AB42 induces selective degeneration in hippocampal cells of aged monkeys
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ABSTRACT

The hippocampus is one of the earliest and most severely affected brain regions in Alzheimer’s
disease (AD) and is critical for memory formation. However, the precise mechanisms through
which AD disrupts hippocampal neurons remain poorly understood. To investigate the effects of
AB42 in a model closer to humans, we performed stereotaxic injections of an AAV9 vector
encoding human AB42 into the hippocampus of young (7-year-old) and aged (>20-year-old)
cynomolgus monkeys. We found that AAV9-mediated AB42 expression induced more severe
neuropathology, reduced daytime activity, and increased sleep disturbances intaged monkeys
compared to young controls. snRNA-seq revealed an age-dependent:reduction in disease-
associated microglia (DAM 1) in the aged hippocampus. Furthermore,we identified a specific
subtype of hippocampal pyramidal neuron (TRPS1*RELN") thatlis'selectively vulnerable to AB42
toxicity in aged monkeys. Our findings indicate that AB42" toxicity~is“€xacerbated in the aged
primate hippocampus due to a combination of microgliakdecline and the selective vulnerability of
a distinct neuronal subtype (TRPS1'RELN" RCs). This identified subtype represents a new

potential therapeutic target for treating hippecampal dysfunction in AD.

Keywords: Alzheimer’s disease; /Amyloidy pathology; Non-human primate; Aging;

Neurodegeneration

INTRODUCTION

In Alzheimer's disease|(AD), the accumulation of two key proteins, amyloid-beta (AB) and
tau, is cefitral to the, diseasesprocess. The prevailing hypothesis suggests that the accumulation
of ABlLmay ‘ocCeur earlier in the disease process, preceding the aggregation and spread of tau
pathology (Gaegdert.& Spillantini, 2006; Long et al., 2019; Chang et al., 2021; Zhang et al., 2025).
AB accumulation’is thought to initiate a cascade of events including the spread of neurofibrillary
tangle (NFT) tau pathology, ultimately resulting in neurodegeneration and cognitive decline (Long
et al., 2019). Supporting this theory, mutations in genes such as the amyloid precursor protein
(APP) and enzymes that generate A (including presenilin 1 (PSEN1) and presenilin 2 (PSEN2)
have been identified in familial early-onset AD cases (Tanzi & Bertram, 2005; Hardy et al., 2017).
Mutations in these genes can lead to the overproduction of AR or the generation of more
aggregation-prone forms of A (Levy et al., 1990; Goate et al., 1991). Also, duplication of the APP

locus results in accumulation of amyloid-beta peptides and causes early-onset AD in humans
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(Rovelet-Lecrux et al., 2006). Transgenic animal models expressing mutant forms of APP or
PSEN genes have been widely used to investigate AD pathogenesis (Jankowsky & Zheng 2017;
Kshirsagar et al., 2022; Pan et al., 2024), whereas BACE1, an enzyme that is essential for the
generation of AB42, knockout mice do not produce AB42 and are free from Alzheimer's associated
pathologies (Cole & Vassar, 2007). Furthermore, recent studies show the promising effects that
monoclonal antibodies against AR can remarkably eliminate AR plaques in the brains of AD
patients, with encouraging, though modest, effects on improving cognitive functions (Jucker &
Walker, 2023; Shi et al., 2024; Rafii & Aisen, 2025).

Although AB accumulation is often considered an early event.in, AD, and genetic mutations
in APP cause early-onset familial AD, the mechanism underlying ABmediated heurodegeneration
in AD remains to be investigated. Many previous studies have inyestigated the pathogenic role of
AB in a variety of animal models and provide importanisinsights. ©fth€se animal models, non-
human primates are most similar to humans in aging,.brain anatomy, and physiology and have
also been used to establish AD animal models (Wang et al., 2024; Pan et al., 2024). The
advantage of using non-human primates is te"identify early neuropathological phenotypes of AD,
which are difficult to uncover from post-mertem.brain tiSsues of AD patients who often undergo

disease progression for decades.

Hippocampal functionywhich is‘essential for memory and cognition, is profoundly impaired
in AD. While studies using rodent models and postmortem human AD brains have provided
valuable insights, the“impact, of“AD" on hippocampal neuronal degeneration remains poorly
understood, largely due to the difficulty of studying early disease stages in humans. In this study,
we used.an.AAV approach'to express AB42 in the hippocampus of young and aged cynomolgus
monkeys: We-found.that AB42 forms more abundant aggregates and triggers more severe
neuropathology in_aged monkeys (over 20 years old). Furthermore, we identified a specific
subtype of hippacampal neurons that is particularly susceptible to AR42 toxicity in the aged brain.
This research provides new insights into how AB42 causes hippocampal dysfunction in AD and

proposes a novel target for improving hippocampal function and mitigating AD phenotypes.

MATERIALS AND METHODS
Monkeys

A total of 16 cynomolgus (Macaca fascicularis) monkeys were used for brain stereotaxic

injection in the study (Table 1). The monkeys were individually housed at Guangdong Landao
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Biotechnology Co. Ltd, Guangzhou, which is an Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) accredited facility. Water, food, temperature, and humidity of
the home cages were closely monitored. The health conditions of the monkeys were examined
daily by certified veterinarians. All animal procedures were approved by the Institutional Animal
Care and Use Committee at Guangdong Landao Biotechnology Co. Ltd, Guangzhou. This study
was conducted in strict compliance with the “Guide for the Care and Use of Laboratory Animals
of the Institute of Laboratory Animal Science (est. 2006)” and “The use of hon*human primates in
research of the Institute of Laboratory Animal Science (est. 2006)” to.ensure, the safety of
personnel and animal welfare.

Animal information is provided in Table 1.

AAV stereotaxic brain injection into adult monkeys

Human AB42 (amyloid-beta 42) was linked*to*the C-terminus of BRI (British amyloid
precursor protein) as described previously (Lewis et &t "2001; McGowan et al., 2005; Kim et al.,
2013). We used AAV9 to express BRI (control) and-BRI-AB42. Viral vectors were packaged to
generate purified AAV9 viruses by Guangzhou Paizhen Biotechnology Co. Ltd, China. The
genomic titer of viruses (vg) (approximatély 11013 vg/ml) of the purified viruses, which were used
for injection, was determined by a PCR method.

Viral injection into the monkey. hippocampus was performed using the method described
in our previous studies (Tu gt;al., 2028). The monkey brain regions were located by MRI before
injection and the animals.were deprived of food and water the night before surgery. Each monkey

was anesthetized by intraperitoneal injection of 0.3-0.5 mL of atropine, followed by 10-12 mg of

ketamine and 15-20'mg of pelltobarbitalum natricum per kg body weight. The monkeys were then
stabilized on.a Stereotaxie-instrument (David Kopf Instruments, USA). A volume of 45 L (1x10"3
vg/mL) of viruses was.ihjected into one side of the monkey hippocampus. The left side of the brain
region was injected with AAV9-BRI-AB42 and the right side was injected with control AAV9-BRI.
Three or 12=months after injection, the monkeys were euthanized by deep anesthesia with
intraperitoneal injection of 0.3—0.5 mL of atropine, followed by 10—12 mg of ketamine and 15-20
mg of pelltobarbitalum natricum per kg body weight. The brain tissues of the monkeys were then

isolated for immunohistochemical, western blotting, and scRNA analyses.
Antibodies and reagents

The following antibodies were used in the study: TRPS1 (CST, 17936, IF:1:100, USA); Flag
(Sigma F1804, WB:1:1000, USA); NeuN  (Abcam, Ab177487, WB:1:1000, England); NeuN
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(Millipore ABN9O, IF 1:2000, USA); GFAP (Abcam Ab7260, WB 1:1000, England); GFAP

(Themofisher G3893, IF 1:1000, USA); AB42 (Abcam Ab240360, WB :1:5000, England);
IBA1 (Wako 018-28523, WB 1:3000, Japan); p-TAU (Themofisher MN1020, IF :1:300, USA);
Vinculin (Millipore MAB3574, WB :1:1000, USA); PSD95 (Abcam Ab238135, WB :1:5000, IF:
1:1000, England); Snap25 (Abcam Ab41455, WB:1:5000, England).

Western blot analysis

For western blot analysis, monkey brain tissues were lysed in ice-cold RIPA buffer (50 mM Tris,
pH 8.0, 150 mM NaCl, 1 mM EDTA pH 8.0, 1 mM EGTA pH 8.0, 0.1% SDS, 0.5% DOC, 50 mM
NaF and 1% Triton X-100) containing Halt protease inhibitor cocktail<(Therme“Scientific, USA)
and PMSF. The lysates were incubated on ice for 30 min, sonicated, and’centrifuged at maximum
speed for 10 min. Equal amounts of proteins from the supernatants; determined by BCA assay,
were resolved by SDS-PAGE and subjected to western blot analysis with appropriate primary
antibodies. Independent western blot experiments wére performed at least three times, and
representative results are presented in figures. Acquirediimages were subjected to densitometric

quantification using ImagedJ software.

Immunofluorescent staining

For immunofluorescent staining, monkey.brain tissues were sliced into slabs approximately a
centimeter thick, then they were post:fixed in 4% PFA (paraformaldehyde) in 0.01 mol/L PBS at
4°C for 5 days. After that, they.were’cryopreserved in 15% sucrose in 0.01 mol/L PBS at 4°C for
3 days. When the tissu€s-sank tothe bottom, they were transferred into 30% sucrose at 4°C for
10 days until the brain tissue completely sank to the bottom of the tube. 30 uym thick coronal
sections wereeut using a cryotome, incubated first in a blocking solution (2% normal goat serum,
3% BSA, 0.3% Triten X-100 in PBS), then with primary antibodies against relevant proteins for 18
h at 4 °C, and.next with secondary antibodies and Hoechst diluted in 0.3% Triton X-100 in PBS.
To remove thesinterference caused by lipofuscin, slices were incubated with 0.3% Sudan black
(in 70% ethanol diluted by 1xPBS) for 3 min, and then washed with 0.3% Triton X-100 in PBS.

Double immunofluorescence staining was analyzed using a confocal imaging system (Olympus
FV3000 Microscope). The brain region was cut into 25 pym sections. Four to five images were
captured per section. The number of cells labeled with specific antibodies and AB42 aggregates

per image was counted. The data were presented as meantSEM for statistical analysis.

MRI image acquisition and PET/CT imaging
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MRI scanning was conducted as described in our previous work (Li et al., 2023). Briefly,
the monkeys were anesthetized with ketamine (10 mg/kg, i.m.) and placed into the scanner in the
prone position for a T1-weighted 3-dimensional MR scan. The scans were performed ona 3.0 T
MR machine (Siemens MAGNETOM 3T Prisma) using a custom-designed 8-channel radio-
frequency surface head coil at Guangdong Laboratory Animals Monitoring Institute. The whole
brain images were acquired with a 3D Bravo T1 sequence (TR = 5000 ms, TE = 2.31 ms, slice
thickness = 0.3 mm, matrix size = 120x120, FOV = 12x12 cm), a T2 SPACE dark sequence (TR
= 3500 ms, TE = 178 ms, slice thickness = 0.3 mm, matrix size = 120x120, FOV. = 12x12 cm),
and a T2 FLAIR sequence (TR = 6500 ms, TE = 184 ms, slice thickness =/0.5 mm, matrix size =
120x120, FOV = 12%x12 cm).

PET-CT scanning was conducted at the PET/CT-MRI Center; the First Affiliated Hospital
of Jinan University (JNUH) as described in our previous work (Tu et’al.#2019; Han et al., 2024).
The PET tracer, [""C]PIB (Pittsburgh Compound B), which.is used_to visualize and quantify beta-
amyloid plaques in the human brain for the assessment of AD (Rugén & Sun 2023; Lopresti et al.,
2025), was radiolabeled in the Center of Cycletron-and PET-Radiopharmaceuticals (CCPR) at
JNUH. Briefly, animals were deprived of food for 12 h before tracer injection. The mean dose of
[""C]PIB administered was 0.5 mCi/kg body weight (18:5 MBg/kg). The animal was placed in the
imaging chamber and anesthetized with/a.2.0% isoflurane/oxygen gas mixture throughout the
imaging experiment. Body temperature was-maintained at 37°C and monitored during anesthesia.
Head position was fixed with a stereatactic frame. A CT scan was performed first, followed by a
10-minute static positron.emission data collection at 60 min post-injection. CT data were acquired
with breath-hold at/140"kV, 230"mA modulated using the GE AutomA technique (GE Medical
System, USA) with a noise‘index of 30, slice thickness of 3.75 mm, slice interval of 3.27 mm,
matrix size,of 266 x 256 and a scan FOV of 70 cm. Data analysis was performed using PMOD®
version 4.4 (Pmod;Technologies LLC, Switzerland). The uptake of PET tracers in the occipital
cortex was used-as a reference for SUVr analysis as previously described. The co-registration of
the PET image’to the individual MR image, which was transformed into a brain template MR

image, was carried out following published protocols (Tu et al., 2019).

Behavioral Analysis

The delayed response (DR) task was conducted using the Wisconsin General Test Apparatus
(WGTA) (Herndon et al., 1997; Tu et al., 2023), where a monkey was positioned in its home cage
facing a tray equipped with two food wells, each covered by identical hinged lids. In each trial, the

experimenter placed food in one of the wells in full view of the monkey, covered the well, and then
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lowered an opaque screen to obstruct the monkey’s view of the tray. Following a predetermined
delay period, termed the memory retention interval, the screen was raised, allowing the monkey
to select the baited well by recalling its location from working memory. Across 30 daily trials, the
food reward was randomly assigned to one of the two wells. The initial memory retention interval
for each monkey was set at 3 seconds. This interval was incrementally extended using a stepwise
protocol when the monkey achieved at least 26 correct responses out of 30 trials per day for three
consecutive days, indicating mastery of the interval. If a monkey failed tojmaster a given interval
within one week, the DR task was concluded, and the longest interval successfully.mastered was

recorded for analysis. The task protocol was consistently applied to both ceontrol and Ap-

overexpressing groups, both pre- and postoperatively. Completionof the tasKtypically required
approximately four weeks for most monkeys.

Reversal learning was conducted utilizing the Wisconsin General Test Apparatus (WGTA)
(Lai etal., 1995; Makori et al., 2013). A stimulus tray with two identieal, equally spaced wells, each
covered by one of two distinct objects, was concealed from.the monkey by an opaque screen
during trial preparation. Rewards, consisting of raisins;.cereal, or uniformly sized fruit pieces, were
placed in the designated well per the task iprotocol, and the monkey’s response was observed
through a one-way vision panel after raising “‘thex’screen. A non-correction procedure was
employed, terminating trials without reward.upan incarrect responses. In the initial learning phase,
one object was randomly designated as the positive (baited) stimulus, with object positions varied
across trials using a pseudaorandom sequence to ensure spatial location was not a relevant cue.
Monkeys obtained rewards by“displacing the object covering the baited well, with a 20-second
intertrial interval (I'TI),during which the screen was lowered and the designated object baited for
the next trial. Thirtytrials were ,conducted daily until the monkey achieved 290% correct responses
(27/30rials)-over.30 consecutive trials. Subsequently, a single reversal was initiated the following
day, with the'previously unrewarded object becoming the baited stimulus, continuing with 30 trials
per day until:290% correct responses (18/20 trials) were achieved in the first 20 trials of a session.

Activity’Level Assessment was conducted as described in previous work (Chen et al., 2017,
Noser et al., 2013). The physical activity of free-moving monkeys was monitored using Actical
Physical Activity Monitors (Respironics, Pennsylvania, USA). The monitors employ a single omni-
directional accelerometer that detects motion in all directions. The system integrates both the
amplitude and frequency of the detected motion, generating a corresponding electrical current
whose magnitude is proportional to the intensity of the motion. Activity data were stored as activity
counts, which were later used for analysis. For the study, five AB42-injected monkeys and five

age-matched wild-type (WT) controls were monitored over a period of 6 days. Prior to data
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collection, each monkey's unique ID, body weight, and length were input into the Actical software
(v.3.1.0). The device was securely mounted at the same neck position on each monkey using a
soft belt, ensuring consistency in data collection. Data were recorded with a sampling rate of 32
Hz and in 1-second epochs to capture high-resolution activity patterns. Data were downloaded
using the Actireader, which connected to a PC via an RS-232 serial cable. Communication
between the Actireader and Actical monitors was facilitated via a short-range telemetric link. This
setup allowed for continuous monitoring of the monkeys' activity levelg threughout the study
period.

Sleep Pattern Assessment was conducted as previously described (Chen etsal., 2017;
Noser et al., 2003). The sleep behaviors of 10 cynomolgus monkeys;including'5.AR42-injected
mutants and 5 age-matched wild-type (WT) controls, were continuously video-recorded over 6
consecutive nights, from 1900h to 0700h. The recording system cohsisted of 10 infrared video
cameras, each positioned to capture a single cage, ensuring full visibility of the animals’ behavior.
A hard disk video recorder was used to store the footage. Three independent raters, blinded to
the experimental conditions, scored the video;recordings. The monkeys' sleep behaviors were
categorized into two states: awake and transitional sleep. Behaviors were scored in 1-minute
epochs. States lasting less than 30 seconds'were excluded from the analysis, while those lasting
between 30 and 59 seconds were rounded.to 1 minute+A monkey was classified as awake if it
exhibited locomotion or more than‘three‘body or limb movements within a 1-minute period while
sitting or lying down. Transitional sleep was defined as a state in which 1 or 2 body or limb
movements occurred within 1 minute, either while the monkey was sitting or lying immobile. Sleep
duration was quantified™as the*total time spent in transitional sleep. Sleep fragmentation was

assessed by counting the number of wake bouts lasting 1 minute or longer during the night.

Single-nucleus.RNA sequencing

The left andyright. hippocampus tissues of the euthanized monkeys were dissected and collected
separately. To~Collect the whole hippocampal region as completely as possible, each single
hippocampus was flattened to capture the entire superficial layer and placed into a tube. The
collected tissues were kept at 4°C and sent to Dynamic Biosystems Inc. (Suzhou, China) to isolate
the cellular nuclei for performing the single-nucleus sequencing with the Well-Paired-Seq platform.
The raw sequencing reads were aligned to the Ensembl reference (Macaca_fascicularis_5.0) and
counted using the DynamicEX software (v.1.0.3). A Seurat (v.3.1.3) object of each sample was
constructed from the decontaminated matrix, and cells with fewer than 200 genes or mitochondrial

ratio greater than 5% were discarded (Butler et al., 2018). Doublet detection was performed with
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DoubletFinder (v.2.0.2) (McGinnis et al., 2019). The samples were integrated and the batch
effects were adjusted with Harmony (v.0.1) (Korsunsky et al., 2019). After sample integration and
clustering as mentioned below, clusters lacking specific marker genes and with relatively low gene
content and high mitochondrial ratio were also discarded. After data integration and scaling,
principal component analysis was applied with the “RunPCA” function, and appropriate principal
components were selected for the subsequent analyses. Dimensionality was reduced with the
‘RunUMAP” function. “FindNeighbors” and “FindClusters” functions were applied to perform
clustering. Marker genes for each cluster were identified by the “FindAllMarkers” function with the
cutoff of adjusted P-values<0.05 and |logz(foldchange)|>0.25. The marker genes used'to identify

the clusters were described above.

Quantification and statistical analysis

We used samples from multiple animals (Table 1)%and_freshly frozen brain tissues from WT
monkeys that were collected in our previous studies. When analyzing western blots, at least three
independent experiments were conducted,/ and-, densitometric results were quantified.
Immunofluorescent parameters were measured:in 4-5 random fields per brain section, with the
sample size (n) representing the numberof Sections.analyzed. The results are based on sections
obtained from a minimum of two animals: For/Western blot quantification, the intensity ratios of
target proteins to loading controls were.calculated from at least three biological replicates.
Statistical significance was;assessed using the two-tailed Student's t-test or paired t-test for
comparing two groupsand.a“P-value'less than 0.05 was considered significant. Comparisons
involving three or more“groups-were analyzed using one-way ANOVA, with post hoc pairwise
comparisons between groups adjusted by the Bonferroni test. Data presented in figures represent

the mean+SEM..Caleulations were performed using GraphPad Prism software (v.9.5.1).

RESULTS
Neuropathology in the aged monkey brain cortex following AB42 expression

Using AB (amyloid-beta) proteins isolated from the brains of AD patients or synthetic
amyloid-beta oligomers for injecting them into monkey brains has been utilized as a research
model to investigate in vivo AB42 toxicity (Beckman et al., 2019; Gary et al., 2019; Lam et al.,

2021; Yue et al., 2021). Since there are variations in the structural viability and stability of these

? Zoological
‘ Research




materials in animal brains, we opted to use AAV to express ABR42 due to its superior consistency
and long-term expression capabilities in monkey brains. AB42 was linked with BRI (British amyloid
precursor protein) for viral expression in animal brains because this fusion enhances the solubility
of AB42 and improves its processing and release within the brain (Lewis et al., 2001; McGowan
et al., 2005; Kim et al., 2013).

We generated a DNA construct to express AB42 fused to BRI, withsan N-terminal Flag
epitope tag, under the control of the UBC promoter. As a control, we used a.censtruct expressing
only BRI. Both constructs were packaged into AAV9 for infection of cultured HEK293 cells and
stereotaxic injection into monkey brains (Figure 1A). Western blot analysis® confirmed the
expression of BRI-AB42, which migrated slightly larger than BRIjalehe'when probed with an anti-
Flag antibody. Notably, only the BRI-AB42 fusion protein was detected by the anti-AB antibody
(ab240360) (Figure 1B). Immunostaining of transfected HEK293 Cells-fdrther demonstrated that
AB42 expression was specifically detected by the_anti*AB antibody (Figure 1C). We then
performed stereotaxic injections of AAV9-BRI-AB42 (referred.to.as AAV-ABR42) into the prefrontal
cortex (PFC) of aged monkeys (~25-year-old)(Figure 1D0). As a control, the contralateral side of
the prefrontal cortex was injected with AAVO:BRI (referréd to as AAV-control). Immunostaining of
the AB42-injected cortex using the anti-AR42.antibody confirmed robust AB42 expression (Figure
1E). At higher magnification, werebserved clear and-increased AB plaque formation (P>0.05) in
the AAV-AB42 virus injected/PFC tissues<(n=3) compared to the control group (n=3) (Figure 1F),
resembling plaques found in transgenic BRI-AB mouse brains, where furin-mediated proteolytic
cleavage releases AP fromithefusion protein (Lewis et al., 2001; McGowan et al., 2005). Western
blot analysis with the anti-AB42 antibody detected AB42 product in the injected brain tissues,

which was absent inthe=control (arrow, Figure 1G).

Unlike transgenic BRI-AB42 mice, which show no neuronal loss (McGowan et al., 2005),
AB42 expression’in the monkey PFC resulted in reduced neuronal density in layer Il and layer V
regions compared to the control group (n=3 for each group) (Figure 2A). To confirm that the brain
region with fewer neurons also exhibited AB42 plaques, we performed double immunostaining
with NeuN and GFAP antibodies. The results revealed that AB42 plaques were associated with
fewer NeuN-positive cells and increased GFAP signal (Figure 2B), a marker of reactive astrocytes
that is upregulated during neurodegeneration. Quantification of NeuN-positive (n = 8 slices for
each group) and GFAP-positive cells (n = 18 slices for each group) in AB42-expressing regions
further demonstrated a significant decrease in NeuN and an increase in GFAP compared to

control-injected areas (Figure 2C). Together, these results indicate that AAV-mediated BRI-AR42
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expression in the monkey brain induces AR plaque deposition and primate-dependent neuronal

loss.
Age-dependent neuropathology mediated by AB42 in the monkey hippocampus

Given that AD is characterized by age-dependent memory impairment, we proceeded to
use AAV stereotaxic injection into the hippocampus of young (~7 years) and aged (~26 years)
monkeys to explore the effects of AB42 on this brain region. We unilaterally‘injeeted AAV-Control
(10 pl, 1x10™ vg/ml) into the left side and AAV-AB42 (10 pl, 1x10" vg/ml)into*theright side of
the hippocampus in the same monkey to thoroughly assess AB42 toxicity (Figure 3A). Ap42
immunostaining revealed no detectable plaque signals in the hippoecampus ofthé€ young monkey
that received the control injection whereas the aged monkey displayed;ajfew ABR42 plagues—
consistent with the known presence of such deposits;ifoldermonkeys (Ufno & Walker, 1993; Sani
et al., 2003) (upper panel, Figure 3B). However, the aged monkey exhibited a significantly higher
abundance of AB42 plaques in the hippocampus.injected with AAV-BRI-ABR42 (lower panel, Figure
3B). Quantification of the number of AB42 plagues confirmed the age-dependent increase in AB42
plague formation (n = 3 animals per group; 3 Tandomsslices were counted for each animal) (Figure
3C).

Microglial activation is*a pathological’ hallmark of AD (Bartels et al., 2020). Double
immunofluorescent staining revealed/that in the hippocampus of the aged monkey, there were
more microglia labeled™dy anti«lBA1,Corresponding to the increased number of AB42 plaques
(Figure 3D-E). Western blotting showed that AB42 did not alter the expression of neuronal
proteins including NeuN (P>0,05), PSD95 (P>0.05), and SNAP25 (P>0.05) in the young monkeys,
but it reduced NeuN"expréssion in the aged monkeys, compared to the AAV-Control injected
hippocampus” (n=3"pef group) (Figure 3F). The hippocampal microglia marker IBA1 (P<0.007)
and astrocyte 'marker GFAP (P<0.05) are elevated in the young monkey group, and the IBA1
(P<0.05) also-increased in the aged monkey, compared to the corresponding control group (n=3
per group) (Figure 3F). AB42 is found to be capable of triggering phosphorylated Tau in the brains
(Price & Morris, 1999; Wang et al., 2016; Hanseeuw et al., 2019). While transgenic AB42 mouse
models do not typically develop true neurofibrillary tangles (NFTs), a hallmark of AD pathology in
humans (Jankowsky & Zheng, 2017), we observed that AB42 overexpression could increase the
number of phosphorylated Tau-positive (AT8) cells, with this increase being much more

pronounced in the hippocampus of aged monkeys (Figure 3G, H). These findings suggest that
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AB42-mediated neuropathology in the non-human primate brain is more pronounced in aged

monkeys, aligning with the age-dependent neuropathology observed in humans.

We then performed bilateral injection of the hippocampus with AAV-AB42 or AAV-control
(10 ul, 1x10M3 vg/mL per side) into the hippocampus of monkeys (22-25 years of age) to
examine their behaviors. We evaluated the learning ability of control and AAV-AB42-injected
monkeys at various time points post-injection. Training the monkeys to complete cognitive tasks
was challenging. Although AAV-AB42-injected monkeys showed trends*toward worse
performance in working memory and object reversal learning, no | statistically” significant
differences were detected, even 12 months post-injection (Supplementary” Figure S1A).
Assessment of home cage activity revealed a decrease in daytime*(light'phasSe) activity with no
change in nighttime (dark phase) activity in the AAV-AB42 group’(Stpplementary Figure S1B).
By 12 months, these monkeys also exhibited a higher frequency of'wake bouts, suggesting sleep
disturbances compared to controls (Supplementary [Figure S1@).;Since sleep dysfunction is a
recognized symptom in AD patients (Brzecka et al.,"2018s.La€erda et al., 2024), our findings
suggest that AAV-AB42-induced hippocampal dysfunetion may contribute to AD-related sleep
impairments. MRI analysis revealed that-42 menths poest-injection, the size of the hippocampal
region in the AAV-AB42-injected monkKeys .appeared’io be smaller than before the injection
(Supplementary Figure S2). However, quantifying the size of the hippocampus in MRI can be
challenging if the size is not dramatically altéred. Therefore, we opted to use ["'C]PIB (Pittsburgh
Compound B) PET imaging; a.diagnostic tool that can visualize and quantify 3-amyloid plaques
in the human brain for.the'assessment of AD (Ruan & Sun, 2023; Lopresti et al., 2025). When
comparing with an{ AAV-Control monkey using [''C]PIB imaging, we observed increased signals

in the hippocampus‘of the AAV-AB42 monkey (Supplementary Figure S3A, B).

In light<of the" potential impact of AB42 dosage on the phenotypes of monkeys, we
proceeded ta, inject a larger volume of AAV (45 ul 1x10' vg/mL per side) into the hippocampus
of an additional three young (7 years) and three aged (26-28 years) monkeys, focusing on
neuropathological changes in the aged monkeys and age-related molecular alterations at the
single-cell level. The use of unilateral injections (AAV-Control vs. AAV-AB42) provides a rigorous
internal control, minimizing inter-individual variability, while the inclusion of both young and aged
cohorts is essential to demonstrate age-dependent effects. Twelve weeks after the injection,
these animals were euthanized to isolate their hippocampi for histological and single-cell RNA

sequencing analysis. In the hippocampus of aged monkeys, transgenic AR42 led to the formation
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of more abundant plaques compared to the control monkey hippocampus (Figure 4A). Double
immunostaining revealed a significant increase in microglial and astrocytic cells in the
hippocampus (CA3 region) of the AAV-AB42 monkey compared to the control monkey (upper and
middle panels in Figure 4B). Importantly, there was a decrease in NeuN-positive cells in the AAV-
AB42-expressing hippocampus (lower panel in Figure 4B). Quantification of glial and neuronal
cells confirmed that AB42 expression resulted in an increased number of microglial (P<0.071, n=3
per group) and astrocytic cells (P<0.01, n=3 per group) and a decreased niamber of NeuN-positive
cells (P<0.01, n=3 per group) (Figure 4C).

Reduction of microglia in the hippocampus of aged monkeys

The difference in AB42 influence between young“and aged monkeys prompted us to
explore the underlying mechanism of AB42 neural toxicity, with aging at single-cell resolution. We
performed unilateral injections of AAV-Contrel and, AAV-Af42 virus into the left and right
hippocampi, respectively, of young (7 years) and aged (26-28 years) monkeys (4 groups, n=3
per group). To obtain a more comprehefisivesinfection; each hippocampus was injected at three
points (anterior, middle, and caudal; 16 uL per point, 1.% 10" vg/mL). After three months post-
injection, the hippocampal tissdes, of the.injected sites were collected and mixed for single-
nucleus RNA sequencing. After remaving low-quality cells and performing batch correction with
Harmony, we collected 86 353'cells.in fotal from 12 samples across the 4 groups, and each group
contained similar number-of cells(20,673 cells for the young AAV-Control group, 21,071 cells for
the young AAV-AB42 group; 20,120 cells for the aged AAV-Control group, 24,489 cells for the
aged AAV-AR42.group) (Eigure 5A, B). In total, we identified and clustered cells into 10 primary
types basedon™their highly expressed markers, including excitatory neurons (CAMK2A,
SLC17A7), inhibitory neurons (GAD1, GAD?2), oligodendrocytes (MOG, ST18), oligodendrocyte
precursor cells’ (OPCs) (PDGFRA, VCAN), astrocytes (GLI3, F3), microglia (C3, WDFY4),
fibroblasts (EBF1), epithelial cells (DNAH12), B cells (EAF2), and T cells (ETST) (Supplementary
Figure S4A-C). The excitatory neurons (36.28%), oligodendrocytes (32.47%), and microglia
(21.51%) are the top three abundant cell types in our sequencing data. In both young and aged
monkeys, we found that the proportion of excitatory neurons decreased (from 48.34% to 25.8%
in young, from 50.70% to 22.00% in aged) after AAV-AB42 injection compared to the AAV-Control,
which was similar to our previous western blot and immunofluorescent staining data. Interestingly,

although the microglia proportion was elevated in the AAV-AB42 group compared to the AAV-
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Control group in young (from 29.95% to 40.28%) and aged monkeys (from 5.17% to 9.75%), the

overall microglia population showed a decline in the aged hippocampus (Figure 5C).

Microglia regulate cerebral immune responses and play a critical role in AR plaque
clearance (Bartels et al., 2020; Lewcock et al., 2020). To investigate age-related differences in
microglial function, we analyzed their transcriptional heterogeneity in young versus aged monkeys.
We identified six distinct microglial subclusters—M1 (PPP2R2B/ILARAPL1/PDE4B), M2
(APOE/FTH1/CD74), M3 (IQGAP2/DPYD/GPNMB), M4 (RBFOX1/CSMD4/LRP1B), M5
(SH3RF3/PLACS8/C3), and M6 (ST6GALNAC3/MERTK/SORL1)—and annetatedithem based on
functional hallmarks: Homeostatic (M6), inflammatory (M5), anti-inflammatory (M4); DAM | (M2),
DAM II-1 (M1), and DAM II-2 (M3) (Figure 5D-E, Supplementafy Figture5A-C). Consistent with
previous reports (Keren-Shaul et al., 2017; Gao et al., 2024), DAM_I(M2);and DAM Il (M1/M3)
clusters exhibited elevated expression of L[Key" smarkers—APOE/CTSD/FTH1 and
CTSL/CADM1/CD9/LGALSS3, respectively (SuppleméntaryFigure,S5C). Notably, DAM II-1 and
DAM 1I-2 displayed divergent transcriptional*profiles: RAM" [I-2 showed upregulation of
complement and inflammation-related pathways but downregulation of KRAS and DNA repair
pathways compared to DAM II-1 (Figure 5F=G, Suppfeméntary Figure S3B), suggesting functional
specialization. The homeostatic microgliawere-thesmost abundant (29.2%), followed by DAM II-
2 (17.9%) and DAM 1I-1 (14.4%)(Figure,6D)¢ Intriguingly, hippocampal DAM 11-2 microglia were
elevated in young Ap42-treated"monkeys=(19.5%) versus controls (11.8%), but this population
declined sharply in aged groups (Control: 8.1%; AB42: 0.8%), and this difference was consistent
across all biological” replicates..(Eigure 5H, 1). DAM II-2 microglia exhibit elevated GPNMB
expression, a well-established biomarker linked to multiple neurodegenerative diseases, including
Alzheimer’'s'diseaseyADY); Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS), and
the GPNMB:pgositive'microglia show enhanced phagocytic activity (Huttenrauch et al., 2018; Neal
et al., 2018; Bogaeki al., 2025). To further validate age-dependent microglial changes, we
compared IBA14Aa pan-microglial marker) and GFAP (an astrocyte marker) expression in young
versus aged WT monkey hippocampi. IBA1 levels decreased with age, whereas GFAP alteration
is not significant (Figure 5J, M). Also, to further validate hippocampal IBA1 changes in young and
aged monkeys, we performed IBA1 immunostaining in AAV-AB42 injected young and aged
monkey brains. The results showed an approximately 30% decrease in IBA1-positive cells in the
aged group compared with the young group, which is consistent with the Western blot findings

(Figure 5K, L). The partial decrease in IBA1 expression aligns with the reduction in the DAM II-2
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cluster observed in snRNA-seq data, pointing to an age-related loss of a specific microglial

subtype in the hippocampus.

Selective vulnerability of monkey hippocampal neurons to AB42 toxicity

Although excitatory pyramidal cells (PCs) in the CA1 and CA3 regiens are vulnerable in
AD, the specific PC subtypes most sensitive to AB42 toxicity in primates reémain, unclear, largely
due to the challenge of obtaining early-stage AD human brain samples. /70 address this, we
analyzed monkey brains using established markers—PROX1/NPY 1R forgranule celts (GCs) and
HS3ST4/PDE4B for PCs (Lavado et al., 2010; Castro et al., 2010; Madronaket-al., 2016; Ayhan
et al., 2021)—and identified two GC subclusters (GCs_1 and GGs’ 2) and/five PC subclusters:
PCs_0 (TRPS1/RELN/TRHDE), PCs_1 (RAI4/KIAA1217), PEs_2 (CHST8/LMO1/NDST4),
PCs_3 (CNTN6/SULF1), and PCs_4 (ABCA12/SLC38A11) (Figure 6A-C, Supplementary Figure
S6A-F). Among these, PCs_0 was the dominant subtype inthe yeung (82.67%) and aged control
(67.97%) groups, as well as in young AB42-treatéd monKeys (68.71%). Strikingly, this population
nearly vanished in aged AB42 monkeys (0.85%) (Rigurfe 6B, D). Further characterization revealed
that PCs_0 highly expressed TRPS1/Figtre 6D, E),"a transcription factor (TF) linked to skeletal
development (Georgescu et al., 2024) and;recently/detected in cortical astrocytes of mice
(Natarajan et al., 2025) and in"human neurons (Ayhan et al., 2021). TRPS1 is a key transcription
factor that interacts with multiple sighaling pathways, including Wnt and Hippo, and has been
implicated in regulating cellular=proliferation and survival. However, its role in neuronal cells
remains unclear (Hartauzzofet al., 2011; Elster et al., 2018).

AB42_expression.induced pronounced transcriptional changes in aged hippocampal
PCs_0 _.€ompared™to~young groups (Figure 6F). Consistent with snRNA-seq data, TRPS1
expressioniwas’selegtively reduced in excitatory neurons of the aged AAV-ABR42 monkeys (Figure
6G), and immunofluorescence confirmed fewer TRPS1* neurons in the ApR42-treated aged

hippocampus versus controls (Figure 6H, |). In summary, our findings reveal two key age- and

AB42-dependent vulnerabilities: (1) a decline in DAM Il microglia with aging, and (2) the selective
loss of TRPS1*RELN™ pyramidal neurons in the aged hippocampus under AB42 toxicity.

DISCUSSION
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Although the pathological hallmarks of AD—AR deposition and hyperphosphorylated
Tau—are well established, the mechanisms driving AD pathogenesis remain incompletely
understood. Due to their close physiological and genetic similarity to humans, non-human
primates (NHP) have been used to model AD and to investigate AD-related pathology (Li et al.,
2020; Pan et al., 2024). Germline transgenic APP models have been developed (Chan et al.,
2022; Li et al., 2024), but these require extended timeframes to develop AD neuropathology.
Given the stronger association of AB and Tau pathology with AD progréssion, several studies
have instead generated NHP models expressing synthetic Ap (Beckman etal., 2049; Gary et al.,
2019; Lam et al., 2021; Yue et al., 2021; He et al., 2025b), transgenic Tau (Tu et al., 2023; Jiang
et al., 2024), or synthetic Tau seeds (Beckman et al., 2021, 2024;.Darricay et-al.,,2024) in brain
regions of non-human primates. In our study, AAV-mediated expression0f BRI-AB was restricted
to the hippocampus in monkeys of different ages. Unlike BRI=AB tranggenicimouse models, which
exhibit only mild synaptic dysfunction (Lawlor et al’, 2007; Forner et al., 2019), our macaque
model displays overt neuronal death. This pathological“difference may stem from phylogenetic
divergence between rodents and primates, including“differefices in lifespan, brain size and
structure, and neuroimmune responses. Our approach [provides a stable, long-term source of
toxic AR while reducing variability asseCiated, with synthetic peptide preparations. Our findings
demonstrate age-dependent neuropathelogicall and molecular changes in AB42-expressing

monkeys, offering new insights.inte hippécampal dysfunction in AD.

In this study, we investigated the effects of AB42 on the hippocampus of cynomolgus
monkeys, given its ,eritical role.in.memory function—a key domain impaired in AD-associated
dementia. Despite the challenges of cognitive testing NHPs, we identified highly relevant
reductions_inwdaytime™activity and sleep disturbances—non-cognitive behavioral phenotypes
common intAD. Eurthermore, aged animals exhibited more severe AB aggregation and pTau
expression This agé-dependent pathology mirrors observations in AD patients and aligns with
prior NHP studies demonstrating that aging potentiates AB-induced neuropathology (Yue et al.,
2021; He et al.,, 2025b). Notably, snRNA-seq revealed an age-dependent reduction in
hippocampal microglia in aged monkeys. Microglial dysfunction is increasingly recognized as a
key contributor to AD and other neurodegenerative diseases, making it a promising therapeutic
target (Bartels et al., 2020; Lewcock et al., 2020). While age-related microglial alterations have
been reported in rodent AD models (Ogura et al., 1994; Deng et al., 2006; Antignano et al., 2023)

and single-cell studies have characterized microglial heterogeneity in aging mice (Hammond et
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al., 2019; Safaiyan et al., 2021; Wang et al., 2025; Sun et al., 2025), none have identified this

specific decline in microglial numbers—a finding uniquely captured here in NHPs.

In our study, we found that the proportion of DAM 1I-2 subtype microglia was decreased in
aged monkeys, and that expression of the DAM I1-2 microglial marker GPNMB was also reduced in
the aged hippocampus compared to the young monkeys following AAV-AB42 injection. Interestingly,
GPNMB has been reported to be elevated across multiple neurodegenerative/diseases(Huttenrauch
et al., 2018; Neal et al., 2018; Bogacki al., 2025), and its concentration in CSF is.generally positively
correlated with diverse disease progression (Aichholzer, et al., 2021; Doraszkiewiez ‘et'al., 2023).
Several studies indicate that GPNMB can mediate cellular phagocytosis function, overexpression of
GPNMB in microglia could enhance the clearance capacity for ARB42 plaques (\Watirigs, et al., 2025;
Liu et al., 2025). Thus, we speculate that the reduction of DAM [I<2 microglia, or an age-related
impairment in the transition from homeostatic to DAM™II-2" microglia, may’diminish cerebral AB42
clearance ability then increasing AP deposition and . exacerbating AB42 toxicity. While the
hippocampus maintains conserved anatomical features aeroSssmammalian species (Manns &
Eichenbaum, 2006), primates display unique erganizational characteristics that differentiate them
from rodents (Ayhan et al., 2021) and shouldyprevide jmore clinically relevant insights into AD

pathogenesis.

The age-dependent declinetinthippocampal microglial function has been linked to aging-
related memory impairment (Rim et ali, 2024). For instance, selective clearance of senescent
microglia in aged micefreyerses.cognitive deficits (Zhang et al., 2022). Similarly, in Tau-P301S
mice (a tauopathy/model), eliminating senescent glial cells—including microglia—reduces tau
pathology,. mitigates meurodegeneration, and improves cognitive function (Bussian et al., 2018).
Unlike’neuroens,“glial tells“retain some regenerative capacity through adult gliogenesis. During
development; microglial progenitors derived from yolk sac hematopoietic stem cells migrate into
the brain parenchyma before blood-brain barrier (BBB) formation (Nayak et al., 2014). These cells
mature and persist throughout life (Fuger et al., 2017), and microglial function is important for
maintaining neurogenesis (Fang et al., 2023) and synaptic plasticity (Werneburg et al., 2017).
While lost microglia may be partially replenished through resident cell proliferation, peripheral
monocytes can also infiltrate to occupy vacant niches (Cronk et al., 2018). Notably, systemic
factors influence this process: old blood plasma administration impairs hippocampal
neurogenesis, reduces synaptic plasticity, induces microgliosis, and compromises learning and

memory in mice (Villeda et al.,, 2011). These findings collectively underscore the role of
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hippocampal microglial senescence in mediating age-related functional decline and posit it as a

novel therapeutic target for cognitive restoration.

Microglia play a critical role in clearing misfolded proteins, including AB; however, their
phagocytic capacity becomes impaired with age (Yoo et al., 2021). Although it remains to be
investigated why hippocampal DAM II-2 microglia are particularly susceptible to aging, their
reduction likely impairs the clearance of AB42 and increases neuronal vulnerability. Consistent
with this, our findings demonstrate an age-dependent reduction of microglia-in the hippocampus,
leading to a more pronounced accumulation of toxic AR in aged versus youngimonkeys. This
increased AR burden subsequently drives neurodegeneration, as evidenced-by the selective loss
of the neuronal cluster TRPS1* PCs_0.1 compared to age-matghed eontrols. "As a transcription
factor, TRPS1 regulates a complex transcriptional network rather than a,single pathway. Several
studies have shown that TRPS1 influences cellulariprogenitor dévelepment by modulating the
WNT signaling pathway during hair follicle (vibrissa) merphogeneésis and affects cell proliferation
and survival by suppressing Yes-associated prot€in (YAP) activity in the Hippo pathway in breast
cancer cells (Fantauzzo et al., 2012; Elstep@tial., 2018). Interestingly, a recent genome-wide
association study (GWAS) in African AmerieansyAAS) identified a strong association between the
TRPS1 variant rs16885997 and cognitive’decline™(P=2.52 x 1077), which was only behind an

APOE variant (P=1.92 x 107'4).in sighificance (Raj etal., 2016). This finding suggests a potential

link between TRPS1 dysregulation and Alzheimer’s disease pathogenesis. However, the function
of the TRPS1*PCs_0, 4 heurenalkpopulation has yet to be fully elucidated, but its loss—combined
with age-related microglial gecline—may synergistically exacerbate hippocampal dysfunction,
ultimately.contributing,to the' dementia phenotype in AD. Thus, using a non-human primate model,
our study. demonstrates-that AR42 toxicity is exacerbated in the aged primate hippocampus due
to a combination’of microglial decline and the selective vulnerability of a specific neuronal subtype
(TRPS1+ PCs¥0i1). These findings also identify a new potential therapeutic target for treating AD
phenotypes.

Our study also has several limitations that warrant future investigation. First, due to the
central role of female monkeys in reproductive programs, they are typically maintained for longer
periods than males, and female animals generally exhibit more pronounced AD-related pathology
than males (Yang et al., 2018; Dennison et al., 2021; Poon et al., 2023). Therefore, we used only

female animals in our experiments. Although these aged animals developed distinct and severe
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AD-related pathologies after AAV-AB42 injection, including AB plaques, pTau tangles, and
neuronal loss, future work should include male animals to determine if there is sex-dependent
pathology in the aged monkey hippocampus. Second, we observed that TRPS1+ pyramidal
neurons were more sensitive to AP toxicity in the aged hippocampus, but the underlying
mechanism requires further investigation. Third, the direct relationship between DAM II-2
microglia and AB in the monkey hippocampus was not fully explored in this study. Future work
should determine whether DAM [I-2 microglia indeed exhibit an enhanced, capacity to clear A
plagues compared with other microglial subtypes. In addition, the mechanisms responsible for the

age-related reduction in DAM [I-2 microglia also require further study.
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(A) AAV9 vectors for expressing BRI control and BRI-AB42. (B) Western blotting analysis of
HEK293 cells infected by AAV-GFP, AAV-BRI (AAV-Control), and AAV- BRI-AB42 (AAV-AB42)
using anti-flag and anti-AB42. (C) Immunostaining of transfected HEK293 cells with anti-AB42
confirms the expression of AB42. (D) Brain stereotaxic injection of AAV-Control (10 pL, 1x10*3
vg/mL) and AAV-ABR42 (10 L, 1x10" vg/mL) into the prefrontal cortex of an aged monkey (n =
1). (E, F) Low (E) and high (F) magnification micrographs showing that AB42 forms significantly
more plaques (n = 12 from one animal, two-tailed student t-test, P<0.007) in the prefrontal cortex
injected with AAV-AB42 compared to the AAV-BRI injected group. (G) Western blotting using
anti-Ap42 verified the expression of AB42 in the AAV-AB42-injected monkey brain cortex. The

data are presented as mean+SEM, ***: P<0.001.
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Fig. 2
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(A) NeuN staining showing the reduced density of NeuN-positive cells in the layer Il and layer V
regions of AAV-AB42-injected (n = 1, 10 pL injected, 1 x 1013 vg/mL) prefrontal cortex compared
to AAV-Control (n = 1, 10 uL injected, 1 x 10*13 vg/mL) of an aged monkey at 25 years of age.
The left and right panels show the low and high-magnification micrographs, respectively. (B)
Double immunostaining of the AB42-injected monkey cortex using anti-NeuN or anti-GFAP with

anti-AB42. (C) Quantification of the numbers of NeuN-positive (n=8 from one animal, two-tailed
student t-test, P<0.05) and GFAP-positive cells (n=12 from one animal, two-tailed student t-test,

P<0.001). The data are presented as meantSEM, *: P<0.05; ***: P<0.001.
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Figure 3. Age-dependent neuropathology of the monkey hippocampus expressing ApB42
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(A) Unilateral injection of AAV-Control or AAV -AB42 into the right or left hippocampus of young
(~ 7 years) and aged (~ 26 years) monkeys. (B, C) Immunostaining (B) and quantification (C) of

AB42 plaques in the injected monkeys 3 months after injection. (n=12 from three animals for the
young group, two-tailed Student’s t-test, P<0.007; n=24 from three animals for the aged group,
two-tailed Student’ s t-test, P<0.001) (D) Double immunostaining of the AB42-injected monkey

hippocampus using anti-IBA1 with anti-Ap42. (E) GFAP and NeuN double immunostaining in the
young and aged AAV-AB42-injected hippocampus. (F) Western blotting analysis of neuronal
(NeuN, PSD95, synapsin-25) and glial (GFAP and IBA1) proteins in AAV-Control- and AAV-A42-
injected hippocampus of young (n = 3 from three animals, two-tailed student t-test, NeuN: P>0.05;
GFAP: P<0.05; SNAP25: P>0.05; IBA1: P<0.001; PSD95: P>0.05) and aged monkeys (n=3 from
three animals, two-tailed student t-test, NeuN: P<0.05; IBA1: P<0.05). (G) Immunostaining with
anti-pTau antibody (AT8) showing the increased expression of pTau in the aged hippocampus
with AAV-AB42 expression. (H) Quantification of AT8-positive cells per image (Yong group:n=6
from three animals, two-tailed student t-test, P<0.001; Aged group:n=6 from three animals, two-
tailed student t-test, P<0.001). The data are presented as mean+SEM, ns: Not significant;*:
P<0.05; ***: P<0.001.
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(A) AB42 immunostaining of the hippocampus of an aged monkey at the age of 25 years. (B)
Immunostaining of the hippocampus of the aged monkey 3 months after AAV-AB42 injection.
Antibodies to NeuN, GFAP, and IBA1 were used. (C) Quantification of the numbers of NeuN,
GFAP, or IBA1-positive cells in the control AAV and AAV-BRI-AB42 injected hippocampus (n=10
from three animals per group, two-tailed student t-test, IBA1: P<0.001; GFAP: P<0.001; NeuN:
P<0.001). The data are presented as mean+SEM, ***: P<0.001.
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Figure 5. snRNA-seq analysis reveals differences in microglia between young and aged

monkey hippocampus

(A-B) UMAP plots showing distinct cell clusters across four groups, with each color representing

a unique cell type. (C) Bar plot displaying the proportion of each cellular cluster within each group.
(D, E) The microglia cells were divided into six subclusters according to their biological functions,
and the UMAP plot shows the distribution of each subcluster. (F) Top enrichment pathways in
each subcluster. The red bar represents up-regulated pathways, and the blue represents down-
regulated pathways. (G) The DEGs between DAM [I-2 and DAM Il-1 microglia in monkeys. Red
dots indicate up-regulated genes, and blue dots indicate down-regulated genes. (H) UMAP shows
the microglial subclusters in each group, with the dotted line circle highlighting a subcluster that
decreases in aged monkeys. (I) The proportion of each microglia subcluster within each group
and each sample. The DAM I1I-2 microglia (light green) were decreased in the aged monkey
hippocampus. (J) The IBA1 immunostaining shows the microglia in the young and aged AAV-
AB42-injected hippocampus. (K) Representative Western blot analysis showing the expression of
hippocampal IBA1 and GFAP in 3 young (~11 years) and 3 aged (23-25 years) WT monkeys. (L)
Quantification of IBA1 positive cells per image in young and aged groups (n=6 from three animals
per group, two-tailed student t-test, P<0.07). (M) Quantification of IBA1 and GFAP relative
expression levels in the hippocampus of young and aged WT monkeys (n=6 per group, two-tailed
student t-test, IBA1: P<0.01; GFAP: P>0.05). The data are presented as meantSEM, ns: Not
significant;*: P<0.05; ***: P<0.001.

L Zoological
science ‘ Research




UMAP_2

Fig. 6

1.00
Gciz Granule O . . .
cells
P Cell_type
GCs " 0.75 | -
pCsi4 | Grande cells - GCs_1
w: GCs_1 (448, 1.44%) B GCs 2
B GCs 2 (3106, 10.01%) 0.1
RCsl 041 PCs |
A 0.50 | . " pcso2
: PCs 22 PCs3 Pyramidal neurons B PCs_1
3 N PCs_0.1 (18976, 61.18%) PCs_2.1
PCS“i—g»Z s B PCs_0.2 (1641,5.29%) 025 B PCs 22
; = PCs_1 (1514,4.88%) -
PCs 2.1 - PCs_3
pyramiga = PCs_2.1(1090,3.51%) I = PCs 4
3 9 "y neurons ™ PCs_22 (351,1.13%) - -
g H RCsid PCs_3 (1487,4.79%) 000 == 0 &
L] d >
— o, PCs_4 (2406, 7.76%) & ‘?g;x & ng
P &
| ~ s . . . . Young
Rq @] [} [ ] L[] . [ ]
. ° o} ° o ® — N
[ ] @ @ ) O ] Percent e s P
® o ° ° ° ° expressed S g [’ \‘
. o . . o ° o Q > N !
. o o ° . e O ® > T
- @) . e Q= g w N
asd o ° o O o :L’ PCs_02
4 . ° L] 0] . - -
. ° . o} . L4 zscore Aged
° . (®) . (] L] 2
xanrerr) . N 0 ° o ° ' 2
TN [ ° [ ] [ ] L) 0] o E #=~_PCs 01 o~ PCs_0.1.4
- 0. N 0.1 5%
e . . o o 0 ‘ E S
' - S S g, SO =
| . . ° . 0 ° = \\\ . Z o\ LI 5
A . . . [ ] (@] L] X é -
PCs 0.2
. . [ ] Q 0 ° s
TRPS1 RELN 54 MKl ® Down (n-88) TRPS1
BTNGAZ | ® Non-significant
~ PCs 0.1 RUNXT | | Up (n=14) Ap42 Control
44 B2M 1 5
|
IFIH1 HERCS | i
» IL2TR _ STAT| | '
@ . IFHE 1 4 i
: 34 i
‘[ o IF% : I i
S 2 JCHAIN | RKFP1
T, 1061 ! | Eme 3
TRHDE UJ’A:PS FLiMop1
————— ~GAL Ahainbiaiitinh [P
1 ‘ol
" R A
- 1
04 -
IMAP : 5 Y
UWAR1 10 0 10 0 :
T
Log; fold change Aged Young Aged  Young
AAV-Control AAV-AB42 |

& 2007
*

o E
= s 1504
I Q
w 3
T 2 1001
o 2
h T 50 1
o Q
o —
= o Q-

= Control AB42

Zoological
Research




Figure 6. AB42-mediated loss of TRPS1* pyramidal neurons in the aged monkey

hippocampus

(A) The UMAP blot of the subclusters of excitatory neurons. The granule cells were subdivided
into GCs_0.1 and GCs_2, and the pyramidal neurons were subdivided into PCs_0.1, PCs_0.2,
PCs_1,PCs_2.1,PCs_2.2, PCs_3, and PCs_4. Each color represents a unique cell type. (B) The
cellular proportion of excitatory neuron subclusters in each group. (C) The dot plot shows the
identified markers for each excitatory subcluster. (D) The PCs_0.1 cluster is significantly
decreased in the aged AB42 group, and the dotted circle highlights PCs_0.1 and PCs_0.2
subclusters. (E) The relative expression levels of the marker genes for total PCs_0 (TRPST"),
PCs_0.1 (RELN"), and PCs_0.2 (TRHDE") in the UMAP. (F) The volcano plot shows the DEGs
of the PCs_0 clusters between young and aged monkeys injected with AAV-BRI-AB42. (G)
TRPS1 expression was decreased in the aged AB42 group. Each dot in the plot indicates one cell
in the group. (H) Immunofluorescent staining for TRPS1 in the hippocampus shows a reduction
of TRPS1 neurons in the aged AB42 monkey. (I) Quantification of TRPS1* neurons per image.
The average numbers of TRPS1* neurons in different sections of the hippocampus are used for
statistical analysis (n=4 from three animals, two-tailed Student’s t-test). The data are presented
as mean+SEM, *: P<0.05.
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Table 1

. Age . Hippocampal AAV
Animal No  Sex Virus L Analyses
(year) injection
Behavioral
Monkey-1 F 23 AAV9-BRI Bilateral
MRI
Behavioral
Monkey-2 F 24 AAVO-BRI Bilateral
MRI
Behavioral
Monkey-3 F 25 AAVO-BRI Bilateral
MRI
Behavioral
Monkey-4 F 25 AAVO-BRI Bilateral
MRI
AAV9-BRI- Behavioral
Monkey-5 F 22 Bilateral
AB42 MRI
AAV9-BRI- Behavioral
Monkey-6 F 24 Bilateral
AB42 MRI
AAV9-BRI- Behavioral
Monkey-7 F 23 Bilateral
Ap42 MRI
AAV9-BRI- Behavioral
Monkey-8 F 25 Bilateral
AB42 MRI
AAV9-BRI- Behavioral
Monkey-9 F 24 Bilateral
AB42 MRI
AAV9-BRI-
Left cortex
Monkey-10 R 25 Ap42 Western blotting
Right cortex
AAV9-BRI
ARVOBRE | et Histol
eft hippocampus istolo
Monkey-11 F 7 AB42 Right hF')p P RNA ¥
i ippocampus sn se
AAV9-BRI J PP P a
AAV9-BRI- Loft hi Histol
eft hippocampus istolo
Monkey-12 F 7 Ap42 Right hF')p P RNA i
i ippocampus sn se
AAV9-BRI J PP P a
AAV9-BRI- Loft hi Histol
eft hippocampus istolo
Monkey-13 F 7 AB42 . ;.)p P ¥
Right hippocampus snRNAseq
AAV9-BRI
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AAV9-BRI-

Left hippocampus Histology
Monkey-14 F 26 AB42 _ )
Right hippocampus snRNAseq
AAV9-BRI
AAV9-BRI- Loft hi Histol
eft hippocampus istolo
Monkey-15 F 26 AB42 Right hF')p P RNA i
i ippocampus sn se
AAV9-BRI J PP P a
ARVOBRE | et Histol
eft hippocampus istolo
Monkey-16 F 28 AB42 . ;.)p P i
Right hippocampus snRNAseq
AAV9-BRI
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