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Abstract 
 

Behavioral and Psychological Symptoms of Dementia (BPSD) are a significant 

challenge throughout the progression of Alzheimer's Disease (AD), imposing substantial 

strain on both patients and their families. These symptoms are often underexamined due to 

their complex and heterogeneous nature. In this context, animal models replicating these 

symptoms provide a valuable tool for isolating specific behaviors and studying their 

evolution across age and environmental conditions. This doctoral thesis investigates BPSD-

like phenotypes using a triple-transgenic mouse model of AD (3xTg-AD) and non-transgenic 

C57BL/6J mice, across three experimental paradigms that model cognitive stress, voluntary 

physical activity, and social isolation. 

In the first study, mice underwent the Morris Water Maze (MWM) test at two distinct 

ages (12 and 16 months). Their performance, in what is considered a stressful environment 

for mice, was assessed by analyzing the swimming strategies employed to locate a submerged 

platform. Employing robust statistical methods to account for interindividual and baseline 

variations, circling behavior was identified as a unique BPSD-like pattern within the 

transgenic group. The second study allowed mice access to a running wheel, and their 

circadian activity patterns were recorded for one month. Results indicated sex-dependent 

differences in behavioral regulation, with transgenic males displaying patterns consistent 

with disruptions reported in human AD. In the third study, the impact of social isolation was 

evaluated in 13-month-old mice. A distinctive digging pattern, mimicking obsessive-

compulsive behavior, was identified exclusively in isolated animals, representing a novel 

non-cognitive marker of BPSD-like disruption. 

Together, these findings highlight the subtle, context-dependent nature of BPSD-like 

behaviors and underscore the importance of environmental and individual factors in shaping 

their expression. This work contributes to the refinement of translational models for AD and 

enhances the understanding of BPSD under experimentally controlled conditions.  
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1.1 Aging, Dementia, and Alzheimer’s Disease 

The natural aging process is marked by a complex interplay of elements including 

molecular, structural, and social changes that significantly impact an individual's overall 

health (Hou et al., 2019). At the molecular level, factors such as DNA damage, telomere 

shortening, and chromosomal alterations contribute to compromised cellular function and 

eventual cell death (López-Otín et al., 2013). Structural changes, particularly in the 

hippocampus and prefrontal cortex, play a critical role in memory and spatial navigation, 

contributing to cognitive decline (Moffat, 2009). Additionally, aging often leads to social 

changes, including reduced interactions due to retirement, bereavement, and limited mobility 

(Schrack et al., 2014) . Collectively, these molecular, structural, and social variations increase 

the susceptibility to chronic diseases, including neurodegenerative disorders like dementia, 

which is particularly prevalent in older populations (Wyss-Coray, 2016). 

Dementia is a syndrome characterized by a progressive decline in memory, thinking, 

and personality, caused by dysfunction in cortical and subcortical brain regions (Ritchie & 

Lovestone, 2002). This condition encompasses a range of diseases, each distinguished by 

specific underlying causes and clinical manifestations. For instance, vascular dementia 

results from impaired cerebral blood flow, while Lewy body dementia is defined by the 

presence of abnormal alpha-synuclein protein deposits. Similarly, frontotemporal dementia 

predominantly affects the frontal and temporal lobes, leading to marked changes in 

personality and language abilities. Among these, Alzheimer's Disease (AD) stands out as the 

most prevalent form of dementia, accounting for 60-80% of all cases (“2020 Alzheimer’s 

Disease Facts and Figures,” 2020; Ritchie & Lovestone, 2002). Given its prevalence and 

profound impact, AD is the primary focus of this doctoral thesis.  

Dementia, and specifically AD, poses a significant global health challenge, placing a 

heavy burden on patients, their families, and healthcare systems (Lane et al., 2018). 

Currently, approximately 5% of individuals over 65 are affected, with this prevalence 

doubling every four years to reach about 30% by age 80 (Ritchie & Lovestone, 2002). Global 

estimates indicate that 57 million people were living with dementia in 2019, a number 

projected to surge to 150 million by 2050 (Nichols et al., 2022) (Figure 1). This substantial 

increase is largely attributed to population growth and ageing. However, a notable 
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heterogeneity in incidence exists between high-income and low-income countries. While 

incidence rates in high-income nations have remained relatively stable, low-income countries 

are expected to experience the most significant increases (“2025 Alzheimer’s Disease Facts 

and Figures,” 2025; Nichols et al., 2022).  

 

Figure 1. Percentage change between 2019 and 2050 in all-age number of individuals with dementia by country. 

Extracted from Nichols et al., 2022. 

AD is a chronic neurodegenerative disorder that begins with memory loss, learning 

difficulties, and speech impairments. As the disease progresses, it leads to severe cognitive 

decline, behavioral disturbances, and loss of independence, with an average survival time of 

8 to 10 years post-diagnosis (Jost & Grossberg, 1995; Lam et al., 2013; Masters et al., 2015). 

In AD, the formation of amyloid-beta (Aβ) plaques and neurofibrillary tangles 

(NFTs) constitutes the hallmark of the condition (Lane et al., 2018). Aβ plaques arise from 

the aggregation of peptides derived from the amyloid precursor protein (APP) following 

enzymatic cleavage by beta-secretase and gamma-secretase. As a result, an overproduction 

or impaired clearance of Aβ, particularly the Aβ42 isoform, leads to the extracellular 

deposition of plaques (Schneider et al., 2009). These plaques interfere with neuronal 

communication and elicit immune responses, resulting in inflammation and neuronal damage 

(Hardy & Selkoe, 2002). Conversely, NFTs form intracellularly as a result of 
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hyperphosphorylated tau protein, which normally stabilizes microtubules within neurons. 

Hyperphosphorylation causes tau to detach and aggregate into paired helical filaments, 

disrupting neuronal function and ultimately leading to cell death (Serrano-Pozo et al., 2011). 

Together, Aβ plaques and NFTs drive synaptic dysfunction, neuronal loss, and the 

progressive cognitive decline characteristic of AD, with the severity of NFTs correlating 

strongly with the clinical manifestations of dementia (Lane et al., 2018; Schaap et al., 2024). 

Post-mortem analyses have illuminated the temporal progression and distribution of 

biological markers in the brain, revealing distinct processes (Braak & Braak, 1991; Thal et 

al., 2002). Landmark studies, such as that by Braak and Braak (1991), have shown 

progressive biomarker accumulation and classified Aβ plaques into three stages (A-C) and 

NFTs into six stages (I-VI) (Figure 2). 

 

Figure 2. Pathological evolution of Alzheimer's Disease (AD) biomarkers in the human brain. The figure 

illustrates the extracellular accumulation of amyloid plaques (upper circle) and the intraneuronal accumulation 

of neurofibrillary tangles (bottom circle). Image adapted from Masters et al., 2015. Created with Biorender.com. 

Amyloid deposition initially accumulates in the isocortex (the outermost layer of the 

cerebral hemispheres), particularly in the precuneus, posterior cingulate gyrus, and medial 

orbital frontal cortex (Lane et al., 2018) . Subsequently, subcortical regions such as the 

accumbens, putamen, and caudate show significantly increased accumulation. In contrast, 

NFT pathology typically originates in the allocortex (an older, more primitive cortical 
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region), affecting areas like the perirhinal and entorhinal cortex, followed by the CA1 region 

of the hippocampus (Serrano-Pozo et al., 2011). 

Modern in-vivo imaging techniques, including positron emission tomography (PET) 

using ligand detection and cerebrospinal fluid (CSF) analysis in longitudinal studies, have 

enabled the detection and evaluation of biomarkers over time. These studies indicate that Aβ 

plaque accumulation precedes NFT accumulation and it begins decades before the onset of 

clinical symptoms (Gordon et al., 2018; Masters et al., 2015). Similarly, research has 

demonstrated a significant correlation between the presence of NFTs and cognitive decline 

(Macedo et al., 2024). 

The clinical diagnosis of AD remains challenging due to symptom overlap with other 

dementias (Brenowitz et al., 2017; Kapasi et al., 2017). This underscores the need for a 

comprehensive clinical evaluation, biomarker analysis, and neuroimaging to distinguish AD 

from related conditions. Moreover, AD progression can be understood as a continuum, 

moving through distinct stages (“2020 Alzheimer’s Disease Facts and Figures,” 2020): (i) a 

preclinical or prodromal stage marked by brain changes without evident symptoms, (ii) mild 

cognitive impairment (MCI) due to AD, where early memory symptoms emerge as the brain's 

compensatory mechanisms begin to fail, and (iii) dementia due to AD, which is further 

divided into mild, moderate, and severe phases (Figure 3). These stages correspond to 

increasing levels of functional impairment in daily life.  

 The disease can be classified into two main categories based on its etiology and risk 

factors: familial and sporadic forms (Masters et al., 2015). Familial AD is a rare condition, 

accounting for only 1-5% of cases, and typically manifests before the age of 65. It is caused 

by genetic mutations in specific genes involved in Aβ processing, such as the APP and 

presenilin genes (PS1 and PS2) (Zhang et al., 2013). In contrast, sporadic AD is the most 

prevalent form, representing over 95% of cases, and usually develops after the age of 65. 



INTRODUCTION 

 

 

15 

 

Figure 3.  Alzheimer’s Disease continuum. Extracted from 2020 Alzheimer’s disease facts and figures (2020) 

The risk factors for sporadic AD are broadly categorized into three groups: (i) age, as the 

incidence of AD increases significantly in individuals over 65 years old (Masters et al., 

2015); (ii) genetic, primarily linked to the presence of the apolipoprotein E (APOE) gene, 

particularly the epsilon 4 (ε4) allele. APOE plays a key role in lipid metabolism, and the ε4 

variant is associated with disrupted cholesterol homeostasis, which may impair brain 

myelination and contribute to cognitive decline (Blanchard et al., 2022; Evans et al., 2003); 

and (iii) environmental and lifestyle factors, such as physical inactivity, midlife hypertension, 

midlife obesity, smoking, diabetes, depression, and low educational attainment (Barnes & 

Yaffe, 2011; Norton et al., 2014).  
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1.1.1 Behavioral and Psychological Symptoms of Dementia 

All forms of dementia encompass both cognitive and non-cognitive symptoms. While 

cognitive deficits often dominate clinical focus and public concern, non-cognitive symptoms 

impose a significant burden on patients and caregivers (Lyketsos et al., 2002; Piccininni et 

al., 2005). Historically referred to as "neuropsychiatric symptoms," these manifestations are 

now widely recognized as behavioral and psychological symptoms of dementia (BPSD)  

(Cerejeira et al., 2012). 

BPSD comprise a wide range of manifestations, including disturbances in emotion, 

mood, perception, thought, motor activity, and personality traits (Finkel et al., 1997). 

Although highly heterogeneous, Cerejeira et al. (2012), followed by Kales et al. (2015), 

proposed a classification framework for BPSD, categorizing symptoms into affective 

clusters, such as depression and anxiety, and psychotic clusters, including delusions and 

hallucinations. Additional symptoms, such as agitation, aggression, and aberrant motor 

behaviors, have been described using terms like hyperactivity and frontal lobe syndromes. 

However, other symptoms, including apathy, sleep disturbances, and eating disorders, lack 

consistent classification. This classification framework is particularly valuable for drawing 

parallels with animal behavior, which will be explored further in subsequent sections.  

Regarding their prevalence, BPSD are reported in 45% to 80% of patients with AD 

(Cerejeira et al., 2012). Notably, multiple disturbances often co-occur (Monastero et al., 

2009). Among the various symptoms, apathy, depression, and agitation have been identified 

as the most frequently observed (Laganà et al., 2022; Lyketsos et al., 2002). Additionally, 

the prevalence of specific symptoms appears to vary along the disease continuum: apathy 

and depression are more common in the early stages of AD, while hallucinations and 

delusions tend to manifest more frequently in later stages (Piccininni et al., 2005). 

An important characteristic of BPSD is the variation in symptom intensity throughout 

the day. For example, many patients experience heightened confusion, agitation, and 

behavioral disturbances during the late afternoon and evening—a phenomenon known as 

sundowning behavior, which is associated with disruptions in circadian rhythms (Frisoni et 

al., 1999). This phenomenon is particularly distressing for family members and caregivers, 
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often leading to institutionalization and representing a significant healthcare burden (De Vugt 

et al., 2003; Volicer et al., 2001). 

Research to date has not yet identified the specific causes of BPSD. However, these 

symptoms are believed to arise from a dynamic interplay among patient-related factors, 

caregiver well-being, and environmental conditions (Kales et al., 2015). At the patient level, 

disruptions in neurocircuitry within regions responsible for emotion and cognition—such as 

the temporal, frontal, and parietal lobes—are thought to play a significant role, often linked 

to the pathological accumulation of amyloid plaques and tau protein. The mental health of 

caregivers is equally critical, as studies suggest that depression and stress in caregivers can 

exacerbate BPSD in community-dwelling patients (De Vugt et al., 2003). Furthermore, 

environmental factors, including household composition, daily routines, and caregiving 

practices, can act as significant triggers (Smith et al., 2006). 

In summary, addressing BPSD requires a holistic approach that considers the 

neurological underpinnings of the disease, the emotional resilience of caregivers, and the 

influence of environmental factors. Future research should focus on integrated interventions 

that target these interconnected domains to improve outcomes for patients and their families. 
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1.2 Preclinical Research in AD 

Various animal models have been developed to replicate the pathological and clinical 

characteristics of human AD, aiding in the study of disease progression and the evaluation of 

potential treatments (Mullane & Williams, 2019) . Among these, genetically modified mice 

are commonly used, with specific genetic mutations introduced into their genome. These 

mutations typically involve genes implicated in AD pathogenesis, such as APP, PS1, and tau 

protein. 

This thesis focuses on the triple transgenic mouse model of AD (3xTg-AD), which is 

particularly valuable due to its expression of both Aβ and tau pathologies. These pathologies 

result from three key genetic mutations: APPswe, PS1M146V, and tauP301L (Oddo et al., 

2003). These mutations lead to a range of behavioral and cognitive deficits that closely mimic 

those observed in humans, including impairments in working and reference memory, 

heightened anxiety, and altered motor functions (Giménez-Llort et al., 2007). Furthermore, 

3xTg-AD mice exhibit age-related changes in cognitive performance and stress responses 

(Clinton et al., 2007). 

Importantly, this model serves as a translationally relevant platform for preclinical 

research, enabling the study of interventions targeting both cognitive and non-cognitive 

symptoms of AD. 

1.2.1 BPSD in Animal Models of AD 

Replicating BPSD in animal models poses a significant challenge due to the 

subjective nature of these symptoms in humans. To address this, researchers have developed 

specific behavioral assays, where impaired responses in animals are interpreted as resembling 

particular BPSD features (Baeta-Corral & Giménez-Llort, 2014; Kosel et al., 2020; Santana-

Santana et al., 2021). Utilizing the classification mentioned in the previous section (Cerejeira 

et al., 2012; Kales et al., 2015), symptoms in the affective cluster are assessed through tests 

such as the forced swimming test (behavioral despair) and the sucrose preference test 

(anhedonia), which evaluate motivational and affective deficits associated with depression-

like behaviors (Crowley et al., 2004; Ramírez-Boix & Giménez-Llort, 2019). Anxiety-like 

behavior, on the other hand, is examined using the elevated plus maze (EPM) and open field 
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(OF) tests, which measure exploratory behaviors in potentially threatening environments 

(Carola et al., 2002). Additionally, the corner test (CT) -another neurobehavioral assessment- 

is used in mice to evaluate their response to a novel environment and exploratory activity by 

measuring the number of corners visited in a clean test cage (horizontal activity) and the 

latency to perform the first rearing (vertical activity) (Giménez-Llort et al., 2007). 

Hyperactivity is assessed through in-cage monitoring and observation of agitation 

episodes, while aggression is evaluated using the resident-intruder test, quantifying 

interactions between a test subject and an unfamiliar intruder (Crawley, 1999). Additionally, 

sleep and eating disorders can be evaluated with in-cage monitoring systems enhanced by 

advanced software and protocols (Sethi et al., 2015). However, effective methodologies for 

replicating symptoms in the psychotic cluster, such as hallucinations or delusions, remain 

elusive (Kosel et al., 2020). 

Parallels with circadian rhythm disruptions have also been observed in animal 

models. For example, altered motor activity patterns in APP23 mice, monitored in their home 

cages, bear similarities to sundowning behaviors (Vloeberghs et al., 2004). Furthermore, 

circadian rhythm disturbances in other AD models, including the 3xTg-AD mice, emphasize 

the relationship between AD pathology and sleep disruptions (Duncan et al., 2012; Wu et al., 

2018), paving the way for preclinical investigations into these symptoms. 

1.2.2 Integrating Cognitive and Non-Cognitive Assessment 

Incorporating both cognitive and non-cognitive evaluations in animal models 

provides a more translationally relevant approach to studying the disease. This can be seen 

in traditional behavioral tests, such as the Morris Water Maze (MWM) test, that has evolved 

to include non-cognitive elements, broadening their applicability (Baeta-Corral & Giménez-

Llort, 2015). 

Initially designed to assess spatial learning and memory, the MWM test requires 

animals to locate a submerged platform in a pool full of water (Morris, 1984). Over time, 

researchers have enhanced its utility by analyzing additional behavioral parameters, such as 

swimming strategies and the presence of stereotypies during the platform search (Dalm et 

al., 2000; Graziano et al., 2003; Wolfer & Lipp, 1992). These measures offer insights into 
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the animals’ stress-coping mechanisms and adaptive behaviors, allowing for a more detailed 

characterization of models. The combination of cognitive and non-cognitive aspects 

establishes the test as a versatile tool for investigating animal deficits in AD. 

Certainly, the detailed characterization and interpretation of both behaviors, 

particularly in 3xTg-AD mice, are critical for advancing our understanding of BPSD-like 

patterns, which are an integral part of AD progression and hold promise for informing 

therapeutic strategies aimed at addressing the broader impacts of the disease. 
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1.2.3 Statistical Models  

In applied statistics, the term "statistical models" refers to a set of assumptions used 

to estimate and predict values from data (J. Fox, 2019). These models serve as essential tools 

in both clinical and preclinical research, enabling the identification and analysis of data 

patterns. Within the scope of this doctoral thesis, statistical models play a crucial role in 

analyzing experimental data, as will be demonstrated in the subsequent chapters. To provide 

context for their application, a brief overview of the methodologies employed is presented 

below.   

Statistical models rely on explanatory variables, or predictors, to evaluate their effect 

on a response variable. In simple terms, they assess how changes in specific characteristics 

of an individual or population influence the outcome of interest. The response variable may 

be numerical (e.g., weight) or categorical (e.g., presence or absence of a behavior) and can 

follow either a normal or non-normal distribution. Based on these characteristics, statistical 

models can be broadly classified into three main categories: Linear Models, Generalized 

Linear Models, and Mixed Effects Models.   

1.2.3.1 Linear Models   

Linear models evaluate the relationship between explanatory variables and a numeric 

response variable that follows a normal distribution. These models test systematic differences 

and are commonly used in experimental research. A widely recognized example is one-way 

ANOVA, which assesses differences in group means and has gained popularity in applied 

sciences.   

1.2.3.2 Generalized Linear Models (GLMs) 

GLMs extend the functionality of linear models to handle categorical or discrete 

response variables. Unlike linear models, GLMs do not require the response variable to 

follow a normal distribution, making them better suited for real-world data. Logistic 

regression, for example, is a GLM frequently used to model binary outcomes, such as the 

presence or absence of a behavior.   
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1.2.3.3 Mixed Effects Models (MEMs)  

Mixed effects models are designed to address more complex structures, such as 

dependent or hierarchical data. Dependent data refers to repeated measures from the same 

individual across different time points, while hierarchical data involves subgroups nested 

within larger populations. These models incorporate fixed effects, which capture consistent 

influences across groups, and random effects, which account for variability at the individual 

or subgroup level. MEMs are further divided into two types: 

i) Linear Mixed Effects Models (LMMs): Extend linear models to evaluate 

dependent data. 

ii) Generalized Linear Mixed Effects Models (GLMMs): Extend GLMs to 

accommodate dependent data with categorical or non-normally distributed 

responses. 

While LMMs and GLMMs are widely used in social sciences and experimental 

psychology, their application in preclinical studies, particularly in animal research, remains 

less common (Singmann & Kellen, 2019). However, their adoption in preclinical settings 

offers significant advantages. These models improve the interpretation of behavioral data by 

accounting for individual variability and hierarchical structures, which are often overlooked 

by simpler statistical approaches. For instance, LMMs and GLMMs are particularly valuable 

in studying complex behaviors, such as those associated with BPSD in longitudinal research. 

By accommodating the complexities of dependent data, they provide a robust framework for 

uncovering meaningful associations and advancing our understanding of behavior in 

translational models.    
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1.3 AD and Physical Activity 

In the context of understanding AD and its associated BPSD, it is essential to explore 

modifiable lifestyle factors that may mitigate disease progression. One such factor is physical 

activity (PA), which has gained recognition as a vital component in promoting cognitive 

health (Law et al., 2018; Paillard et al., 2015; Sewell et al., 2023). Consistent engagement in 

PA has shown considerable benefits, including delaying both the onset and progression of 

AD, highlighting the importance of movement in supporting overall well-being and cognitive 

resilience (Buchman et al., 2012; De Almeida et al., 2020; E. Santana-Sosa et al., 2008; Jiang 

et al., 2025; Rolland et al., 2008; Santos-Lozano et al., 2016). However, its counterpart, 

physical inactivity has emerged as a significant public health concern due to its association 

with cognitive worsening and augmented risk for neurodegeneration (Gogniat et al., 2025).  

Thus, sedentarism is currently acknowledged as one of the primary modifiable risk factors 

for AD (Barnes & Yaffe, 2011; Norton et al., 2014; Roemers et al., 2019).  

To proceed with a comprehensive analysis, it is crucial to define key terms that are 

frequently used interchangeably but possess distinct meanings, these are PA and exercise. 

PA refers to any bodily movement produced by skeletal muscles that leads to energy 

expenditure, encompassing activities such as occupational tasks, household chores, and 

recreational pursuits that are not explicitly intended to enhance fitness (Caspersen et al., 

2000; Dasso, 2019). Exercise, by contrast, is a structured subset of PA characterized by 

planned, repetitive movements aimed at improving or maintaining specific components of 

physical fitness, including strength, flexibility, and cardiovascular endurance. This thesis will 

focus on PA as a method of treatment and evaluation in animal models, investigating its 

potential as an intervention to reduce BPSD-like symptoms in AD. 

1.3.1  PA patterns in Humans  

Extensive research has examined PA patterns in older adults, both with and without 

clinical conditions. Various methodologies, including accelerometers, pedometers, and self-

reported surveys, have been used to assess energy expenditure and PA levels. These studies 

consistently show an age-related decline in PA, which is even more pronounced in 

individuals with AD (Harvey et al., 2013; Varma & Watts, 2017; Watts et al., 2013). As 

people age, PA becomes less frequent and more fragmented (Schrack et al., 2014). This 
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decline is particularly severe in AD patients, who exhibit increased sedentary behavior and 

delayed initiation of daily activities (Lu et al., 2018) . The transition from healthy aging to 

AD-related inactivity is postulated to be driven by a combination of neurobiological, 

psychological, and environmental factors that collectively reduce motivation and 

participation. 

From a neurobiological perspective, the age-related decline in dopamine receptors, 

particularly D2 receptors in the neostriatum, significantly contributes to reduced movement 

motivation. Given that the dopaminergic system regulates both motor activity and reward-

seeking behavior, this decline directly affects PA engagement (Ingram, 2000). Further neural 

and systemic mechanisms contribute to this reduction, including apathy due to disruption of 

medial frontal/anterior cingulate–insula–ventral striatal networks and parietal 

hypometabolism, impairing initiation and effort-based decision making (Gatchel et al., 2017; 

Jones et al., 2019; Marshall et al., 2013). Additionally, degeneration of the circadian system 

affects the suprachiasmatic network, causing sleep–wake fragmentation, daytime 

somnolence, and reduced diurnal activity (Coogan et al., 2013; Leng et al., 2019). Autonomic 

and cardiovascular dysregulation, characterized by orthostatic hypotension, blunted 

chronotropic responses, reduced heart-rate variability, and impaired neurovascular coupling, 

leads to fatigue and dizziness, thereby discouraging exertion (Beishon et al., 2022; Cremer 

et al., 2017; Tulbă et al., 2020). Moreover, sarcopenia and low lean mass are highly prevalent 

in AD, limiting strength and endurance (Nazareth et al., 2025; Yang et al., 2023). 

Psychological barriers further discourage PA participation. Discomfort from exertion 

is a common restraint (Bevan et al., 2020) , while personality traits also play a role—

individuals with high neuroticism (prone to emotional instability) are less likely to engage in 

PA, whereas those with higher extraversion (sociable and energetic) tend to be more active 

(Rhodes & Smith, 2006). Additionally, mood disorders and depressive symptoms, which are 

prevalent among older adults, are strong predictors of reduced PA levels (Watts et al., 2018). 

These psychological challenges are compounded by chronic health conditions, fear of falling, 

and low self-efficacy—an individual’s belief in their ability to successfully engage in PA 

(Bauman et al., 2012; Choi et al., 2017). In AD patients, cognitive impairments further 

exacerbate these difficulties, leading to poor adherence to PA routines(Lu et al., 2018). 



INTRODUCTION 

 

 

25 

Environmental factors also pose significant barriers to PA participation. 

Dissatisfaction with recreational facilities, perceived neighborhood unsafety, and the 

infrequent observation of others engaging in PA all contribute to reduced motivation for 

physical activity (Tortosa-Martinez et al., 2025; Trost et al., 2002). 

1.3.2 PA in Animal Models of AD 

Laboratory rodents, and transgenic mice in particular,  are widely used to investigate 

the mechanisms underlying the beneficial effects of PA on brain function (Shepherd et al., 

2018). Voluntary exercise, such as wheel running in home cages, is the preferred method for 

these studies (Novak et al., 2012). This approach enables the collection of key variables, 

including distance, duration, and speed, which serve as analogs to human PA metrics while 

aligning with rodents’ natural behaviors. Consequently, voluntary exercise minimizes stress 

and enhances the reliability of experimental outcomes (De Bono et al., 2006). 

In contrast, forced exercise protocols, such as treadmill running or swimming at 

prescribed intensities, may introduce stress, potentially confounding results and limiting the 

validity of findings (Svensson et al., 2016). Given these considerations, voluntary wheel 

running (VWR) will be employed here to assess PA patterns and their correlation with BPSD. 

1.3.3 Animal and Human PA Parallels 

Preclinical models have demonstrated that PA enhances cognitive function and 

reduces anxiety- and depression-like behaviors in both mice and rats (Adlard et al., 2005; 

Binder et al., 2004). Additionally, research has explored the role of dopamine receptors, 

particularly D1 and D2, in locomotion and exercise predisposition (Knab et al., 2009). 

Moreover, voluntary exercise has been linked to the activation of brain regions associated 

with motivation and reward, including the nucleus accumbens (NAc), ventral tegmental area 

(VTA), and striatum, which may underlie individual differences in PA engagement (Garland 

et al., 2011). 

In AD models specifically, PA interventions have yielded mixed results, suggesting 

that outcomes may depend on factors such as the specific mouse model, age, and genetic 

background. Positive effects include attenuated cognitive decline in SAMP8 mice (J. Dong 

et al., 2018), increased resistance to stress-induce cell damage in APPsw mice (Um et al., 
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2008), reduced Aβ burden in aged Tg2576 mice (Francis et al., 2020) , and decreased 

inflammatory markers alongside improved synaptic function in 3xTg-AD mice (Revilla et 

al., 2014) . Conversely, studies have reported neutral effects of PA interventions in middle-

aged APP/PS1 mice (Wang et al., 2021) and the 5xFAD mouse model (Svensson et al., 2020). 

Despite extensive research on PA in AD models, little is known about its effects on 

specific BPSD patterns. Therefore, experimental protocols aimed at evaluating these aspects 

are necessary to advance our understanding and improve reproducibility in preclinical 

studies. 
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1.4 AD and Social Isolation 

The degree of social connectedness has a significant role in maintaining overall health 

and  probably longevity (Garrido & De La Fuente, 2023) . Its interest dates back to the mid-

20th century, when shifts in family structures in the United States led to an increase in older 

adults living alone, and the effects of social isolation (SI) on health and well-being were 

observed. In early studies, SI was associated with feelings of neglect, poor mental health and 

higher mortality rate (Brown, 1960; Duleep, 1989) . On the other hand, social support was 

reported to mitigate the negative health effects of SI by promoting adaptive behaviors that 

benefit cardiovascular, endocrine, and immune system function (Cassel, 1976; Cobb, 1976; 

Garrido et al., 2022; House et al., 1988).  

1.4.1 Different forms of isolation 

The aim of this section is to review the effects of SI on humans and animals, with 

special focus on AD. However, before proceeding to examine them, it is crucial to distinguish 

between related yet distinct concepts frequently mentioned in the literature. These are SI, 

loneliness and solitude. SI refers to the objective condition of living alone or having limited 

social contact, while loneliness is the subjective, aversive experience resulting from a 

discrepancy between desired and actual social interactions. In contrast, solitude represents a 

positive, self-chosen state of being alone (Cacioppo et al., 2015; Victor et al., 2000).  

Both SI and loneliness have been linked to adverse health behaviors, including 

increased smoking, physical inactivity, and poor sleep quality (Cacioppo et al., 2002) . They 

are also associated with higher risks of all-cause morbidity and mortality, with impacts 

comparable to traditional risk factors such as obesity (Holt-Lunstad et al., 2015). In addition, 

indicators of SI, such as the size of one’s social network and the frequency of social 

interactions, have been correlated with depression, anxiety, and cognitive decline in older 

adults (Hämmig, 2019; Mumtaz et al., 2018). On the other hand, not much focus has been 

put into solitude effects, but some researchers establish a relationship between less negative 

health outcomes in these individuals and more resilient characteristics, possibly associated 

with better mental health status (Chen & Liu, 2023). 
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Regarding AD, research indicates that quantity and quality of social attachments 

affects the risk of suffering it. SI and loneliness are significant risk factors for AD (Shafighi 

et al., 2023), but interestingly, the perception of being alone, rather than the physical state of 

being isolated, seems to play a crucial role. Thus, loneliness is linked to a more than doubled 

risk of AD, compared to not lonely people, independent of quantitative SI indicators (Wilson 

et al., 2007).  

Nowadays, SI has become a critical problem in Western societies, amplified during 

the COVID-19 pandemic in 2021 when social distancing measures severely limited 

interpersonal interactions (Matthews & Tye, 2019). Vulnerable groups, such as older adults 

and individuals with AD, were particularly affected, with institutionalized AD patients 

showing accelerated cognitive and emotional decline (Borges-Machado et al., 2020; Iodice 

et al., 2021). Additionally, reduced social contact in these populations has been linked to 

worsening BPSD, including increased agitation, anxiety and obsessive-compulsive disorders 

(OCD) (Banerjee, 2020; Rivera & Carballea, 2020). 

1.4.2 SI in Animal Models 

In terms of animal research, due to the subjective qualities of loneliness and solitude, 

only SI can be replicated. In doing so, single housing is the most common experimental 

method employed; while it does not imitate complete isolation, as animals can still hear and 

vocalize with conspecifics, it effectively models its key features (Võikar et al., 2005). 

Importantly, animal response to SI depends upon the duration and life stage where social 

deprivation is applied. Hence, SI duration in rodents—whether acute or chronic—yields 

different behavioral outcomes. That is, acute SI often prompts prosocial behaviors (Tomova 

et al., 2020), whereas chronic isolation has been associated with increased apathy and signs 

of despair (Ma et al., 2011).  

The effects of isolation at different ages seem to vary according to species. Studies 

involving primates have demonstrated that early-life isolation can lead to profound 

behavioral changes and enduring difficulties into adulthood (Harlow et al., 1965; Harry F. & 

Harlow, 1962), while middle-aged rodents have shown more susceptible to negative effects 

of SI, both behavioral and neurobiologically, compared to younger subjects who appear more 

resilient to such stressors (Magalhães et al., 2024).  
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1.4.3 Effects of SI  

As a consequence of SI, biological and behavioral effects are experienced. Biological 

effects are manifested with an activation of the hypothalamic-pituitary-adrenal (HPA) axis, 

leading to elevated levels of stress hormones such as cortisol in humans and corticosterone 

in rodents (Cacioppo et al., 2015; Vitale & Smith, 2022). SI is also associated with altered 

neuroendocrine function (Mumtaz et al., 2018), altered inflammatory responses (Magalhães 

et al., 2024) and hippocampal changes that affect cognition. Behavioral effects in rodents can 

lead to anxiety-like and depressive-like behaviors (Cruces et al., 2014; Võikar et al., 2005), 

memory and learning impairments  (Wilson et al., 2007), and altered exploratory behaviors 

(Muntsant & Giménez-Llort, 2020). 

1.4.4 The social homeostasis theory 

In an attempt to elucidate the neural mechanisms driving the effects of SI in the 

organism, Matthews et al. (2019) proposed the social homeostasis theory, and since its 

proposal, it has attracted considerable interest. This hypothesis emphasizes that social 

connections are biologically essential, similar to basic needs like food or sleep. Disruptions 

in these connections activate compensatory mechanisms aimed at restoring balance, as seen 

in animals that exhibit heightened vigilance and diminished interaction motivation when 

deprived of social contact. 

Social homeostasis functions analogously to other homeostatic systems that regulate 

physiological necessities, such as energy or fluid balance. Just as hunger and thirst induce 

behaviors to replenish energy and hydration, deficits in social connection trigger adaptive 

mechanisms designed to restore emotional balance and encourage re-engagement with 

others. Neural circuits involving the amygdala, prefrontal cortex, and anterior cingulate 

cortex are integral to this process, playing critical roles in detecting social deficits and 

processing social cues. Evidence from the study by Lee et al.  (2021) shows heightened 

activity in these brain regions during experiences of SI, underscoring their importance in 

maintaining social equilibrium.  
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1.4.5 SI and BPSD 

As previously mentioned, SI is associated with worsening BPSD in AD patients. 

Within BPSD, OCD is of particular interest in this thesis. In humans, OCD manifests as 

repetitive behaviors or mental acts performed to alleviate anxiety caused by persistent 

obsessions. Similarly, in animal models, such behaviors can be evaluated through tasks like 

the marble burying (MB) test, where increased digging behavior is used as an indicator of 

compulsive-like actions (Deacon, 2006) 

Besides the exclusive expression of compulsive-like symptoms, digging behavior is 

also a natural action that can be understood as a measure of general activity (Dixit et al., 

2020). Thus, a definitive interpretation of this act is still unclear.  Moreover, little attention 

has been paid to the role of SI on BPSD-like symptoms in animals. Hence, the 3xTg-AD 

mouse model utilized in our laboratory presents a unique opportunity to explore how chronic 

SI influences behavioral changes associated with those patterns, specifically in digging as a 

compulsive-like symptom. 

In the following sections, attention is put on neuroethological changes that may arise 

after a SI period in the 3xTg-AD model and how these changes may be related with 

underlying biological processes. 
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2.1 Hypothesis 

Distinguishing non-cognitive symptoms of AD, often manifesting as BPSD-like 

behaviors, presents a considerable challenge when comparing most animal models for 

Alzheimer’s disease and their counterparts with normal aging. This inherent difficulty stems 

from the broad spectrum of behaviors that can be categorized as BPSD-like, many of which 

are also observed as part of the normal aging process in healthy individuals. The subtle line 

between pathological and age-related behavioral changes makes it arduous to definitively 

attribute specific manifestations to the disease itself, thereby complicating the precise 

identification and characterization of AD-related non-cognitive symptoms. 

The 3xTg-AD mouse model for AD is unique because it exhibits a slow development 

of the two neuropathological hallmarks of the disease, mimicking advanced stages at 12 

(beta-amyloid neuropathology) and 16 months of age (both beta-amyloid and tau 

pathologies). However, in the current thesis, our main interest in this model is because, as 

compared to others, it exhibits a conspicuous BPSD-like phenotype.  

The central hypothesis of this PhD research project posits that the manifestation and 

subsequent identification of BPSD-like behaviors in 3xTg-AD mice can be significantly 

enhanced through progressively increasing stress exposure via a sequential battery of 

behavioral tests.  

The rationale behind this approach is that controlled and incremental stress can 

unmask or exacerbate latent behavioral deficits that might not be apparent under baseline 

conditions. Subsequently, by exposing the mice to a series of environmental manipulations, 

differences in their behavioral responses are expected to be further amplified. These 

manipulations could include alterations in housing conditions, social interactions, or sensory 

stimuli, designed to elicit a wider range of behavioral expressions. Ultimately, a more 

accurate identification of these behaviors can be achieved by meticulously analyzing patterns 

or "signatures" of specific motor acts. Furthermore, the application of sophisticated statistical 

methodologies that account for interindividual variations, treating each mouse's basal state 

as a unique reference point, is anticipated to further facilitate this intricate process.  
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2.2 General Objective 

The main objective of this doctoral thesis is to characterize specific BPSD-like 

behaviors in 3xTg-AD mice at advanced disease stages through a sequential battery of stress-

inducing behavioral tests and environmental manipulations. Such BPSD-like manifestations 

include anxiety-like, compulsive-like, and circadian behavior. In doing so, three studies will 

be carried out. The first study adopts a longitudinal experimental design, providing insights 

into the progression of non-cognitive symptoms over time and their expression under a 

stressful experience for mice, such as the Morris water maze. The second study utilizes 

voluntary exercise as both an evaluation and intervention method to investigate the 

correlation between behavioral traits and patterns of PA engagement. Lastly, the third study 

examines the impact of social isolation on BPSD-like behaviors, highlighting how single-

housing affects non-cognitive symptoms in the 3xTg-AD model. Specific Objectives 

2.3 Specific Objectives 

2.3.1 Study 1 

1. To characterize the evolution of swimming strategies in 3xTg-AD mice during repeated 

MWM testing and determine their value as indicators of BPSD-like symptoms by 

comparing them to those of NTg controls. 

2. To assess genotype-, sex-, and age-dependent differences in swimming strategies 

between 3xTg-AD and NTg mice using generalized linear mixed-effects models 

(GLMMs) 

2.3.2 Study 2 

1. To evaluate the effects of four weeks of VWR on anxiety-like behaviors in 14-month-old 

3xTg-AD mice. 

2. To analyze the temporal dynamics of voluntary PA in 14-month-old 3xTg-AD mice using 

MEMs, and to determine whether individual differences in neophobia influence activity 

patterns. 
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2.3.3 Study 3 

1. To evaluate the effects of prolonged social isolation on neophobia—a core BPSD-like 

symptom—in 13-month-old 3xTg-AD male mice, using the corner test (CT) and open 

field (OF) paradigms. 

2. To compare digging behavior—reflecting compulsive-like tendencies—between socially 

isolated and group-housed 3xTg-AD male mice during the CT and MB test. 
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This thesis comprises three studies, each described in detail within its corresponding 

results section. This chapter briefly outlines the experimental procedures used across these 

studies. 

3.1 Study 1: Cognitive stress in the Morris Water Maze 

3.1.1 Experimental Design 

A longitudinal MWM test protocol was conducted at 12 and 16 months of age to 

assess spatial learning and cognitive flexibility in 22 3xTg-AD and 15 NTg mice (both sexes). 

The task was divided into three phases: 

i) Day 1 (Cue Stage): Platform visible, placed in the northeast quadrant. 

ii) Days 2–5 (Place Task): Hidden platform in the southwest quadrant. 

iii) Day 5 (Removal Test): Platform removed to assess memory retention and quadrant 

preference. 

3.1.2 Behavioral Recording and Classification 

Behavior was recorded with ANY-MAZE software. Classical measures (escape 

latency, path length, speed) were computed automatically. Additionally, swimming paths 

were visually classified into 10 predefined strategies, grouped as: 

i) Search strategies: thigmotaxis, random search, scanning, chaining, focal search, focal 

wrong, perseverance, direct search 

ii) Non-search strategies: circling, floating 

3.1.3 Cognitive Flexibility Index 

A novel index was developed to assess behavioral adaptation during learning phases, 

defined as the time spent in the first strategy relative to total escape time. 

3.1.4 Statistical Analysis 

Classical variables were analyzed via Mixed ANOVA. Strategy proportions and 

cognitive flexibility were analyzed GLMMs with Ordered Beta Regression. Circling and 

floating episodes were modeled using GLMMs with negative binomial distribution. 
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3.2 Study 2: Physical Activity in the Wheel Running  

3.2.1 Experimental Design 

A group of 14-month-old 3xTg-AD mice (n = 34; both sexes) was exposed to 30 days 

of VWR. Mice were randomly assigned to: 

i) SED group: Standard housing, no wheel access 

ii) VWR group: Individual housing with access to a running wheel 24/7 

3.2.2 Activity Monitoring and Behavioral Testing 

VWR activity was recorded continuously to assess circadian patterns. Behavioral 

assessments were conducted pre- and post-intervention using: 

i)  CT: Neophobia and horizontal/vertical exploration 

ii)  OF: Exploratory behavior and emotional reactivity 

3.2.3  NIBI 

Mice were behaviorally phenotyped into high- and low-NIBI based on reduced 

exploration in novel environments, used as a covariate in activity analysis. 

3.2.4  Statistical Analysis 

Circadian data were analyzed using Linear Mixed Effects Models. Pre-post 

differences and sex × treatment interactions were assessed via repeated-measures ANOVA 

and post hoc testing. 

3.3 Study 3: Natural Social Isolation Paradigm 

3.3.1 Experimental Design 

This experiment included 13-month-old male mice: NTg (n = 15) and 3xTg-AD (n = 

28). A subgroup of 3xTg-AD males (n = 7) was naturally isolated after the loss of cage mates 

due to age-related mortality. All groups had been raised socially until isolation occurred 

naturally over 2–3 months. 
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3.3.2 Behavioral Tests 

Three behavioral paradigms were used: 

i) CT: Response to novel cage with bedding 

ii) OF: Exploratory activity and emotionality 

iii) MB: Compulsive-like behavior (12 marbles, 30 min) 

3.3.3 Digging Ethograms and Anxiety Measures 

Detailed digging behavior and rearing frequency were manually scored. Defecation, 

urination, and activity zone preferences were recorded as indirect anxiety and stress markers. 

3.3.4 Statistical Analysis 

Group comparisons were conducted using One-Way ANOVA with post hoc tests 

(Duncan’s). Categorical variables were analyzed using Fisher’s exact test. Significance was 

set at p < 0.05. 

3.4 Ethical Considerations 

All procedures were approved by the Ethics Committee of Departament de Medi 

Ambient i Habitatge, Generalitat de Catalunya (CEEAH 3588/DMAH 9452) on 8 March 

2019.   
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This thesis explored the influence of biological factors (sex, genotype and age) and 

environmental contexts (task type, test repetition, enrichment, and deprivation) on the 

expression of BPSD-like symptoms in 3xTg-AD mice at advanced stages of the disease. To 

enhance translational relevance, the findings were interpreted in light of existing literature 

on symptomatology in human AD. The work brings together three interconnected studies. 

The first followed the progression of behavioral changes and bizarre behaviors in the MWM 

test across two time points under stable housing conditions. The second looked at how 

novelty-related inhibition affected VWR, reflecting alterations in motivation and engagement 

similar to those observed in people with AD. The third study examined the behavioral 

consequences of social isolation, particularly its resemblance to obsessive-compulsive 

symptoms presented in humans. Overall, the results show that BPSD-like behaviors in this 

animal model vary depending on the context and do not follow a fixed trajectory across tests. 

To better capture the patterns observed, statistical techniques that are well-suited to complex 

designs—but not yet common practice in the field—were employed, underscoring the 

importance of methodological refinement in this type of research. 

5.1 Study 1 

Based on the longitudinal design adopted in this study, we found that circling 

behavior increased significantly in 3xTg-AD mice during the RM stage of the MWM test at 

16 months of age compared to their behavior at 12 months. Notably, this age-related increase 

was not observed in NTg mice, suggesting a distinctive genotypic characteristic. The causes 

of circling behavior in AD models have been attributed to various factors, including retinal 

impairments (Chintapaludi et al., 2020), false recognition of the platform (Romberg et al., 

2012) , and topographical disorientation resulting from hippocampal and striatal dysfunction 

(Karunakaran, 2020). Although our study did not include tissue analyses to directly 

investigate these mechanisms, the comparable performance between transgenic and control 

animals during the visual CUE and PT stages makes it unlikely that these biological 

alterations alone account for the increased circling episodes. 

Instead, our findings may be better understood through the lens of stress-related 

behavioral responses. Previous work from our laboratory (Baeta-Corral & Giménez-Llort, 

2015; Castillo-Mariqueo & Giménez-Llort, 2020) has suggested that circling may reflect 
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maladaptive coping strategies under stress. In line with this interpretation, the progressive 

increase in circling behavior observed in 3xTg-AD mice, but not in their NTg counterparts, 

may point to an age-dependent decline in the ability to regulate stress. The preserved circling 

levels in NTg mice across time further reinforce the notion that this behavioral deterioration 

is specific to the AD model and may reflect a worsening of stress regulation mechanisms. 

It remains challenging to definitively establish parallels between circling behavior in 

the MWM test and specific AD manifestation in humans. Nonetheless, we propose that it 

may be considered a BPSD-like pattern analogous to stereotyped behaviors in AD patients. 

This is supported by the observation that circling, a non-search strategy, increased in the 

absence of the platform, a condition that maximized the animals’ stress levels. 

Another important aspect of this study was the analysis of multiple swimming 

strategies using MEMs, a method that allowed for a more comprehensive assessment of both 

cognitive and non-cognitive performance, most of them with a predominant qualitative 

nature but small quantitative representation. By capturing a broader range of behavioral 

patterns, this approach provided novel insights into the animals' decision-making processes 

across trials, testing days, and aging—insights that traditional methods could not achieve. 

The application of MEMs in preclinical research has facilitated the implementation 

of complex experimental designs and advanced data collection strategies. For instance, Soto 

et al.  (2023) demonstrated a methodology requiring sophisticated statistical analyses, 

reflecting the growing trend toward more intricate approaches. This progress is particularly 

evident in AD studies, where longitudinal designs are increasingly used to track symptom 

progression and evaluate the effects of interventions over time (Ferguson et al., 2013; Matzel 

et al., 2011). By incorporating repeated measures within individuals, these approaches offer 

a more detailed understanding of AD pathology and behavioral manifestations. 

5.2 Study 2 

In this study, we observed that (i) four weeks of VWR reduced anxiety-related 

behavior in 3xTg-AD mice, as assessed in the OF test, and (ii) altered circadian patterns of 

VWR in 3xTg-AD males were associated with BPSD-like symptoms, as evaluated in the CT. 
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The anxiolytic effect of VWR was supported by a reduction in latencies to move and 

explore the center of the arena in the OF test. Similar effects of exercise on reducing anxiety 

and depressive symptoms have been widely reported in humans (Carek et al., 2011; Ströhle, 

2009); however, findings in preclinical research have been inconsistent, with some studies 

showing agreement (Duman et al., 2008; J. H. Fox et al., 2008) and others reporting 

contradictory results (Svensson et al., 2020; Wang et al., 2021). These discrepancies are often 

attributed to differences in mouse strains and the specific behavioral test batteries employed.  

Regarding AD models, and the 3xTg-AD model specifically, there appears to be greater 

consensus on the beneficial effects of exercise on emotional phenotypes (García-Mesa et al., 

2011, 2012; J. Rodriguez et al., 2011; Revilla et al., 2014), further supporting our current 

findings.  

The exploratory activity in the OF and EPM tests is commonly used to assess anxiety 

in rodents (Komada et al., 2008; Prut & Belzung, 2003). These tests measure the active choice 

to take risks while exploring, where higher latencies are typically interpreted as greater 

anxiety. In the present work, we analyzed movement latencies in the OF, which we interpret 

as representing a comparable paradigm. The EPM test was excluded from our experimental 

protocol due to its highly stressful nature for 3xTg-AD mice, which are typically more 

hesitant to explore (Muntsant & Giménez-Llort, 2022). Anticipating limited sensitivity in 

detecting within-group differences using this test, we instead employed the CT. This less 

stressful environment, resembling the animals’ home-cage conditions, provided a more 

suitable setting to assess exploratory activity within a risk assessment framework. 

Using this framework, we identified that animals displaying less exploratory behavior 

in the CT (indicative of higher anxiety to novelty) were more active during periods expected 

to correspond to resting in the 24-hour VWR recordings. This observation suggests a link 

between heightened anxiety-related behaviors and disrupted circadian patterns in 3xTg-AD 

males, contributing to our understanding of BPSD-like symptoms in this model. To evaluate 

this association, we utilized LMMs. These tools allowed us to explore the relationship 

between high and low NIBI animals and their VWR activity slopes across the 30-day 

intervention, providing a nuanced understanding of these dynamics.  
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The promising results reported here underscore the importance of adopting statistical 

techniques commonly used in social sciences to uncover complex interactions in preclinical 

research. We strongly encourage researchers to integrate such methodologies into their 

experimental designs to enhance the reliability and depth of behavioral analyses. 

5.3 Study 3 

The primary finding of this study is a distinct, context-dependent digging phenotype 

in socially isolated 3xTg-AD male mice. To understand this, one must first consider the 

ethological purpose of the CT, which evaluates an animal's response to a novel environment 

(Giménez-Llort et al., 2007). Typically, animals start by engaging in low-risk assessment 

behaviors, such as horizontal exploration and sniffing. Only after this initial period, if no 

threats are perceived, does a wider behavioral repertoire emerge, including acts like rearing, 

grooming, and digging (Janus & Westaway, 2001). While digging in the MB test is often 

interpreted as an OCD-like repetitive action, its appearance in the CT remains unclear but 

can be associated with a post-habituation mechanism. Consequently, the observed increase 

in digging during the second half of the test in both group-housed cohorts likely represents a 

successful habituation process. In contrast, the static digging pattern in the isolated 3xTg-AD 

animals points to a failure to habituate, likely driven by heightened neophobia that prevents 

the emergence of this more complex, late-stage behavior. 

Building on this interpretation, the behavior in the MB test completes the picture. In 

this subsequent test, the same isolated animals engaged in significantly more digging 

episodes than either control groups. Taken together, the divergence between the tests—a 

failure to initiate digging in a novel open space (CT) and a potentiation of repetitive digging 

in a task-oriented setting (MB)—suggests a specific disruption in the species-typical 

behavioral repertoire. This disruption manifests as both an anxiety-like response to novelty 

and an exacerbation of compulsive-like behavior following social isolation. 

These results are consistent with extensive evidence that social isolation exacerbates 

BPSD-like symptoms in animal models (Bartolomucci et al., 2003; Magalhães et al., 2024; 

Võikar et al., 2005). The unique contribution of our study, however, lies in revealing this 

nuanced behavioral phenotype by analyzing a single motor act across different contexts. This 

divergence presents a compelling puzzle: why do genetically identical animals behave so 
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differently based solely on their social condition? To explain this, a framework that links 

social need to brain function is required. 

Drawing upon the social homeostasis theory, it can be hypothesized that chronic 

social deprivation induced a profound homeostatic imbalance in the single-housed mice. This 

imbalance likely acted as a persistent, low-grade stressor, promoting functional alterations 

within key neural circuits such as the brain’s reward system–which includes the VTA, NAc 

and ventromedial prefrontal cortex – and circuits for emotional regulation and stress 

response. The resulting neural dysfunction could then manifest behaviorally as the precise 

patterns we observed. Consequently, in this view, the divergent digging patterns are not 

contradictory but are two symptoms of the same underlying issue that involves a brain state 

fundamentally altered by the disruption of social equilibrium. 

5.4 Environmental modifications 

The three studies systematically examined the influence of environmental 

modifications, ranging from enriched conditions that promote physical activity to the 

impoverished state of social isolation. An intermediate context was represented by the MWM 

test, which inherently combines two opposing forces (i) the enriching potential of repeated 

cognitive training and (ii) the stress-inducing aspects of the task itself. 

Across all studies, environmental manipulations yielded subtle effects. These were 

not immediately evident but emerged after an in-depth analysis including the detailed 

characterization of swimming strategies in the MWM (Study 1), the identification of NIBI 

animals in the CT (Study 2), and the quantification of specific digging episodes (Study 3). 

These nuanced outcomes align with existing literature, where the effects of environmental 

enrichment in AD models remain ambiguous. While some studies report improvements in 

amyloid or tau pathology and reductions in BPSD-like symptoms (Liu et al., 2022; 

Maliszewska-Cyna et al., 2016), others show no significant changes or even detrimental 

outcomes (Hansson et al., 2019; Jankowsky et al., 2003, 2005). In contrast, the adverse 

impact of SI is more consistently reported, though often influenced by variables such as 

strain, sex, litter origin, or experimental design (Dong et al., 2004; Peterman et al., 2020). 

These inconsistencies indicate that a simplistic dichotomy—enrichment as beneficial, 

impoverishment as harmful—is inadequate. 
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To better account for this complexity, this thesis supports a dynamic, bidirectional 

model in which the organism and its environment are constantly interacting. The environment 

modulates behavioral expression, while the organism’s phenotype shapes its responsiveness 

to environmental input. This guided the decision to assess BPSD-like behaviors in tasks 

beyond their conventional scope, reflecting the interconnectedness of cognitive and non-

cognitive symptoms. 

5.5 Importance of sex in AD research 

Significant sex-dependent differences appeared in Studies 1 and 2, indicating a subtle, 

context-dependent pattern across experimental paradigms. In the MWM test, females showed 

signs of impaired cognitive flexibility compared to males, while males demonstrated slightly 

superior engagement in VWR. Although caution is necessary when comparing studies with 

different experimental conditions, littermates, and genotypes, these results collectively 

emphasize the complexity and context-specific nature of sex-related behavioral differences. 

Historically, females have been underrepresented in clinical and preclinical research, 

driven primarily by assumptions that hormonal fluctuations would introduce excessive 

variability, thereby complicating data interpretation (Bierer et al., 2022; Uhl et al., 2007). 

Such exclusion has limited the generalizability and translational value of findings, 

particularly in conditions such as AD, where sex differences profoundly influence disease 

trajectory (Ferretti et al., 2018). In addition, analysis blind to sex can lead to false positive or 

negative results that can even hide distinctive male and female patterns in the behavioral 

outcomes (Cañete & Giménez-Llort, 2021). However, advancements in statistical 

methodologies now enable researchers to address variability effectively, thus facilitating 

deeper, sex-specific insights into disease pathophysiology and treatment responses. 

Furthermore, male and female sexes are viewed as two distinct biological contexts 

when studying biological, psychological, social, and environmental factors and their 

interactions (Baeta-Corral et al., 2018). Therefore, recognizing and systematically addressing 

sex-dependent differences in preclinical models is fundamental to developing more effective, 

personalized therapeutic interventions. Given the higher prevalence of AD in women and 

potentially faster disease progression in men, incorporating sex as a biological variable is 

critical to achieving broader applicability and clinical relevance in neuroscience research. 
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5.6 Limitations and Future Perspectives 

Despite its contributions, this thesis presents limitations that warrant consideration. 

First, the visual classification of swimming strategies in the MWM test, although highly 

detailed, was time-intensive and subject to observer bias. This constraint may hamper broader 

adoption and replication by other research groups. Future implementation of automated 

classification tools—such as artificial intelligence-based trajectory analysis—would 

significantly enhance reproducibility, scalability, and analytical objectivity. 

 

Second, the absence of histological and molecular analyses across all three studies 

limited the capacity to identify underlying neurobiological mechanisms. Without correlating 

behavioral findings with markers of neuroinflammation, synaptic plasticity, or 

neurodegeneration, interpretations remain largely speculative. For instance, behavioral 

phenotypes associated with BPSD-like symptoms could be meaningfully complemented by 

assessing activity in the prefrontal cortex, amygdala, hippocampus, and ventral striatum, 

along with quantification of stress hormones and neurotransmitter-related markers. 

 

Study 2 was further limited by an unbalanced experimental design since only 

transgenic animals were included due to the logistical impossibility of adding NTg mice. 

Similarly, the absence of combined SI+PA group restricted the evaluation of genotype- and 

interaction-dependent effects. Additionally, although the connection with social homeostasis 

theory provides a compelling interpretive framework, this link remains hypothetical in the 

absence of neurobiological validation. Specifically, the proposed involvement of the 

prefrontal cortex and amygdala in response to chronic isolation was not directly tested. The 

behavioral scope of the study, while informative, would benefit from integration with 

longitudinal neurobiological profiling. 

 

Moreover, the cross-sectional design of Study 3, though ecologically valid—

modeling naturally occurring isolation due to cage-mate mortality—prevents dynamic 

tracking of how social disconnection unfolds over time. A critical next step would be the 

implementation of a longitudinal design that monitors both behavioral and neurobiological 

changes from the onset of isolation. This should include both sexes, given the sex-dependent 



GENERAL DISCUSSION 

 

 

107 

patterns identified, and assess temporal alterations in social behavior, neurocircuit activity, 

and peripheral stress biomarkers. 

 

While the direct clinical translation of these findings to human AD necessitates 

further investigation, the methodological innovations presented, particularly the advanced 

statistical approaches, offer substantial promise. Their capacity to elucidate subtle, 

longitudinal behavioral changes in animal models provides a crucial framework for future 

basic science studies of AD. This approach can facilitate a more routine integration of 

detailed behavioral analyses, thereby enhancing our ability to discern fine responses to 

interventions, such as anxiolytics, in late-stage AD models. The tracking of such responses 

through repetitive measures like the MWM or changes in PA engagement offers a vital lens 

for interpreting complex behavioral phenotypes, ultimately guiding more effective 

preclinical research strategies for AD. 

 

In summary, although it presents certain limitations, this work advances our 

understanding of how environmental modifications interact with AD pathology to influence 

BPSD-like symptoms in the 3xTg-AD mouse model. By integrating advanced statistical 

methodologies with ecologically relevant behavioral paradigms, this thesis contributes a 

valuable framework for investigating the non-cognitive dimensions of AD. Once the outlined 

limitations are addressed, we hope this line of research will enhance the translational value 

of preclinical models and support the development of targeted, sex-sensitive therapeutic 

strategies. 
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1. In the MWM test, circling behavior was identified as a distinctive characteristic of BPS-

like behavior in 3xTg-AD mice. This strategy became more prevalent with age in this 

group, suggesting a breakdown in their ability to cope with the stressful nature of the test. 

 

2. GLMMs proved effective in analyzing MWM test swimming strategies, revealing subtle 

genotypical and sexual variations. Notably, 3xTg-AD animals demonstrated a preference 

for less efficient strategies in reaching the platform. 

 

3. Differences observed through GLMMs were context- and sexual-dependent with 

variations in the strategy adopted during their first MWM test experience. Overall, 

females tended to exhibit less cognitive flexibility. 

 

4. A voluntary PA protocol lasting four weeks reduced the expression of anxiety-like 

behaviors in the OF in 3xTg-AD mice at advanced stages of the disease. 

 

5. MEMs proved to be a valuable statistical technique for behavioral analysis, revealing 

sexual differences in the circadian patterns of PA engagement in 3xTg-AD mice.  

 

6.  Interindividual differences, specifically fearful response assessed by the CT test, were a 

significant predictor of later response to PA engagement. This effect on the circadian 

activity of voluntary exercise was observed only in males. 

 

7. The effects of natural social isolation in 3xTg-AD male mice showed a possible alteration 

in the habituation process as they showed a distinctive pattern of static digging behavior 

in the CT.  

 

8. Socially isolated 3xTg-AD male mice exhibited a distinctive behavioral signature: low 

digging activity in the second half of the CT and high digging episodes in the MB test. 

This pattern was exclusive to the isolated group. While novel and intriguing, this behavior 

has not yet been definitively established as a marker of social isolation effects. 
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9. Environmental modifications elicited BPSD-like responses in 3xTg-AD mice; those 

responses were consistent across experimental designs and occurred probably as an 

inability of the animal to properly cope with the stress triggered by the test and setting.    

 

10. Specific BPSD-like symptoms manifested in 3xTg-AD mice increased circling behavior 

in the MWM test, altered circadian rhythm activity when exposed to VWR and disrupted 

patterns of digging behavior when exposed to social isolation. 
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