,
Won and colleagues determined age-related changes in the
thickness and volume of retinal layers, specifically thin-

The inbred C57BL/6J wild-type mouse is a staple in
research, used in various research areas, including neu-
robiology, diabetes, obesity, cardiovascular, developmen-
tal, immunology, and genetics [1-7]. Comparative stud-
ies encompassing behavior, aging, and or sex differences
are necessary to understand the cause or severity of com-
mon diseases and treatment outcomes [8—11]. Mice are ad-
vantageous models for aging studies because of their rel-
atively short lifespans compared to humans. Despite the
widespread use of the C57BL/6J mouse model in preclin-
ical research and the recognition of age and sex as critical
biological variables in humans, researchers have yet to de-
termine the impact of age and sex on many physiological
and pathophysiological processes studied with this model.

Age represents a biological variable that affects a sim-
ilarly wide range of physiological and pathophysiological

Copyright: © 2025 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/JIN
https://doi.org/10.31083/JIN25805
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ner peripheral RNFL, GCL, and pericentral and peripheral
IPL and thicker foveal inner nuclear layer (INL) and inner
retina (IR) in the older group (>60 years) when compared
to the younger group (<30 years) [16]. Early degenerative
changes can vary in onset age depending on the specific
condition. Typically, these changes begin to manifest in
adults aged fifty and older. However, most individuals do
not notice symptoms until age 55 or older [17].

Sexual dimorphism appears in many biological pro-
cesses, including visual function, where factors such as dis-
ease susceptibility, color perception, visual acuity (VA),
and photoreceptor cell distribution and density vary de-
pending on sex [18]. Male humans possess a thicker macula
[19], a more significant relative number of long wavelength
sensitive (L-cones) and middle wavelength sensitive (M-
cones) cone photoreceptors [20], increased response to blue
light stimulation [21], and significantly heightened retinal
sensitivity for fine detail and fast-moving stimuli [22,23].
Increased iron levels are found in the female retina and RPE
[24,25]. The most well-known dimorphism is color per-
ception. X-linked red-green colorblindness found in males
[26] is the most common, while females are more prone to
age-related macular degeneration (AMD) [27,28] and glau-
coma [29]. Metabolic profiles from different ocular tissues
display sexual dimorphisms [18]. Sex-related structure and
function differences in the retina are likely due to hormone
profiles [30]. Study has shown that female mice exhibit
larger amplitudes in electroretinogram (ERG) recordings
than male mice [31]. Spectral-domain optical coherence
tomography (SD-OCT) has shown differences in the mean
thickness of the outer nuclear layer (ONL), the outer plexi-
form layer (OPL), and the INL in the macular region, while
the RNFL is thicker in females [30]. The estrus cycle may
exert arole in these structural and functional differences due
to the presence of estrogen receptors in ocular tissues [32].
The menstrual cycle and accompanying hormonal fluctua-
tions modulate ocular structures, including the retina [33].
However, the exact mechanism and implications of these
changes are still a topic of ongoing research.

In addition to the significant impact of both age and
sex as biological variables, one of the challenges to the de-
velopment of new therapeutics for age-related neurodegen-
erative diseases of the retina, such as dry AMD and glau-
coma, is the lack of animal models that recapitulate under-
lying mechanisms of, and phenotypes present in retinal dis-
ease. In many studies, animals are genetically modified or
exposed to risk factors such as advanced aging or specific
diets to establish the pathobiological processes involved
with the expectation of treating or delaying its progression
[34-38]. Rigorous studies of wild-type mice are needed
to understand better time-related changes that potentially
predispose to or contribute to neurodegenerative pathology.
Visual processing of moving stimuli evaluated by initial and
late phase optokinetic responses deteriorates in aged (21—
24-month-old) mice compared to young adult mice [39].

A study utilizing C57BL/6J mice aged between 2 and 32
months reported that natural age-related retinal function and
morphology changes occur gradually rather than abruptly
[40]. Additionally, other studies described morphological
changes, including inappropriate localization of photore-
ceptor synapses [39], topographic differences in RPE mor-
phology [41], neuroinflammation, and increased glial reac-
tivity in C57BL/6J mice [42]. As new models of retinal
degeneration are developed, recent advancements in retinal
organoid cultures have emerged as a particularly exciting
area of research. These three-dimensional tissue constructs
hold significant potential for applications in personalized
medicine, drug screening, gene therapy, and cell transplan-
tation. Retinal organoids provide a more precise model for
studying human retinal diseases, serving as a valuable com-
plement to traditional animal studies, particularly when an-
imal models exhibit only partial traits of specific disease
phenotypes [43,44].

Our study evaluated visual performance longitudi-
nally in wild-type, middle-aged C57BL/6J mice aged 5—
12 months old, retina structure and function using SD-OCT
imaging and ERG recordings at the completion of the study,
with post-mortem histological analysis. This work sought
to clarify early age-related changes in visual and retinal
function and structure in the retina of wild-type mice, rou-
tinely used in retinal neurodegenerative research and as a
potential model for assessing age and sex as biological vari-
ables. Empirical stratification of visual impairment, as an
additional variable, provides a framework for understand-
ing visual impairment in the early stages of the neurodegen-
erative process by evaluating sex-dependent differences in
visual impairment results.

2. Materials and Methods
2.1 Animals

Five-week-old C57BL/6J male (n = 13) and female
(n = 18) mice were purchased from Jackson Laboratories
(Bar Harbor, ME, USA). All animals were socially housed
in plastic shoebox cages at 25 °C, with ad libitum access
to Teklad Global 18% Protein Rodent Diet (Envigo, Som-
erset, NJ, USA; Cat. #2918.15) and water and maintained
on a 12-hour light/dark cycle. Weekly body weights of all
animals were recorded, and the average weights were plot-
ted in graphs at two-month intervals. The mice underwent
visual performance screenings at 5 months old until they
reached 12 months old. Each animal’s right and left eyes
were tested separately, depending on the direction of the
stimulus pattern, with each eye representing n = 1. Each
eye was considered individually for statistical analysis and
to capture individual differences in the results. Eyes were
removed from the study if found to have ocular injuries,
opacities, or abnormal ocular anatomy to ensure accurate
and reliable results [45—47]. A total of 48 eyes were in-
cluded after excluding ineligible samples.
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Behavioral VA assessments using the optomotor re-
sponse aided in categorizing individual mouse eyes into 4
groups: normal vision (>0.361 c/d; n = 7), low vision loss
(0.301-0.360 c/d; n = 18), moderate vision loss (0.240—
0.300; n = 15), and severe vision loss (0.000-0.239; n = 8).
The spatial frequency scale, or VA, is generally based on vi-
sual thresholds determined in C57BL/6 mice by Prusky and
colleagues, where the threshold reached 0.400 c/d by P25
and remained constant into adulthood (P90-P125) [48]. The
Institutional Animal Care and Use Committee (IACUC) at
the University of Missouri-Kansas City (protocol 1902-02)
approved all experimental animal procedures following in-
stitutional and federal guidelines and the Association for
Research in Vision and Ophthalmology (ARVO) Statement
for the Use of Animals in Ophthalmic and Vision Research.
At the predetermined endpoint, euthanasia of study animals
was conducted using 30% chamber vol/min CO- inhalation,
followed by cervical dislocation as a secondary method to
confirm death.

2.2 Behavioral Assessment of Visual Function

Visual acuity or spatial frequency and contrast sen-
sitivity (CS) assessment were determined using the Opto-
Motry© optomotor testing system with OptoMotry soft-
ware, version 1.7.7 (CerebralMechanics Inc, Lethbridge,
Alberta, Canada) described earlier [49-52]. Briefly, testing
was conducted monthly between 5 and 12 months of age.
Each measurement was averaged and plotted in graphs at
two-month intervals. Visual acuity is the maximum spa-
tial frequency in which an optomotor response and head
tracking has occurred. Visual acuity was measured at 100%
contrast, using a drift speed of 12.0 d/s and a cutoff max-
imum of 0.500 c/d. Contrast sensitivity refers to the min-
imum contrast level at which head tracking is detected. A
lower contrast percentage indicates better contrast vision.
The measurement of contrast sensitivity began at a baseline
spatial frequency of 0.042 c/d (cycles/degree) and a begin-
ning contrast level of 100%. Animals were placed on a 55
mm or larger platform (dependent on weight) where stim-
uli of varying spatial frequencies or contrast levels elicited
a response [48,53].

2.3 Electroretinography

Electroretinography responses were recorded with an
HMSERG electroretinography system with accompany-
ing software, version 4.180 (Ocuscience, Henderson, NV,
USA), as described previously [51,52]. The retinal func-
tion of rods (scotopic) and photoreceptors (photopic) was
determined between 12—15 months of age. Animals were
dark-adapted overnight, with only red light used for setup
and performing the test. Anesthesia was initially adminis-
tered at 4.0% isoflurane (cat. #029405, Covetrus, Dublin,
OH, USA) with an oxygen flow rate of 1 L/min and main-
tained at 2.0% with the same oxygen flow rate for the
test duration. Anesthetic drops of 0.5% Proparacaine Hy-
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drochloride Ophthalmologic solution (Henry Schein, Inc.,
Cat. #2963726, Port Washington, NY, USA), dilation
drops of 1% Tropicamide solution (Henry Schein, Inc., Cat.
#70069012101, Port Washington, NY, USA), and 0.3%
hypromellose (GenTeal® Tears Ophthalmic Gel, Henry
Schein, Inc., Cat. #0065806401, Port Washington, NY,
USA) eye drops were added to each eye for corneal lubri-
cation. A warming pad maintained the body temperature
at 37 °C while a temperature probe monitored the animal’s
temperature. The ground electrode (Ocuscience, Hender-
son, NV, USA) was placed above the base of the tail, and
reference electrodes (Ocuscience, Henderson, NV, USA)
were placed behind the ear with the tip just behind each eye.
Thread electrodes (Ocuscience, Henderson, NV, USA) and
a 2.0 mm mini contact lens made of Aclar material were
coated with GenTeal tears and placed on each eye to pre-
vent moisture loss throughout the procedure.

ERG scotopic and photopic responses were acquired
and analyzed using ERGView 4.380V software (Ocu-
science, Henderson, NV, USA) accompanied by the HM-
sERG system using a 150 Hz low pass filter and 60 Hz
noise-eliminating filter. The ERGView software deter-
mined the b/a wave ratio, which serves as an indicator
of inner-to-outer retinal function. Scotopic threshold re-
sponses (STRs) and photopic negative responses (PhNRs)
were calculated from flashes generated from the scotopic
flash intensity series (—4.5 to—3.5 log cd-s/m?) and photopic
flash intensity series (0.0 to 1.5 log cd-s/m?) as described
previously [52].

2.4 Optical Coherence Tomography

In vivo imaging determined retinal thickness in wild-
type C57BL/6] mice at 15 months. Optical coherence
tomography images were obtained by an iVivo® SD-
OCT with OctEngine software, version 1.8.41.1 (Ocu-
science, Henderson, NV, USA) with Sum transverse res-
olution, submicron depth resolution, and a live fundus
image-guided alignment. Pupils were anesthetized with
0.5% Proparacaine Hydrochloride Ophthalmologic solu-
tion (Henry Schein, Inc., Cat. #2963726, Port Washing-
ton, NY, USA) and dilated with 1% Tropicamide solution
(Henry Schein, Inc., Cat. #70069012101, Port Washing-
ton, NY, USA). GenTeal® Tears Ophthalmic Gel (Henry
Schein, Inc., Cat. #0065806401, Port Washington, NY,
USA) lubricated the cornea throughout the scans. A plat-
form allowed researchers to manipulate the mice into the
correct position for imaging. A SomnoFlow (Kent Scien-
tific, Torrington, CT, USA) anesthesia system administered
isoflurane (cat. #029405, Covetrus, Dublin, OH, USA)
anesthesia and maintained it at 2.0% for the time needed
to acquire images. The platform allowed anesthesia to flow
through a nose cone for the imaging duration. Images were
exported as JPEG and TIFF files to quantify the thickness
of the retinal layers at 500 um from the optic nerve. An
average of 16 B-scan images were post-processed using
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VQ Enhance software, version 1, provided by Lumedica,
Durham, NC, USA. Open-source Fiji Image J, 64-bit soft-
ware (https://imagej.net/software/fiji/, NIH, Bethesda, MD,
USA) was used to measure retinal thickness [54]. Total
retinal thickness is defined as the distance from the RNFL
(including the RNFL) to the RPE layer (including the RPE
layer) in a vertical retina section. Transformation of grey-
scale images to pseudo-color was accomplished by apply-
ing a royal lookup table (LUT) provided by VQ Enhance
software.

2.5 Tissue Fixation and Staining

After euthanasia and assertion of death, eyes were
enucleated and immersion-fixed in a 4% formaldehyde so-
Iution (16% w/v paraformaldehyde (PFA) aqueous solution,
Electron Microscopy Sciences, Cat. #15710, Hatfield, PA,
USA) in phosphate buffer (0.1 M PB, pH 7.4) for 30 min at
4 °C. After 30 min, a cut was made along the ora serrata, and
the eyes were returned to the 4% formaldehyde solution for
O/N fixation. The next day, the tissue was removed from
the fixative and cryoprotected with increasing concentra-
tions of 10% and 20% sucrose solutions in 1x phosphate
buffered saline (PBS) at 4 °C until the tissue sank, lastly at
30% sucrose O/N and stored at 4 °C before embedding. The
cornea, iris, and lens were dissected away, leaving only the
eyecup to be embedded. Cryoprotected eyecups were em-
bedded in an optimal cutting temperature medium (OCT,
Fisher Scientific, Cat. #23-730-57, Pittsburg, PA, USA)
and stored at —80 °C for 1-2 days. Vertical sections were
cut into 10—14 um sections via a Leica CM3050 S Cryostat
(Leica Biosystems, Nusslock, Germany). A 4% formalde-
hyde solution was added to the tissue section for 15 min
at RT before hematoxylin and eosin staining (H&E). OCT-
embedded tissue sections were washed with 1x PBS, then
hydrated with a 5 min wash in ddH,O. Hematoxylin stain-
ing was performed on retinal tissue sections for 30 s, rinsed
with ddH5O, and then Scott’s Tap Water for 1 min. After
washing with Scott’s Tap Water (cat. # 26070-06, Electron
Microscopy Sciences, Hatfield, PA, USA), sections were
stained with eosin for 30 s to assess retinal morphology.
Tissue was then dehydrated in 95% ethanol before absolute
ethanol and mounted with VectaMount Permanent Mount-
ing Medium (Vector Laboratories, Inc., Cat. # H-5501-60,
Burlingame, CA, USA).

2.6 Microscopy

A Leica DM IL LED inverted microscope (Leica Mi-
crosystems, Mannheim, Germany) and a Q imaging 12-
bit camera (Q Imaging, Surrey, BC, Canada) acquired the
light microscopy images at 4x and 20 x magnification us-
ing QCapture software, version 2.9.13 (Teledyne Technolo-
gies, Surrey, BC, Canada). All images were saved as TIFF
files for analysis. Three to six biological replicates were im-
ages in addition to three measurements per field, all within
500 pm of the optic nerve head.

2.7 Image Analysis

Open-source Fiji Image] Windows 64-bit software
version (https://imagej.net/software/fiji/downloads) was
used for image analysis, histological quantification of
layer thickness, and photoreceptor nuclei counts. A
representative image of a histological section from a
15-month-old female C57BL/6J mouse with severe vision
loss (Supplementary Fig. 6A) demonstrates the quantifi-
cation of retinal layers and the counting of photoreceptor
nuclei rows (Supplementary Fig. 6B). Each image was
quantified in triplicate.

2.8 Statistical Analysis

Differences between sexes and visual impairment
from age-related changes were determined by a two-tailed,
unpaired 7-test or one- or two-way ANOVA with Tukey’s
or Bonferroni’s post-test, where indicated using Graph Pad
Prism® 10.2.3 software (GraphPad, San Diego, CA, USA).
Results were considered significant with a p-value of p <
0.05 (*) and highly significant if the p-value was p < 0.01
(**), p < 0.001 (***), p < 0.0001 (*¥**%*),

3. Results

3.1 Differences in Body Weight for Middle-Aged C57BL/6J
Male and Female Mice

We began our study by investigating whether the ob-
served weight differences between male and female mice
were associated with corresponding disparities in visual
acuity impairment. In this study, animals were weighed
before each VA assessment. As shown in Fig. 1, male
C57BL/6] mice displayed an overall statistically significant
increase in body weight compared to age-matched females
throughout this study (Fig. 1A) [55]. At 5 months, male
mice initially weighed 34 g 4 4, while female mice aver-
aged 24 ¢ £ 2, p < 0.0001. The final weight at the end of
the study for male mice was 40 g & 5, while for female mice
was 30 g £+ 3, p < 0.001, a difference of 6 g for both sexes
from the beginning of the study.

3.2 Decline in the Visual Function of Male and Female,
Age-Matched C57BL/6J Mice

Visual function (VA and CS) was quantified by behav-
ioral assessment of optomotor reflex (OMR) beginning at 5
months of age (Fig. 2A,B). No statistically significant dif-
ferences were found in visual function between male and
female mice aged 5—12 months. Visual acuity started to de-
cline at 9-10 months of age and declined even further by
the study’s conclusion. Male mice’s mean initial VA at 5
months of age was 0.490 (c/d) £ 0.011, while female mice
had a mean initial VA of 0.480 (c/d) £ 0.012, p > 0.05.
The final mean VA at the end of the study was 0.292 (c/d)
=+ 0.072 for male mice and 0.300 (c/d) = 0.063, p > 0.05
for female mice, a decline of 0.198 (c/d) and 0.180 (c/d),
respectively, over the 7-month observation period. At the
end of the study, eyes were categorized into groups based
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Fig. 1. Body weight differences of aged-matched male and female C57BL/6J mice. The data presents monthly measurements of
mean body weights (in grams) recorded for all mice throughout the study (A). Smaller representative graphs indicate mean body weights
for male and female mice eyes stratified according to the degree of vision loss: normal vision (n = 7), low (n = 18), moderate (n = 15),
and severe vision loss (n = 8), determined by behavior assessment of optomotor reflex (B—E). The visual acuity scale is shown in Fig. 2B.
Male mice (n = 13) are symbolized by blue squares, and female mice (n = 18) are symbolized by red triangles. Results are mean £ SD.
Two-tailed, unpaired z-tests (A—E) were used to determine the statistical significance of mean values for each group of mice. *, **, ***
and **** designate statistically significant differences (p < 0.05, p < 0.01, p < 0.001, and p < 0.0001) between mean values. ns, not
significant; SD, standard deviation.
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Fig. 2. Visual acuity in middle-aged C57BL/6J mice. Visual acuity (A) was assessed in mice monthly by behavior assessment of
optomotor reflex expressed as spatial frequency units, cycles/degree (c/d). Blue squares symbolize individual male mice eyes (n = 19),
and red triangles symbolize individual female mice eyes (n = 29). Scale for the severity of visual loss expressed by spatial frequency
(c/d) is normal (n = 7; white) >0.361, low (n = 18; green) 0.360-0.301, moderate (n = 15; yellow) 0.300-0.240, and severe (n = 8; red)
0.239-0.000 (B). Smaller representative graphs indicate differences between age-matched males in blue and females in red according to
the degree of vision loss determined by behavior assessment of optomotor reflex (C—F). Data are presented as mean + SD. Two-tailed,
unpaired ¢-tests (A,C—F) were used to determine the statistical significance of mean values for each group of mice. ** and **** designate

statistically significant differences (p < 0.01 and p < 0.0001) between mean values. ns, not significant.
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Fig. 3. Contrast sensitivity in middle-aged C57BL/6J mice. Contrast sensitivity (A) was assessed in mice monthly by behavior

assessment of optomotor reflex. Blue squares symbolize individual male eyes (n = 19), and red triangles symbolize individual female

mice eyes (n=29). Smaller representative graphs (corresponding animals chosen from representative VA graphs from Fig. 2C—F indicate

differences between age-matched males in blue and females in red according to the degree of vision loss: normal vision (n = 7), low (n

= 18), moderate (n = 15), and severe vision loss (n = 8), determined by behavior assessment of optomotor reflex (B-E). Correlations

between VA and CS were determined at the beginning (F) and end of the study (G) for all eyes. Dashed lines around the regression line

indicate 95% CI. Specific Pearson correlation coefficient r, respective p-values, and coefficient of determination R? are listed directly in

panels. Data are presented as mean £ SD. Two-tailed, unpaired z-tests were used to determine the statistical significance of mean values
for each group of mice (A—C and E,F). *, ** *** and **** designate statistically significant differences (p < 0.05, p < 0.01, p < 0.001,

and p < 0.0001) between mean values. ns, not significant; VA, visual acuity; CS, contrast sensitivity.

on the extent of vision impairment: normal vision (Fig. 2C),
low (Fig. 2D), moderate (Fig. 2E), and severe vision loss
(Fig. 2F).

Assessment of CS also identified sex as a biological
variable with statistically significant differences between
male and female mice (Fig. 3A). Contrast sensitivity started
to decline at 9-10 months of age and continued to decline
further by the end of the study. The mean initial CS for male
mice at 5 months of age was 14.7 £ 3.7, while the mean ini-
tial CS for female mice was 20.7 £ 4.0, p < 0.001. The final
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mean CS at the end of the study was 32.5 4+ 16.1 for male
mice and 63.4 £+ 18.1, p < 0.001 for female mice, a decline
in contrast 17.8 and 42.7, respectively, from the beginning
of the study. A higher mean CS percentage indicates less
sensitivity to fine detail and moving stimuli in female mice
measured at 12 months of age. Data collected from OMR
were stratified according to the degree of vision loss: nor-
mal vision (Fig. 3B), low (Fig. 3C), moderate (Fig. 3D),
and severe vision loss (Fig. 3E). We also examined the re-
lationship between VA and CS at the beginning (Fig. 3F)


https://www.imrpress.com

500 pm

(B)

Females

500 pm

Low

500 pm

500 pm

Severe Moderate

500 pm

7500 pm G " 500 pm

Fig. 4. In vivo SD-OCT imaging in middle-aged C57BL/6J mice. Representative OCT B-scan images demonstrating retinal structure

(black and white images) and corresponding royal pseudo color to enhance the contrast between retinal layers in male (A) and age-

matched female mice (B). Images were also stratified according to the degree of vision loss: normal vision, low, moderate, and severe

vision loss determined by behavior assessment of optomotor reflex. Scale bar =500 pm. OCT, optical coherence tomography; SD-OCT,

Spectral-domain-OCT.

and end of the study (Fig. 3G). There was a weak, statisti-
cally significant, negative correlation between VA and CS
at the beginning of the study (r = -0.3491, p < 0.05, R? =
0.1218), but by the end of the study, there was no correla-
tion (r = —0.0682, p > 0.05, R? = 0.0046), indicating that
aging affects these two aspects of visual function with no
apparent pattern.

3.3 Differences in the ONL Thickness Quantified from in
Vivo OCT Imaging

Horizontal cross-sections of retinas from male
(Fig. 4A) and age-matched female (Fig. 4B) C57BL/6J
mice were imaged by SD-OCT. Images are shown in black
and white and pseudo-colored to visualize the reflective
signal’s intensity better, allowing for greater contrast
between individual retinal layers. Layers colored red to
white indicate tissues with high reflectivity as opposed
to layers colored green to yellow. Representative images
are grouped according to the degree of visual impairment
using spatial frequency OMR stratification described
above (normal vision, low, moderate, and severe vision
loss). Images in Supplementary Fig. 1 identify and
indicate the labeling of layers for quantification purposes
using a S5-month-old C57BL/6J female mouse retina
(Supplementary Fig. 1A) compared to a 15-month-old
C57BL/6] female mouse retina (Supplementary Fig.
1C). No differences in thickness were noted between the
nasal and temporal retina to the optic nerve (data not
shown). Representative OCT images were arranged to
visualize differences between male and female retinas
belonging to 5-month-old animals (Supplementary Fig.
1B) and 15-month-old male (Supplementary Fig. 1D) and
female (Supplementary Fig. 1E) mouse retinas stratified

according to the degree of visual impairment. The ONL
contains the cell bodies of rod and cone photoreceptors.
The structure of the ONL serves as an essential biomarker
of retina neurodegeneration [56,57]. ONL thinning can be
seen in the representative images for low, moderate, and
severe vision loss compared to normal vision, though more
pronounced in male mice (Supplementary Fig. 1D).

Individual retinal layer thicknesses were quantified
from SD-OCT scans as detailed above, with the ONL in
male mice showing a statistically significant decrease in
thickness compared to female mice (54.83 pm + 3.85 and
59.63 um + 4.73, p < 0.0001, respectively) suggesting
that ONL thickness decreases differentially over time be-
tween sexes (Fig. 5A). The mean total retinal thickness was
not statistically different between male and age-matched fe-
male mice (Fig. 5B) (187.30 um =+ 8.02 and 192.45 pm
=+ 9.74, p > 0.05, respectively). In addition, the mean to-
tal retinal thickness for each visual impairment group did
not show statistical significance between male and female
mice: normal vision (192.34 pm + 11.47 and 190.70 pm
£ 9.03, p > 0.05, respectively), low (187.48 um + 9.44
and 191.59 um + 18.22, p > 0.05, respectively), moderate
(187.41 pm =+ 2.11 and 192.77 pm £ 5.91, p > 0.05, re-
spectively), and severe vision loss (181.79 pm =+ 2.73 and
191.79 um =+ 8.83, p > 0.05, respectively) (Fig. 5B). The
mean thickness of each retinal layer was also stratified by
the degree of vision loss measured from each eye: normal
vision (white), low (green), moderate (yellow), and severe
vision loss (red) (Fig. 5C). There were no statistically sig-
nificant differences in mean retinal layer thicknesses found
between male and female mice when stratified by degree of
vision loss (Fig. 5C).
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Fig. 5. Quantification of retinal layer thickness from optical coherence tomography imaging. OCT B-scan images were manually
reviewed and segmented, and each layer was measured for thickness by comparing male and female mice using Fiji — ImagelJ processing
software (A). The mean total retinal thickness for male and female mice was stratified according to the degree of vision loss: normal
vision (n = 7), low (n = 18), moderate (n = 15), and severe (n = 8) vision loss determined by behavior assessment of optomotor reflex
(B). Blue squares symbolize male mice (n = 13), and red triangles symbolize female mice (n = 18). The mean thickness of individual
retinal layers for male and female mice was also categorized according to the degree of vision loss determined by behavior assessment
of optomotor reflex (C). Data are presented as mean &+ SD. Two-tailed, unpaired #-tests (A,B) were used to determine the statistical
significance of mean values for each group of mice. Two-way ANOVA with Tukey’s post-hoc test was used to determine the statistical
significance of mean values for each group of mice in C. **** designates a statistically significant difference (p < 0.0001) between mean
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inner segment; OS, outer segment; GCL, ganglion cell layer; OPL, outer plexiform layer; RPE, retinal pigment epithelial.

Pearson correlations were performed for visual Fig. 2A) showed a moderate, negative correlation that
function variables, VA and CS, to total retinal thick- was statistically significant (r = —0.5318, p < 0.05, R? =
ness (Supplementary Fig. 2A,B), INL thickness 0.2828).

(Supplementary Fig. 2C,D), and ONL thickness

(Supplementary Fig. 2E,F) quantified from OCT images 3.4 Significant Differences in Electroretinogram

of each eye at the end of the study, to test for consistency ~ Responses between Aged-Matched Male and Female Mice
in the data. No appreciable correlation was found for VA to Full flash ERG measurements of scotopic (Fig. 6A—
total retinal thickness, INL thickness, and ONL thickness  E K and photopic (Fig. 6F—J,L) functions were recorded
in male and female mice. However, CS for CS7BL/6J  from aged-matched male and female mice. Delays in mean
male mice to total retinal thickness (Supplementary  ERG responses for scotopic b-wave implicit time from male
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Fig. 6. Retinal function differences determined by electroretinogram of middle-aged C57BL/6J mice. Full-field flash ERG was
used to determine scotopic and photopic amplitude (A,B,D and F,G,I, respectively) and implicit time (A,C,E and F,H,J, respectively)
in 15-month-old age-matched male mice eyes (n = 19) represented by blue squares and female mice eyes (n = 29) represented by red
triangles. Scotopic and photopic ERG responses are categorized into normal vision (n = 7), low (n = 18), moderate (n = 15), and severe
(n = 8) vision loss (B-E,K, and G-J,L, respectively) determined by behavior assessment of optomotor reflex. Mean representative line
graphs indicate ERG differences between males in blue and females in red according to the degree of vision loss. Individual male eyes
(n = 10) and individual female eyes (n = 8) of 5-month-old C57BL/6J mice were used as comparisons (open blue squares with dashed
lines and open red triangles with dashed lines). Data are presented as mean =+ standard error of mean (SEM). Two-tailed, unpaired #-tests
(A-E and F-J) were used to determine the statistical significance of mean values for each group of mice. * designates a statistically

significant difference (p < 0.05) between mean values. ns, not significant; ERG, electroretinogram.
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severe (n = 8) vision loss. Blue squares symbolize male mice’s eyes (n = 19), and red triangles symbolize female mice’s eyes (n = 29).

Data are presented as mean & SD. Two-tailed, unpaired #-tests (E,F) were used to determine the statistical significance of mean values

for each group of mice. ns, not significant.
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mice were statistically significant compared to female mice
(123.2ms £+ 5.2 and 106.4 ms £ 4.3, p < 0.05, respectively,
Fig. 6A). Eyes were also stratified according to the degree
of vision loss using spatial frequency OMR responses de-
scribed above (normal vision, low, moderate, and severe
vision loss; Fig. 6B—E,G-J). No statistically significant dif-
ferences were found in scotopic and photopic amplitudes
and implicit times when stratified by degree of vision loss
(Fig. 6K,L). However, mean photopic responses for low,
moderate, and severe vision loss displayed differences be-
tween sexes with increased visual impairment (Fig. 6L).
Middle-aged animals displayed a decline in amplitude and
delay in implicit time compared to young animals (3-5
months old) for the scotopic and photopic retinal function
shown in the lower panels (Fig. 6K,L). These findings sug-
gest that sex as a biological variable in electroretinography
is a confounding factor for implicit time and photopic func-
tion when testing mixed-sex cohorts. In planning and exe-
cuting ERG experimental studies, it is essential to account
for age and sex as significant biological factors.

Single flash recordings for scotopic (Supplementary
Fig. 3A-D) and photopic (Supplementary Fig. 3E-H)
amplitude and implicit time show differences between male
and female mice. Individual flashes for scotopic b-wave
implicit time (Supplementary Fig. 3D) at 5.5 log cd-s/m?
(p < 0.01) showed statistically significant differences in fe-
male compared to male mice. Photopic recordings with a
statistically significant difference include photopic b-wave
amplitude (Supplementary Fig. 3G) 1.0 log cd-s/m? (p <
0.05). The results from our ERG analyses exhibit a small
number of statistically significant differences from single
flashes for scotopic and photopic protocols. Differences in
amplitude (Supplementary Fig. 3G) were found to occur
midway through the protocol, while implicit time delays
(Supplementary Fig. 3D) happened at the beginning of
the protocol.

The b/a wave ERG ratio is a predictive measure for
assessing the functional relationship between the inner and
outer layers of the retina. Pearson correlation analyses were
conducted to evaluate the association between VA and CS
with the scotopic b/a wave ratios (refer to Fig. 7A,B) and
the photopic b/a wave ratios (see Fig. 7C,D) at the con-
clusion of the study. No correlations were found between
VA and CS with b/a wave ERG ratios. Neither scotopic b/a
wave ratios (Fig. 7E) nor photopic b/a wave ratios (Fig. 7F)
exhibited appreciable statistical significance between age-
matched male and female mice when eyes were stratified
by degree of visual impairment.

Components of scotopic threshold responses (STRs)
(Supplementary Fig. 4A-D) and photopic threshold re-
sponses (PhNRs) (Supplementary Fig. 4E,F) showed
statistically significant differences in middle-aged animals
compared to young animals for pSTR, STR amplitude, and
PhNR latency and young female mice compared to young
male mice for STR amplitude (Supplementary Table 1).
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Oscillatory potential (OP 1-4) amplitudes (Supplementary
Fig. 5B,D,F,H) and latency (Supplementary Fig.
5A,C,E,G), thought to be generated by inner retinal neu-
rons [58], showed statistically significant differences with
15-month-old female mice compared to age-matched male
mice and for middle-aged animals compared to young an-
imals for flash intensities —2.0 and —1.5 c¢d-s/m?. For OP
1, there were significant differences in amplitude that de-
pended on age, but only at a flash intensity of —1.5 log
cd-s/m?. However, no significant differences were found in
older animals for OP 1 that were age- or sex-dependent. For
OPs 24, significant differences were found in amplitude
and latency depending on age and sex, specifically at flash
intensities of 2.0 and —1.5 log cd-s/m? (Supplementary
Table 2).

3.5 Differences in the Retinal Layer Thickness Quantified
from Histological Analysis

Histological studies on retinal tissue sections stained
with H&E for male (n = 11) and age-matched female mice
(n = 11), stratified according to the degree of vision loss:
normal (n = 2), low (n = 3), moderate (n = 2), and severe
(n =4) for each sex, are shown by representative images in
Fig. 8A. A detailed overview of retinal layers representing
visual impairment shows overall gross changes in morphol-
ogy compared to retinal layers representing normal vision.
Histological analysis demonstrated that the IPL for male
mice was significantly thinner than for female mice (37.63
pm £ 5.42 and 41.57 um + 4.14, p < 0.001, respectively).
As the visual function deteriorated, noticeable alterations
were observed. Variations in the thickness and structure of
the IPL, INL, ONL, and photoreceptor inner segment/outer
segment (IS/OS) layers were identified between male and
female mice (Fig. 8B). The mean total retinal thickness was
not statistically different between male and age-matched fe-
male mice (Fig. 8C) (184.34 um =+ 12.75 and 191.104 pm
+ 10.48, p > 0.05, respectively). Interestingly, the mean
total retinal thickness for visual impairment groups moder-
ate and severe vision loss displayed statistically significant
differences: normal vision (203.17 pm =+ 3.66 and 187.20
pm =£ 6.32, p > 0.05, respectively), low (185.47 pm 4 9.46
and 182.91 um =+ 7.09, p > 0.05, respectively), moderate
(174.00 pym =+ 8.32 and 190.92 pm + 5.91, p < 0.05, re-
spectively), and severe vision loss (178.73 pm + 9.08 and
199.28 pm £ 9.21, p < 0.0001, respectively) (Fig. 8C).
As visual impairment worsens, male mice are differently
affected by loss of retinal layer thickness compared to fe-
males.

Rows of nuclei that make up the INL and ONL were
counted, and the resulting data was stratified based on
the severity of vision loss using VA testing as described
above (normal vision, low, moderate, and severe vision
loss; Fig. 9A). No statistically significant differences were
noted in the ONL and INL of male and female retinas.
Overall, the mean number of nuclei rows counted in both
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Fig. 8. Differences in retinal morphology of middle-aged C57BL/6J mice. Representative retinal sections comparing each category
of vision loss for 15-month-old males to age-matched female mice eyes and stratified according to the degree of visual function loss
(A). Quantification for individual mean retinal layer thickness for male (n = 11) and age-matched female (n = 11) mice eyes (B). The
mean total retinal thickness for male and female mice eyes was also determined and stratified depending on visual impairment: normal
vision (n = 6/group), low (n = 9/group), moderate (n = 6/group), and severe vision loss (n = 4/group) (C). Blue squares symbolize male
mice eyes, and red triangles symbolize female mice eyes. Data are presented as mean + SD with three measurements/eye. Two-tailed,
unpaired z-tests (B,C) were used to determine the statistical significance of mean values for each group of mice. *, *** **** designates

a statistically significant difference (p < 0.05, p < 0.001, and p < 0.0001) between mean values. H&E, 20x magnification, scale bar =

ﬂ

50 um. ns, not significant; H&E, hematoxylin and eosin staining.
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Fig. 9. The number of nuclei rows in the INL and ONL does not vary depending on visual impairment. Rows of nuclei in the
INL (filled symbols) and ONL (open symbols) were counted for 15-month-old male (n = 11) and age-matched female (n = 11) mice
eyes and stratified according to the degree of vision loss: normal vision (n = 6/group), low (n = 9/group), moderate (n = 6/group), and
severe vision loss (n =4/group), determined by behavior assessment of optomotor reflex for 15-month-old male (blue squares) and female
(red triangles) C57BL/6J mice (A). Rows of nuclei in the INL and ONL were counted for 15-month-old males (n = 11), represented as
blue squares, and females (n = 11), represented as red triangles (B). Data are presented as mean + SD with three measurements/eye.
Two-tailed, unpaired #-tests (A,B) were used to determine the statistical significance of mean values for each group of mice. ns, not

significant.
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Fig. 10. Disparities observed in the mean thicknesses of the IPL and IS/OS retinal layers after stratification. The mean thickness of

individual retinal layers for 15-month-old male (n = 11) and age-matched female (n = 11) mice eyes were stratified according to the degree

of vision loss: normal vision (n = 6/group; white), low (n = 9/group; green), moderate (n = 6/group; yellow), and severe vision loss (n =

4/group; red), determined by behavior assessment of optomotor reflex. Data are presented as mean == SD with three measurements/eye.

Two-way ANOVA with Tukey’s post-hoc test was used to determine the statistical significance of mean values for each group of mice.

** and **** designate a statistically significant difference (p < 0.01 and p < 0.0001) between mean values. ns, not significant.

layers from middle-aged male mice decreased as vision be-
came more impaired. No discernible pattern of nuclei row
loss was observed in female mice. Counts of nuclei rows
of INL and ONL that were not stratified according to vi-
sual impairment showed no significant differences between
male and female retinas (4.45 £ 0.51, 9.42 £ 1.03, p >
0.05, and 4.48 + 0.51, 9.21£ 0.86, p > 0.05, respectively)
(Fig. 9B).

Statistically significant sex-specific differences were
found in the mean thickness of the IPL in mice as visual
impairment worsened, with male mice displaying the most
significant decrease in IPL thickness with severe vision im-
pairment (33.65 um + 2.86 and 41.58 pm £ 2.73, p <
0.0001, respectively; Fig. 10). The IPL contains synapses
between bipolar, amacrine, and ganglion cells. The IPL is
further divided into ON and OFF bipolar cell axon termina-
tions. The process of motion perception, such as detection
and tracking and changes in brightness and hue, begins in
the IPL employed by the ON/OFF channels [59]. With re-
spect to this study, sex differences also describing the thin-
ning of the photoreceptor IS/OS layer were noticeably more
pronounced in female mice compared to males with normal
vision (28.02 um =+ 2.38 and 35.71 pm =+ 3.43, p < 0.01,
respectively; Fig. 10) suggesting a causal relationship with
behavioral assessed CS.
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4. Discussion

We determined age- and sex-specific differences in vi-
sual function and retinal structure in C57BL/6J mice as po-
tential underlying differential aging effects leading to visual
loss. To our knowledge, this is the first study to empiri-
cally stratify visual impairment based on behavioral mea-
surements of visual performance, identifying age and sex
as biological variables and reproducible parameters in the
absence of disease.

In healthy mammals, aging is associated with changes
in body weight. Body weight and percent body fat generally
increase with age due to the accumulation of body fat and
free fat mass [60]. These alterations in body composition
can be sex or strain-specific. Results from a recent study
by Rathod and colleagues suggest that satiation and satiety
in the control of energy intake are regulated in a sex and
age-dependent manner, with fat mass accumulation more
significant and variable in males than females [61]. The as-
sociation of sex and age-related weight gain of the mice in
this study confirms this finding. Generally, physiological
and behavioral factors influence rodent health, particularly
responses to visual acuity challenges, which may, in turn,
affect their weight [62—64]. It is also essential to consider
genetic makeup, environmental conditions, and the specific
type of visual impairment involved. Further research into
the weight disparities observed in male and female mice due
to visual impairments could provide deeper insights into
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the physiological and behavioral nuances that may alter ro-
dents’ responses to deficits in visual function.

Visual acuity refers to the highest spatial frequency of
a visual stimulus that can trigger a response. On the other
hand, CS starts with a stimulus at 100% contrast and is
gradually decreased until a threshold is determined. This
threshold is identified by examining the tracking behavior
exhibited during the OMR [48]. The lower the contrast per-
centage, the better an animal can distinguish a stimulus in
low-contrast environments, such as dusk, dawn, or dense
foliage. This test provides a simple and rapid screening of
visual function through behavioral observation of the ani-
mal and has been used as a first-line screening of vision in
rodents [65-68]. OMR plays a crucial role in maintaining
visual stability in mice, and its characteristics are influenced
by various factors, including ocular abnormalities and ge-
netic variations in different mouse strains [45—47,69]. Our
decision to stratify visual impairment was based on VA in-
stead of CS data. This choice was influenced by the superior
resolution for fine detail and the increased reproducibility
in VA testing. These findings align with reports from other
researchers suggesting that the duration of the test could po-
tentially skew CS measurements and affect animal perfor-
mance.

Furthermore, it is still unclear if the CS impairments
associated with specific eye disorders develop quickly or
how these impairments vary based on the nature of the
pathology [69,70]. It has been documented in patients that
CS deficits may develop at early stages of a specific ocu-
lar disease even when VA is relatively normal. Our study
has identified several indicators that connect early degen-
erative changes with CS. Through deep learning, Shamsi
and colleagues discovered a significant correlation between
the thickness of the human ganglion cell layer, the inner
plexiform layer, and CS [71]. In vivo imaging by spectral-
domain optical coherence tomography displayed a signifi-
cantly thinner ONL in male mice but no significant layer
differences among the vision impairment groups. OCT
analysis also identified a significant correlation between to-
tal retinal thickness and CS in male mice. Histological ex-
amination found the IPL of male mice was significantly
thinner than female mice with severe visual impairment.
Thinning of the photoreceptor IS/OS layers was noticeably
more pronounced in female mice compared to males with
normal vision. These findings suggest a causal relationship
with behavioral assessed CS. Contrast sensitivity is a cru-
cial aspect of visual perception and a more comprehensive
assessment of visual function than acuity [72] that enables
us to discern and perceive variations in brightness levels.
However, as we undergo changes in our retina related to
age and sex, including a decrease in the density of specific
retinal layers, our ability to detect spatial patterns with low
contrast is affected.

Impairment of retinal function measured by ERG re-
sponses was affected by age to the same extent in male and
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female mice. ERG amplitude is defined as the maximum
displacement of the wave evoked by the stimulus inten-
sity, while implicit time is the time between the flash and
peak response [73]. We demonstrated that retinal function
decreases with age, evidenced by a reduction in a- and b-
waves and delays in implicit times. Statistically significant
differences in scotopic b-wave implicit time delays were
evident in female retinas compared to male retinas but not
when visual function is separated by stratification of vision
loss. Delays in scotopic and photopic implicit time indi-
cate outer retinal photoreceptor degenerative changes and
reflect the rate at which an electrical signal is at maximum
amplitude [74]. No significant differences were found in
a- and b-wave amplitudes when the biological sex variable
was considered. Our results suggest that sex is a consid-
erable confounding variable concerning implicit time, but
not for amplitude, and confirm earlier reports of a decline
in retinal function with age [75,76]. While we identified
age-related impairment of both rod and cone photoreceptor
cell-mediated vision, the higher susceptibility of rod pho-
toreceptors to age-mediated decline in function when com-
pared to cones is typically a focus of preclinical research
[76].

Structural changes in neurons and CNS tissue are com-
mon signs of neurodegeneration [77-79]. SD-OCT enables
the non-invasive, cross-sectional visualization of the retina
in vivo and the identification of morphological differences
at high resolution. Histochemistry of vertical retinal tis-
sue sections is a complementary approach for comparative
analysis alongside SD-OCT. The average thickness of the
retina, as observed through OCT, aligns well with the thick-
ness determined from histological sections, according to
our findings. The structure of the ONL, where photorecep-
tor cell somata and nuclei are located, serves as an essential
biomarker of retina neurodegeneration [56,57]. The IPL, in
contrast, is the area of the retina where synaptic connections
between bipolar cells and dendrites of retinal ganglion cells
(RGCs) are found [80]. As visual impairment increased
with age, the IPL, ONL, and IS/OS layers displayed the
most significant differences between male and female mice,
but also among other groups of differently reduced VA. As
visual impairment increased with age, the concomitant de-
crease in IPL thickness also resulted in more pronounced
differences between males and females as well as among
other groups of differentially reduced VA. Visual function
measured by behavior assessment of OMR is partly driven
by synaptic signaling in the IPL. Impaired motion percep-
tion and tracking in human multiple sclerosis (MS) patients
are found to be associated with combined RGC/IPL thin-
ning [81] and are associated with deficits in CS, as men-
tioned earlier in the discussion. A decrease in synaptic den-
sity equates to a reduction in IPL thickness.

Direct comparisons between OCT imaging can influ-
ence our results from this study due to factors like acqui-
sition region, layer aggregation, or animal age in addition
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to the process of histological preparation. Differences be-
tween OCT and histology quantification can stem from var-
ious factors such as imaging techniques, resolution and de-
tail, quantification methods, sample preparation, and the
context of use. These differences underscore the distinct na-
ture of OCT and histology, with each technique providing
unique advantages based on the specific context of the re-
sults. The differences between female and male mice found
here exhibit a consistent trend, even though these differ-
ences may not be statistically significant. Our findings lend
additional support to the research outcomes of other groups,
such as results from a study by Batista et al. [82] revealed
that total retinal thickness decreases with age, while the
thickness of individual retinal layers exhibits varying pat-
terns of change in wild-type C57BL6/129S mice. While the
literature consistently reports average total retinal thickness
values of approximately 200 um for wild-type mice, the
thicknesses of individual retinal layers or layer aggregates
exhibit more significant variability with age. Compara-
tively, few studies have systematically examined these reti-
nal layers and layer aggregate thicknesses, nor have stud-
ies examined how the biological factor of sex affects reti-
nal layer thickness in aging [40,82—-84]. Fundamentally, a
comparison of retinal tissue thickness by OCT and histo-
logical analysis revealed that as mice age, the stratification
of visual impairment helps disclose the contribution of sex
as a biological variable in our results and is most reliably
reflected in thickness changes of the IPL, ONL, and IS/OS
layers. Retinal layer thickness in normal eyes generally de-
creases with age and visual impairment in both sexes. Ag-
ing studies in mice and rats have observed significant thin-
ning in the IPL, OPL, INL, and ONL [40,85,86]. In light
of this study, stratifying visual function results to under-
stand the contribution of sex further as a biological variable
should be considered in experimental planning and evalu-
ating results. The results presented herein of aging mice
can serve as a reference for future studies as we advance
our understanding of age-related neurodegenerative disease
progression.

5. Conclusions

In conclusion, the present study provides an essen-
tial foundation to further our understanding of age-related
pathology’s molecular mechanisms, advance therapy devel-
opment, and integrate visual performance into both fields.
Future work aims to delve deeper into the mechanisms that
regulate outcomes associated with slowing the progression
of age-related retinal degenerative changes and controlling
the therapeutic response. By utilizing the C57BL/6] mouse
model and incorporating the additional variable of visual
function impairment into the results, we can observe a more
accurate estimate of the nature of retinal aging changes
alongside differences present from sexual dimorphisms.
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