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Abstract

Background/Objectives: Visual dysfunction emerges during the mild cognitive impairment
stage of early Alzheimer’s disease (AD). While previous studies have primarily focused
on retinal pathology, the early pathological progression across central nodes of the visual
pathway remains inadequately characterized. This study examined regional pathological
and structural alterations throughout the visual pathway at different disease stages in
APP/PS1 transgenic mice aged 3, 6, and 9 months. Methods: Cognitive function was
first assessed using novel object recognition and Y-maze tests to stage disease progression.
Subsequently, Histological staining was employed to systematically analyze pathological
features in the retina, lateral geniculate nucleus (LGN), and primary visual cortex (V1).
Evaluated parameters encompassed 3-amyloid (A ) deposition levels, microglial activation
status, total neuronal counts, parvalbumin (PV)-positive neuron numbers, and tissue
thickness measurements of the retina and V1. Results: At 6 months, mice exhibited an early
symptomatic phenotype with selective spatial working memory deficits while long-term
memory remained intact. Pathological analysis revealed concurrent A} deposition and
microglial activation in V1, retina, and hippocampus by 6 months, whereas comparable
LGN changes manifested only at 9 months, demonstrating regional heterogeneity in disease
progression. V1 neuronal populations remained stable through 6 months but showed
significant reduction by 9 months, though PV-positive neurons were selectively preserved.
The LGN exhibited no neuronal loss even at 9 months. Gross structural thickness of both
retina and V1 remained unchanged across all timepoints. Conclusions: These findings
demonstrate that early visual system pathology in this AD model extends beyond the
retina. The primary visual cortex exhibits early pathological changes (A3 deposition and
neuroinflammation) concurrent with hippocampal involvement, progressing to selective
neuronal loss in later stages. The severity and selectivity of V1 pathology surpass those
observed in other visual pathway nodes, including the LGN. Thus, V1 could represent not
merely an affected region but a promising site for elucidating early cortical AD mechanisms
and developing novel diagnostic biomarkers.
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1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder worldwide,
and as of 2019, more than fifty million people were affected by dementia globally; this
number is projected to triple by 2050 [1]. Although the hallmark symptoms of AD are
cognitive decline and memory impairment, increasing evidence indicates that sensory
deficits, particularly visual dysfunction, emerge several years before the onset of cognitive
symptoms [2]. These visual impairments include deficits in contrast sensitivity [2—4], color
perception [2,3], visuospatial function [5], and visual field loss [6], all of which severely
compromise patients” quality of life. Such early visual abnormalities in AD (i.e., during
mild cognitive impairment) are receiving growing attention and are being proposed as
emerging early biomarkers [6-10].

The retina is regarded as a specialized extension of the central nervous system and
shares the same embryological origin as the brain; therefore, it has attracted considerable
attention as a non-invasive window for detecting AD pathology [11]. Previous studies
have documented significant pathological changes in the retina of AD patients, including
loss of retinal ganglion cells, thinning of the retinal nerve fiber layer, accumulation of
retinal A3, and microvascular abnormalities [11,12]. Numerous reports indicate that retinal
ganglion cells (RGCs), especially intrinsically photosensitive retinal ganglion cells (RGCs),
as well as the retinal nerve fiber layer (RNFL), are severely damaged in AD patients [13-15].
Multiple studies have reported a correlation between progressive retinal thinning in AD
patients and the severity of cognitive decline [16-18]. Furthermore, transgenic AD mouse
models, particularly APP/PS1 mice, exhibit similar retinal pathological features, including
Ap plaques, microglial activation, and neuronal degeneration, confirming their value in
investigating visual system alterations in AD [19].

However, the visual pathway comprises not only the retina but also multiple inter-
connected structures such as the V1 and the LGN, together forming a complex network
for visual information processing. Visual abnormalities may result from the combined
influence of these structures. At present, little is known about the involvement of the LGN
in AD progression; a few studies have found only limited A pathology in the LGN [20],
and evidence of LGN degeneration in AD remains inconclusive [21]. Studies using 5xFAD
mouse models have also reported that LGN function and structure remain relatively sta-
ble [22]. Research on V1 has focused more on functional studies, which suggest that early
AD disrupts fine visual processing in V1, leading to visual abnormalities [23]. A plaques
induce degeneration in V1, thereby affecting neuronal activity and visual tuning. Studies
in AD animal models reveal that before amyloid plaques emerge, visual tuning remains
intact, but it progressively deteriorates as amyloid burden increases—for example, neuronal
tuning to the direction of visual stimuli gradually declines [23]. Alterations in V1 neuronal
activity often precede overt amyloid pathology, and as plaques accumulate, spontaneous
neuronal activity changes, followed later by reduced overall neuronal activity. These
changes in spontaneous activity are often associated with AB plaques [24]. In the visual
cortex, hyperactive neurons tend to cluster near amyloid plaques (<60 um), whereas silent
and normal neurons are distributed randomly. In later disease stages, overall neuronal
activity in the visual cortex tends to be reduced [25].

Despite these advances, several critical knowledge gaps remain in our understanding
of degeneration along the visual pathway in AD. First, most studies primarily focus on
retinal changes, with a lack of systematic investigations into pathological progression across
the entire visual pathway [19,22]. Second, existing studies often probe only a single time
point or a limited set of pathological markers, failing to capture the dynamic characteris-
tics of neurodegeneration across disease stages. Third, the specific cell types underlying
regional vulnerability within the visual pathway have not been comprehensively char-
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acterized. Parvalbumin-positive (PV*) neurons, a core pathological component driving
cognitive decline and network dysfunction [26], also constitute the most abundant subtype
of GABAergic inhibitory neurons in the primary visual cortex (V1) and play a key role in
visual information processing [27]; nevertheless, their vulnerability over the course of AD
remains unclear. These limitations impede the development of visual biomarkers for early
AD detection.

To this end, this study investigated pathological and structural changes across multiple
components of the visual pathway in APP/PS1 mice at different stages of degeneration.
We determined distinct stages of progression through behavioral assessments of memory
function. Using immunohistochemistry, we examined the V1, LGN, and retina, at 3, 6, and
9 months of age, corresponding, respectively, to the pre-symptomatic, early symptomatic,
and progressive stages of hippocampal pathology. By correlating immunohistochemi-
cal analyses of A distribution, microglial activation, and neuronal loss with structural
measurements of the visual cortex and retina, we aim to establish the spatiotemporal
pattern of degeneration along the visual pathway and its relationship to the progression of
cognitive decline.

Ultimately, our objective was to characterize pathological changes at multiple time
points in three key structures of the visual pathway (the retina, LGN, and V1) during AD
progression in APP/PS1 mice, thereby delineating a region-specific vulnerability pattern.
By correlating structural/pathological alterations with behavioral assessments of long-term
and working memory, we established the temporal relationship between degeneration of
the visual pathway and the progression of cognitive decline.

2. Materials and Methods
2.1. Mice

The APP/PS1 mouse line was generated by introducing human amyloid precur-
sor protein (APP) and presenilin-1 (PS1) transgenes into the mouse genome using trans-
genic techniques. It expresses human familial Alzheimer’s disease (FAD) mutant APP
(KM670/671NL, Swedish) and PS1(deltaE9). Experimental APP/PS1 mice were obtained by
crossing heterozygous transgenic mice with C57BL/6 wild-type breeders, with wild-type
(WT) littermates used as the control group. All experimental procedures were conducted
in a randomized and double-blinded manner. All experimental procedures employed male
mice, which were purchased from Cavens Biogle (Suzhou) Model Animal Research Co.,
Ltd. (Suzhou, China). The animals were housed in a standard animal facility under a 12 h
light/dark cycle and provided food and water ad libitum. The animals are raised in groups
to meet their social needs. At the same time, they are kept in a cage of 2 to 4 animals each
to prevent overcrowding which could lead to fights among the animals. Nesting materials
such as sterilized paper cotton, gnawing blocks, and plastic shelter houses are provided
in the cages to promote the expression of their natural behaviors. Data were collected at
3-month intervals (i.e., at 3-9 months) from APP/PS1 mice and their wild-type littermates.
All animal experiments were conducted in accordance with the approval of the Animal
Care and Use Committee of the University of Electronic Science and Technology of China.
All behavioral tests were conducted at the same time of day to maintain consistency and
minimize potential influences of the animals’ circadian rhythms (9:00 A.M.-12:00 PM.).
The order of mouse testing was randomized across experimental groups to prevent sequen-
tial bias. Furthermore, throughout the processes of behavioral and histological staining
assessments as well as data analysis, the experimenters were blinded to the group identities
of the animals (e.g., genotype or months).
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2.2. Behavioral Assessments
2.2.1. Novel Object Recognition

Mice underwent NOR behavioral assessments at 3, 6, and 9 months of age. The NOR
apparatus comprised a testing box, objects, and a behavioral recording/analysis system;
the box was an open-topped rectangular arena (40 cm x 40 cm x 40 cm; L X W x H) made
of odorless white medical-grade acrylic. The objects were an odorless, smooth orange-
red cylinder (diameter 3 cm, height 3 cm) and a green cube (edge length 3 cm), affixed
along the diagonal of the arena so that they could not be moved by the mice or climbed
upon (Figure 1b). Recording and analysis were performed using the SMART v3.0 small
animal behavioral system (Panlab, Barcelona, Spain); the apparatus was placed in a quiet
room with constant illumination (100 lux), and the NOR test consisted of three phases:
habituation, training, and testing. During the habituation phase (3 days), each mouse was
placed individually into the empty box to explore freely for 10 min. Twenty-four hours after
the habituation phase, the training session was conducted, with two identical objects placed
evenly along the diagonal of the box; each mouse was placed individually into the box to
explore freely for 10 min. 24 h after the training phase, the test session was conducted, in
which one object was replaced with a novel object differing in shape and color but matched
in size; each mouse was placed individually into the box to explore freely for 10 min while
behavior was recorded by the analysis system. Between experimental phases and between
the tasks of any two mice, the objects and box were wiped with 75% ethanol to minimize
olfactory interference with free exploration behavior. The experimental design workflow
for the novel object recognition test is shown in Figure 1b. Results were presented using
the discrimination index (DI), a commonly used metric for distinguishing between familiar
and novel objects (1) [28]. The formula for its calculation is as follows:

Timeyopel 1ocation — Tlmefamiliar location

Time,oel 10cation + TiMegamiliar location

1)

2.2.2. Y Maze

Following completion of the NOR test, mice underwent the Y-maze test (Figure 1c).
The Y-maze apparatus consisted of a Y-maze chamber and a behavioral recording/analysis
system, and the maze itself comprised three identical arms constructed from odorless,
medical-grade white acrylic. The maze had three arms separated by 120°; each arm
measured 30 cm x 8 cm x 15 cm (L x W x H), and distinct geometric shapes were affixed
inside each arm as visual cues. Recording and analysis were performed using the SMART
small animal behavioral system (v3.0, Panlab, Spain); the Y-maze was placed in a quiet
room with constant illumination (100 lux), mice were introduced at the end of the same
designated arm, and the sequence of arm entries over a 5 min period was recorded; after
each trial, odors were eliminated with ethanol and the next trial commenced after the scent
had dissipated. Results were expressed as the spontaneous alternation percentage (SAP)
to assess spatial working memory in rodents. An alternation was defined as successive
entries into three different arms on overlapping triplet sets of choices (e.g., 1-2-3 or 1-3-2).
The maximum possible alternations corresponded to the total number of arm entries minus
two (2). The calculation formula is as follows:

Number of actualal ternations

AP (%) = 100% 2
SAP(%) Number of possible alternations x 100% @




Diagnostics 2025, 15, 2768

50f18

(a) Habituation New object recognition Y maze
Training I Test | | |
1 1 1 1 1 1
do d3 d4 ds dé d7
(b) 10 min 10 min 10 min (C)
3d (] Ld [ J ‘\f
® |
| A
0.5 €) =60+ - -
(d) 5 - WT ( ) s - WT
< 0.4+ T == APP/PSI £ == APP/PSI
] = T
£ 03 £
E =
=
£ 0.2 2
E 2 20-
- ]
Z 0.1 E
= g
0.0- & o
3 6 9 3 6 9
Age (months) Age (months)

Figure 1. Cognitive function assessment of 3-, 6-, and 9-month-old WT and APP/PS1 mice
(n = 8/group) (a) Schematic diagram of the experimental procedure for behavioral testing. (b) Dia-
gram of New object recognition (NOR) testing. (c) Diagram of Y maze testing. (d) Discrimination
index of NOR testing in 3-, 6-, and 9-month-old WT mice (black) and the same-month-old APP/PS1
mice (red). No significant change in the discrimination index was observed in either group of mice
(n = 8 per group, per time-point). (e) Spontaneous alternation rate of Y maze testing in 3-, 6-, and
9-month-old WT mice (black) and the same-month-old APP/PS1 mice (red). n = 8 per group, per
time-point. * p < 0.05, ** p < 0.01.

2.3. Immunohistochemical Staining

Mice from different groups at different (3, 6, and 9) months of age were anesthetized
by intraperitoneal injection of an overdose of sodium pentobarbital; after achieving deep
anesthesia, they were euthanized by transcardial perfusion and tissues were collected.
Following perfusion, the mouse brain and ipsilateral eyeball (right side) were rapidly
removed. The dissected brain tissue was immediately placed in neutral buffered formalin
(PH0996, Phygene, Fuzhou, China) for overnight fixation; at the same time the following
day, the tissue was removed from PFA, rinsed 3 times in phosphate-buffered saline (PBS),
and dehydrated in ethanol, and then the brain and eyeball were infiltrated with paraffin,
embedded, and labeled. Mouse brains were sectioned symmetrically in the coronal plane
and eyeballs were sectioned symmetrically along the optic nerve (Microtome, HM340E,
Thermo Fisher Scientific, Waltham, MA, USA), and paraffin sections were cut at a thickness
of 4 um. Brain section sampling: Brains were paraffin-embedded and coronally sectioned
at 4 um. Every 5th section (20 um) was analyzed, starting from the first section meeting
the anatomical boundaries of V1, dorsal LGN, and CA1 as defined by a standard brain
atlas (e.g., Paxinos & Franklin). For each stain, three sections per region per animal were
quantified. Analyses were blinded. Retina sampling: Eyes were paraffin-embedded and
sagittally sectioned at 4 um. Only sections that contained the optic nerve head (ONH)
were included. We applied systematic sampling within the eligible sequence and analyzed
every other section (8 pum), starting from the first eligible section; for each stain, three ONH-
containing sections per eye were quantified. Analyses were blinded. After deparaffinization
and rehydration, brain and retinal sections were washed 3 times with PBS, blocked for 2 h
in PBS containing 10% goat serum and 0.3% Triton X-100, and then incubated overnight
with primary antibodies diluted in blocking buffer (PBS supplemented with 5% normal
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goat serum and 0.3% Triton X-100). Sections incubated overnight were washed three times
with PBS and then incubated with secondary antibodies diluted in blocking solution (PBS
containing 5% normal goat serum and 0.3% Triton X-100) for 2 h at room temperature in
the dark (in a light-proof box). Subsequently, sections were washed three times with PBS
to remove residual secondary antibodies, mounted with a medium containing DAPI, and
rinsed with double-distilled water. Immunofluorescence staining was used to examine
Af and microglia in the visual pathway and hippocampal regions, to label neurons in
V1 and the LGN, and to identify PV neurons in V1. Fluorescence images were obtained
using a slide scanner (3D-Histech, Pannoramic MIDI II, Budapest, Hungary). The primary
antibodies used were as follows: rabbit anti-Ap (CST, #8243,1:500, Danvers, MA, USA),
rabbit anti-Iba-1 (Abcam, ab178847,1:200, Cambridge, UK), rabbit anti-NeuN (Abcam,
ab177487, 1:500, Cambridge, UK), and mouse anti-PV (Synaptic Systems, 195011, 1:500,
Gottingen, Germany). The secondary antibodies included Alexa Fluor 594 goat anti-rabbit
(Invitrogen, A-11012, 1:500, Waltham, MA, USA) and Alexa Fluor 488 goat anti-mouse
(Invitrogen, A-11001, 1:500, Waltham, MA, USA).

2.4. Hematoxylin—Eosin Staining

Brain and retinal sections were washed 3 times in PBS, then stained with hematoxylin
for 3 min; sections were rinsed under running double-distilled water to remove excess stain,
followed by differentiation in a differentiation solution for 5 s to control staining depth.
Subsequently, sections were blued with a bluing reagent for 1 min to enhance staining
contrast. The sections were then rinsed. The processed retinal sections were stained with
eosin for 20 s. Subsequently, graded dehydration was performed (80% ethanol for 2 s,
followed by 95% ethanol for 1 min), after which sections were placed in absolute ethanol I
and absolute ethanol II for 60 s each. Finally, sections were cleared in xylene I and xylene
II for 2 min each. After air-drying, sections were coverslipped using a neutral balsam
mounting medium. Bright-field images were captured using the same slide scanner as for
fluorescence imaging.

2.5. Data Analysis

Quantitative analysis of immunohistochemistry images was performed using Image]
(1.54g, NIH, Bethesda, MD, USA). For A quantification, images were captured using
identical microscope settings and analyzed using Image] software (NIH). All images were
converted to 8-bit grayscale. The threshold for A-positive staining was determined from
wild-type control sections across all age groups (mean background intensity + 2 standard
deviations) and was held constant across all images. The Af-positive area was calcu-
lated as the percentage of pixels above the threshold. The sections per region per animal
were analyzed for cell counting, with three random non-overlapping fields selected from
standardized anatomical sites. Cells were quantified using Image] with uniform thresh-
olds. Double-blind counting by two independent investigators yielded averaged results
expressed as cells/mm?. Behavioral data from the novel object recognition and Y-maze tests
were analyzed using SMART v3.0. All quantitative data are presented as mean =+ standard
error of the mean (Mean + SEM). All statistical analyses and graphing were performed
using GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA). Prior to parametric test-
ing, data normality was assessed with the Shapiro-Wilk test and homogeneity of variance
with Levene’s test. Two-way ANOVA was employed to analyze differences in group means
when both normality and homoscedasticity assumptions were satisfied (group xmonths).
If significant effects were identified, post hoc pairwise comparisons were conducted using
the Tukey test. For data not meeting these assumptions, the Kruskal-Wallis nonparametric
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test followed by Dunn’s multiple comparisons was applied. Statistical significance was
considered at p < 0.05.

3. Results

3.1. Early Impairment of Spatial Working Memory and Relative Preservation of Recognition
Memory in APP/PS1 Mice

To delineate distinct stages of AD pathology and provide a functional basis for subse-
quent analyses of pathological and neurostructural features, we employed two classical
behavioral paradigms—the NOR test and the Y-maze spontaneous alternation test—to
assess long-term recognition memory and spatial working memory, respectively, in experi-
mental animals. By tracking the extent and temporal dynamics of impairments in these
two memory systems, we established the correspondence between cognitive decline and
disease progression, thereby enabling staging of the AD course.

NOR results showed that wild-type (WT) mice maintained a stable discrimination
index (DI) between 3 and 9 months of age, with no age-related decline (Figure 1d, black
bars). In APP/PS1 transgenic mice, the DI at 9 months did not differ significantly from
age-matched WT controls (p > 0.05), nor from their own 3-month baseline (Figure 1d, red
bars), indicating that long-term recognition memory was relatively preserved over the
observation period.

Y-maze results indicated that the spontaneous alternation percentage (SAP) in WT mice
remained constant throughout the observation period (Figure le). By contrast, a significant
reduction in SAP was observed in APP/PS1 mice starting at 6 months of age (p < 0.05
vs. age-matched WT), which further worsened by 9 months, suggesting a progressive
trajectory of spatial working memory deficits.

Collectively, these findings indicate domain-specific and temporal characteristics of
cognitive impairment in APP/PS1 mice, with spatial working memory deficits emerging
earlier than recognition memory deficits, thereby providing behavioral evidence for staging
the AD course.

3.2. Comparative Analysis of AB Plaque Distribution Along the Visual Pathway at Different Ages
in APP/PS1 Mice

A occupies a central position in the pathogenesis of AD. Extensive evidence has
established that pathological aggregation of Af initiates the AD cascade, triggering mul-
tiple neurotoxic events—including oxidative stress, neuroinflammation, and synaptic
dysfunction—that ultimately lead to progressive neurodegeneration. As the disease ad-
vances, affected brain regions exhibit pronounced neuronal loss, clinically manifesting as
progressive declines in cognitive and perceptual functions. Building on this pathological
basis, cohorts at 3, 6, and 9 months of age (1 = 6-7 per group) were included, and frozen
sections of brain and eyeball were prepared. Using A3 immunofluorescence, we system-
atically evaluated A plaque distribution in the V1, LGN, retina, and hippocampus to
delineate the spatiotemporal evolution of A3 pathology across the visual pathway during
AD progression.

The results (Table 1) showed that no amyloid plaques were detected in any examined
region of WT mice aged 3-9 months (Figure 2a; Figure 2b—d, black bars). Compared
with WT controls, amyloid plaque deposition was detectable in V1, the retina, and the
hippocampus of AD model mice by 6 months of age (Figure 2a), with plaque burden
increasing in an age-dependent manner (Figure 2a—c) and peaking at 9 months. Notably,
the onset of AP plaques in V1 and the retina was synchronous with that in the hippocampus,
and all three regions exhibited time-dependent accumulation of amyloid deposition. By
contrast, pathological changes in the LGN appeared relatively delayed: no amyloid plaques
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were detected at 6 months, whereas a clear plaque distribution became apparent at 9 months
(Figure 2d). Using 6 months as the reference time point, regional plaque burden followed
the pattern V1 (2.09 £ 0.17, ~2%) > hippocampus (0.33 £ 0.05, ~0.33%) > retina (0.12 & 0.01,
~0.12%) (Figure 2a—c,e). Moreover, the results showed that the amyloid burden in the V1
region was significantly greater than in the hippocampus and retina at both 6 and 9 months
of age (Figure 4a).

Table 1. Temporal sequence of A plaque distribution and microglial proliferation.

Region Ap Plaque Onset (Months) Microglial Proliferation (Months)
Retina 6 6
LGN 9 9
V1 6 6
Hip 6 6
APP/PS1 APP/PS1 (b)
8- mm WI
3 Wl APP/PSI
5%
<
o
3 6 9
Age (months)
(C) 37 mm Wi
S | mm appps)
s
| I—'
3 6 9
d Age (months)
( )0.25 - W
gO,ZO mm APP/PSI
g 0.15
; 0.10
50.05
0.00
Age (months)
(e 03

- Wi
mm APP/PSI
0.2

0.1

AP positive area (%) ~

0.0

Retina Age (months)

Figure 2. Af distribution in visual pathway and hippocampus of 3-, 6- and 9-month-old WT and
APP/PS1 mice. (a) Immunofluorescent staining for A (red) in the Visual pathway and Hippocampus
of mice (WT group, APP/PS1 group) at 3, 6, and 9 months of age. Scale bar, 200 pm (white), 50 pm
(yellow). (b) Percentage of positive area of A3 plaque per mm? in V1 for WT group (black), APP/PS1
group (red). (¢) AR plaque area per mm? in the Hippocampus for WT group (black), APP/PS1 group
(red). (d) AR plaque area per mm? in the LGN for WT group (black), APP/PS1 group (red). (e) Ap
plaque area per mm? in the Retina for WT group (black), APP/PS1 group (red). The LGN region
is outlined by a white dotted line. Red indicates A plaques, and arrows point to representative
plaques. n = 67 per group. ** p < 0.01.
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3.3. Comparative Analysis of Microglial Proliferation Along the Visual Pathway at Different Ages
in APP/PS1 Mice

Pathological accumulation of 3-amyloid (Af) can elicit multiple neurotoxic responses,
among which microglial activation is a key pathological feature. Previous studies have
shown that activated microglia mediate synaptic loss via complement-dependent synaptic
pruning [29-31], thereby leading to neuronal dysfunction. Given the heterogeneity in the
spatiotemporal distribution of amyloid plaques across the visual pathway, we hypothe-
sized that microglial activation patterns would exhibit corresponding region-specific and
temporal differences. To test this, we systematically assessed microglial activation across
brain regions using immunostaining for the microglial marker Iba-1.

Results (see Table 1) showed that in wild-type mice, microglial density in nuclei along
the primary visual pathway and in the hippocampus remained stable from 3 to 9 months,
with no significant age-related changes (Figure 3a; Figure 3b—e, black bars). Consistent with
the pattern of Af3 pathology, APP/PS1 mice showed a significant increase in the density
of Iba-1-positive cells in V1 and the hippocampus beginning at 6 months (* p < 0.05, vs.
age-matched WT), with a clear age-dependent upward trajectory (Figure 3a; Figure 3b,e, red
bars). Notably, the microglial response in the LGN was relatively delayed, with a significant
increase in Iba-1-positive cells observed only at 9 months (Figure 3a,c). The retina likewise
exhibited increased microglial density at 6 months, which progressed further with disease
advancement (Figure 3a,d). Furthermore, the results showed that the proliferation of
microglia in the V1 region was significantly higher than in the hippocampus and retina at
both 6 and 9 months of age (Figure 4b).

3.4. No Changes in Retinal Thickness and V1 Cortical Thickness in APP/PS1 Mice

The above results indicate that pathological alterations emerge relatively early in V1
and the retina within the primary visual pathway during the AD course. To determine
whether these pathological changes are accompanied by structural alterations, we employed
HE staining to perform morphological assessments of the V1 cortex and retina in APP/PS1
transgenic mice and wild-type controls aged 3-9 months, focusing on thickness changes.
The results showed no evident atrophic changes in the V1 cortex of APP/PS1 mice; cortical
thickness did not differ significantly from age-matched WT controls (Figure 5b). For retinal
thickness evaluation, we measured total retinal thickness. Given physiological regional
differences, to ensure accuracy and reproducibility we used the optic disc as a reference
point and measured full-thickness retina at 0.5, 1.0, 1.5, and 2.0 mm on either side of the
disc. Morphometric analysis indicated that retinal thickness in APP/PS1 mice showed no
significant disease-related changes at any measured site and did not differ statistically from
age-matched controls (Figure 5c).

3.5. Differential Vulnerability Patterns of Neurons in V1 and LGN in APP/PS1 Mice

Building on the above finding that V1 exhibits selective vulnerability within the visual
pathway, we further investigated differential pathological vulnerability among neuronal
subpopulations in V1. We used the neuronal nuclear marker NeuN (neuronal nuclei) to
assess overall neuronal density, which primarily reflects changes in excitatory pyramidal
neurons that constitute about 80% of cortical neurons. In parallel, given that parvalbumin-
positive (PV™) interneurons are the most abundant subtype of GABAergic interneurons
(~40-50%) and play a critical role in maintaining cortical network function, we chose PV as
a representative interneuron marker to evaluate how inhibitory neurons respond to AD
pathology. Immunohistochemical analyses showed no age-related neuronal loss in WT
mice between 3 and 9 months of age. However, in 9-month-old APP/PS1 mice, A significant
reduction in NeuN* neuronal density (cells/mm?) was observed in the V1 of APP/PS1 mice
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WT

compared with WT controls (Figure 6a,b), indicating that when amyloid plaque burden
reaches a high level (>5% of cortical area), V1 undergoes marked neuronal loss, a change
that largely reflects damage to the predominant pyramidal neuron population. By contrast,
no corresponding decrease in neuronal density was observed in the LGN of APP/PS1 mice
(Figure 6¢), corroborating the region-specific nature of neurodegeneration.

APP/PS1 APP/PS1 APP/PS1

LGN Hip

50

Iba-1" (number per mm?)

Retina
(c) 150 W W1 (d) 60
" "~ wr
£ = APP/PSI E =m APP/PSI
.
g 100 £ 40-
5 L H
£ E
£ 50 £ 20
3 h
& &
2 =
2 =
0-

Age (months) Age (months) Age (months) Age (months)

Figure 3. Microgliosis in Visual pathway and Hippocampus from 3-, 6- and 9-month-old WT
and APP/PS1 mice. (a) Immunofluorescent staining for Iba-1 (red) in the Visual pathway and
Hippocampus of mice (WT group, APP/PS1 group) at 3, 6, and 9 months old. Scale bar, 20 um
(white), 100 um (green). (b) Iba-1* positive cell density (cell per mm?) in V1 for WT group (black),
APP/PS1 group (red). (c) Iba-1* positive cell density (cell per mm?) in LGN for WT group (black),
APP/PS1 group (red,). (d) Iba-1* positive cell density (cell per mm?) Retina for WT group (black),
APP/PS1 group (red). (e) Iba-1* positive cell density (cell per mm?) in Hippocampus for WT group
(black), APP/PS1 group (red). Iba-1 immunoreactivity (red) labels microglia, and DAPI (blue) stains
nuclei. Arrows point to microglial cells in the retina. n = 6-7 per group. * p < 0.05, ** p < 0.01,
**4% p < 0.0001.
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Figure 4. Region- and age-dependent differences in A3 plaque burden and microgliosis in APP/PS1
mice. (a) Ap plaque burden in APP/PS1 mice across different brain regions (V1, Hippocampus,
Retina) and ages (6- and 9-month). (b) microgliosis in APP/PS1 mice across different brain regions
(V1, Hippocampus, Retina) and ages (6- and 9-month). n = 7 per group. ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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Figure 5. Thickness of V1 and Retina from 3-, 6- and 9-month-old APP/PS1 and WT mice. (a) HE
staining in V1 and Retina of mice (WT group, APP/PS1 group) at 9 months of age. Scale bar, 200 um
(white), 50 um (black). (b) Thickness of V1 for WT group (black), APP/PS1 group (red). (c) Retinal
thickness for WT group (black), APP/PS1 group (red). n = 67 per group. The white arrow indicates
the thickness (V1, Retina), and the box represents the magnified view of this position (Retina).

3.6. Differential Vulnerability Patterns Among Major Interneuron Subpopulations in V1 of
APP/PS1 Mice

Analysis of PV* interneuron subpopulations revealed that PV* neuron density re-
mained stable in WT mice throughout the observation period. Importantly, even in 9-month-
old APP/PS1 mice exhibiting a high amyloid plaque burden (>5%), the number of PV*
interneurons in V1 remained relatively stable (Figure 7a,b). These findings suggest that
the overall decline in neuronal density observed in V1 primarily reflects loss of excitatory
pyramidal neurons, whereas PV* interneurons—the predominant inhibitory neuronal
subtype—exhibit relative resistance to AD-related pathology; such differential vulnerability
between excitatory and inhibitory neurons may lead to cortical network imbalance.
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Figure 6. Number of neurons in V1 and LGN from 3-, 6- and 9-month-old WT and APP/PS1 mice
(a,b) Immunofluorescent staining for NeuN (green) and DAPI (blue) in the V1 and LGN of mice (WT
group, APP/PS1 group) at 3, 6, and 9 months of age. Scale bar, 50 um. (c) Number of NeuN* per
mm? in the V1 for WT group (black), APP/PS1 group (red). (d) Number of NeuN* per mm? in the
LGN for WT group (black), APP/PS1 group (red). n = 6-7 per group. **** p < 0.0001.
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Figure 7. Number of PV* neurons in V1 from 3-, 6- and 9-month-old WT and APP/PS1 mice
(a) Immunofluorescent staining for PV* neuron (red) and NeuN* (green) in the V1 of mice (WT group,
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APP/PS1 group) at 3, 6, and 9 months of age. The white arrow points to PV* neurons identified by
NeuN™* colocalization, Scale bar, 50 pm. (b) Number of PV* neurons per mm? in V1 of WT mice
(black, n = 6) and APP/PS1 mice (red, n = 7).

4. Discussion

Alterations in the visual system and retinal pathology are emerging biomarkers for
predicting the early course of Alzheimer’s disease (AD). However, some studies suggest
that early visual deficits in AD may stem from cortical impairments in visual informa-
tion processing [23]. At present, conclusions about the origin of visual abnormalities are
contradictory, and the temporal sequence of pathological events along the visual path-
way remains unclear. Accordingly, clarifying stage-specific changes in the primary visual
pathway—particularly those surrounding the emergence of amyloid plaques—will be
crucial for understanding how pathology develops and evolves.

Using behavioral assessment methods, we staged disease progression in APP/PS1
mice, thereby providing a clear temporal framework for pathological analyses. Using
immunohistochemical techniques, we systematically characterized features of pathological
progression at different disease stages. The study focused on pathological and structural
alterations of the primary visual pathway in 3-9-month-old APP/PS1 mice and their WT
controls across three key stages—prior to amyloid plaque formation, at plaque onset, and
during plaque enrichment.

We found no significant decline in the recognition index of long-term memory in
APP/PS1 mice from 3 to 9 months, nor any significant increase in WT mice at the same
time points; notably, a meta-analysis [32] reported no significant association between exper-
imentally assessed cognitive deficits and quantified brain A{ levels, which our findings
corroborate. Our results further indicate that spatial memory behavior did not decline
even by the stage of abundant hippocampal plaques, consistent with prior reports [19].
By contrast, spatial working memory in APP/PS1 mice showed a reduction in sponta-
neous alternation beginning at 6 months and worsening by 9 months, suggesting that
6 months marks a critical time point at which the encoding and short-term storage of spatial
information become impaired.

We observed that pathology within the primary visual system (V1-LGN-retina) pre-
cedes hippocampus-mediated cognitive-behavioral changes, with V1 exhibiting a pattern
similar to the retina. Within the primary visual system, V1 and the retina exhibited earlier
pathological changes—specifically, earlier amyloid pathology, both detectable at 6 months—
suggesting a potential synchrony between the emergence of retinal A3 plaques and brain
plaques during disease progression; notably, one study reported retinal A plaques at
2.5 months in APP/PS1 mice [12], 2-3 months earlier than in the brain, a discrepancy that
may reflect methodological differences in A3 labeling (curcumin-based probes visualizing
Ap and its isomers in that study versus conventional A{3 antibodies in ours). V1 exhibited
greater pathological involvement (by concurrent plaque burden) than the hippocampus,
yet its structure—cortical thickness of V1—remained unchanged even at high plaque bur-
den. There remains some controversy regarding changes in retinal thickness. One report
in 5 x FAD mice found no change in total retinal thickness up to 12 months, whereas
another reported significant differences in inner retinal layer thickness between APP/PS1
and WT mice at 9 months [19]; in our study, total retinal thickness did not change up to
9 months, and the discrepancy may arise because we measured overall retinal thickness,
with outer layers potentially offsetting inner-layer differences, suggesting that 9 months
may be a key time point for structural alterations in the retina. Concurrently, both V1 and
the retina displayed microglial proliferation coincident with plaque emergence at 6 months;
such proliferation indicates a persistent inflammatory response in the brain and suggests
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a relatively early and possibly synchronous degeneration of the retina and brain. In the
course of AD, LGN pathology emerges relatively late; the LGN, a key dorsal thalamic
structure, primarily relays visual information by transmitting signals from the retina to V1,
thereby enabling efficient flow and processing of visual input. We found that the LGN was
relatively stable across the primary visual pathway: even when V1 had abundant plaques
(9 months), the LGN showed no neuronal loss and only a few small amyloid plaques. This
is consistent with observations from postmortem studies.

V1 contains a large diversity of neuronal types that encode and decode visual in-
formation and serves as a central hub for visual processing. Loss of neurons is another
prominent feature of AD pathology, contributing to cognitive impairment and abnormal-
ities in the visual cortex. As the processing center for visual information, V1 relies on
interactions among distinct neuronal types to accomplish visual decoding. Loss of PV*
neurons can disrupt visual coding; PV* neurons are considered critical for encoding visual
perception in V1, and studies show that enhancing PV* neuron activation improves V1
coding and perception [27]; PV* neurons also play a major role in generating gamma-band
oscillations, a characteristic frequency band of normal neuronal activity. However, the
frequency of gamma oscillations is reduced in the brains of patients with neurodegenerative
diseases [33], a phenomenon likewise observed in AD transgenic mice [26,33]. We observed
neuronal loss at the stage of abundant plaques (9 months), yet the PV* neurons did not
decline in V1 despite the high plaque burden, in contrast to the loss observed in the overall
neuronal population. Reports on PV* neurons are mixed, ranging from substantial loss
to no change in cell number [34-38]; for example, immunofluorescence in 9-11-week-old
APP/PS1 mice revealed a significant reduction of PV* interneurons in the PFC [39], sug-
gesting regional specificity in PV* neuron alterations: PV* neurons in V1 appear resistant,
showing no loss even at high plaque burden, and damage to PV* neurons in the primary
visual cortex may occur relatively late. Functional changes in V1 neurons are thought to
arise from differing susceptibilities of neuronal types as plaque burden increases, reflecting
the combined effects across cell classes. Damage to inhibitory interneurons can produce
connectivity defects, leading to aberrant network activity and cognitive impairment [26].
A study in the hippocampus of AD mice found differential sensitivity of neuronal types
(pyramidal vs. interneurons) to amyloid: PV neurons were hyperactive before plaque emer-
gence, thereby suppressing pyramidal neuron activity, whereas after amyloid deposition
PV hyperactivity was dampened, leading to pyramidal neuron hyperactivity [40,41]. In
APP/PS1 mice, hippocampal PV* neurons dysfunction occurs at early AD stages [41]; does
this amyloid sensitivity of PV neurons generalize across regions? PV* neurons express
specific ion channel subunits, such as Nav1.1 and Kv3, which underlie their fast-spiking
properties; thus, their apparent resistance may reflect direct Af3 effects on PV neuronal
channels or synapses rather than frank loss of PV neurons. How PV neurons in V1 change
in function and structure in response to amyloid during AD progression will be a key
focus of our subsequent investigations. A noteworthy finding in the present study is the
significant reduction in V1 neuronal density at 9 months without a corresponding decrease
in total V1 cortical thickness. This dissociation between reduced neuronal density and
maintained cortical thickness suggests several potential compensatory mechanisms. First,
the remaining neurons may undergo compensatory somatic enlargement. Recent studies
have demonstrated that microglia in the peripheral nervous system can directly regulate
neuronal soma size. Under pathological conditions in the central nervous system, activated
microglia surrounding surviving neurons may promote compensatory enlargement of
remaining neurons through similar mechanisms [42]. Second, microglial proliferation may
be a critical factor in maintaining cortical thickness. Reactive glial proliferation represents a
typical response following neuronal injury, with microglial proliferation and aggregation
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potentially filling the space left by neuronal loss [43]. Third, neural network remodeling
may also contribute to cortical structural maintenance. Despite reduced neuronal numbers,
surviving neurons may undergo compensatory dendritic branching and axonal growth,
forming more complex neural networks to preserve function [44]. While cortical thick-
ness is maintained, the reduction in neuronal density may still result in impaired visual
information processing capacity.

This study reveals the central role of V1 in visual pathway damage. As a critical hub for
visual information processing, progressive neuronal loss in V1 accompanied by microglial
proliferation may constitute the important pathological basis for functional deficits. To gain
deeper insights into the functional significance of these structural changes, future research
should integrate electrophysiological and behavioral assessment approaches.

Visual evoked potentials (VEPs), as a non-invasive technique that records brain re-
sponses to visual stimuli through electroencephalography, provide an ideal avenue for
functional assessment. The reduction in V1 neuronal density and consequent decline in
signal processing efficiency should theoretically manifest as abnormal VEP parameters,
such as prolonged latency or reduced amplitude of the P100 component. Given the cost-
effectiveness, operational simplicity, and non-invasive safety of VEP examination, it holds
excellent clinical application prospects for development as an early functional abnormality
screening tool.

The Y-maze spontaneous alternation task employed in this study primarily assesses
hippocampus-related spatial working memory function. Although animal experimental
paradigms cannot be directly transplanted to clinical settings, their core cognitive domain—
the capacity for short-term retention and manipulation of spatial information—can be
effectively translated into human neuropsychological assessment methods. The Corsi block
test, as a classic non-verbal spatial working memory assessment tool, requires subjects to
reproduce specific spatial sequences and can quantitatively evaluate visuospatial short-term
memory capacity. Virtual reality-based navigation tasks can construct immersive virtual
environments requiring subjects to learn and memorize specific pathways, offering good
ecological validity and sensitive detection of spatial orientation deficits in early Alzheimer’s
disease patients.

A more prospective strategy involves synchronous recording of V1 neural electrophys-
iological signals with behavioral testing. In animal models, real-time monitoring of V1
single-cell spiking activity and local field potentials during spatial memory task execution
can analyze task-related neural network synchrony changes. In clinical translation, simulta-
neous recording of occipital neural oscillations through high-density electroencephalogra-
phy, combined with eye-tracking or functional near-infrared spectroscopy techniques, can
capture neural electrophysiological changes that precede behavioral abnormalities. This
multimodal integration approach, through establishing correlational models between neu-
ral electrophysiological markers and cognitive performance, holds promise for discovering
more sensitive and mechanistically specific early diagnostic biomarkers, providing crucial
technical support for precision diagnosis of Alzheimer’s disease.

Several limitations of this study should be acknowledged. First, we exclusively used
male APP/PS1 mice, which may limit the generalizability of our findings. Given the
exploratory nature of this study, we selected male mice to minimize potential confounding
factors, particularly to avoid the effects of estrous cycle fluctuations on neuroinflammation
and cognitive function in female mice. However, considering that Alzheimer’s disease
affects both sexes and accumulating evidence indicates sex differences in disease progres-
sion, future studies should include female mice to determine whether the spatiotemporal
alterations in visual pathways we observed are sex-dependent and to assess their generaliz-
ability across sexes. Second, while the APP/PS1 transgenic model successfully recapitulates
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key features of amyloid pathology, including plaque formation and associated neuroin-
flammation, it lacks other critical characteristics of human AD, most notably tau pathology
and neurofibrillary tangles. This limitation affects the interpretation of the observed neu-
rodegenerative patterns, as tau pathology is more closely correlated with neuronal loss
and clinical dementia severity in human AD. Therefore, validation of our findings in tau-
expressing models (such as the 3xTg-AD model) or in human postmortem brain tissue
samples would enhance the translational value and clinical relevance of this study.

5. Conclusions

In APP/PS1 mice, early pathology along the visual pathway is regionally hetero-
geneous and extends beyond the retina. At 6 months, the V1 and hippocampus exhibit
concurrent Af3 deposition and microglial activation, accompanied by selective spatial
working memory deficits; analogous changes in the LGN emerge only by 9 months. By
9 months, V1 shows selective neuronal loss with relative preservation of PV-positive neu-
rons, while no neuronal loss is detected in the LGN, and the gross thickness of the retina
and V1 remains stable across all time points. These findings suggest that V1 may be a
preferentially affected node along the visual pathway in Alzheimer’s disease and could
serve as a potential target for elucidating early mechanisms and for developing visual
system-related early diagnostic biomarkers and intervention strategies.
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