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Amyloid-beta peptide toxicity in
the aged brain is a one-way
journey into Alzheimer’s disease
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Alexandre Wojcinski, Adrien Chabert, Bilal El Waly,
Philippe Poindron and Noelle Callizot

Neuro-Sys Vivo, Gardanne, France

Aging is the primary risk factor for Alzheimer’s disease (AD), and the aging brain

shares many characteristics with the early stages of AD. This study investigates

the interplay between aging and amyloid-beta (Aβ) induced pathology. We

developed an AD-like in vivo model, using the stereotactic injection of Aβ1−42

oligomers into the hippocampi of aged mice. Cognitive impairments were

assessed using a Y maze. Immunohistochemical and protein analyses were

conducted to evaluate neuronal survival, synaptic function and number, levels of

tau hyperphosphorylation, microglial activation, autophagy, and mitochondrial

function. We compared baseline aging effects in young adult (3 months)

and aged (16-18 months) healthy mice. We found that aged mice displayed

significant deficits in working memory, synaptic density and neurogenesis, and

an increased basal inflammation. In response to acute injury to the hippocampus

with Aβ oligomer injection, aged mice suffered sustained deficits, including

impaired cognitive function, further reduced neurogenesis and synaptic density,

increased microglial activation, astrogliosis, mitochondrial stress, and lysosomal

burden. Furthermore, in the weeks following injury, the aged mice show

increased amyloid accumulation, microglial activation and phosphorylated tau

propagation, expanding from the injection site to adjacent hippocampal regions.

In contrast, the young adult mice exhibited only acute effects without long-

term progression of pathology or neurodegeneration. We conclude that the

aging brain environment increases susceptibility to an acute Aβ injury, creating

fertile soil for the progression of AD, whereas younger brains are able to

overcome this injury. The processes of aging should be considered as an integral

factor in the development of the disease. Targeting aging mechanisms may

provide new strategies for AD prevention and treatment, as well as for other

neurodegenerative diseases.
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Introduction

As Alzheimer’s disease (AD) mainly affects people over the
age of 65, and indeed age is the primary risk factor (Kawas et al.,
2000), it is relevant to focus on how the general characteristics of
brain aging contribute to the disease’s initiation and progression.
Could addressing the root causes of aging itself, therefore, be a
key strategy in preventing or slowing the onset of AD and other
neurodegenerative diseases?

The main established pathological features of AD are
extracellular amyloid-beta (Aβ) plaque deposits, intracellular
neurofibrillary tangles, and progressive synaptic loss followed
by neuronal death. Subsequently, many cellular key players of
the pathology have been identified, such as impairments in
synaptogenesis, mitochondrial functions, autophagy, as well as
increased activation of microglia, all of which correlate with the
general dysfunction that develops in the aging neuron. As these
defects tend to be detected earlier in the pathology of AD than the
appearance of Aβ plaques and neurofibrillary tangles, they present
interesting targets for disease prevention, in comparison to later
inventions that could only slow the development of symptoms.

Although Aβ is present and physiologically important
(including both Aβ1−40 and Aβ1−42), for example for synaptic
plasticity, in healthy brains of all ages (Cai et al., 2023), the aging
brain tends to have a higher proportion of Aβ1−42, which is more
prone to forming oligomers and fibrils. Aβ1−42 oligomers, the most
toxic entity, disrupt synaptic plasticity, activate Glycogen synthase
kinase-3 β (GSK3β kinase, involved in tau phosphorylation) and
drive neuronal death (Lambert et al., 1998, Vossel et al., 2015). In
AD patients, the shift from Aβ1−40 to Aβ1−42 is evident (Hampel
et al., 2021).

Aging leads to a reduction in the number and size of
synapses (Peters et al., 2008). Synaptic loss in regions such as
the hippocampus and cortex correlates strongly with memory
impairment and other cognitive deficits. In AD, synaptic atrophy
is prominent, leading to impaired neuronal communication and
cognitive decline (Shankar and Walsh, 2009).

Neurons are particularly susceptible to the effects of aging
because of their much greater energy demands. Studies on
primates and rodents have shown a reduction in the activity
of all mitochondria in aged brains, leading to a bioenergetic
deficit (Bowling et al., 1993; Long et al., 2009). With less energy
available, neuronal function is compromised; a major factor in the
physiological cognitive decline typical of aging. Oxidative stress–
driven metabolic disruption affects proteins and nucleic acids and
can contribute to the pathogenesis of AD (Dhapola et al., 2024).
Furthermore, dysfunctional mitophagy and mitogenesis are related
to various neurodegenerative diseases (Mangrulkar et al., 2023).

The fact that neurons can live for more than a century
without regeneration makes their cellular repair, recycling,
and clearance mechanisms particularly important. Autophagy-
lysosomal pathways and mitophagy, essential for normal brain
function, are known to decline with aging (Nixon et al., 2008;
Carmona-Gutierrez et al., 2016). Recent research has highlighted
the critical role of impaired autophagy in the progression of
AD. Studies have shown that deficits in autophagy occur early
in AD, contributing to the accumulation of senile plaques and
neurofibrillary tangles (Orr and Oddo, 2013).

In normal aging, microglia, the brain’s primary immune cells,
undergo several changes that affect their function. These cells
exhibit a gradual shift from a homeostatic state to a more pro-
inflammatory state, even in the absence of disease (Javanmehr et al.,
2022). This shift includes a reduction in their ability to perform
essential tasks, such as immune surveillance, debris clearance, and
response to injury. Interestingly, aging microglia are characterized
by alterations in morphology, phagocytosis, metabolism, and
inflammatory phenotype, which appear to play both protective and
detrimental roles in maintaining brain homeostasis and preserving
their ability to respond to insults (Antignano et al., 2023; Passarella
et al., 2024). Additionally, there is an increase in the production of
pro-inflammatory cytokines, contributing to a low-grade, chronic
inflammatory state known as “inflammaging.” In AD, the microglia
become chronically activated, leading to a sustained release of pro-
inflammatory cytokines that exacerbate neuroinflammation and
neuronal damage. Additionally, microglia in AD show impaired
phagocytic function, so are less effective at clearing debris. This
accumulation further drives disease progression (Nizami et al.,
2019).

In addition to amyloid-targeting therapies, there is a growing
focus on addressing earlier cellular dysfunctions, such as impaired
autophagy, which are evident in both aging and AD brains.
Recent research has demonstrated that enhancing autophagy
can reduce toxic protein aggregates and improve cognitive
function in AD models.

In this study, we investigated whether, given the right “soil,” a
suitable environment, an initial insult (Aβ1−42 oligomers injected
into the hippocampi) could trigger a neurodegenerative process.
We compared different ages choosing “young adult animals”
(3 months) and elderly animals (16-18 months). We show that
in aged animals, this stress induces damage, not only around the
stress site but also in other areas. This ultimately leads to a self-
perpetuating degenerative process that would never settle down.
In young animals, preserved homeostasis ultimately helps contain
the stress, demonstrating resilience and intact cellular mechanisms
capable of overcoming the initial Aβ injury. We conclude that the
accumulated impairments in aged brains result in the increased
toxicity and the progression of neuronal damage.

Materials and methods

Animal housing

Male C57BL/6 mice (aged 3 or 16–18 months) were obtained
from Charles River Laboratories. The animals were housed in the
Neuro-Sys VIVO animal facility under a reversed light/dark cycle
and acclimated for at least 5 days prior to surgical procedures.
Enrichment materials (e.g., nesting paper and cardboard rolls)
were provided in the cages, which housed 2–4 animals each
to promote social interaction. Food and water were available
ad libitum. To minimize stress during subsequent behavioral
testing, mice were handled regularly, and their body weight was
monitored daily. All experiments were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and followed current European Union
regulations (Directive 2010/63/EU). The study was approved by the
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local Animal Ethics Committee of Marseille (CEEA14). Agreement
number: B1301337.

Aβ1−42 peptide preparation

The Aβ1−42 preparation followed the protocol established by
Callizot et al. (2013, 2021). Briefly, Aβ1−42 peptide was dissolved
in the vehicle to achieve an initial concentration of 100 µM. The
solution was gently agitated for 3 days at 37◦C in darkness. (An
example WES trace to characterize the preparation can be found in
Supplementary Figure 1).

Surgical procedures

Mice were anesthetized with isoflurane (4% for induction)
using an induction chamber connected to a vaporizer and oxygen
concentrator. During the surgery, anesthesia was maintained with
isoflurane (2%) delivered via a face mask. Lidocaine (1 mg/kg,
subcutaneous) was administered cranially for local anesthesia
before craniotomy. Additionally, buprenorphine (0.1 mg/kg,
subcutaneous) was administered 30 min prior to surgery for
analgesia. Rectal temperature was continuously monitored and
maintained at 37◦C with a heating mat, and ocular gel (Lubrithal)
was applied to prevent corneal desiccation. Anesthetic depth was
verified through palpebral reflex, vibrissae movement, and absence
of response to tail and toe pinches before initiating surgery.

The skull was exposed, and craniotomy was performed at
the designated coordinates. Aβ1−42 preparation was injected
bilaterally (see Supplementary Figure 2 for illustration) into the
CA1 hippocampal region (anterior-posterior: –2.0 mm; medio-
lateral:± 1.8 mm) at three depths [dorso-ventral (DV)]:

Stratum oriens: DV: –1.3 mm.
Stratum pyramidale: DV: –1.5 mm.
Stratum radiatum: DV: –1.7 mm.
A total of 3 µL of Aβ1−42 solution (1 µL per site, 100 µM,

∼15 µM oligomers (AβO), measured by automated protein
quantification using the Simple Western (WES) system) or vehicle
was injected into each hemisphere using a Hamilton syringe
connected to an Elite Nanomite syringe pump (0.2 µL/min).
Between each injection, the needle was left in place for 2 min and
then withdrawn slowly to minimize tissue damage. Sham animals
underwent identical surgical procedures but received intracranial
injections of vehicle (0.9% NaCl) at the same coordinates.

Following surgery, mice recovered under a heating lamp before
being returned to their cages.

Daily observations and scoring were recorded on follow-up
sheets to monitor postoperative health for 5 days after surgery.

Y maze behavioral assessment (forced
alternation)

One week prior to surgery, mice underwent a habituation
session in the Y maze. During this session, each mouse was
allowed to freely explore all three arms of the maze for 5 min
to acclimate to the testing environment. The Y maze dimensions

were as follows: external arm length, 36 cm; internal arm length,
34.5 cm; external arm width, 7.6 cm; internal arm width, 6 cm;
external height, 15.5 cm; internal height, 15 cm. Each arm of the
maze contained distinct visual cues. All tests were conducted under
standard lighting conditions. Mice were acclimated to the testing
room for 1 h prior to each test session.

Short-term spatial memory was assessed using the forced-
alternation Y maze test. It was conducted on post-surgery days 14,
21, or 28. Testing consisted of two phases:

- Two-Arm Exploration: Mice were allowed to explore two
arms of the Y maze for 5 min, with the third arm closed.
Following this phase, mice were placed in an empty cage to rest
for 3 min. Between trials, the maze was cleaned with acetic acid to
neutralize any odors.

- Three-Arm Exploration: Mice were subsequently allowed to
freely explore all three arms of the maze for 5 min.

All trials were recorded using a video camera and analyzed with
the EthoVision system (Noldus). Locomotor activity and the time
spent in each arm were automatically quantified for each mouse.

BrdU administration
Bromodeoxyuridine (BrdU) was solubilized in the vehicle at a

final concentration of 100 mg/kg in saline (0.9% NaCl) and kept
at 4◦C, protected from light. For mice assigned to neurogenesis
analysis by immunohistochemistry (IHC), BrdU administration
began after the last behavioral analysis. A total of 5 administrations
of BrdU (100 mg/kg/d, i.p.), were performed daily in the 5 days
preceding sacrifice.

Protein analysis using WES; PSD95 and
Aβ

Levels of Postsynaptic Density Protein 95 (PSD95) and Aβ

(measured by the 6E10 antibody) were assessed in hippocampal
tissue by automated protein analysis. Briefly, tissues were micro-
dissected and lysed with a defined buffer lysis consisting of
CelLyticMT reagent with 1% protease and phosphatase inhibitor
cocktail (60 µL per well). Lysates were stored at –80◦C and
processed at + 4◦C. For each condition, the quantity of proteins was
determined using the micro kit BCA (Pierce). Protein analysis was
performed using WESTM automated Western blotting and analysis
(ProteinSimple R©). All reagents (ref: SM-W002, except primary
antibodies) and secondary antibodies (ref: DM-001 or DM-002)
were provided by ProteinSimple R©. They were prepared and used
according to manufacturer’s recommendations for use on WESTM

(ProteinSimple, San Jose, CA).1

Capillaries, samples, antibodies, and matrices were then loaded
inside the instrument. The quantity of protein loaded was set
to 0.5-2 mg/mL. The simple Western was run with capillaries
filled with separation matrix, stacking matrix and protein samples.
Next, capillaries were incubated 2 h with primary antibodies (see
Supplementary Table 1), at room temperature (23± 3◦C).

Capillaries were washed and then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h,

1 https://www.proteinsimple.com/wes.html
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at room temperature. After removal of unbound secondary
antibody, the capillaries were incubated, at room temperature,
with the luminol-S/peroxide substrate and chemiluminescent
signal was collected using the Charge-Coupled Device (CCD)
camera of WESTM with six different exposure times (30,
60, 120, 240, 480, and 960 s). Data analysis was performed
using the Compass Software (ProteinSimple) on WESTM. For
6E10, peaks were automatically measured between 40 and
230 kDa (see Supplementary Figure 4 for example of computer
generated trace).

Immunohistochemistry; NeuN, Iba1,
BrdU, DCX, pTau, GFAP, Lamp2, PINK1,
CytoC

Serial coronal 20 µm-thick sections of the hippocampal
area were cut using a cryostat and stored at –20◦C. Free-
floating sections were incubated in tris-buffered saline (TBS) with
0.25% bovine serum albumin (BSA), 0.3% Triton X-100 and
1% goat serum, for 1 h at room temperature. Brain sections
were then incubated overnight at room temperature with primary
antibodies for the following targets (see Supplementary Table 1);
Neuronal nuclei marker (NeuN, marker of mature neurons),
ionized calcium-binding adaptor molecule 1 (Iba1, marker of
microglia), BrdU (marker of proliferating cells), doublecortin
(DCX, marker of immature neurons), AT100 (antibody to
hyperphosphorylated tau or pTau), glial fibrillary acidic protein
(GFAP, marker of astrocytes), lysosome-associated membrane
protein 2 (Lamp2, marker of lysosomes), PTEN-induced kinase 1
(PINK1, marker of mitophagy) and cytochrome c (CytoC, marker
of mitochondrial stress). These antibodies were revealed using
secondary antibodies coupled with Clear FluorTM or Alexa Fluor,
at the dilution 1/500, in TBS with 0.25% BSA, 0.3% Triton X-
100 and 1% donkey serum. Cell nuclei were counterstained with
DAPI or Hoechst.

Images were acquired with either a confocal laser-scanning
microscope (LSM 900 with Zen software, Zeiss) or Axioscan7
(Zeiss). Tile size = 320 µm2 (see Supplementary Figure 2 for
schematic illustration). Automated image analysis was performed
with MetaXpress R© (Molecular Devices) software. Analysis of
Axioscan images was performed approximately 150 µm from
the injection site.

Statistical analysis

All values are expressed as mean ± SEM (standard error
of the mean). Statistical analysis was performed by unpaired
t-test, one-way or two-way ANOVA, depending on the format of
the experiment (i.e., number of groups), followed by a Fisher’s
LSD test, using GraphPad prism. p < 0.05 was considered
significant. N number, type of statistical test, and raw value to
calculate 100% are included in the figure legends for each graph.
Power of significance (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001
and ∗∗∗∗p < 0.0001) is provided for each result in the
results section.

Results

Accumulated deficits with normal aging

Beginning by characterizing healthy (un-injured) mice, 3 and
16-18 month-old mice were selected as our ages of interest. The 3
month-old mice, considered adults having reached sexual maturity,
are frequently used in AD models (Forner et al., 2021; Jawhar
et al., 2012). Although 12-month-old mice are often classified
as “old” in the literature, our data on un-injected (i.e., healthy)
mice indicate that significant changes continue to occur beyond
this age (Figure 1). We showed that at 16–18 months, mice
performed significantly worse in spatial working memory tests
(Figure 1A; average time in new arm for young = 105 s, for
aged = 88 s, p = 0.04). While the amount of mature neurons in
the CA1 region of the hippocampus remained stable (Figure 1B),
neuroinflammation, or the proliferation of microglia, increased
with age (Figure 1C; 16 m + mice have 32% more Iba(+) activated
microglia in hippocampal CA1 compared to 3 m, p < 0.0001).
As microglia become activated with increasing age [producing
reactive oxygen species (ROS) and secreting pro-inflammatory
cytokines], they also lose the ability to phagocytose (Woodburn
et al., 2021).

In addition, a strong reduction of neurogenesis was observed
in the subgranular zone of the dentate gyrus (DG), as seen in
Figures 1D,E [86% fewer BrdU(+) cells in DG of 16 + vs. 3
m brains, of which 97% fewer are DCX(+), i.e., differentiating
into neurons, p < 0.0001]. The cognitive deficits observed
were associated with a significant reduction of synapses
(Figure 1F; 29% lower hippocampal PSD95 levels). Although
the aged mice are still healthy enough to tolerate surgery
and behavioral testing, they show substantial differences in
the parameters explored in this study, making them an ideal
model.

AβO-injected animals; Young adult
(3 months) vs. Aged mice (16 + months)

Y maze performance in AβO-injected animals
(young adult vs. aged mice)

The impact of AβO injection on short-term spatial working
memory differed markedly between young and aged mice. At
2 weeks post-injection, AβO-injected mice performed significantly
worse than sham-injected controls, in both the 3 month and
16 + month groups (Figure 2A; both at 75% of age-control
sham). The performance of 3 month mice gradually improved
from week 3, and was equal to that of sham-treated controls
by week 4, illustrating the capacity for young adult mice to
recover short-term spatial working memory functions after the
initial AβO-induced impairment. In contrast, 16 month + AβO-
injected mice showed sustained impairments on the Y maze
task, with performance remaining significantly lower than sham-
treated animals up to 4 weeks post-injection (72.2% of sham,
p = 0.005), highlighting the diminished resilience of the
aged brain to regain spatial working memory function once
impaired.
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FIGURE 1

Features of brain-aging in un-injured mice aged 3, 12 or 16 + months. Behavioral readout; (A) short term spatial memory performance (Time spent
in the new arm of the Y maze, n = 12-30). Histological readouts; (B) mature neurons [NeuN + area, n = 7, as proportion of 3 m mean
(100% = 49,630 ± 706 µm2/field/animal)] in CA1, (C) activated microglia [Iba1 + cell number, n = 7− 19, normalized to 3 m mean where
100% = 9.27± 0.3 cells/field/animal] in CA1, (D), proliferating cells [BrdU + cells, n = 7, normalized to 3 m mean where 100% = 14.65± 1.7
cells/field/animal] in substantia granulosa of DG. (E) proliferating cells differentiating into neurons (BrdU + DCX + , n = 7, normalized to 3 m mean
where 100% = 1.89± 0.2 cells/field/animal) in DG. Biochemical readout; (F) Synaptic density of synapses (PSD95/GAPDH ratio, n = 5) in the
hippocampus. Each bar represents the mean ± SEM, one-way ANOVA followed by Fisher’s test (to compare 3 ages) or unpaired t-test (to compare 2
ages). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Representative immunostaining images: (G) NeuN (red), Iba1 (green), and DAPI (blue)
at 3, 12, and 16 + months. Scale bars indicate 100 µm. (H) BrdU (cyan), DCX (red) and DAPI (blue) staining in the DG at 3, 12, and 16 + months. Scale
bars indicate 200 µm.
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FIGURE 2

Kinetics post-injection in Aβ-injected mice at different ages compared to sham-injected controls. Comparison over time in 16 + month-old and
3-month-old mice: (A) Time spent in the new arm of the Y maze (n = 10-21, sham at week 2; 3 m = 131.1 ± 11.3 s, 16 m = 123.2 ± 6.4 s).
(B) NeuN + cell count (n = 4-8, sham at week 2; 3 m = 41.0 ± 1.5 cells). (C) Iba1 + cell count (n = 5-8, sham at week 2; 3 m = 16.0 ± 2.0, 16
m = 11.8 ± 1.3). (D) Area of pTau (AT100) per NeuN + cell (n = 5-16, sham at week 2; 3 m = 782.5 ± 30.2 µm2, 16 m = 618.2 ± 71.0 µm2). (E) PSD95
levels relative to the housekeeping gene GAPDH in the hippocampus (n = 4-5, sham at week 2; 3 m = 0.019 ± 0.002, 16 m = 0.0109 ± 0.0004).
(F) 6E10 levels relative to the housekeeping gene GAPDH in the hippocampus (n = 5-7, sham at week 4; 3 m = 0.016 ± 0.003, 16
m = 0.0026 ± 0.0002). Data are presented as a proportion of the sham level for each group. Each bar represents the mean ± SEM, two-way ANOVA
followed by Fisher’s test. *p < 0.05. Representative immunostaining images of NeuN, Iba1, and pTau (AT100) in sham and Aβ-injected aged mice at
4 weeks post-injection. (G) NeuN (red)/Iba1 (pink). (H) NeuN (green)/AT100 (red). Confocal microscopy of the CA1 region, closely adjacent to
injection site. Left images; sham-injected mice, right images; Aβ-injected mice. Scale bars indicate 50 µm.

Differing effects of AβO-injection over
time—(young adult vs. aged mice)

NeuN, a marker of mature neurons, was assessed in the CA1
region to assess the impact of AβO on neuronal density. For the
younger adult groups, at 2 or 4 weeks post-injection, there was no
difference in the number of mature neurons between sham-injected
and AβO-injected mice (Figure 2B; 99% of sham at week 2, p = 0.9;
95% of sham at week 4, p = 0.3). For the aged mice, however, there
were significantly fewer mature neurons in the CA1 area of the
brain in the AβO injured group, over the 2-6 week time period
investigated (82%, p = 0.02 at week 2; 74%, p < 0.0001 at week 4;
81%, p = 0.001 at week 6).

Similarly, whilst young adult mice recover from the toxic effects
of AβO on synaptic density by 4 weeks post-injection (Figure 2E;
PSD95 levels at 94% of sham), the synaptic density of aged animals
remains significantly impaired (PSD95 levels at 73% of sham at

week 4, p < 0.0001; see Supplementary Figure 3 for example WES
trace).

Microglia are well known contribute to neurodegeneration
in AD through the release of toxic substances and regulation of
synaptic function (Hong et al., 2016). We investigated how the
injection of AβO might yield differing results depending on the
age of the subject. Iba1, reflecting the number of microglia, was
therefore assessed by IHC. Microglial proliferation (Figure 2C;
Iba1 +) was increased 2 weeks after amyloid injection in the CA1
of both 3 (133% of sham, p < 0.0001) and 16 + (130% of sham,
p = 0.0008) month mice. However, at 4 weeks post-injection,
no inflammation was observed in 3 month brains (compared to
sham, 101%, p = 0.9). This complete recovery of inflammation
and synaptic density in young animals at 4 weeks after the lesion
paralleled the complete recovery of cognitive function in the Y
maze. In clear contrast, in 16 + month brains, the inflammation
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remains elevated up to 6 weeks post-injection (Figure 2C; 157% at
week 4, p = 0.0008; 153% at week 6, p < 0.0001), demonstrating
a failure to resolve the inflammatory response to the initial
injury.

Amyloid beta and phosphorylated tau protein
levels in AβO-injected animals (3 vs. 16 + month
aged mice)

As the accumulation and aggregation of Aβ and
hyperphosphorylated tau proteins are hallmark features of
AD pathology, we investigated the levels of these proteins by
automated western blot (for Aβ, detected by the antibody 6E10)
or by immunohistochemistry (for pTau, by the AT100 antibody).
Showing a stark age-dependent response, phosphorylated tau
protein (AT100) was significantly increased in the CA1 of
16 + month AβO-injected mice, remaining elevated up to
6 weeks after the lesion (Figure 2D; 140% of sham, p = 0.01
at week 6); by contrast no AT100 signal was observed in the
CA1 of 3 month brains at 2 or 4 weeks after AβO injection
(Figure 2D; 96% of sham, p = 0.6; 87% of sham, p = 0.2 at
week 4).

Similarly, the Aβ accumulation varied greatly with age.
At 4 weeks after the injection of AβO, Aβ protein levels
of young mice, detected in the whole hippocampus, were no
different to sham-treated animals (Figure 2F; 103% of sham,
p = 0.95). In contrast, in aged animals, Aβ levels were
greatly increased, at 3 days (143%, p = 0.0046), 3 weeks
(180%, p = 0.0046) and 4 weeks (170%, p = 0.0046) after
injection, compared to sham (Figure 2F). The antibody used
to detect Aβ is not able to discriminate between human and
mouse, however, due to this large difference in Aβ levels
between the 3-month and 16 + month detected at the 4
week time-point, we hypothesize that the elevated Aβ levels
observed in aged animals must reflect endogenously produced
protein.

AβO-injected Aged mice (16 + months)
vs. Sham

Neurogenesis at 4 weeks after the AβO-lesion in
16 + month animals

To assess the impact of AβO injection in the CA1 region
on neurogenesis, we evaluated the number of BrdU-positive
cells, a marker of proliferating cells, and the proportion of
these cells that expressed doublecortin (DCX), a marker of
immature neurons, in the dentate gyrus (DG) at 4 weeks
post-injection. In aged mice (16 + months), AβO injection
significantly reduced the number of BrdU-positive cells in
the dentate gyrus of the hippocampus, compared to sham-
treated controls (Figure 3A; 70% of sham, p = 0.0009),
indicating impaired proliferation or survival of newly
generated cells. Furthermore, of the BrdU-positive cells
that were present, a lower percentage co-expressed DCX
(Figure 3B; 72% of sham, p = 0.0008), suggesting a skew
away from neuronal differentiation in the aged, AβO-injected
brain.

Neuroinflammation, lysosomal burden and
mitochondrial stress at 4 weeks after
AβO-injection—immunohistochemical analysis

As described in Figure 2C, levels of microglial proliferation
are substantially elevated at 4 weeks-post-injury. Additionally,
this AD-like model demonstrates greatly increased astrogliosis
(Figure 3C; 155% of sham, p < 0.0001), as measured by GFAP
expression, a marker of astrocytes. The aged AβO-injected mice
also show significantly elevated levels of mitophagy marker, PINK1
(Figure 3E; 273% of sham, p = 0.0002), and mitochondrial stress
marker, CytoC (Figure 3F; 172% of sham, p < 0.0001), as well as the
lysosomal marker Lamp2 (Figure 3D; 226% of sham, p < 0.0001),
within neurons in the CA1, compared to sham. Taken together,
these results can be interpretated as an increase in cellular stress and
impaired autophagic clearance in neurons following AβO exposure.

Spreading of pathology from the site of AβO
injection site in aged mice

Though Aβ was only injected into a specific region of the
CA1, pathological changes were evident in other areas of the
hippocampus (see Figure 4A for schematic and Figures 4, 5 for
representative images). Images taken at week 3, 4, and 6 post-
injection suggest that the pTau staining intensity is at first only
evident in the CA1, then follows the route of pyramidal neuronal
projections, becoming more intense next in the CA3, and then
in the DG (Figure 5). Quantitative analysis reveals that, whilst
the increased pTau accumulation in the CA1 was evident from
2 weeks post-injection (Figure 2D), further from the injection site,
in the DG, an increase in pTau was only observed at 6 weeks post-
injection (Figure 4C; 120% of sham, p = 0.02), whereas at 4 week
there was no difference compared with sham (Figure 4B; 103%,
p = 0.8). These time points are compared in Figure 5C. In addition,
Iba1 was increased in the DG at 6 weeks post-injection (Figure 4D;
112%, p = 0.01).

Discussion

This in vivo model recapitulates various features of AD, with
neuronal mitochondrial stress (PINK1 and CytoC), lysosomal
burden (Lamp2) and hyperphosphorylated tau accumulation,
leading to a substantial loss of synapses and neuronal death.
This is closely associated with astrogliosis (GFAP) and microglial
activation (Iba1). Mitochondrial stress, mitophagy defects, loss of
plasticity and synaptogenesis, associated with basal elevation of
inflammation, are all features common to aging and AD. With
these commonalities, an initial insult—whether an injury, toxin, or
misfolded protein such as amyloid-beta (Aβ)—acts as the “seed,”
capable of initiating a pathology that can flourish into progressive
neurodegeneration.

We proved here that with age, deficits in short term
memory were associated with a loss of hippocampal synapses and
inflammation; because this soil is favorable, a stress can trigger a
cascade of events leading to a pathological situation. Indeed, in a
young brain, in addition to maintained homeostasis (such as low
or non-existent oxidative stress and contained basal inflammation
as we have shown), compensatory mechanisms exist and are highly
effective. Here, we showed that neurogenesis was highly evident in
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FIGURE 3

Histological and biochemical analysis of aged animals injected with Aβ compared to sham at 4 weeks post-injection. Neuroplasticity markers;
(A) BrdU + cells in the DG [n = 7, normalized to sham where 100% = 14.45± 0.4 cells], (B) DCX/BrdU double-positive cells in the DG [n = 7,
normalized to sham where 100% = 1.77± 0.1 cells]. (C) GFAP-positive astrocytes [n = 12, normalized to sham where 100% = 49.29± 2.22 cells].
Cellular stress markers; (D) area of Lamp2 per neuron [n = 4− 5, normalized to sham where 100% = 245.69± 21.68 µm2], (E) area of PINK1 per
neuron [n = 4− 5, normalized to sham where 100% = 177.88± 21.66 µm2], and (F) area of CytoC per neuron [n = 5− 7, normalized to sham where
100% = 152.21± 9.05 µm2]. Mean ± SEM, unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. Representative images (G); (i)
NeuN (green) and GFAP (red), (ii) NeuN (red) and Lamp2 (green), (iii) NeuN (green) and PINK1 (pink), and (iv) NeuN (red) and CytoC (green) staining.
Scale bars represent 50 µm.
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FIGURE 4

Spreading of pTau from CA1 to DG of hippocampus in Aβ-injected aged mice. (A) Representative image Axioscan (cropped), with white squares
illustrating the analysis zones in the CA1 and DG regions (CA3 also illustrated to refer to Figure 5). Representative tiles in CA1 (Ai) and DG (Aii)
selected for automated IHC analysis (size = 320 µm2); NeuN (red), pTau (AT100, green), and Iba1 (cyan). Scale bars indicate 50 µm. Quantitative
analysis in the DG of (B) the area of AT100 in NeuN + cells at week 4 (B) [n = 7, normalized to sham where 100% = 41.6± 4.0 µm2] and week 6 (C)
[n = 6− 7, normalized to sham where 100% = 44.2± 1.6 µm2], and Iba1 staining at week 6 (D) [n = 7, normalized to sham where
100% = 135.0± 3.0 cells]. Mean ± SEM, unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

hippocampi of young animals, compared to aged animals where
it was drastically lower. Indeed, this plasticity can compensate for
stress or any underlying lesion.

Injury to the young brain has been reported to induce
signs of repair and formation of new connections in neurons
proximal and distal to the damaged site (Lledo and Gheusi,
2006; Schoch et al., 2012). These compensatory mechanisms
include circuit reorganization, neurogenesis, axonal growth,
and dendritic plasticity, i.e., synaptogenesis (Nudo, 2007;
Conner et al., 2005). Our findings show the dynamic nature
of a young brain make it able to adapt to deleterious or
stress events. Here after the amyloid infusion, some cognitive
dysfunction associated with neuronal degeneration (at the

site of injection) and inflammation were observed soon
after the stress. However, all these defects disappeared with
time and finally, a few weeks after the lesion, all observed
impacts of stress were resolved via these compensatory
mechanisms.

Interestingly, these compensatory brain mechanisms are also
put in place in AD patients, in defense of the protein aggregation
and amyloid spread (Bobkova and Vorobyov, 2015), but they
become inadequate and eventually fail. In addition, as shown in
this study, in old brains (16 m +) neurogenesis and synaptogenesis
mechanisms were highly decreased (Figure 1), and even worse
after amyloid stress (Figures 2, 3), rendering the compensatory
mechanisms impossible.
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FIGURE 5

Progression of pTau spreading across the hippocampus over weeks post-Aβ -injection in aged mice. (A) Representative Axioscan images comparing
pTau staining in the CA1 (upper panel), CA3 (center panel) and DG (lower panel), at week 3 (left), week 4 (central) and week 6 (right). pTau staining
(AT100, green) and NeuN staining (red) are shown for both Aβ-injected mice and sham-injected controls. Scale bars indicate 100 µm.
(B) Representative Axioscan entire images, for sham (above) and Aβ-treated (below) brains, example analysis zones marked with white squares. Scale
bars indicate 500 µm. (C) Comparison of pTau levels in the DG at week 4 and 6 (n = 6-7).

The most accepted model indicates that Aβ pathophysiology
is the upstream pathophysiological event in AD, triggering
downstream molecular pathways, including tau misfolding, tau-
mediated toxicity, accumulation in tangles, and tau spreading. This
Tau pathology leads to cortical neurodegeneration and cognitive
decline (He et al., 2018). Blocking Aβ production in cultures (using
β- or γ-secretase inhibitors) prevented formation of tau pathology
(Israel et al., 2012; Tokutake et al., 2012). In addition, application
of AβO on primary culture induced hyperphosphorylation of tau
and aggregation as well as activation of GSK3b (Callizot et al.,
2013). By this rationale, the infusion of AβO is relevant to study
the pathophysiology of AD.

Misfolded tau could spread neuron to neuron by a “prion-
like” mechanism (Jucker and Walker, 2018). Similar phenomena
have been implicated in other diseases (e.g., Parkinson’s disease,
Henriques et al., 2022). Importantly, the spread of tau pathology
into association cortices is nearly always associated with the
presence of widespread amyloid plaques (Pontecorvo et al., 2017).
Similarly, in the present study, Aβ infused in CA1 region induced
a significant increase of pTau in the neurons surrounding the

lesion, progressively expanding to neighboring cells, leading to tau
propagation over the CA3 and DG.

This progression into other regions of the hippocampus
overlapped with microglial activation (Iba1). It has been shown that
an overexpression of tau can lead to microglial activation (even
preceding tangle formation (Yoshiyama et al., 2007). Microglial
cells may play a key role in the tau spreading either actively by
transportation or passively by a deficit in phagocytosis, impairing
clearance of pTau (Hopp et al., 2018). We cannot exclude that
other mechanisms are also involved in the spreading, such as via
extracellular vesicles in interneurons (as suggested by Ruan et al.,
2021). The preliminary evidence here suggests that the spreading
is mediated through neuronal projections, from the primary lesion
area in the CA1, to the CA3 and then later the DG. In this study
we focused on the hippocampus due to its importance in AD
and memory, but we have also observed, in later stages after the
lesion, some AT100 signal in regions outside of the hippocampus
(as suggested in Figure 5B, in cortical and sub-cortical areas). This
merits further investigation.
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Here, we showed that several weeks after amyloid infusion,
Aβ remained at in increased level in the hippocampus of aged
brains (unlike in young brains where Aβ returns to sham levels
4 weeks after lesion). This increased Aβ supports the co-pathogenic
interaction with tau in the disease progression (Pooler et al., 2015;
Busche and Hyman, 2020; Gallego-Rudolf et al., 2024). A strong
interrelationship exists between these 2 effectors (“trigger and
bullet,” Bloom, 2014), however, the mechanisms behind Aβ and tau
interplay in AD remain elusive (Roda et al., 2022).

All experiments on aged mice presented here have been
performed on a colony of male mice, due to the technical reason
that the availability of female mice of this age is greatly limited.
However, sex-differences would be important to characterize,
and these experiments are ongoing. Indeed, differences in the
progression and severity of the disease have been observed in
transgenic AD models (Melnikova et al., 2016; Zhong et al., 2024).

Our findings reinforce the notion that neurodegenerative
processes do not act in isolation but are profoundly influenced
by the underlying health of the brain. In our earlier studies on
Parkinson’s disease (Henriques et al., 2022), we demonstrated
that alpha-synuclein (αSyn) injected in Substantia nigra pars
compacta (SNpc), combined with low-level impairments in
lysosomal clearance, provides the spark that triggers a growing
neurodegenerative fire in the aging brain. Here, we propose that
Aβ acts in a similar way. The spread of inflammation in our study
parallels observations in αSyn pathology in Parkinson’s disease
models, where aged SNpc neurons also create fertile ground for
protein aggregation and degeneration.

Beyond Aβ, tau, or αSyn, it is the environment within which
these proteins accumulate that determines the progression and
severity of neurodegeneration. This convergence of pathological
mechanisms across neurodegenerative diseases points to a common
factor: the aged, stressed brain, opening new possibilities for
therapeutic interventions that go beyond targeting individual
disease mechanisms to promote overall brain health.
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