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As the quality of life improves and human lifespan
extends, the prevalence of Alzheimer’s disease (AD) con-
tinuously grows. AD is a devastating neurological con-
dition affecting millions and driving extensive research
to uncover its mechanisms. Because amyloid-B plaque
deposition is the earliest pathological hallmark of AD,
therapies aimed at slowing plaque formation are most ef-
fective when initiated at the very onset of disease—mak-
ing sensitive, early behavioral biomarkers imperative.

The 5xFAD mouse, which develops aggressive amyloid
pathology, offers a powerful platform for uncovering early be-
havioral signatures. Here, | subjected 5xFAD and wild- type
littermates to a comprehensive battery of assays spanning
decision-making, attention, exploration, memory, and other
non-cognitive domains. We hypothesized that plaque-driven
behavioral deficits would surface as soon as plaques emerged.

Although robust amyloid deposition was detect-
ed in the subiculum, its burden correlated only weak-
ly and non-significantly with behavioral performance.
These results underscore the need for larger sample siz-
es, plaque quantification in additional regions (e.g., cor-
tex), and further refinements to assay sensitivity in or-
der to pinpoint reliable behavioral indicators of early AD.

I. Introduction

Where did | leave my keys? Did | turn off the iron before |
shut the door? Did | lock the door? Forgetting is a universal ex-
perience—something that happens to all of us, often daily. It usu-
ally brings a touch of irritation or frustration as we struggle to re-
call specific details and replay the particular moments in our minds.

Now imagine waking up day after day with the same sense of frus-
tration and inability to remember even the most basic things. You first forget
where you usually keep your toothpaste. Then you can'’t recall where you
live, and eventually, you no longer recognize your loved ones.Scary, isn’t it?

This is what daily life can feel like for a person with Alzheimer’s
disease. It is not just their memory that fades, but their very self—their
identity, their life, and everything that once defined them—all slipping away.

1. Overview of Alzheimer’s Disease
1.1 Alzheimer’s Disease Facts and Figures

Alzheimer’s disease (AD) is a neurodegenerative disease and the
most common type of dementia, making up 60-70% of the cases (WHO,
2023). According to the Alzheimer’s Association, there are approximately
6.9 million people living with AD in the USA and the numbers are expected
to grow to 13.8 million by 2050. Age is the number one risk factor for devel-
oping AD, which explains the continually increasing prevalence of the dis-
ease as lifespans expand globally (Alzheimer’s Disease Facts and Figures,
2024). The number of deaths due to AD was approximately 119,399 in
2021 worldwide (Alzheimer’s Disease Facts and Figures, 2024). AD is not
just a devastating condition for the patients and their families, but also a sig-
nificant burden to the country’s economy. In 2020, Americans spent 196 bil-
lion US dollars in direct medical costs and caregiver time equivalent to 254
billion dollars (Nandi et al., 2024). The National Institutes of Health (NIH)
approved an additional fund of 100 million dollars aimed at AD research,
making a total of 3.4 billion dollars in 2024 (Alzheimer’s Association, 2024).

*This author wrote this paper as a senior thesis under the direction of Dr. Eun Jung Hwang.
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1.2 AD Pathology, Etiology, Symptoms, and Risk Factors

The two molecular hallmarks of AD are beta-amyloid (AB) plaques
and tau tangles (Fig. 1A & B) that precede and cause physiological deterio-
rations to the brain. Such changes are atrophy defined by tissue and brain
volume loss (enlarged ventricles and shrunken gyri) (Fig. 1C). Also, neu-
ronal death and microglial inflammation in the hippocampus correlate with
the progressive decline of cognition (Rao et al., 2022). There are two sub-
types of AD: Late Onset (LOAD) and Early Onset (EOAD). The overwhelm-
ing majority of the patients (95%) have LOAD (after 65 years old), which is
sporadic. The rest (5%) is EOAD (before 65 years old), which is determined
by genetic predisposition and displays more aggressive progression (Men-
dez, 2019). Along with the pathological deterioration, there are also several
stages of symptoms that AD patients go through as the disease progress-
es. The stages include preclinical (development of plaques and tau tangles
with no pronounced behavioral deterioration), mild (repeating questions,
memory loss, poor judgment), moderate (withdrawal from social activities,
shortened attention span), and severe (inability to communicate, weight
loss, loss of bladder and bowel control) (National Institute on Aging, n.d.).

In terms of AB plague accumulation, a thorough plaque local-
ization analysis showed that first deposits are seen in the neocortex,
then spread into limbic regions including the hippocampus and en-
torhinal cortex, as well as the basal ganglia, and ultimately accumu-
late in the cerebellum. On the other hand, Braak and Braak showed
that neurofibrillary tangles initially aggregate in the lower brainstem
(locus coeruleus) and then spread into the hippocampus, eventu-
ally spreading into neocortical areas (Hampel et al., 2021) (Fig. 2).

Autosomal dominant mutations in genes such as APP, PSEN1, and
PSEN2 that alter AR precursor protein are related to the EOAD, where-
as age-related changes and sporadic mutations that are more difficult to
identify underlie LOAD (Uddin et al., 2021). Some of the LOAD related risk
factors include mutations in APOE (APOE 4 isoform), BIN1, CLU, PTK2B,
CR1, MS4A2, PICALM, IQCK, and TREM2 (Chen, Petty, Sha, et al., 20).
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Fig. 1. Micro- and Gross-level Pathological Changes in AD patients.
(A) Densely packed neuritic AR plaques in AD patient brain. (B) Matured neuro-
fibrillary tangles (denoted by arrows) and pre-tangles (denoted by arrowheads).
(C) Atrophy of the brain. On top is the normal/healthy brain section. On the bottom,
AD brain shows marked atrophy, dilation of the lateral ventricle (top arrow), and a
shrunken hippocampus (bottom arrow) and shrunken gyri (arrowheads). (DeTure &
Dickson, 2019).
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Fig. 2. Amyloid Plaque Accumulation in Different Stages of AD. Initial
aggregations are depicted in bright red, with continued deposition in the same
region represented by progressively darker shades, illustrating the progression from
stage 1 to stage 5. Plaque deposition begins in the neocortex (stage 1) gradually
spreading to limbic system (stage 2), thalamus (stage 3), pons (stage 4), eventually
reaching the cerebellum in stage 5 of the disease. (Hampel et al., 2021).
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2. Disease Process of AD
2.1 AB Plaques Formation

The AB peptide plays a crucial role in AD pathology and is formed
because of altered cleavage of Amyloid Precursor Protein (APP) by
B and y secretases. APP is located on chromosome 21 and belongs to
the family of proteins that also includes APP-like proteins 1 (APL1) and
2 (APL2), all of which are type-l transmembrane proteins in mammals
(Coulson et al., 2000; Wasco et al., 1992). The role of APP is still being
explored, but most studies suggest that it may be responsible for neur-
ite outgrowth (Bibel et al., 2004), synaptogenesis (Moya et al., 1994),
cell adhesion (Soba et al.,2005; Wang et al., 2009), and other func-
tions substantial for cell activity and proliferation (Zhang et al., 2011).

APP is found in several isoforms produced by alternative splicing of
the exons (coding region of gene) 7, 8, and 15 (Menéndez-Gonzalez et al.,
2005). The most abundant form of APP in the brain is APP 695 — produced
mainly by neurons and lacks Kunitz-type serine protease inhibitory (KPI)
domain sequence (KPI-). Whereas APP 751 and 771 are predominantly ex-
pressed in glial cells and contain KPI (KPI+) sequence (Chen et al., 2017).
The concentration of KPI+ APP mRNA significantly increases, whereas
KPI- APP mRNA decreases in AD brain. KPI+ APP mRNA level is also
positively related to A production and accumulation (Menéndez-Gonzalez
et al., 2005). Considering the differences between the KPI- and KPI+ APP
isoforms concentrations, it is crucial to understand the underlying molec-
ular mechanism of the KPI. KPI is a ubiquitous protein that belongs to the
protease inhibitor 12 family and is found across different species. Structur-
ally, it is a relatively small 60-80 amino acid residue-protein (de Magalhaes
et al., 2018). KPI containing APP isoform has been shown to be prone
to homodimerization with more molecular mechanisms to be discovered
(Ben Khalifa et al., 2012; Byun et al., 2023). Evidence also suggests that
KPI+ APP interacts with a-secretase, inhibiting its normal function. This
inhibition might be key to a shift toward B-secretase cleavage, increas-
ing AB production and contributing to AD pathology (Lesné et al., 2005).

APP is synthesized in the endoplasmic reticulum and transported
to the trans-Golgi network (TGN), where it undergoes sorting and modi-
fication. From the TGN, APP is directed to the plasma membrane, early
endosomes, and other intracellular compartments. Its localization and traf-
ficking are dynamic, with endosomes being a key site for its amyloidogenic
processing into amyloid-beta peptides, which are implicated in AD patho-
genesis (Jiang et al., 2014). Following prior cleavage by B-secretase, pro-
cessing of APP by y-secretase generates AB peptides of varying lengths.

Another key gene implicated in AD is PSEN1 that is known to
be the most common genetic cause accounting for ~6% of EOAD cas-
es. PSEN1 encodes presenilin-1 (PS1), which functions as the catalytic
subunit of y-secretase, an intramembranous protease that cleaves a va-
riety of type 1 transmembrane proteins, most notably APP (Kelleher &
Shen, 2017). Most PSEN1 mutations are heterozygous showing auto-
somal dominance heritance pattern. Two specific mutations, Asp40del
(delGAC) and Ala79Val, show a stronger link to EOAD, compared to
others. Both mutations lead to high production of AB42, but not AR40.
In contrast, mutations such as Gly209Arg, Gly209Val, Leu235Pro, Cy-
s410Tyr, Leud435Phe lead to decrease in AB40 production. Current
data shows that loss of function in PS1 is the driving force of AD pro-
gression. Although not fully established, some evidence suggests that
PSEN activity may result in abnormalities in synaptic functions, leading
to neuronal loss, and tau hyperphosphorylation (Bagaria et al., 2022).

In a healthy brain, APP is typically cleaved by a secretase that main-
tains its normal structure and function of APP. This cleavage produces sAP-
Paand C83. sAPPaiis crucial for neuroplasticity and cell survival (Furukawa
et al., 1996) and is protective against neurotoxicity (Han et al., 2005). sAP-
Pa has also been positively linked with activation of muscarinic acetylcho-
line receptors (Haass et al., 1995). C83 is subsequently cleaved by y secre-
tase, forming p3 and APP intracellular domain (AICD) (Fig. 3). According to
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Kuhn et al (2020), there is no conclusive data on the role of the p3 peptide.
Some researchers claim its neuroprotective role, while others highlight its
neurotoxicity. Similarly, in AD brain, APP cleavage by 3 secretase produces
sAPPB and C99. C99 is further cleaved by y secretase, producing A and
AICD. Considering that AICD is produced in both cases, there is no solid
understanding of its contribution to the development of AD. Whether it is
toxic to the brain or protective is an important topic of debate (Muller et al.,
2008) (Fig. 3). Most relevant to AD are the two isoforms of AB, AB40 and
AB42, which are both found in AD plaques. Those isoforms can form three
types of aggregates: AB40, AB42, and AB42/AB40. Compared to AB42,
AB40 takes a much longer time to aggregate, and is therefore less likely to
form insoluble deposits or drive pathological changes (McGowan, 2005).
The third type of aggregates, AB42/AB40, displays a delay in accumulation
similar to AB40. Only AB42 formation is a specific isoform that is specifically
implicated in AD pathology and neurotoxicity (Gu & Guo, 2013; Kuperstein
et al., 2010). Structurally, through nucleation, AB monomers aggregate into
different types of assemblies: oligomers, protofibrils and amyloid fibrils. AR
fibrils are larger and insoluble and are capable of forming amyloid plaques,
whereas oligomers are soluble and can spread around the brain (Chen et
al., 2017). The latter aggregates at the early stages of the disease and
are considered to be highly toxic, driving the amyloidogenic pathway in
AD (Sehar et al., 2022). Aggregated AB plagues can exist in both loose-
ly and densely packed forms. Research indicates that densely packed
plaques do not form spontaneously but rather through a process involving
microglia. Microglia organizes the loosely packed AR oligomer structures
into dense-core plaques, thereby potentially limiting their toxicity. In oth-
er words, microglia-mediated plaque compaction may reduce the harmful
effects of AR accumulation on surrounding neurons (Huang et al., 2021).

2.2 Neurofibrillary Tangle Formation

Tau protein is encoded by MAPT gene located on chromosome
17. Exons 2, 3, and 10 are crucial for canonical functioning of tau. Exons
2 and 3 are translated to N1 and N2 aspects of N- terminal responsible
for signal transduction and membrane interaction. Exon 10 on the other
hand encodes the R2 region—the second repeat in the C-terminal micro-
tubule-binding domain and is strongly associated with neurodegeneration.
Alternative splicing of exon 10 results in either 3-repeat (3R) or 4-repeat
(4R) tau isoforms, depending on whether the exon is excluded or included.
Since the microtubule-binding domain of tau mediates its interaction with
microtubules, it plays a key role in maintaining microtubule stability, regulat-
ing their dynamics, and supporting axonal transport (Park et al., 2016). The
boundary between exon 10 and intron 10 contains an RNA sequence that
forms a stem-loop structure through self-complementary base pairing. This
stem-loop is a hot spot for MAPT gene mutations, as numerous pathogenic
intronic variants are concentrated within this region. These mutations desta-
bilize the stem- loop, leading to aberrant splicing of exon 10 by increasing
its inclusion. The resulting alteration in RNA secondary structure enhances
spliceosome accessibility, thereby promoting mis-splicing (Kar et al., 2011;
McCarthy et al., 2015). In a healthy brain, the levels of 4-repeat (4R) and 3-
repeat (3R) tau isoforms are typically balanced at an approximate 1:1 ratio.
Disruption of this equilibrium has been implicated in the pathogenesis of
various tauopathies. While no definitive association has been established
between a specific tau isoform and AD, emerging evidence suggests that
distinct subtypes of AD-related tauopathies may exist, potentially influ-
enced by alterations in tau isoform expression or ratio (Liu & Gong, 2008).

Considering the role of tau in maintaining the stability and ar-
chitecture of microtubules and subsequently axons, tau may play a
crucial role in signal transduction and viability of the neuron (Wang
& Liu, 2008). The accumulation of the tau protein starts at the brain-
stem and limbic systems, progressively spreading through the entire
brain (Gabitto et al., 2024). Tau protein goes through multiple post-tran-
scriptional modifications such as glycolysis, nitration, truncation,
etc., however, phosphorylation is the most well-studied modification.

Phosphorylation is one of the most common causes of tau
dysfunction which leads to tauopathies in AD (Avila et al., 2004).
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The role of AB plaques in tau tangle formation is undeniably import-
ant as AR plaques directly promote tau phosphorylation and thus its
tangle formation. Other than phosphorylation, cleavage of tau can
also contribute to tangle formation. Caspases - a family of 14 en-
zymes, cleave substrates at specific aspartic acid (Asp) residues.

Cleavage by caspase at tau’s C-terminus or N-termi-
nus leads to impairment in mitochondrial bioenergetics, weaken-
ing of axonal transportation, neuronal injury and cognitive decline.

Caspase-3 cleaves tau at the C-terminus tail at Asp421, which
removes 20 amino acids, promoting rapid assembly of neurofibrillary fil-
aments. This cleavage event contributes to neurite loss, mitochondrial
fragmentation, and tangle aggregation, driving cognitive decline (Rizzi &
Grinberg, 2024). AB can indirectly trigger caspase 3 (CASP3) to produce a
self- aggregating and neurotoxic tau oligomer. (Zhang et al., 2023). More
specifically, AR induces mitochondrial dysfunction, which leads to the release
of cytochrome-c (a molecule released by mitochondria when cell receives
apoptotic signal) and caspase-9 activation, activating downstream CASP3.

Although less studied, caspase-6 also plays role in AD pathology.
The levels of caspase-6 were negatively related to cognition and the 14-
441 fragment of Asp13 cleaved by this enzyme plays role in tangle matu-
ration. Unlike caspase-3, its activation seems to be independent from A
and starts at an earlier stage of AD. Taken together, tau tangle formation is
a complex process that involves several independent mechanisms and can
vary depending on the stage of the disease. It can also be AR dependent,
posing an important question about the interplay of those AD biomarkers.
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Fig. 3. APP Healthy and Pathological Cleavage Mechanisms. The
amyloidogenic pathway involves B-secretase and y-secretase, while the non-am-
yloidogenic pathway involves a- secretase and y-secretase. B-secretase cleaves
APP, generating soluble APPB (sAPP@) and a membrane-bound fragment C99.
y-secretase then processes C99, producing amyloid intracellular domain (AICD) and
amyloid-beta (AB) peptides, which can aggregate into toxic oligomers and fibrils.
Non-Amyloidogenic Pathway: a-secretase cleaves APP within the AR region, pre-
venting AB formation. This generates soluble APPa (sAPPa) and C83. y-secretase
then cleaves C83, producing AICD and a short, non-toxic peptide called p3. (Hur,
2022).

2.3 AB and Tau Synergy

AB and phosphorylated tau tangles have been considered the
hallmarks of AD for a long time. Their relationship has been considered
temporal rather than synergetic, but recent findings highlight their inter-
dependence in disease pathology. Several in vitro experiments have
shown consistent results supporting the interdependence of AR and tau
tangles. Human neural stem- cell-derived 3D culture systems with over-
expression of mutant APP and PSEN1 (with no tau mutation) induced
both AR and tau aggregation, tau following accumulation of AR (Lee, et
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al., 2016). However, blocking AB in cultures through inhibition of either §3-
or y-secretases prevented tau pathology, again demonstrating the neces-
sary role of AB in the accumulation of tau tangles (Israel, et al., 2012).
In the experiment where human brain-derived pathological tau (AD-tau)
was injected in a wildtype mouse brain (no prior plaques), no AT8-positive
DN was detected, suggesting the synergy between plaques and tangles
for the formation of DN (He et al., 2018). Furthermore, study by Virginia
Lee’s group revealed that injection of AD-tau into 5xFAD mice leads to
formation of AT8-positive dystrophic neurites (DN) around A aggregates.

Another study showed that individuals experiencing progres-
sive memory loss present with hypometabolism in the posterior cin-
gulate cortex which is an area strongly linked to tau and plaque inter-
action (Zhang et al., 2021). Additionally, findings from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI)—a longitudinal study fo-
cused on identifying AD biomarkers— indicate that tau-related corti-
cal thinning is exacerbated in the presence of AR (Fortea et al., 2014).

In vivo experiments, in which synthetic or brain-derived AR was in-
jected into the cortex or hippocampus of P301L-mutant tau mice, showed
accelerated tangle formation both at the injection site and synaptically con-
nected areas (Bolmont et al., 2007). The same trend was observed when
human brain-derived paired helical filaments (PHF major tangle compo-
nent) were injected into the brains of APP/PSEN1 mice; enhanced tau prop-
agation was observed compared to wild-type mice (Vergara et al., 2019).
3-Tg mouse model expresses both tau and plaques, but plaques form and
aggregate before tangles. Antibodies directed against AR plaques reduced
early-disease but not late-disease tau formation (Oddo, S. et al., 2003).

Overall, independent sets of in vitro and in vivo experiments have
consistently confirmed that AB plaques are key to creating the environ-
ment that promotes tau aggregation leading to the disease progression.

Conversely, tau has been shown to contribute to enhanced toxicity
of AB, leading to more rapid deterioration of cognitive and motor pheno-
types. For instance, tau knockout mice showed rescued cognitive perfor-
mance and reduction in plaque load by 50% (Leroy et al., 2012). On the
other hand, reduction of the endogenous tau levels did not alter plaque
load, yet it still reversed memory impairment and decreased mortality (Nis-
bet et al., 2015; Roberson et al., 2007). Mechanistically AR and Tau can
both interact with key proteins such as Fyn and NMDA receptor leading
to Ca®* influx and subsequent neuronal death. AB toxic oligomers bind to
cellular prion protein (PrP) which further activates Fyn kinase and phos-
phorylates tau via NMDAR GIuN2B subunit causing Tau aggregation. Ad-
ditionally, Tau showed to independently influence NMDAR through binding
to Fyn and allowing its interaction with postsynaptic density protein (PSD)
forming a complex that exacerbates AR initiated cytotoxicity. Further sup-
porting the influence of tau on AB, absence of tau decreases Af induced
toxicity through Tua-Fyn-PSD mentioned mechanism (Zhang et al., 2023).

Taken together, AB appears to initiate a pathological loop in which
tau amplifies neurodegeneration. This cycle ultimately accelerates dis-
ease progression, as tau becomes a key mediator of AB-induced toxicity.
Therefore, while AR plaques facilitate tau aggregation; tau aggregation
could also promote AB formation, further accelerating disease progression.

2.4 Microglia Involvement in Alzheimer’s Disease Pathology

Microglia are myeloid cells that coordinate immune responses in the
brain, playing a crucial role in maintaining brain health. Two broad cate-
gories of microglia are classical (M1) and alternative (M2) types where
the former provokes inflammation and neurotoxicity, while the latter drives
anti-inflammatory and reparative responses (Tang and Le, 2016; Colonna
and Butovsky, 2017). The recently discovered subpopulation of microglia
is disease-associated microglia (DAM) that surrounds the plaques in AD
and other neurodegenerative brain diseases. Although the role of microglia
in AD has not been fully established, some findings suggest that it might
play a role in compacting plaques when surrounding neuritic AB plaques.
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An important aspect of the microglia-plaque interaction is the mechanism
through which microglia detect AR plaques. Two TAM receptor tyrosine ki-
nases, Axl and Mer, have been identified as key players in the identification
of AB plaques, leading to their subsequent organization and phagocytosis.

Specifically, Axl mMRNA has been shown to be overexpressed in dis-
ease-associated microglia (DAM) during he later stages of AD. Studies
using double knockout (AxI”~ and Mer"") mice demonstrated a reduced
level of dense-core plaques and impaired AR plaque detection and or-
ganization (Huang et al., 2021). This supports the notion that microglia
are primarily focused on protecting the brain from the toxic effects of A
plaque deposition, by actively engaging in the clearance and compaction
of AB plaques and thus limiting the harmful impact of plaques on neurons.

t
)

Triggering receptor expressed on myeloid cells 2 (TREM2) is one
of the risk factors for developing sporadic AD also known as LOAD, em-
phasizing the importance of microglial response in AD brains. TREM2
controls key microglial roles, such as phagocytosis, migration, lysosomal
degradation and metabolism. In the context of AD, it is required for AR
plaque compaction and neuronal health, highlighting microglia-neuron
interaction and microglia-driven response to plaque accumulation (Van
Lengerich et al., 2023). Additionally, this receptor is involved in switching
microglia cells from the basal homeostatic to a disease-associated state.

TREM2 deficiency results in lower expression of several genes re-
sponsible for microglial activation, including inflammatory cytokines, trophic
factors, and proteins related to phagocytosis (Czapski & Strosznajder, 2021).

Specifically, DAM in AD has shown to undertake two-stage trans-
formation. Initially, homeostatic microglia shifts to Stage 1 DAM (inter-
mediate stage) due to neurodegeneration- associated molecular pat-
terns (NAMPs). Then, Stage 1 to Stage 2 DAM transition is modulated
by TREM2 upregulation (Fig. 4). The gene suspected in maintaining
the microglia in Stage 2 is Apolipoprotein A (APOE) that is involved in
the autocrine or paracrine loop and upregulated in AD brains (Samant,
Standaert, & Harms, 2024). This TREM2-APOE pathway seems to play
a critical role in the transition and maintenance of DAM. Reduction in
TREM2 results in decrease of apoptotic neuron clearance (Takahashi et
al., 2005). Complementary reduction or deletion of APOE leads to reduced
DAM signature in the disease brain (Song and Colonna, 2018). Hence,
DAM might be potentially involved in plaque-debris clearance, however
their role does not seem to be uniform, but instead AD stage dependent.

Stage 1 DAM

Stage 2 DAM

Homeostatic Microglia

NAMPs TREM2
— —

i APOE
0 Cx3erl @ Lpl
8 P2ryl2  Ctsd

4 P2ry12/P2ry13
4 Cx3cerl
4 Tmem119

Fig. 4. Microglial Transition into Disease Associated Microglia (DAM).
NAMPs regulate the first stage transformation through downregulation of homeo-
static genes. The second stage transformation is caused by TREM2 signaling being
a key component for final change. This process is accompanied by upregulation of
some and downregulation of other homeostasis related genes. (Samant, Standaert,
& Harms, 2024).

3. Behavioral Symptoms
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Annually, 10-15% of adults (> 65 years old) diagnosed with Mild
Cognitive Impairment (MCI) develop AD (Alzheimer’s Association. n.d.).
MCI is defined as an in-between stage between healthy aging and de-
mentia characterized by memory, language, and other cognitive impair-
ments with no adverse effects on daily life activities (National Institute
on Aging, n.d.). Hence, it is crucial to study the contributing factors and
characteristics of each stage of AD progression including MCI for time-
ly pharmacological and behavioral interventions. It is worth noting that
MCI has shown to be reversible when adopting a healthy lifestyle such
as performing cognitively challenging tasks (Gates et al., 2010), eat-
ing healthy food (Lee et al., 2013), and exercising (Geda et al., 2010).
The reversibility once again highlights the importance of understand-
ing the timeline of the disease progression and its triggering factors.

3.1 Cognitive Behaviors

Since memory loss is a hallmark of AD-related cognitive de-
terioration, investigating its role in both pathological and normal
aging is essential. By comparing memory function in healthy ag-
ing and AD, researchers can distinguish cognitive decline caused
by the disease from age- related changes, helping to uncover un-
derlying mechanisms and identify potential intervention targets.

Working Memory (WM) is key to maintaining and manipulating short
term memories, contributing to decision-making and general cognition.
The brain areas involved in formation of working memory—identified using
positron emission tomography (PET) and functional magnetic resonance
imaging (fMRI) scans—include prefrontal cortex (PFC), parietal regions,
cingulate gyrus and hippocampus (Kirova, Bays, & Lagalwar, 2015), all
highly affected areas in AD patients. It is worth noting that it is natural
to observe deterioration of WM and other cognitive functions associated
with weakened connectivity among the mentioned areas in aging brain. A
study comparing brain activity in young and older individuals performing
the same cognitive task found an age-related increase in the recruitment
of brain areas that are less task specific to account for weakened brain
connectivity (Martins, Joanette, & Monchi, 2015; Poirier et al., 2021).

However, this altered brain activity pattern becomes even more
pronounced when comparing individuals with mild cognitive impairment
(MCI) and early-stage AD. A recent study shows a strong positive rela-
tionship between functional connectivity of the brain and AD progression
marking the important effect of disease on brain connectivity (Carras-
co-Gomez et al., 2024). Additionally, evidence provides that along with
brain changes there are several aspects of cognition showing strong de-
terioration. Specifically, divided attention tasks reveal key differences be-
tween these groups showing episodic memory deficits in addition to WM
in the early stages of AD. As the disease progresses, individuals exhibit
worsening manipulation skills (memory recollection), failures in inhibit-
ing irrelevant stimuli, and declines in selective attention. Since cognitive
impairment is one of the first preclinical signs of AD, individuals with the
poorest cognitive performance at the MCI stage are more likely to develop
AD, while others have a greater chance of recovery (Kirova et al., 2015).

While decision-making in AD is relatively understudied, it remains
a critical aspect of the disease alongside memory decline. It is central to
the question of whether AD patients can actively participate in their treat-
ment planning and make independent decisions. Santos et al. (2022)
define decision-making as a complex mental process consisting of four
components: 1) the ability to store, recall, and understand the meaning
of information; 2) the ability to apply information in a relevant context; 3)
logical thinking and mental comparison; and 4) the expression of choice
and the maintenance of that choice until completion. This paper evaluates
decision-making ability in relation to cognition and clinical factors (such as
quality of life and awareness about the disease) in AD patients. The results
suggest that while cognition is the major contributing factor, it is not the
sole determinant, emphasizing the importance of using various measures
to assess decision-making ability in AD patients (Santos et al., 2022).
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Furthermore, curiosity is a basic cognitive factor encoded in
our daily behaviors and conserved across species. There are numer-
ous benefits to displaying curiosity, which drives learning and moti-
vation—both of which are key to survival. A diminished sense of cu-
riosity or information- seeking behavior is often linked to depression
and apathy, common traits in AD patients (Kidd & Hayden, 2015). Due
to the vagueness of the term, there is no specific definition of curiosity,
and the subject of focus varies across labs and studies. For instance,
curiosity can range from a “desire to respond to trivia questions” to the
“strategic deployment of gaze in free viewing” (Gottlieb et al., 2013).

Most studies on human curiosity operationally define it as a prefer-
ence for directing gaze toward novel, unfamiliar, or irregular objects. The
available data provides evidence for diminished exploratory behaviors in
AD patients in the later stages of the disease, as measured by explor-
atory eye movement (Daffner et al., 1992). In contrast, healthy subjects
tend to devote more attention and time to watching novel or unusual ob-
jects, displaying signs of curiosity and exploratory behavior (Daffner et
al., 1994). More recent studies have shown an age dependent decrease
in exploratory behavior using various more sensitive measures and in
various tasks (Mata et al., 2013). Hence, exploratory behavior appears
to be dynamic throughout human life, suggesting AD may have an ad-
ditive effect on exploratory behavior deterioration in aged individuals.

Similar to humans, a pronounced effect of age on exploratory be-
havior was observed in mice. Studies on aging mice reveal a tendency
to repeat choices and limit exploration in various decision-making tasks
(Hwang et al., 2023). For instance, when given multiple options, older
mice exhibit a strong preference for sticking with prior choices, even in
the absence of a reward. This highlights a shift in decision-making strat-
egies with age. There is no conclusive data in AD mice, except for one
recent study that investigated exploratory behaviors in mice by measuring
active whisking behavior—a sign of healthy curiosity in rodents. Surpris-
ingly, the results showed no genotype effect on exploration when com-
paring 5xFAD to control mice at 6- 7 months of age (Grant et al., 2020).

3.2 Non-Cognitive Behaviors

Motor impairment is a non-cognitive aging phenotype reliably as-
sociated with AD development (Buchman et al., 2020). Recent studies
showed that motor dysfunction precedes MCI by several years (Yu et
al., 2019) potentially being a clinical marker for MCI and AD. Beeri et
al. (2021)conducted a nested substudy of 1,160 aging individuals from
three longitudinal studies, assessing baseline motor activity and tracking
changes over a seven-year period with annual cognitive check-ups. The
results showed that better motor performance at a baseline (hand dex-
terity, hand strength, gait function) correlated with a reduced risk of de-
veloping MCI, and hand strength was also independently related to AD.

Gait impairment provides insight into interplay of the cognitive and
motor components in AD patients enabling a better understanding of com-
plex behaviors. A study by Kim et al. (2025) on gait impairment offers a
novel, more in depth analysis of this specific motor function in relation to
cognition and its role in tracking AD development. This study suggests that
gait is an example of goal-oriented behavior that depends on various cog-
nitive functions for its effective execution. In support of the positive rela-
tionship between gait and AD progression, AB plaque deposition has been
shown to contribute to the deterioration of gait in AD patients (Del Campo
et al., 2015). Additionally, this study identified the correlation between gait
velocity and cortical atrophy in two major brain networks, each associated
with distinct cognitive functions: default mode (DMN) and salience (SN)
network in AD patients. According to a comprehensive review of DMN
research by Menon, V. (2023), DMN is a collection of various regions that
are active during the resting state to consolidate and process information.
It is also involved in internally focused thought processes (self-reflection,
daydreaming, mind wandering, recall of personal experiences) which con-
stitute semantic and episodic types of memories. SN on the other hand is
active when choosing which external stimulus needs to be attended, acting
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as a switch between DMN and other brain networks required for performing
a specific task (Schimmelpfennig, 2023) and plays major role in working
memory (Fox etal., 2005). Given these functional roles of DMN and SN, atro-
phies in those two networks in AD may underlie a large range of altered be-
havior spanning cognition, decision-making and motor skills in AD patients.

4. Current Therapies and Therapeutic Approaches

There are limited treatment options for AD patients, urging the
development of more efficient therapeutics that can at least slow down
the disease progression in patients. The currently available drugs focus
on the AB plaque clearance after cleavage or regulating acetylcholine
and glutamate levels in the brain at different stages of the disease. Le-
canemab (Lequembi) and Donanemab (Kisunla) are the two currently
available treatments for AB clearance in the brain of MCI presenting AD
patients (needs to be diagnosed in early stages). Some of the side ef-
fects are changes in vision, confusion, dizziness, headache, nausea, or
seizures. People with moderate symptoms of AD are usually prescribed
with Galantamine (Razadyne), Rivastigmine (Exelon), and Donepez-
il (Aricept) which inhibit enzymes breaking down acetylcholine, increas-
ing the level of this neurotransmitter improving cognition and memory.
These drugs are usually well tolerated, and the side effects range from
nausea, vomiting, loss of appetite, and increased frequency of bowel
movements. Lastly, Memantine (Namenda) is a drug prescribed for indi-
viduals with moderate to severe AD. It blocks NMDA receptors in order to
prevent glutamate-induced cytotoxicity in the hyperexcited cells observed
in AD patients. Here are some of the well-known side effects: headache,
constipation, confusion, and dizziness (Alzheimer’s Association, n.d.).

Alternative non-drug approaches for slowing down disease pro-
gression have been recently developed. Sovrea et al. (2025) provides a
comprehensive review of the currently used non- drug treatment including
focused ultrasound (FUS) and transcranial pulse stimulation (TPS). Both
of which are non-invasive: TPS sends ultrashort ultrasound pulses, also
known as shockwaves, to targeted small brain regions (Cont et al., 2022)
whereas FUS uses acoustic waves. The primary limitation of FUS is the
brain depth it can reach, and it needs to be paired with MRI for precise
targeting (Krishna,Sammartino,Rezai, 2018). Microglial activation, synaptic
plasticity and other physiological changes are amongst some of the FUS
benefits (Fig. 5A). TPS has shown significant improvement in cognition
through morphological and functional changes in the brain (Fig. 5B) (Sovrea
et al., 2025). A study by Nazarian, Yashin, & Kulminski (2019) showed that
repeated TPS sessions lead to sustained cognitive benefits in memory
retention and executive function. Although these methods are promising,
there is still a need for further research into their long-term effectiveness

5. Animal Model Research

Alzheimer’s disease is a complex condition with unclear, multifacto-
rial causes limiting our ability to effectively prevent its development. One
of the advantages of in vivo research over in vitro in the context of AD
is the ability to study the complex interplay of various factors involved in
the development of pathology. In vitro studies, using isolated cells, offer a
more simplified view of the disease process, often disregarding the intri-
cate interactions between different cell types, and brain regions that occur
in the human brain. In contrast, in vivo models allow for a more holistic ap-
proach, capturing the dynamic interactions and systemic changes that are
crucial for understanding AD pathology (Drummond & Wisniewski, 2017).

After the discovery and establishment of the “amyloid cascade hy-
pothesis” stating that AR is the central component of plaque in AD in 1984
(Glenner & Wong, 1984), the challenge was to develop an effective model
to study the hypothesis further. The first major milestone in developing the
AD model was made in 1995 when PDAPP was developed. This model
expressed one APP mutation accompanied by memory loss at the age of 3
months, and plague accumulation by the age of 7-8 months (Yokoyama et
al., 2022). This was a breakthrough for in vivo AD research, leading to the
development of the current 50 mouse models for AD (MODEL- AD, 2023).
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Fig. 5. Benefits of Focused Ultrasound (FUS) and Transcranial Pulse
Stimulation (TPS).

(A) The benefits of FUS as a non-drug, non-invasive therapy for AD Some of the key
benefits include microglial activation, leading to an increased rate of amyloid plaque
clearance, neurogenesis to compensate for extensive neuronal loss, enhanced
blood-brain barrier (BBB) permeability, and modulation of neuronal activity to restore
disrupted circuits.(B) The benefits of TPS as a non-drug, non-invasive, and novel
therapy for AD. Some of the key benefits include increased synaptic density in the
hippocampus, leading to improved hippocampal function, reversal of cortical atro-
phy, aiding in the restoration of damaged brain regions, and enhanced neuroplastici-
ty, potentially slowing disease progression. (Sovrea et al., 2025).

Currently, most AD research focuses on identifying clinical biomark-
ers for effectively detecting and predicting the disease progressions on one
end and developing efficient model systems for uncovering its underlying
mechanisms on the other end. Animal models are essential for the latter ef-
fort, as they provide a complete system where intricate disease processes
involving organically connected cell types, brain regions, and organs can
be investigated. Many AD animal models have been developed to repli-
cate some pathological physiology and behavioral symptoms observed in
human AD patients, but no single model recapitulates the comprehensive
and heterogeneous nature of human AD. Thus, it is important to determine
which aspects of human AD can be properly investigated in each model.

On the other hand, 6xTg can be used to test therapies involving
tau related gene inhibition to observe its effect on A plaque production
and vice versa. 5xFAD is frequently used to study the distribution and
accumulation of amyloid plaques. This model provides insights into the
mechanisms underlying plaque pathology, one of the hallmark signs
of AD, often in the absence of tau pathology. Alternatively, models like
3xTg can be used to study secondary AD symptoms involving loss of
olfaction, which is one of the initial preclinical symptoms in AD patients.

Behavior is another aspect crucial to evaluate in mouse models as AD
patients typically exhibit non-cognitive symptoms before cognitive impair-
ments emerge, making it crucial for understanding early-stage AD. While
all the models mentioned are used for behavioral evaluations, the current
lack of consistent results highlights the urgent need for more effective and
replicable methods of behavior and cognition assessment in AD research.

5.1 Mouse Model: 5xFAD

5xFAD mice express five familial mutations in APP (Swedish

Volume 22



K670N, M671L), (Florida 1716V), (London V717l), and PSEN1(M146L,
L286V) genes, but no neurofibrillary tangles are observed in this model
(Oblak et al., 2021). Plaque accumulation starts at the age of 2 months
and continues with age mimicking human pathology. The transgenes
were implemented under the control of the Thy1 promoter (sensitive to
progesterone) to ensure the expression specifically in neurons to mimic
the localization observed in humans (Jankowsky et al., 2017). Based on
these findings, we expect female mice to have a more deteriorated cogni-
tion and behavior as well as more plaque accumulation compared to the
age-matched male mice. Visual (Wang et al., 2017) and olfactory (O’Leary
et al., 2020; Lenoir et al., 2019) functions have been examined across
different studies but have not shown any consistent results. Substantial
research has also been performed in spatial memory of 5xFAD mice using
Morris Water Maze (MWM) Test that showed significant learning impair-
ment and latent escape as early as 5 months of age (Tang et al., 2016).
O’Leary, et al. (2020), on the other hand, did not see memory impairment
till 12-15 months confounded by motor impairment. One of the major gaps
in research using 5xFAD mice is the lack of robust cognitive characteriza-
tion which is key in understanding biological processes underlying behav-
ioral deficits and thus critical for evaluating the effectiveness of potential
therapeutics (Padua et al., 2024). Inconsistent results across studies can
be potentially introduced through differences in housing, food consumed,
or types of tests used to measure those factors. Besides inconsistent re-
sults in cognitive and behavioral deficits, the limitations of 5XxFAD model
include the lack of other pronounced physiological parameters such as tau
tangle formation. Nevertheless, this model is attractive due to the strong-
ly expressed plaques in the brain as well as the simplicity of breeding.

5.2 Mouse Model: APP/PS1 Kl

APP/PS1 Kl model was developed by inducing several point muta-
tions in APP and PS1 genes, namely: M233T and L235P in PS1 and the
London (V7171) and Swedish (K670N/M671L) in APP under the control of
the Thy1 promoter (APP751SL/PS1 KI | ALZFORUM, n.d.). APP/PS1 Ki is
a rare type of transgenic mouse model for studying AD that expresses neu-
ronal loss along with amyloidosis which are not as common in other models.
The neuronal loss starts at the age of 6 months and worsens gradually with
age (Faure et al., 2011). Despite the pronounced pathological changes in
the brain, there are conflicting ideas regarding the non-cognitive and cog-
nitive changes in this mouse model. Initially, cognition was found to dete-
riorate at the ages 7-8 months with no pronounced non-cognitive changes
(Serneels et al., 2009, Radde et al., 2006). Later findings stated that APP/
PS1 KI demonstrates memory impairment as early as 6 months (Faure et
al., 2011), while the most recent data shows those changes in age of 11
months (Webster et al., 2013). A paper evaluating the effect of aerobic ex-
ercises on cognition of 4-month-old APP/PS1 Kl mice has showed decline
in spatial memory at the baseline and significant improvement because
of consistent exercising (Wang et al., 2024). Anxiety on the other hand
did not show significant differences compared to the wildtype litermates
(Webster et al., 2013). All in all, this mouse model shows latent cognitive
and almost no non-cognitive changes compared to other AD models. How-
ever, it is very effective in studying neuronal loss and plaque accumulation
following AD pathology development. Due to the limited intrinsic behavioral
changes, this model might provide insight into the effect of external fac-
tors such as stress induced behavior shift in the presence of AD markers.

5.3 Mouse Model: 6xTg

To address the challenges of accurately representing AD in mouse
models and exploring the interplay between tau and amyloid plaques, re-
searchers have developed models expressing both plaques and tangles.
These dual-model systems will potentially provide a more comprehen-
sive understanding of the pathological, cognitive, and behavioral chang-
es associated with AD, offering insights closer to the human condition.

Thisis arelatively new model for studying (developed in 2021) AD that
aims at expressing both plaques and tau tangles by crossbreeding 5xFAD
and JNLP3 (overexpresses MAPT mutation inducing aggressive tangle pro-
duction) (Uras et al., 2023). This model effectively expresses various patho-
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logical AD features including plaque formation, abnormal tau phosphoryla-
tion, neuronal loss and astrocyte activation (Tag et al., 2022). Behaviorally,
this model shows heightened anxiety and depression like state as well as
hyperlocomotion at ages 9-11 months. Memory impairment is observed at
around the same age (Tag et al., 2022), which contradicts earlier findings
claiming memory decline to happen at 2 months of age (Kang et al., 2021).

Although deemed effective, this model has very limited infor-
mation available on the non- cognitive and cognitive changes. Only
a few studies provide insights into the onset of non- cognitive impair-
ments, and thus a comprehensive understanding of their progression
remains lacking. Moreover, conflicting reports on the timing of cogni-
tive decline emphasize the need for further studies to establish a clear-
er timeline of behavioral and functional impairments in this model.

5.4 Model: 3xTg

The 3xTg mouse is characterized by mutation of three genes APP,
PSEN1, and Tau, and therefore expresses both amyloid beta and tau tan-
gles. This model is useful for studying the correlation between amyloid
beta and tau tangles and it also effectively shows cognitive decline that
starts at the age of 6 months and progressively worsens with age (Bel-
fiore et al.,2019). 3xTg mice express mild cognitive deterioration with the
Barnes Maze being the most sensitive measure of cognition (Kurt et al.,
2015). One of the preclinical symptoms of AD is a loss of olfaction, which
can be measured in this task. According to the buried food test findings,
female mice spent a significantly longer time looking for food compared
to the male, the latency to find the food also deteriorated as the mice
aged, showing age-dependent loss of olfaction (Mitrano et al., 2021). The
strength of this model is the expression of both hallmark signs of AD that
allows us to study the relationship between AR and tau tangles. Addition-
ally, mild cognitive decline is observed at 6 months of age making it an
effective model to study cognition and pathology interaction in AD. The
major disadvantages of the model, however, are the lack of neuronal loss
regardless of plaque and tangles expression and variability among the col-
onies (Zhong et al., 2024). The last was likely caused by genetic drift that
took place in this model population introducing phenotypic heterogeneities.

6. Assessment of Behavioral Symptoms in AD Mice

Studying AD phenotypes in mice requires a variety of behavioral
and histological assessments. The collection of behavioral data is crucial
because histological analysis is only obtained after sacrificing mice. Ad-
ditionally, human AD patients start demonstrating behavioral and motor
deficits before cognitive symptoms become apparent. Non-cognitive symp-
toms referred to as Behavioral and Psychological Symptoms of Dementia
(BPSD) highlight affective dysregulation, with apathy and depression be-
ing the most prevalent symptoms (Selles et al., 2018). Similarly, a study
conducted using Alzheimer’s Disease Assessment Scale (ADAS-Noncog)
identified tremor, depression, psychotic symptoms as the most prominent
non-cognitive symptoms in AD patients (Fernandez et al., 2010). Addition-
ally, anxiety is commonly seen in individuals with MCI before the start of AD
as well as considered a contributing factor to a more rapid transition from
MCI to AD (Mendez, 2021). Detection and treatment of early symptoms
might be an effective strategy to slow down disease progression. Hence,
a thorough characterization of behavioral phenotypes—such as speed of
mouse movement, gait, and freezing behavior—is essential for evaluating
the effectiveness of mouse models in replicating non-cognitive aspects of
AD in humans, uncovering the underlying pathophysiology of behavior-
al deficits in AD, and assessing the efficacy of therapeutic interventions.

6.1 Open Field Test

The open-field test (OPT) is a widely used assay that examines
the animal's free locomotor activity and exploratory behavior. During
an open-field test, mice are placed in the center of the open-field are-
na and left to roam freely for 5-10 minutes while the video is being re-
corded with an overhead camera. The usual kinematic variables ex-
tracted from the video include velocity, total distance, and time spent
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in the center compared to the time spent in the periphery of the arena.

In addition to video recording, an infrared (IR) beam brake system
may be utilized for monitoring voluntary locomotor activity 24/7 mostly used
for home cages under different light brightness (Klein et al., 2022). It is an
effective tool to measure behaviors such as rearing and climbing; it can
also be used to measure trajectory, distance traveled, and position distri-
bution. However, it is not effective in studying social interactions involving
multiple mice in the same cage. Although both tracking methods are effec-
tive, video tracking allows analysis of more complex behaviors and can be
used for a wider variety of analyses compared to the IR beam. The open
field test is also used for measuring anxiety in mice. Healthy mice tend to
acclimate to the environment and as the level of anxiety decreases, they
spend more time in the center compared to the periphery (Carter & Shieh,
2015). However, it is not the most effective measure because due to the
rodents’ innate fear of predation, mice naturally spend less time in the open
space of the arena corresponding to its center (Pentkowski et al., 2021).

A paper characterizing 5xFAD mouse model report that the dis-
tance traveled as well as velocity shows significant decline at the
age of 18 months. Younger mice of 8 months exhibit a greater pref-
erence for the center of the arena compared to the control group, indi-
cating reduced anxiety-like behavior (Forner et al., 2021). A signifi-
cant reduction in locomotor activity has also been observed between
4-month-old and 6-month-old ages in 5xFAD mice, compared to control
in both males and females (Poon et al., 2023). Taken together, OFT re-
vealed alterations in some non-cognitive functions in 5xFAD mice.

6.2 Morris Water Maze Test

The Morris water maze (MWM) test is one of the most com-
monly used methods for evaluating short-term and long-term spa-
tial memory in mice. Most papers in the field use the MWM results as
a way to measure memory, learning, and motor activity while swim-
ming. 5XxFAD mice regardless of their sex show deterioration in learn-
ing at age 6-9 months and only worsened in older mice, with co-oc-
currence of locomotor dysfunction starting at the age of 9 months.

Memory deterioration however did not occur until age 12-15
months where females showed inconsistent performance between ages
9-12 months providing inconsistent evidence (O’Leary & Brown, 2022).
Another paper analyzing the data from TG-2576 (AD model) mice dis-
cusses the appearance of cognitive deficit between 12-18 months re-
quiring a large sample size, suggestive of a small effect size (Choi
et al., 2023). As such, despite its wide popularity, MWM test shows in-
consistencies in determining the age of onset for cognitive and behav-
ioral deficits. Other disadvantages of this test include induced stress in
mice reflected in high cortisol levels, general unwillingness to be in wa-
ter, and spatial learning variability (Othman, Hassan, & Has, 2022).

These may interfere with memory consolidation and over-
all performance of the mice, a confounding effect between cogni-
tion and emotion. Recently published papers have offered to opti-
mize MWM for a more reliable evaluation of discussed behaviors
(Bailoo et al.,, 2024). To sum up, MWM is an important method for
evaluating an array of cognitive and behavioral deficits but requires
some revisions to improve the consistency and robustness of results.

6.3 Elevated Plus Maze Test

The Elevated plus maze (EPM) test is used to measure the level
of anxiety in AD mice depending on the time they spend in an open arm
versus a closed arm. Naturally, closed arms are associated with safety,
and open arms tend to induce anxiety. Therefore, the more time a mouse
spends in the open arms, the lower its anxiety is considered to be. How-
ever, EPM studies show inconsistent results on 5xFAD mice. Some pa-
pers claim 5xFAD mice to have decreased anxiety (Forner et al., 2021),
whereas the majority of the papers indicate no changes (Flanigan et al.,
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2014). Making it further confusing, a minority of studies found increased
anxiety (Dong et al., 2020, Locci et al., 2021). The widely different EPM
results might reflect confounding effects of AD mice’s increased sensitivity
in their vibrissa (Grant et al. 2020). Because of the increased sensitivity
in their vibrissa, AD mice engage in barbering behavior less often than
control and would not permit control mice to barber for them. Further-
more, AD mice, when their whiskers were trimmed, showed an increased
frequency of entries to closed arms of the EPM (Flanigan et al., 2014).
Conversely, 5xFAD mice, with their intact whiskers, visit the closed arms
less frequently because they avoid stimulating their over-sensitive vibrissa
from touching the walls of the closed arms rather than they are less anx-
ious. Therefore, EPM is an unreliable measure of anxiety in 5xFAD mice.

7. Major Knowledge Gap in AD Research

Despite decades of extensive research, significant gaps re-
main in our understanding and treatment of AD. One of the most urgent
challenges is identifying the early mechanisms that trigger disease on-
set and their associated behavioral changes. Current therapies large-
ly target downstream pathological features—such as amyloid plaques
and tau tangles—often after irreversible brain damage has occurred.
To enable earlier intervention and meaningful prevention, it is critical to
uncover the upstream molecular and cellular events that initiate the
disease process and their correlated behavioral diagnostic markers.

While substantial progress has been made in characterizing mo-
lecular pathology, relatively little is known about how these changes dis-
rupt neural circuits and large-scale brain networks. A deeper understand-
ing of how AD alters information processing at the systems level—using
techniques such as in vivo electrophysiology, calcium imaging, and func-
tional connectivity analysis—is essential for linking cellular pathology to
behavioral and cognitive decline. Additionally, increasing evidence high-
lights the critical role of non-neuronal cells—such as microglia, astro-
cytes, and peripheral immune cells—in modulating disease progression.

However, the precise contributions of these cell types re-
main poorly understood. Detailed mapping of glia-neuron and im-
mune-brain interactions throughout disease progression may uncov-
er novel targets, particularly within the context of neuroinflammation.

Another unresolved question involves the mechanisms through
which it contributes to functional neural disruption and behavioral symp-
toms remain poorly understood. While soluble AB oligomers are be-
lieved to impair synaptic function and alter network activity, it is still un-
clear how these molecular changes translate into specific cognitive and
non-cognitive deficits. Moreover, the relative contributions of soluble
versus insoluble AB species to disease progression are still debated.

Additionally, the mechanism of amyloid pathology interaction with
other key factors—such as tau accumulation, glial activation, and immune
responses—to drive the full clinical presentation of AD is still elusive. These
uncertainties highlight a critical need to better define how amyloidopathy
affects neural circuits and behavior, particularly in the early stages of the
disease, in order to improve the translational relevance of animal mod-
els and guide the development of more effective therapeutic strategies.

Animal models are indispensable for tackling these challenges
and advancing the development of preventive and disease-modifying
therapies. However, a persistent issue is the disconnect between pre-
clinical success and clinical efficacy. Many treatments that show prom-
ise in animal models ultimately fail in human trials. This discrepancy
may stem from the heterogeneity and multifactorial nature of AD—both
in its pathology and clinical presentation. Animal models often cap-
ture only limited aspects of the disease and may not reflect the com-
plex interplay of risk factors and compensatory mechanisms present
in human populations. As a result, therapeutics that target isolated fea-
tures may fall short in treating the broader, more variable AD spectrum.
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Bridging the gap between preclinical predictions and clini-
cal outcomes requires a clearer understanding of the strengths and
limitations of each animal model. Yet, behavioral characterization
across AD models remains incomplete and inconsistent, making it dif-
ficult to relate specific pathological mechanisms to functional outcomes.

To address these gaps, a multidisciplinary approach that inte-
grates molecular biology, systems neuroscience, immunology, and be-
havioral analysis is essential. Toward this goal, my thesis focuses on a
detailed characterization of both cognitive and non-cognitive behaviors in
the 5xFAD mouse —known to be a reliable model for plaque accumula-
tion—and how these behavioral changes correlate with the plaque burden.

8. Present Study

Goals

A key unmet need in AD research is the ability to detect the iliness
at its very onset. Currently available therapies aim to slow amyloid-
plaque buildup—the first pathological event that ultimately drives wide-
spread neurodegeneration—so their success depends on intervening
before irreversible damage occurs. Unfortunately, no reliable behavioral
readouts exist for these earliest stages, either in people or in animal mod-
els. This dissertation addresses this critical gap by developing behavioral
biomarkers sensitive to the initial emergence of amyloid pathology. Using
the 5xFAD mouse—an established model that rapidly and faithfully re-
capitulates plaque formation—we will comprehensively profile cognitive,
affective, and motor functions across early to late phases of deposition.
Unveiling how plagues influence both cognitive and non-cognitive domains
could provide a foundation for early disease diagnostics biomarkers, im-
proving the effects of the currently available therapeutics, and developing
new disease-modifying interventions. The specific aims of this study are:

. Establish a clear timeline for cognitive and behavioral changes
associated with AD progression in 5xFAD mice

. Explore the relationship between amyloid plaque burden and
cognitive decline

. Investigate how the spatial distribution of plaque deposition
related to specific behavioral deficits, such as impairment in motor
coordination and anxiety-like behavior

. Assess how plaque location may contribute to disruption in
neural network function, particularly those involved in decision-making
and memory

Hypothesis

If amyloid plaques are sufficient to drive alternations in neuro-
nal circuits and promote neurodegeneration, then 5xFAD mice should
exhibit early onset of cognitive impairment, particularly in tasks that
demand integration of multiple brain functions, including sensory pro-
cessing, motor coordination, strategic action planning, and learning. To
test this hypothesis, | will compare cognitive and non-cognitive task per-
formance between 5xFAD mice and age- matched wild-type controls
and investigate how performance metrics align with plaque pathology.

Methods
1. Animals

All procedures are performed in accordance with protocols
approved by the Rosalind Franklin University Institutional Animal Care
and Use Committee (IACUC) and guidelines of the National Institutes of
Health (NIH). Male and female genetically modified 5xFAD and control
wild-type mice, all from a C57BL/6J background, at two age groups
(G1:2 months old and G2:5-7 months old) were used for behavioral
and histological assays (Table 1). All mice are kept at 12 hours light/
dark cycle with food at libitum. Behavioral assays were performed
during the dark cycle. Estrous cycle in female mice is not tracked.
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2. Headbar Implant Surgery

To enable head-fixation
task described in the next

during the cognitive behavioral
section, mice first underwent

surgery to implant a headbar. This procedure was conducted
under aseptic conditions with the mouse fully anesthetized.
Age Genotype Sex | Age
AD Control Group
2 H0930, H0931,H1506,H1507 | H1522,H1555H1556,H1557 | F G1
H0928,H0929,H1504,H1505 | H1519,H1528H1558,H1559 | M
5 H1030,H1031, H1033 H1117,H1118,H1119 F G2
H1028, H1029 H1160, H1161 M
7 H1034, H1027 H1156, H1116, H1115 F
H1025, H1026 H1153,H1163 M

Table 1. Genotype, sex, and age of mice used in the study.

Anesthesia was initiated by placing the mouse in an induction
chamber with 2% isoflurane in 100% oxygen until the heart rate slowed to
approximately 15—16 beats per 15 seconds and the toe-pinch reflex was
consistently absent. Once fully anesthetized, the mouse was transferred to
a stereotaxic frame equipped with a heating pad set to 37 °C (Fig. 6A), and
anesthesia was maintained using isoflurane delivered via a nose mask.
To ensure preemptive analgesia, meloxicam (10 mg/kg) was administered
subcutaneously prior to the surgical procedure. Eye ointment was
applied periodically to prevent corneal drying, and lidocaine was applied
to the ear bars to minimize discomfort during positioning in the frame.

The scalp was disinfected by alternating applications of
70% ethanol and iodine three times, followed by a midline incision.
Bupivacaine was applied to the exposed skull for local anesthesia.
The skin and underlying tissues were carefully retracted using a
dental probe under a microscope, minimizing trauma and bleeding,
which was managed with saline-soaked Surgifoam as needed.

After fully exposing the skull, the periosteum was removed with
a scalpel until the cranial suture lines were clearly visible, providing
a clean surface for headbar attachment. A brief application of dentin
was followed by a saline rinse and ethanol drying. Medical-grade
adhesive was then applied to the skull, and the headbar—aligned
with the lambda suture line (Fig. 6B)— was positioned in place. The
adhesive was allowed to cure for 20—30 minutes while a post- operative
recovery cage was prepared with hydrogel and recovery diet gel.

Dental acrylicwas used to seal the exposed skull and surrounding skin
toprotectagainstinfection. The mouse’s ID was marked on acrylicand sealed
with superglue. To prevent dehydration, 0.5 ml of saline was administered
subcutaneously at the end of surgery. Postoperative care included close
monitoringofthemouse’shealthandpainlevels. Meloxicamwasadministered
subcutaneously for 48 hours following surgery at 12—24-hour intervals.

3. IBL Task

The International Brain Laboratory (IBL) task is a standardized
decision-making task for mice, conducted using standardizing hardware,
software, surgical, and training protocols to ensure reproducible behavioral
and neurophysiological results across studies (IBL set up: Fig. 7A,B) (The
International Brain Laboratory et al., 2021). This complex behavioral task
engages various components of cognition, including learning, memory,
motor functions, and sensory processing, all of which are crucial for
decision-making. In this task (Fig. 8), mice are presented with a visual
stimulus either on the left or right side of the screen and must turn a
steering wheel either clockwise or counterclockwise, depending on
the stimulus location, to receive a reward. At the beginning of training,
only high-contrast (100% and 50%) stimuli are presented to facilitate
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learning. If performance reaches 80% or more for three consecutive
days, lower-contrast stimuli (25%, 12.5%, 6.125%, 0%) are gradually
introduced. Hence, the highly sensitive and cognitively demanding
IBL task provides a novel approach to assess how AD alters cognitive
functions underlying complex goal-directed and learning behaviors.

Earbar

Headbar

Fig. 6. The visual representation of the surgery. (A) Shows the set-up of
a stereotaxic frame. One of the arrows points at ear bars that help fixate the head
during the surgery and the other points at the headbar that gets implanted to the skull
surface. (B) Shows lambda suture line on the skull where the headbar will be placed.
Designed with BioRender.

3.1 IBL Training Timeline

Following a 7-day recovery period after headbar implantation,
mice undergo water restriction, rig play, and habituation according
to the |IBL protocol prior to beginning the behavioral task.

Rig play consists of daily 5-minute sessions conducted over four
consecutive days, during which no visual stimuli are presented. The primary
goal of this phase is to acclimate mice to the experimental setup and foster
an association between the behavioral rig and water reward delivery.

Next, habituation is carried out over three days with progressively
increasing session durations: 15 minutes on Day 1, 30 minutes on Day
2, and 45 minutes on Day 3 (Fig. 9). During this phase, visual stimuli are
introduced, and the wheel remains locked. The stimulus automatically
moves to the center of the screen, triggering water delivery through
the spout. This setup helps mice form an initial association between
stimulus positioning and reward—a concept central to the upcoming task

During the task phase, mice are head-fixed and use the wheel
to control the position of a visual stimulus presented on either the
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left or right side of the screen. A correct response—bringing the
stimulus to the center within 60 seconds—results in water delivery.
If the mouse fails to do so, the trial is aborted, and a white noise
tone is played as negative feedback. Each trial is followed by a
brief intertrial interval (~2 seconds), after which a new trial begins.

A session concludes under any of the following conditions: The
mouse fails to complete more than 400 trials within 45 minutes; Training
exceeds 45 minutes, and fewer than 45 trials are completed in the last
5 minutes; The total training time reaches 60 minutes. Each mouse
performed one session of the IBL task per day for 30 consecutive days.

1))

Figure 8. The visual representation of the IBL task. When the stimulus (black and
white lines) is presented on the right side of the screen (gray rectangle) the wheel
needs to be stirred counterclockwise (direction pointed by green arrow). Successful
completion of the trial leads to reward (water) and wrong answer leads to aversive
noise. (The International Brain Laboratory et al., 2021).
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Surgery  Post-Op+Full Water Water Restriction Rig Play Habituation

Figure 9. The timeline of Pre - IBL Task Steps. Each dot corresponds to one day.
Created with BioRender.

4. Open Field Test

Open Field Test (OFT) is used to study free-roaming behavior
in mice, from which non-cognitive brain functions such as emotional
regulation (e.g., anxiety) and motor control can be assessed. The
testing arena measures 50 x 40 x 33 cm (width x length x height).
Before running the test, mice are acclimated to the testing room for
at least 30 minutes in their home cage to minimize stress in the new
environment. Each mouse was consistently placed in the lower right
corner of the arena to standardize the starting position across subjects.

In this study, the duration of OFT is 30 minutes. Behavioral analyses
focused on two-time windows: the first five minutes (0-5 minutes) and the
middle five minutes (15-20 minutes), capturing early exploratory behavior
and late-stage activity patterns. The entire session was recorded using an
overhead camera (AV Alvium 1800 U_291, Allied Vision) at 60 frames per
second, with video saved in mp4 format at a resolution of 1944 “ 1472 pixels.

Although this test requires relatively minimal direct involvement
from the experimenter as the recording and analysis pipelines are highly
automatized, it does not entirely eliminate the potential risk for introducing
experimenter’'s bias. The major source of bias can be introduced
through pre-test handling and the way the mice are placed in the testing
zone. To minimize these risks, in this study, only three experimenters
handled the mice in all OFT sessions, each following a standardized
protocol to ensure high procedural consistency across animals.

5. Methoxy-X04 Stain Preparation and Injection

Methoxy-X04 is a stain derivative of the widely used Congo red, known for
labeling amyloid plaques. It crosses the blood brain barrier and selectively
binds to fibrillar B-sheet deposits with a binding affinity of Ki = 26.8 nM
(Methoxy-X04, n.d.). The methoxy-X04 solution is prepared following a
published protocol (Bisht, El Hajj, Savage, Sanchez, & Tremblay, 2016). A
stock of 10 mg methoxy-X04 powder is first dissolved in dimethyl sulfoxide
(DMSO) solvent, then mixed with glycol and saline to create a final 2 mL
solution at a concentration of 5 mg/mL. The solution is incubated overnight
to reach the desired state. Mice are injected intraperitoneally (IP) at a dose
of 10 pg/g body weight.

6. Perfusion and Brain Sectioning

Approximately 24 hours after the Methoxy-X04 injection,
mice undergo transcardial perfusion for tissue fixation and
brain extraction. Deep anesthesia is induced using a ketamine/
xylazine mixture (100 mg/20 mg/kg, IP), and full anesthetic depth
is confirmed by the absence of a response to a firm toe pinch.

Perfusion is carried out using 1x phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde (PFA). PBS (20-25 mL) is
used first to flush out the blood, ensuring cleaner tissue and clearer
visualization of the brain, while PFA (20-25 mL) serves as a fixative
to preserve tissue architecture and facilitate downstream extraction.

After perfusion, the brain is carefully extracted and post-fixed
in 4% PFA for at least 24 hours. It is then transferred to a 30% sucrose
solution for cryoprotection and stored for a minimum of 48 hours. Prior
to sectioning, the brain is positioned in a brain matrix to remove the
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cerebellum and flatten the base. This ensures stable placement of the
brain on the sliding microtome stage (Leica SM2000). The microtome is
pre-chilled, with dry ice arranged around the center of the stage for rapid
freezing and maintenance of temperature at ~-20°C. For histological
analysis, coronal brain sections are collected at a thickness of 50 pym.

Figure 10. Selected tissue slice for histology analysis. The target coronal section
for plagque quantification includes subiculum (SUB; marked with red circle) and
hippocampus (HPF; the larger light green portion below SUB). (Allen Institute for
Brain Science, n.d.).

8. Data Processing

All numerical data analyses and visualizations in this study
(e.g., task performance in the IBL task, total distance travelled
in the OFT, and statistical analyses) were performed using
custom Python code. The analysis pipelines utilized open-source
libraries, including SciPy, Matplotlib, NumPy, Pinguin, and Pandas.

8.1 IBL Task Data Analysis

Task performance in each session is quantified as the fraction of
correct trials. To assess learning over the course of 30 daily sessions,
the task performance is plotted as a function of training day and this plot
is referred as learning curve. To examine learning dynamics in discrete
phases, the training period is divided into three phases—initial (days 1-5),
middle (days 16—20), and final (days 26—-30)—uwith each phase comprising
five days of data. The median performance across these five days is
calculated for each mouse when comparing across different experimental
groups (e.g., 5xFAD versus control, young versus older) in each phase.

To quantify the decision-making strategies of individual mice,
each trial is categorized based on the relationship between the current
choice and the choice and outcome of the previous trial. If the choice in
the current trial is the same as the choice in the previous trial, the trial is
labeled as a “stay”; If it differs, it is labeled as a “switch”. A “win/switch”
is defined as a switch following a successful (rewarded) trial, while a
“lose/switch” refers to a switch following a failed (unrewarded) trial.

8.2 OFT Data Analysis

The video data recorded during the OFT is first processed using
DeepLabCut (DLC), an Al-based markerless body-part tracking software
(Nathetal.,2019).DLCispretrainedtotrack sixdistinctanatomicallandmarks
on a mouse in each frame (Fig. 11A)—snout, left ear, right ear, nape, tail
base, and tail tip—so that it can automatically detect these body parts from
each video frame and outputs their x- and y-coordinates in pixel units.

The input to DLC is the mp4 video file from the OFT session, and the
output is a spreadsheet containing the x and y coordinates of the six body
parts for every frame of the video (Fig. 11B). DLC’s “filtered predictions”
feature is applied, which smooths the trajectory data and reduces noise.
For locomotor analysis in this study, the “tail base” coordinates are used.
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A
B scorer  DLC_resnet50_Park... | DLC_resnet50_Park... DLC_resnet50_Park...
bodyparts Tail Base Tail_Base Tail_Base
coords X y likelihood

0 1469.9541015625 1127.156982421875 0.999323844909668
1 1469.9541015625 1127.156982421875 0.9991412162780...
2 1469.9541015625 1127.156982421875  0.9991075396537...
3 1469.3389892578... 1127.027099609375 0.9992382526397...
4 1468.8505859375  1126.7528076171... 0.9991303086280...
5 1468.1878662109... 0.9990606904029...
6 0.9991973042488...
7 0.9990272521972...
8

9

1126.7528076171..
1467.821044921875 1126.61767578125
1467.792236328125 1126.601318359375

1467.2049560546... 1126.601318359375 0.999056875705719

1466.2740478515... 1126.480712890625 0.9988491535186...

Figure 11. Example Frame with the DLC Markers and Output. (A) Each body part of
the mouse is automatically labelled with a marker to track its movement throughout
the OFT session. The “tail base” coordinate (labelled in orange) is the body part used
for free-roaming analysis. (B) Example of DLC output showing x and y coordinates
of the “tail base” and the accuracy of the tracking estimate for each datapoint under
the “likelihood” column.

Following DLC processing, PyRat, an open-source Python
library, is used to convert coordinates from pixels to centimeters (cm).

Total distance traveled (in meters) is calculated by summing
the Euclidian distances between consecutive time points. To
assess anxiety-related behavior, the amount of time spent in the
center of the open field is analyzed. The central area is defined as
the region occupying 25% to 75% of the total field dimensions—
corresponding to 12-28 cm in width and 15-35 cm in length.

8.3 Histology Data Analysis

To detect and quantify Methoxy-x04-labeled plaques in brain
section images, a publicly available protocol based on ImageJ software
(version 2.14.0/1.54f) is used. Each TIFF image captured at 10X
magnification is calibrated and converted from pixels to millimeters.

A polygon is drawn to define the region of interest (ROI) for plaque
analysis. The images are then converted to binary format, followed by
the thresholding and watershed functions to separate plaques from the
background. Then, the ‘Analyze Particles’ and ‘Measure’ functions are used
tocalculate the area of the ROl and quantify the total number of plaques within
it. To enable standardized comparisons across samples, plaque counts are
normalized to the ROl area, yielding plaque density in units of plaques/mm?2.

8.4 Statistical Analysis

To assess the statistical significance of observed differences among
different experimental groups varying across two independent factors, a
Two-Way ANOVA test is performed following data preprocessing to meet
the assumption of normality. Normality is first assessed using the Shapiro-
Wilk normality test on residuals. If the data are not normally distributed (p
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< 0.01), but high W — value (close to 1), a log transformation is applied
to normalize the values before performing the ANOVA. If the data are
normally distributed (p > 0.01), no further transformation is performed.

The Two-Way ANOVA reports the main effects of each factor
(e.g., genotype and age) as well as their interaction effect. When
significant differences are found from the ANOVA, Tukey’'s Honestly
Significant Difference (Tukey HSD) post hoc test is used to identify
which  specific group comparisons are statistically significant.

Moreover,ifnogroupsinthe dataarenormallydistributed (p<0.01)and
with low W —values, an alternative non-parametric Scheirer Ray Hare test is
performed. Similarto Two—WayANOVAthistestalsoreports main effectofthe
factors and their interaction but uses ranks rather than raw data for analysis.

Lastly, a Student’s t-test is performed on normally distributed data
with one independent variable. The Student’s t-test compares the means
of two groups to determine if they are statistically different from each other.

Il. Results

1. 5xFAD mice fail to mimic sustained weight loss and subsequent
positive weight difference between young and old mice observed
in human patients in the course of disease progression.

Eating abnormalities, weight loss, and reduced appetite are
commonly observed in patients with AD, and these symptoms positively
correlate with disease progression (Sergi et al., 2013; Shea et al., 2018).
Interestingly, even in cases where appetite increases, weight loss often
persists—suggesting underlying metabolic dysfunction. Given the complex
interplay of factors such as weight, appetite, motor activity, and metabolic
changes, identifying a single underlying cause for this weight loss remains
challenging.

A previous study found that female 5xFAD mice exhibit weight loss
and reduced food consumption at 6 months of age. However, contrary to
expectations, this weight loss was not linked to motor activity, ruling it out
as a primary contributing factor (Gendron et al., 2021).

To evaluate the robustness of these previously reported weight loss
findings in 5xFAD mice, the body weight of each mouse was measured
daily throughout the IBL training period. Compared to wild-type controls,
5xFAD mice showed less variability in weight within each age group across
the training period (Fig. 12). Despite continuous water restriction during
training, no significant weight changes were observed in any group; in fact,
a slight weight increase over time was noted. Additionally, no significant
weight loss was detected in either 5- or 7-month- old 5xFAD mice compared
to controls.

To further investigate potential weight differences due to aging and
disease progression, an additional analysis was conducted comparing
younger and older mice across AD and wild-type genotypes. Initial body
weights, measured on the first day of IBL training, were used to establish
baseline differences across age and genotype groups. Based on existing
literature documenting sustained weight loss with disease progression,
it was reasonable to expect older (G2) AD mice to weigh less than age-
matched controls.

Normality of residuals was assessed using the Shapiro-Wilk test.
Results showed that weight distributions across age groups were normally
distributed (W = 0.95, p = 0.09), whereas genotype-based distributions
violated normality assumptions (W = 0.91, p = 0.01). To correct for this,
weight data were log-transformed prior to analysis. A two-way ANOVA
(Fig. 13) revealed a significant main effect of age on weight (p < 0.01),
while genotype and the age-by- genotype interaction did not significantly
influence body weight.
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These findings suggest that the previously reported weight loss in
5xFAD mice was not replicated in this cohort. Moreover, the significantly
higher body mass of G2 mice compared to G1 mice—regardless of
genotype—suggests healthy weight maintenance, contradicting findings
commonly reported in AD patients.
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Figure 12. Body Weight Trajectories of Individual Mice Across Age Groups and
Genotypes During Training. The body weight (in grams) of individual mice from each
sub age group (2, 5, and 7 months) and genotype (AD and control) was tracked over
30 consecutive days of training. (A) and (B) show weight trajectories of 2-month-old
AD and control mice, respectively. (C) and (D) depict weight data for 5-month-old
AD and control mice. (E) and (F) present data for 7-month- old AD and control mice.
Individual mice are represented by distinct colors, as indicated in the legends. The
black line in each panel represents the group’s average daily weight.
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Figure 13. Initial Body Weight Comparison. The body weight (in grams) on the
first day of task for each mouse across age and genotype groups. Two-ANOVA of
the log transformed data, revealed a significant effect of age F(1, 31) = 40.14, p <
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.001, n? = .56 on the initial body weight. Post hoc test showed a significant difference
between the G1 group (M =2.86, n = 16) and G2 group (M = 3.11, n = 18), with a
mean difference of -.25 (SE = .04), t(1) = -6.46, p < .001, Tukey’s HSD. Initial weight
was neither significantly affected by the genotype F(1, 31) =.01, p =.90, n2<.01 nor
by the interaction between age and genotype F(1, 31) = .84, p = .37, n* = .03. Note:

p<.05, p<.01.
2. Age but not genotype had a significant
impact on learning in 5xFAD and control mice.

A plausible account for the inconsistent findings regarding cognitive
deficits in AD mouse models is that many commonly used behavioral
tests may be too simplistic, allowing mild impairments to be masked or
compensated for by mice with greater cognitive reserve. If this is the case,
more complextasks thatinvolve multiple cognitive domains may morereliably
reveal deficits associated with disease progression in AD mouse models.

Another contributing factor to inconsistency is the influence
of various confounding variables on cognitive test performance. For
example, the Morris Water Maze (MWM) - a widely used assay for
evaluating spatial memory in AD mice (see Introduction 6.2), lacks
standardization and is sensitive to factors such as stress, anxiety, and
motor impairment. This highlights the need for introducing standardized,
well-controlled protocols to assess cognitive function more reliably.

The IBL task addresses these limitations of traditional cognitive
assays by offering a highly complex and fully standardized platform.
It requires mice to engage a wide range of cognitive domains,
including sustained attention, motivation, sensory processing, long-
term memory, and associative learning. Accordingly, mice with
even mild cognitive deficit are unlikely to succeed in learning and
performing the task. Indeed, a previous study found a sharp decline
in learning ability and exploratory behavior with age in the IBL task,
demonstrating its sensitivity to cognitive capacity (Hwang et al., 2023).

Furthermore, the IBL framework standardizes most aspects
of the experiment—from surgical procedures and water restriction to
training protocols, hardware, and software—minimizing variability and
potential bias across studies. This makes the IBL task a powerful tool
for robustly assessing complex cognitive function in AD mouse models.

Based on this rationale, 5xFAD and age-matched wild-type control
mice were trained in the IBL task over the course of 30 days to assess their
learning abilities and decision-making behavior. Mice were initially grouped
by age at the start of training into three cohorts: 2, 5, and 7 months. However,
as behavioral performance between the 5- and 7-month-old groups did not
differ significantly, they were combined for analysis. Hereafter, G1 refers
to 2-month-old mice, while G2 refers to the combined 5- to 7-month-old
group. AD denotes 5xFAD mice, and control denotes wild-type mice.

As shown in the average learning curves (Fig. 14), younger
mice (G1) learned the task more rapidly than older mice (G2) in
both AD and control groups. On average, G1 mice reached greater
than 80% correct response in less than 20 days of training, while G2
mice remained below 60% accuracy even after 30 days of training.

Surprisingly, genotype did not significantly impact learning
performance in either age group: 5xFAD mice performed comparably
to wild-type controls. This was unexpected, given 5xFAD mice
show amyloid plaque accumulation as early as 2 months of age.
These findings suggest that early amyloid pathology alone may
not be sufficient to impair learning in this complex cognitive task.

To more precisely evaluate the influence of genotype and age
on learning, task performance was analyzed across three distinct
phases of training: early, middle, and late (Fig. 15; see Methods 8.1).

The Shapiro-Wilk normality test on residuals indicated that task
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performance was normally distributed across all groups and training phases,
with the exception of the age group during the initial phase (W = 0.91, p =
0.01). Taking into consideration high W-value (1 = very likely to be normally
distributed), and the p-value being at the significance threshold, the data
for this group is very likely to be normally distributed. Therefore, a Two-Way
ANOVAwas used to assess the effects of age and genotype on performance.

Average Learning Curves
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Figure 14. Average Learning Curves for G1 and G2 Groups. The y-axis represents
the percentage of correct responses, and the x-axis indicates the corresponding
training days. Bold lines represent the average learning curves for each group, with
shaded regions representing the standard error of the mean. Group colors are as
follows: G1 AD — yellow, G1 Control — orange, G2 AD — orchid, G2 Control — indigo.

During the initial phase (training days 1-5; Fig. 15A), age had a
significant main effect on the performance (p = 0.02). No significant
effects of genotype or the interaction between age and genotype
were found. Overall, G1 mice outperformed G2 mice regardless of
genotype. Within the G1 group, control mice performed better than
AD mice, although this difference did not reach statistical significance.

In the middle phase (training days 16-20; Fig. 15B), age
had a significant main effect on performance (p < 0.001), while
genotype and the age x genotype interaction did not. The same
pattern was observed during the last phase (training days 26-30;
Fig. 15C), where age again significantly affected performance (p <
0.001), but genotype and interaction effects remained non-significant.

These quantitative  comparisons reinforce  the  trends
observed in the average learning curves: younger mice (G1)
consistently outperformed older mice (G2), regardless of genotype.

Importantly, the absence of a significant genotype effect across all
training phases suggests that 5xFAD mice were not impaired in learning the
IBL task, despite extensive amyloid plaque accumulation. It is worth noting
thatthe differencein control G1 mice compared toAD G1 miceis notobserved
later in the training reflecting on strong cognitive capacity of 5xFAD mice.

This finding challenges the hypothesis that inconsistent cognitive
deficits reported in 5xFAD mice are due solely to the simplicity of
behavioral assays. Instead, it supports the hypothesis that amyloid
pathology alone may be insufficient to drive cognitive impairment,
indicating a decoupling between amyloid burden and functional decline.
This has important implications for understanding AD pathogenesis
and for interpreting preclinical outcomes in amyloid-targeted models.

3. Exploratory behavior diminishes in relation to age but not genotype
in 5xFAD mice.
Exploratory behavior—the tendency to investigate novel

environments or stimuli—is disrupted early in the course of AD. Forinstance,
patients with probable AD exhibit reduced exploratory eye movements,
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spending less time fixating on novel visual stimuli (Daffner et al., 1999). This
reduction in exploratory behavior is thought to reflect broader symptoms
of apathy and disengagement commonly observed in AD. Similarly, AD
mouse models, including 5xFAD, have shown decreased exploratory
tendencies, although the onset and nature of this decline remain unclear.
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Figure 15. IBL Task Performance Across Three Training Periods. (A) During the
first 5 days of training, task performance was significantly affected by age group, F(1,
31) = 6.55, p = .02, n? =.16. There was no significant main effect of genotype, F(1,
31)=.76, p = .39, n?= .02, and no significant interaction between age and genotype,
F(1, 31) = 3.00, p = .09, n? = .07. Post hoc test revealed a significant difference in
performance between the G1 group (M =48.14, n = 16) and G2 group (M =40.23,n =
18), with a mean difference of 7.91 (SE = 3.20), t(1) = 2.47, p =.02, Tukey’s HSD. (B)
During the middle 5 days, performance was significantly affected by age group, F(1,
31) =67.48, p <.001, n? = .69. There was no significant main effect of genotype, F(1,
31)=.001, p =.97, n?= .00, and no significant interaction between age and genotype,
F(1, 31) = 0.10, p = .76, n? = .001. Post hoc test revealed a significant difference in
performance between the G1 group (M = 85.26, n = 16) and G2 group (M = 52.66, n
= 18), with a mean difference of 32.59 (SE= 3.85), t(1) = 8.47, p <.001, Tukey’s HSD.
(C) During the final 5 days of training, performance remained significantly affected
by age group, F(1, 31) = 568.52, p < .001, partial n? = .62. There was no significant
main effect of genotype, F(1, 31) = .87, p = .36, partial n* = .01, and no significant
interaction between age group and genotype, F(1, 31) = 3.54, p = .07, partial n* = .04.
Post hoc test showed a significant difference between the G1 group (M = 89.51, n =
16) and G2 group (M = 58.59, n = 18), with a mean difference of 30.92 (SE = 4.17),
t(1) = 7.41 p <.001, Tukey’s HSD. Note: p <.05, p<.01.

In this section, we investigated whether 5XxFAD mice exhibit reduced
exploratory behavior in a decision-making context. In the IBL task, wild-type
mice typically make highly exploratory choices during the early phases of
training—likely to gather information and identify strategies that maximize
reward. This exploratory phase is considered a critical period for flexible
learning.

To quantify exploratory behavior, we calculated the fraction of
“switch” trials—those in which the choice differed from the previous
trial—regardless of whether the previous choice was rewarded
or not. This analysis focused on the first two days of training. The
Shapiro-Wilk normality test confirmed that the distribution of switch
trial fractions was normal. A Two-Way ANOVA was then conducted to
assess the effects of genotype and age on early exploratory behavior.

The analysis revealed a significant main effect of age (p <0.01), with
older mice (G2) exhibiting a lower tendency to switch compared to younger
mice (G1) (Fig. 16). However, no significant effect of genotype or age x
genotype interaction was found. These results are consistent with prior
findings of age-related declines in exploratory decision-making (Hwangetal.,
2023), butdo not support a specificimpairmentin exploration in 5xFAD mice.

A previous study also reported a positive correlation between
early exploratory behavior and learning outcomes—suggesting that
greater exploration facilitates more effective task acquisition. To
examine this relationship in our dataset, we correlated each mouse’s
early exploratory behavior (fraction of switch trials during days 1-2)
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with its task performance during training days 11-15, a period shown
to be sensitive to individual differences in learning capacity. Although
a positive trend was observed in both AD (Fig. 17A) and control
groups (Fig. 17B), the correlations were not statistically significant
(p = 0.12 and p = 0.07, respectively), likely due to limited sample size.

Taken together, these findings indicate that 5xFAD mice do not
show impaired exploratory decision-making or learning compared to
age-matched controls at either 2 or 5-7 months of age. This further
supports the view that amyloid pathology alone may not be sufficient
to produce measurable deficits in these complex cognitive functions.
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Figure 16. Exploratory behavior in day 1 and 2 of the IBL training. Exploration is
significantly affected by age group F(1,31) = 8.57, p < .01, r]2 = .21. Post hoc test
revealed a significant difference between G1 group (M = 39.45, n = 16) and G2 group
(M =31.13, n = 18), with a mean difference of 8.132 (SE = 2.88), t(1) = 2.89, p < .01,
Tukey’s HSD. No significant main effect for genotype, F(1,31) = 1.93, p = .18, n2 =
.046; and no significant intereiction betxyeen age groups and genotypes, F (1,31) =

.09, p=.77,n" =.002. Note: p<.05, p<.01.
4. Age but not genotype affects the distance trav-
eled in OFT in the first 5 minutes of the session.

Results from open field test (OFT) in 5XFAD mice have been highly
variable and inconsistent across studies in the literature. Some suggest
an increase in locomotor activity, while others decrease or no change.
For example, certain studies have found that 12-month-old 5xFAD
mice exhibit hyperactivity, traveling greater distances compared to age-
matched controls, whereas other reports show no significant genotype
effect on locomotor activity in 9-month-old mice. These conflicting findings
leave it unclear how amyloid pathology influences locomotor behavior.

To address this issue, 5XxFAD and wild-type control mice in the
current study underwent the OFT following completion of the 30-day
IBL training (Fig 18). Total distance traveled in the arena was used as a
measure of locomotor activity. Two time points were observed to account
for potential effect of habituation to the novel environment (see Methods
4). Due to mobility issues mouse H1117 was excluded from OFT analysis.

In the first 5 minutes, the Shapiro-Wilk test of residuals revealed
that distance data were normally distributed across genotypes group (W
= 0.99, p = 0.96), whereas distance across age groups was not normally
distributed (W =0.89, p=0.002). Therefore, alog transformation was applied
to meet the normality assumption prior to conducting a Two-Way ANOVA.

The analysis showed a significant main effect of age (p < 0.01), with
oldermicetravelinglessthanyoungermice (Fig. 19A). However, therewereno
significant effects of genotype or genotype x age interaction. These findings
suggest that locomotor activity declines with age but is not significantly
influenced by amyloid pathology in 5xFAD mice within the age range tested.

In the middle 5 minutes, the Shapiro—Wilk test of residuals revealed
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that distance data were normally distributed across ages (W = 0.96, p
= 0.19) and genotypes (W = 0.93, p = 0.04). A Two- Way ANOVA was
conducted to identify the main effects of age and genotype as well as their
interaction. The analysis showed that none of the factors has a significant
main effect and neither did their interaction (all p — values > 0.05) (Fig. 19B).

A Control Mice: Exploration vs Learning

.
L] -
90 r=047 - e
p =0.069
)
=5
@ 70
(&)
=
(4]
g 50
=
&
30 -
== G1_control
== (G2_control
10
0 10 20 30 40 50

Switch Fraction(%)

g AD Mice: Exploration vs Learning

90 r=0.39
p=0.118
=
9_/ 70
[4b]
Q ™
c
w©
£ 50 . s o
S
‘= . .
&
30
G1_AD .
—— G2_AD
10 ‘ ‘ | | ‘
0 10 20 30 40 50

Switch Fraction (%)

Figure 17. Correlation of Learning (Days 11-15) and Initial Exploration. (A) A positive
but non- significant correlation was observed between learning and exploration in
control mice across G1 and G2 age groups, Rs = 0.47, p = 0.07, Spearman’s rank
correlation (n = 34). (B) A positive but non-significant correlation was observed
between learning and exploration in AD mice across G1 and G2 age groups, Rs =
0.39, p = 0.12, Spearman’s rank correlation (n = 34).
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Figure 18. Tail Base Trajectory in OFT of a Mouse. Plot representing the path
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traveled by the mouse during the first five minutes of the OFT. The x- and y-axes are
scaled in centimeters to represent the actual movement range of the mouse.

Taken together, these results indicate that G1 mice traveled a
greater distance at the beginning of the session compared to G2 mice,
potentially reflecting increased anxiety manifested as hyperlocomotion. As
the session progressed, however, no differences in locomotor activity were
observed between the groups, suggesting the influence of habituation. This
pattern raises the question of whether the initially larger distance traveled
is related to heightened exploratory behavior (Sil et al., 2022) which has
been previously associated with younger mice (see Fig. 16). Notably, this
cohort did not exhibit any AD - related effects on motor activity in either
age group, contributing to the ongoing discussion of whether amyloidosis
alone is sufficient to produce non-cognitive symptoms in 5xFAD mice.

5. Time spent in the center of the arena of open field linked with
anxiety phenotype does not change with age or AD progression.

Anxiety-like behaviors are among the most prevalent and
debilitating neuropsychiatric symptoms observed in patients with AD,
significantly impairing quality of life and daily functioning. Therefore, it is
essential to investigate anxiety phenotypes in transgenic mouse models of
AD to better understand the underlying mechanisms and identify potential
therapeutic targets. Despite extensive research in 5xFAD, findings in this
area remain inconsistent. Some studies report an increase in anxiety-like
behaviors with disease progression, while others observe no significant
changes—or even a decrease (Padua et al., 2024). This variability
underscores the need for standardized behavioral protocols and careful
interpretation of results within the context of both disease stage and model-
specific characteristics. A conventional method for assessing anxiety-
like behavior in mice is the Open Field Test (OFT), which measures the
amount of time an animal spends in the center of an open arena. This
metric is based on the natural tendency of mice, as prey animals, to
avoid open and exposed spaces. Increased time spent in the periphery
is typically interpreted as an anxiety-like response, whereas more time
spent in the center suggests reduced anxiety. Thus, reluctance to explore
the center of the arena is commonly used as an indirect measure of
heightened anxiety. A recent study showed no significant difference in time
spent in the center between 5xFAD and control mice (Zhu & Liu, 2025).

In this research, anxiety in G1 and G2 mice across both genotypes
was evaluated measuring the fraction of time they spent in the center
of the field in the first and middle 5 minutes of the OFT session (see
Method 8.2). In the first 5 minutes, the Shapiro-Wilk test of residuals
revealed that time spent in the center of the field was not normally
distributed across ages (W = 0.67, p < 0.01) and genotypes (W = 0.70,
p < 0.01). As neither W- value not p-value were close to being normally
distributed, Scheirer Ray Hare test - a non-parametric Two-Way ANOVA
was performed to evaluate the main effect of factors and their interaction.
The analysis showed no significant main effect of age (p = 0.84),
genotype (p = 0.42) or genotype x age interaction (p = 0.17). (Fig. 20A)

In the middle 5 minutes, the Shapiro—Wilk test of residuals revealed
that time spent in the center of the field was not normally distributed across
ages (W = 0.87, p < 0.01) and genotypes (W = 0.81, p < 0.01). For the
same reason as described earlier, Scheirer Ray Hare test was performed
to measure the main effect of factors and their interaction on the anxiety
phenotype. The analysis showed no significant main effect of age (p =0.10),
genotype (p = 0.69) or genotype x age interaction (p = 0.94) (Fig. 20B).

These findings suggest that 5xFAD mice do not express
levels of anxiety that significantly deviate from wildtype control mice
supporting a segment of the previously provided research. Additionally,
anxiety in G1 mice does not show difference compared to G2 mice.
This enhances the debate about the effectiveness of the model in
studying behavioral deficits consistently presented in human patients.
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6. Plaque deposition is observed throughout the AD progression
starting at 2 months with no pronounced differences across age
groups.

Plaque deposition in 5xFAD mice differs from that observed in
humans. In these mice, extracellular plaque deposits initially form in
the subiculum, deep cortical layers, and frontal cortex, and with age,
they progressively spread to the cortex, subiculum, and hippocampus.
Alongside the accumulation of B-amyloid plaques, neuroinflammation
caused by reactive glial cells also emerges, showing an age-dependent
progression and a similar pattern of regional spread (Padua et al,
2024). To verify consistency with this established timeline, we examined
brains from 2-month-old naive 5xFAD mice (i.e., not exposed to
behavioral testing; see Fig. 21). As expected, early AR aggregates
were detected in the subiculum, supporting previous findings.
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Figure 19. Distance Travelled in the First and Middle 5 Minutes of the OFT. (A)
During the first 5 minutes of OFT the distance travelled was significantly affected
by age group, F(1, 30) = 9.13, p < .01, n® = .21. There was no significant main
effect of genotype, F(1, 30) = 3.23, p = .08, n? = .07, and no significant interaction
between age and genotype, F(1, 30) = 1.07, p = .31, n* = .03. Post hoc test revealed
a significant difference in performance between the G1 group (M = 3.10, n = 16)
and G2 group (M = 2.65, n = 17), with a mean difference of .45 (SE = .15), t(1) =
2.92, p <.01, Tukey's HSD. (B) During the middle 5 minutes of OFT the distance
travelled there was no significant main effect of age F(1, 29) = .00, p = 1.00, n? =
.00, genotype, F(1, 29) = .70, p = .41, n*> = .02, and no significant interaction
between age and genotype, F(1, 29) =.01, p =.91, n*=.00. Note: p <.05, p<.01.

Given the distinct differences in plaque deposition between humans
and 5xFAD mice, it is critical to examine the subiculum’s role in cognition.
In humans, the subiculum is one of the earliest regions to exhibit volumetric
reduction in AD, and its atrophy has been closely associated with cognitive
decline (Baset & Huang, 2024). Functionally, the subiculum acts as a
central hub, integrating input from hippocampal areas and relaying output
to various cortical and subcortical regions. Together with the CA1 region of
the hippocampus, the subiculum has been strongly implicated in verbal and
episodic memory. Episodic memory, in turn, plays a key role in decision-
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making processes, such as temporal discounting—where individuals are
more likely to reject rewards that are delayed in time (Moscovitch et al.,
2016). While relatively less research has focused on the specific functional
role of the subiculum in rodents, existing evidence suggests that deficits
in associative learning begin to emerge around 5 months of age in AD
mouse models (Padua et al., 2024). This onset likely corresponds with the
progression of amyloid plague deposition and the disruption of projections
to synaptically connected regions, such as the prefrontal cortex and
entorhinal cortex. However, due to the limited number of studies directly
addressing subicular function in this context, it remains challenging to draw
definitive conclusions. This gap highlights the importance of assessing
learning abilities across different age groups in mouse models of AD to
better understand the temporal relationship between neuropathology and
cognitive decline.
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Figure 20. Fraction of Time Spent in the Center of the Arena in the First and Middle
5 Minutes of OFT. (A) During the first 5 minutes of OFT the time spent in the center
was not significantly affected by age group, H(1, 1) = 0.04, p < .84, genotype, H(1,
1) = .66, p = .42, and no significant interaction between age and genotype, H (1, 1) =
1.89, p =.17. (B) During the middle 5 minutes of OFT the time spent in the center was
not significantly affected by age group, H (1, 1) = 2.65, p< .10, genotype, H (1, 1) =
.16, p = .69, arld no significant interaction between age and genotype, H (1, 1) = 0.01,
p =.94. Note: p<.05 p<.01.

The hippocampus (HPF) is one of the most prominently affected
brain regions in AD. Unlike the subiculum, its role in learning and
memory has been extensively studied, and it is well- established that the
hippocampus is critical for memory formation, particularly episodic and
spatial memory (Eichenbaum, 2004). In AD patients, hippocampal atrophy
is one of the earliest and most consistent biomarkers, closely correlating
with cognitive decline, especially in the early stages of the disease (Braak
& Braak, 1991). Furthermore, there is a well-documented age-related
increase in AB plaque deposition in the hippocampus, which is strongly
associated with synaptic dysfunction and progressive learning and memory
deficits (Mormino et al., 2009). Girard et al. (2014) suggests that 5xFAD
mice starting at 4 months exhibit declarative-like memory deficit failing
to link correct cue-reward-association even in perfectly mastered task.
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These findings highlight the hippocampus’s direct and

possibly indirect role in the deterioration of cognitive functions in
further assess the
changes as a

AD. We will
and pathological

relationship between cognitive
result of AD in 5xFAD mice.

A

Figure 21. Plaque Aggregation in 5xFAD Mice at Different Age. (A) Right side
subiculum of the coronal brain slice in 5xFAD mouse at the age of 2 months
training naive. (B) Right side coronal brain slice in 5xFAD mouse 3 — 4 (G1), 7, 9
(G2) months of age, respectively (at the time of tissue collection, post training).

Plague density in subiculum was calculated for mice across G1
and G2 groups. A Shapiro — Wilk test of residuals reveled that plaque
density was normally distributed (W = 0.93, p = 0.26). An independent
student T-test was conducted to compare the differences between groups.
The analysis showed no significant differences in the plaque deposition
of G1 group compared to G2 (p = 0.53) (Fig. 22A). The same analysis
was conducted for plaque density in hippocampus. A Shapiro-Wilk test of
residuals revealed that plaque distribution was normally distributed across
ages (W = 0.94, p = 0.42). An independent student T-test was conducted
to compare the differences between groups. The analysis showed no
significant differences in the plaque deposition of G1 group compared to
G2 (p = 0.22) (Fig. 22B). The findings indicate that the subiculum is more
densely packed with plaques compared to the hippocampus, suggesting
a regional pattern in plaque deposition and potentially reflecting the
sequential involvement of these structures in plague formation. Although
no statistically significant differences were observed in plaque density
between G1 and G2 groups in either region, it is possible that plaques
in G2 are more densely clustered while maintaining a similar overall
quantity to G1, which may reflect differences in plaque compaction rather
than total load. This regional disparity, with greater plaque density in the
subiculum, supports the hypothesis that it may be more vulnerable or
involved earlier in the pathological progression than the hippocampus.

7. Plaque density in SUB and HPF did not impact cognitive abilities
of the mice.

Given the significant differences in cognitive performance between
the G1 and G2 age groups, plaque density may serve as a contributing
factor to the observed decline. To examine this relationship, the middle
five training days (see Methods) were correlated with plaque density in two
brain regions of interest for each mouse. To provide greater insight, mice
were analyzed separately by age group at the time of brain extraction, G1
included mice aged 3—-4 months while G2 consisted of mice aged 7 and 9
months. Although negative trends were observed across all age groups in
both the HPF (Fig. 23A) and SUB (Fig. 23B), these correlations did not reach
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statistical significance—except for the 9-month-old group in SUB, where a
significant association between plaque burden and cognitive performance
was identified. These findings suggest a potential link between plaque
accumulation and cognitive decline that may not be solely age-dependent.
However, due to the correlational nature of the analysis, it remains unclear
whether increased plaque density directly contributes to cognitive deficits,
or if cognitively impaired mice are more susceptible to plaque aggregation.
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Figure 22. Plaque density in SUB and HPF (plaque/mmz). Independent student
T-test showed no significant difference between plaque density in SUB in G1 and G2
age group AD mice, T(8.35)= -0.61, p = 0.57, n?=0.09. Independent student T-test
showed no significant difference between plaque density in HPF in G1 and G2 age
group AD mice, T(7.51)=-1.34, p = 0.22, n>=0.27.

Ill. Discussion

In the current study, the 5xFAD mouse model, widely used for
investigating pathological and behavioral changes associated with
AD, was utilized to address several gaps in knowledge regarding the
timeline of pathology development and its relationship to behavioral
changes. The primary goal was to investigate whether the pathological
changes in plaque accumulation observed in these mice correspond to
behavioral changes, particularly cognitive and non- cognitive performance.

Weight Analysis

Initially, weight changes were analyzed to explore whether the
weight loss observed in human AD patients, which often correlates
with disease progression, would also be evident in the 5xFAD mice.
Interestingly, no such trend was observed. Both age groups showed
consistent weight across genotypes (Fig. 12), with G2 mice exhibiting
significantly higher body weight compared to G1 (Fig. 13). This finding
aligns with an extensive analysis of 5xFAD mice by Forner et al. (2021),
who reported no weight differences across genotypes until around 8
months of age. The absence of weight loss in the 5XFAD model contrasts
with the common clinical feature of weight decline in human AD patients,
suggesting that this mouse model may not fully replicate all aspects of
the disease, particularly those associated with metabolic disturbances.

Cognitive Behavior

Behavioral changes, both cognitive and non-cognitive, were
explored to better understand the impact of pathology on function.
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Cognitive performance, assessed using the IBL task, revealed a slight
decrease in task performance in the G2 group compared to G1, though
both AD and control mice displayed similar levels of performance (Fig.
14A, B, C). These results are consistent with previous findings in this lab,
reinforcing the sensitivity of the IBL task to detect cognitive differences
(Hwang et al., 2023). However, no significant genotype-related differences
were observed, raising the question of whether cognition and decision
making as one of the domains of cognition is affected in AD pathology.
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Figure 23. Correlation of Learning (Days 16-20) and Plaque Density in HPF and
SUB in Each Age Group. (A) No significant correlation was observed between
learning and plaque density in HPF across age groups, specifically 4 months Rs =
-14, p =.79, 7 months Rs = -.60, p = .29, 9 months Rs = .50, p = .67, Spearman’s
rank correlation (total n = 14). (B) No significant correlation was observed
between learning and plaque density in SUB across age groups, namely 4 months
Rs =- .71, p = 0.11, 9 months Rg =- .50, p = 0.67. Only 7 months mice showed
negative significant correlation between plaque deposition in subiculum and their
task performance Rs =- .90, p = 0.04, Spearman’s rank correlation (total n = 14).

Non-Cognitive Behavior

While we anticipated alterations in exploratory behavior and anxiety
levels based on the pathological changes, the results were different.
Contrary to expectations, the 5xFAD mice, regardless of age group, did
not show altered exploratory behavior, a finding that contrasts with the
decreased exploration seen in human AD patients even in early stages
of the disease. However, G1 mice demonstrated increased exploratory
behavior, which is in line with earlier findings suggesting that younger mice
are more motivated to explore and engage in exploratory behavior more than
in older mice (Hwang et al., 2023). Despite this, no definitive conclusions
were drawn regarding differences between AD and control mice across age
groups, which could be attributed to the small sample size of this cohort.

OFT Analysis
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The Open Field Test (OFT), commonly used to assess locomotion
and anxiety, yielded some unexpected findings. No genotype-related
differences were observed in the distance traveled during the first 5
minutes, contradicting earlier studies that reported reduced locomotion in

5xFAD mice compared to controls at 4 to 6 months of age
(Poon et al., 2023). However, a significant reduction in distance
traveled across age groups was detected, potentially reflecting age-
related declines in exploration or motor abilities (Fig. 19). Interestingly,
during the middle 5 minutes of the test, neither genotype nor age-
related differences were observed, suggesting that habituation to
the environment may have influenced the behavioral outcomes.

When anxiety was assessed based on time spent in the center of
the arena, no significant differences were found at any time point. This
finding contributes to the ongoing debate in the literature, as studies have
variously reported increased, decreased, or unchanged anxiety levels in
5xFAD mice (Padua et al., 2024; Zhu & Liu, 2025) (Fig. 20A, B). A key
strength of the current study is its ability to evaluate the effects of habituation
by comparing distinct time windows within a single continuous OFT
session, offering more nuanced insights into the behavior of 5xFAD mice.

In human patients, non-cognitive symptoms often precede
cognitive decline and serve as strong predictors for disease progression
(Ismail et al., 2016). The inconsistency in non- cognitive behavioral
outcomes in this mouse model raises an important question: to what
extent do 5xFAD mice faithfully replicate this early domain of AD?

Plaque Accumulation Analysis

Histological analysis of plaque accumulation revealed results
consistent with previous studies, demonstrating rapid plaque deposition
beginning as early as 2 months of age. Initial accumulation was evident
in the SUB, followed by progressive spreading to additional brain regions
with age (Fig. 21A). This stage-like progression, particularly the early
involvement of the SUB, parallels patterns observed in other AD models
and supports the notion that this region may be among the first to exhibit
pathological changes. Notably, plaque burden did not significantly differ
across age groups (Fig. 22A,B), in line with prior reports (Forner etal., 2021).
Although statistical comparisons did not show significance, aggressive
age-dependent plaque spreading was clearly visible in tissue images
(Fig. 21B). This observed plaque burden suggests that other pathological
mechanisms—such as tau aggregation or neuroinflammation—may play
a more prominent role in cognitive decline during later disease stages.

While correlations between plaque burden and cognitive
performance were not statistically significant across most age groups, a
consistent negative trend was observed, indicating a potential link that
warrants further investigation with a larger sample size. It is important
to consider that this trend may reflect age-related factors rather than
plague accumulation per se. However, this interpretation is complicated
by findings in the 7-month-old AD group, where a significant negative
correlation was identified in the SUB, suggesting that increased plaque
burden is associated with poorer task performance. In contrast, the
9-month-old group exhibited a non-significant positive correlation between
HPF plaque burden and task performance, while the negative relationship
in the SUB persisted. These results suggest two possible interpretations:
first, that age may exert a stronger influence on task performance
than plaque deposition alone; second, that specific brain regions,
such as the SUB, may differentially contribute to cognitive outcomes.

Despite these patterns, it remains unclear whether increased plaque
accumulation directly causes cognitive decline, orwhether mice with reduced
cognitive performance are more prone to plaque deposition. Alternatively,
these results may highlight a limitation of the IBL task itself, which may not be
sensitive to detect the specific cognitive deficits associated with the 5xFAD
genotype—particularly in domains such as episodic and spatial memory.
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These findings raise broader concerns about the translational
relevance ofthe 5xFAD model. Ifit fails to robustly replicate both cognitive and
non-cognitive features of AD, its utility as a comprehensive preclinical model
may be limited. In humans, substantial subicular atrophy and hippocampal
dysfunction are recognized as early indicators of AD, underscoring their
importance in the cognitive domain. Accordingly, it would be reasonable
to expect impaired performance in 5XFAD mice due to disruptions in cue—
reward association learning, mirroring deficits observed in human patients.

Conclusion and Implications

Overall, the findings from this study provide valuable insights into the
timeline of pathology development and the behavioral consequences in the
5xFAD model of AD. While we observed early plaque deposition and some
behavioral changes in line with previous studies, the lack of significant
behavioral changes in the 5xFAD model challenges us to reconsider how we
measure cognitive decline and anxiety in AD. These findings suggest that
the 5xFAD model may not fully recapitulate the range of clinical symptoms
observed in human AD, particularly in the early stages of the disease.
Future studies should explore additional behavioral tasks, larger sample
sizes, and longer longitudinal analyses to better understand the connection
between early pathology and cognitive decline in AD. Additionally,
plaque quantification in the cortex across the observed ages might give
a stronger insight about the relationship of plague burden and cognition.

Note: Eukaryon is published by students at Lake Forest College, who
are solely responsible for its content. This views expressed in Eu-
karyon do not necessarily reflect those of the College. Articles pub-
lished within Eukaryon should not be cited in bibilographies. Mate-
rial contained herein should be treated as personal communication
and should be cited as such only within the consent of the author.

References

1. Allen Institute for Brain Science. (n.d.). Allen Mouse Brain Atlas.

2. Alzheimer’s Association. (2024). Alzheimer’s Disease Facts and Figures.https://
www.alz.org/alzheimers-dementia/facts-Fig.s

3.  Alzheimer’s Association. (n.d.). Mild Cognitive Impairment (MCI). https://
www.alz.org/alzheimers-dementia/what-is-dementia/related_conditions/mild-
cognitive-impairment

4. Alzheimer’'s Association. (n.d.). Medications for memory, cognition and
dementia-related behaviors. Retrieved December 19, 2024, from https://www.
alz.org/alzheimers- dementia/treatments/medications-for-memory

5. APP751SL/PS1 Kl | ALZFORUM. (n.d.). Retrieved March 5, 2025, from https://
www.alzforum.org/research-models/app751slps1-ki?utm

6.  Avila, J., Lucas, J. J., Perez, M., & Hernandez, F. (2004). Role of tau protein in
both physiological and pathological conditions. Physiological Reviews, 84(2),
361-384. https://doi.org/10.1152/physrev.00024.2003

7. Bailoo, J. D., Bergeson, S. E., Ponomarey, |., Willms, J. O., Kisby, B. R., Cornwall,
G. A,, MacDonald, C. C., Lawrence, J. J., Ganapathy, V., Sivaprakasam, S.,
Panthagani, P., Trasti, S., Varholick, J. A., Findlater, M., & Deonarine, A. (2024).
A bespoke water T-maze apparatus and protocol: An optimized, reliable, and
repeatable method for screening learning, memory, and executive functioning
in laboratory mice. Frontiers in Behavioral Neuroscience, 18, 1492327. https://
doi.org/10.3389/fnbeh.2024.1492327

8. Bagaria, J., Bagyinszky, E., & An, S. S. A. (2022). Genetics, Functions, and
Clinical Impact of Presenilin-1 (PSEN1) Gene. International Journal of Molecular
Sciences, 23(18), 10970. https://doi.org/10.3390/jms231810970

9. Baset, A., & Huang, F. (2024). Shedding light on subiculum’s role in human
brain disorders.

10. Brain Research Bulletin, 214,
brainresbull.2024.110993

11.  Beeri, M. S., Leurgans, S. E., Bennett, D. A., Barnes, L. L., & Buchman, A. S.
(2021). Diverse motor performances are related to incident cognitive impairment
in community-dwelling older adults. Frontiers in Aging Neuroscience, 13,
717139. https://doi.org/10.3389/fnagi.2021.717139

12. Belfiore, R., Rodin, A., Ferreira, E., Velazquez, R., Branca, C., Caccamo, A., &
Oddo, S. (2019). Temporal and regional progression of Alzheimer’s disease-like
pathology in 3xTg-AD mice. Aging Cell, 18(1), e12873. https://doi.org/10.1111/
acel. 12873

110993.  https://doi.org/10.1016/).

Volume 22



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bibel, M., Richter, J., Schrenk, K., Tucker, K. L., Staiger, V., Korte, M., Goetz,
M., & Barde, Y. A. (2004). Differentiation of mouse embryonic stem cells into
a defined neuronal lineage. Nature Neuroscience, 7, 1003—1009. https://doi.
org/10.1038/nn1301

Ben Khalifa, N., Tyteca, D., Courtoy, P. J., Renauld, J. C., Constantinescu,
S. N., Octave, J. N., & Kienlen-Campard, P. (2012). Contribution of Kunitz
Protease Inhibitor and Transmembrane Domains to Amyloid Precursor Protein
Homodimerization.
Neurodegenerative
org/10.1159/000335225
Bisht, K., El Hajj, H., Savage, J. C., Sanchez, M. G., & Tremblay, M. E. (2016).
Correlative Light and Electron Microscopy to Study Microglial Interactions with
B-Amyloid Plaques. Journal of visualized experiments : JoVE, (112), 54060.
https://doi.org/10.3791/54060

Bolmont, T., Clavaguera, F., Meyer-Luehmann, M., Herzig, M., Radde, R.,
Staufenbiel, M., Lewis, J., Hutton, M., Tolnay, M., & Jucker, M. (2007). Induction
of tau pathology by intracerebral infusion of amyloid-B-containing brain extract
and by amyloid-f deposition in APP x tau transgenic mice. The American Journal
of Pathology, 171(6), 2012-2020. https://doi.org/10.2353/ajpath.2007.070403
Braak, H., & Braak, E. (1991). Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathologica, 82(4), 239-259. https://doi.org/10.1007/
BF00308809

Buchman, A. S., Schneider, J. A., Leurgans, S., & Bennett, D. A. (2008).
Physical frailty in older persons is associated with Alzheimer disease pathology.
Neurology, 71, 499-504. https://doi.org/10.1212/01.wnl.0000324864.81179.6a
Byun, J., Vellampatti, S., Chatterjee, P., Hwang, S. H., Kim, B. C., & Lee, J.
(2023).

Characterization of the role of Kunitz-type protease inhibitor domain in
dimerization of amyloid precursor protein. Journal of Computational Chemistry,
44(15), 1437-1445. https://doi.org/10.1002/jcc.27100

Carter, M., & Shieh, J. (2015). Animal behavior. In Guide to research techniques
in neuroscience (2nd ed., pp. 39-71). Academic Press. https://doi.org/10.1016/
B978-0-12-800511- 8.00002-2

Carrasco-Goémez, M., Garcia-Colomo, A., Cabrera-Alvarez, J., Brufa, R.,
Maestd, F., & Lled, A. S. (2024). Dynamics of Brain Connectivity across
the Alzheimer's Disease Spectrum: A magnetoencephalography study (p.
2024.03.14.584574). bioRxiv. https://doi.org/10.1101/2024.03.14.584574

Chen, G., Xu, T., Yan, Y., Zhou, Y., Jiang, Y., Melcher, K., & Xu, H. E. (2017).
Amyloid beta: Structure, biology and structure-based therapeutic development.
Acta Pharmacologica Sinica, 38(9), 1205-1235. https://doi.org/10.1038/
aps.2017.28

Chen, H. H., Petty, L. E., Sha, J., et al. (2021). Genetically regulated expression
in late-onset Alzheimer’s disease implicates risk genes within known and novel
loci. Translational Psychiatry, 11, 618. https://doi.org/10.1038/s41398-021-
01677-0

Chen, S, Liu, Y., Wang, Z. A., Colonell, J., Liu, L. D., Hou, H., Tien, N.-W., et al.
(2024). Brain-wide Neural Activity Underlying Memory-Guided Movement. Cell,
187(3), 676-691.e16. https://doi.org/10.1016/j.cell.2023.12.035

Choi, M., Jang, H.-S., Son, T, Kim, D., Youn, Y.-J., Hwang, G.-B., Choi, Y. P, &
Jeong, Y. H. (2023).

Effect sizes of cognitive and locomotive behavior tests in the 5xFAD-J mouse
model of Alzheimer’s disease. International Journal of Molecular Sciences,
24(20), 15064. https://doi.org/10.3390/ijms242015064

Colonna, M., & Butovsky, O. (2017). Microglia Function in the Central Nervous
System During Health and Neurodegeneration. Annual review of immunology,
35, 441-468. https://doi.org/10.1146/annurev-immunol-051116-052358
Coulson, E. J., Paliga, K., Beyreuther, K., & Masters, C. L. (2000). What the
evolution of the amyloid protein precursor supergene family tells us about its
function. Neurochemistry International, 36(3), 175—184. https://doi.org/10.1016/
s0197-0186(99)00125-4

Czapski, G. A., & Strosznajder, J. B. (2021). Glutamate and GABA in microglia-
neuron cross-talk in Alzheimer’s disease. International Journal of Molecular
Sciences, 22(21), 11677. https://doi.org/10.3390/ijms222111677

DeTure, M. A., & Dickson, D. W. (2019). The neuropathological diagnosis
of Alzheimer’s disease.Molecular Neurodegeneration, 14, 32. https://doi.
org/10.1186/s13024-019-0333-5

Cont, C., Stute, N., Galli, A., Schulte, C., Logmin, K., Trenado, C., & Wojtecki,
L. (2022). Retrospective real-world pilot data on transcranial pulse stimulation
in mild to severe Alzheimer’s patients. Frontiers in Neurology, 13. https://doi.

Diseases, 10(1-4), 92-95. https://doi.

Eukaryon

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

org/10.3389/fneur.2022.948204

Daffner, K. R., Scinto, L. F. M., Weintraub, S., Guinessey, J., & Mesulam, M.-
M. (1994). The Impact of Aging on Curiosity as Measured by Exploratory Eye
Movements. Archives of Neurology, 51(4), 368-376. https://doi.org/10.1001/
archneur.1994.00540160062009

Daffner, K. R., Scinto, L. F. M., Weintraub, S., Guinessey, J. E., & Mesulam, M.
M. (1992).

Diminished curiosity in patients with probable Alzheimer’s disease as measured
by exploratory eye movements. Neurology, 42(2), 320-320. https://doi.
org/10.1212/WNL.42.2.320

de Magalh&es, M. T. Q., Mambelli, F. S., Santos, B. P. O., Morais, S. B., & Oliveira,
S. C. (2018). Serine protease inhibitors containing a Kunitz domain: Their role in
modulation of host inflammatory responses and parasite survival. Microbes and
Infection, 20(9), 606—609. https://doi.org/10.1016/j.micinf.2018.01.003

Del Campo, N., et al. (2015). Relationship of regional brain B-amyloid to gait
speed. Neurology, 86, 36—43. https://doi.org/10.1212/WNL.0000000000001699
Dong, H., Locci, A., Keszycki, R.M., Orellana, H.D., Rodriguez, G., Fisher, D.W.
(2020).

Characterization and comparison of memory and affective behavior in common
transgenic mouse models of Alzheimer’s disease: Molecular and cell biology/
neurodegeneration and neuroprotection. Alzheimer’s Dement., 16, e045211.
https://doi.org/10.1002/alz.045211

Drummond, E., & Wisniewski, T. (2017). Alzheimer’s Disease: Experimental
Models and Reality.

Acta Neuropathologica, 133(2), 155-175. https://doi.org/10.1007/s00401-016-
1662-x Eichenbaum, H. (2004). Hippocampus: Cognitive Processes and Neural
Representations that

Underlie Declarative Memory. Neuron, 44(1), 109-120. https://doi.org/10.1016/j.
neuron.2004.08.028

Fernandez, M., Gobartt, A. L., Balafia, M., & the COOPERA Study Group.
(2010). Behavioural symptoms in patients with Alzheimer’s disease and their
association with cognitive impairment. BMC Neurology, 10(1), 87. https://doi.
org/10.1186/1471-2377-10-87

Faure, A., Verret, L., Bozon, B., El Tannir El Tayara, N., Ly, M., Kober, F,,
Dhenain, M., Rampon, C., & Delatour, B. (2011). Impaired neurogenesis,
neuronal loss, and brain functional deficits in the APPxPS1-Ki mouse model
of Alzheimer’s disease. Neurobiology of Aging, 32(3), 407—418. https://doi.
org/10.1016/j.neurobiolaging.2009.03.009

Flanigan, T. J., Xue, Y., Kishan Rao, S., Dhanushkodi, A., & McDonald, M. P.
(2014). Abnormal vibrissa-related behavior and loss of barrel field inhibitory
neurons in 5xFAD transgenics. Genes, brain, and behavior, 13(5), 488-500.
https://doi.org/10.1111/gbb.12133

Forner, S., Kawauchi, S., Balderrama-Gutierrez, G. et al. (2021). Systematic
phenotyping and characterization of the 5xFAD mouse model of Alzheimer’s
disease. Sci Data, 8, 270. https://doi.org/10.1038/s41597-021-01054-y

Fortea, J., Vilaplana, E., Alcolea, D., Carmona-Iragui, M., Sanchez-Saudinos,
M. B., Sala, I., Antén-Aguirre, S., Gonzalez, S., Medrano, S., Pegueroles,
J., Morenas, E., Clarimon, J., Blesa, R., Lled, A., & Alzheimer’'s Disease
Neuroimaging Initiative (2014). Cerebrospinal fluid f-amyloid and phospho-tau
biomarker interactions affecting brain structure in preclinical Alzheimer disease.
Annals of neurology, 76(2), 223-230. https://doi.org/10.1002/ana.24 186

Fox, K. C., Spreng, R. N., Ellamil, M., Andrews-Hanna, J. R., & Christoff, K.
(2015). The wandering brain: Meta-analysis of functional neuroimaging studies
of mind-wandering and related spontaneous thought processes. Neurolmage,
111, 611-621. https://doi.org/10.1016/j.neuroimage.2015.02.039

Furukawa, K., Sopher, B. L., Rydel, R. E., Begley, J. G., Pham, D. G,,
Martin, G. M., Fox, M., & Mattson, M. P. (1996). Increased activity-regulating
and neuroprotective efficacy of alpha-secretase-derived secreted amyloid
precursor protein conferred by a C-terminal heparin-binding domain. Journal
of  Neurochemistry, 67(5), 1882-1896. https://doi.org/10.1046/j.1471-
4159.1996.67051882.x

Gabitto, M. I., Travaglini, K. J., Rachleff, V. M., et al. (2024). Integrated
multimodal cell atlas of Alzheimer’s disease. Nature Neuroscience. https://doi.
org/10.1038/s41593-024-01774-5

Gates, N., & Valenzuela, M. (2010). Cognitive exercise and its role in cognitive
function in older adults. Current Psychiatry Reports, 12(1), 20-27. https://doi.
org/10.1007/s11920-010- 0125-9

Geda, Y. E., Roberts, R. O., Knopman, D. S., et al. (2010). Physical exercise,
aging, and mild cognitive impairment: A population-based study. Archives of

Volume 22



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Neurology, 67(1), 80-86. https://doi.org/10.1001/archneurol.2009.307

Gendron, W. H., Fertan, E., Pelletier, S., Roddick, K. M., O’Leary, T. P., Anini,
Y., & Brown, R. E. (2021). Age related weight loss in female 5xFAD mice from
3 to 12 months of age.

Behavioural Brain Research, 406, 113214. https://doi.org/10.1016/).
bbr.2021.113214 Girard, S. D., Jacquet, M., Baranger, K., Migliorati, M.,
Escoffier, G., Bernard, A., Khrestchatisky,

M., Féron, F., Rivera, S., Roman, F. S., & Marchetti, E. (2014). Onset of
hippocampus- dependent memory impairments in 5XFAD transgenic mouse
model of Alzheimer’s disease. Hippocampus, 24(7), 762-772. https:/doi.
0rg/10.1002/hipo.22267

Glenner, G. G., & Wong, C. W. (1984). Alzheimer’s disease: Initial report of the
purification and characterization of a novel cerebrovascular amyloid protein.
Biochemical and Biophysical Research Communications, 120(3), 885-890.
https://doi.org/10.1016/S0006- 291X(84)80190-4

Gottlieb, J., Oudeyer, P.-Y., Lopes, M., & Baranes, A. (2013). Information-
seeking, curiosity, and attention: Computational and neural mechanisms.
Trends in Cognitive Sciences, 17(11), 585-593. https://doi.org/10.1016/j.
tics.2013.09.001

Grant, R.A., Wong, A. A,, Fertan, E., & Brown, R. E. (2020). Whisker exploration
behaviours in the 5xFAD mouse are affected by sex and retinal degeneration.
Genes, Brain and Behavior, 19(3), e12532. https://doi.org/10.1111/gbb.12532
Gu, L., & Guo, Z. (2013). Alzheimer’s AB42 and AB40 peptides form interlaced
amyloid fibrils.

Journal of Neurochemistry, 126(3), 305-311. https://doi.org/10.1111/jnc.12202
Hampel, H., Hardy, J., Blennow, K., et al. (2021). The amyloid-B pathway in
Alzheimer’s disease.

Molecular Psychiatry, 26(1), 5-21. https://doi.org/10.1038/s41380-020-0724-z
Han, P, Dou, F., Li, F., Zhang, X., Zhang, Y. W., Zheng, H., Lipton, S. A., Xu,
H., & Liao, F. F. (2005). Suppression of cyclin-dependent kinase 5 activation
by amyloid precursor protein: A novel excitoprotective mechanism involving
modulation of tau phosphorylation. Journal of Neuroscience, 25(44), 11542—
11552. https://doi.org/10.1523/JNEUROSCI.3831-05.2005

Haass, C., Lemere, C. A., Capell, A., Citron, M., Seubert, P., Schenk, D.,
Lannfelt, L., & Selkoe, D.

J. (1995). The Swedish mutation causes early-onset Alzheimer’s disease by
beta- secretase cleavage within the secretory pathway. Nature Medicine, 1(12),
1291-1296. https://doi.org/10.1038/nm1295-1291

He, Z., Guo, J. L., McBride, J. D., et al. (2018). Amyloid-B plaques enhance
Alzheimer’s brain tau- seeded pathologies by facilitating neuritic plaque tau
aggregation. Nature Medicine, 24, 29-38. https://doi.org/10.1038/nm.4443
Huang, Y., Happonen, K. E., Burrola, P. G., O’'Connor, C., Hah, N., Huang, L.,
Nimmerjahn, A., & Lemke, G. (2021). Microglia use TAM receptors to detect
and engulf amyloid B plaques. Nature Immunology, 22(5), 586—594. https://doi.
org/10.1038/s41590-021-00913-5

Hur, J. Y. (2022). y-Secretase in Alzheimer’s disease. Experimental & Molecular
Medicine, 54, 433-4486. https://doi.org/10.1038/s12276-022-00754-8

Hwang, E. J., Korde, S., Han, Y., Sambangi, J., Lian, B., Owusu-Ofori, A.,
Diasamidze, M., Wong, L. M., Pickering, N., & Begin, S. (2023). Parietal
stimulation reverses age-related decline in exploration, learning, and decision-
making. bioRxiv: The Preprint Server for Biology, 2023.10.21.563408. https://
doi.org/10.1101/2023.10.21.563408

Ismail, Z., Smith, E. E., Geda, Y., Sultzer, D., Brodaty, H., Smith, G., Agliera-
Ortiz, L., Sweet, R., Miller, D., & Lyketsos, C. G. (2016). Neuropsychiatric
symptoms as early manifestations of emergent dementia: Provisional diagnostic
criteria for mild behavioral

impairment. Alzheimer's & Dementia : The Journal of the Alzheimer’s
Association, 12(2), 195-202. https://doi.org/10.1016/j.jalz.2015.05.017

Israel, M. A,, Yuan, S. H., Bardy, C., et al. (2012). Probing sporadic and familial
Alzheimer’s disease using induced pluripotent stem cells. Nature, 482(7384),
216-220. https://doi.org/10.1038/nature 10821

Jankowsky, J. L., & Zheng, H. (2017). Practical considerations for choosing a
mouse model of Alzheimer’s disease. Molecular Neurodegeneration, 12, 89.
https://doi.org/10.1186/s13024-017-0231-7

Jiang, S., Li, Y., Zhang, X., Bu, G., Xu, H., & Zhang, Y. W. (2014). Trafficking
regulation of proteins in Alzheimer’s disease. Molecular Neurodegeneration, 9,
6. https://doi.org/10.1186/1750-1326-9-6

Kang, S., Kim, J., & Chang, K.-A. (2021). Spatial memory deficiency early in
6xTg Alzheimer’s disease mouse model. Scientific Reports, 11(1), 1334. https:/

Eukaryon

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

doi.org/10.1038/s41598- 020-79344-5

Kar, A., Fushimi ,Kazuo, Zhou ,Xiaohong, Ray ,Payal, Shi ,Chen, Chen
,Xiaoping, Liu ,Zhiren, Chen

,She, & and Wu, J. Y. (2011). RNA Helicase p68 (DDX5) Regulates tau Exon 10
Splicing by Modulating a Stem-Loop Structure at the 5' Splice Site. Molecular
and Cellular Biology, 31(9), 1812—-1821. https://doi.org/10.1128/MCB.01149-10
Kelleher, R. J., & Shen, J. (2017). Presenilin-1 mutations and Alzheimer’s
disease. Proceedings of the National Academy of Sciences of the United States
of America, 114(4), 629-631. https://doi.org/10.1073/pnas.1619574114

Kidd, C., & Hayden, B. Y. (2015). The psychology and neuroscience of curiosity.
Neuron, 88(3), 449-460. https://doi.org/10.1016/j.neuron.2015.09.010

Kim, S. W., Kim, D. H., Hong, J. Y., et al. (2025). Gait impairment associated with
neuroimaging biomarkers in Alzheimer’s disease. Scientific Reports, 15, 5539.
https://doi.org/10.1038/s41598-025-90020-4

Kirova, A. M., Bays, R. B., & Lagalwar, S. (2015). Working memory and
executive function decline across normal aging, mild cognitive impairment, and
Alzheimer’s disease. BioMed Research International, 2015, 748212. https://doi.
org/10.1155/2015/748212

Klein, C. J., Budiman, T., Homberg, J. R., Verma, D., Keijer, J., & van Schothorst,
E. M. (2022).

Measuring locomotor activity and behavioral aspects of rodents living in the
home-cage.Frontiers in Behavioral Neuroscience, 16. https://doi.org/10.3389/
fnbeh.2022.877323 Kuhn, A. J., Abrams, B. S., Knowlton, S., & Raskatoy, J. A.
(2020). Alzheimer’s disease “non-amyloidogenic” p3 peptide revisited: A case
for amyloid-a. ACS Chemical Neuroscience, 11(11), 1539—-1544. https://doi.
org/10.1021/acschemneuro.0c00160

Kuperstein, |., Broersen, K., Benilova, I., Rozenski, J., Jonckheere, W.,
Debulpaep, M., Vandersteen, A., Segers-Nolten, |., Van Der Werf, K.,
Subramaniam, V., Braeken, D., Callewaert, G., Bartic, C., D’Hooge, R., Martins,
I. C., Rousseau, F., Schymkowitz, J., & De Strooper, B. (2010). Neurotoxicity
of Alzheimer’s disease AB peptides is induced by small changes in the AB42
to AB40 ratio. The EMBO Journal, 29(19), 3408- 3420.https://doi.org/10.1038/
emboj.2010.211

Lee, H.-K., Velazquez Sanchez, C., Chen, M., Morin, P. J., Wells, J. M., Hanlon,
E. B., & Xia, W. (2016). Three dimensional human neuro-spheroid model of
Alzheimer’s disease based on differentiated induced pluripotent stem cells.
PLoS One, 11(9), e0163072. https://doi.org/10.1371/journal.pone.0163072

Lee, L. K, Shahar, S., Chin, A.-V., & Yusoff, N. A. M. (2013). Docosahexaenoic
acid-concentrated fish oil supplementation in subjects with mild cognitive
impairment (MCI): A 12-month randomised, double-blind, placebo-controlled
trial. Psychopharmacology, 225(3), 605— 612. https://doi.org/10.1007/s00213-
012-2949-3

Lenoir, H., & Siéroff, E. (2019). Les troubles de la perception visuelle dans
la maladie d’Alzheimer [Visual perceptual disorders in Alzheimer’s disease].
Gériatrie et psychologie neuropsychiatrie du vieillissement, 17(3), 307-316.
https://doi.org/10.1684/pnv.2019.0815

Leroy, K., Ando, K., Laporte, V., Dedecker, R., Suain, V., Authelet, M., Héraud, C.,
Pierrot, N., Yilmaz, Z., Octave, J.-N., & Brion, J.-P. (2012). Lack of Tau Proteins
Rescues Neuronal Cell Death and Decreases Amyloidogenic Processing of
APP in APP/PS1 Mice. The American Journal of Pathology, 181(6), 1928—1940.
https://doi.org/10.1016/j.ajpath.2012.08.012

Lesné, S., Ali, C., Gabriel, C., Croci, N., MacKenzie, E. T., Glabe, C. G., Plotkine,
M., Marchand- Verrecchia, C., Vivien, D., & Buisson, A. (2005). NMDA Receptor
Activation Inhibits a- Secretase and Promotes Neuronal Amyloid-8 Production.
The Journal of Neuroscience, 25(41), 9367-9377. https://doi.org/10.1523/
JNEUROSCI.0849-05.2005

Liu, F., & Gong, C.-X. (2008). Tau exon 10 alternative splicing and tauopathies.
Molecular Neurodegeneration, 3(1), 8. https://doi.org/10.1186/1750-1326-3-8
Locci, A., Orellana, H., Rodriguez, G., Gottliebson, M., McClarty, B., Dominguez,
S., Keszycki, R., Dong, H. (2021). Comparison of memory, affective behavior,
and neuropathology in APPNLGF knock-in mice to 5xFAD and APP/PS1 mice.
Behav. Brain Res., 404, 113192. https://doi.org/10.1016/j.bbr.2021.113192
Martins, R., Joanette, Y., & Monchi, O. (2015). The implications of age-
related neurofunctional compensatory mechanisms in executive function and
language processing, including the new temporal hypothesis for compensation.
Frontiers in Human Neuroscience, 9(APR), 221. https://doi.org/10.3389/
fnhum.2015.00221

Mata, R., Wilke, A., & Czienskowski, U. (2013). Foraging across the life span: Is
there a reduction in exploration with aging? Frontiers in Neuroscience, 7. https:/

Volume 22



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

12.

doi.org/10.3389/fnins.2013.00053

McCarthy, A., Lonergan, R., Olszewska, D. A., O'Dowd, S., Cummins, G.,
Magennis, B., Fallon, E. M., Pender, N., Huey, E. D., Cosentino, S., O'Rourke,
K., Kelly, B. D., O’Connell, M., Delon, I., Farrell, M., Spillantini, M. G., Rowland,
L. P, Fahn, S., Craig, P,, ... Lynch, T. (2015). Closing the tau loop: The missing
tau mutation. Brain, 138(10), 3100-3109. https://doi.org/10.1093/brain/awv234
McGowan, E., Pickford, F., Kim, J., Onstead, L., Eriksen, J., Yu, C., Skipper, L.,
Murphy, M. P, Beard, J., Das, P, Jansen, K., DeLucia, M., Lin, W. L., Dolios,
G., Wang, R., Eckman, C. B., Dickson, D. W., Hutton, M., Hardy, J., & Golde,
T. (2005). AB42 is essential for parenchymal and vascular amyloid deposition
in mice. Neuron, 47(2), 191-199. https://doi.org/10.1016/j.neuron.2005.06.01
Methoxy-X04, amyloid beta fluorescent marker (CAS 863918-78-9) (ab142818)
| Abcam. (n.d.). Retrieved March 24, 2025, from https://www.abcam.com/
Menéndez-Gonzalez, M., Pérez-Pinera, P., Martinez-Rivera, M., Calatayud, M.
T., & Blazquez Menes, B. (2005). APP Processing and the APP-KPI Domain
Involvement in the Amyloid Cascade. Neurodegenerative Diseases, 2(6), 277—
283. https://doi.org/10.1159/000092315

Mendez, M. F. (2019). Early-onset Alzheimer disease and its variants.
Continuum (Minneapolis, Minn.), 25(1), 34-51. https://doi.org/10.1212/
CON.0000000000000687

Mendez, M. F. (2021). The Relationship Between Anxiety and Alzheimer’s
Disease1. Journal of Alzheimer’s Disease Reports, 5(1), 171-177. https://doi.
org/10.3233/ADR-210294

Menon, V. (2023). 20 years of the default mode network: Areview and synthesis.
Neuron, 111(16), 2469-2487. https://doi.org/10.1016/j.neuron.2023.04.023
Mitrano, D. A., Houle, S. E., Pearce, P., Quintanilla, R. M., Lockhart, B. K.,
Genovese, B. C., et al. (2021). Olfactory dysfunction in the 3xTg-AD model
of Alzheimer’s disease. IBRO Neuroscience Reports. https://doi.org/10.1016/j.
ibneur.2020.12.004

MODEL-AD: Next-generation mouse models of Alzheimer’s disease. (2023,
January 11). National Institute on Aging. https://www.nia.nih.gov/research/
blog/2023/01/model-ad-next- generation-mouse-models-alzheimers-disease
Mormino, E. C., Kluth, J. T., Madison, C. M., Rabinovici, G. D., Baker, S. L.,
Miller, B. L., Koeppe,

R. A., Mathis, C. A., Weiner, M. W., Jagust, W. J., & Alzheimer’s Disease
Neuroimaging Initiative. (2009). Episodic memory loss is related to hippocampal-
mediated beta- amyloid deposition in elderly subjects. Brain: A Journal of
Neurology, 132(Pt 5), 1310— 1323. https://doi.org/10.1093/brain/awn320
Moscovitch, M., Cabeza, R., Winocur, G., & Nadel, L. (2016). Episodic Memory
and Beyond: The Hippocampus and Neocortex in Transformation. Annual
Review of Psychology, 67(Volume 67, 2016), 105—134. https://doi.org/10.1146/
annurev-psych-113011-143733

Moya, K. L., Benowitz, L. I., Schneider, G. E., & Allinquant, B. (1994). The
amyloid precursor protein is developmentally regulated and correlated
with synaptogenesis. Developmental Biology, 161(2), 597-603. https://doi.
org/10.1006/dbio.1994.1055

Miiller, T., Meyer, H. E., Egensperger, R., & Marcus, K. (2008). The amyloid
precursor protein intracellular domain (AICD) as modulator of gene expression,
apoptosis, and cytoskeletal dynamics—Relevance for Alzheimer’s disease.
Progress in  Neurobiology, 85(4), 393-406. https://doi.org/10.1016/.
pneurobio.2008.05.002

Nandi, A., Counts, N., Broker, J., Malik, S., Chen, S., Han, R., Klusty, J.,
Seligman, B., Tortorice, D., Vigo, D., & Bloom, D. E. (2024). Cost of care for
Alzheimer’s disease and related dementias in the United States: 2016 to 2060.
npj Aging, 10(1). https://doi.org/10.1038/s41514-024-00136-6

Nath, T., Mathis, A., Chen, A. C., Patel, A., Bethge, M., & Mathis, M. W.
(2019). Using DeepLabCut for 3D markerless pose estimation across species
and behaviors. Nature Protocols, 14(7), 2152-2176. https://doi.org/10.1038/
s41596-019-0176-0

National Institute on Aging. (n.d.). Mild cognitive impairment. U.S. Department
of Health and Human Services. https://www.alzheimers.gov/alzheimers-
dementias/mild-cognitive- impairment

National Institute on Aging.(n.d.).What Are the Signs of Alzheimer’s
Disease?https://www.nia.nih.gov/health/alzheimers-symptoms-and-diagnosis/
what- are-signs-alzheimers-disease

Nazarian, A., Yashin, A. ., & Kulminski, A. M. (2019). Genome-wide analysis
of genetic predisposition to Alzheimer’s disease and related sex disparities.
Alzheimer’'s Research & Therapy, 11(5). https://doi.org/10.1186/s13195-019-
0457-0

Eukaryon

113.

114.

115.

116.

17.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Nisbet, R. M., Polanco, J.-C., Ittner, L. M., & Goétz, J. (2015). Tau aggregation
and its interplay with amyloid-B. Acta Neuropathologica, 129(2), 207-220.
https://doi.org/10.1007/s00401-014-1371-2

O’Leary, T. P, & Brown, R. E. (2022). Visuo-spatial learning and memory
impairments in the 5xFAD mouse model of Alzheimer’s disease: Effects of
age, sex, albinism, and motor impairments. Genes, Brain and Behavior, 21(3),
e12794. https://doi.org/10.1111/gbb.12794

Oblak, A. L., Lin, P. B., Kotredes, K. P., Pandey, R. S., Garceau, D., Williams,
H. M., et al. (2021).Comprehensive evaluation of the 5XFAD mouse model
for preclinical testing applications: A MODEL-AD study. Frontiers in Aging
Neuroscience, 13. https://doi.org/10.3389/fnagi.2021.713726

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., & Golde, T. E. (2003).
Triple-transgenic model of Alzheimer’s disease with plaques and tangles:
Intracellular AB and synaptic dysfunction. Neuron, 39(3), 409-421. https://doi.
org/10.1016/S0896-6273(03)00388-5

O’Leary, T. P, Stover, K. R., Mantolino, H. M., Darvesh, S., & Brown, R. E.
(2020). Intact olfactory memory in the 5xFAD mouse model of Alzheimer’s
disease from 3 to 15 months of age. Behavioural Brain Research, 393, 112731.
https://doi.org/10.1016/j.bbr.2020.112731

Padua, M. S., Guil-Guerrero, J. L., & Lopes, P. A. (2024). Behaviour Hallmarks
in Alzheimer’s Disease 5xFAD Mouse Model. International Journal of Molecular
Sciences, 25(12), Article 12. https://doi.org/10.3390/ijms25126766

Park, S.A.,Ahn, S. ., & Gallo, J.-M. (2016). Tau mis-splicing in the pathogenesis
of neurodegenerative disorders. BMB Reports, 49(8), 405-413. https://doi.
org/10.5483/BMBRep.2016.49.8.084

Pentkowski, N. S., Rogge-Obando, K. K., Donaldson, T. N., Bouquin, S. J.,
& Clark, B. J. (2021). Anxiety and Alzheimer’s disease: Behavioral analysis
and neural basis in rodent models of Alzheimer’s-related neuropathology.
Neuroscience and Biobehavioral Reviews, 127, 647-658. https://doi.
org/10.1016/j.neubiorev.2021.05.005

Poirier, G., Ohayon, A., Juranville, A., Mourey, F., & Gaveau, J. (2021). Review
deterioration, compensation and motor control processes in healthy aging, mild
cognitive impairment, and Alzheimer’s disease. Geriatrics (Switzerland), 6(1).
https://doi.org/10.3390/geriatrics6010033

Poon, C. H., Wong, S. T. N, Roy, J., Wang, Y., Chan, H. W. H., Steinbusch,
H., Blokland, A., Temel, Y., Aquili, L., & Lim, L. W. (2023). Sex differences
between neuronal loss and the early onset of amyloid deposits and behavioral
consequences in 5xFAD transgenic mouse as a model for Alzheimer’s disease.
Cells, 12(5), 780. https://doi.org/10.3390/cells12050780

Radde, R., Bolmont, T., Kaeser, S. A., Coomaraswamy, J., Lindau, D., Stoltze,
L., Calhoun, M. E., Jaggi, F., Wolburg, H., Gengler, S., Haass, C., Ghetti, B.,
Czech, C., Hélscher, C., Mathews, P. M., & Jucker, M. (2006). AB42-driven
cerebral amyloidosis in transgenic mice reveals early and robust pathology.
EMBO Reports, 7(9), 940-946. https://doi.org/10.1038/sj.embor.7400784

Rao, Y. L., Ganaraja, B., Murlimanju, B. V., Joy, T., Krishnamurthy, A., & Agrawal,
A. (2022). Hippocampus and its involvement in Alzheimer’s disease: A review.
3 Biotech, 12(2). Springer Science and Business Media Deutschland GmbH.
https://doi.org/10.1007/s13205-022-03123-4

Rizzi, L., & Grinberg, L. T. (2024). Exploring the significance of caspase-
cleaved tau in tauopathies and as a complementary pathology to phospho-tau
in Alzheimer’s disease: Implications for biomarker development and therapeutic
targeting. Acta Neuropathologica Communications, 12(1), 36. https:/doi.
0rg/10.1186/s40478-024-01744-9

Roberson, E. D., Scearce-Levie, K., Palop, J. J., Yan, F., Cheng, |. H., Wu,
T., Gerstein, H., Yu, G.- Q., & Mucke, L. (2007). Reducing Endogenous Tau
Ameliorates Amyloid B-Induced Deficits in an Alzheimer’s Disease Mouse
Model. Science, 316(5825), 750-754. https://doi.org/10.1126/science.1141736
Samant, R. R., Standaert, D. G., & Harms, A. S. (2024). The emerging role
of disease-associated microglia in Parkinson’s disease. Frontiers in Cellular
Neuroscience, 18, Article 1476461. https://doi.org/10.3389/fncel.2024.1476461
Santos, R. L., Simdes Neto, J. P, Belfort, T., Lacerda, |. B., & Dourado, M. C.
N. (2022). Patterns of impairment in decision-making capacity in Alzheimer’s
disease and its relationship with cognitive and clinical variables. Revista
Brasileira de Psiquiatria (S&o Paulo, Brazil: 1999), 44(3), 271-278. https://doi.
org/10.1590/1516-4446-2021-2180

Schimmelpfennig, J., Topczewski, J., Zajkowski, W., & Jankowiak-Siuda,
K. (2023). The role of the salience network in cognitive and affective
deficits. Frontiers in Human Neuroscience, 17. https://doi.org/10.3389/
fnhum.2023.1133367

Volume 22



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

Sergi, G., De Rui, M., Coin, A., Inelmen, E. M., & Manzato, E. (2013). Weight
loss and Alzheimer’s disease: Temporal and aetiologic connections. The
Proceedings of the Nutrition Society, 72(1), 160-165. https://doi.org/10.1017/
S0029665112002753

Serneels, L., Van Biervliet, J., Craessaerts, K., Dejaegere, T., Horré, K., Van
Houtvin, T., Esselmann, H., Paul, S., Schafer, M. K., Berezovska, O., Hyman,
B. T., Sprangers, B., Sciot, R., Moons, L., Jucker, M., Yang, Z., May, P. C.,
Karran, E., Wiltfang, J., ... De Strooper, B. (2009). y-Secretase Heterogeneity
in the Aph1 Subunit: Relevance for Alzheimer’s Disease. Science, 324(5927),
639-642. https://doi.org/10.1126/science.1171176

Shea, Y.-F,, Lee, S.-C., & Chu, L.-W. (2018). Prevalence of hyperphagia in
Alzheimer’s disease: A meta-analysis. Psychogeriatrics: The Official Journal of
the Japanese Psychogeriatric Society, 18(4), 243—-251. https://doi.org/10.1111/
psyg.12316

Sil, A., Erfani, A., Lamb, N., Copland, R., Riedel, G., & Platt, B. (2022). Sex
Differences in Behavior and Molecular Pathology in the 5XFAD Model. Journal
of Alzheimer’s Disease, 85(2), 755-778. https://doi.org/10.3233/JAD-210523
Soba, P., Eggert, S., Wagner, K., Zentgraf, H., Siehl, K., Kreger, S., Lower,
A., Langer, A., Merdes, G., Paro, R., Masters, C. L., Muller, U., Kins, S.,
Beyreuther, K. (2005). Homo- and heterodimerization of APP family members
promotes intercellular adhesion. EMBO Journal, 24(20), 3624-3634. https://doi.
org/10.1038/sj.emboj.7600824

Song, W. M., & Colonna, M. (2018). The identity and function of microglia in
neurodegeneration. Nature Immunology, 19(10), 1048-1058. https://doi.
0rg/10.1038/s41590-018-0212-1

Stover, K. R., Campbell, M. A., Van Winssen, C. M., & Brown, R. E. (2015).
Early detection of cognitive deficits in the 3xTg-AD mouse model of Alzheimer’s
disease. Behavioural Brain Research, 289, 29-38. https://doi.org/10.1016/].
bbr.2015.04.012

Sovrea, A. S., Bosca, A. B., Dronca, E., Constantin, A. M., Crintea, A., Sufletel,
R., Stefan, R. A., Stefan, P. A., Onofrei, M. M., Tschall, C., & Crivii, C. B. (2025).
Non-Drug and Non- Invasive Therapeutic Options in Alzheimer’s Disease.
Biomedicines, 13(1). Multidisciplinary Digital Publishing Institute (MDPI). https://
doi.org/10.3390/biomedicines13010084

Takahashi, K., Rochford, C. D., & Neumann, H. (2005). Clearance of apoptotic
neurons without inflammation by microglial triggering receptor expressed
on myeloid cells-2. The Journal of Experimental Medicine, 201(4), 647-657.
https://doi.org/10.1084/jem.20041611

Tang, X., Wu, D., Gu, L. H., Nie, B. B, Qi, X. Y., Wang, Y. J., Wu, F. F, Li,
X. L., Bai, F,, Chen, X. C, Xu, L., Ren, Q. G., & Zhang, Z. J. (2016). Spatial
learning and memory impairments are associated with increased neuronal
activity in 5XFAD mouse as measured by manganese-enhanced magnetic
resonance imaging. Oncotarget, 7(36), 57556-57570. https://doi.org/10.18632/
oncotarget.11353

Tang, Y., & Le, W. (2016). Differential Roles of M1 and M2 Microglia in
Neurodegenerative Diseases. Molecular neurobiology, 53(2), 1181-1194.
https://doi.org/10.1007/s12035-014-9070-5

Tag, S. H., Kim, B., Bae, J., Chang, K.-A., & Im, H.-l. (2022). Neuropathological
and behavioral features of an APP/PS1/MAPT (6xTg) transgenic model of
Alzheimer’s disease. Molecular Brain, 15(1), 51. https://doi.org/10.1186/
$13041-022-00933-8

The International Brain Laboratory, Aguillon-Rodriguez, V., Angelaki, D., Bayer,
H., Bonacchi, N., Carandini, M., Cazettes, F., Chapuis, G., Churchland, A. K.,
Dan, Y., Dewitt, E., Faulkner, M., Forrest, H., Haetzel, L., Hausser, M., Hofer,
S. B., Hu, F,, Khanal, A., Krasniak, C., ... Zador, A. M. (2021). Standardized
and reproducible measurement of decision-making in mice. eLife, 10, e63711.
https://doi.org/10.7554/eL ife.637 11

Sehar, U., Rawat, P., Reddy, A. P., Kopel, J., & Reddy, P. H. (2022). Amyloid
Beta in Aging and Alzheimer’s Disease. International Journal of Molecular
Sciences, 23(21), Article 21. https://doi.org/10.3390/ijms232112924

Selles, M. C., Oliveira, M. M., & Ferreira, S. T. (2018). Brain Inflammation
Connects Cognitive and Non-Cognitive Symptoms in Alzheimer’s Disease.
Journal of Alzheimer’s Disease, 64(s1), S313-S327. https://doi.org/10.3233/
JAD-179925

Uddin, M. S., Hasana, S., Hossain, M. F,, Islam, M. S., Behl, T., Perveen, A.,
Hafeez, A., & Ashraf, G. M. (2021). Molecular genetics of early- and late-onset
Alzheimer’s disease. Current Gene Therapy, 21(1), 43-52. https://doi.org/10.21
74/1566523220666201123112822

Uras, |., Karayel-Basar, M., Sahin, B., & Baykal, A. T. (2023). Detection of early

Eukaryon

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

proteomic alterations in 5XxFAD Alzheimer’s disease neonatal mouse model
via MALDI-MSI. Alzheimer's & Dementia, 19(10), 4572-4589. https://doi.
org/10.1002/alz.13008

Van Lengerich, B., Zhan, L., Xia, D., et al. (2023). A TREM2-activating antibody
with a blood— brain barrier transport vehicle enhances microglial metabolism in
Alzheimer’s disease models. Nature Neuroscience, 26(3), 416—429. https://doi.
org/10.1038/s41593-022-01240-0

Vergara, C., Houben, S., Suain, V., Yilmaz, Z., De Decker, R., Vanden Dries,
V., Boom, A., Mansour, S., Leroy, K., Ando, K., & Brion, J. P. (2019). Amyloid-f
pathology enhances pathological fibrillary tau seeding induced by Alzheimer
PHF in vivo. Acta neuropathologica, 137(3), 397-412. https://doi.org/10.1007/
s00401-018-1953-5

Wang, J. Z., & Liu, F. (2008). Microtubule-associated protein tau in development,
degeneration and protection of neurons. Progress in Neurobiology, 85(2), 148—
175. https://doi.org/10.1016/j.pneurobio.2008.03.002

Wang, Y., Wu, Z, Bai, Y. T, Wu, G. Y., & Chen, G. (2017). Gad67
haploinsufficiency reduces amyloid pathology and rescues olfactory memory
deficits in a mouse model of MolecularNeurodegeneration, 12, 73. https://doi.
org/10.1186/s13024-017-0213-9

Wang, Z., Wang, B., Yang, L., Guo, Q., Aithmitti, N., Songyang, Z., & Zheng, H.
(2009).Presynaptic and postsynaptic interaction of the amyloid precursor protein
promotes peripheral and central synaptogenesis. The Journal of Neuroscience:
The Official Journal of the Society for Neuroscience, 29(35), 10788-10801.
https://doi.org/10.1523/JNEUROSCI.2132-09.2009

Wang, S., Zhou, Y., Wu, Y., Lang, Y., Mao, Y., Pan, G., & Gao, Z. (2024).
Long-term aerobic exercise improves learning memory capacity and effects
on oxidative stress levels and Keap1/Nrf2/GPX4 pathway in the hippocampus
of APP/PS1 mice. Frontiers in Neuroscience, 18, 1505650. https://doi.
org/10.3389/fnins.2024.1505650

Wasco, W., Bupp, K., Magendantz, M., Gusella, J. F., Tanzi, R. E., & Solomon,
F. (1992). Identification of a mouse brain cDNA that encodes a protein related to
the Alzheimer disease-associated amyloid beta protein precursor. Proceedings
of the National Academy of Sciences of the United States of America, 89(22),
10758-10762. https://doi.org/10.1073/pnas.89.22.10758

Webster, S. J., Bachstetter, A. D., & Van Eldik, L. J. (2013). Comprehensive
behavioral characterization of an APP/PS-1 double knock-in mouse model of
Alzheimer’s disease. Alzheimer’s Research & Therapy, 5(3), 28. https://doi.
org/10.1186/alzrt182

World Health Organization (WHO). (2023, March 15). Dementia. https://www.
who.int/news- room/fact-sheets/detail/dementia

Yokoyama, M., Kobayashi, H., Tatsumi, L., & Tomita, T. (2022). Mouse Models of
Alzheimer’s Disease. Frontiers in Molecular Neuroscience, 15, 912995. https:/
doi.org/10.3389/fnmol.2022.912995

Yu L., Boyle P. A,, Leurgans S. E., Wilson R. S., Bennett D. A., Buchman A.
S. (2019). Incident Mobility Disability, Mild Cognitive Impairment, and Mortality
in Community-Dwelling Older Adults. Neuroepidemiology 53 55-62. https://doi.
org/10.1159/000499334

Zhang, J., Andreano, J. M., Dickerson, B. C., Touroutoglou, A., & Barrett, L.
F. (2020). Stronger functional connectivity in the default mode and salience
networks is associated with youthful memory in superaging. Cerebral Cortex,
30(1), 72—84. https://doi.org/10.1093/cercor/bhz071

Zhang, H., Wei, W., Zhao, M., Ma, L., Jiang, X., Pei, H., Cao, Y., & Li, H. (2021).
Interaction between AR and Tau in the Pathogenesis of Alzheimer’s Disease.
International Journal of Biological Sciences, 17(9), 2181-2192. https://doi.
org/10.7150/ijbs.57078

Zhang, Y. W., Thompson, R., Zhang, H., et al. (2011). APP processing in
Alzheimer’s disease. Molecular Brain, 4, 3. https://doi.org/10.1186/1756-6606-
4-3

Zhang, Y., Chen, H., Li, R., Sterling, K., & Song, W. (2023). Amyloid B-based
therapy for Alzheimer’s disease: Challenges, successes and future. Signal
Transduction and Targeted Therapy, 8(1), 1-26. https://doi.org/10.1038/
$41392-023-01484-7

Zhu, C., & Liu, X. (2025). Behavioral and pathological characteristics of 5xFAD
female mice in the early stage. Scientific Reports, 15(1), 6924. https://doi.
0rg/10.1038/s41598-025-90335-2

Zhong, M. Z., Peng, T., Duarte, M. L., Wang, M., & Cai, D. (2024). Updates
on mouse models of Alzheimer’s disease. Molecular Neurodegeneration, 19(1),
23. https://doi.org/10.1186/s13024-024-00712-0

Volume 22



