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Abstract.
Background: Visual disturbances often precede cognitive dysfunction in patients with Alzheimer’s disease (AD) and may
coincide with early accumulation of amyloid-� (A�) protein in the retina. These findings have inspired critical research on
in vivo ophthalmic A� imaging for disease biomarker detection but have not fully answered mechanistic questions on how
retinal pathology affects visual signaling between the eye and brain.
Objective: The goal of this study was to provide a functional and structural assessment of eye-brain communication between
retinal ganglion cells (RGCs) and their primary projection target, the superior colliculus, in female and male 3xTg-AD mice
across disease stages.
Methods: Retinal electrophysiology, axonal transport, and immunofluorescence were used to determine RGC projection
integrity, and retinal and collicular A� levels were assessed with advanced protein quantitation techniques.
Results: 3xTg mice exhibited nuanced deficits in RGC electrical signaling, axonal transport, and synaptic integrity that
exceeded normal age-related decrements in RGC function in age- and sex-matched healthy control mice. These deficits
presented in sex-specific patterns among 3xTg mice, differing in the timing and severity of changes.
Conclusion: These data support the premise that retinal A� is not just a benign biomarker in the eye, but may contribute
to subtle, nuanced visual processing deficits. Such disruptions might enhance the biomarker potential of ocular amyloid and
differentiate patients with incipient AD from patients experiencing normal age-related decrements in visual function.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-related neu-
rodegenerative condition that irreparably damages
cognition, memory, and executive function. Over 6M
people in the United States are currently diagnosed
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with AD, and these rates are expected to double over
the next 30 years [1, 2]. This is a serious public
health problem because AD is fatal, and no validated,
widely deployable disease-modifying therapies are
available. While advanced age (65+ years) is the
primary risk factor for the most common form of
AD, the most promising therapies will likely target
early pathophysiological changes that occur dur-
ing presymptomatic or prodromal stages of disease
before irreparable loss of cognition and memory. This
is a challenge because diagnosis often occurs after
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the disease have advanced to cause substantial cog-
nitive deficits and neuropathology. The past 10 years
has seen tremendous technological advances in brain
imaging and blood-biomarker diagnostics for AD, but
these methods are typically applied after cognitive
symptom presentation and not proactively for disease
screening. This underscores a critical need for sen-
sitive detection of the earliest clinical signs of AD,
which will likely include non-cognitive indicators
such as sensory disruption.

There is increasing evidence that early sensory
disruptions precede cognitive deficits in dementia
patients, and when combined with other major AD
risk factors, may enhance the prediction of incipi-
ent dementia [3–5]. For over 35 years, disturbances
in normal visual function have been documented
among the earliest clinical signs in pre-symptomatic
and early-symptomatic AD patients [6–8]. However,
these clinical observations have not received much
emphasis because visual symptoms reported in early
AD patients do not present as overt blindness or
loss of visual field, but as subtle, nuanced, changes
in vision [9–11]. These changes include selective
impairments in contrast sensitivity [11–16], color
discrimination [9, 11–13, 16, 17], movement detec-
tion [18–20], object tracking [21], depth perception
[22], and feature recognition [19] as well as deficits
in light-based circadian rhythm entrainment [23].
While these sensory alterations are far less disabling
than overt blindness, they still negatively impact AD
patients, reducing their quality of life and even exac-
erbating cognitive deficits [11, 14, 24, 25].

A possible mechanism for visual disturbances in
AD may involve accumulation of damaging amyloid-
� (A�) peptides and tau fibrils in the retina and along
its primary projection to the brain via the optic nerve
[8, 26, 27]. These neuropathological hallmarks of AD
are shown to accumulate in the eyes of dementia
patients at early disease stages, thus inciting much
research on their potential as predictive biomark-
ers [27–30]. The foundational studies in this area of
research support two potential roles for ocular A�:
1) as a preclinical indicator of incipient AD, and 2)
as a monitor of advancing disease progression. This
work provided evidence of ocular A� accumulation
prior to brain amyloid deposition in patients with mild
cognitive impairment [31] and early-stage AD [29,
32], as well as in several AD mouse models [29, 33,
34]. Additional studies showed that with advancing
disease stage, retinal A� levels became correlated
with brain amyloid levels [28, 35–37]. As research
continues to progress in this area, new findings have

emerged that amyloid deposition in the retinal vascu-
lature, which can also be visualized via ophthalmic
imaging, may add predictive strength to the relation-
ship between ocular and brain amyloid levels, and
even suggests a potential originating source for A�
entry into the eye [38–40]. Collectively, past and
present research on ocular amyloid indicates that the
visual system may provide a unique, non-invasive
option for detecting and monitoring disease progres-
sion in AD [28, 30, 41–43].

While extensive translational research exploring
diagnostic ocular amyloid imaging is ongoing, many
questions remain to be investigated regarding the con-
sequential relationship of A� on retinal health. The
retina contains several types of neurons and glial cells
that are vulnerable to the damaging effects of AD
proteins, and of these, retinal ganglion cells (RGCs)
may be most susceptible. RGCs are metabolically
demanding neurons that play a critical role relaying
incoming sensory information from photoreceptors
along their axons in the optic nerve to the visual
information-processing center of the brain [44, 45].
Thus, RGCs and their optic nerve pathways to the
brain may serve as potential targets for pathologi-
cal disruption of vision and as possible anatomical
conduits for the spread of pathological proteins from
the eye to the brain [46]. This is supported by data
from early studies of postmortem human eye tissue
from AD patients that showed the disease process
was damaging RGCs—as evidenced by thinning of
the nerve fiber layer [44, 45, 47], optic nerve degener-
ation [8], and overt loss of RGCs [48, 49]. Subsequent
studies using both human clinical tissue samples [29]
and transgenic AD mouse models found A� protein
accumulation in the vicinity of such RGC damage
[23, 29, 41, 42, 50, 51].

In neurodegenerative disease, functional deficits
often precede structural loss in neurons [52–55].
RGCs use electrical signaling to quickly relay incom-
ing visual information to the brain, and in early stages
of various retinal diseases (e.g., glaucoma, diabetic
retinopathy) this electrical communication can be dis-
rupted [56–62]. There is also some evidence of this
in AD where studies of early-stage dementia patients
have shown decreased electroretinogram responses to
visual stimuli [63–66]. Studies in experimental AD
models (such as 3xTg mice and other genetic AD
strains) have also reported retinal signaling aberra-
tions along with evidence of axonal transport deficits
and neurotransmission failure along the retinofugal
projection [67–70]. However, these animal studies
have produced inconsistent results, which are likely
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due to genetic variations between models, method-
ological differences in visual system measurement,
lack of comparison between disease models and
healthy age-matched control mice, and failure to use
sex-stratified designs, which can obscure detection
of sex-divergent effects in data [71–74]. The goal
of this study was to provide a carefully designed
sex-stratified contrast of retinal structure and func-
tion across both healthy aging (C57BL/6J mice)
and pathological aging using 3xTg mice, a well-
characterized disease model that’s visual system is
known to be impacted by AD pathology.

MATERIALS AND METHODS

Subjects

3xTg mice (B6;129-Psen1tm1Mpm Tg(APPSwe,
tauP301L)1Lfa/Mmjax) were used in this study
because they are shown to develop pathological
AD proteins in retina, optic nerve, and visual brain
structures—predominantly A�, but also neurofibril-
lary tau and significant neuroinflammation [51, 67,
75]. 3xTg mice were developed to express transgenes
for three human mutations associated with heredi-
tary AD (APP KM670/671NL, MAPT P301L, and
PSEN1 M146V), but are considered among the most
clinically generalizable rodent models of AD pathol-
ogy [76–78].

Mice were grouped into disease stage-based age
groups supported by published characterizations of
neuropathological progression corresponding to spe-
cific ages in 3xTg mice [53, 76], as well as in
consideration of reported sex differences in sever-
ity/timing of pathological phenotype in this model
[79–82].

1) Baseline (2–4 months), a young age group rep-
resenting presymptomatic/early disease stages
characterized by little hippocampal A� accu-
mulation and modest retinal A� levels.

2) Progressing (8–10 months), an intermediate
age group characterized by increasing retinal
and brain A� accumulation and neuroinflam-
mation, as well as emerging cognitive deficits.

3) Pervasive (12–14 months), an advanced age
group characterized by significant retinal and
brain A� accumulation, neuroinflammation,
emergence of neurofibrillary tau protein in
brain, and pronounced cognitive deficits.

Age- and sex-matched wildtype (WT) C57BL/6J
mice were used for control comparisons. While

C57BL/6J (C57) mice are commonly used as con-
trols for 3xTg mice [83–87], the original 3xTg mouse
model used was developed on a hybrid C57BL/6J
+ 129S1/SvlmJ background and thus, we performed
some initial pilot studies to confirm that the pri-
mary retinal projection did not fundamentally differ
between the B6129S/J hybrid background (n = 8) and
C57 controls (n = 8). As such, no differences in RGC
density or retinofugal axonal transport were indicated
between these strains (see Supplementary Figure 1
for summary of these data); thus, we proceeded
with using C57 mice as our primary controls for the
remainder of experiments due to their more broadly
characterized visual system features [88, 89].

Both 3xTg and C57 control mice were stratified by
sex into equivalent samples of disease-age compar-
ison groups to increase the sensitivity for detecting
sex-specific patterns in the data [90–92]. Specific
group/sample sizes are provided with the descrip-
tion of each experimental procedure below; groups
include sex, genotype, and age. Each subject has
two retinal projections, and both are included as data
points in relevant analyses [93]. All 3xTg and C57
control mice were bred at the Northeast Ohio Medi-
cal University (NEOMED) from founders that were
originally obtained from Jax Mice/MMRC. All mice
were housed in the same room under identical envi-
ronmental conditions. All experimental procedures
were approved by the NEOMED Institutional Animal
Care and Use Committee (protocol number 20-07-
272) and conducted in accordance with the Guide for
Care and Use of Laboratory Animals published by
the National Institutes of Health, USA.

Pattern electroretinogram (PERG) recordings

PERG recordings were used to assess the func-
tional status of RGC signaling in response to visual
stimuli in 3xTg and control mice (n = 108 mice;
∼7–9 per sex/genotype/age group). Generation of
a PERG response requires functional RGCs, and
thus, can be used as an index of RGC impair-
ment or loss caused by disease, injury, or even
normal advanced aging [57, 94–99]. Prior to the
procedure, mice were anesthetized with a ketamine
(100 mg/kg)/xylazine (10 mg/kg) (i.p.) solution and
1% tropicamide solution was applied directly to the
eye to dilate pupils. PERG recordings were obtained
using a Celeris electroretinography system with auto-
mated stimulus presentation and signal recording that
included dual light guide electrodes, 32-bit low-noise
amplifiers, and Espion stimulus presentation and
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recording software (Diagnosys LCC, Lowell, MA).
Anesthetized mice were placed onto a thermostatic
(37◦C) platform and GenTeal eye gel was applied
to mouse eyes for lubrication. The Celeris stimu-
lating and recording electrodes were also lubricated
with GenTeal to facilitate electrode conductance.
Electrodes were placed against each eye per man-
ufacturer instructions; the reference electrode was
initially placed against the left eye and the pattern-
generating stimulus electrode was placed against the
right eye; this order was reversed to complete the
testing session. Both eyes were tested to generate
two data points per subject. The stimulus electrode
was designed to deliver visual stimuli directly at
the level of the cornea in order to reduce poten-
tial refractive error that can occur when stimuli are
placed further from the eye. Impedance was mea-
sured to ensure values of less than 5 �� prior to
onset of recording. Each recording session lasted
approximately 8 minutes per eye. Validated programs
generated by Espion software (V6.61.12) were used
to present visual stimuli at a spatial frequency of
0.155 cycles/degree in which bars alternated at a
frequency of 2.1 reversals per second at a constant
luminance of 50 cd/m2. PERG responses from each
eye were filtered and averaged over 600 sweeps.
Espion software automatically detected and identi-
fied individual components of each overall PERG
waveform and computed peak amplitudes and laten-
cies. In rodents, the PERG waveform is comprised
of a small amplitude negative deflection (N1) that
occurs around 50 ms post-stimulus, followed by large
amplitude positive (P1) and negative (N2) peaks that
correspond to specific RGC subpopulation responses
[100]. These designations differ from peaks reported
in primates (including humans) for PERG, and may
not necessarily be analogous [74, 85, 86]; thus our
PERG results only describe these waveforms in
reference to the rodent nomenclature. Values were
exported from Espion software for statistical analysis.

Photopic flash electroretinogram (fERG)
recordings

To account for the influence of either patholog-
ical or normal age-related changes in outer retinal
cell (i.e., photoreceptor and bipolar cells) function on
PERG, full-field fERG responses [107] under light
adaptation were recorded in a total of 28 mice (3-
4 per group and 1-2 retina were tested/mouse) that
occupied either the youngest (baseline) or oldest (per-
vasive disease) age groups. As PERG is purported

to be a light-adapted response, fERG was tested
under photopic conditions to assess cone photorecep-
tor (a-wave) and downstream bipolar cell (b-wave)
functionality [57, 103]. Light-adapted mice were
anesthetized with a ketamine (100 mg/kg)/xylazine
(10 mg/kg) solution and positioned into the Celeris
apparatus as previously described for the PERG pro-
cedure. Contact lens-type fERG stimulators with built
in recording electrodes were placed in contact with
the cornea of each eye to provide full-field stimu-
lus presentation similar to Ganzfeld bowls [104], and
Espion software was used to execute preset programs
for photopic fERG testing. Strobe flashes at two
luminance intensities of 5.5 cd.s/m2 and 18.3 cd.s/m2

were used as stimuli; data from the higher luminance
stimulus showed lower within-subject variability and
were thus used for analysis. Under each luminance,
6 trials were completed per step at a pulse frequency
of 1 and sample frequency of 2000 Hz. Following
the trials, animals were returned to their home cage
and allowed to recover. Espion software was used
to automatically identify/compute response ampli-
tudes (peak to trough) and latencies (waveform time
to peak) for a-waves, which are the initial response of
cone photoreceptor to light flash, and b-waves, which
are a measure of downstream bipolar cell response to
photoreceptor input [105]. Values were exported for
statistical analysis.

Intravitreal injections of cholera toxin subunit β

Anterograde tract tracing was used to assess the
functional status of axonal transport from RGC soma
via the optic nerve to synaptic terminals in their pri-
mary synaptic target, the superior colliculus (SC).
After electroretinogram recordings were complete,
a cohort of anesthetized 3xTg and C57 control mice
distributed across the three age groups were placed
into a stereotaxic apparatus and 0.1% anterograde
tract tracer cholera toxin subunit B (CTB) conjugated
to Alexa Fluor 488 (#C22841, Invitrogen; Carlsbad,
CA) dissolved in saline was intravitreally injected
into each eye at a volume of 1.5 �l/eye via Hamilton
syringe [93]. After tracer injections, topical antibi-
otic (vetropolycin) was applied to each eye and mice
were allowed to recover for 48 h before sacrifice
for tissue collection. At this time, mice were given
an overdose of anesthetic (Fatal Plus; 100 mg/kg
i.p.) and were transcardially perfused with phosphate
buffered saline (PBS) followed by 4% paraformalde-
hyde. Brains were dissected from the skull, post-fixed
overnight, and then transferred to a 20% sucrose/PBS
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solution for cryoprotection. Brains were sectioned
coronally at 50 �m on a sliding freezing microtome.
Retinas were dissected from each eye cup and flat-
tened with relief cuts. Vitreous humor was carefully
removed from the retinal surface and retinas were
post-fixed for 30 min to prepare them for immunoflu-
orescent staining as flat-mounts. For each subject
(n = 48), 1-2 retinas were obtained for histological
analysis.

Histopathology of brain and retina

Immunofluorescent (IF) staining was used to
label RGC somata, their synaptic terminals, and
A� in brain or retina. Fixed coronal tissue sec-
tions across the rostrocaudal extent of the superior
colliculus were taken from CTB-injected mice and
labeled for RGC synaptic terminals using vesicular
glutamate transporter 2 (VGlut2; 1:500) to allow co-
visualization of these structures with CTB transport.
Flat-mount retinas were assayed to label retinal gan-
glion cells using RNA binding protein with multiple
splicing (RBPMS; 1:200), and A� (1:200). Tissue
sections were incubated in a blocking solution of
5% normal donkey serum, 0.1% Triton-X100, and
PBS for two hours, followed by 48-h incubation
in primary antibody solution containing combina-
tions of the antibodies listed above (product and
source information for antibodies is provided in
Supplementary Table 1). Tissue sections were then
washed in PBS 3x for 10-min before being incu-
bated in a solution containing a 1:200 dilution of
Alexa Fluor-conjugated secondary antibodies (Jack-
son Immunoresearch, West Grove; PA) in different
fluorescent channels (594, 647, and 755) that allowed
co-labeling of multiple antigens in the same tis-
sue. After this incubation, tissue was washed in
PBS (3 × 10 min), sections were mounted onto
glass slides and cover-slipped using Fluoromount-G
(Southern Biotech) in preparation for microscopy.

Microscopy and quantification of RGC density
and axonal transport

Microscopy of collicular sections and retina was
performed on a Zeiss Axio Imager M2 epifluorescent
microscope equipped with 5X/0.16, 10X/0.3, 20X/
0.8, and 63X/1.4 objective lenses, a motorized Z
and X-Y stage, and Zen 2 operating software with
deconvolution, tiling, and extended-depth-of-focus
modules. A Hamamatsu ORCA-Flash4.0 V3 Digi-
tal CMOS camera (C13440-20CU; Hamamatsu City,

Japan) was used for image acquisition. Retina and
SC sections were imaged under multiple fluorescent
channels and regions of tissue to capture co-label of
relevant markers.

SC images were taken with a 5x objective at a
resolution of 1.3 �m × 1.3 �m per pixel. Integrity of
axonal transport was determined by percent area frac-
tion coverage of CTB tracer across the rostrocaudal
extent of superficial SC and was computed using a
custom-built macro [93, 106] for NIH Image J [93,
106]; this macro is freely available for use via this ref-
erence [93]. The integrity of RGC synaptic terminal
distribution across the superficial SC was determined
by computing percent area fraction of VGlut2 label
in the same way [107].

Retinal images were taken under a 20x objective
at a resolution of 0.325 �m × 0.325 �m × 0.55 �m
with an optical step size of 0.55 �m. RGC density was
computed from automated counts of RBPMS+ cells
in retinal flat-mounts and measurement of retinal area
using Image Pro Premier (Media Cybernetics) soft-
ware [93] A minimum of 12 images per retina were
taken across each of the four quadrants of retina (infe-
rior, superior, nasal, and temporal) for quantification
of RGC density.

Visualization of retinal amyloid with in vivo
ophthalmic imaging

A Micron IV fluorescent ophthalmoscope (Phoe-
nix Technology Group; Pleasanton, CA) was used to
visualize the amyloid fragments in the fundus of live
anesthetized mice (n = 40 mice) in a similar manner as
conducted by Koronyo-Hamaoui and colleagues [29],
but after implementation of a pilot technique to use
intravitreal injection of fluorophore-conjugated A�
antibody to label amyloid fragments [29]. Forty-eight
hours prior to imaging, mice were anesthetized with
3.5% isoflurane via nosecone, placed into a stereo-
taxic holder, and intravitreal injections (1 �l) of a
6E10 A� antibody conjugated to Alexa Fluor 488
(Biolegend; San Diego, CA, item #803013) diluted
in sterile saline (at a concentration of 10 �l/ml)
were administered to each eye. Mice were allowed
to recover for 48 h prior to the imaging procedure,
at which point they were again anesthetized with
inhaled 3.5% isoflurane, their pupils were dilated
with a 1% tropicamide solution, and GenTeal eye gel
was applied to keep the eyes lubricated during the
procedure. Mice were placed onto the platform of the
Micron imager and the ophthalmoscope was slowly
lowered to contact the lubricated eye. For spatial
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consistency across animals, the field of view was cen-
tered around the optic disk. Images were taken under
brightfield and fluorescence at a resolution of 3 �m,
allowing visualization of both retinal vasculature and
A�-488 fluorescent signal, respectively. Brightness
and gain levels were kept consistent across animals.
After the procedure, a small subset of mice (n = 24)
were sacrificed for immunohistological detection of
amyloid signal in fixed retinal tissue (see Supplemen-
tary Figure 2).

Amyloid protein quantitation in retina and
superior colliculus homogenates

Quantitative measurement of retinal and collicular
A� protein content was conducted using magnetic-
bead based multiplexing assays. A separate cohort of
baseline, progressing, and pervasive-pathology aged
3xTg (n = 24 mice; 3-4 per sex/age group) mice were
used to acquire fresh tissue for these assays (tissue
was also collected from four C57 mice and used as
negative controls for assays). Mice were decapitated
under 4% isoflurane anesthesia and both right/left
retina and superior colliculus lobes were dissected
out and immediately frozen on dry ice (as previously
detailed in [108, 109]). Tissue samples were stored
at –80◦C until protein extraction. After thawing sam-
ples on ice, T-Per Tissue Protein Extraction Reagent
(Catalogue #78510; Fisher Scientific) containing 2x
Halt Protease Inhibitor Cocktail (100x; Catalogue
#78446; Fisher Scientific) was added to each sample
and then samples were homogenized by sonication
at 40% amplitude in three 2-s bursts. Homoge-
nized samples were centrifuged at 4◦C (20,000 g)
for 10 min to collect supernatants. Total protein con-
centrations were measured by bicinchoninic acid
(BCA) assay according to manufacturer’s instruc-
tions (Thermo Fisher Scientific). Multiplex assays for
A� fragments (A�40 and A�42) were conducted in
flat-bottom 96-well plates using standardized reagent
kits designed for one of two assay platforms: MESO
QuickPlex SQ 120 instrument (V-PLEX A� Peptide
Panel 1 Kit #K15199E-1; MesoScale Discovery) or
a Magpix Luminex 200 platform (Life Technologies,
Grand Island, NY, USA; hAmyloid Beta Magnetic
Bead Panel #HNABTMAG-68K, Millipore Sigma).
Accessibility issues necessitated the use of two plat-
forms; so female cohort samples were analyzed on the
Luminex platform and Xponent software as described
in Wilson et al. (2016) [109], and male samples were
analyzed with the Mesoscale device and Discovery
Workbench software in accordance with the methods

provided in Simons et al. (2021) [46]. Protein lev-
els were normalized to total protein content. While
both platforms generated quantitative data on pro-
tein concentration in tissue homogenates and were
cross-validated using a subset of female samples
on both platforms, the absolute quantitative values
produced by each platform differed. Therefore, no
conclusions could be made about sex differences in
the relative amounts of A� in each structure; only
within-sex comparisons across age groups/genotypes
are described for this variable.

Statistical analysis

Analysis of sex-stratified datasets was performed
using IBM SPSS 26 Software. Prior to analysis, data
were screened for outliers and normalcy using box-
plots and frequency distributions. For each stratum,
factorial analyses of variance (ANOVAs) were used
to test for main effects of genotype (3xTg, control),
age group (baseline, progressing, pervasive) as well
as genotype x age interactions on outcome variables.
Bonferroni-corrected univariate ANOVAs were used
to clarify any subgroup relationships for significant
main effects; for discerning subgroup effects in sig-
nificant interactions, the SPLIT function was used in
SPSS software to subdivide samples prior to post-
hoc ANOVA analysis. Axonal transport and protein
data were analyzed with univariate ANOVA and Fish-
ers LSD tests. Pearson Product Moment Correlations
were used to determine whether RGC soma den-
sity changed linearly with PERG amplitude across
a continuously-coded age variable in mice.

RESULTS

Antibody-based labeling identified Aβ protein in
retina of live mice during ophthalmic imaging

Intravitreal injections of fluorescence-conjugated
6E10 A�-antibody clearly and reliably labeled amy-
loid beta in the eye for in vivo retinal imaging
under the Micron IV ophthalmoscope (Fig. 1). A�
was visible in the retina as early as the baseline
age (2–4 months) in both female and male 3xTg
mice; by 12–14 months, greater amounts of A� were
visualized in females. Within the retina, A� signal
was concentrated along the vasculature with some
diffuse distribution in other areas of retina (Fig. 1,
merged images). No A� signal above background
was detected in ophthalmic images taken from control
mice. To compare A� labeling with the antibody-
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Fig. 1. Visualization of retinal amyloid-� in 3xTg mice with in vivo ophthalmic imaging. The Micron IV ophthalmoscope was used to obtain
representative retinal fundus images for baseline/early pathological stage (3 months) and pervasive pathological stage (12 months) 3xTg
(rows A&C; n = 20 mice total; 10 mice/group) and age-matched wildtype (WT) C57BL/6J control mice (rows B&D; n = 20 mice total; 10
mice/group). Representative images from female (A&B) and male (C&D) mice from each genotype are presented. Brightfield (BF) images
show retinal vasculature and optic disk; fluorescence (A�) images show signal detected after intravitreal injection of an AlexFluor-488
conjugated antibody that bound to retinal A�. Merged images overlay BF + A�. Images show that A� signal is detectable in 3xTg mice
at 3 months of age but is more pronounced at 12 months (rows A&C). While present in both sexes, A� signal appears more abundant in
female 3xTg mice. In merged images, A� can be seen distributed largely around the optic disc and vasculature with additional deposits in
the periphery. No A� signal above background was detected in wildtype mouse retina (rows B&D).

based in vivo A� labeling, perfusion-fixed flat-mount
retina and hippocampal tissue sections (which served
as a positive control for known A� immunoreactiv-
ity) were taken from a representative group of age-
and sex-matched 3xTg and C57 control mice and
assayed immunohistochemically with the same con-
jugated A� antibody (see Supplementary Figure 2).
No amyloid signal above background was detected
in control retinal samples.

Amyloid-β protein distribution in 3xTg retina
and superior colliculus varies by age and sex

Multiplexed protein assays were used to quantify
A� protein in 3xTg retina and SC, the main target of
RGC axonal projections in mice. Two main isotypes
of amyloid protein were quantified: A�42, a fragment
known for its propensity to form neurotoxic aggrega-
tions, and the more abundant, less-damaging A�40

fragment. Protein assays did not differentiate solu-

ble oligomeric from insoluble fibrillar A�42 species;
however, according to published literature, both solu-
ble oligomers and insoluble fibril assemblies of A�42

are shown to have deleterious consequences on visual
system structures [34, 110]. To account for differ-
ences in relative distribution of each isoform, the ratio
of A�42 to A�40 was plotted to create an index of
pathological amyloid load that could be contrasted
across conditions [111, 112]. Mean group values for
amyloid variables are presented in Fig. 2.

In female 3xTg mice, pathological retinal A� load
sharply increased in the oldest age group (12–14
months) compared to both baseline and progress-
ing (8–10 months) disease-staged mice (F2,9 = 95.5,
p < 0.01; Fisher’s LSD post hoc tests p < 0.01 in
both comparisons; Fig. 2A). This effect coincided
with a significant age-related reduction in levels of
the A�40 isotype (F2,9 = 52.57, p < 0.01), as A�42
levels remained stable across time. In male 3xTg
mice, retinal A� load gradually increased from base-
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Fig. 2. Quantitative assessment of amyloid-� protein in retina and its primary projection target, superior colliculus, in 3xTg mice. Multiplexed
protein quantification assays for A�40 and A�42 fragments were conducted using fresh tissue homogenates of micro-dissected retina and
superior colliculus samples from 3xTg mice (n = tissue from 24 mice total; 3-4 retina and 3-4 colliculi samples per sex/age group). Data
are presented as ratio of A�42 to A�40 (pathological load; large bar graph) and individually by amyloid fragment (small bar graphs) for
retina and superior colliculus. A�42/A�40 ratios in female 3xTg mouse retina (A) and superior colliculus (B) were significantly increased in
pervasive pathology-stage mice compared to baseline and intermediate (progressive) pathology stages. A�42/A�40 ratio in male 3xTg retina
increased with advancing disease age (C). A�42/A�40 ratio in male 3xTg colliculus (D) increased significantly in the oldest (pervasive)
group relative to the two younger age groups. Asterisks indicate significant differences between bracketed age-groups. For A�42/A�40 ratio,
data points for individual samples are plotted as black circles. Error bars represent s.e.m. Legend labels groups based on disease stages &
corresponding age. Note that because female and male amyloid proteins were measured on two different platforms (Magpix and Luminex),
their values are not on the same scale and thus, are not directly comparable.

line across the 8–10 and 12-14-month age groups
(F2,6 = 7.73, p = 0.02; Fisher’s LSD post hoc tests
p = 0.008; Fig. 2C), and this also appeared to be
driven by age-related reduction in A�40 (F2,6 = 37.53,
p < 0.001).

In SC of female 3xTg mice, A� load increased
abruptly in the 12-14-month age group after remain-
ing stable at younger ages (F2,8 = 32.45, p < 0.01;
Fisher’s LSD post hoc tests p < 0.01 in both com-
parisons; Fig. 2B). A� load in male 3xTg also
increased significantly in 12-14-month-old mice
(F2,6 = 10.46, p = 0.01; Fisher’s LSD post hoc tests
p < 0.01; Fig. 2D). In female mice, pathological amy-
loid load in SC was associated with age-related
increases in both A�42 (F2,8 = 32.10, p < 0.01) and
A�40 (F2,8 = 32.10, p < 0.01); in males, only signif-

icant increases in collicular A�42 were indicated
(F2,6 = 9.57, p = 0.01).

Functional assessment of RGCs: PERG

The functional status of RGCs in 3xTg and control
mice was assessed via PERG. Response amplitudes
and latencies for P1 and N2 peaks were targeted for
analysis; in rodents, P1 is thought to represent the
function of ON retinal ganglion cells which respond
to increases in luminance; N2 corresponds to OFF
retinal ganglion cells that fire in response to decreases
in luminance [102]. Factorial ANOVAs were used to
compare mean N1, P1, and N2 amplitudes in 3xTg
and WT mice across age and group (statistics for
these omnibus analyses are provided in Supplemen-
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Fig. 3. Pattern electroretinogram (PERG) response across increasing disease stage/age in 3xTg and wildtype (WT) control mice. Mean
(bar) and individual (symbol) amplitudes for P1 and N2 peaks in the PERG waveform are depicted for female (A) and male (B) 3xTg
and WT mice. The overall percent reduction in waveform amplitude across the entire tested age-span of mice is summarized for each sex
and genotype in the lower set of bar graphs. A) P1 amplitude in female mice significantly decreases with age in both genotypes; however,
the magnitude of this (% reduction) is much greater in 3xTg mice. N2 amplitude also decreased with age in both female 3xTg and WT
mice—also to a greater extent in 3xTg mice. B) Both P1 and N2 amplitude were significantly reduced in male 3xTg mice in the 8-10-month
age group—this reduction in PERG response occurred much earlier than normal age-related decrements in male WT mice. While these
amplitude reductions occurred earlier in male 3xTg mice, the overall magnitude of these response decrements were roughly comparable
between the two genotypes. ∗indicates significant age differences within genotype (p < 0.05); #indicates significant differences between
age-matched 3xTg and WT mice (p < 0.05). Error bars represent s.e.m. Note: N2 amplitude data are negative values but were plotted as
absolute values for ease of visual comparison. Data are from 108 total mice (n = 7–9 mice per sex/genotype/age group x 1-2 retina tested per
mouse. C) Representative traces of the entire PERG waveform (amplitude x time) are plotted for 3xTg and WT mice by age and sex.

tary Table 2). Significant model effects were found
for the dependent variables of P1 and N2 amplitude
in both female and male datasets; there were no sig-
nificant findings for N1 amplitude or any of the peak
latency variables among mice of either sex. Signifi-
cant model effects are described in detail below and
are graphically presented in Fig. 3.

Age-related reduction in P1 amplitude was more
severe in female 3xTg mice compared to female
controls

P1 amplitude did not differ between genotypes
at the baseline observation age (2–4 months) or
at the progressing pathology stage (8–10 months).
Both 3xTg (F2,40 = 25.8, p < 0.01) and control mice
(F2,38 = 5.12, p = 0.01) experienced significant age-
related reductions in P1 amplitude, however, this
reduction was more severe in the oldest (12–14

months) female 3xTg mice compared to age-matched
controls (F1,26 = 5.8, p = 0.02; Fig. 3A). When exam-
ining the overall percent reduction in P1 amplitude
across the entire age-span tested, female 3xTg mice
experienced a far greater loss of P1 response ampli-
tude (∼50%) than female control mice (28.3%).

Age-related reduction in P1 amplitude occurs
earlier in male 3xTg mice than controls, but is
roughly comparable in magnitude

There were no baseline differences in P1 ampli-
tude between genotypes in male mice. Both 3xTg
and control mice exhibited age-related decrements
in P1 amplitude; however, this occurred notably ear-
lier in male 3xTg mice with a significant decrease
in P1 amplitude between the baseline and 8-10-
month age groups (F2,42 = 42.01, p < 0.01; Fig. 3B).
Male control mice did not show significant age-
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related decreases in P1 amplitude from baseline until
12–14 months of age (F2,39 = 11.23, p < 0.01). While
P1 amplitude reduction in 3xTg mice occurred at
younger ages than controls, both genotypes experi-
enced a similar degree of P1 amplitude loss across
the entire tested age-span (3xTg: 44%; controls: 38%;
Fig. 3B).

Female 3xTg mice show normal age-related
changes in N2 amplitude

Baseline N2 amplitude did not differ by geno-
type in female mice. Both 3xTg (F2,41 = 18.15,
p < 0.01) and control females (F2,38 = 6.33, p = 0.004)
experienced significant age-related reductions in N2
amplitude (Fig. 3A). The overall decrease in N2
amplitude across the entire age-span tested trended
higher in female 3xTg mice (46%) compared to
controls (34%) but this finding was not statistically
supported.

Male 3xTg mice exhibit earlier and more severe
age-related reductions in N2 amplitude than
male controls

Baseline N2 amplitudes in male mice were also
comparable between the two genotypes. However,
male 3xTg mice experienced a significant decrease
in N2 amplitude between the baseline and intermedi-
ate age group (F2,43 = 63.10, p < 0.01; p < .01); this
contrasts with N2 reduction in male control mice
that occurred later between the intermediate and
oldest age groups (F2,38 = 15.46, p < 0.01). Notably,
the overall magnitude of N2 reduction across the
entire tested age-span was greater in male 3xTg
(49.4%) mice compared to controls (42.8%; Fig. 3B),
with significantly lower N2 amplitudes in 3xTg
mice compared to controls in both the progressing
(F1,28 = 24.88, p < 0.01) and pervasive (F1,25 = 5.13,
p = 0.03) pathology disease age groups.

Summary of PERG findings

PERG responses in healthy control mice show nor-
mal age-related reductions in ON RGC (P1) and OFF
RGC (N2) response amplitudes. However, in female
3xTg mice, the magnitude of ON RGC changes far
exceeded what occurred in normal aging; in male
3xTg mice, these changes occurred earlier but to the
same degree as male controls. In contrast, changes
in OFF RGC responses were consistent with nor-
mal aging in female 3xTg mice. However, OFF RGC

responses seemed to be more strongly influenced
by genotype in male mice, with male 3xTg mice
experiencing both earlier and greater N2 amplitude
reductions than aging male controls. Representative
PERG waveform data for female and male mice of
each strain and age-group are depicted in Fig. 3C.

Full-field fERG confirms integrity of inner retinal
cell function in 3xTg mice

The potential impact of photoreceptor and bipolar
cell inputs on RGC PERG responses was assessed via
fERG under photopic conditions. Peak amplitudes
and response latencies for a-waves (representing cone
photoreceptor activity) and b-waves (representing
bipolar cell activity) were compared between geno-
types and across the youngest and oldest age groups
of mice for each sex strata using univariate ANOVA,
and these data are presented in Fig. 4.

Female 3xTg mice exhibit normal photoreceptor
response amplitudes; aged female 3xTg mice
show slightly enhanced bipolar cell responses
relative to controls

Female mice did not differ by genotype in a-
wave amplitude or latency (Fig. 4A). Both female
3xTg and control mice demonstrated an age-related
downward trend in a-wave amplitude which has
been shown to be a normal feature of photoreceptor
aging in mice [113, 114]. Thus, these results sug-
gest that changes observed in female 3xTg PERG
response were not attributable to impaired pho-
toreceptor transduction of light. With regard to
bipolar cell function (Fig. 4B), b-wave amplitudes
showed normal age-related decreases in both geno-
types of female mice (3xTg: F1,10 = 7.45, p = 0.021;
control: F1,7 = 53.45, p < 0.001) that were con-
comitant with increased b-wave response latencies
(3xTg: F1,10 = 5.51, p = 0.041; controls: F1,9 = 12.84,
p = 0.006). However, one interesting discrepancy
between genotypes in bipolar cell function was that
in the oldest age group of mice, female 3xTg b-wave
amplitude was significantly increased relative to
female controls (F1,10 = 9.66, p = 0.01). No genotype
differences in b-wave response latency were observed
(Fig. 4B). While the increased b-wave amplitude in
female 3xTg mice was an intriguing nuance, these
results still support both genotypes of mice retaining
functional bipolar cells that likely do not account for
alterations in female 3xTg PERG response. Examples
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Fig. 4. Full field flash electroretinogram (fERG) responses across baseline and the oldest age groups of 3xTg and wildtype (WT) control
mice. Mean (bar) and individual (symbol) amplitudes and latencies for a-wave and b-wave fERG responses provide information regarding the
functional integrity of inner retinal cells such as cone photoreceptors (a-wave) and bipolar cells (b-wave), as changes in the function of these
input cells could influence retinal ganglion cell-based PERG responses. In both female (A) and male (C) 3xTg and C57 samples, there were
no significant changes in photoreceptor a-wave response as a function or genotype or age. In female mice (B), b-wave amplitude significantly
decreased with age in both genotypes, but in the oldest age group, female 3xTg mice actually demonstrated significantly increased b-wave
amplitude relative to WT controls. In male mice (D), b-wave amplitude decreased with age in both genotypes but b-wave latencies were
significantly longer in male 3xTg mice across young and old ages. The relevance of this finding is unclear. Overall, these fERG response data
suggest that photoreceptor and bipolar cell function is intact in 3xTg mice and do not likely drive the alterations observed in 3xTg PERG
response. ∗indicates significant age differences within genotype (p < 0.05); #indicates significant differences between genotypes in that age
category (p < 0.05). Error bars depict s.e.m. Data were collected from 28 mice (n = 3-4 mice per sex/genotype/age group and 1-2 retina per
mouse). Representative fERG waveform traces are provided for female and male mice (E).

of fERG waveform data for female mice are provided
in Fig. 4E.

Male 3xTg mice exhibit normal photoreceptor
and bipolar cell response amplitudes

Male a-wave response amplitudes and latencies
were similar to those shown in the female dataset
(Fig. 4C), thus confirming integrity of photoreceptor

function in both genotypes. Similar to females, male
3xTg (F1,8 = 10.737, p = 0.011) and control mice
(F1,10 = 14.374, p = 0.004) exhibited significant but
comparable age-related reductions in b-wave ampli-
tudes, also indicating that bipolar cell response did
not drive genotype differences in PERG response
(Fig. 4D). One difference that was detected was
that b-wave latencies were slightly (but significantly)
longer in male 3xTg mice compared to controls
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across both of the tested age groups (Fig. 4D). How-
ever, this difference occurred in both baseline-aged
(F1,10 = 5.362, p = 0.043) and the oldest age groups
(F1,8 = 6.144, p = 0.038) of mice, so it is hard to deter-
mine the impact of this finding on changes in RGC
function observed only in older male 3xTg mice.
Overall, these fERG response data confirm that alter-
ations in male 3xTg RGC signaling measured by
PERG (recall Fig. 3) do not likely result from changes
in bipolar cell inputs. Examples of fERG waveform
data for male mice are provided in Fig. 4E.

Age-related reduction in RGC density is
enhanced in 3xTg mice and tracks linearly with
decreases in PERG amplitude

A) Female 3xTg mice show earlier, more severe
age-related RGC soma loss than controls

At baseline ages (2–4 months), there were no
differences in RGC soma density as a function of
mouse genotype for either sex (Fig. 5A, B). How-
ever, in 8-10-month-old (F112 = 10.27, p = 0.008)
and 12-14-month-old (F1,11 = 8.40, p = 0.014) female
mice, 3xTg RGC density was significantly reduced
relative to age-matched controls (Fig. 5A). RGC
density decreased from baseline in both the inter-
mediate and oldest age groups of female 3xTg mice
(F2,20 = 15.30, p < 0.0; p < 0.01 in all post-hoc com-
parisons). Across the entire tested age-span, female
3xTg mice experienced a 31.3% loss in RGC soma
density. This is in contrast to female control mice
which only experienced a 16% overall loss in RGCs
(Fig. 5A).

B) Male 3xTg mice show more severe
age-related RGC soma loss than controls

As depicted in Fig. 5B, RGC density did not
significantly decrease in male 3xTg mice until
12–14 months (F2,21 = 8.67, p = 0.002), coinciding
with a normal age-related RGC decrease observed
in male C57 control mice (F2,14 = 4.95, p = 0.03;
p < 0.01). However, this loss was more severe in male
3xTg mice (30.6%) compared to controls (12.6%;
F1,11 = 9.32, p = 0.011).

C) RGC density decreases linearly with PERG
amplitude across age in 3xTg mice

Pearson Correlation coefficients were computed to
determine whether RGC soma density changed lin-
early with PERG amplitude across chronological age
in mice. In control mice of both sexes, RGC density

was not correlated with either PERG peak waveform
amplitude (Fig. 5C). However, we found moderately
strong positive linear relationships between RGC
density and P1 amplitude in both female (r = 0.543,
p = 0.007) and male (r = 0.477, p = 0.018) 3xTg mice,
and strong positive correlations between RGC den-
sity and N2 amplitude in both female (r = –0.700,
p = 0.001) and male (r = –0.621, p = 0.001) 3xTg mice
(Fig. 5D). Thus, RGC loss coincided with decrements
in PERG response across increasing pathological age
in 3xTg mice.

RGC axonal transport is impaired early in 3xTg
mice and most profoundly in females

CTB transport from eye to brain was measured to
assess integrity of RGC axonal transport along the
optic nerve to projection targets in superficial SC. Fig-
ure 6 provides graphic depiction of these data along
with representative micrographs of CTB-labeled SC.
No differences in retinocollicular axonal transport
are typically seen across the 2-14-month age-span
in control mice [107], and preliminary examina-
tion of our data indicated no differences in CTB
or VGlut2 label in SC across these ages in C57
mice. Therefore, to consolidate analyses, transport
data from the oldest group of control mice (12–14
months) was used as a benchmark comparison for
3xTg mice. Results showed that that axonal transport
was intact in both sexes of 3xTg mice at baseline ages
relative to aged healthy controls (Fig. 6A, B). How-
ever, by 8–10 months, both female (F3,32 = 12.66,
p < 0.01; Fig. 6A) and male (F3,31 = 5.41, p = 0.004;
Fig. 6B) 3xTg mice exhibited significant reduc-
tions in CTB transport compared to baseline 3xTg
mice and control benchmark data. Across the entire
age-span tested, female 3xTg mice experienced an
18% loss in retinocollicular axon transport com-
pared to a 10% loss respective loss in male 3xTg
mice.

Collicular RGC synaptic density is reduced
in the oldest 3xTg mice and most severely in
females

Changes in glutamatergic RGC synaptic terminal
density in superficial SC were measured by quantify-
ing immunohistochemical labeling of VGlut2. RGC
terminal density was significantly reduced in 12-14-
month-old female (F2,25 = 4.42, p = 0.014; Fig. 6A)
and male (F2,34 = 3.05, p = 0.04; Fig. 6B) 3xTg mice
relative to all other age groups and control benchmark
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data. Across the entire tested age-span, female 3xTg
experienced an 18% loss in RGC terminals; in con-
trast, this loss only amounted to 8% in male 3xTg
mice.

DISCUSSION

Our data support a relationship between retinal A�
accumulation and compromised retinofugal pathway

Fig. 5. (Continued)



484 G. Frame et al. / Retinal Signaling in 3xTg Mice

Fig. 5. Retinal ganglion cell (RGC) density in 3xTg and wildtype (WT) control mice. Mean (bars) and individual (symbols) RGC densities
(computed by total number of RBPMS-positive cells in flat-mount retina divided by total retina area sampled) are plotted for each sex and
genotype across pathological stage/age groups. A) Female 3xTg mice experience a significant loss in RGC density as early as 8–10 months
of age; normal age-related RGC loss does not appear in WT mice until 12–14 months of age. RGC density did not differ between 3xTg and
WT mice at baseline but was significantly reduced in female 3xTg mice at each subsequent age group. Across the entire age-span tested,
female 3xTg mice experienced an overall 31.3% loss of RGCs compared to female WT mice which only experience a 16% loss over the
same time period. B) Similar to females, male 3xTg and WT mice showed age-related loss of RGCs by the oldest tested age; however, the
magnitude of RGC loss was significantly greater in male 3xTg mice. Across the entire age-span tested, male 3xTg mice experienced an
overall 30.6% reduction in RGC density compared to a 12.6% reduction in male WT mice across the same time period. ∗Indicates significant
difference between age groups at p < 0.05; #indicates significant difference between genotypes at p < 0.05. Error bars represent s.e.m. C, D)
Scatterplots depict RGC density and amplitude for each PERG peak (P1 and N2) in female (circle symbols) and male (triangle symbols)
mice across chronological age. 3xTg mice (D) demonstrate moderate to strong linear relationships between RGC density and each peak
PERG amplitude; these linear relationships are not present in WT mice (C). Correlation coefficients are presented as Pearson r values. Data
were collected from 54 mice (n = 4–6 mice per sex/genotype/age group and 1-2 retina per mouse).

integrity across increasing disease stages in 3xTg-AD
mice. These findings provide further evidence that
the visual system may be subject to damage by AD
pathogenesis, and that deficits in visual function may
provide additional information on AD progression
[22, 23, 87–95].

In this study, we observed discrete functional
changes in 3xTg mouse eye-brain communication
that were more clinically consistent with the sub-
tle, specific changes in visual response reported in
early-stage AD patients [96]. These findings are in
contrast to other reports of visual system changes
in 3xTg mice which show extensive impairments in
retinofugal integrity that may not approximate the
more subtle deficits observed in clinical populations
[51, 116, 117]. Differences between these and our
results may stem from variations in 3xTg genotype,
as the study by Chiasseu and colleagues reported
that their 3xTg mice produced wildtype littermates;
however, the standard 3xTg genotype used by our
laboratory and others breeds true and does not pro-
duce WT siblings [53, 76, 78, 82]. Our findings are
important because the clinical presentation of visual
system changes in AD rarely involve large-scale
visual impairments or blindness; most are mani-
fested as decreases in visual acuity and visual field
[7], loss of contrast sensitivity [97], impaired visual
attention [98], altered color sensitivity [13], impaired
object or face recognition [99], and/or increased sac-
cade latency when orienting to visual stimuli [19,
100]. While these visual disturbances are not pro-
foundly disabling, they can significantly decrease
quality of life in dementia patients [101, 102] and
potentially exacerbate cognitive deficits by blunting
sensory input that would normally facilitate recogni-
tion [13, 19]. While it is hard to determine the impact
of such subtle visual deficits on 3xTg mice given
their overall low visual acuity, any decrements in reti-

nal communication of visual information to the brain
could potentially disrupt visually-driven behaviors;
for example, escape responses to threatening (i.e.,
looming) stimuli [103, 104].

As such, the major findings of our study showed
discernable impairments in 3xTg RGC function (as
measured by PERG) that exceeded normal age-
related decreases in retinal function experienced by
healthy control mice. Deficits in PERG response
have been previously reported in pre-clinical [96]
and early-symptomatic AD patients [64] as reduced
peak amplitudes and increased peak latencies [12,
43, 44, 46, 107]. In this study, significant reductions
in PERG P1 and N2 amplitudes occurred at younger
ages in 3xTg mice, and with greater severity than age-
matched controls. These perturbations in 3xTg mouse
RGC function did not likely result from upstream
loss of outer retinal cell input to RGCs, as our fERG
data confirmed that 3xTg mice exhibited normal pho-
toreceptor responses [105, 106]. Additionally, fERG
data indicated that both 3xTg and control mice exhib-
ited normal age-related changes in the function of
bipolar cells—the interneurons conveying visual sig-
nals between photoreceptors and RGCs [114]. While
we observed some minor differences between 3xTg
and control mice bipolar cell signaling—such as
increased b-wave amplitude in the oldest female 3xTg
mice compared to controls [68], these minor alter-
ations could not account for the enhanced age-related
decrements in PERG response shown among 3xTg
mice, nor the sex-specific manner in which these
decrements presented (recall Fig. 4). Other research
groups such as Chiquita et al. [68] observed simi-
lar findings of increased photopic b-wave amplitudes
in 4-12-month-old 3xTg mice relative to controls and
overall increased b-wave latencies in male 3xTg mice
across all ages and did not find that these alterations
impacted PERG.
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Fig. 6. Altered functional and structural integrity of the retinocollicular projection in 3xTg mice. A&B left bar graphs: The integrity of axonal
transport along retinal ganglion cell projections between the eye and brain was determined by percent area fraction of intact fluorescent CTB
label across the rostrocaudal extent of the superficial superior colliculus (SC). A&B, right bar graphs: The density of intact RGC synaptic
terminals was plotted as percent area fraction of VGlut2 fluorescence across the superficial SC. Data are compared across age groups of
3xTg mice; benchmark data from 12-14-month-old wildtype (WT) mice (which do not exhibit transport loss at this age) are presented for
comparison. Female 3xTg mice (A, left) show evidence of retinocollicular transport loss as early as 8–10 months of age with maximal loss
at 12–14 months. Male 3xTg (B, left) mice show significant transport loss at 8–10 months as well, but unlike their female counterparts, this
loss is not exacerbated with age. Overall, female 3xTg mice show a greater maximal transport loss than male 3xTg mice. Both female (A,
right) and male (B, right) 3xTg mice showed significant loss of RGC terminals in oldest (12–14 months) age group; but the magnitude of this
loss appeared to be greater in females. Asterisks (∗) indicate significant difference between groups at p < 0.05. Error bars represent s.e.m. C)
Micrographs of coronal SC sections showing coverage of CTB (green) and VGlut2 (blue) label in female and male 3xTg mice across each
age group and in comparison to 12–14 months. WT mice that do not show transport or terminal loss at this age. Scale bar = 200 �m. Colored
bars to the left of micrographs correspond to the age groups coded in the legend above. Representative high magnification micrographs of
the boxed areas shown in 1–4 depict staining pattern for CTB and VGlut2 in 12-14-month-old 3xTg (1 and 3) and WT mice (2 and 4). Data
are taken from 48 mice (n = 4–7 mice per sex/three age group for 3xg mice; 6 per sex/one age group for controls). Each mouse provides up
to 2 retina projection (SC hemifield) data points.
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Reduction in PERG amplitude can be indicative
of decreased RGC function or overt loss of RGCs
[88, 127–129]. As such, our data revealed a strong
linear relationship between decreased RGC density
and PERG amplitude reduction (including P1 and N2
peaks) across all ages of both female and male 3xTg
mice. This relationship was not observed in healthy
control mice—even though the oldest control mice
exhibited modest but significant RGC loss (13–16%)
from baseline age—a finding consistent with normal
aging shown in other studies [88]. In contrast, both
female and male 3xTg mice experienced a steady,
significant decline in RGC density at earlier ages than
controls that resulted in a 31% loss in RGCs across
the entire observed age-span of the study.

In healthy control mice, retinofugal axonal trans-
port remains intact with aging [107]. In contrast,
3xTg mice experienced significant reductions in RGC
transport between soma and superficial SC as early
as 8–10 months of age. Axonal transport deficits
are reported early in the progression of other neu-
rodegenerative disorders such as multiple sclerosis
[130], amyotrophic lateral sclerosis [131], and glau-
coma [93, 107]. In glaucoma, retinofugal transport
deficits precede loss of RGC structure, with patholog-
ical changes first occurring distally in the SC and then
progressing back towards RGC soma in the retina [80,
113–116]. In 3xTg mice, transport deficits coincided
with but did not precede significant RGC loss, indi-
cating that dysfunctional changes likely arise either
from the retina itself, or simultaneously within retina
and its distal projection targets in the brain. This sup-
ports the idea that retinal A� is an early influencer
of pathology that may eventually occur along the
distal RGC projection. Supporting this, our research
group recently showed that intravitreal injections of
A�42 oligomers in wildtype mice triggered patho-
logical inflammatory changes that began in the retina
but over time, extended to optic nerve, SC, and even
visual cortex [46].

While we detected changes in retinal amyloid lev-
els across increasing disease stage in 3xTg mice, our
assays were limited in that they did not differenti-
ate soluble A�42 oligomers from insoluble fibrils,
so we cannot fully ascertain the specific pathogenic
impact of these findings [148]. However, the role of
specific amyloid species and assemblies in the visual
system are not fully understood. Some studies have
indicated that soluble amyloid oligomers are more
neurotoxic in the retina than insoluble fibrils—which
are often observed in relatively low levels in this
structure [110, 136]. Other studies indicate that mul-

tiple amyloid configurations can exert deleterious
effects on the visual system [34], and recent work has
even shown the characteristically “less neurotoxic”
A�40 fragment is the most abundantly expressed form
in and around retinal vasculature in early disease
stages [137]. This is important because perivascular
A�—throughout the brain—is shown to damage cap-
illary endothelium and impair the blood-brain barrier
[35, 138]. Thus, the highly vascularized retina may
be an especially vulnerable site for early emergence
of AD pathology [35].

The relevance of this study’s sex-divergent findings
on retinal function in 3xTg mice must be emphasized
in light of an increasing body of research identifying
sex differences in disease mechanisms among animal
models of AD [139]. Clinical studies were the first
to emphasize the importance of sex-divergent pat-
terns in AD incidence, presentation, and treatment
response as critical to the mechanistic etiology of
dementia. Women are disproportionately diagnosed
with AD [140] and are shown to carry greater patho-
logical burdens [141]; phenotype severity is often
greater in female AD mice, including the 3xTg strain
used in the current study [79, 82, 139, 142]. In the
current study, we observed notable sex differences in
PERG that may be supported by sex-specific vulner-
ability of specific RGC populations. Our data showed
that female 3xTg mice had greater P1 amplitude
reductions than males, while male 3xTg mice showed
larger decrements in N2 amplitude. Each peak ampli-
tude in the PERG waveform represents the activity
of different RGC subpopulations: P1 is generated by
RGCs that fire in response to the onset of light (i.e.,
ON cells), and N2 largely represents the activity of
“OFF” RGCs that fire in response to offset or decrease
in illumination [102]. Thus, sex differences in PERG
amplitude responses of 3xTg mice could be driven
by damage to specific RGC populations [102]. The
idea of selective vulnerability of RGC subtypes to
AD pathology is not new. A� deposition is shown
to be distributed more in superior and inferior reti-
nal quadrants [29], and melanopsin RGCs which are
involved in regulating circadian rhythm are shown to
be exceptionally vulnerable to AD pathology [23].
A potential explanation for this selective RGC vul-
nerability may be supported by recent compelling
data published on intrinsic, genetic-based sex differ-
ences in AD mouse model receptor function [71].
Abd-Elrahman and colleagues [71] found that mGluR
in the brains of APP/PS1 AD model mice respond
to pathological A� in a highly sex-specific man-
ner. Specifically, mGluR5 from male APP/PS1 mice
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pathologically bind to A� oligomers, whereas female
APP/PS1 mGluR5 do not. This impacted therapeutic
response to mGluR5 antagonism, reducing A� bur-
den in male but not female APP/PS1 mice [71]. With
regard to the retina [86], ON and OFF RGCs express
different types of glutamate receptors (GluRs): for
ON cells, they are metabotropic (m) GluR6, and
for OFF cells, they are ionotropic AMPA/kainate
GluRs [143]. While a direct analogy cannot be
made between mGluR5 and retina-specific mGluR6
pharmacology (i.e., they signal via different down-
stream pathways), the findings of Abd-Elrahman’s
[71] pivotal study are provocative and would sup-
port the idea of sex-specific A� vulnerability of RGC
subtypes.

While the current study focused on the impact
of A� in the visual system, we recognize that neu-
rofibrillary tau pathology has an important impact
on visual function in AD as well [144]. Other stud-
ies have shown tau accumulations and neurofibrillary
tangles in postmortem retinas from AD patients
[28] as well as in AD mouse retina [28, 51, 67].
Therefore, it is possible that amyloid peptides, tau
fibrils, and inflammatory pathology have synergis-
tic effects on retinal function; but from a biomarker
perspective, retinal amyloid is currently best charac-
terized in temporal association with changes to RGC
function. Future work would benefit by expanding
characterization to additional models and pathology
forms.

In conclusion, our study contributes to the foun-
dational knowledge on the consequences of ocular
pathology on retinal function in AD. Our data pro-
vide evidence of clinically-relevant alterations in
retinal communication to the brain in 3xTg mice that
exceed normal age-related decreases in retinal sig-
naling observed in control mice. Additionally, this
study illuminated sex-specific patterns in the onset
and severity of functional RGC deficits in 3xTg
mice–findings that have clinical relevance to the
increasing number of reports on sexually-divergent
symptom presentations, pathological burdens, and
responses to potential therapeutics that are emerg-
ing from clinical and experimental research on AD
and other forms of dementia. Studies of the impact
of AD pathology on the visual system may provide
a unique vantage point for identifying new ways to
diagnose early disease changes and fuel support for
precision medicine approaches to deploy preventative
and therapeutic strategies for specific patient subpop-
ulations at greatest risk for dementia.
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