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Neuropsychiatric symptoms (NPS) such as depression, anxiety, apathy and
aggression affect up to 90% of Alzheimer's disease (AD) patients. These
symptoms significantly increase caregiver stress and institutionalization rates,
and more importantly they are correlated with faster cognitive decline. However,
the neuronal basis of NPS in AD remains largely unknown. Here, we review
current understanding of NPS and related pathology in studies of AD patients
and AD mouse models. Clinical studies indicate that NPS prevalence and severity
vary across different AD stages and types. Neuroimaging and postmortem
studies have suggested that pathological changes in the anterior cingulate
cortex, hippocampus, prefrontal cortex, and amygdala are linked to NPS,
although the precise mechanisms remain unclear. Studies of AD mouse models
have indicated that amyloid-beta and tau-related neurodegeneration in the
hippocampus, prefrontal cortex, and anterior cingulate cortex are correlated
with NPS-like behavioral deficits. A better understanding of the NPS phenotypes
and related pathological changes will pave the way for developing a better
management strategy for NPS in AD patients.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease and the leading cause of
dementia, contributing to around 70% of dementia cases (Gooch et al., 2017). Around
6.7 million Americans aged 65 and older have AD or AD-related dementia (No author
list, 2023) and this number is expected to continue to grow (Brookmeyer et al., 2018).
AD is primarily known for its progressive cognitive impairment, but it also has an
underrecognized neuropsychiatric component that significantly impacts patients and
caregivers, which contributes to the increased caregiver burden, higher institutionalization
rates, and a diminished functional state (Wadsworth et al., 2012; Mendez, 2021; Chen
et al.,, 2022). Neuropsychiatric symptoms in AD patients primarily include depression,
anxiety, agitation, aggression, apathy, hallucination, and delusion (Chen et al., 2021; Ismail
et al., 2022). NPS can be present in up to 90% of AD patients (Chen et al., 2021) and
could be manifested at all stages of AD. NPS prevalence, severity, and timeline may differ
depending on specific types of AD. For example, early-onset AD patients are more likely
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to develop depression than those with late-onset AD (Liu et al.,
2023), suggesting shared or correlated pathological changes.
Moreover, clinical studies have indicated that NPS, especially
depression, are risk factors for cognitive decline and more rapid
progression of the disease (Umucu et al, 2019; Mendez, 2021;
Wallensten et al., 2023). Despite their prevalence and profound
effects on the quality of life, NPS in AD receive considerably
less research and clinical attention compared to the extensively
characterized cognitive decline.

Although there have been extensive studies on the cellular and
molecular mechanisms of AD, such as amyloid accumulation and
neuroinflammation, few have been framed under the context of
NPS (Krell-Roesch et al., 2019; Chen et al., 2021; Schaffer Aguzzoli
et al., 2023). While there are human neuroimaging studies that
investigate the NPS-associated pathological changes of candidate
brain regions (Chen et al., 2021), the question of how exactly these
changes contribute to the progression of AD and NPS remains
yet unaddressed. Moreover, it is unclear how the pathological and
molecular changes affect specific neural circuits that play a role in
regulating these symptoms. Mouse models have provided unique
opportunities to explore neural circuitry mechanisms underlying
neuropsychiatric symptoms. Due to their sheer variety, they are
invaluable tools for investigating the complex interactions between
AD and NPS. Utilization of these models may have the potential to
develop unique biomarkers and tailored interventions to alleviate
the adverse effects of NPS.

In this narrative review, we focus on NPS in AD, summarizing
current findings on NPS-related neural circuitry changes in AD
patients and AD mouse models, while discussing the challenges
associated with these studies. We highlight the difficulties in
quantifying NPS-related behavioral deficits in animal models and
the existence of inconsistencies in the behavioral phenotypes
across different models. As such, the choice of behavioral tests
poses challenges for advancing our understanding of the circuit
mechanisms underlying AD (Geda et al., 2013; Zhao et al., 20165

Pless et al., 2023).

Prevalence and progression of NPS
in AD patients

Apathy, depression, anxiety, and agitation/aggression manifest
early in AD, while hallucination and delusion generally occur
at a later stage, often worsening as the disease progresses.
Understanding the prevalence and trajectory of these symptoms
is critical for developing effective management and care strategies.
NPS in AD patients are assessed with a variety of questionnaires
and surveys, including the Neuropsychiatric Inventory and Cornell
Scale for Depression in Dementia (Table 1 and Figure 1).

Apathy is defined by decreased initiative, diminished affection,
social withdrawal, and a lack of emotions (Nobis and Husain, 2018;
Lanctot et al., 2023). It is the most prevalent (19-88%) symptom
across all the stages of AD (Starkstein et al., 2006; Marshall et al,
2013; Zhao et al.,, 2016; Grossman et al., 2021; Mintzer et al.,
2021). Apathy is closely associated with AD progression, showing
higher rates in AD compared to mild cognitive impairment (MCI)
(Lyketsos et al., 2002). In very mild AD, the prevalence of apathy
is around 14%, rising to 28% in mild AD, 39% in moderate AD,
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and 61% in severe AD (Starkstein et al., 2006). Additionally, the
severity of apathy worsens as AD progresses (Wetzels et al., 2010).
A study reported an average prevalence of 48% in early stages
of AD, increasing to 81.9% in the later stages (Grossman et al.,
2021). Meanwhile, apathy is closely associated with lower cognitive
function (Levy et al., 1998), with potential to increase the likelihood
of progression from normal cognition to MCI (Geda et al., 2014).
MCI patients with apathy are more likely to develop AD compared
to those without apathy (Mendez, 2021; Eikelboom et al., 2022).

Depression is closely related to apathy, as both conditions
exhibit a loss of interest, reduced activity, and diminished
hedonism, and they can concurrently occur in AD patients.
However, they are distinct syndromes (Levy et al, 1998).
Depression is primarily attributed to emotional distress and
involves symptoms such as sadness, insomnia or hypersomnia,
agitation, fatigue, and feelings of worthlessness and hopelessness
(Lanctot et al., 2023). By contrast, apathy is characterized by
a lack of motivation and emotional indifference without the
emotional distress seen in depression. Despite their differences,
clinical differentiation can be challenging due to their potential
concurrence. Depression is commonly observed in the preclinical
stages of AD, with an overall prevalence of 40% (Zhao et al., 20165
Sdiz-Vazquez et al,, 2021). In MCI individuals, the prevalence of
depression is about 32% (Ismail et al., 2017; Leung et al., 2021).
This prevalence increases in AD patients, reaching 38, 41, and
37% in mild, moderate, and severe dementia, respectively (Ismail
etal, 2017; Leung et al., 2021). A decline in depression symptoms
in the late stages of AD has also been reported (Botto et al,
2022), possibly attributable to increasingly impaired cognition.
MCI individuals with consistent depressive symptoms show a
significantly higher rate of progression to AD (31%) compared
to those without depressive symptoms (13.5%) (Lee et al., 2012).
Additionally, depression in AD is more pronounced in females
(Eikelboom et al., 2022).

Anxiety is reported as the third most common NPS in AD
(Mendez, 2021). It is characterized by excessive uneasiness or
tenseness, often accompanied by avoidance of specific situations
or separation anxiety when separated from caregivers (Cummings,
2020). The prevalence of anxiety in AD patients ranges from
26.1 to 70% (Teri et al, 1999; Porter et al., 2003; Zhao et al,,
2016; Mendez, 2021). The prevalence rates across mild, moderate,
and severe dementia stages are 38, 41, and 37%, respectively,
suggesting a relatively stable prevalence across AD stages (Leung
et al., 2021). However, some studies reported decreased anxiety
in terminal/severe stages AD (Forsell and Winblad, 1997; Chen
et al, 2021), possibly due to cognitive impairment (Botto et al,
2022). Anxiety often correlates with other behavioral disturbances,
particularly having a high comorbidity with depression at 54% (Teri
et al., 1999; Mendez, 2021; Varkonyi et al., 2022). Additionally,
recent studies support anxiety as a risk factor for AD and cognitive
decline, with a threefold increase in prevalence in AD development
(Ma, 20205 Mendez, 2021; Mortby et al., 2017). However, the exact
influence of anxiety on AD progression remains uncertain (Breitve
etal., 2016).

Agitation and aggression are also common NPS in AD.
Agitation is characterized by excessive verbal or motor activity
without focus, while aggression involves physical or verbal
behaviors intended to cause harm. Both agitation and aggression
in AD are linked to increased caregiver distress and earlier
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TABLE 1 NPS in AD patients.

NPS

Specific description

Human metrics

Prevalence

Candidate brain

Neuroimaging

Pathological changes

Corresponding

category structures findings from postmortem citations
studies
Apathy Decreased initiative, less Neuropsychiatric Index, 19-88% Anterior Cingulate Cortical thinning, Dopaminergic dysfunction in Lyketsos et al., 2002; Marshall
affection, social withdrawal, Apathy Evaluation Scale, Cortex, Prefrontal atrophy, low FA scores, basal ganglia, anterior cingulate, et al., 2006, 2007, 2013; Starkstein
and lacking in emotions Hospital Anxiety and Regions, Putamen, amyloid accumulation, and frontal cortices, upregulated et al,, 2006; Apostolova et al.,
Depression Scale, Dementia Caudate Nucleus hypometabolism, NFT 5-HTT sites 2007; Bruen et al., 2008; Wetzels
Apathy Interview and Rating burden etal, 2010; Kim et al,, 2011;
Mitchell et al., 2011; Tighe et al.,
2012; Mori et al., 2014; Zhao
etal, 2016; Huey et al., 2017; Le
Heron et al., 2018; Yasuno et al.,
20205 Chen et al., 2021; Grossman
et al., 2021; Mintzer et al., 2021;
Eikelboom et al., 2022; Johansson
et al., 2022; Lanctot et al., 2023;
Custo et al., 2024
Depression Diminished interest, weight Beck Depression Inventory, ~40%; 32% in ACC, Prefrontal Cortex, Hypometabolism, White matter hyperintensity in Lee et al., 2012; Zhao et al., 2016;
changes, Hamilton Depression Rating MCI; 38-41% in Hippocampus, Striatum, structural changes, gray occipital area, chronic cerebral Ismail et al., 2017; Leung et al.,
insomnia/hypersomnia, Scale, Neuropsychiatric AD stages Amygdala, Orbitofrontal matter atrophy, white hypoperfusion, NFT burden, 2021; Séiz-Vazquez et al., 2021;
psychomotor Inventory, Cornell Scale for Cortex matter lesions, altered serotonergic dysfunction, Botto et al., 2022; Eikelboom
agitation/retardation, and Depression in Dementia, functional connectivity abnormal fatty acids, reduction of | etal, 2022; Lanctot et al,, 2023
fatigue Geriatric Depression Scale antioxidant enzymes
Anxiety Excessive Neuropsychiatric Index, 26.1-70% Hippocampus, Decreased volume, High amyloid-beta accumulation, Teri et al., 1999; Porter et al.,
uneasiness/tenseness, Rating Anxiety in Dementia, Entorhinal Cortex, atrophy, NFT and AB in neocortex, limbic 2003; Zhao et al., 2016;
avoidance of specific Hamilton Anxiety Rating Amygdala, Prefrontal hypometabolism regions, anterior cingulate, Cummings, 2020; Leung et al.,
situations, separation anxiety Scale, Beck Anxiety Index, Cortex entorhinal cortex, serotonergic 2021; Mendez, 2021; Botto et al.,
from caregivers Behavior Pathology in AD transporters in the temporal 2022; Varkonyi et al., 2022
Scale cortex
Agitation and Excessive verbal/motor Neuropsychiatric Inventory, 7.4% in MCI; Amygdala, Anterior Atrophy, low fractional Lowered ChAT activity in frontal Deutsch et al., 1991; Trzepacz
aggression activity without focus; Present Behavioral 70% in AD Cingulum, anisotropy, increased and temporal cortex, serotonergic etal,, 2013; Ehrenberg et al., 2018;
physical/verbal behavior Examination, Overt Hippocampus, Frontal functional connectivity, dysfunction, 5-HTT sites Choi et al., 2019; Yu et al., 2019;
intended to cause harm Aggression Scale, Irritability Insular, Frontal Cortex amyloid accumulation, preserved, 5-HIAA scores de Mauleon et al., 2020
Scale, Cohen Mansfield hypometabolism inversely correlated with agitation
Agitation Inventory
Sleep Typically increased amount Neuropsychiatric Index 24.5-39% Right Middle Frontal Hyperperfusion, Decreased melatonin in the CSF Liu et al., 1999; McCurry and
disturbance of sleep and early Gyrus, Anterior hypometabolism Ancoli-Israel, 2003; Ismail et al.,
awakenings; less commonly, Cingulate Cortex 2009
night-time awakenings
Appetite Difficulty in swallowing, Neuropsychiatric Index 34% Anterior Cingulate Hypometabolism N/A Tkeda et al., 2002; Zhao et al., 2016
disorders increase or loss of appetite, Cortex
preference for sweet foods,
different eating mannerisms
(Continued)
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institutionalization (Kales et al., 2014). These symptoms become
more common and severe as cognitive decline and AD progress
(Trzepacz et al, 2013; Choi et al., 2019; Yu et al, 2019).
Specifically, 7.4% of MCI patients exhibit aggressive behaviors
(Yu et al, 2019) and 70% of AD patients have demonstrated
verbal or physical abuse. Studies have commonly reported an
increase in aggression and agitation with AD progression (Zahodne
et al., 2015). The likelihood of these symptoms significantly
increases from Braak stages I/II to Braak stages III/IV (Ehrenberg

Holroyd et al., 2000; Ropacki and
Jeste, 2005; Blanc et al., 2014;

Pezzoli et al., 2022
Hirono et al., 1998; Geroldi et al.,

Zhao et al.,, 2016; Serra et al., 2018
2002; Ropacki and Jeste, 2005;

Serra et al., 2010; Whitehead

etal, 2012

Corresponding

citations

et al, 2018). However, a reduction in agitation and aggressive
behaviors has also been observed, indicating variability in the
progression of these symptoms (de Mauleon et al, 2020).
Additionally, physical aggression is often associated with delusion,
highlighting the comorbidity of these symptoms (Deutsch et al.,
1991; Chemerinski et al.,, 1998). Moreover, although short-term
management seems promising, long-term management of agitation
and aggression requires further investigation (Ballard and Corbett,

Pathological changes
from postmortem

N/A
N/A
N/A

2013) and may require a combination of pharmacological and

non-pharmacological approaches (Koenig et al., 2016).

Other NPS in AD encompass a range of behaviors and
conditions, including sleep disturbances, circadian rhythm
disruptions, prosopagnosia (difficulty recognizing faces), eating
disorders (such as hyperphagia or lack of appetite), disinhibition
(lack of self-control), hallucination (false sensory perception) and

Neuroimaging
Atrophy

Atrophy, gray matter
atrophy

Atrophy, reduced
cortical thickness,
hypometabolism

delusion (unshakably untrue belief). The reported prevalence

rates for these symptoms are as follows: sleep disturbances (39%),
hyperphagia (23%), disinhibition (13%), hallucination (13.4 to
41%) and delusion (51%) (Keene and Hope, 1998; Wilson et al.,
2000; Zhao et al., 2016; Linszen et al., 2018). Hallucination and
delusion are particularly prevalent in later stages of AD (Craig
etal,, 2005). The prevalence of delusion increases from 33% in very
mild AD to 48% in moderate AD (Chiu and Chung, 2006), while
that of hallucination rises from 11.4% in MCI to 28% in severe AD
(Ropacki and Jeste, 2005). Sleep disturbances and appetite changes

Cingulate, Frontal Gyri

=
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©
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&
(©)

structures
Anterior Right Insula,
Occipital Lobe,
Temporal Areas
Right Hippocampus,
Temporal Lobes, Left
Medial Orbitofrontal
Region, Left Occipital
Region

are also more frequently observed in moderate AD compared to
mild AD (Keene and Hope, 1998; Kai et al, 2015). By contrast,
disinhibition is more attributed to the MCI state (Lyketsos et al.,
2002). Overall, these symptoms are linked to increased dementia

Prevalence
17%

18-28%

36%

severity, higher caregiver burden, and more rapid cognitive decline
(Wilson et al., 2000; Lyketsos et al., 2002; Linszen et al., 2018).

In short, clinical data highlights the high prevalence of NPS
and their worsening over the progression of AD (Liew, 2021).
Additionally, NPS are associated with a higher risk of cognitive
decline. The presence and progression of NPS underscore the need

Neuropsychiatric Index,
Beliefs About Voices
Neuropsychiatric Index,
Peters Delusion Inventory

Neuropsychiatric Index
Questionnaire

Human metrics

for targeted interventions to manage these challenging symptoms
and improve patient care.

Pathologies of NPS in AD patients

Human macrostructure (CT, MRI) and microstructure imaging

Holding a false belief despite

of something that is not real
contrary evidence

Specific description
Inability to withhold
unwanted/inappropriate
Apparent sensual perception

(such as diffusion MRI), as well as functional imaging (fMRI), has

behavior

been applied to investigate the brain changes related to NPS in
AD. Functional imaging studies have revealed several candidate
brain structures exhibiting pathological changes in AD patients
with NPS. These studies in general intend to associate NPS

category
Disinhibition
Hallucination
Delusion

severity with the neuroimaging deficits, such as hypometabolism,

TABLE 1 (Continued)

structural changes, and functional connectivity alterations, to
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FIGURE 1
Typical NPS in AD patients. (a) Commonly affected brain regions, based on neuroimaging findings. (b) Pathological changes associated with NPS. (c)
Types of NPS.

identify candidate brain regions contributing to NPS. Based on
these studies, commonly identified structures include the anterior
cingulate cortex, hippocampus, prefrontal cortex, entorhinal
cortex, amygdala, and striatum. Postmortem studies offer even
more insight into how amyloid burden, neurofibrillary tangles, and
neurotransmitter dysfunction are possibly linked to NPS.

Apathy related pathology

Apathy in AD is most commonly associated with pathological
changes of the anterior cingulate cortex (ACC), which include
cortical thinning, atrophy, low fractional anisotropy (FA) scores,
amyloid accumulation, hypometabolism, and neurofibrillary
tangles (Marshall et al., 2006, 2007; Apostolova et al., 2007; Bruen
et al,, 2008; Kim et al., 2011; Tighe et al., 2012; Mori et al., 2014;
Custo et al., 2024). Other atrophied regions include the prefrontal
regions, putamen, caudate nucleus, and the left anterior cingulum
white matter tract (Le Heron et al., 2018; Huey et al., 2017). It is
hypothesized that apathy is the result of communication failure
between the anterior cingulum and other brain structures due to
the AD-induced neurological damage (Kim et al., 2011). Overall,
apathy is correlated with more cortical amyloid burden (Marshall
et al., 2013; Mori et al,, 2014) in the early stages of AD. However,
this may be independent of cognitive changes (Johansson et al,
2022). Similarly, early tau aggregation in the trans-entorhinal
region is associated with more severe apathy (Yasuno et al.,, 2020).
Besides the dorsal anterior cingulate cortex and ventral striatum
(Le Heron et al., 2017), the basal forebrain (Sperling et al., 2023)
is also associated with apathy in neurodegenerative diseases.
Neuroimaging data have revealed abnormality of basal forebrain
activity in apathy (Sperling et al., 2023). The observation that
cholinesterase inhibitors could improve apathy symptoms in
AD patients further suggests that the basal forebrain, the major
structure hosting central cholinergic neurons, may be involved

Frontiers in Aging Neuroscience

in apathy in AD. Moreover, our recent studies have reported
that glutamatergic neurons in the medial septum (MS) of the
basal forebrain encode negative-valence sensory events and
drive avoidance behavior (Zhang et al., 2018a, 2018b), while its
GABAergic neurons, specifically those expressing somatostatin,
encode positive-valence events and drive appetitive behavior
(Shen et al,, 2022). Both of these neurons may exhibit deficits in
AD-apathy (Zhang et al., 2023). Furthermore, in both human AD
patients and animal models, MS has been considered as one of
the earliest brain structures affected by neurodegeneration (Auld
et al., 2002; Fujishiro et al., 2006; Wu et al., 2021), suggesting
that functional impairments of MS may contribute to apathy.
Meanwhile, postmortem studies have shown dopaminergic
dysfunction in circuits involving the basal ganglia, anterior
cingulate, and frontal cortices (Lai et al., 2011; Martorana and
Koch, 2014).

Depression related pathology

There are converging pathological changes in the brains
of depression patients without and with AD. These include
alterations in the monoaminergic system, changes in glutamatergic
synaptic transmission, neuro-inflammation, alterations in the
hypothalamic-pituitary-adrenocortical (HPA) axis, changes in
brain-derived neurotrophic factor (BDNF), and hippocampal
atrophy (Dolotov et al., 2022). In AD patients with depression,
reductions in monoamines, including dopamine, serotonin, and
noradrenaline, have been reported (Nazarali and Reynolds, 1992).
These changes have long been associated with depression (Delgado,
2000).

However, depression in AD is more specifically linked to
deficits in certain brain regions and AD-related pathological
changes. Imaging studies have generally observed that reductions
in gray matter volume and cortical thinning are associated
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with the frequency and severity of depressive symptoms in AD
(Brommelhoff and Sultzer, 2015). The affected areas include the
anterior cingulate, prefrontal cortex, entorhinal cortex, parietal
cortex, and basal ganglia (Hirono et al, 1998; Holthoft et al,
2005; Lee et al., 2010, 2012; Son et al., 2013; Zahodne et al.,
2013; Lebedeva et al,, 2014; Chen et al., 2021). Additionally, gray
matter atrophy in the hippocampal and striatal regions is associated
with depression in AD, indicating their involvement in AD-related
depressive symptoms as well (Morra et al, 2009; Brommelhoff
et al, 2011). Functional connectivity studies have shown that
in AD patients with depression, there is increased connectivity
between the amygdala and orbitofrontal cortex and decreased
connectivity between the amygdala and medial prefrontal cortex
(mPFC) (Guo et al,, 2018). Beyond macrostructural changes, high
amyloidopathy is associated with an increased risk of depression
among MCI patients (Lopez-Jimenez et al., 2019; Youn et al., 2019).
Postmortem studies indicate that white matter hyperintensity
in the bilateral occipital area (Desmarais et al., 2021), chronic
cerebral hypoperfusion in the orbitofrontal cortex and dorsolateral
prefrontal cortex (Sinclair et al., 2023) and neurofibrillary tangle
(NFT) burden in Braak stage I/II (Ehrenberg et al, 2018) are
correlated with AD-depression. Other pathological correlations
include a reduction in hippocampal serotonergic 5-HT1A receptors
(Lai et al., 2011), abnormal fatty acids in the prefrontal cortex
and hippocampus suggesting demyelination (Nihonmatsu-Kikuchi
et al, 2013), and a reduction in antioxidant enzymes in the
hippocampus and anterior cingulate cortex (Luo et al., 2022).
Additionally, a lower number of noradrenergic and cholinergic
neurons has been reported to be associated with depression in AD
(Forstl et al., 1992).

While it remains a challenge to understand the intricate
relationship between depression and AD, the high comorbidity of
AD and depression suggests some shared underlying pathological
changes. The pathological changes observed in both AD-depression
and non-AD depression may shed light on potential common
underlying mechanisms that can inform treatment strategies.

Anxiety related pathology

Anxiety in AD is primarily linked to the hippocampus,
entorhinal cortex, amygdala, and prefrontal cortex. Related
pathological changes include decreased volume, atrophy, and
hypometabolism in the said regions (Hashimoto et al., 2006; Poulin
et al., 2011; Tagai et al.,, 2014; Mah et al., 2015; Mohamed Nour
et al, 2021; Chen et al, 2021). Higher amyloid-beta (Ap) burden
is associated with more severe anxiety in AD patients (Goukasian
et al., 2019; Lopez-Jimenez et al., 2019), which is also the case in
cognitively normal elders (Donovan et al., 2018). In early AD stages,
development of anxiety is more associated with AB accumulation
but is independent of cognitive decline (Johansson et al., 2022).
In cognitively normal elder individuals, anxiety is found to be the
highest in APOEe4 carriers with subcortical rather than cortical
amyloidosis (Hanseeuw et al., 2020). Postmortem investigations
have further associated AD-anxiety to high NFT and AP burden in
limbic regions, anterior cingulate and entorhinal cortex, as well as
more serotonergic transporters in the temporal cortex (Tsang et al.,
2003; Ehrenberg et al., 2018; Das, 2023).
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Agitation and aggression related
pathology

Studies on agitation and aggression in AD have identified
various neuronal and functional changes, including atrophy, low
fractional anisotropy scores, increased functional connectivity,
amyloid accumulation, and hypometabolism in regions such as
the amygdala, anterior cingulate, hippocampus, frontal insula, and
frontal cortex (Tekin et al., 2001; Trzepacz et al., 2013; Mendez,
2021). Frontal lobe dysfunction has been proposed to be associated
with agitation in AD. The severity of frontolimbic atrophy is
correlated with the severity of aggression, with neurodegeneration
of the anterior salience network possibly leading to a reduced
ability to regulate behavior (Trzepacz et al, 2013). NFT burden
in the orbitofrontal and anterior cingulate cortex correlates with
this symptom in AD (Tekin et al., 2001). Tau pathology shows
a stronger correlation with aggression compared to amyloid
pathology in AD (Carrarini et al., 2021). Additionally, the decreased
glucose metabolism in the frontal lobe and increased sensitivity to
noradrenergic signaling have been associated with agitation and
aggression in AD (Carrarini etal.,, 2021). Postmortem examinations
have further revealed that lowered choline acetyltransferase (ChAT)
activity in the frontal and temporal cortex is correlated with AD-
agitation and AD-aggression (Minger et al., 2000; Garcia-Alloza
et al., 2005). Serotonergic deficits in the hippocampus may also
play a role, as serotonin re-uptake (5-HTT) sites are preserved
or upregulated in aggressive compared to non-aggressive patients
and 5-hydroxyindoleacetic acid (5-HIAA) levels inversely correlate
with agitation scores (Lai et al., 2011; Vermeiren et al, 2014).
Meanwhile, traumatic brain injury, smoking, and phosphorylated
TAR DNA-binding protein 43 (TDP-43) may contribute to
aggression and agitation in AD (Sennik et al., 2017).

Other NPS-related pathology

Neuroimaging and postmortem studies have also been
conducted to examine other neuropsychiatric symptoms. Atrophy
of the right hippocampus and temporal lobes (Geroldi et al., 2002;
Serra et al., 2010), reduced cortical thickness of the left medial
orbitofrontal region (Whitehead et al., 2012), and hypometabolism
of the left occipital region (Hirono et al., 1998) have been found
to be correlated with delusion. Hallucinations are associated with
changes such as atrophy in the anterior right insula (Blanc
et al., 2014) and occipital lobe (Holroyd et al., 2000), and gray
matter atrophy in occipital and temporal areas in the case of
visual hallucinations. Right middle frontal gyrus hyperperfusion
and decreased cerebrospinal fluid (CSF) melatonin are associated
with sleep disturbances (Liu et al., 1999; Ismail et al, 2009),
hypometabolism in the anterior cingulate cortex with appetite
disturbances (Hu et al., 2002), and atrophy of the cingulate and
frontal gyri with disinhibition (Serra et al., 2010).

In the above research, imaging studies have been particularly
valuable for understanding neural substrates of NPS, revealing a
wide range of candidate brain structures with pathological changes
associated with each symptom. Most of the affected structures—
hippocampus, amygdala, frontal cortex, and anterior cingulate
cortex—are known to play a role in emotional regulation and
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cognition. In particular, the anterior cingulate cortex and frontal
cortex manifest pathological changes across all symptoms covered
in this review, marking them potentially critical regions for most
AD-associated NPS. Amyloid and tau pathology is not only
correlated with more frequent and severe cases of NPS (Goulkasian
et al., 2019; Lopez-Jimenez et al., 2019; Youn et al., 2019; Babulal
et al., 2022) but also may provide early markers for AD-associated
NPS in the form of CSF levels of total tau (t-tau) and AB-42 (Babulal
et al., 2022). However, human imaging studies on AD-associated
NPS are yet constrained by several limitations. While imaging
can reveal pathological changes that occur in more advanced
stages of AD, NPS often emerge in the preclinical stages before
such features are identifiable. The lack of well-defined biomarkers
further hampers the ability to track the trajectory of AD-associated
NPS. For example, there is disagreement on when Ap accumulation
initially starts (Chen et al., 2021). Studies on the increases of CSF
t-tau and AP42 in MCI patients have examined NPS in general
rather than individual specific symptoms. Other proposed early
markers of AD, such as a hyperactive anterior cingulate cortex
(Yuan et al, 2022), have not been investigated thoroughly in
the context of AD-associated NPS. Moreover, most longitudinal
studies on this topic have been empirical, with a scant number of
them providing quantitative analysis of the symptom progression.
Existing studies also overlook the frequent comorbidity of NPS
features, rather focusing on isolated symptoms. The lack of
universal NPS assessments is also an obstacle, translating into
ambiguous standards of data validity. Although the Diagnostic and
Statistical Manual of Mental Illnesses (DSM V) lays out criteria
for diagnosis, it still relies on individual interpretation and is
subject to revision. Finally, technical limitations prevent an in-
depth understanding of molecular or genetic changes underlying
NPS in humans. Considering the limitations, animal models may
be indispensable as to provide more insights into the etiology of
AD-associated NPS.

NPS in LBD and FTD

NPS are also prevalent across other forms of dementia,
including Lewy body dementia (LBD) and frontotemporal
dementia (FTD). Common symptoms in LBD and FTD include
delusion, hallucination, aggression, depression, anxiety, euphoria,
apathy, disinhibition, appetite changes, and sleep disturbances (van
de Beek et al., 2022; Wright et al., 2023). LBD, in particular,
often presents with higher severity and prevalence of NPS than
AD, with pronounced symptoms of apathy, hallucination and
delusion (Ballard et al., 2001; Leung et al., 2021; Liu et al., 2021).
FTD shares many of these NPS features but frequently exhibits
anxiety, apathy and disinhibition as core symptoms (Tyrrell et al.,
20205 Collins et al., 2023). Notably, studies show that most LBD
patients experience at least one NPS episode, with symptoms often
fluctuating or recurring (Vik-Mo et al., 2020), while FTD also
exhibits fluctuating NPS patterns, often prominent in both early
and late stages (Morrow et al., 2024).

Pathologically, while AD and LBD share some similarities—
such as amyloid-beta plaque accumulation—LBD typically has
less tau pathology, a hallmark of AD (Geng et al., 2024). NPS
manifestation in LBD is closely linked to Lewy Body Braak staging,
particularly associated with hallucinations, while in AD, NFTs
are more often linked to depression and agitation (Gibson et al,,
2022). In FTD, pathology is frequently marked by TDP-43 and
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tau protein deposits (Shaw et al., 2024). When LBD and AD co-
occur, an additive effect on symptom severity is often noted (Gibson
et al., 2022). Given the potential overlap in pathologies among
these dementias, comparing NPS across AD, FTD, and LBD can
provide insights into shared mechanisms, offering pathways for
more nuanced, multi-faceted treatments.

NPS-like behavioral deficits in AD
mouse models

Mouse models provide us a great opportunity to examine
the impacts of AD-related pathology on NPS-like behavioral
deficits. Currently, various AD mouse models have been developed
with pathological progression, molecular changes, and cognitive
functions thoroughly investigated. However, the use of AD mouse
models to specifically study AD-associated NPS is mostly lacking.
The high prevalence and significant impacts of NPS in patients
highlight the urgent need to investigate AD-associated NPS
using rodent models. Specific brain regions and circuits, such as
the orbital frontal cortex and anterior cingulate cortex, can be
correlated with NPS-like manifestations. Additionally, exploring
the intersection of genetic risk factors for both AD and NPS could
yield significant insights (Table 2 and Figure 2).

Apathy-like behavior and related
pathology in AD mouse models

Various AD mouse models, including those with amyloid
precursor protein (APP) related and Tau pathologies, exhibit
significant apathy-like behaviors. Two commonly used behavioral
assays to imply apathy-like deficits are the nest building and
sucrose preference test, with nest building reflecting self-care and
sucrose preference serving as an indicator of reward perception.
The L66 mouse line, which overexpresses the full-length human
tau with double mutations (P301S/G335D), demonstrates reduced
nest building and sucrose preference at 5-6 months old, suggesting
apathy-like deficits (Melis et al., 2015; Robinson et al., 2024). Such
deficits are similarly observed in P301S mice, particularly through
notable changes in nest building (Sun et al., 2020). Furthermore,
the 5xFAD mouse, which overexpresses human APP with three
mutations along with human presenilin 1 (PS1) harboring two
mutations, begins to show significant apathy-like behaviors from
six months of age, as measured by nest-building, burrowing, and
marble burying (Keszycki et al., 2021; O’Leary and Brown, 2024).
In addition, APP/PS1 mice, which are double transgenic mice
expressing a chimeric mouse/human APP and a mutant human
presenilin 1, display increased apathy-like behaviors compared to
wild-type mice (Pugh et al,, 2007; Huang et al., 2016). The 3xTg-AD
mouse bearing human mutations of APP, PS1 and tau also develop
early apathy-like deficits, marked by a decrease in spontaneous
motor activity (Pardossi-Piquard et al., 2016). Moreover, an interval
timing behavioral test in this model reveals a sex difference
in that female mice show delayed anticipatory respondings
and lower response amplitudes compared to males, suggesting
differential incentive motivation between sexes in these AD mice
(Giir et al., 2019).
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TABLE 2 NPS-like behaviors and pathologies in AD mouse models.

NPS category

Testing methodology

Mouse model(s)

Common pathological

changes and related
brain structures

10.3389/fnagi.2024.1487875

Corresponding
citations

Apathy-like behaviors

Nest Building Test, Burrowing
Test, Marble Burying Test,
Sucrose Preference Test

5xFAD, APP/PS1, P301S,
3xTg

High levels of amyloid-beta in
prefrontal cortex and
hippocampus, dopaminergic
neuron degeneration in

substantia nigra and VTA

Huang et al., 2016;
Pardossi-Piquard et al., 2016;
Vorobyov et al., 2019; Sun et al.,
2020; Keszycki et al., 2021;
O’Leary and Brown, 2024

Anxiety-like behaviors

Elevated Plus Maze Test,
Light/Dark Box Test, Open Field
Test, Marble Burying Test

5xFAD, APP/PS1, 3xTg,
P301S, THY-Tau22,
TgF433,ICV-STZ
Injection, APOE4

Neuroinflammation in
hippocampus and amygdala,
decreased GABA synthesis,
amyloid-beta accumulation in

Schindowski et al., 2006; Takeuchi
etal.,, 2011; Pentkowski et al.,
2018; Dong et al., 2020;
Hunsberger et al., 2021; Roy et al.,

2022; Taxier et al., 2022; Garcia
et al., 2023; Szabd et al., 2023

hippocampus, altered
glutamatergic activity

Depressive-like behaviors | Nest Building Test, Burrowing
Test, Marble Burying Test,
Sucrose Preference Test, Forced

Swim Test, Tail Suspension Test

5xFAD, APP/PS1, 3xTg,
APOE4, 6xTg, P301S

Romano et al., 2015; Nie et al.,
2017; Gao et al., 2018; Nyarko
etal, 2019; Dong et al., 2020;
Locci et al., 2021; Zhang J. et al.,
2021; Pierson et al., 2022; Tian
etal., 2023; Kim et al., 2023;
Robinson et al., 2024

High levels of amyloid-beta in
hippocampus and cortex,
neuroinflammation, tau
pathology, neurotransmitter
changes in serotonin and
dopamine

Aggressive behaviors Resident Intruder Test

P301L

5xFAD, APP/PS1,
Tg2576, TAPP, 3xTg,

Alexander et al., 2011; Jul et al.,
2015; Fernandez-Pérez et al.,
2020; Zhang et al., 2022; Warfield
et al., 2023; Kosel et al., 2024

Amyloid plaques in nucleus
accumbens, cortical, hippocampal
and amygdala regions, increased
tau pathology, altered neuronal
activity in mPFC

Sleep disturbances EEG recording 5xFAD, APP/PS1, Amyloid plaques in Colby-Milley et al., 2015; Cushing
TgCRNDS, 3xTg, P301S hippocampus, GABA-positive et al.,, 2020; Holth et al., 2017;
astrogliosis in sleep-promoting Minakawa et al., 2017
regions, inflammation in brain
and plasma
Disinhibition Open Filed Test APPSAA Alteration of lipids, microglia Xia et al., 2022

transcriptomic changes,

intracellular amyloid content

The above observations suggest that apathy-like behaviors
might be associated with both Ap and Tau pathologies. In 5XFAD
mice, increased apathy-like behaviors such as those assessed by
nest building and marble burying are associated with soluble Af-
42 and plaques in the prefrontal cortex (PFC) and hippocampus
(Keszycki et al, 2021). Additionally, the presence of amyloid
beta in the striatum of APP-NLGF mice (containing the Swedish
KM670/671NL mutation, the Iberian I716F mutation and the Artic
E693G mutation) is inversely correlated with motivational levels
(Hamaguchi et al., 2019). Similarly, in 3xTg mice, AP pathology
observed in the hippocampus, amygdala, and entorhinal cortex
has been suggested to contribute to apathy-like behavior (Pardossi-
Piquard et al.,, 2016; Bourgeois et al., 2018). Apathy-like behavior
can be observed in Tau models as well (Robinson et al., 2024);
however, more specific correlation with pathology requires further
investigations. Neurodegeneration in brain regions involved in
depression and apathy (Krashia et al, 2022), particularly that
of dopaminergic neurons in the substantia nigra and ventral
tegmental area (VTA), along with decreases in dopamine
transporters in the cortex and hippocampus of 5xFAD mice, plays a
significant role in apathy and depression-like symptoms (Vorobyov
et al,, 2019). Early degeneration in the nucleus accumbens in the
APP/PS1 mouse model is associated with an AB-linked increase in
membrane excitability in medium spiny neurons and a reduction
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in glycinergic synaptic transmission, which may link to apathy
(Fernandez-Pérez et al., 2020). Furthermore, APP/PS1 mice exhibit
significant hyperactivity in the dorsal raphe nucleus during reward-
seeking and motivational actions (Sakurai et al., 2020), indicating
complex interactions between AP pathology and neural circuitry
affecting behavior. In general, AB plaques in the striatum are linked
to lower levels of motivation and dopamine transporter (DAT)
expression (Hamaguchi et al., 2019).

Anxiety-like behavior and related
pathology in AD mouse models

Anxiety-like behaviors can be assessed using various behavioral
tests, including the open field test (OFT), elevated plus maze
(EPM), light-dark box, social interaction, and novelty-suppressed
feeding. Each test provides insight into a distinct aspect of anxiety-
related behavior. In 5xFAD mice, anxiety-like behaviors typically
begin at 5 months old, with males showing more profound
symptoms (Angel et al., 2020; Dong et al., 2020; Li et al., 2022).
Increased social anxiety in novel environments is also noted using
an odor investigation paradigm (Kosel et al, 2019). However,
some other studies report no increase or even a reduction in
anxiety-like behaviors (Jawhar et al., 2012; Schneider et al., 2014;
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Testing typical NPS-like behavior in mouse models. (a—c) Tests to assess anxiety-like behaviors. (d—f) Tests to assess apathy-like behaviors. (g—i)
Tests to assess depression-like behaviors. (j) Test of aggressive behavior. (k) Test of hyperphagia. () Test of sleep disturbances.

Garcia et al, 2023), and different tests within the same study
can yield varied results (O'Leary and Brown, 2024). In APP/PS1
mice, females exhibit anxiety-like behavior correlated with memory
impairment at an earlier age compared to control and male groups
(Hunsberger et al., 2021), while males also show increasing anxiety
severity with age (Huang et al, 2016). Social defeat stress and
poor sleep quality are linked to anxiety-like behavior (Yao et al,
2023). Nonetheless, some studies report no significant differences
in anxiety-like behaviors in this model (Pugh et al., 2007; Locci
et al.,, 2021). The widely used 3xTg mouse model, which contains
three mutations associated with familial Alzheimer’s disease, can
display anxiety-like behaviors through behavioral paradigms such
as the OFT and EPM test as early as 2 months of age (Paciello
et al., 2021). In the fox-odor container test, 3xTg mice exhibit
increased predator odor-induced anxiety, which is detectable at
2 months of age (i.e., before the onset of AD pathology) and
is more pronounced in aged females than males (Szabo et al,
2023). In P301S mice, however, reduced anxiety-like behaviors
are observed, even before tau pathology appears (Takeuchi et al.,
2011). For example, P301S mice have been observed to spend
relatively more time in open arms of EPM or in the center area
of OFT compared to wildtype control, while they may exhibit
sexual dimorphism (Dumont et al., 2011; Sun et al., 2020; Watt
et al,, 2020). Other animal models, including APP-NLGF knock-
in mice (Pugh et al, 2007), APOE4 (relative to APOE3) mice
(Siegel etal., 2012; Taxier et al.,, 2022), TgF433-AD rats (Pentkowski
et al, 2018), Wistar rats injected with intracerebroventricular
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streptozotocin to induce sporadic AD (Roy et al., 2022), and THY-
Tau22 (which expresses human 4-repeat tau mutated at sites G272V
and P301S under a Thyl.2-promotor) (Schindowski et al., 2006),
also display increased anxiety-like behaviors. It is worth noting
that a study using APP-NLGF knock-in mice has found conflicting
anxiety profiles as shown by the increased thigmotaxis in OFT
(i.e., anxiogenic) but reduced closed-arm time in EPM (anxiolytic)
(Pervolaraki et al., 2019). Altogether, while anxiety-like behaviors
are prevalent across various AD models, the onset age, severity, and
sex dependence vary greatly. Conflicting results within and across
studies highlight the complexity of anxiety-like phenotypes in these
models, emphasizing the need for comprehensive behavioral tests
to understand underlying mechanisms.

Investigations into the neurobiological underpinnings of
anxiety-like behaviors in AD models have suggested multiple
factors, such as AB deposition, Tau pathology, neuroinflammation,
and neuronal or neurotransmitter changes. First of all, the presence
of amyloid beta accumulation is closely linked to anxiety-like
phenotypes. In 5xFAD mice, early-life stress such as maternal
separation results in enhanced AP deposition in the anterior
cingulate cortex and basolateral amygdala (Garcia et al., 2023).
Caspase-6 knockout in 5XFAD mice on the other hand has reduced
AP pathology and improved performance in anxiety assessment
compared to 5xFAD alone (Angel et al., 2020). In APP/PS1 mice,
anxiety-like behavior is associated with high levels of soluble AB
in the hippocampus (Gao et al., 2018). An increased amount of
AP deposition and decreased expression of a proteolytic enzyme
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responsible for the degradation of intracellular Ap have been found
in aged APP/PSI mice, particularly in the dorsal hippocampus
(Huang et al., 2016). Anxiety-like behavior can be induced in
rats through intracerebroventricular streptozotocin (ICV-STZ)
injections, which is accompanied by diffuse amyloid plaques in
the hippocampus, enlargement of ventricles, and spine loss in
the dentate gyrus (Roy et al., 2022). In 3xTg mice, widespread
AP accumulation in the hippocampus, amygdala, olfactory bulb,
and piriform cortex correlates with manifestation of anxiety-like
behavior (Paciello et al., 2021; Tournissac et al., 2021; Szabo
et al,, 2023). Homozygous APP-NLGF mice that exhibit anxiety-
like behaviors have widespread AP deposition at 6 months of age
(Whyte et al., 2018). More specifically, overexpression of insoluble
AP may drive alterations in gamma oscillations and glutamatergic
gene expression in the prefrontal cortex, potentially underlying
changes in anxiety-related behaviors (Pervolaraki et al., 2019).
Furthermore, the tauopathy model THY-Tau22 has phosphorylated
tau expression correlated with hippocampal dysfunction and
anxiety-like phenotypes (Schindowski et al., 2006).

Neuroinflammation may also be a contributing factor. Caspase-
6 knockout in 5xFAD mice results in concurrent reductions in
anxiety-like behavior and neuroinflammatory indicators compared
to 5XFAD alone (Angel et al., 2020). Increased neuroinflammatory
markers such as interleukin-10 (IL-10) in the hippocampus and
ionized calcium binding adaptor molecule 1 (IBA1) in the anterior
cingulate are associated with anxiety-like behaviors in 5xFAD mice,
which are further exacerbated by early-life stress (Garcia et al,
2023). The hippocampus displays microglial activation, elevated IL-
6 and tumor necrosis factor alpha (TNF-a), as well as neurotrophic
factor signaling disturbances in APP1/PS1 mice with anxiety-like
phenotypes (Gao et al., 2018). Hippocampal neuroinflammation
and anxiety-like behavior are also co-manifested in 3xTg mice
(Paciello et al, 2021). A study examining glycogen synthase
kinase-3f (GSK-3B) overexpressing mice, a genetic model for
neurodegeneration, further suggests that neuroinflammation in the
ventral rather than dorsal hippocampus contributes to anxiety-like
behavior (Fuster-Matanzo et al., 2011). In P301S mice with anxiety-
like phenotypes, inflammation markers appear to differ between
sexes: males express more monokines induced by interferon
gamma (MIG), TNF-q, IL-13, and IL-10 than females (Takeuchi
et al,, 2011; Sun et al, 2020). Additionally, microglial activation
is evident before the appearance of tau pathology (Dumont et al.,
2011).

Neurotransmitter changes can be associated with anxiety-
related behavioral changes. In 5XFAD mice, impeded neuronal
GABA synthesis has been found in the hippocampus (Andersen
et al., 2021). A study on effects of positive and negative allosteric
modulators (PAM and NAM, respectively) of a5 GABAA receptors
has shown that 10-day treatment of NAM reduces the level
of anxiety in six-month-old 5xFAD male mice, but without an
effect in female transgenic mice, suggesting sex-specific changes
in GABA signaling (Arandelovie et al,, 2021). In addition, NAM
treatment increases expression of GABA receptor alpha subunit
GABRA? in the prefrontal cortex of male transgenic mice, while
PAM treatment decreases GABRAS5 in both sexes. Regarding
glutamatergic signaling, a decrease in anxiety-like behaviors in
5xFAD mice older than 5 months is accompanied by an age-
dependent reduction in mGluR5 binding availability in the
hippocampus, striatum, cerebellum and cortex (Lee et al., 2019).
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There is evidence that anxiety-like phenotypes may be related to
melatonin deficiency, as treating 3xTg mice with melatonin not
only ameliorates behavioral deficits but also downregulates the
glutathione S-transferase P 1 (GSTP1) protein in the hippocampus
(Nie et al, 2017). Furthermore, with respect to dopaminergic
signaling, a reduction in anxiety-like behaviors and an increase in
locomotor activity in 3xTg mice are accompanied by an increase
in postsynaptic D2 dopamine receptors in the striatum and in D2-
autoreceptors in substantia nigra/VTA cell bodies (Gloria et al,
2021).

Neuronal loss associated with anxiety-related behavioral
changes occurs in several AD mouse models. In 5xFAD mice,
selective neuronal loss is found in cortical layer 5 (L5),
without affecting the overall neuron number in the total
frontal cortex and hippocampus, and this correlates with the
reduced anxiety-like behavior (Jawhar et al., 2012). Another study
reports that a significant loss of parvalbumin and somatostatin
inhibitory neurons in the ventral hippocampus, which results
in excitation/inhibition (E/I) imbalance, leads to anxiety-like
behavior (Li et al,, 2022). In aged APP/PS1 mice with anxiety-
like phenotypes, there are decreases in hippocampal volume and
neuronal number (Huang et al., 2016). In 3xTg mice, a reduction
in cortical cholinergic fibers signifying cholinergic neuron loss
has been observed (Virkonyi et al., 2022). As for other neuronal
changes, a decline in hippocampal CA2 activity correlates with
anxiety-related behavior in female APP/PS1 mice (Hunsberger
et al, 2021). In these transgenic mice, optogenetic stimulation
of the circuit connecting the posterior basolateral amygdala
(BLA) to calbindin-positive neurons in the ventral hippocampal
CA1l alleviates anxiety-like behavior, suggesting hypoactivity of
the calbindin-positive neurons (Pi et al., 2020). Additionally,
optogenetically activating GABAergic neurons in the ventral
tegmental area (VTA) reduces anxiety induced by social defeat
stress through improving sleep quality (Yao et al., 2023). In APOE
knockout mice expressing human APOE4, enhanced measures of
anxiety are associated with reduced microtubule-associated protein
2 (MAP2)-positive neuronal dendrites in the central nucleus of the
amygdala (Robertson et al., 2005).

Other factors that may influence anxiety-like behaviors in AD
mouse models include oxidative stress and ovarian hormones. The
P301S mice with anxiety-like phenotypes display decreased activity
of mitochondrial enzymes involved in reactive oxygen species
formation and oxidative stress prior to tauopathy (Dumont et al.,
2011). Female 5xFAD mice that express human APOE4 (E4FAD)
exhibit increased anxiety-like behavior relative to E3FAD, and
ovariectomy (OVX) in E3FAD mice increases anxiety to a similar
level to intact and OVXed E4FAD mice, suggesting a protective role
of ovarian hormones against anxiety-like phenotypes in E3FAD but
not E4FAD mice (Taxier et al., 2022).

Depressive-like behavior and related
pathology in AD mouse models

Behavioral changes in various mouse models reveal a complex
interplay of genetic and environmental factors linking AD to
depressive-like behavior. In 5xFAD mice, compelling depressive-
like phenotype, such as increased immobility in the tail suspension
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test (TST), has been observed starting from 5 months of age
(Patel et al., 2014; Dong et al., 2020; Locci et al., 2021; Chen
et al., 2024). Environmental factors, including postnatal maternal
separation and early-life stress, can also induce expression of
depressive-like behaviors at 4 months, as demonstrated by open
field and novel object recognition tests (Bachiller et al., 2022). In
the L66 tauopathy model, anhedonia is evident as shown by the
decreased sucrose preference (Robinson et al., 2024). Depressive-
like behaviors are also evident in pharmacologically induced AD
models, such as those involving intracerebroventricular injection
of AP oligomers (Ledo et al., 2013; Torrisi et al., 2019). APP/PS1
transgenic mice show depressive-like behaviors, demonstrated by
reduced sucrose preference, increased immobility in the TST and
forced swimming test (FST), as well as social withdrawal before
AP plagues are detected (Gao et al., 2018; Martin-Sanchez et al,,
2021). Similarly, the APP-NLGF model recapitulates depression-
like phenotypes, including reduced social interaction and increased
immobility (Dong et al., 2020; Locci et al., 2021). In the 3xTg model,
depressive-like phenotypes are evident as early as 4 months of age
in FST, TST, and splash test (Romano et al., 2015; Nie et al., 2017;
/arkonyi et al., 2022). Furthermore, APOE4-targeted replacement
mice, carrying the human APOE4 allele (a known strong risk factor
for developing late-onset AD), display significant depressive-like
behaviors compared to APOE3 counterparts, especially under stress
conditions (Fang et al., 2021; Zhang J. et al., 20215 Li et al., 2024).
Other mouse models, including 6xTg (with tau and AB pathologies)
and P301L-tau, also demonstrate depression-like behaviors (Locci
et al., 2021; Pierson et al., 2022; Kim et al., 2023).

The presence of AP is closely associated with depression-
like behaviors in AD animal models. Research shows that
intracerebroventricular injection of soluble AB-42 in wildtype rats
and mice induces depressive-like behavior, as shown by increased
immobility in FST (Colaianna et al, 2010; Ledo et al.,, 2013).
In APP/PS1 mice having been exposed to chronic mild stress,
high levels of soluble AB in the hippocampus correlate with
the manifestation of depressive-like behaviors (Gao et al., 2018).
Similarly, in 6xTg mice, a significant positive correlation has
been found between depression-like behavior and the levels of
AP and phosphorylated tau in the cortex and hippocampus (Kim
et al., 2023). Neuroinflammation appears to play a crucial role
in these depressive-like phenotypes, particularly in regions such
as the hippocampus, prefrontal cortex, anterior cingulate cortex
and basolateral amygdala (Garcia et al., 2023). Such inflammation,
marked by increased cytokine levels, microglial activation, and
oxidative stress, may result from AP accumulation (Boza-Serrano
etal., 2018; Rejc et al,, 2022). Supporting this notion, wildtype mice
injected with AP oligomers exhibit both depressive-like behaviors
and microglial activation in the cortex and hippocampus, as
well as aberrant TNF-a signaling (Ledo et al.,, 2013; Ledo et al,
2016), in agreement with the existence of common pathological
features between AD and major depressive disorder (Torrisi et al.,
2019). These mice also exhibit pruning of spines and silencing of
excitatory synaptic transmission in the nucleus accumbens (Guo
et al., 2022). Stress conditions such as early life stress (ELS) can
aggravate neuroinflammation, further contributing to AD-related
depressive-like behaviors (Gao et al., 2018; Bachiller et al., 2022;
Li et al,, 2024). Similar to amyloid pathology models, positive
correlations between depressive-like behavior and tau pathology
in the hippocampus and cortex and associated neuroinflammation
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have been observed in Tau pathology models such as 6xTg and
THY-Tau22 (Schindowski et al., 2006; Kim et al., 2023).

Neurotransmitter and neuromodulator changes have been
reported in conjunction with depressive-like behaviors in AD
mouse models. The deficiency of monoamines such as dopamine
and serotonin, a well-known contributor to mood dysregulation,
is a strong indicator of altered cellular function of the earliest
stages of AD pathology (Nyarko et al., 2019; Romano et al,, 2015).
Dopaminergic neuron degeneration is present in the substantia
nigra and VTA of 5xFAD mice, with decreased dopamine
transporter levels in the hippocampal dentate gyrus and secondary
motor cortex (Vorobyov et al., 2019). Decreased serotonin release
and serotonergic fiber density are observed especially in the
hippocampal region of 5xFAD mice (Tian et al., 2023), a feature also
seen in depressive rats following intracerebroventricular injection
of soluble AB-42 (Colaianna et al., 2010). Overexpression of P301L
tau in the dorsal raphe nucleus of wildtype mice leads to depressive-
like behaviors and hyperexcitability of serotonin neurons (Pierson
et al,, 2022). A decline in stress-induced uptake of serotonin in
the hippocampus and prefrontal cortex of mice carrying APOE4
relative to APOE3 is associated with an increase in stress-induced
depressive-like behavior (Fang et al, 2021). Regarding altered
neuronal/synaptic activity, a reduced glutamatergic projection
from ACC to the ventral hippocampal CA1 area is suggested to
contribute to depressive-like symptoms in 3-month-old 5xFAD
mice (Chen et al., 2024). A decrease in levels of hippocampal and
cortical mGluR5, vesicular glutamate transporter 1 (VGLUT1) and
other glutamatergic signaling related proteins is correlated with
depression-like behaviors in 6xTg and 3xTg-AD mice (Cassano
etal,2012; Kim etal., 2023). Additionally, in mice carrying APOE4,
stress induces a loss of GABAergic neurons in the prefrontal
cortex and hippocampal dentate gyrus, which may contribute to
an increased risk of depression (Zhang J. et al., 2021). Other
factors that contribute to AD-related depressive behaviors include
a deficiency in melatonin (Nie et al, 2017), impaired glucose
metabolism, mitochondrial dysfunction and reduced levels of
adenosine triphosphate (ATP) (Li et al., 2024).

Aggressive behavior and related
pathology in AD mouse models

The rate of injurious behavior is increased in male 5xFAD
mice when housed together, compared to wildtype or mixed
genotype groups (Kosel et al, 2021). Similarly, in a number of
AP and tau models, such as APP/PS1 (Pugh et al., 2007; Huang
et al.,, 2016; Morgastrern et al., 2018), Tg2576 (Alexander et al,,
2011), 3xTg (Zhang et al., 2022) and rTg4510 (Jul et al, 2015),
males exhibit significant aggressive behavior compared to wild-type
mice, as assessed by the resident-intruder test. In some studies,
aggressivity is only observed during specific phases of circadian
rhythm (Bergamini et al., 2022; Warfield et al., 2023), suggesting
a complex interaction between circadian rhythm and aggressive
behavior.

In male mouse models of amyloidosis, such as APP/PS1
and TASD41 (hAPP751 with the London V71719/Swedish double
mutation K670M/N671L), aggressive behavior correlates with a
progressive increase in amyloid plaque size and density in cortical,
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hippocampal, and amygdala regions (Morgastrern et al., 2018).
The nucleus accumbens (NAc), known for its role in aggression
and motivation (Salgado and Kaplitt, 2015), shows increased
intraneuronal AB accumulation and extracellular amyloid deposits
in the APP/PS1 model (Ferndndez-Pérez et al., 2020). This
is associated with an increase in membrane excitability in
medium spiny neurons and a decrease in glycinergic synaptic
transmission, suggesting a link between NAc dysfunction and
aggression (Fernandez-Pérez et al., 2020). Additionally, in 3xTg
mice, increased excitability of thalamus-projecting pyramidal tract
(PT) neurons in the mPFC, which could be attributed to decreased
Kv6.3 channels in these neurons, may underlie the increased
irritability and aggressivity (Zhang et al., 2022). In 5xFAD mice,
aberrant local field potential (LFP) activity has been observed in the
mPFC during exposure to social olfactory stimuli, consistent with
the notion that increased social anxiety leads to aggressivity (Kosel
etal, 2019, 2024). As for tauopathy models, increased aggressive or
agitative-like behavior has been associated with the progression of
tau pathology (Jul et al., 2015; Warfield et al., 2023). Specifically,
TAPP (APPSwe-Tau) mice exhibit an association of aggressive
behavior with phosphorylated tau localized to lateral parabrachial
(LPB) neurons (Warfield et al., 2023). These studies suggest that
alterations in various brain regions can contribute to AD-associated
aggressive behavior.

Other NPS-like Behaviors and related
pathology in AD mouse models

Other neuropsychiatric symptoms such as sleep disturbances
and hyperphagia can be present in AD mouse models. Sleep
disturbances are in fact common in many mouse models (Drew
et al., 2023; Colby-Milley et al., 2015; Cushing et al., 2020; Holth
etal., 2017; Minakawa et al., 2017), for instance, impaired rapid eye
movement (REM) sleep has been observed in homozygous APP-
NLGF mice (Maezono et al., 2020) and Tg2576 mice (Zhang et al.,
2005). Regarding feeding behavior, 3xTg mice consume more food
with a rise in metabolic rate as compared to non-transgenic controls
(Knight et al., 2012), and the increased feeding could be attributed
to defective brain responses to endogenous satiety factors released
by food ingestion (Adebakin et al., 2012). In addition, 3xTg mice
display decreased ability to sustain their attention, as assessed by a
5-choice serial reaction time test (Romberg et al., 2011). Moreover,
behavioral disinhibition has been reported in the APPSA4 knock-
in model (Xia et al., 2022). Apart from the above NPS-related
phenotypes, hallucination- and delusion-like phenotypes have not
been thoroughly investigated in AD mouse models due to a lack of
reliable behavioral readout.

Pathological examinations have provided neural mechanistic
insights into these other neuropsychiatric symptoms. For example,
amyloid-B accumulation in the pontine tegmental area and ventral
medulla is found to follow a course similar to that of the reduction
of REM sleep in APP-NLGF mice (Maezono et al., 2020), while
reduced numbers of pedunculopontine tegmentum ChAT-positive
neurons correlate with reduced REM sleep in Tg2576 mice (Zhang
et al., 2005). The hyperphagia phenotype in female 3xTg mice
has been correlated with the number of amyloid-stained-positive
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cells in the amygdala (Lead Tee and Chiu, 2017). In addition, the
disruption of circadian rhythm in 5xFAD mice could be attributed
to Ap-induced degradation of circadian clock regulator molecules
such as CBP and BMALL (Song et al, 2015). Furthermore, the
circadian dysfunction in the Tg2576 model has been associated with
compromised GABAergic signaling in the suprachiasmatic nucleus
(SCN), a critical structure for orchestrating circadian rhythms
(Eeza et al., 2021).

Synaptic dysfunction underlying NPS in
AD

Synaptic dysfunction, a hallmark of AD, plays a crucial role
in the NPS observed in various AD models, including 3xTg,
APP/PS1, and hAPP J20 models. In the prefrontal cortex of 3xTg
mice, elevated spontaneous excitatory postsynaptic currents and
firing rates have been observed in pyramidal neurons (Choudhury
et al., 2023), and additional studies indicate increased excitatory
and inhibitory inputs to layer 2/3 pyramidal neurons, potentially
linked to altered social behavior (Bories et al., 2012). In hAPP
J20 mice, synaptic transmission and intrinsic excitability are
reduced in cortical layer 5 neurons, and specific vulnerability
to degeneration is observed in the mPFC (Zhang X.-Q. et al,
2021). These alterations in synaptic activity provide insights
into the regional vulnerabilities contributing to NPS in AD.
In the hippocampus of multiple models, early and progressive
synaptic dysfunctions associated with amyloid and tau pathology
In the APP/PS1 model,
(SOM) interneurons near amyloid plaques become hyperactive,

have been observed. somatostatin
while parvalbumin interneurons are hypoactive, leading to an
excitation-inhibition imbalance (Algamal et al., 2022). Network
disruption also occurs early in 3xTg mice, where GABAergic
interneurons in CAl show reduced inhibition, impacting the
overall activation of excitatory neurons (Michaud et al, 2024).
In other studies, hippocampal hyperactivity in APP knock-in
mice is linked to adenosine deficiency (Bonzanni et al., 2024),
while late-stage impairment in long-term potentiation (LTP) is
seen in mature APP mice, reflecting deteriorations in synaptic
plasticity (Sri et al, 2019). These changes in hippocampal
circuitry are mirrored in the amygdala of APOE4 models,
where early synaptic deficits further underscore the critical
role of synaptic dysfunction in AD progression (Klein et al,
2010). Together, these studies enrich our understanding of how
synaptic and network alterations contribute to NPS in AD
models.

Discussion

Neuropsychiatric symptoms are prevalent in AD and cause
significant distress to patients and burdens to caregivers. Although
they are quite commonly observed in early stages of AD or MCI,
the underlying mechanisms are poorly understood. Hence, over
the past decade, the NPS has increasingly gained attention in the
AD research field.
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Cross-link between NPS and cognitive
impairments

A tight interaction between NPS and cognitive decline in
AD has been proposed (Siafarikas, 2024). The neuropsychiatric
symptoms are commonly associated with accelerated cognitive
2007; 2012;
Defrancesco et al., 2020), and they could potentially be categorized

deterioration (Potter and Steffens, Lee et al.,
and associated differentially with AD progression (Potter and
Steffens, 2007; Lee et al., 2012; Defrancesco et al., 2020).
It has also been shown that the NPS tends to progress in
severity and frequency throughout the course of frontotemporal
dementia (Benussi et al., 2021). Therefore, NPS may serve as
potential biomarkers for predicting the trajectory of cognitive
decline in AD or other related dementias (Edwin et al., 2021).
Both NPS and cognitive decline are believed to share similar
underlying pathological changes, particularly in brain regions
such as the prefrontal cortex and hippocampus, which have been
implicated in both depression and cognitive function (Campbell
and MacQueen, 2004; Trzepacz et al., 2013). Transcranial brain
stimulation treatments have been shown to ameliorate both NPS
and cognitive symptoms in patients of AD-related dementia (Elder
and Taylor, 2014). Additionally, cognitive impairments have also
been identified in patients with depression within non-dementia
populations (Morimoto et al., 2014), further underscoring the
strong correlation between NPS and cognitive dysfunctions.
However, more in-depth animal research utilizing techniques such
as opto/chemogenetics and in vivo imaging is essential to elucidate
mechanisms linking NPS to cognitive impairments.

Comorbidity of NPS features

Studies have shown that NPS features often coexist in
AD patients, leading to a complex presentation of symptoms
(Edwin et al,, 2021; Garcia-Alberca et al., 2011). This increases
the complexity of the diagnosis and treatment. Studies have
additionally shown that the presence of one NPS feature
increases the likelihood of additional symptoms (i.e., anxiety and
depression frequently co-occur) (Teri et al., 1999). The comorbidity
further suggests that different NPS features may share some
common neurobiological pathways. For example, alterations in
monoaminergic systems such as serotonin and dopamine may
contribute to both anxiety and depression, and neurodegeneration
in the prefrontal cortex may lead to both aggression and depression.
Moreover, they may share similar genetic risk factors. For example,
APOE4 has been identified as a risk factor for both depression
(Wang et al, 2019; Zhang J. et al, 2021) and anxiety (Raber,
2007). Future research into these overlapping pathways may help
in identifying novel therapeutic targets and strategies for managing
NPS in AD more effectively.

NPS in early-onset and late-onset AD
The profiles of NPS vary between early-onset AD (EOAD)

and late-onset AD (LOAD). For example, anxiety is significantly
more prevalent in EOAD, with a rate of 70%, compared to
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27% in LOAD (Kaiser et al., 2014), and is also more severe in
EOAD. EOAD patients generally exhibit higher Neuropsychiatric
Inventory (NPI) scores, indicating more severe symptoms,
and a higher prevalence of depression, anxiety, apathy, eating
problems, and agitation (Baillon et al., 2019; Falgas et al., 2021;
Gumus et al., 2021; Martinez et al., 2021; Polsinelli et al.,
2022), although no differences or opposite findings have also
been reported (Toyota et al, 2007; van Vliet et al, 2012
Ferreira et al,, 2018). These distinctions may be attributed to
differences in underlying pathological changes between EOAD and
LOAD.

Promises and difficulties of studying NPS
in AD mouse models

Pathological studies in AD patients and AD mouse models
have revealed some common changes related to NPS (Table 3).
However, investigating NPS-related behaviors in AD mouse models
is currently still in its early stages. It should be noted that the
currently applied behavioral measurements might not be ideal or
even specific for the measurement of any NPS-related feature such
as apathy, neither have consistent criteria been used to identify
behavioral deficits linked to apathy. As such, phenotypes may not
be consistently described for NPS-related deficits across animal
models, since some of them might result from motor deficits
or other non-cognitive impairments. For example, a decrease in
motor activity could reflect less motivation to initiate locomotion,
but could also be associated with a deficit in motor function.
Regarding the motor activity change of the 5xFAD mouse, both
hyper- (Oblak et al, 2021) and hypo- (O’Leary and Brown,
2024) activity has been reported. These apparent discrepancies
complicate the interpretation of apathy. Thus, a more robust and
specific measurement of apathy or other NPS-related features is
urgently needed. The most critical aspect of apathy is the decrease
of motivation, and several behavioral assays have been proposed
to measure the degree of motivation, for example, the progressive
ratio task (Cambre et al., 2023), female encounter test (Ago et al.,
2015), latency to enter an arena (Spangenberg and Wichman,
2018), the Switchmaze test (Hartmann et al., 2024), foraging arena
test (Xeni et al., 2024) or vision depended behavior (Ortiz et al.,
2020). It remains to be determined which one of these is more
specific.

Notably, multiple APP and Tau models exhibit NPS-related
deficits, suggesting that these behavioral changes may not
be tied to specific pathologies but rather to some shared
factors such as alterations in neuronal activity or synaptic
Additionally, deficit might
indicate changes associated with multiple NPS. For example,

functions. a single behavioral
a deficit in the sucrose preference test may correlate with both
apathy and depression. Although AD animal models hold
great promise for elucidating common neural mechanisms,
they present significant challenges when investigating NPS,
especially in relation to psychosis-related behaviors. One of
the main obstacles is the need for more reliable behavioral
measurements as readouts. Overcoming these difficulties requires
the development of novel behavioral assessments to ensure
accurate results.
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TABLE 3 Common changes related to NPS between AD patients and AD mouse models.

NPS category Pathological changes and related Pathological changes and Common changes
brain structures in AD patient related brain structures in AD
mouse models
Apathy Anterior cingulate cortex, prefrontal regions, High levels of amyloid-beta in prefrontal Pathological changes in prefrontal
putamen, caudate nucleus. Cortical thinning, cortex and hippocampus, dopaminergic cortex and dopaminergic neuron
atrophy, low FA scores, amyloid accumulation, neuron degeneration in substantia nigra and dysfunction.
hypometabolism, NFT burden, Dopaminergic VTA
dysfunction in basal ganglia, anterior cingulate, and
frontal cortices, upregulated 5-HTT sites
Anxiety Hippocampus, entorhinal cortex, amygdala, Neuroinflammation in hippocampus and Pathological changes in
prefrontal cortex. Decreased volume, atrophy, amygdala, decreased GABA synthesis, hippocampus and amygdala.
hypometabolism. High amyloid-beta accumulation, amyloid-beta accumulation in hippocampus,
NFT and A-beta in neocortex, limbic regions, altered glutamatergic activity
anterior cingulate, entorhinal cortex, serotonergic
transporters in the temporal cortex
Depression ACC, prefrontal cortex, hippocampus, striatum, High levels of amyloid-beta in hippocampus Pathological changes in
amygdala, orbitofrontal cortex. Hypometabolism, and cortex, neuroinflammation, tau pathology, | hippocampus and cortex.
structural changes, gray matter atrophy, white neurotransmitter changes in serotonin and Serotonergic neuron dysfunction.
matter lesions, altered functional connectivity dopamine
White matter hyperintensity in occipital area,
chronic cerebral hypoperfusion, NFT burden,
serotonergic dysfunction, abnormal fatty acids,
reduction of antioxidant enzymes
Aggression Amygdala, anterior cingulum, hippocampus, Amyloid plaques in nucleus accumbens, Pathological changes in prefrontal
frontal insular, frontal cortex. Atrophy, low cortical, hippocampal and amygdala regions, cortex, hippocampus and
fractional anisotropy, increased functional increased tau pathology, altered neuronal amygdala.
connectivity, amyloid-beta accumulation, activity in mPFC
hypometabolism. Lowered ChAT activity in frontal
and temporal cortex, serotonergic dysfunction,
5-HTT sites preserved, 5-HIAA scores inversely
correlated with agitation
Sleep disturbances Right middle frontal gyrus, anterior cingulate Amyloid plaques in hippocampus, N/A
cortex. Hyperperfusion, hypometabolism. GABA-positive astrogliosis in sleep-promoting
Decreased melatonin in the CSF regions, inflammation in brain and plasma
Disinhibition Cingulate, frontal gyri. Atrophy Alteration of lipids, microglia transcriptomic N/A
changes, intracellular amyloid content

Therapeutic potentials based on the
understanding of neural mechanisms

As NPS of patients pose a significant source of distress for
their caregivers (Garcia-Alberca et al., 2011), the management of
NPS would have great beneficial effects to the care provider. Our
current understanding of related pathology in AD-NPS points to
potential therapeutic targets, such as the monoaminergic system
(Delgado, 2000). For example, Rexulti (brexpiprazole) is the first
FDA-approved drug for treating AD-associated depression and
agitation, and it starts to show some promise (Greig, 2015;
Stummer et al., 2020). The drug primarily targets serotonergic
and dopaminergic activity, and its co-effectiveness in alleviating
depression and aggression further suggests potential shared
mechanisms underlying these symptoms.

The excitation-inhibition (E-I) balance is another potential
target to consider in the management of AD-NPS. Several lines of
evidence suggest that alterations in the E-I ratio of brain circuits
could play a major role in neuropsychiatric diseases including
depression (Sohal and Rubenstein, 2019; Hu et al., 2023). In AD, an
imbalance between excitation and inhibition and hyperexcitability
of neural circuits particularly in early stages of the disease (Busche
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and Konnerth, 2015; Targa Dias Anastacio et al., 2022), caused
by the dysfunction of inhibitory neurons (Ambrad Giovannetti
and Fuhrmann, 2019), may contribute to neuropsychiatric-like
behaviors. Drugs that can affect the E-I balance may alleviate
these behaviors. For example, ketamine, via acting on glutamate
receptors, can have rapid antidepressant effects (Abdallah et al,
2015). Preliminary investigations suggest that ketamine may
provide neuroprotection and reduce neuropsychiatric symptoms
associated with AD (Mohammad Shehata et al., 2022).

In conclusion, NPS are prevalent in AD, significantly impacting
patients and caregivers. The strong correlation between NPS and
cognitive decline underscores the potential of NPS as biomarkers
for the trajectory of AD progression. The comorbidity of NPS
features suggest shared neurobiological pathways, while their
varied presentations in early-onset and late-onset AD suggest
different genetic risk factors. Although animal models present
challenges in studying NPS, they offer invaluable insights into the
potential underlying mechanisms. Advancements in understanding
these mechanisms highlight therapeutic potentials of targeting the
monoaminergic systems and the E-I balance. Continued research
along these directions is essential to develop effective treatments
for managing NPS in AD.

14 frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

Author contribuitons

NZ: Writing - original draft, Writing - review and editing,
Conceptualization, Data curation, Formal Analysis, Investigation,
Methodology, Resources, Software, Validation, Visualization.
SZ: Writing - original draft, Writing - review and editing,
Conceptualization, Data curation, Formal Analysis, Investigation,
Methodology, Resources, Software, Validation, Visualization.
LZ: Writing - original draft, Writing - review and editing,
Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization. HT:
Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Validation,
Writing - original draft, Writing - review and editing. G-WZ:

Resources, Software, Supervision, Visualization,
Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Validation, Visualization,

Writing - original draft, Writing - review and editing.

Supervision,

Funding

The authors declare that financial support was received

for the research, authorship, and/or publication of this

References

Abdallah, C. G., Sanacora, G., Duman, R. S., and Krystal, J. H. (2015). Ketamine
and rapid-acting antidepressants: A window into a new neurobiology for mood
disorder therapeutics. Annu. Rev. Med. 66, 509-523. doi: 10.1146/annurev-med-
053013-062946

Adebakin, A., Bradley, J., Giimiisgoz, S., Waters, E. J., and Lawrence, C. B.
(2012). Impaired satiation and increased feeding behaviour in the triple-transgenic
Alzheimer’s disease mouse model. PLoS One 7:¢45179. doi: 10.1371/journal.pone.
0045179

Ago, Y., Hasebe, S., Nishiyama, S., Oka, S., Onaka, Y., Hashimoto, H., et al. (2015).
The female encounter test: A novel method for evaluating reward-seeking behavior
or motivation in mice. Int. . Neuropsychopharmacol. 18:yv062. doi: 10.1093/ijnp/
pyv062

Alexander, G., Hanna, A., Serna, V., Younkin, L. H., Younkin, S. G., Janus, C.,
et al. (2011). Increased aggression in males in transgenic Tg2576 mouse model of
Alzheimer’s disease. Behav. Brain Res. 216, 77-83. doi: 10.1016/j.bbr.2010.07.016

Algamal, M., Russ, A. N., Miller, M. R., Hou, S. S., Maci, M., Munting, L. P,, et al.
(2022). Reduced excitatory neuron activity and interneuron-type-specific deficits in a
mouse model of Alzheimer’s disease. Commun. Biol. 5:1323. doi: 10.1038/s42003-022-
04268-x

Ambrad Giovannetti, E., and Fuhrmann, M. (2019). Unsupervised excitation:
GABAergic dysfunctions in Alzheimer’s disease. Brain Res. 1707, 216-226. doi: 10.
1016/j.brainres.2018.11.042

Andersen, J. V., Skotte, N., Christensen, S., Polli, F., Shabani, M., Markussen, K.,
et al. (2021). Hippocampal disruptions of synaptic and astrocyte metabolism are
primary events of early amyloid pathology in the 5XFAD mouse model of Alzheimer’s
disease. Cell Death Dis. 12:954. doi: 10.2139/ssrn.3838989

Angel, A., Volkman, R, Royal, T. G., and Offen, D. (2020). Caspase-6 knockout in
the 5xFAD model of Alzheimer’s disease reveals favorable outcome on memory and
neurological hallmarks. Int. J. Mol. Sci. 21:1144. doi: 10.3390/ijms21031144

Apostolova, L. G., Akopyan, G. G., Partiali, N, Steiner, C. A., Dutton, R. A., Hayashi,
K. M., et al. (2007). Structural correlates of apathy in Alzheimer’s disease. Dement.
Geriatr. Cogn. Disord. 24, 91-97. doi: 10.1159/000103914

AranOelovie, J., Santraé, A., Batinie, B., Todoroviz, L., Ahmed Khan, M. Z,,
Rashid, F., et al. (2021). Positive and negative selective allosteric modulators of a5

Frontiers in Aging Neuroscience

15

10.3389/fnagi.2024.1487875

article. This work was supported by grants from the
National Institute of Health (NIH RO01EY019049-S1 and
RO1AG089756 to HT) and the Cure Alzheimer’s Fund

(to HT). LZ was supported by NIH grants (DC008983, MH116990,
and DC020887). G-WZ was supported by Alzheimer’s Association
grant (AARF-23-1148428).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The authors declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the
peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

GABAA receptors: Effects on emotionality, motivation, and motor function in the
5xFAD model of Alzheimer’s disease. J. Alzheimers Dis. 84, 1291-1302. doi: 10.3233/
jad-215079

Auld, D. S., Kornecook, T. J., Bastianetto, S., and Quirion, R. (2002). Alzheimer’s
disease and the basal forebrain cholinergic system. Prog. Neurobiol. 68, 209-245.
doi: 10.1016/S0301-0082(02)00079-5

Babulal, G. M., Chen, L., Doherty, J. M., Murphy, S. A., Johnson, A. M., and Roe,
C. M. (2022). Longitudinal changes in anger, anxiety, and fatigue are associated with
cerebrospinal fluid biomarkers of Alzheimer’s disease. J. Alzheimers Dis. 84, 141-148.
doi: 10.3233/jad-215708

Bachiller, S., Hidalgo, L., Garcia, M. G., Boza-Serrano, A., Paulus, A., Denis, Q.,
etal. (2022). Early-life stress elicits peripheral and brain immune activation differently
in wild type and 5xFAD mice in a sex-specific manner. J. Neuroinflamm. 19:151.
doi: 10.1186/s12974-022-02515-w

Baillon, S., Gasper, A., Wilson-Morkeh, F., Pritchard, M., Jesu, A., and Velayudhan,
L. (2019). Prevalence and severity of neuropsychiatric symptoms in early- versus
late-onset Alzheimer’s disease. Am. J. Alzheimers Dis. Other Dement. 34, 433-438.
doi: 10.1177/1533317519841191

Ballard, C. G., O’Brien, J. T., Swann, A. G., Thompson, P., Neill, D., and
McKeith, 1. G. (2001). The natural history of psychosis and depression in
dementia with Lewy bodies and Alzheimer’s disease: Persistence and new cases
over 1 year of follow-up. J. Clin. Psychiatry 62, 46-49. doi: 10.4088/jcp.v62n
0110

Ballard, C., and Corbett, A. (2013). Agitation and aggression in people
with Alzheimer’s disease. Curr. Opin. Psychiatry 26, 252-259. doi: 10.1097/YCO.
0b013e32835f414b

Benussi, A., Premi, E., Gazzina, S., Brattini, C., Bonomi, E., Alberici, A., et al.
(2021). Progression of behavioral disturbances and neuropsychiatric symptoms in
patients with genetic frontotemporal dementia. JAMA Netw. Open 4:€2030194. doi:
10.1001/jamanetworkopen.2020.30194

Bergamini, G., Massinet, H., Durkin, S., and Steiner, M. A. (2022). Longitudinal
assessment of aggression and circadian rhythms in the APPswe mouse model
of Alzheimer's disease. Physiol. Behav. 250:113787. doi: 10.1016/j.physbeh.2022.
113787

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.1146/annurev-med-053013-062946
https://doi.org/10.1146/annurev-med-053013-062946
https://doi.org/10.1371/journal.pone.0045179
https://doi.org/10.1371/journal.pone.0045179
https://doi.org/10.1093/ijnp/pyv062
https://doi.org/10.1093/ijnp/pyv062
https://doi.org/10.1016/j.bbr.2010.07.016
https://doi.org/10.1038/s42003-022-04268-x
https://doi.org/10.1038/s42003-022-04268-x
https://doi.org/10.1016/j.brainres.2018.11.042
https://doi.org/10.1016/j.brainres.2018.11.042
https://doi.org/10.2139/ssrn.3838989
https://doi.org/10.3390/ijms21031144
https://doi.org/10.1159/000103914
https://doi.org/10.3233/jad-215079
https://doi.org/10.3233/jad-215079
https://doi.org/10.1016/S0301-0082(02)00079-5
https://doi.org/10.3233/jad-215708
https://doi.org/10.1186/s12974-022-02515-w
https://doi.org/10.1177/1533317519841191
https://doi.org/10.4088/jcp.v62n0110
https://doi.org/10.4088/jcp.v62n0110
https://doi.org/10.1097/YCO.0b013e32835f414b
https://doi.org/10.1097/YCO.0b013e32835f414b
https://doi.org/10.1001/jamanetworkopen.2020.30194
https://doi.org/10.1001/jamanetworkopen.2020.30194
https://doi.org/10.1016/j.physbeh.2022.113787
https://doi.org/10.1016/j.physbeh.2022.113787
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

Blanc, F., Noblet, V., Philippi, N., Cretin, B., Foucher, J., Armspach, J.-P.,
et al. (2014). Right anterior insula: Core region of hallucinations in cognitive
neurodegenerative diseases. PLoS One 9:e114774. doi: 10.1371/journal.pone.0114774

Bonzanni, M., Braga, A, Saito, T., Saido, T. C., Tesco, G., and Haydon, P. G. (2024).
Adenosine deficiency facilitates CA1 synaptic hyperexcitability in the presymptomatic
phase of a knock in mouse model of Alzheimer’s disease. bioRxiv [Preprint] doi:
10.1101/2024.04.24.590882

Bories, C., Guitton, M. J., Julien, C., Tremblay, C., Vandal, M., Msaid, M., et al.
(2012). Sex-dependent alterations in social behaviour and cortical synaptic activity
coincide at different ages in a model of Alzheimer’s disease. PLoS One 7:e46111.
doi: 10.1371/journal.pone.0046111

Botto, R., Callai, N., Cermelli, A., Causarano, L., and Rainero, I. (2022). Anxiety and
depression in Alzheimer’s disease: A systematic review of pathogenetic mechanisms
and relation to cognitive decline. Neurol. Sci. 43, 4107-4124. doi: 10.1007/s10072-022-
06068-x

Bourgeois, A., Lauritzen, L., Lorivel, T., Bauer, C., Checler, F, Pardossi-Piquard, R.et
al. (2018). Intraneuronal accumulation of C99 contributes to synaptic alterations,
apathy-like behavior, and spatial learning deficits in 3xTgAD and 2xTgAD mice.
Neurobiol. Aging 71, 21-31. doi: 10.1016/j.neurobiolaging.2018.06.038

Boza-Serrano, A., Yang, Y., Paulus, A., and Deierborg, T. (2018). Innate immune
alterations are elicited in microglial cells before plaque deposition in the Alzheimer’s
disease mouse model 5xFAD. Sci. Rep. 8:1550. doi: 10.1038/541598-018-19699-y

Breitve, M. H., Hynninen, M. J., Bronnick, K., Chwiszczuk, L. J., Auestad, B.,
Aarsland, D., et al. (2016). A longitudinal study of anxiety and cognitive decline
in dementia with Lewy bodies and Alzheimer’s disease. Alzheimers Res. Ther. 8:3.
doi: 10.1186/s13195-016-0171-4

Brommelhoff, J. A., and Sultzer, D. L. (2015). Brain Structure and function related
to depression in Alzheimer’s Disease: Contributions from neuroimaging research.
J. Alzheimers Dis. 45, 689-703. doi: 10.3233/JAD- 148007

Brommelhoff, J. A., Spann, B. M., Go, J. L., Mack, W. J., and Gatz, M. (2011). Striatal
hypodensities, not white matter hypodensities on CT, are associated with late-onset
depression in Alzheimers disease. J. Aging Res. 2011:187219. doi: 10.4061/2011/187219

Brookmeyer, R., Abdalla, N., Kawas, C. H., and Corrada, M. M. (2018). Forecasting
the prevalence of preclinical and clinical Alzheimer’s disease in the United States.
Alzheimers Dement. 14, 121-129. doi: 10.1016/j.jalz.2017.10.009

Bruen, P. D., McGeown, W. J., Shanks, M. F., and Venneri, A. (2008).
Neuroanatomical correlates of neuropsychiatric symptoms in Alzheimer’s disease.
Brain 131, 2455-2463. doi: 10.1093/brain/awn151

Busche, M. A., and Konnerth, A. (2015). Neuronal hyperactivity - A key defect in
Alzheimer’s disease? BioEssays 37, 624-632. doi: 10.1002/bies.201500004

Cambre, E., Christenfeld, E., Torres, A. H., and Canetta, S. (2023). Measuring
motivation using the progressive ratio task in adolescent mice. Curr. Protoc. 3:€776.
doi: 10.1002/cpz1.776

Campbell, S., and MacQueen, G. (2004). The role of the hippocampus in the
pathophysiology of major depression. J. Psychiatry Neurosci. 29:417.

Carrarini, C., Russo, M., Dono, F., Barbone, F., Rispoli, M. G., Ferri, L., et al. (2021).
Agitation and dementia: Prevention and treatment strategies in acute and chronic
conditions. Front. Neurol. 12:644317. doi: 10.3389/fneur.2021.644317

Cassano, T., Serviddio, G., Gaetani, S., Romano, A., Dipasquale, P., Cianci, S.,
et al. (2012). Glutamatergic alterations and mitochondrial impairment in a murine
model of Alzheimer disease. Neurobiol. Aging 33, 1121.e1-1121.e12. doi: 10.1016/j.
neurobiolaging.2011.09.021

Chemerinski, E., Petracca, G., Teson, A., Sabe, L., Leiguarda, R,, and Starkstein,
S. E. (1998). Prevalence and Correlates of Aggressive Behavior in Alzheimer’s Disease.
J. Neuropsychiatry Clin. Neurosci. 10, 421-425. doi: 10.1176/jnp.10.4.421

Chen, Y., Dang, M., and Zhang, Z. (2021). Brain mechanisms underlying
neuropsychiatric symptoms in Alzheimer’s disease: A systematic review of symptom-
general and —specific lesion patterns. Mol. Neurodegener. 16:38. doi: 10.1186/s13024-
021-00456-1

Chen, Y., Peng, H., Zhuang, K., Xie, W., Li, C., Chen, M., et al. (2024). A cingulate-
hippocampal circuit mediates early depressive-like behavio r in the mouse model of
Alzheimer disease. iScience 27:109778. doi: 10.1016/j.isci.2024.109778

Chen, Y.-J, Wang, W.F, Jhang, K-M, Chang, M.-C, Chang, C.-
C.,, and Liao, Y.-C. (2022). Prediction of institutionalization for patients
with dementia in taiwan according to condition at entry to dementia
collaborative care. J. Appl. Gerontol. 41, 1357-1364. doi: 10.1177/0733464821107
3129

Chiu, P.-Y., and Chung, C.-L. (2006). Delusions in patients with very mild, mild and
moderate Alzheimer’s disease. Acta Neurol. Taiwanica 15, 21-25.

Choi, S. S. W., Budhathoki, C., and Gitlin, L. N. (2019). Impact of three dementia-
related behaviors on caregiver depression: The role of rejection of care, aggression, and
agitation. Int. J. Geriatr. Psychiatry 34, 966-973. doi: 10.1002/gps.5097

Choudhury, N., Chen, L., Al-Harthi, L., and Hu, X.-T. (2023). Hyperactivity of
medial prefrontal cortex pyramidal neurons occurs in a mouse model of early-stage

Alzheimer’s disease without B-amyloid accumulation. Front. Pharmacol. 14:1194869.
doi: 10.3389/fphar.2023.1194869

Frontiers in Aging Neuroscience

16

10.3389/fnagi.2024.1487875

Colaianna, M., Tucci, P., Zotti, M., Morgese, M., Schiavone, S., Govoni, S.,
et al. (2010). Soluble Bamyloid1-42: A critical player in producing behavioural and
biochemical changes evoking depressive-related state? Br. J. Pharmacol. 159, 1704
1715. doi: 10.1111/j.1476-5381.2010.00669.x

Colby-Milley, J., Cavanagh, C., Jego, S., Breitner, J. C. S., Quirion, R,, and
Adamantidis, A. (2015). Sleep-wake Cycle dysfunction in the TgCRND8 mouse
model of Alzheimer’s disease: From early to advanced pathological stages. PLoS One
10:¢0130177. doi: 10.1371/journal.pone.0130177

Collins, J. D., Henley, S. M. D., and Sudrez-Gonzalez, A. (2023). A systematic
review of the prevalence of depression, anxiety, and apathy in frontotemporal
dementia, atypical and young-onset Alzheimer’s disease, and inherited dementia. Int.
Psychogeriatr. 35, 457-476. doi: 10.1017/S1041610220001118

Craig, D., Mirakhur, A., Hart, D. J., Mcllroy, S. P., and Passmore, A. P. (2005). A
cross-sectional study of neuropsychiatric symptoms in 435 patients with Alzheimer’s
disease. Am. J. Geriatr. Psychiatry 13, 460-468. doi: 10.1176/appi.ajgp.13.6.460

Cummings, J. (2020). The neuropsychiatric inventory: Development and
applications. J. Geriatr. Psychiatry Neurol. 33, 73-84. doi: 10.1177/089198871988
2102

Cushing, S. D., Skelin, I., Moseley, S. C., Stimmell, A. C., Dixon, J. R,, Melilli, A. S.,
et al. (2020). Impaired hippocampal-cortical interactions during sleep in a mouse
model of Alzheimer’s disease. Curr. Biol. 30, 2588-2601.e5. doi: 10.1016/j.cub.2020.
04.087

Custo, M. T. G, Lang, M. K., Barker, W. W., Gonzalez, J., Vélez-Uribe, L., Arruda,
F., et al. (2024). The association of depression and apathy with Alzheimer’s disease
biomarkers in a cross-cultural sample. Appl. Neuropsychol. Adult 31, 849-865. doi:
10.1080/23279095.2022.2079414

Das, S. (2023). Alzheimer’s type neuropathological changes in a patient with
depression and anxiety: A case report and literature review of neuropathological
correlates of neuropsychiatric symptoms in Alzheimer’s disease. Case Rep. Neurol.
Med. 2023:5581288. doi: 10.1155/2023/5581288

de Mauleon, A., Delrieu, J., Cantet, C., Vellas, B., Andrieu, S., Rosenberg, P. B., et al.
(2020). Longitudinal course of agitation and aggression in patients with Alzheimer’s
disease in a cohort study: Methods, baseline and longitudinal results of the A3C study.
J. Prev. Alzheimers Dis. 8, 199-209. doi: 10.14283/jpad.2020.66

Defrancesco, M., Marksteiner, J., Kemmler, G., Dal-Bianco, P., Ransmayr, G.,
Benke, T., et al. (2020). Specific neuropsychiatric symptoms are associated with
faster progression in Alzheimer’s disease: Results of the Prospective Dementia
Registry (PRODEM-Austria). J. Alzheimers Dis. 73, 125-133. doi: 10.3233/JAD-
190662

Delgado, P. L. (2000). Depression: The case for a monoamine deficiency. J. Clin.
Psychiatry 61(Suppl. 6), 7-11.

Desmarais, P., Gao, A. F., Lanctot, K., Rogaeva, E., Ramirez, J., Herrmann, N.,
et al. (2021). White matter hyperintensities in autopsy-confirmed frontotemporal
lobar degeneration and Alzheimer’s disease. Alzheimers Res. Ther. 13:129. doi: 10.1186/
s13195-021-00869-6

Deutsch, L. H., Bylsma, F. W., Rovner, B. W, Steele, C., and Folstein, M. F. (1991).
Psychosis and physical aggression in probable Alzheimer’s Disease. Am. J. Psychiatry
148, 1159-1163. doi: 10.1176/ajp.148.9.1159

Dolotov, O. V., Inozemtseva, L. S., Myasoedov, N. F., and Grivennikov, . A. (2022).
Stress-induced depression and Alzheimer’s disease: Focus on astrocytes. Int. J. Mol. Sci.
23:4999. doi: 10.3390/ijms23094999

Dong, H., Locci, A., Keszycki, R. M., Orellana, H. D., Rodriguez, G., and Fisher,
D. W. (2020). Characterization and comparison of memory and affective behavior
in common transgenic mouse models of Alzheimer’s disease. Alzheimers Dement.
16:€045211. doi: 10.1002/alz.045211

Donovan, N. J., Locascio, J. J., Marshall, G. A., Gatchel, J., Hanseeuw, B. J., Rentz,
D. M, et al. (2018). Longitudinal association of amyloid beta and anxious-depressive
symptoms in cognitively normal older adults. Am. J. Psychiatry 175, 530-537. doi:
10.1176/appi.ajp.2017.17040442

Drew, V.J., Wang, C., and Kim, T. (2023). Progressive sleep disturbance in various
transgenic mouse models of Alzheimer’s disease. Front. Aging Neurosci. 15:1119810.
doi: 10.3389/fnagi.2023.1119810

Dumont, M., Stack, C., Elipenahli, C., Jainuddin, S., Gerges, M., Starkova, N.N,, et al.
(2011). Behavioral deficit, oxidative stress, and mitochondrial dysfunction precede
tau pathology in P301S transgenic mice. FASEB J. 25, 4063-4072. doi: 10.1096/fj.11-
186650

Edwin, T. H,, Strand, B. H., Persson, K., Engedal, K., Selbzk, G., and Knapskog, A.-
B. (2021). Neuropsychiatric symptoms and comorbidity: Associations with dementia
progression rate in a memory clinic cohort. Int. J. Geriatr. Psychiatry 36, 960-969.
doi: 10.1002/gps.5500

Eeza, M. N. H,, Singer, R., Hofling, C., Matysik, J., de Groot, H. J. M., RoPner,
S., et al. (2021). Metabolic profiling of suprachiasmatic nucleus reveals multifaceted

effects in an Alzheimer’s disease mouse model. J. Alzheimers Dis. 81, 797-808. doi:
10.3233/jad-201575

Ehrenberg, A.J., Suemoto, C. K., Franga Resende, E. P., Petersen, C., Leite, R. E. P,,
Rodriguez, R. D,, et al. (2018). Neuropathologic correlates of psychiatric symptoms in
Alzheimer’s disease. J. Alzheimers Dis. 66, 115-126. doi: 10.3233/JAD- 180688

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.1371/journal.pone.0114774
https://doi.org/10.1101/2024.04.24.590882
https://doi.org/10.1101/2024.04.24.590882
https://doi.org/10.1371/journal.pone.0046111
https://doi.org/10.1007/s10072-022-06068-x
https://doi.org/10.1007/s10072-022-06068-x
https://doi.org/10.1016/j.neurobiolaging.2018.06.038
https://doi.org/10.1038/s41598-018-19699-y
https://doi.org/10.1186/s13195-016-0171-4
https://doi.org/10.3233/JAD-148007
https://doi.org/10.4061/2011/187219
https://doi.org/10.1016/j.jalz.2017.10.009
https://doi.org/10.1093/brain/awn151
https://doi.org/10.1002/bies.201500004
https://doi.org/10.1002/cpz1.776
https://doi.org/10.3389/fneur.2021.644317
https://doi.org/10.1016/j.neurobiolaging.2011.09.021
https://doi.org/10.1016/j.neurobiolaging.2011.09.021
https://doi.org/10.1176/jnp.10.4.421
https://doi.org/10.1186/s13024-021-00456-1
https://doi.org/10.1186/s13024-021-00456-1
https://doi.org/10.1016/j.isci.2024.109778
https://doi.org/10.1177/07334648211073129
https://doi.org/10.1177/07334648211073129
https://doi.org/10.1002/gps.5097
https://doi.org/10.3389/fphar.2023.1194869
https://doi.org/10.1111/j.1476-5381.2010.00669.x
https://doi.org/10.1371/journal.pone.0130177
https://doi.org/10.1017/S1041610220001118
https://doi.org/10.1176/appi.ajgp.13.6.460
https://doi.org/10.1177/0891988719882102
https://doi.org/10.1177/0891988719882102
https://doi.org/10.1016/j.cub.2020.04.087
https://doi.org/10.1016/j.cub.2020.04.087
https://doi.org/10.1080/23279095.2022.2079414
https://doi.org/10.1080/23279095.2022.2079414
https://doi.org/10.1155/2023/5581288
https://doi.org/10.14283/jpad.2020.66
https://doi.org/10.3233/JAD-190662
https://doi.org/10.3233/JAD-190662
https://doi.org/10.1186/s13195-021-00869-6
https://doi.org/10.1186/s13195-021-00869-6
https://doi.org/10.1176/ajp.148.9.1159
https://doi.org/10.3390/ijms23094999
https://doi.org/10.1002/alz.045211
https://doi.org/10.1176/appi.ajp.2017.17040442
https://doi.org/10.1176/appi.ajp.2017.17040442
https://doi.org/10.3389/fnagi.2023.1119810
https://doi.org/10.1096/fj.11-186650
https://doi.org/10.1096/fj.11-186650
https://doi.org/10.1002/gps.5500
https://doi.org/10.3233/jad-201575
https://doi.org/10.3233/jad-201575
https://doi.org/10.3233/JAD-180688
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

Eikelboom, W. S., Pan, M., Ossenkoppele, R., Coesmans, M., Gatchel, J. R., Ismail,
Z., et al. (2022). Sex differences in neuropsychiatric symptoms in Alzheimer’s disease
dementia: A meta-analysis. Alzheimers Res. Ther. 14:48. doi: 10.1186/s13195-022-
00991-z

Elder, G. J., and Taylor, J.-P. (2014). Transcranial magnetic stimulation and
transcranial direct current stimulation: Treatments for cognitive and neuropsychiatric
symptoms in the neurodegenerative dementias? Alzheimers Res. Ther. 6:74. doi: 10.
1186/513195-014-0074-1

Falgas, N., Allen, L. E., Spina, S., Grant, H., Escudero, S. D. P., Merrilees, J., et al.
(2021). The severity of neuropsychiatric symptoms is higher in early-onset than
late-onset Alzheimer’s disease. Eur. J. Neurol. 29, 957-967. doi: 10.1111/ene.15203

Fang, W, Xiao, N, Zeng, G., Bi, D., Dai, X., Mi, X,, et al. (2021). APOE4 genotype
exacerbates the depression-like behavior of mice during aging through ATP decline.
Transl. Psychiatry 11:507. doi: 10.1038/s41398-021-01631-0

Ferndndez-Pérez, E. J., Gallegos, S., Armijo-Weingart, L., Araya, A., Riffo-Lepe,
N. O., Cayuman, F,, et al. (2020). Changes in neuronal excitability and synaptic
transmission in nucleus accumbens in a transgenic Alzheimer’s disease mouse model.
Sci. Rep. 10:19606. doi: 10.1038/s41598-020-76456-w

Ferreira, M. D. C., Abreu, M. J., Machado, C., Santos, B., Machado, A, Costa, A. S.,
et al. (2018). Neuropsychiatric profile in early versus late onset Alzheimer’s disease.
Am. J. Alzheimers Dis. Other Demen. 33, 93-99. doi: 10.1177/1533317517744061

Forsell, Y., and Winblad, B. (1997). Anxiety disorders in non-demented and
demented elderly patients: Prevalence and correlates. J. Neurol. Neurosurg. Psychiatry
62, 294-295.

Forstl, H., Burns, A., Luthert, P., Cairns, N., Lantos, P., and Levy, R. (1992). Clinical
and neuropathological correlates of depression in Alzheimer’s disease. Psychol. Med.
22, 877-884. doi: 10.1017/S0033291700038459

Fujishiro, H., Umegaki, H., Isojima, D., Akatsu, H., Iguchi, A., and Kosaka, K.
(2006). Depletion of cholinergic neurons in the nucleus of the medial septum and the
vertical limb of the diagonal band in dementia with Lewy bodies. Acta Neuropathol.
(Berl.) 111, 109-114. doi: 10.1007/s00401-005-0004-1

Fuster-Matanzo, A., Llorens-Martin, M., de Barreda, E. G., Avila, J., and Hernandez,
F. (2011). Different susceptibility to neurodegeneration of dorsal and ventral
hippocampal dentate gyrus: A study with transgenic mice overexpressing GSK3p. PLoS
One 6:¢27262. doi: 10.1371/journal.pone.0027262

Gao, J., Chen, Y., Su, D.-Y., Marshall, C., and Xiao, M. (2018). Depressive-
and anxiety-like phenotypes in young adult APPSwe/PS1dE9 transgenic mice with
insensitivity to chronic mild stress. Behav. Brain Res. 353, 114-123. doi: 10.1016/j.bbr.
2018.07.007

Garcia, M. G., Paulus, A., Vizquez-Reyes, S., Klementieva, O., Gouras, G. K,
Bachiller, S., et al. (2023). Maternal separation differentially modulates early pathology
by sex in 5xFAD Alzheimer’s disease-transgenic mice. Brain Behav. Immun. Health
32:100663. doi: 10.1016/j.bbih.2023.100663

Garcia-Alberca, J. M., Lara, J. P., and Berthier, M. L. (2011). Anxiety and depression
in caregivers are associated with patient and caregiver characteristics in Alzheimer’s
disease. Int. J. Psychiatry Med. 41, 57-69. doi: 10.2190/PM.41.1.f

Garcia-Alloza, M., Gil-Bea, F. J., Diez-Ariza, M., Chen, C. P. L.-H., Francis, P. T.,
Lasheras, B., etal. (2005). Cholinergic-serotonergic imbalance contributes to cognitive
and behavioral symptoms in Alzheimer’s disease. Neuropsychologia 43, 442-449. doi:
10.1016/j.neuropsychologia.2004.06.007

Geda, Y. E., Roberts, R. O., Mielke, M. M., Knopman, D. S., Christianson,
T. J. H.,, Pankratz, V. S, et al. (2014). Baseline neuropsychiatric symptoms
and the risk of incident mild cognitive impairment: A population-based
study. Am. J. Psychiatry 171, 572-581. doi: 10.1176/appi.ajp.2014.1306
0821

Geda, Y. E., Schneider, L. S., Gitlin, L. N., Miller, D. S., Smith, G. S., Bell, J.,
et al. (2013). Neuropsychiatric symptoms in Alzheimer’s disease: Past progress and
anticipation of the future. Alzheimers Dement. 9:602. doi: 10.1016/j.jalz.2012.12.001

Geng, C., Tan, L., and Chen, C. (2024). Neuropsychiatric symptoms profile and
markers of Alzheimer disease-type pathology in patients with Lewy body dementias.
Brain Res. 1833:148881. doi: 10.1016/j.brainres.2024.148881

Geroldi, C., Bresciani, L., Zanetti, O., and Frisoni, G. B. (2002). Regional brain
atrophy in patients with mild Alzheimer’s disease and delusions. Int. Psychogeriatr.
14, 365-378. doi: 10.1017/S1041610202008566

Gibson, L. L., Grinberg, L. T., Ffytche, D., Leite, R. E. P., Rodriguez, R. D., Ferretti-
Rebustini, R. E. L., et al. (2022). Neuropathological correlates of neuropsychiatric
symptoms in dementia. Alzheimers Dement. 19:1372. doi: 10.1002/alz.
12765

Gloria, Y., Ceyzériat, K., Tsartsalis, S., Millet, P, and Tournier, B. B. (2021).
Dopaminergic dysfunction in the 3xTg-AD mice model of Alzheimer’s disease. Sci.
Rep. 11:19412. doi: 10.1038/541598-021-99025- 1

Gooch, C. L., Pracht, E., and Borenstein, A. R. (2017). The burden of neurological
disease in the United States: A summary report and call to action. Ann. Neurol. 81,
479-484. doi: 10.1002/ana.24897

Goukasian, N., Hwang, K. S., Romero, T., Grotts, J., Do, T. M., Groh, J. R,
et al. (2019). Association of brain amyloidosis with the incidence and frequency of

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1487875

neuropsychiatric symptoms in ADNI: A multisite observational cohort study. BMJ
Open 9:¢031947. doi: 10.1136/bmjopen-2019-031947

Greig, S. L. (2015). Brexpiprazole: First global approval. Drugs 75, 1687-1697. doi:
10.1007/540265-015-0462-2

Grossman, H. T., Sano, M., Aloysi, A., Elder, G. A., Neugroschl, J., Schimming, C.,
et al. (2021). Prevalent, persistent, and impairing: Longitudinal course and impact of
apathy in Alzheimer’s disease. Alzheimers Dement. 13:e12169. doi: 10.1002/dad2.12169

Gumus, M., Multani, N., Mack, M. L., Tartaglia, M. C., and Alzheimer’s Disease
Neuroimaging Initiative (2021). Progression of neuropsychiatric symptoms in young-
onset versus late-onset Alzheimer’s disease. GeroScience 43, 213-223. doi: 10.1007/
s11357-020-00304-y

Guo, C.,, Wen, D., Zhang, Y., Mustaklem, R., Mustaklem, B., Zhou, M., et al. (2022).
Amyloid-B oligomers in the nucleus accumbens decrease motivation via insertion
of calcium-permeable AMPA receptors. Mol. Psychiatry 27, 2146-2157. doi: 10.1038/
s41380-022-01459-0

Guo, Z., Liu, X,, Xu, S., Hou, H., Chen, X., Zhang, Z., et al. (2018). Abnormal
changes in functional connectivity between the amygdala and frontal regions are
associated with depression in Alzheimer’s disease. Neuroradiology 60, 1315-1322.
doi: 10.1007/s00234-018-2100-7

Giir, E., Fertan, E., Kosel, F., Wong, A. A, Balct, F., and Brown, R. E. (2019). Sex
differences in the timing behavior performance of 3xTg-AD and wild-type mice in the
peak interval procedure. Behav. Brain Res. 360, 235-243. doi: 10.1016/j.bbr.2018.11.
047

Hamaguchi, T., Tsutsui-Kimura, I., Mimura, M., Saito, T, Saido, T. C., and Tanaka,
K. F. (2019). AppNL-G-F/NL-G-F mice overall do not show impaired motivation,
but cored amyloid plaques in the striatum are inversely correlated with motivation.
Neurochem. Int. 129:104470. doi: 10.1016/j.neuint.2019.104470

Hanseeuw, B. ], Jonas, V., Jackson, J., Betensky, R. A., Rentz, D. M., Johnson,
K. A, et al. (2020). Association of anxiety with subcortical amyloidosis in cognitively
normal older adults. Mol. Psychiatry 25, 2599-2607. doi: 10.1038/s41380-018-
0214-2

Hartmann, C., Mahajan, A., Borges, V., Razenberg, L., Thonnes, Y., and Karnani,
M. M. (2024). The Switchmaze: An open-design device for measuring motivation and
drive switching in mice. Peer Commun. J. 4, pcjournal.416. doi: 10.24072/pcjournal.
416

Hashimoto, H., Monserratt, L., Nguyen, P., Feil, D., Harwood, D., Mandelkern,
M. A, etal. (2006). Anxiety and regional cortical glucose metabolism in patients with
Alzheimer’s disease. J. Neuropsychiatry Clin. Neurosci. 18, 521-528. doi: 10.1176/jnp.
2006.18.4.521

Hirono, N., Mori, E., Ishii, K., Ikejiri, Y., Imamura, T., Shimomura, T., et al. (1998).
Frontal lobe hypometabolism and depression in Alzheimer’s disease. Neurology 50,
380-383. doi: 10.1212/wnl.50.2.380

Holroyd, S., Shepherd, M. L., and Downs, J. H. (2000). Occipital atrophy is
associated with visual hallucinations in Alzheimer’s disease. J. Neuropsychiatry Clin.
Neurosci. 12, 25-28. doi: 10.1176/jnp.12.1.25

Holth, J. K., Mahan, T. E., Robinson, G. O., Rocha, A., and Holtzman, D. M. (2017).
Altered sleep and EEG power in the P301S Tau transgenic mouse model. Ann. Clin.
Transl. Neurol. 4, 180-190. doi: 10.1002/acn3.390

Holthoff, V., Beuthien-Baumann, B., Kalbe, E., Lidecke, S., Lenz, O., Ziindorf, G.,
et al. (2005). Regional cerebral metabolism in early Alzheimer’s disease with clinically
significant apathy or depression. Biol. Psychiatry 57, 412-421. doi: 10.1016/j.biopsych.
2004.11.035

Hu, X., Okamura, N., Arai, H., Higuchi, M., Maruyama, M., Itoh, M., et al. (2002).
Neuroanatomical correlates of low body weight in Alzheimer’s disease: A PET study.
Prog. Neuropsychopharmacol. Biol. Psychiatry 26, 1285-1289. doi: 10.1016/S0278-
5846(02)00291-9

Hu, Y.-T., Tan, Z.-L., Hirjak, D., and Northoff, G. (2023). Brain-wide changes in
excitation-inhibition balance of major depressive disorder: A systematic review of
topographic patterns of GABA- and glutamatergic alterations. Mol. Psychiatry 28,
3257-3266. doi: 10.1038/s41380-023-02193-x

Huang, H., Nie, S,, Cao, M., Marshall, C, Gao, J., Xiao, N,, et al. (2016).
Characterization of AD-like phenotype in aged APPSwe/PS1dE9 mice. Age 38, 303
322. doi: 10.1007/s11357-016-9929-7

Huey, E. D,, Lee, S., Cheran, G., Grafman, J., Devanand, D. P., and Alzheimer’s
Disease Neuroimaging Initiative (2017). Brain regions involved in arousal and reward
processing are associated with apathy in Alzheimer’s disease and frontotemporal
dementia. J. Alzheimers Dis. 55, 551-558. doi: 10.3233/JAD-160107

Hunsberger, H. C,, Lee, S., Cha, J., Jayaseelan, K., Scarlata, M., Whye, A., et al.
(2021). Anxiety throughout Alzheimer’s disease progression: In mice and (wo)men.
Alzheimers Dement. 17:¢051065. doi: 10.1002/alz.051065

Ikeda, M., Brown, J., Holland, A. J., Fukuhara, R., and Hodges, J. R. (2002).
Changes in appetite, food preference, and eating habits in frontotemporal dementia
and Alzheimer’s disease. J. Neurol. Neurosurg. Amp Psychiatry 73:371. doi: 10.1136/
jnnp.73.4.371

Ismail, Z., Creese, B., Aarsland, D., Kales, H. C. Lyketsos, C. G., Sweet,
R. A, et al. (2022). Psychosis in Alzheimer disease - mechanisms, genetics and

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.1186/s13195-022-00991-z
https://doi.org/10.1186/s13195-022-00991-z
https://doi.org/10.1186/s13195-014-0074-1
https://doi.org/10.1186/s13195-014-0074-1
https://doi.org/10.1111/ene.15203
https://doi.org/10.1038/s41398-021-01631-0
https://doi.org/10.1038/s41598-020-76456-w
https://doi.org/10.1177/1533317517744061
https://doi.org/10.1017/S0033291700038459
https://doi.org/10.1007/s00401-005-0004-1
https://doi.org/10.1371/journal.pone.0027262
https://doi.org/10.1016/j.bbr.2018.07.007
https://doi.org/10.1016/j.bbr.2018.07.007
https://doi.org/10.1016/j.bbih.2023.100663
https://doi.org/10.2190/PM.41.1.f
https://doi.org/10.1016/j.neuropsychologia.2004.06.007
https://doi.org/10.1016/j.neuropsychologia.2004.06.007
https://doi.org/10.1176/appi.ajp.2014.13060821
https://doi.org/10.1176/appi.ajp.2014.13060821
https://doi.org/10.1016/j.jalz.2012.12.001
https://doi.org/10.1016/j.brainres.2024.148881
https://doi.org/10.1017/S1041610202008566
https://doi.org/10.1002/alz.12765
https://doi.org/10.1002/alz.12765
https://doi.org/10.1038/s41598-021-99025-1
https://doi.org/10.1002/ana.24897
https://doi.org/10.1136/bmjopen-2019-031947
https://doi.org/10.1007/s40265-015-0462-2
https://doi.org/10.1007/s40265-015-0462-2
https://doi.org/10.1002/dad2.12169
https://doi.org/10.1007/s11357-020-00304-y
https://doi.org/10.1007/s11357-020-00304-y
https://doi.org/10.1038/s41380-022-01459-0
https://doi.org/10.1038/s41380-022-01459-0
https://doi.org/10.1007/s00234-018-2100-7
https://doi.org/10.1016/j.bbr.2018.11.047
https://doi.org/10.1016/j.bbr.2018.11.047
https://doi.org/10.1016/j.neuint.2019.104470
https://doi.org/10.1038/s41380-018-0214-2
https://doi.org/10.1038/s41380-018-0214-2
https://doi.org/10.24072/pcjournal.416
https://doi.org/10.24072/pcjournal.416
https://doi.org/10.1176/jnp.2006.18.4.521
https://doi.org/10.1176/jnp.2006.18.4.521
https://doi.org/10.1212/wnl.50.2.380
https://doi.org/10.1176/jnp.12.1.25
https://doi.org/10.1002/acn3.390
https://doi.org/10.1016/j.biopsych.2004.11.035
https://doi.org/10.1016/j.biopsych.2004.11.035
https://doi.org/10.1016/S0278-5846(02)00291-9
https://doi.org/10.1016/S0278-5846(02)00291-9
https://doi.org/10.1038/s41380-023-02193-x
https://doi.org/10.1007/s11357-016-9929-7
https://doi.org/10.3233/JAD-160107
https://doi.org/10.1002/alz.051065
https://doi.org/10.1136/jnnp.73.4.371
https://doi.org/10.1136/jnnp.73.4.371
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

therapeutic opportunities. Nat. Rev. Neurol. 18, 131-144. doi: 10.1038/s41582-021-
00597-3

Ismail, Z., Elbayoumi, H., Fischer, C. E., Hogan, D. B., Millikin, C., Schweizer, T. A.,
et al. (2017). Prevalence of depression in patients with mild cognitive impairment:
A systematic review and meta-analysis. JAMA Psychiatry 74, 58-67. doi: 10.1001/
jamapsychiatry.2016.3162

Ismail, Z., Herrmann, N., Francis, P. L., Rothenburg, L. S., Lobaugh, N. J,
Leibovitch, F. S., et al. (2009). A SPECT study of sleep disturbance and Alzheimer’s
disease. Dement. Geriatr. Cogn. Disord. 27, 254-259. doi: 10.1159/000203889

Jawhar, S., Trawicka, A., Jenneckens, C., Bayer, T. A., and Wirths, O. (2012). Motor
deficits, neuron loss, and reduced anxiety coinciding with axonal degeneration and
intraneuronal AP aggregation in the 5XFAD mouse model of Alzheimer’s disease.
Neurobiol. Aging 33:196. doi: 10.1016/j.neurobiolaging.2010.05.027

Johansson, M., Stomrud, E., Johansson, P. M., Svenningsson, A., Palmgvist, S.,
Janelidze, S., et al. (2022). Development of apathy, anxiety, and depression in
cognitively unimpaired older adults: Effects of Alzheimer’s disease pathology and
cognitive decline. Biol. Psychiatry 92, 34-43. doi: 10.1016/j.biopsych.2022.01.012

Jul, P, Volbracht, C., de Jong, 1. E. M., Helboe, L., Elvang, A. B., and Pedersen,
J. T. (2015). Hyperactivity with agitative-like behavior in a mouse tauopathy model.
J. Alzheimers Dis. 49, 783-795. doi: 10.3233/jad- 150292

Kai, K., Hashimoto, M., Amano, K., Tanaka, H., Fukuhara, R., and Ikeda, M.
(2015). Relationship between eating disturbance and dementia severity in patients with
Alzheimer’s disease. PLoS One 10:¢0133666. doi: 10.1371/journal.pone.0133666

Kaiser, N. C., Liang, L. J., Melrose, R. J., Wilkins, S. S., Sultzer, D. L., Mendez,
M. F, et al. (2014). Differences in anxiety among patients with early- versus late-onset
Alzheimer’s disease. J. Neuropsychiatry Clin. Neurosci. 26, 73-80. doi: 10.1176/appi.
neuropsych.12100240

Kales, H. C., Gitlin, L. N., Lyketsos, C. G., and Detroit Expert Panel on the
Assessment and Management of the Neuropsychiatric Symptoms of Dementia
(2014). Management of neuropsychiatric symptoms of dementia in clinical settings:
Recommendations from a multidisciplinary expert panel. J. Am. Geriatr. Soc. 62,
762-769. doi: 10.1111/jgs.12730

Keene, J., and Hope, T. (1998). Natural history of hyperphagia and other eating
changes in dementia. Int. J. Geriatr. Psychiatry 13, 700-706. doi: 10.1002/(SICI)1099-
1166(1998100)13:10<700::AID-GPS855<3.0.CO;2-D

Keszycki, R., Rodriguez, G., Locci, A., Orellana, H., Haupfear, I, Dominguez, S.,
et al. (2021). Characterization of apathy-like behaviors and their relationship to Ap
pathology in 5xFAD mice. Alzheimers Dement. 17(Suppl. 3):e057857. doi: 10.1002/alz.
057857

Kim, J. W, Lee, D. Y., Choo, 1. H, Seo, E. H,, Kim, S. G., Park, S. Y., et al.
(2011). Microstructural alteration of the anterior cingulum is associated with apathy
in Alzheimer disease. Am. J. Geriatr. Psychiatry 19, 644-653. doi: 10.1097/jgp.
0b013e31820dcc73

Kim, Y., Kim, J., Kang, S., and Chang, K.-A. (2023). Depressive-like behaviors
induced by mGIuR5 reduction in 6xTg in mouse model of Alzheimer’s disease. Int.
J. Mol. Sci. 24:13010. doi: 10.3390/ijms241613010

Klein, R. C., Mace, B. E., Moore, S. D., and Sullivan, P. M. (2010). Progressive loss
of synaptic integrity in human apoE4 targeted replacement mice and attenuation by
apoE2. Neuroscience 171:1265. doi: 10.1016/j.neuroscience.2010.10.027

Knight, E. M., Verkhratsky, A., Luckman, S. M., Allan, S. M., and Lawrence, C. B.
(2012). Hypermetabolism in a triple-transgenic mouse model of Alzheimer’s disease.
Neurobiol. Aging 33, 187-193. doi: 10.1016/j.neurobiolaging.2010.02.003

Koenig, A. M., Arnold, S. E., and Streim, J. E. (2016). Agitation and irritability in
Alzheimer’s disease: Evidenced-based treatments and the black box warning. Curr.
Psychiatry Rep. 18:3. doi: 10.1007/s11920-015-0640-7

Kosel, F., Hamilton, J. S., Harrison, S. L., Godin, V., and Franklin, T. B. (2021).
Reduced social investigation and increased injurious behavior in transgenic 5xFAD
mice. J. Neurosci. Res. 99, 209-222. doi: 10.1002/jnr.24578

Kosel, F., Hartley, M. R, and Franklin, T. B. (2024). Aberrant cortical activity in
5xFAD mice in response to social and non-social olfactory stimuli. J. Alzheimers Dis.
97, 659-677. doi: 10.3233/JAD-230858

Kosel, F., Torres Munoz, P., Yang, J. R, Wong, A. A, and Franklin, T. B. (2019).
Age-related changes in social behaviours in the 5xFAD mouse model of A Izheimer’s
disease. Behav. Brain Res. 362, 160-172. doi: 10.1016/j.bbr.2019.01.029

Krashia, P., Spoleti, E., and D’Amelio, M. (2022). The VTA dopaminergic system
as diagnostic and therapeutical target for Alzheimer’s disease. Front. Psychiatry
13:1039725. doi: 10.3389/fpsyt.2022.1039725

Krell-Roesch, J., Vassilaki, M., Mielke, M. M., Kremers, W. K., Lowe, V. J., Vemuri,
P., etal. (2019). Cortical B-amyloid burden, neuropsychiatric symptoms, and cognitive
status: The mayo clinic study of aging. Transl. Psychiatry 9:123. doi: 10.1038/s41398-
019-0456-z

Lai, M. K. P,, Tsang, S. W, Esiri, M. M., Francis, P. T., Wong, P. T.-H., and Chen,
C. P. (2011). Differential involvement of hippocampal serotoninlA receptors and re-
uptake sites in non-cognitive behaviors of Alzheimer’s disease. Psychopharmacology
(Berl.) 213, 431-439. doi: 10.1007/s00213-010-1936-2

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1487875

Lanctot, K. L., Ismail, Z., Bawa, K. K., Cummings, J. L., Husain, M., Mortby, M. E.,
et al. (2023). Distinguishing apathy from depression: A review differentiating the
behavioral, neuroanatomic, and treatment-related aspects of apathy from depression
in neurocognitive disorders. Int. J. Geriatr. Psychiatry 38:e5882. doi: 10.1002/gps.5882

Le Heron, C., Apps, M. A. ], and Husain, M. (2018). The anatomy of
apathy: A neurocognitive framework for amotivated behaviour. Neuropsychologia
118, 54-67.

Le Heron, C., Maj, A., Apps, M. A. ]., and Husain, M. (2017). The anatomy of apathy:
A neurocognitive framework for amotivated behaviour. Neuropsychologia 118, 54-67.
doi: 10.1016/j.neuropsychologia.2017.07.003

Lead Tee, B., and Chiu, M.-J. (2017). The correlation of amygdala amyloid pathology
with hyperphagia behavior in a triple transgenic Alzheimer’s mice model. Alzheimers
Dement. 13, 280-281. doi: 10.1016/j.jalz.2017.06.172

Lebedeva, A., Westman, E., Lebedev, A. V., Li, X., Winblad, B., Simmons, A., et al.
(2014). Structural brain changes associated with depressive symptoms in the elderly
with Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 85, 930-935. doi: 10.1136/
jnnp-2013-307110

Ledo, J. H., Azevedo, E. P., Beckman, D., Ribeiro, F. C., Santos, L. E., Razolli,
D. S, etal. (2016). Cross talk between brain innate immunity and serotonin signaling
underlies depressive-like behavior induced by Alzheimer’s Amyloid-p oligomers in
mice. J. Neurosci. 36, 12106-12116. doi: 10.1523/jneurosci.1269-16.2016

Ledo, J. H., Azevedo, E. P., Clarke, J. R,, Ribeiro, F. C., Figueiredo, C. P., Foguel, D.,
et al. (2013). Amyloid-B oligomers link depressive-like behavior and cognitive deficits
in mice. Mol. Psychiatry 18, 1053-1054. doi: 10.1038/mp.2012.168

Lee, G. ], Lu, P. H,, Hua, X,, Lee, S., Wu, S., Nguyen, K,, et al. (2012). Depressive
symptoms in mild cognitive impairment predict greater atrophy in Alzheimer’s
disease-related regions. Biol. Psychiatry 71, 814-821. doi: 10.1016/j.biopsych.2011.12.
024

Lee, H. S., Choo, 1. H., Lee, D. Y., Kim, J. W., Seo, E. H., Kim, S. G,, et al. (2010).
Frontal dysfunction underlies depression in mild cognitive impairment: A FDG-PET
study. Psychiatry Investig. 7:208. doi: 10.4306/pi.2010.7.3.208

Lee, M., Lee, H. J,, Jeong, Y. J., Oh, S. J., Kang, K. J., Han, S. J., et al. (2019). Age
dependency of mGluR5 availability in 5XFAD mice measured by PET. Neurobiol. Aging
84, 208-216. doi: 10.1016/j.neurobiolaging.2019.08.006

Leung, D. K. Y., Chan, W. C,, Spector, A., and Wong, G. H. Y. (2021). Prevalence of
depression, anxiety, and apathy symptoms across dementia stages: A systematic review
and meta-analysis. Int. J. Geriatr. Psychiatry 36, 1330-1344. doi: 10.1002/gps.5556

Levy, M. L., Cummings, J. L., Fairbanks, L. A., Masterman, D., Miller, B. L., Craig,
A. H, et al. (1998). Apathy is not depression. J. Neuropsychiatry Clin. Neurosci. 10,
314-319. doi: 10.1176/jnp.10.3.314

Li, H., Zhao, J., Lai, L., Xia, Y., Wan, C., Wei, S., et al. (2022). Loss of SST and PV
positive interneurons in the ventral hippocampus results in anxiety-like behavior in
5xFAD mice. Neurobiol. Aging 117, 165-178. doi: 10.1016/j.neurobiolaging.2022.05.
013

Li, W, Ali, T., He, K., Zheng, C., Li, N, Yu, Z.-]., et al. (2024). ApoE4 dysregulation
incites depressive symptoms and mitochondrial impairments in mice. J. Cell. Mol.
Med. 28:¢18160. doi: 10.1111/jcmm.18160

Liew, T. M. (2021). Neuropsychiatric symptoms in early stage of Alzheimer’s and
non-Alzheimer’s dementia, and the risk of progression to severe dementia. Age Ageing
50, 1709-1718. doi: 10.1093/ageing/afab044

Linszen, M. M. J., Lemstra, A. W., Dauwan, M., Brouwer, R. M., Scheltens, P.,
Sommer, I. E. C,, et al. (2018). Understanding hallucinations in probable Alzheimer’s
disease: Very low prevalence rates in a tertiary memory clinic. Alzheimers Dement. 10,
358-362. doi: 10.1016/j.dadm.2018.03.005

Liu, C, Liu, S., Wang, X,, and Ji, Y. (2021). Neuropsychiatric profiles in mild
cognitive impairment with Lewy bodies. Aging Ment. Health. 25 2011-2017. doi:
10.1080/13607863.2020.1817311

Liu, M., Xie, X., Xie, J, Tian, S, Du, X, Feng, H., et al. (2023). Early-
onset Alzheimer’s disease with depression as the first symptom: A case report
with literature review. Fromt. Psychiatry 14:1192562. doi: 10.3389/fpsyt.2023.119
2562

Liu, R.-Y., Zhou, J.-N., van Heerikhuize, J., Hofman, M. A., and Swaab, D. F. (1999).
Decreased melatonin levels in postmortem cerebrospinal fluid in relation to aging,
Alzheimer’s disease, and apolipoprotein E-epsilon4/4 genotype. J. Clin. Endocrinol.
Metab. 84, 323-327. doi: 10.1210/jcem.84.1.5394

Locci, A., Orellana, H., Rodriguez, G., Gottliebson, M., McClarty, B., Dominguez,
S., et al. (2021). Comparison of memory, affective behavior, and neuropathology in
APPNLGF knock-in mice to 5xFAD and APP/PS1 mice. Behav. Brain Res. 404:113192.
doi: 10.1016/j.bbr.2021.113192

Lopez-Jimenez, F., Krell-Roesch, J., Vassilaki, M., Mielke, M. M., Kremers, W. K.,
Lowe, V. ], et al. (2019). Cortical B-amyloid burden, neuropsychiatric symptoms,
and cognitive status: The mayo clinic study of aging. Transl. Psychiatry 9:123. doi:
10.1038/541398-019-0456-z

Luo, W., Pryzbyl, K. J., Bigio, E. H., Weintraub, S., Mesulam, M.-M., and
Redei, E. E. (2022). Reduced hippocampal and anterior cingulate expression of

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.1038/s41582-021-00597-3
https://doi.org/10.1038/s41582-021-00597-3
https://doi.org/10.1001/jamapsychiatry.2016.3162
https://doi.org/10.1001/jamapsychiatry.2016.3162
https://doi.org/10.1159/000203889
https://doi.org/10.1016/j.neurobiolaging.2010.05.027
https://doi.org/10.1016/j.biopsych.2022.01.012
https://doi.org/10.3233/jad-150292
https://doi.org/10.1371/journal.pone.0133666
https://doi.org/10.1176/appi.neuropsych.12100240
https://doi.org/10.1176/appi.neuropsych.12100240
https://doi.org/10.1111/jgs.12730
https://doi.org/10.1002/(SICI)1099-1166(1998100)13:10<700::AID-GPS855<3.0.CO;2-D
https://doi.org/10.1002/(SICI)1099-1166(1998100)13:10<700::AID-GPS855<3.0.CO;2-D
https://doi.org/10.1002/alz.057857
https://doi.org/10.1002/alz.057857
https://doi.org/10.1097/jgp.0b013e31820dcc73
https://doi.org/10.1097/jgp.0b013e31820dcc73
https://doi.org/10.3390/ijms241613010
https://doi.org/10.1016/j.neuroscience.2010.10.027
https://doi.org/10.1016/j.neurobiolaging.2010.02.003
https://doi.org/10.1007/s11920-015-0640-7
https://doi.org/10.1002/jnr.24578
https://doi.org/10.3233/JAD-230858
https://doi.org/10.1016/j.bbr.2019.01.029
https://doi.org/10.3389/fpsyt.2022.1039725
https://doi.org/10.1038/s41398-019-0456-z
https://doi.org/10.1038/s41398-019-0456-z
https://doi.org/10.1007/s00213-010-1936-2
https://doi.org/10.1002/gps.5882
https://doi.org/10.1016/j.neuropsychologia.2017.07.003
https://doi.org/10.1016/j.jalz.2017.06.172
https://doi.org/10.1136/jnnp-2013-307110
https://doi.org/10.1136/jnnp-2013-307110
https://doi.org/10.1523/jneurosci.1269-16.2016
https://doi.org/10.1038/mp.2012.168
https://doi.org/10.1016/j.biopsych.2011.12.024
https://doi.org/10.1016/j.biopsych.2011.12.024
https://doi.org/10.4306/pi.2010.7.3.208
https://doi.org/10.1016/j.neurobiolaging.2019.08.006
https://doi.org/10.1002/gps.5556
https://doi.org/10.1176/jnp.10.3.314
https://doi.org/10.1016/j.neurobiolaging.2022.05.013
https://doi.org/10.1016/j.neurobiolaging.2022.05.013
https://doi.org/10.1111/jcmm.18160
https://doi.org/10.1093/ageing/afab044
https://doi.org/10.1016/j.dadm.2018.03.005
https://doi.org/10.1080/13607863.2020.1817311
https://doi.org/10.1080/13607863.2020.1817311
https://doi.org/10.3389/fpsyt.2023.1192562
https://doi.org/10.3389/fpsyt.2023.1192562
https://doi.org/10.1210/jcem.84.1.5394
https://doi.org/10.1016/j.bbr.2021.113192
https://doi.org/10.1038/s41398-019-0456-z
https://doi.org/10.1038/s41398-019-0456-z
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

antioxidant enzymes and membrane progesterone receptors in Alzheimer’s disease
with depression. J. Alzheimers Dis. 89, 309-321. doi: 10.3233/JAD-220574

Lyketsos, C. G., Lopez, O., Jones, B., Fitzpatrick, A. L., Breitner, J., DeKosky, S.,
etal. (2002). Prevalence of neuropsychiatric symptoms in dementia and mild cognitive
impairment: Results from the cardiovascular health study. JAMA 288, 1475-1483.
doi: 10.1001/jama.288.12.1475

Ma, L. (2020). Depression, anxiety, and apathy in mild cognitive impairment:
Current perspectives. Front. Aging Neurosci. 12:9. doi: 10.3389/fnagi.2020.00009

Maezono, S. E. B., Kanuka, M., Tatsuzawa, C., Morita, M., Kawano, T., Kashiwagi,
M., et al. (2020). Progressive changes in sleep and its relations to amyloid-p
distribution and learning in single app knock-in mice. eNeuro 7:ENEURO.0093-
20.2020. doi: 10.1523/ENEURO.0093-20.2020

Mah, L., Binns, M. A, and Steffens, D. C. (2015). Anxiety symptoms in amnestic
mild cognitive impairment are associated with medial temporal atrophy and predict
conversion to Alzheimer disease. Am. J. Geriatr. Psychiatry 23, 466-476. doi: 10.1016/
j.jagp.2014.10.005

Marshall, G. A., Donovan, N. J., Lorius, N., Gidicsin, C., Maye, J. E., Pepin,
L. C, et al. (2013). Apathy is associated with increased amyloid burden in mild
cognitive impairment. J. Neuropsychiatry Clin. Neurosci. 25, 302-307. doi: 10.1176/
appi.neuropsych.12060156

Marshall, G. A., Fairbanks, L. A., Tekin, S., Vinters, H. V., and Cummings, J. L.
(2006). Neuropathologic correlates of apathy in Alzheimer’s disease. Dement. Geriatr.
Cogn. Disord. 21, 144-147. doi: 10.1159/000090674

Marshall, G. A., Monserratt, L., Harwood, D. G., Mandelkern, M., Cummings, J. L.,
and Sultzer, D. L. (2007). Positron emission tomography metabolic correlates of apathy
in Alzheimer disease. JAMA Neurol. 64, 1015-1020. doi: 10.1001/archneur.64.7.1015

Martinez, N. F., Allen, 1. E., Kramer, J., Rosen, H., Miller, B., Rabinovici, G., et al.
(2021). Neuropsychiatric symptoms in early and late onset Alzheimer’s Disease (2452).
Neurology 96(15_suppl), doi: 10.1212/wnl.96.15_supplement.2452

Martin-Sanchez, A., Pifiero, J., Nonell, L., Arnal, M., Ribe, E. M., Nevado-Holgado,
A. ], etal. (2021). Comorbidity between Alzheimer’s disease and major depression: A
behavioural and transcriptomic characterization study in mice. Alzheimers Res. Ther.
13:73. doi: 10.1186/s13195-021-00810-x

Martorana, A., and Koch, G. (2014). Is dopamine involved in Alzheimer’s disease?
Front. Aging Neurosci. 6:252. doi: 10.3389/fnagi.2014.00252

McCurry, S. M., and Ancoli-Israel, S. (2003). Sleep dysfunction in Alzheimer’s
disease and other dementias. Curr. Treat. Options Neurol. 5, 261-272. doi: 10.1007/
$11940-003-0017-9

Melis, V., Zabke, C., Stamer, K., Magbagbeolu, M., Schwab, K., Marschall, P.,
et al. (2015). Different pathways of molecular pathophysiology underlie cognitive
and motor tauopathy phenotypes in transgenic models for Alzheimer’s disease and
frontotemporal lobar degeneration. Cell. Mol. Life Sci. 72, 2199-2222. doi: 10.1007/
s00018-014-1804-z

Mendez, M. F. (2021). The relationship between anxiety and Alzheimer’s disease.
J. Alzheimers Dis. Rep. 5, 171-177. doi: 10.3233/ADR-210294

Michaud, F., Francavilla, R., Topolnik, D., lloun, P., Tamboli, S., Calon, F., et al.
(2024). Altered firing output of VIP interneurons and early dysfunctions in CAl
hippocampal circuits in the 3xTg mouse model of Alzheimer’s disease. eLife 13:R95412.
doi: 10.7554/eLife.95412

Minakawa, E. N., Miyazaki, K., Maruo, K., Yagihara, H., Fujita, H., Wada, K., et al.
(2017). Chronic sleep fragmentation exacerbates amyloid p deposition in Alzheimer’s
disease model mice. Neurosci. Lett. 653, 362-369. doi: 10.1016/j.neulet.2017.05.054

Minger, S. L., Esiri, M. M., McDonald, B., Keene, J., Carter, J., Hope, T, et al. (2000).
Cholinergic deficits contribute to behavioral disturbance in patients with dementia.
Neurology 55, 1460-1467. doi: 10.1212/WNL.55.10.1460

Mintzer, J., Lanctot, K. L., Scherer, R. W., Rosenberg, P. B., Herrmann, N., van Dyck,
C. H,, et al. (2021). Effect of methylphenidate on apathy in patients with Alzheimer
disease: The ADMET 2 randomized clinical trial. JAMA Neurol. 78, 1324-1332. doi:
10.1001/jamaneurol.2021.3356

Mitchell, R. A., Herrmann, N., and Lanct6t, K. L. (2011). The role of dopamine in
symptoms and treatment of apathy in Alzheimer’s disease. CNS Neurosci. Ther. 17,
411-427. doi: 10.1111/j.1755-5949.2010.00161.x

Mohamed Nour, A. E. A, Jiao, Y., Teng, G.-J, and Alzheimers Disease
Neuroimaging Initiative (2021). Neuroanatomical associations of depression, anxiety
and apathy neuropsychiatric symptoms in patients with Alzheimer’s disease. Acta
Neurol. Belg. 121, 1469-1480. doi: 10.1007/s13760-020-01349-8

Mohammad Shehata, 1., Masood, W., Nemr, N., Anderson, A., Bhusal, K., Edinoff,
A.N,, etal. (2022). The possible application of ketamine in the treatment of depression
in Alzheimer’s disease. Neurol. Int. 14, 310-321. doi: 10.3390/neurolint14020025

Morgastrern, I, He, D., Horowitz, J., Zenowich, R., Knodle, P., Bleckert, A., et al.
(2018). P1-488: Behavioral manifestations, aggression and plaque distribution in
transgenic mouse models of Alzheimer’s disease. Alzheimers Dement. 14, 515-515.
doi: 10.1016/j.jalz.2018.06.498

Mori, T., Shimada, H., Shinotoh, H., Hirano, S., Eguchi, Y., Yamada, M., et al.
(2014). Apathy correlates with prefrontal amyloid p deposition in Alzheimer’s disease.
J. Neurol. Neurosurg. Psychiatry 85, 449-455. doi: 10.1136/jnnp-2013-306110

Frontiers in Aging Neuroscience

19

10.3389/fnagi.2024.1487875

Morimoto, S. S., Kanellopoulos, D., and Alexopoulos, G. S. (2014). Cognitive
impairment in depressed older adults: Implications for prognosis and treatment.
Psychiatr. Ann. 44, 138-142. doi: 10.3928/00485713-20140306-05

Morra, J. H,, Tu, Z., Apostolova, L. G., Green, A. E., Avedissian, C., Madsen,
S. K., et al. (2009). Automated 3D mapping of hippocampal atrophy and its clinical
correlates in 400 subjects with Alzheimer’s disease, mild cognitive impairment, and
elderly controls. Hum. Brain Mapp. 30, 2766-2788. doi: 10.1002/hbm.20708

Morrow, C. B., Kamath, V., Dickerson, B. C., Eldaief, M., Rezaii, N., Wong,
B., et al. (2024). Neuropsychiatric symptoms cluster and fluctuate over time in
behavioral variant frontotemporal dementia. MedRxiv [Preprint] doi: 10.1101/2024.
09.26.24314180

Mortby, M. E., Burns, R.,, Eramudugolla, R, Ismail, Z., and Anstey, K. J.
(2017). Neuropsychiatric symptoms and cognitive impairment: Understanding the
importance of co-morbid symptoms. J. Alzheimers Dis. 59, 141-153. doi: 10.3233/
JAD-170050

Nazarali, A. ]., and Reynolds, G. P. (1992). Monoamine neurotransmitters and their
metabolites in brain regions in Alzheimer’s disease: A postmortem study. Cell. Mol.
Neurobiol. 12, 581-587. doi: 10.1007/BF00711237

Nie, L., Wei, G., Peng, S., Qu, Z., Yang, Y., Yang, Q., et al. (2017). Melatonin
ameliorates anxiety and depression-like behaviors and modulates proteomic changes
in triple transgenic mice of Alzheimer’s disease. Biofactors 43, 593-611. doi: 10.1002/
biof.1369

Nihonmatsu-Kikuchi, N., Hayashi, Y., Yu, X, and Tatebayashi, Y. (2013).
Depression and Alzheimer’s disease: Novel postmortem brain studies reveal a possible
common mechanism. J. Alzheimers Dis. 37, 611-621. doi: 10.3233/JAD-130752

No author list (2023). 2023 Alzheimer’s disease facts and figures. Alzheimers Dement.
19, 1598-1695. doi: 10.1002/alz.13016

Nobis, L., and Husain, M. (2018). Apathy in Alzheimer’s disease. Curr. Opin. Behav.
Sci. 22, 7-13. doi: 10.1016/j.cobeha.2017.12.007

Nyarko, J. N. K., Quartey, M. O., Baker, G. B, and Mousseau, D. D. (2019). Can
animal models inform on the relationship between depression and Alzheimer disease.
Can. . Psychiatry 64, 18-29. doi: 10.1177/0706743718772514

O’Leary, T. P., and Brown, R. E. (2024). Age-related changes in species-typical
behaviours in the 5XFAD mouse model of Alzheimer’s disease from 4 to 16 months
of age. Behav. Brain Res. 465:114970. doi: 10.1016/j.bbr.2024.114970

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. Front. Aging Neurosci. 13:713726. doi:
10.3389/fnagi.2021.713726

Ortiz, A. V., Aziz, D., and Hestrin, S. (2020). Motivation and engagement during
visually guided behavior. Cell Rep. 33:108272. doi: 10.1016/j.celrep.2020.108272

Paciello, F., Rinaudo, M., Longo, V., Cocco, S., Conforto, G., Pisani, A., et al.
(2021). Auditory sensory deprivation induced by noise exposure exacerbates cognitive
decline in a mouse model of Alzheimer’s disease. eLife 10:¢70908. doi: 10.7554/elife.
70908

Pardossi-Piquard, R., Lauritzen, I, Bauer, C., Sacco, G., Robert, P., Checler,
F., et al. (2016). Influence of genetic background on apathy-like behavior in
triple transgenic AD mice. Curr. Alzheimer Res. 13, 942-949. doi: 10.2174/
1567205013666160404120106

Patel, S., Grizzell, J. A., Holmes, R., Zeitlin, R., Solomon, R., Sutton, T. L., et al.
(2014). Cotinine halts the advance of Alzheimer’s disease-like pathology and associated
depressive-like behavior in Tg6799 mice. Front. Aging Neurosci. 6:162. doi: 10.3389/
fnagi.2014.00162

Pentkowski, N. S., Berkowitz, L. E., Thompson, S. M., Drake, E., Olguin, C. R,, and
Clark, B. J. (2018). Anxiety-like behavior as an early endophenotype in the TgF344-
AD rat model of Alzheimer’s disease. Neurobiol. Aging 61, 169-176. doi: 10.1016/j.
neurobiolaging.2017.09.024

Pervolaraki, E., Hall, S. P., Foresteire, D., Saito, T., Saido, T. C., Whittington, M. A.,
et al. (2019). Insoluble AP overexpression in an App knock-in mouse model alters
microstructure and gamma oscillations in the prefrontal cortex, affecting anxiety-
related behaviours. Dis. Model. Mech. 12:dmm040550. doi: 10.1242/dmm.040550

Pezzoli, S., Manca, R, Cagnin, A., and Venneri, A. (2022). A multimodal
neuroimaging and neuropsychological study of visual hallucinations in Alzheimer’s
disease. J. Alzheimers Dis. 89, 133-149. doi: 10.3233/JAD-215107

Pi, G., Gao, D., Wu, D., Wang, Y., Lei, H., Zeng, W.-B., et al. (2020). Posterior
basolateral amygdala to ventral hippocampal CA1l drives approach behaviour
to exert an anxiolytic effect. Nat. Commun. 11:183. doi: 10.1038/s41467-019-
13919-3

Pierson, S. R., Fiock, K. L, Wang, R, Balasubramanian, N., Khan, K. M,
Betters, R., et al. (2022). Tau pathology in the dorsal raphe may be a prodromal
indicator of Alzheimer’s disease. BioRxiv [Preprint] doi: 10.1101/2022.11.22.51
7403

Pless, A., Ware, D., Saggu, S., Rehman, H., Morgan, J., and Wang, Q. (2023).
Understanding neuropsychiatric symptoms in Alzheimer’s disease: Challenges and
advances in diagnosis and treatment. Front. Neurosci. 17:1263771. doi: 10.3389/fnins.
2023.1263771

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.3233/JAD-220574
https://doi.org/10.1001/jama.288.12.1475
https://doi.org/10.3389/fnagi.2020.00009
https://doi.org/10.1523/ENEURO.0093-20.2020
https://doi.org/10.1016/j.jagp.2014.10.005
https://doi.org/10.1016/j.jagp.2014.10.005
https://doi.org/10.1176/appi.neuropsych.12060156
https://doi.org/10.1176/appi.neuropsych.12060156
https://doi.org/10.1159/000090674
https://doi.org/10.1001/archneur.64.7.1015
https://doi.org/10.1212/wnl.96.15_supplement.2452
https://doi.org/10.1186/s13195-021-00810-x
https://doi.org/10.3389/fnagi.2014.00252
https://doi.org/10.1007/s11940-003-0017-9
https://doi.org/10.1007/s11940-003-0017-9
https://doi.org/10.1007/s00018-014-1804-z
https://doi.org/10.1007/s00018-014-1804-z
https://doi.org/10.3233/ADR-210294
https://doi.org/10.7554/eLife.95412
https://doi.org/10.1016/j.neulet.2017.05.054
https://doi.org/10.1212/WNL.55.10.1460
https://doi.org/10.1001/jamaneurol.2021.3356
https://doi.org/10.1001/jamaneurol.2021.3356
https://doi.org/10.1111/j.1755-5949.2010.00161.x
https://doi.org/10.1007/s13760-020-01349-8
https://doi.org/10.3390/neurolint14020025
https://doi.org/10.1016/j.jalz.2018.06.498
https://doi.org/10.1136/jnnp-2013-306110
https://doi.org/10.3928/00485713-20140306-05
https://doi.org/10.1002/hbm.20708
https://doi.org/10.1101/2024.09.26.24314180
https://doi.org/10.1101/2024.09.26.24314180
https://doi.org/10.3233/JAD-170050
https://doi.org/10.3233/JAD-170050
https://doi.org/10.1007/BF00711237
https://doi.org/10.1002/biof.1369
https://doi.org/10.1002/biof.1369
https://doi.org/10.3233/JAD-130752
https://doi.org/10.1002/alz.13016
https://doi.org/10.1016/j.cobeha.2017.12.007
https://doi.org/10.1177/0706743718772514
https://doi.org/10.1016/j.bbr.2024.114970
https://doi.org/10.3389/fnagi.2021.713726
https://doi.org/10.3389/fnagi.2021.713726
https://doi.org/10.1016/j.celrep.2020.108272
https://doi.org/10.7554/elife.70908
https://doi.org/10.7554/elife.70908
https://doi.org/10.2174/1567205013666160404120106
https://doi.org/10.2174/1567205013666160404120106
https://doi.org/10.3389/fnagi.2014.00162
https://doi.org/10.3389/fnagi.2014.00162
https://doi.org/10.1016/j.neurobiolaging.2017.09.024
https://doi.org/10.1016/j.neurobiolaging.2017.09.024
https://doi.org/10.1242/dmm.040550
https://doi.org/10.3233/JAD-215107
https://doi.org/10.1038/s41467-019-13919-3
https://doi.org/10.1038/s41467-019-13919-3
https://doi.org/10.1101/2022.11.22.517403
https://doi.org/10.1101/2022.11.22.517403
https://doi.org/10.3389/fnins.2023.1263771
https://doi.org/10.3389/fnins.2023.1263771
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

Polsinelli, A. J., Salazaar, K., Lane, K. A, Gao, S., and Apostolova, L. G.
(2022). Prevalence of neuropsychiatric symptoms is greater in early- than late-onset
Alzheimer’s disease. Alzheimers Dement. 18:¢068328. doi: 10.1002/alz.068328

Porter, V. R, Buxton, W. G., Fairbanks, L. A., Strickland, T., O’Connor, S. M.,
Rosenberg-Thompson, S., et al. (2003). Frequency and characteristics of anxiety
among patients with Alzheimer’s disease and related dementias. J. Neuropsychiatry
Clin. Neurosci. 15, 180-186. doi: 10.1176/jnp.15.2.180

Potter, G. G., and Steffens, D. C. (2007). Contribution of depression to cognitive
impairment and dementia in older adults. Neurologist 13:105. doi: 10.1097/01.nrl.
0000252947.15389.a9

Poulin, S. P, Dautoff, R., Morris, J. C., Barrett, L. F., and Dickerson, B. C. (2011).
Amygdala atrophy is prominent in early Alzheimer’s disease and relates to symptom
severity. Psychiatry Res. Neuroimaging 194, 7-13. doi: 10.1016/j.pscychresns.2011.06.
014

Pugh, P. L., Richardson, J. C,, Bate, S. T., Upton, N., and Sunter, D. (2007). Non-
cognitive behaviours in an APP/PSI1 transgenic model of Alzheimer’s disease. Behav.
Brain Res. 178, 18-28. doi: 10.1016/j.bbr.2006.11.044

Raber, J. (2007). Role of apolipoprotein E in anxiety. Neural Plast. 2007:91236.
doi: 10.1155/2007/91236

Rejc, L., Gomez-Vallejo, V., Joya, A., Arsequell, G., Egimendia, A., Castellnou, P.,
et al. (2022). Longitudinal evaluation of neuroinflammation and oxidative stress in a
mouse model of Alzheimer disease using positron emission tomography. Alzheimers
Res. Ther. 14:80. doi: 10.1186/s13195-022-01016-5

Robertson, J., Curley, J., Kaye, J., Quinn, J., Pfankuch, T., and Raber, J. (2005).
apoE isoforms and measures of anxiety in probable AD patients and Apoe-/- mice.
Neurobiol. Aging 26, 637-643. doi: 10.1016/j.neurobiolaging.2004.06.003

Robinson, L., Dreesen, E., Mondesir, M., Harrington, C., Wischik, C., and Riedel,
G. (2024). Apathy-like behaviour in tau mouse models of Alzheimer’s disease and
frontotemporal dementia. Behav. Brain Res. 456:114707. doi: 10.1016/j.bbr.2023.
114707

Romano, A., Pace, L., Tempesta, B., Lavecchia, A. M., Macheda, T., Bedse, G.,
et al. (2015). Depressive-like behavior is paired to monoaminergic alteration in a
murine model of Alzheimer’s disease. Int. J. Neuropsychopharmacol. 18:pyu020 . doi:
10.1093/ijnp/pyu020

Romberg, C., Mattson, M. P., Mughal, M. R., Bussey, T. J., and Saksida, L. M. (2011).
Impaired attention in the 3xTgAD mouse model of Alzheimer’s disease: Rescue by
Donepezil (Aricept). J. Neurosci. 31, 3500-3507. doi: 10.1523/JNEUROSCI.5242-10.
2011

Ropacki, S. A., and Jeste, D. V. (2005). Epidemiology of and risk factors
for psychosis of Alzheimer’s disease: A review of 55 studies published from
1990 to 2003. Am. J. Psychiatry 162, 2022-2030. doi: 10.1176/appi.ajp.162.11.
2022

Roy, A., Sharma, S., Nag, T. C., Katyal, J., Gupta, Y. K, and Jain, S. (2022).
Cognitive dysfunction and anxiety resulting from synaptic downscaling, hippocampal
atrophy, and ventricular enlargement with intracerebroventricular streptozotocin
injection in male wistar rats. Neurotox. Res. 40, 2179-2202. doi: 10.1007/s12640-022-
00563-x

Sdiz-Vazquez, O., Gracia-Garcia, P., Ubillos-Landa, S., Puente-Martinez, A.,
Casado-Yusta, S., Olaya, B., et al. (2021). Depression as a risk factor for Alzheimer’s
disease: A systematic review of longitudinal meta-analyses. J. Clin. Med. 10:1809.
doi: 10.3390/jcm10091809

Sakurai, K., Shintani, T., Jomura, N., Matsuda, T., Sumiyoshi, A., Hisatsune, T.,
et al. (2020). Hyper BOLD activation in dorsal raphe nucleus of APP/PS1 Alzheimer’s
disease mouse during reward-oriented drinking test under thirsty conditions. Sci. Rep.
10:3915. doi: 10.1038/541598-020-60894-7

Salgado, S., and Kaplitt, M. G. (2015). The nucleus accumbens: A comprehensive
review. Stereotact. Funct. Neurosurg. 93, 75-93. doi: 10.1159/000368279

Schaffer Aguzzoli, C., Ferreira, P. C. L., Povala, G., Ferrari-Souza, J. P., Bellaver, B.,
Soares Katz, C., et al. (2023). Neuropsychiatric symptoms and microglial activation
in patients with Alzheimer disease. JAMA Netw. Open 6:¢2345175. doi: 10.1001/
jamanetworkopen.2023.45175

Schindowski, K., Bretteville, A., Leroy, K., Bégard, S., Brion, J. P., Hamdane, M., et al.
(2006). Alzheimer’s disease-like tau neuropathology leads to memory deficits and loss
of functional synapses in a novel mutated tau transgenic mouse without any motor
deficits. Am. J. Pathol. 169, 599-616. doi: 10.2353/ajpath.2006.060002

Schneider, F., Baldauf, K., Wetzel, W., and Reymann, K. G. (2014). Behavioral and
EEG changes in male 5xFAD mice. Physiol. Behav. 135, 25-33. doi: 10.1016/j.physbeh.
2014.05.041

Sennik, S., Schweizer, T. A., Fischer, C. E., and Munoz, D. G. (2017). Risk factors and
pathological substrates associated with agitation/aggression in Alzheimer’s disease: A
preliminary study using NACC data. J. Alzheimers Dis. 55, 1519-1528. doi: 10.3233/
JAD-160780

Serra, L., D’Amelio, M., Di Domenico, C., Dipasquale, O., Marra, C., Mercuri, N. B.,
et al. (2018). In vivo mapping of brainstem nuclei functional connectivity disruption
in Alzheimer’s disease. Neurobiol. Aging 72,72-82. doi: 10.1016/j.neurobiolaging.2018.
08.012

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1487875

Serra, L., Perri, R.,, Cercignani, M., Spano, B., Fadda, L., Marra, C, et al.
(2010). Are the behavioral symptoms of Alzheimer’s disease directly associated with
neurodegeneration? J. Alzheimers Dis. 21, 627-639. doi: 10.3233/JAD-2010-100048

Shaw, J. S., Leoutsakos, J. M., and Rosenberg, P. B. (2024). The relationship between
first presenting neuropsychiatric symptoms in older adults and autopsy-confirmed
memory disorders. Am. J. Geriatr. Psychiatry 32, 754-764. doi: 10.1016/j.jagp.2024.
01.015

Shen, L., Zhang, G. W, Tao, C,, Seo, M. B., Zhang, N. K., Huang, J. ., et al. (2022). A
bottom-up reward pathway mediated by somatostatin neurons in the medial septum
complex underlying appetitive learning. Nat. Commun. 13:1194. doi: 10.1038/s41467-
022-28854-z

Siafarikas, N. (2024). Neuropsychiatric and cognitive symptoms: Two sides of the
same coin? J. Alzheimers Dis. 98, 75-78. doi: 10.3233/JAD-231418

Siegel, J. A., Haley, G. E., and Raber, J. (2012). Apolipoprotein E isoform-dependent
effects on anxiety and cognition in female TR mice. Neurobiol. Aging 33, 345-358.
doi: 10.1016/j.neurobiolaging.2010.03.002

Sinclair, L. L, Mohr, A., Morisaki, M., Edmondson, M., Chan, S., Bone-
Connaughton, A., et al. (2023). Is later-life depression a risk factor for Alzheimer’s
disease or a prodromal symptom: A study using post-mortem human brain tissue?
Alzheimers Res. Ther. 15:153. doi: 10.1186/s13195-023-01299-2

Sohal, V. S., and Rubenstein, J. L. R. (2019). Excitation-inhibition balance as
a framework for investigating mechanisms in neuropsychiatric disorders. Mol.
Psychiatry 24, 1248-1257. doi: 10.1038/s41380-019-0426-0

Son, J. H., Han, D. H., Min, K. J.,, and Kee, B. S. (2013). Correlation between
gray matter volume in the temporal lobe and depressive symptoms in patients with
Alzheimer’s disease. Neurosci. Lett. 548, 15-20. doi: 10.1016/j.neulet.2013.05.021

Song, H., Moon, M., Choe, H. K., Han, D.-H,, Jang, C., Kim, A, et al. (2015). A-
induced degradation of BMALI and CBP leads to circadian rhythm disruption in
Alzheimer’s disease. Mol. Neurodegener. 10:13. doi: 10.1186/s13024-015-0007-x

Spangenberg, E. M. F.,, and Wichman, A. (2018). Methods for investigating the
motivation of mice to explore and access food rewards. J. Am. Assoc. Lab. Anim. Sci.
57:244. doi: 10.30802/AALAS-JAALAS-17-000080

Sperling, S. A., Druzgal, J., Blair, J. C., Flanigan, J. L., Stohlman, S. L., and Barrett,
M. J. (2023). Cholinergic nucleus 4 grey matter density is associated with apathy
in Parkinson’s disease. Clin. Neuropsychol. 37, 676-694. doi: 10.1080/13854046.2022.
2065362

Sri, S., Pegasiou, C.-M., Cave, C. A., Hough, K., Wood, N., Gomez-Nicola, D.,
et al. (2019). Emergence of synaptic and cognitive impairment in a mature-onset
APP mouse model of Alzheimer’s disease. Acta Neuropathol. Commun. 7:25. doi:
10.1186/540478-019-0670-1

Starkstein, S. E., Jorge, R., Mizrahi, R., and Robinson, R. G. (2006). A prospective
longitudinal study of apathy in Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry
77, 8-11. doi: 10.1136/jnnp.2005.069575

Stummer, L., Markovic, M., and Maroney, M. (2020). Brexpiprazole in the treatment
of schizophrenia and agitation in Alzheimer’s disease. Neurodegener. Dis. Manag. 10,
205-217. doi: 10.2217/nmt-2020-0013

Sun, Y., Guo, Y., Feng, X,, Jia, M., Ai, N, Dong, Y., et al. (2020). The behavioural
and neuropathologic sexual dimorphism and absence of MIP-3a in tau P301S mouse
model of Alzheimer’s disease. J. Neuroinflamm. 17:72. doi: 10.1186/s12974-020-
01749-w

Szabo, A., Farkas, S., Fazekas, C., Correia, P., Chaves, T., Sipos, E. et al.
(2023). Temporal appearance of enhanced innate anxiety in Alzheimer model mice.
Biomedicines 11:262. doi: 10.3390/biomedicines11020262

Tagai, K., Nagata, T, Shinagawa, S., Nemoto, K., Inamura, K., Tsuno, N., et al.
(2014). Correlation between both morphologic and functional changes and anxiety
in Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 38, 153-160. doi: 10.1159/
000358822

Takeuchi, H., Iba, M., Inoue, H., Higuchi, M., Takao, K., Tsukita, K., et al. (2011).
P301S mutant human tau transgenic mice manifest early symptoms of human
tauopathies with dementia and altered sensorimotor gating. PLoS One 6:€21050. doi:
10.1371/journal.pone.0021050

Targa Dias Anastacio, H., Matosin, N., and Ooi, L. (2022). Neuronal
hyperexcitability in Alzheimer’s disease: What are the drivers behind this aberrant
phenotype? Transl. Psychiatry 12:257. doi: 10.1038/s41398-022-02024-7

Taxier, L. R, Philippi, S. M., York, J. M., LaDu, M. ], and Frick, K. M. (2022). APOE4
genotype or ovarian hormone loss influence open field exploration in an EFAD mouse
model of Alzheimer’s disease. Horm. Behav. 140:105124. doi: 10.1016/j.yhbeh.2022.
105124

Tekin, S., Mega, M. S., Masterman, D. M., Chow, T., Garakian, J., Vinters, H. V.,
etal. (2001). Orbitofrontal and anterior cingulate cortex neurofibrillary tangle burden
is associated with agitation in Alzheimer disease. Ann. Neurol. 49, 355-361. doi:
10.1002/ana.72

Teri, L., Teri, L., Ferretti, L. E., Gibbons, L. E., Logsdon, R. G., McCurry, S. M., et al.
(1999). Anxiety in Alzheimer’s disease: Prevalence and comorbidity. J. Gerontol. Ser.
Biol. Sci. Med. Sci. 54, M348-M352. doi: 10.1093/gerona/54.7.m348

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.1002/alz.068328
https://doi.org/10.1176/jnp.15.2.180
https://doi.org/10.1097/01.nrl.0000252947.15389.a9
https://doi.org/10.1097/01.nrl.0000252947.15389.a9
https://doi.org/10.1016/j.pscychresns.2011.06.014
https://doi.org/10.1016/j.pscychresns.2011.06.014
https://doi.org/10.1016/j.bbr.2006.11.044
https://doi.org/10.1155/2007/91236
https://doi.org/10.1186/s13195-022-01016-5
https://doi.org/10.1016/j.neurobiolaging.2004.06.003
https://doi.org/10.1016/j.bbr.2023.114707
https://doi.org/10.1016/j.bbr.2023.114707
https://doi.org/10.1093/ijnp/pyu020
https://doi.org/10.1093/ijnp/pyu020
https://doi.org/10.1523/JNEUROSCI.5242-10.2011
https://doi.org/10.1523/JNEUROSCI.5242-10.2011
https://doi.org/10.1176/appi.ajp.162.11.2022
https://doi.org/10.1176/appi.ajp.162.11.2022
https://doi.org/10.1007/s12640-022-00563-x
https://doi.org/10.1007/s12640-022-00563-x
https://doi.org/10.3390/jcm10091809
https://doi.org/10.1038/s41598-020-60894-7
https://doi.org/10.1159/000368279
https://doi.org/10.1001/jamanetworkopen.2023.45175
https://doi.org/10.1001/jamanetworkopen.2023.45175
https://doi.org/10.2353/ajpath.2006.060002
https://doi.org/10.1016/j.physbeh.2014.05.041
https://doi.org/10.1016/j.physbeh.2014.05.041
https://doi.org/10.3233/JAD-160780
https://doi.org/10.3233/JAD-160780
https://doi.org/10.1016/j.neurobiolaging.2018.08.012
https://doi.org/10.1016/j.neurobiolaging.2018.08.012
https://doi.org/10.3233/JAD-2010-100048
https://doi.org/10.1016/j.jagp.2024.01.015
https://doi.org/10.1016/j.jagp.2024.01.015
https://doi.org/10.1038/s41467-022-28854-z
https://doi.org/10.1038/s41467-022-28854-z
https://doi.org/10.3233/JAD-231418
https://doi.org/10.1016/j.neurobiolaging.2010.03.002
https://doi.org/10.1186/s13195-023-01299-2
https://doi.org/10.1038/s41380-019-0426-0
https://doi.org/10.1016/j.neulet.2013.05.021
https://doi.org/10.1186/s13024-015-0007-x
https://doi.org/10.30802/AALAS-JAALAS-17-000080
https://doi.org/10.1080/13854046.2022.2065362
https://doi.org/10.1080/13854046.2022.2065362
https://doi.org/10.1186/s40478-019-0670-1
https://doi.org/10.1186/s40478-019-0670-1
https://doi.org/10.1136/jnnp.2005.069575
https://doi.org/10.2217/nmt-2020-0013
https://doi.org/10.1186/s12974-020-01749-w
https://doi.org/10.1186/s12974-020-01749-w
https://doi.org/10.3390/biomedicines11020262
https://doi.org/10.1159/000358822
https://doi.org/10.1159/000358822
https://doi.org/10.1371/journal.pone.0021050
https://doi.org/10.1371/journal.pone.0021050
https://doi.org/10.1038/s41398-022-02024-7
https://doi.org/10.1016/j.yhbeh.2022.105124
https://doi.org/10.1016/j.yhbeh.2022.105124
https://doi.org/10.1002/ana.72
https://doi.org/10.1002/ana.72
https://doi.org/10.1093/gerona/54.7.m348
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

Tian, J., Stucky, C. S., Wang, T., Muma, N. A,, Johnson, M., and Du, H. (2023).
Mitochondrial dysfunction links to impaired hippocampal serotonin release in a
mouse model of Alzheimer’s disease. J. Alzheimers Dis. 93, 605-619. doi: 10.3233/jad-
230072

Tighe, S. K., Oishi, K., Mori, S., Smith, G. S., Albert, M., Lyketsos, C. G., et al.
(2012). Diftusion tensor imaging of neuropsychiatric symptoms in mild cognitive
impairment and Alzheimer’s dementia. J. Neuropsychiatry Clin. Neurosci. 24, 484-488.
doi: 10.1176/appi.neuropsych.11120375

Torrisi, S. A., Geraci, F., Tropea, M. R,, Grasso, M., Caruso, G., Fidilio, A., et al.
(2019). Fluoxetine and vortioxetine reverse depressive-like phenotype and memory
deficits induced by AB1-42 oligomers in mice: A key role of transforming growth
factor-B1. Front. Pharmacol. 10:693-707. doi: 10.3389/fphar.2019.00693

Tournissac, M., Vu, T.-M., Vrabic, N., Hozer, C., Tremblay, C., Melancon, K.,
etal. (2021). Repurposing beta-3 adrenergic receptor agonists for Alzheimer’s disease:
Beneficial effects in a mouse model. Alzheimers Res. Ther. 13:103. doi: 10.1186/s13195-
021-00842-3

Toyota, Y., Ikeda, M., Shinagawa, S., Matsumoto, T., Matsumoto, N., Hokoishi,
K., et al. (2007). Comparison of behavioral and psychological symptoms in early-
onset and late-onset Alzheimer’s disease. Int. J. Geriatr. Psychiatry 22, 896-901. doi:
10.1002/gps.1760

Trzepacz, P. T., Yu, P., Bhamidipati, P. K., Willis, B. A., Forrester, T., Tabas, L. B.,
et al. (2013). Frontolimbic atrophy is associated with agitation and aggression in mild
cognitive impairment and Alzheimer’s disease. Alzheimers Dement. 9, $95-S104.el.
doi: 10.1016/j.jalz.2012.10.005

Tsang, S. W. Y., Lai, M. K. P, Francis, P. T., Wong, P. T.-H., Spence, 1., Esiri,
M. M,, et al. (2003). Serotonin transporters are preserved in the neocortex of anxious
Alzheimer’s disease patients. NeuroReport 14:1297. doi: 10.1097/01.wnr.0000077546.
91466.a8

Tyrrell, M., Fossum, B., Skovdahl, K., Religa, D., and Hilleras, P. (2020). Living
with a well-known stranger: Voices of family members to older persons with
frontotemporal dementia. Int. J. Older People Nurs. 15:e12264. doi: 10.1111/0pn.12264

Umucu, E.,, Wyman, M., Lee, B., Zuelsdorff, M., Benton, S. F., Nystrom, N., et al.
(2019). Apathy in preclinical Alzheimer’s disease: Psychometric validation of the
apathy evaluation scale. Am. J. Alzheimers Dis. Other Demen. 34, 16-22. doi: 10.1177/
1533317518794020

van de Beek, M., van Unnik, A., van Steenoven, ., van der Zande, J., Barkhof, F.,
Teunissen, C. E., et al. (2022). Disease progression in dementia with Lewy bodies: A
longitudinal study on clinical symptoms, quality of life and functional impairment.
Int. J. Geriatr. Psychiatry 37, 10.1002/gps.5839. doi: 10.1002/gps.5839

van Vliet, D., de Vugt, M. E., Aalten, P., Bakker, C., Pijnenburg, Y. A. L., Vernooij-
Dassen, M. J. F. ], et al. (2012). Prevalence of neuropsychiatric symptoms in young-
onset compared to late-onset Alzheimer’s disease - part 1: Findings of the two-year
longitudinal NeedYD-study. Dement. Geriatr. Cogn. Disord. 34,319-327. doi: 10.1159/
000342824

Varkonyi, D., Toérok, B., Sipos, E., Fazekas, C. L., Banrévi, K., Correia, P., et al.
(2022). Investigation of anxiety- and depressive-like symptoms in 4- and 8-month-old
male triple transgenic mouse models of Alzheimer’s disease. Int. J. Mol. Sci. 23:10816.
doi: 10.3390/ijms231810816

Vermeiren, Y., Van Dam, D., Aerts, T., Engelborghs, S., and De Deyn, P. P. (2014).
Brain region-specific monoaminergic correlates of neuropsychiatric symptoms in
Alzheimer’s disease. J. Alzheimers Dis. 41, 819-833. doi: 10.3233/JAD-140309

Vik-Mo, A. O., Giil, L. M., Borda, M. G., Ballard, C., and Aarsland, D. (2020).
The individual course of neuropsychiatric symptoms in people with Alzheimer’s and
Lewy body dementia: 12-year longitudinal cohort study. Br. J. Psychiatry 216, 43-48.
doi: 10.1192/bjp.2019.195

Vorobyov, V., Bakharev, B., Medvinskaya, N., Nesterova, I., Samokhin, A., Deev,
A, et al. (2019). Loss of midbrain dopamine neurons and altered apomorphine EEG
effects in the 5xFAD mouse model of Alzheimer’s disease. J. Alzheimers Dis. 70,
241-256. doi: 10.3233/JAD- 181246

Wadsworth, L. P., Lorius, N., Donovan, N. J., Locascio, J. J., Rentz, D. M., Johnson,
K. A, et al. (2012). Neuropsychiatric symptoms and global functional impairment
along the Alzheimer’s continuum. Dement. Geriatr. Cogn. Disord. 34, 96-111. doi:
10.1159/000342119

Wallensten, J., Ljunggren, G., Nager, A., Wachtler, C., Bogdanovic, N., Petrovig, P.,
et al. (2023). Stress, depression, and risk of dementia — a cohort study in the total
population between 18 and 65 years old in Region Stockholm. Alzheimers Res. Ther.
15:161. doi: 10.1186/s13195-023-01308-4

Wang, W., Liu, X,, Ruan, Y., Wang, L., and Bao, T. (2019). Depression was associated
with apolipoprotein E €4 allele polymorphism: A meta-analysis. Iran. J. Basic Med. Sci.
22,112-117. doi: 10.22038/ijbms.2018.30825.7436

Warfield, A. E., Gupta, P., Ruhmann, M. M,, Jeffs, Q. L., Guidone, G. C., Rhymes,
H. W, et al. (2023). A brainstem to circadian system circuit links Tau pathology
to sundowning-related disturbances in an Alzheimer’s disease mouse model. Nat.
Commun. 14:5027. doi: 10.1038/s41467-023-40546-w

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1487875

Watt, G., Przybyla, M., Zak, V., van Eersel, ], Ittner, A., Ittner, L. M., et al. (2020).
Novel behavioural characteristics of male human P301S mutant tau transgenic mice -
A model for tauopathy. Neuroscience 431, 166-175. doi: 10.1016/j.neuroscience.2020.
01.047

Wetzels, R. B., Zuidema, S. U., de Jonghe, J. F., Verhey, F. R., and Koopmans,
R. T. (2010). Course of neuropsychiatric symptoms in residents with dementia in
nursing homes over 2-year period. Am. J. Geriatr. Psychiatry 18, 1054-1065. doi:
10.1097/jgp.0b013e3181f60fal

Whitehead, D., Tunnard, C., Hurt, C., Wahlund, L. O., Mecocci, P., Tsolaki, M., et al.
(2012). Frontotemporal atrophy associated with paranoid delusions in women with
Alzheimer’s disease. Int. Psychogeriatr. 24, 99-107. doi: 10.1017/S1041610211000974

Whyte, L. S., Hemsley, K. M., Lau, A. A, Hassiotis, S., Saito, T., Saido, T. C,,
et al. (2018). Reduction in open field activity in the absence of memory deficits in
the AppNL-G-F knock-in mouse model of Alzheimer’s disease. Behav. Brain Res. 336,
177-181. doi: 10.1016/j.bbr.2017.09.006

Wilson, R., Wilson, R. S, Gilley, D. W., Bennett, D. A., Beckett, L. A., and Evans,
D. A. (2000). Hallucinations, delusions, and cognitive decline in Alzheimer’s disease.
J. Neurol. Neurosurg. Psychiatry 69, 172-177. doi: 10.1136/jnnp.69.2.172

Wright, L. M., Donaghy, P. C., Burn, D. ], Taylor, J.-P., O’Brien, J. T., Yarnall,
A. ], et al. (2023). Predicting cognitive decline using neuropsychiatric symptoms in
prodromal Lewy body dementia: A longitudinal study. Parkinsonism Relat. Disord.
113:105762. doi: 10.1016/j.parkreldis.2023.105762

Wu, D., Gao, D., Yu, H,, Pi, G,, Xiong, R,, Lei, H,, et al. (2021). Medial septum
tau accumulation induces spatial memory deficit via disrupting medial septum-
hippocampus cholinergic pathway. Clin. Transl. Med. 11:e428. doi: 10.1002/ctm2.
428

Xeni, F., Marangoni, C., and Jackson, M. G. (2024). Validation of a non-food or
water motivated effort-based foraging task as a measure of motivational state in male
mice. Neuropsychopharmacology 49, 1883-1891. doi: 10.1038/s41386-024-01899-y

Xia, D., Lianoglou, S., Sandmann, T., Calvert, M., Suh, J. H., Thomsen, E., et al.
(2022). Novel App knock-in mouse model shows key features of amyloid pathology
and reveals profound metabolic dysregulation of microglia. Mol. Neurodegener. 17:41.
doi: 10.1186/513024-022-00547-7

Yao, D., Li, R,, Kora, M., Huang, H., Liu, X., and Gong, S. (2023). Activation of
ventral tegmental area vesicular GABA transporter (Vgat) neurons alleviates social
defeat stress-induced anxiety in APP/PS1 mice. Front. Aging Neurosci. 15:1142055.
doi: 10.3389/fnagi.2023.1142055

Yasuno, F., Minami, H., Hattori, H., and Alzheimer’s Disease Neuroimaging
Initiative (2020). Relationship between neuropsychiatric symptoms and Alzheimer’s
disease pathology: An in vivo positron emission tomography study. Int. J. Geriatr.
Psychiatry 36, 598-605. doi: 10.1002/gps.5459

Youn, H,, Lee, S., Han, C., Kim, S.-H., and Jeong, H.-G. (2019). Association between
brain amyloid accumulation and neuropsychological characteristics in elders with
depression and mild cognitive impairment. Int. J. Geriatr. Psychiatry 34, 1907-1915.
doi: 10.1002/gps.5209

Yu, R, Topiwala, A., Jacoby, R., and Fazel, S. (2019). Aggressive behaviors in
Alzheimer disease and mild cognitive impairment: Systematic review and meta-
analysis. Am. J. Geriatr. Psychiatry 27, 290-300. doi: 10.1016/j.jagp.2018.10.008

Yuan, Q,, Liang, X., Xue, C., Qi, W., Chen, S., Song, Y., et al. (2022). Altered anterior
cingulate cortex subregional connectivity associated with cognitions for distinguishing
the spectrum of pre-clinical Alzheimer’s disease. Front. Aging Neurosci. 14:1035746.
doi: 10.3389/fnagi.2022.1035746

Zahodne, L. B., Gongvatana, A., Cohen, R. C., Cohen, R. A,, Ott, B. R., and Tremont,
G. (2013). Are apathy and depression independently associated with longitudinal
trajectories of cortical atrophy in mild cognitive impairment. Am. J. Geriatr. Psychiatry
21, 1098-1106. doi: 10.1016/}.jagp.2013.01.043

Zahodne, L. B, Ornstein, K., Cosentino, S., Devanand, D. P., and Stern, Y. (2015).
Longitudinal Relationships Between Alzheimer Disease Progression and Psychosis,
Depressed Mood, and Agitation/Aggression. Am. J. Geriatr. Psychiatry 23, 130-140.
doi: 10.1016/j.jagp.2013.03.014

Zhang, B., Veasey, S. C., Wood, M. A, Leng, L. Z., Kaminski, C., Leight, S., et al.
(2005). Impaired rapid eye movement sleep in the Tg2576 APP murine model of
Alzheimer’s disease with injury to pedunculopontine cholinergic neurons. Am. J.
Pathol. 167, 1361-1369. doi: 10.1016/S0002-9440(10)61223-0

Zhang, G. W., Shen, L., Zhong, W., Xiong, Y. Zhang, L. L, and Tao,
H. W. (2018a). Transforming sensory cues into aversive emotion via septal-
habenular pathway. Neuron 99, 1016-1028.e5. doi: 10.1016/j.neuron.2018.
07.023

Zhang, G. W., Sun, W. ], Zingg, B., Shen, L., He, J., Xiong, Y., et al. (2018b). A non-
canonical reticular-limbic central auditory pathway via medial septum contributes to
fear conditioning. Neuron 97, 406-417.e4. doi: 10.1016/j.neuron.2017.12.010

Zhang, J., Lin, L., Dai, X,, Xiao, N., Ye, Q., and Chen, X. (2021). ApoE4 increases
susceptibility to stress-induced age-dependent depression-like behavior and cognitive
impairment. J. Psychiatr. Res. 143, 292-301. doi: 10.1016/j.jpsychires.2021.09.029

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.3233/jad-230072
https://doi.org/10.3233/jad-230072
https://doi.org/10.1176/appi.neuropsych.11120375
https://doi.org/10.3389/fphar.2019.00693
https://doi.org/10.1186/s13195-021-00842-3
https://doi.org/10.1186/s13195-021-00842-3
https://doi.org/10.1002/gps.1760
https://doi.org/10.1002/gps.1760
https://doi.org/10.1016/j.jalz.2012.10.005
https://doi.org/10.1097/01.wnr.0000077546.91466.a8
https://doi.org/10.1097/01.wnr.0000077546.91466.a8
https://doi.org/10.1111/opn.12264
https://doi.org/10.1177/1533317518794020
https://doi.org/10.1177/1533317518794020
https://doi.org/10.1002/gps.5839
https://doi.org/10.1159/000342824
https://doi.org/10.1159/000342824
https://doi.org/10.3390/ijms231810816
https://doi.org/10.3233/JAD-140309
https://doi.org/10.1192/bjp.2019.195
https://doi.org/10.3233/JAD-181246
https://doi.org/10.1159/000342119
https://doi.org/10.1159/000342119
https://doi.org/10.1186/s13195-023-01308-4
https://doi.org/10.22038/ijbms.2018.30825.7436
https://doi.org/10.1038/s41467-023-40546-w
https://doi.org/10.1016/j.neuroscience.2020.01.047
https://doi.org/10.1016/j.neuroscience.2020.01.047
https://doi.org/10.1097/jgp.0b013e3181f60fa1
https://doi.org/10.1097/jgp.0b013e3181f60fa1
https://doi.org/10.1017/S1041610211000974
https://doi.org/10.1016/j.bbr.2017.09.006
https://doi.org/10.1136/jnnp.69.2.172
https://doi.org/10.1016/j.parkreldis.2023.105762
https://doi.org/10.1002/ctm2.428
https://doi.org/10.1002/ctm2.428
https://doi.org/10.1038/s41386-024-01899-y
https://doi.org/10.1186/s13024-022-00547-7
https://doi.org/10.3389/fnagi.2023.1142055
https://doi.org/10.1002/gps.5459
https://doi.org/10.1002/gps.5209
https://doi.org/10.1016/j.jagp.2018.10.008
https://doi.org/10.3389/fnagi.2022.1035746
https://doi.org/10.1016/j.jagp.2013.01.043
https://doi.org/10.1016/j.jagp.2013.03.014
https://doi.org/10.1016/S0002-9440(10)61223-0
https://doi.org/10.1016/j.neuron.2018.07.023
https://doi.org/10.1016/j.neuron.2018.07.023
https://doi.org/10.1016/j.neuron.2017.12.010
https://doi.org/10.1016/j.jpsychires.2021.09.029
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Zhang et al.

Zhang, N. K., Zhang, S. K., Zhang, L. I, Tao, H. W,, and Zhang, G.-W. (2023).
Sensory processing deficits and related cortical pathological changes in Alzheimer’s
disease. Front. Aging Neurosci. 15:1213379. doi: 10.3389/fnagi.2023.1213379

Zhang, X.-Q., Xu, L, Yang, S.-Y., Huy, L.-B,, Dong, F.-Y., Sun, B.-G,, et al. (2021).
Reduced synaptic transmission and intrinsic excitability of a subtype of pyramidal
neurons in the medial prefrontal cortex in a mouse model of Alzheimer’s disease.
J. Alzheimers Dis. 84, 129-140. doi: 10.3233/JAD-210585

Frontiers in Aging Neuroscience

22

10.3389/fnagi.2024.1487875

Zhang, Z., Zhang, Y., Yuwen, T., Huo, J., Zheng, E., Zhang, W., et al. (2022). Hyper-
excitability of corticothalamic PT neurons in mPFC promotes irritability in the mouse
model of Alzheimer’s disease. Cell Rep. 41:111577. doi: 10.1016/j.celrep.2022.111577

Zhao, Q.-F., Tan, L, Wang, H.-F,, Jiang, T., Tan, M.-S., Tan, L., et al. (2016).
The prevalence of neuropsychiatric symptoms in Alzheimer’s disease: Systematic
review and meta-analysis. J. Affect. Disord. 190, 264-271. doi: 10.1016/j.jad.2015.
09.069

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1487875
https://doi.org/10.3389/fnagi.2023.1213379
https://doi.org/10.3233/JAD-210585
https://doi.org/10.1016/j.celrep.2022.111577
https://doi.org/10.1016/j.jad.2015.09.069
https://doi.org/10.1016/j.jad.2015.09.069
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	The neural basis of neuropsychiatric symptoms in Alzheimer's disease
	Introduction
	Prevalence and progression of NPS in AD patients
	Pathologies of NPS in AD patients
	Apathy related pathology
	Depression related pathology
	Anxiety related pathology
	Agitation and aggression related pathology
	Other NPS-related pathology
	NPS in LBD and FTD


	NPS-like behavioral deficits in AD mouse models
	Apathy-like behavior and related pathology in AD mouse models
	Anxiety-like behavior and related pathology in AD mouse models
	Depressive-like behavior and related pathology in AD mouse models
	Aggressive behavior and related pathology in AD mouse models
	Other NPS-like Behaviors and related pathology in AD mouse models
	Synaptic dysfunction underlying NPS in AD

	Discussion
	Cross-link between NPS and cognitive impairments
	Comorbidity of NPS features
	NPS in early-onset and late-onset AD
	Promises and difficulties of studying NPS in AD mouse models
	Therapeutic potentials based on the understanding of neural mechanisms

	Author contribuitons
	Funding
	Conflict of interest
	Publisher's note
	References


