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ABSTRACT  

 

Alzheimer's disease (AD) is an age-related progressive neurodegenerative disorder traditionally 

described through cognitive and neuropsychiatric/behavioural symptomatology. However, psychomotor 

motor dysfunctions and motor impairment remain under-explored.  

The 3xTg-AD model shows the neuropathological and cognitive alterations that characterise the 

disease similar to what occurs in humans, presenting β-amyloid plaques in the cortex and hippocampus 

at 12 months of age spread throughout the cortex. Subsequently, at 15 months, intraneuronal Tau 

tangles accompany this spread in the cerebral cortex. 

This research is based on the International Classification of Functioning and Disability, which is used 

worldwide in the rehabilitation of neurodegenerative pathologies, including AD, and from a life course 

approach associated with normal, accelerated and pathological ageing reproducible in different 

translational research contexts.  

For the study of AD, two research phases were included. In the first phase, the primary and secondary 

motor signatures of psychomotor dysfunction in normal ageing and Alzheimer's disease were 

characterised. Male 3xTg-AD and NTg mice aged 6 and 12 months were included in phase 1. In the 

second phase, the primary and secondary signatures were modulated and integrated under the 

exploration of external factors. Male 3xTg-AD and C57BL/6 mice were included between 13 and 16 

months of age, and male and female 3xTg-AD and NTg mice aged 12 and 16 months were also 

included.  

Psychomotor tests assessed performance from spontaneous gait, exploratory activity, muscle strength, 

and physical endurance. In addition, frailty phenotype and specific phenotypes such as clasping reflex 

and geotaxis were included. Additionally, sarcopenia studies and HPA axis analysis were performed. 

For the first time, the results report the classification of primary and secondary signatures of 

psychomotor dysfunctions in the 3xTg-AD mice model. They were detected as primary signatures 

present in gait and exploratory activity from the study of quantitative and qualitative variables of 

psychomotor performance. They show a decrease in stride length, speed and cadence, modified by 

postural alterations such as structural kyphosis in 3xTg-AD mice. In addition, kyphosis is age-sensitive, 

changing from postural to structural in the ageing process. Also, the clasping reflex indicates the 

severity of AD, a primary signature like kyphosis. It includes the frailty phenotype that accompanies 

general psychomotor impairment in mice and increases with age. 

On the other hand, bizarre behaviour patterns that were evidenced in dry and water tests showed 

greater severity of affectation among 3xTg-AD mice. In addition, neophobia (freezing) alters 

performance, particularly exploration and locomotion. Also, bizarre patterns and kyphosis modify the 

performance of spontaneous gait and exploratory activity, which is preserved in normal ageing. Even 

secondary dysfunctions can be modulated by external factors such as isolation and a re-test of the 
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behavioural battery, where 3xTg-AD mice improve motor performance in females and isolation in males. 

Also, physical endurance measured in rotarod was sex-sensitive, with 3xTg-AD and non-transgenic 

females performing better. However, they showed the highest indicators of frailty, sarcopenia and 

alteration of the HPA axis. 

Finally, functional impairments and alterations in 3xTg-AD mice are related to Alzheimer's disease 

stages, providing a scenario to understand the heterogeneity of non-cognitive symptoms of motor 

performance. 
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1. ALZHEIMER’S DISEASE  

 

Alzheimer's disease (AD) is an age-related progressive neurodegenerative disorder (Piaceri et al., 

2013) that leads to a progressive decline in the brain functionally and morphologically (Deture and 

Dickson, 2019; Dugger and Dickson, 2017; Long and Holtzman, 2019). Its presentation is progressive 

and chronic, with subsequent loss of cognitive function (Long and Holtzman, 2019). AD is the most 

common form of dementia and may contribute to 60-70% of cases (WHO 2017). Most cases occur after 

the age of 65, comprising late-onset AD (LOAD), while cases occurring before the age of 65 are 

considerably rarer, constituting less than 5% of all cases and are termed early-onset AD (EOAD) 

(Alzheimer's Association 2020; Long and Holtzman 2019; Piaceri et al., 2013). In addition, the risk of 

AD is 60% to 80% dependent on hereditary factors, with more than 40 genetic risk loci associated with 

AD already identified (Tanzi, 2012). In more than half of patients with inherited AD, they have mutations 

in one of three different genes (APP; presenilin 1, PS1; encoded by PSEN1, and PS2; encoded by 

PSEN2) (Bekris et al., 2010; Clark et al., 1996; Vetrivel et al., 2006). Furthermore, APOE alleles have 

the strongest association with the disease (Scheltens et al., 2021; Serrano-Pozo et al., 2021). Moreover, 

in recent years, it is rapidly becoming one of the most costly, deadly, and burdensome diseases of this 

century (Scheltens et al. 2021; Alzheimer's Association 2020). The most recent data indicate that, by 

2050, the prevalence of dementia will double in Europe and triple worldwide, and this estimate is three 

times higher when based on a biological definition of the disease (Scheltens et al. 2021). 

Biologically, AD is defined by the presence of a specific neuropathological profile (Duyckaerts et al., 

2009) that includes extracellular deposition of β-amyloid (Aβ) arising from proteolytic cleavage of 

amyloid precursor protein (APP) in the form of diffuse; neuritic plaques and the presence of 

intraneuronal neurofibrillary tangles (NFTs); and neuropil threads within dystrophic neurites consisting 

of aggregated hyperphosphorylated tau protein (Deture and Dickson, 2019; Duyckaerts et al., 2009; 

Serrano-Pozo et al., 2011). Most mutations result in the overproduction of Aβ, specifically, the 42-amino 

acid Aβ isoform (Aβ42), which has amyloidogenic characteristics and is more prone to aggregation 

(Golde et al., 2000; Masters et al., 2015). On the other hand, most mutations in APP modify APP 

processing such that the ratio of Aβ42 to Aβ40 increases in the plasma of affected patients (O’Brien 

and Wong, 2011; Scheuner et al., 1996). In addition, mutations in PSEN1 and PSEN2 result in 

increased Aβ42/Aβ40 ratios (Kumar-Singh et al., 2006; Weggen and Beher, 2012). The type of mutation 

and the associated Aβ42/Aβ40 ratio predict the average age of onset of dementia (Graff-Radford et al., 

2007). 

Braak and Braak described the pathological evolution of the disease in 1991, 1995 (Braak and Braak, 

1995, 1991); in their report, they mapped the movement of both β-amyloid and hyperphosphorylated 

tau in the brain during disease progression (Braak and Braak, 1995, 1991). Thus, the movement of 

amyloid was divided into three stages: A, B, and C; and tau in six: I to VI (Braak and Braak 1991). In 

typical cases of Alzheimer's disease, Aβ deposition precedes neurofibrillary and neuritic changes with 

an apparent origin in the frontal and temporal lobes, hippocampus and limbic system (Masters et al., 
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2015). Less frequently, the disease appears to arise from other regions of the cerebral neocortex, with 

relative sparing of the hippocampus (Masters et al., 2015; Swarbrick et al., 2019). Amyloid deposition 

develops before the appearance of tau (Braak and Braak, 1991; Scheltens et al., 2016). However, the 

presence of amyloid does not mean that tau pathology will develop (Braak and Braak 1991).  

In addition, neurofibrillary tangles and neuritic degeneration begin in the medial temporal lobes and 

hippocampus and progressively spread to other areas of the neocortex (Braak and Braak, 1995, 1991, 

2018; Swarbrick et al., 2019). Thus, as illustrated in Figure 1, during stage A, amyloid is found in the 

base layer of the frontal, temporal, and occipital lobes; in stage B, amyloid progresses to almost all 

areas of the isocortex; and during stage C, amyloid becomes densely packed (Swarbrick et al. 2019). 

Braak stages I and II are centred in the transentorhinal region; in stage II the tau pathology is more 

densely packed than in stage I. In stage III, pathology shifts to the entorhinal region with low levels of 

tau observed in CA1 of the hippocampus and mild or absent changes in the isocortex (Swarbrick et al. 

2019; Masters et al. 2015; Braak and Braak 1991). 

 

Figure 1. The pathological evolution of Alzheimer’s disease (Masters et al., 2015). a) Amyloid plaques and 

neurofibrillary tangles spread throughout the brain as the disease progresses. b) Typical cases of Alzheimer’s 

disease, Aβ deposition, neurofibrillary and neuritic changes. 

 

Clinically, AD presents with progressive loss of short-term memory, long-term memory and abstract 

thinking (MacDonald, 2007; Tarawneh and Holtzman, 2012). Symptoms of the disease have been 

classified according to criteria published in 1984 by the National Institute of Neurological and 

Communication Disorders and Stroke (NINCDS) and the Alzheimer's Disease and Related Disorders 

Group (ADRDG) (Knopman et al., 2019; McKhann et al., 1984). In typical amnesic cases, there are 

usually early impairments in learning and memory, followed by later impairments in complex attention, 

executive function, language, visuospatial function, praxis, gnosis and social behaviour and conduct 

(Hugo and Ganguli, 2014; McKhann et al., 2011). The first symptoms of the disease are observed in 

episodic memory loss and correspond to mild cognitive impairment (MCI) (Gold and Budson, 2008; 
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McKhann et al., 2011). Patients who fit this definition are 3-5 times more likely to develop dementia 

within 3-5 years (Petersen et al., 1999). They may also present atypical clinical syndromes with early 

impairment in non-memory domains  (Galton et al., 2000). Also, posterior cortical atrophy presents early 

deficits in visuospatial function, praxis, and gnosis (Sperling et al., 2011; Tang-Wai et al., 2004). In 

addition, the behavioural/dysexecutive variant of AD may present with early executive dysfunction or 

behavioural impairment, especially apathy, hyperorality and perseveration (Ossenkoppele et al., 2015). 

The severity of clinical dementia can be rated using standardised instruments such as the Clinical 

Dementia Rating, which rates disease severity based on the composite level of dysfunction in the 

domains of memory, orientation, judgment and problem solving, participation in community affairs, 

functioning at home and hobbies, and self-care (Long and Holtzman, 2019). 

Figure 2 shows the onset and progression of clinical symptoms according to biomarkers measuring Aβ 

deposition, tau or brain neurodegeneration (Toniolo et al., 2020). Amyloid load, measured by 

cerebrospinal fluid (CSF) or positron emission tomography (PET) of Pittsburgh compound B (PiB) 

amyloid ligand, is the first to increase (Scheltens et al., 2016; Toniolo et al., 2020). A prolonged 

preclinical phase of the disease is characterised by the early onset of amyloid deposition  (Dubois et 

al., 2016). At the same time, there are early neuroinflammatory changes (Long and Holtzman, 2019). 

Disease progression continues with the spread of NFT tau pathology from the medial temporal lobes to 

the neocortex (Braak and Tredici, 2018). Synaptic dysfunction, synapse loss and neurodegeneration 

accumulate with the pathologic spread of tau aggregates (Tai et al., 2012). Progression and onset of 

cognitive impairment correlate with tau accumulation and hippocampal volume loss but not with amyloid 

deposition (Long and Holtzman 2019). Electroencephalogram (EEG) abnormalities increase 

longitudinally as the disease progresses, with suboptimal detection rates (Toniolo, Sen, and Husain 

2020). The combined effect of Aβ amyloid and tau induces hyperexcitability in the early stages and 

hyperexcitability in the late stages of the disease, as shown by hippocampal activation by fMRI (Toniolo 

et al., 2020; Long and Holtzman 2019). Inter-individual differences exist, and some older individuals 

with preclinical evidence of pathophysiological changes may not become symptomatic during their 

lifetime, possibly due to slower progressing disease or death due to competing mortality (Long and 

Holtzman 2019; Toniolo et al., 2020). These inter-individual differences are attributable to 

environmental and genetic factors, including brain reserve, cognitive reserve, genetic polymorphisms, 

and coexisting pathologies, such as age-related brain diseases and medical comorbidities (Toniolo et 

al., 2020). Furthermore, lifestyle factors do not directly affect the pathology of Alzheimer's disease, but 

may contribute to a positive outcome in people with Alzheimer's disease (Scheltens et al. 2021). 
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Figure 2. Biomarker dynamics model of AD hyperexcitability in humans (Toniolo et al., 2020).  

 

Currently, four drugs are approved by the Food and Drug Administration (FDA) to treat cognitive 

impairment and global activities dysfunction in symptomatic AD (Long and Holtzman, 2019). These 

include three cholinesterase inhibitors (ChEIs): donepezil, rivastigmine and galantamine; and 

memantine, a non-competitive NMDA receptor modulator (Long and Holtzman, 2019; Patel and 

Grossberg, 2011). However, some drugs are in advanced stages of clinical trials and include anti-

amyloid β, anti-tau and anti-inflammatory strategies (Scheltens et al., 2021). The evidence underlying 

the amyloid cascade hypothesis remains strong, and findings should continually inform and update our 

understanding of the pathobiology of the disease, ultimately leading to the development of new 

treatment approaches (Long and Holtzman, 2019). 

 

2. MOTOR AND NON-MOTOR SYMPTOMS OF AD 

 

AD is traditionally described through cognitive and behavioural symptomatology (Hsieh et al., 2016). 

However, motor dysfunctions and impairment remain under-explored (Koppelmans et al., 2020). 

Consequently, comorbidity of functional and cognitive impairment is a warning sign of increasing 

disability (Liou et al., 2020), a growing public health problem (Buchman and Bennett, 2011), and is 

already present in the preclinical stages of Alzheimer's disease (Beeri et al., 2021). 

Motor and sensory impairments are less frequent at the onset of the disease but may appear in later 

stages (Zidan et al., 2012). Although the main signs of AD are defined around cognitive impairment, 

motor impairments such as bradykinesia, rigidity and gait disorders are of great importance due to the 

limitations and functional impairments they cause in the disease (Montero-Odasso and Perry, 2019). 

Several studies have shown different motor impairments during the last two decades, particularly those 
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associated with gait in AD (Beauchet et al., 2014; Montero-Odasso et al., 2018; Muir et al., 2012). For 

example, it is longitudinally associated with cognitive impairment, dementia and falls in older adults 

(Dyer et al., 2020; You et al., 2021), and slow gait is associated with an increased risk of falls and poor 

baseline cognition (Beeri et al., 2021). Thus, gait disorders in AD patients have been described within 

the group of impairments known as “frontal gait” and, in particular, gait in AD has been defined as 

“cautious gait” (Baker, 2018; Pirker and Katzenschlager, 2017).  

In this way, patients with this type of disorder who seem to have forgotten how to perform the act of 

walking are defined as frontal gait (Pirker and Katzenschlager, 2017). Patients have difficulties standing 

and postural misalignments that prevent them from changing to different positions in a coordinated 

manner with segments such as the arms and legs, leading to difficulties in achieving a stable position 

(Muňoz et al., 2010; Pirker and Katzenschlager, 2017). In execution, the gait has a broad base of 

support, with a short stride length, the arms may be extended laterally or may reduce their swing, and 

the trunk posture may be bent, upright or even hyperextended (Pirker and Katzenschlager, 2017). The 

onset of walking is affected, as in Parkinson's disease, with bradykinesia. Some patients begin to walk 

by swaying the trunk laterally or making exaggerated arm movements (Magrinelli et al., 2016). There is 

shuffling ("magnetic feet"), but gait usually improves after walking a few steps (Pirker and 

Katzenschlager, 2017; Sanders and Gillig, 2010). In addition, freezing episodes can occur, especially 

when turning and facing obstacles (Pirker and Katzenschlager, 2017). Balance and postural stability 

are also affected (Lee et al., 2017; Mesbah et al., 2017). In some cases, retropulsion occurs, which can 

lead to backward falls (Baker, 2018; Jahn et al., 2019; Montero-Odasso et al., 2018; Pieruccini-Faria et 

al., 2021; Pirker and Katzenschlager, 2017). These impairments are associated with grey matter 

atrophy in the midbrain and are caused by a dysfunction in a network linking the primary motor cortex 

to the locomotor region of the midbrain (Pirker and Katzenschlager, 2017).  

On the other hand, cautious gait is more frequent in patients with mild dementia (Clinical Dementia 

Rating Scale: Hughes CDR, stage 1), and frontal gait disorder becomes prominent in more advanced 

AD (CDR stage 2 and 3) (Beauchet et al., 2016). This gait pattern is similar to that observed in ageing, 

and may present: a decrease in gait speed, step length and postural gait stability, manifested more 

specifically in static and dynamic balance, with an enlarged base of support (Beauchet et al., 2008; 

Montero-Odasso et al., 2012). Dynamic instability has also been observed in mild and moderate AD 

(Beauchet et al., 2016; Pirker and Katzenschlager, 2017). Furthermore, AD patients show progressive 

deterioration of the visual system, with severe neuropathology in visual association areas in advanced 

stages, although primary sensory areas remain relatively unchanged (Thompson et al., 2003). Thus, 

patients tend to make greater use of the relatively unaffected somatosensory system (resource 

reallocation) once the visual system has deteriorated too much as a compensatory measure to maintain 

their autonomy and functionality (Pirker and Katzenschlager, 2017). In addition to cautious gait, gait-

related motor activity disturbances such as rigidity and bradykinesia have been observed, which show 

rapid progression throughout the course of the disease and are considered extrapyramidal signs 

(Beauchet et al., 2016, 2014). However, in AD, rigidity is paratonic and the gait disturbances are 

possibly due to apraxia (Fuller and Manford, 2010). Paratonic rigidity and gait apraxia are not indicative 
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of parkinsonism. Furthermore, bradykinesia in AD is different from the slowness of movement seen in 

normal ageing (Beauchet et al., 2016; Caranasos and Israel, 1991; Cohen et al., 2016; Zwergal et al., 

2012). 

Finally, Table 1 differentiates functional gait impairment according to the variables that quantitatively 

describe gait. Normal ageing, Parkinson's and Alzheimer's disease have been included to visualise the 

differences in each parameter.  

Table 1. Differentiation of impairments and deficits in spatial, temporal, biomechanical and 

postural parameters of gait in normal and pathological ageing in humans (Castillo-Mariqueo, 

2018; Castillo Mariqueo and Giménez Llort, 2020). 

Parameters of gait Ageing Alzheimer’s disease Parkinson’s 

disease 

Spatial Stride length,  

step height and 
width 

 

Base and support 
area 

Gradual decline 

 

 

 

Increase   

Initial stages, similar to 
ageing 

 

 

Advanced stages, 
decreases 

Stage 1 and Stage 2 
(Hoehn and Yahr), similar to 
ageing 

 

 

Advanced stages, 
decreases  

Temporal Step and stride 
time, and 
frequency 

 

Gait phases 

Increase 

 

 

 

Increases contact 
time with the ground 

Initial stages, similar to 
ageing 

 

 

Advanced stages, 
apraxia/ataxia 

Stage 1 and Stage 2 
(Hoehn and Yahr), similar to 
ageing 

 

 

Advanced stages, 

Bradykinesia/Festination  

Spatial-
Temporal 

Speed 

 

 

Cadence 

 

 

Automatic turn 
reaction 

 

 

 

Gradual decline  

Initial stages, decrease 

 

 

Initial stages, decrease 

 

 

Decreases considerably  

  

Stage 1 and Stage 2 
(Hoehn and Yahr), similar to 
ageing 

 

Advanced stages may 
increase 

 

Decreases considerably   

Biomechanical Joint range 

 

 

Muscular strength  

 

Gradual decline  

Initial stages, similar to 
ageing 

 

Advanced stages run with 
fragility 

Stage 1 and Stage 2 
(Hoehn and Yahr), similar to 
ageing 

 

Advanced stages run with 
fragility  

Postural Postural changes 
in a static or 
resting position, 
and dynamic 
stability 

Gradual instability. 
Joint stiffness due to 
cartilage wear 

Lost stability in a static 
position. 

In advanced stages, loss 
of dynamic stability with 
paratonic rigidity.  

Involuntary movements: rest 
tremor, cogwheel rigidity. 

Increases severity from 
Stage 3 and Stage 4 
(Hoehn and Yahr)  
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On the other hand, behavioural and psychological symptoms of dementia (BPSD), also known as 

neuropsychiatric symptoms (NPS), represent a heterogeneous group of non-cognitive symptoms and 

behaviours that occur in subjects with dementia (Cerejeira et al., 2012). BPSDs include agitation, 

aberrant motor behaviour, anxiety, elation, irritability, depression, apathy, disinhibition, delusions, 

hallucinations, and changes in sleep or appetite (Cerejeira et al., 2012). There is a consensus that 

greater symptom severity predicts faster cognitive decline, loss of independence and even poorer 

survival (Li et al., 2014). Their presence has been described as the result of a complex interaction of 

neurobiological, psychosocial and environmental factors such that, although there is significant 

variability from patient to patient, their frequency and severity tend to increase progressively as the 

disease's cognitive and functional impairment progresses (Mintzer et al., 2000). Furthermore, different 

anatomical-clinical entities are accompanied by types or combinations of NPS to the extent of showing 

a preference for different brain regions (Cerejeira et al., 2012). For example, frontal damage caused by 

the disease is associated with behavioural changes such as apathy, hyperactivity, disinhibition, poor 

judgment or contrast with reality, such as thought disturbances (Mintzer et al., 2000). In particular, 

apathy has been associated with dysfunction in the areas that make up the frontal-subcortical circuits, 

showing hypoperfusion and hypometabolism in the anterior cingulate gyrus (AGG), orbitofrontal cortex 

(OFC), nucleus basalis of Meynert and hippocampus (García Morúa et al., 2010; Levy and Dubois, 

2006). While depression has been associated with dysfunction in frontal-subcortical and subcortical 

limbic circuits (locus coeruleus, substantia nigra, hippocampus and hypothalamus), finding 

hypoperfusion in the GCA and dorsolateral prefrontal cortex (DLPC) as well as frontal and prefrontal 

hypometabolism (Bonelli and Cummings, 2007).  

Similarly, psychotic symptoms have been associated with increased neurofibrillary tangles in the 

neocortex, while agitation has been related to a greater accumulation of neurofibrillary tangles in the 

OFC (Farber et al., 2000). BPSDs could be linked to changes in neurotransmitter systems involved in 

AD, especially those involving glutamate, acetylcholine, serotonin, norepinephrine or dopamine 

(Cerejeira et al., 2012; Kristensen, 1990), and their dysfunction could be related to the presence of 

mood swings (serotonin and norepinephrine), movement disorders (dopamine), aggression (serotonin) 

and apathy (acetylcholine) (Cerejeira et al., 2012; Mintzer et al., 2000). Unfortunately, the success of 

treatment of these psychiatric symptoms may be lower when AD is comorbid, underlining the 

importance of future research into their pathobiology and treatment (Li et al., 2014). 
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3. FUNCTIONING AND DISABILITY IN AD 

 

Functioning is conceptualised as a person’s ability to perform the activities necessary to achieve well-

being through the interrelation of biological, psychological (cognitive and affective) and social domains 

(Hopper, 2007). Under this definition, the International Classification of Functioning, Disability and 

Health (ICF) proposes a conceptual framework that establishes a standard language to describe health 

and its dimensions (WHO 2001). It was adopted by the WHO in 2001 and has since had wide 

applicability in the field of health rehabilitation (Hopper 2007). Figure 3 lists the three components of 

this model: body functions and structures, activity, and participation. The first component relates to 

physiological and psychological functions and anatomical elements; the second component refers to 

the individual performance of tasks and activities; the third component relates to the development of 

social situations (WHO 2001). Functional impairment is a central symptom of AD (Arrighi et al., 2013; 

Gauthier et al., 1997). The most accurate indicator of functional impairment is a decline in the 

performance of activities of daily living (ADL) (Arrighi et al., 2013; Muò et al., 2009; Yeh et al., 2011). A 

report using the ICF has pointed out that activity and participation are restricted to domestic life, self-

care and mobility, communication, interaction and social relationships (Muò et al., 2009). Furthermore, 

subjects who appeared more compromised on the Mini-Mental State Examination (MMSE) and the 

Global Deterioration Scale (GDS) showed greater impairment of function, limitation of activity and 

restriction of participation (Muò et al., 2009). Executive dysfunction and declines in general measures 

of cognitive functioning have also been reported to be associated with decreased ability to perform 

instrumental ADLs (Pereira et al., 2008). ADLs are affected in a progressive and hierarchical manner 

associated with cognitive impairment, but substantial variability persists between individuals and the 

relative order of affected items (Arrighi et al., 2013). It has also been noted that there are disability 

profiles with restricted patterns of time use in a variety of domains spanning both obligatory and 

discretionary activity, accompanied by a significant increase in a passive activity, such as sleeping 

during the day or sitting in front of the television (Lomax et al., 2004). Restrictions in the social and 

environmental contexts of the patient's life and diminished levels of subjective enjoyment have also 

been associated with their daily use of time (Hopper, 2007; Lomax et al., 2004). 

The ICF currently consists of 1,424 mutually exclusive categories that together cover a complete and 

comprehensive spectrum of human experience and are organised as a hierarchical structure of 4 levels 

differentiated from least to most accurate (WHO, 2013). The ICF categories are indicated by 

alphanumeric codes with which it is possible to classify functioning and disability, both at individual and 

population levels. According to this hierarchical structure, the highest-level category (4th) shares the 

attributes of the lowest level category (1st) to which it belongs. In addition, ICF rates quantify the 

magnitude of a problem in the different ICF categories, which are mathematically weighted quality 

descriptors that record the presence or severity of a problem at the bodily, personal or societal level 

(WHO, 2001). Thus, a problem may involve an impairment, limitation or restriction that can be graded 

from 0 (no problem: 0-4%), 1 (mild problem: 5-24%), 2 (moderate problem: 25-49%), 3 (severe problem: 
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50-95%) to 4 (total problem: 96-100%). Environmental factors are quantified with a negative or positive 

scale indicating how an environmental factor acts as a barrier or facilitator (WHO, 2013). 

The ICF is a useful tool for describing the health condition of AD patients, as it highlights important 

aspects of daily life that are not usually considered in activities of daily living scales, such as 

communication, social relationships, and recreation and leisure (Badarunisa et al., 2015; Gauthier et 

al., 1997; Hopper, 2007). 

 

Figure 3. International Classification of Functioning, Disability, and Health (ICF) (WHO 2001). 

 

4. FRAILTY AND SARCOPENIA IN AD 

 

Frailty is a pre-disability syndrome in which an older person can be identified as being at risk when 

exposed to stressors associated with a high risk of disability or requiring hospitalisation (Cesari et al., 

2016; Gómez-Gómez and Zapico, 2019; Morley, 2016). In turn, sarcopenia, decreased function with 

low muscle mass, is a major cause of frailty  (Lo et al., 2020; Morley, 2016). Therefore, motor function 

is the main driver of associations between sarcopenia and physical frailty with several adverse health 

outcomes (Buchman et al., 2021; Suryadevara et al., 2020). In chronic and progressive diseases, such 

as AD, early identification of changes in parameters, such as muscle mass and strength and reductions 

in physical performance, is essential to identify and take precautions in the early stages considering the 

limitations of the preventive effects of treatment applied after AD diagnosis (Suryadevara et al., 2020; 

Yazar and Yazar, 2019). 

Thus, lower grip strength has been reported to be associated with an increased risk of cognitive decline 

and dementia (Cui et al., 2021). People with sarcopenia are more likely to have a single but dual decline 

in cognitive and physical function (Tolea and Galvin, 2015). Furthermore, it has been noted that 

changes in muscle strength are detectable in the early stages of the disease, where women have 

decreased muscle strength without loss of muscle mass in the upper and lower extremities and men in 

the lower extremities with decreased muscle mass and muscle strength in intermediate or advanced 
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stages of AD (Ogawa et al. 2018). It has also been mentioned that the prevalence of sarcopenia is 

higher in the early stages of AD (Ogawa et al. 2018; Bai et al. 2021). Particularly in women with mild 

cognitive impairment, sarcopenia and physical frailty have been associated with cognitive and affective 

functions (Ohta et al., 2019), with a higher prevalence associated with dementia in old age (Ruan et al., 

2017b). 

Emerging biomarkers of sarcopenia and physical frailty could be the basis for establishing clinical and 

research criteria for AD and thus be useful for a new clinical vision (Ruan et al., 2017a). 

 

5. 3XTG-AD MICE MODEL FOR THE STUDY OF AD  

 

The triple transgenic 3xTg-AD mouse model was first described in 2003 (Oddo, et al. 2003a). This 

model was created by microinjecting the APPSwe and tauP301L transgenes into the pronucleus of an 

embryonic mouse cell-induced (knock-in) for the PS1M126V gene; as a result, it carries the human 

PS1M146V, APPSwe, tauP301L transgenes (Oddo, et al. 2003a; Oddo, et al. 2003b). 

The model progressively develops amyloid-beta and tau in brain regions such as the cortex, 

hippocampus and amygdala, which are relevant to AD pathology (Oddo et al. 2003b). The temporal 

and anatomical specific profile of the model reproduces a similar pattern observed in humans (Oddo et 

al. 2003a; Mesulam 2000). In addition, the model exhibits behavioural and cognitive deficits that 

increase with age (Giménez-Llort et al., 2007). 

Intraneuronal Aβ pathology correlates with the appearance of cognitive deficits in the CA1 region of the 

hippocampus at 4 months but is also visible in the cortex and amygdala (Oddo et al. 2003b; Oddo et al. 

2003a; Clinton et al. 2007). However, Aβ immunoreactivity has been observed in the hippocampus at 

2 months (Mastrangelo and Bowers, 2008). Extracellular deposits of Aβ in 3xTg-AD mice are evident 

at 6 months, predominantly in layers 4 and 5 of the frontal cortex (Oddo et al. 2003a). At 12 months, 

they continue to spread into the hippocampus and cortical regions. (Giménez-Llort et al., 2007). 

However, tau immunoreactivity is first evident at 12 months in the pyramidal neurons of area CA1 (Oddo 

et al. 2003a; Oddo et al. 2003b). 

In addition, behavioural characterisation of mice has revealed a reduction in exploratory behaviour and 

an increase in ambulation, which is observed prior to Aβ formation, learning and memory deficits and 

the development of neophobia at 6 months (Giménez-Llort et al., 2007; Sterniczuk et al., 2010a). A 

decrease in the amplitude of locomotor activity and arrhythmic behaviour has also been observed prior 

to the development of AD pathology (Sterniczuk et al., 2010b). In addition, 3xTgAD mice have reduced 

accuracy to short, spatially unpredictable stimuli when the attentional demand of the task is high, 

accompanied by a general tendency to make more perseverative responses (Romberg et al., 2011). 
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On the other hand, the AD mouse model shows marked differences in frailty phenotypes, where 

genotype- and sex-dependent life expectancy determines the frailty status of 3xTg-AD mice (Kane et 

al., 2018). Thus, frailty increases with age in males and females (Kane et al., 2018; Muntsant et al., 

2021; Torres-Lista et al., 2017). In addition, signs of frailty accompany functional decline in these 

animals (Castillo-Mariqueo et al., 2021). Furthermore, signs of sarcopenia are present at an advanced 

stage of AD, with differences in fibre distribution, number of cell nuclei and presence of adipose tissue 

in male mice at 6, 12 and 16 months (Castillo-Mariqueo et al., 2021), a value that is also reproduced in 

females at 16 months (Castillo-Mariqueo and Giménez-Llort, 2022). Thus, the frailty index indicates the 

risk of mortality in the 3xTg-AD model (Kane et al. 2018), so the frailty assessment could indicate a 

measure of lifespan to facilitate comparisons between different AD mouse models (Kane et al., 2016). 

Table 2 shows the different mouse models that have been proposed for the study of frailty according to 

clinical indicators in humans, where we could place the 3xTg-AD model in a model of biological age 

and frailty, sarcopenia in similar aged mice such as in C57BL/6J mice.  

Table 2. Different models of frailty in mice and their comparison with clinical indicators of 

frailty in humans (Castillo-Mariqueo and Gimenez-Llort 2019)  

Clinical 
basis 

Animal 
model 
concept 

Experimental 
subject  

Study Parameters of frailty assessment and their 
applications 

Biological 
Age and 
frailty in 
ageing mice 

Biological age 

 

C57BL/6J 
(male mice) 

(Reynolds 
et al., 
1985) 

To assess biological age using a battery of psychomotor 
tests: rotarod (balance on a rotating rod), grip strength, 
exploratory behaviour and wheel running tasks. This 
study is not specific to frailty, but is useful for measuring 
general health or biological age in animal experiments 
on ageing.  

Frailty in 
Genetically 
manipulated 
mice 

IL-10 knock-out 
mice 

 

Female IL-
10tm/tm mice on 
a C57BL/6J 
background  

(Walston et 
al., 2008)  

Based on the characterisation of the genetically 
modified IL-10tm/tm model. Exploring the biological 
mechanisms of frailty. Model of inflammation and multi-
systemic decline.  

Biological 
Age and 
frailty in 
ageing mice 

Sarcopenia in 
frailty 

 

C57BL/6J 
(male breeder 
mice) and 
Sprague 
Dawley male 
Rat  

(Weber et 
al., 2012) 

Characterisation of skeletal muscle ageing in preclinical 
mammalian models. Measurement of muscle 
performance, size and architecture using micro-X-ray 
computed tomography (micro-CT) imaging and muscle 
histology.  

Based on 
Rockwood’s 
Frailty Index 

Mouse frailty 
index 

 

C57BL/6J 
(male and 
female mice) 

(Parks et 
al., 2012) 

To assess different health parameters: activity levels, 
haemodynamic measures, body composition and 
baseline metabolic status. The mouse frailty index can 
be used to quantify frailty in ageing mice.  

Biological 
Age and 
frailty in 
ageing mice 

C57BL/6J 
neuromuscular 
healthspan 
scoring 

 

C57BL/6J 
(male mice) 

(Graber et 
al., 2013) 

The neuromuscular healthspan scoring system provides 
a score for each animal from three individual scores 
obtained from functional assessment: rotarod, grip 
strength and maximal isometric force. It also provides 
information on muscle contractility in vitro.  

Based on 
Fried’s 

Frailty 
Phenotype 

Frailty 
phenotype 
index 

 

C57BL/6J 
(male mice) 

(Liu et al., 
2014) 

To assess physical performance levels: grip strength, 
walking speed (rotarod), physical activity (voluntary 
running on wheels), endurance (average of grip strength 
and walking speed test).  

Based on 
Rockwood’s 
Frailty Index 

Mouse clinical 
frailty index 

 

C57BL/6J 
(male and 
female mice) 

(Whitehead 
et al., 
2014) 

To assess parameters of potential age-related deficits 
primarily through visual inspection by the assessor: 
Integument, physical - musculoskeletal, 
vestibulocochlear - auditory, ocular/nasal, 
digestive/urogenital, discomfort and body weight and 
temperature. This model is based on the accumulation 



 

20 

of deficits over a lifetime and has features observed in 
human clinical studies.  

Frailty in 
Genetically 
manipulated 
mice 

Cu/Zn 
superoxide 
dismutase 
knockout 
mouse 

Sod1KO mice (Deepa et 
al., 2017) 

The model shows alterations similar to the defining 
features of human frailty: weight loss, weakness, low 
physical activity and exhaustion. Sod1KO mice show 
increased inflammation and sarcopenia. Useful for 
studying the aetiology of frailty.  

Based on 
Fried’s 
Frailty 
Phenotype 

Inactivity as a 
model of frailty 
(Valencia 
Score) 

 

C57BL/6J 
(male mice) 

(Gomez-
Cabrera et 
al., 2017) 

The frailty score is based on Fried’s five criteria for frailty 
in humans: they propose a score of Valencia (frailty in 
rodents): unintentional weight loss, weakness, grip 
strength, low endurance and energy, slowness and low 
level of physical activity (tightrope test). The study 
divided the animals into two groups: sedentary mice and 
spontaneous wheel runners.    

 

Currently, several studies report cognitive and emotional deficits in the different stages of AD (Giménez-

Llort et al., 2007). However, results in the motor and psychomotor domains are still scarce. In humans, 

motor coordination of gait is an important aspect of AD, as bradykinesia and gait disturbances are part 

of the motor deficits in AD (Scarmeas et al., 2004). Thus, this gait disorder is also reproduced in 3xTg-

AD mice, where male mice at different stages of AD show functional impairment (Castillo-Mariqueo, 

Pérez-García, and Giménez-Llort 2021). In addition, they are also accompanied by low exploratory 

activity, with a range of bizarre behaviours that account for the severity of functional impairment (Baeta-

Corral and Giménez-Llort, 2014). Other mouse models have shown decreased stride in gait. The P301S 

model has reported a decrease starting at 6 months, increasing up to 12 months (Samaey et al., 2019). 

In the 5xFAD model, a decreased stride length has also been detected in 12-month-old females, 

accompanied by leg dragging (O’Leary et al., 2018). 

Consequently, deficits in learning and motor performance have also been detected in the 3xTg-AD 

model; thus, at 6.5 months of age, mice show mild deficits in learning and spatial memory (Stover et 

al., 2015a), with reduced grip strength in suspension tests in both sexes (Stover et al., 2015b). In the 

5xFAD model, reduced locomotor activity has been demonstrated in the open field test and balance 

beam with decreased grip strength at 15-16 months in both sexes (O’Leary et al., 2020). Similarly, 

TgCRND8 mice have also shown reduced motor skills from 3 to 9 months (Yuan et al., 2017). Likewise, 

in P301S mice, motor deficits are apparent as early as 3 or 4 months and progress rapidly up to 5.5 

months (Koivisto et al., 2019). 

On the contrary, the physical parameters: strength and physical performance in rotarod, 13-month-old 

male 3xTg-AD mice showed a coincidence with hyperactivity (Castillo-Mariqueo and Giménez-Llort, 

2021a), similar to what occurs in the P301S model at 2 to 3 months (Koivisto et al., 2019) in the THY-

Tau22 male model at 12 months (Van der Jeugd et al., 2013) and in the APP/PS1 model at 9 months 

(Lok et al., 2013). Particularly, rotarod performance, expressed as physical performance, 3xTg-AD 

females have the highest performance, even above wild-type males and females at 12 months, and this 

is replicated at 16 months when females have been previously trained on the behavioural battery 

(Castillo-Mariqueo and Giménez-Llort 2022). In contrast, males of similar age show poor performance 

even with previous training (Castillo-Mariqueo and Giménez-Llort, 2022). Similarly, in males of the 
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TPR50 model at 8.5 months, they present deficits in rotarod performance (Onishi et al., 2014) and 

males and females of the P301S models at 7 and 16 months of age (Lathuilière et al., 2017), Tau58-

2/B at 10-11 months (Van der Jeugd et al. 2016). Also, aged female Tg4-42 mice perform poorly in 

rotarod, but general locomotor activity and muscle strength are not affected at 7 months (Wagner et al., 

2019). 

Similarly, females in the 5xFAD model perform less well in the rotarod at 12 months (O’Leary et al., 

2018). Other studies of the 3xTg-AD model have reported that female mice have lower rotarod 

performance, possibly due to differences in protocols (Filali et al., 2012), but it is also suggested that 

tau P301L might be responsible for the better motor performance in the case of females (Gould, 2012; 

Stover et al., 2015b; Wagner et al., 2019). These findings are quite heterogeneous, but the behaviours 

are similar among male models. Table 3 lists the main findings of motor performance in different mouse 

models of AD. 



 

22 

Table 3.   Motor impairment, frailty, and clasping reflex in different mice models of AD 

 

Mouse 

model 

Age 

tested 

Sex 

tested 

Motor impairments, frailty and clasping reflex References 

3xTg-AD 6 

months 

Males 

Females 

(1) 3xTg-AD mice have a lower grip strength on the grid suspension compared 

to controls; 

(2) In gait analysis, 3xTg-AD mice had a longer stride length and performed more 

foot slips on the balance beam than wild-type mice; 

(3) 3xTg-AD mice had greater motor performance in the rotarod; 

(4) In the rotarod, females appeared to perform better than males. 

(Stover et al. 

2015) 

 

6 

months 

Males 

Females 

(1) Bizarre behaviours as early-BPSD-like symptoms in 6-month-old male and 

female 3xTg-AD mice detected in open field test. 

(Baeta-Corral 

and Giménez-

Llort, 2014) 

11 

months 

Males (1) 3xTg-AD isolated mice showed a prominent hyperactive pattern as shown in 

gross motor function in all the tests (open field, corner test, spontaneous activity 

test, T-maze). 

(2) 3xTg-AD showed the bizarre behaviours, and intensified nesting behaviour 

(fine-motor function) in the isolated group. 

(Muntsant-

Soria and 

Gimenez-Llort, 

2020) 

12, 14 

months 

Females  (1) Mutants showed hypoactivity in two open-field tests and in the elevated plus-

maze; 

(2) Hind paw clasping was observed in 10% of mice; 

(3) 3xTg-AD mice had a high performance in the rotarod. 

(Filali et al., 

2012) 

 

14 

months 

Males 

Females 

(1) The frail male 3xTg-AD exhibited sustained activity in open field test, mostly 

as a thigmotaxis response and slower habituation pattern.  

(2) The repetition of the open field test elicited reduced activity, in all the groups. 

(Muntsant et 

al., 2021) 

16 

months 

Females (1) No significant differences between genotype and sex in wire hang or grid 

suspension tasks, stride length or stride width, but 3xTg-AD mice performed 

worse than WT mice on the balance beam; 

(2) Age-related decline in most aspects of motor behaviour; 

(3) 3xTg-AD mice showed better motor coordination and learning than WT mice 

in the rotarod. 

(Garvock-de 

Montbrun et 

al., 2019) 

 

 

5xFAD 3, 11 

months 

Males 

Females 

(1) 5xFAD females are less frail than 5xFAD males. (Todorovic et 

al., 2020) 

3 to 12 

months 

Females (1) After 9 months, mice had reduced locomotor activity with gait, balance and 

coordination  dysfunctions; 

(2) 5xFAD mice had significantly higher frailty scores than WT mice and a shorter 

lifespan than WT mice. 

(Gendron et 

al., 2021) 

 

3 to 16 

months 

Males 

Females  

(1) At 12-13 months, mice develop reduced locomotor activity in the OF, which 

may be due to gait impairment; 

(2) Grid and wire suspension tests show fore- and hind-limb grip strength 

impairments; 

(3) At 15-16 months, motor deficits suggest global dysfunction in multiple 

domains of motor function; 

(4) However, after 12 months of age, 5xFAD mice frequently showed abnormal  

hindlimb clasping when suspended by the tail; 

(5) At 9 and 12 months of age, heavier 5xFAD mice performed better in the 

rotarod; 

(6) From 6 months of age onwards, they showed less activity in the home cage 

and had higher frailty scores. 

(O’Leary et al., 

2020) 

 

11, 13 

months 

Females (1) 5xFAD mice had a short, shuffling gait with a shorter stride length than WT 

mice and had a slower swim speed; 

(2) 5xFAD mice fell faster than WT mice in the balance beam, wire suspension 

and grid suspension tasks, indicating balance and grip strength dysfunctions; 

(3) 5xFAD mice showed hindlimb clasping, weighed less and had a slower 

righting reflex than WT mice; 

(4) 5xFAD mice exhibited deficits in motor coordination and motor learning. 

(O’Leary et al., 

2018) 
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Tg4-42 3, 7 

months 

Females (1) Tg4-42 mice at 7 months have impaired balance, and motor coordination, 

strength and locomotor activity are unaffected; 

(2) Mice develop motor deficits before memory deficits; 

(3) Mice did not show impairment of muscle strength; 

(4) Mice did not show a limb clasping phenotype; 

Impairment in the rotarod test was observed in young Tg4-42 mice and worsened 

with age. 

(Wagner et al. 

2019) 

 

Tg2576 10 

months 

Males 

Females 

(1) Decreased stride length and stride time at 10 months, base of support, stride 

time variability, stride length variability, cadence, phase dispersions and gait 

symmetry indices were not altered. 

(Nyul-Toth et 

al., 2021) 

 

TgCRND8 3, 9 

months 

 (1) Early onset of motor deficits in TgCRND8 mice at the age of 3 months; 

Hindlimb extension reflex test and abnormal for 3 months. 

(Yuan et al., 

2017) 

THY-

Tau22 

12 

months 

Males (1) Hyperactivity in activity exploration, locomotor activity preserved;  

(2) Clasping, present in males at 12 months of age. 

(Van der 

Jeugd et al., 

2013) 

Tau 58/4 

P301S 

3, 6, 9, 

12 

months 

Males (1) At 6, 9 and 12 months of age, the gait shows a decrease in stride length;  

(2) At 9 months of age, shows hindlimb clasping; 

(3) Motor dysfunction in the rotarod at 3 months of age increases with age and is 

severe at 12 months of age; 

(4) In Tau 58/4 mice, developmental denervation of the neuromuscular junction 

is accompanied by progressive muscle hypotrophy, indicating denervation-

mediated atrophy. 

(Yin et al., 

2017) 

 

P301S 1.5 to 

5.5 

months 

Females (1) From 2-3 months of age, the mice showed marked hyperactivity. These 

behavioural impairments did not progress with age; 

(2) Gait impairment,  stride length and slowing of swing time of both limbs, as 

well as widening of the forepaws base of support; 

(3) Progressive development of hindlimb clasping. It started consistently in all 

mice around 4 months of age and reached its maximum extension at 5 months 

of age. 

(Koivisto et al., 

2019) 

 

APP/PS1 

 

3, 9 

months 

Males 

Females 

(1) Hyperactivity and normal locomotion at 3 months and increased at 9 months 

of age; 

(2) APP/PS1 mice showed impaired motor and spatial memory and increased 

locomotor activity at 9 months of age. 

(Lok et al., 

2013) 

 

6, 12 

months 

Males 

Females 

(1) Motor impairments at 12 months of age; 

(2) Significant motor deficits in the rotarod at 12 months of age. 

(Leroy et al., 

2012) 

 

7 to 15 

months 

Males (1) From 9 months of age onwards, open-field activity decreases;  

(2 Motor coordination was normal in APP/PS1 mice and did not seem to decrease 

with age. 

(Ferguson et 

al., 2013) 

APP 12 

months 

Males 

Females 

(1) Motor learning and coordination were impaired in APP mice. (Manczak et 

al., 2018) 

5, 6 

months 

Males 

Females 

(1) Increased spontaneous locomotor activity and increased locomotion in open-

field test. 

(Klevanski et 

al., 2015) 

APLP2-KO 3, 11 

months 

Males 

Females 

(1) Females show motor function impairments; 

(2) APLP2-KO males showed a similar reduction in the rotarod performance as 

WT males, while females performed better; 

(3) In males at 12 weeks, a significant reduction in α-motor neurons was 

detected, but APLP2-KO locomotor function does not appear to be affected; 

(4) There are sex differences related to the distribution of motor neurons and 

muscle fibres that may explain the improved motor performance observed in 

female APLP2-KO mice during ageing. 

(Truong et al., 

2019) 
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HYPOTHESIS: 

 

o Primary structural dysfunctions, such as kyphosis, modify and limit the exploratory activity in 

3xTg-AD mice. 

o Bizarre behaviours constitute secondary dysfunctions that accompany dry and wet test 

performance and alter the development of MWM tests and exploratory activity. 

o Primary and secondary dysfunctions can be modulated by external factors such as isolation 

and retesting of psychomotor batteries. 

 

OBJECTIVE: 

 

The main aim of this work is to establish primary and secondary motor signatures and their integration 

in psychomotor dysfunction in experimental models of normal ageing and Alzheimer's disease. 

 

SPECIFIC OBJECTIVES:  

 

PHASE 1: CHARACTERISATION OF PRIMARY AND SECONDARY MOTOR 

SIGNATURES OF PSYCHOMOTOR DYSFUNCTION IN NORMAL AGEING AND 

ALZHEIMER’S DISEASE 

 

1. With respect to flotation and bizarre circling in the MWM: 

1.1. To identify the distinctive expression patterns of flotation and bizarre circling in 6-month-

old male 3xTg-AD mice mimicking early disease stages and in age-matched non-

transgenic counterparts with normal ageing.  

1.2. To assess whether flotation and circling patterns are also sensitive to the accelerated 

neurobiology of ageing, by chronic administration of D-galactose. 

2. To differentiate dysfunctions, gait disorders and exploration in the 3xTg-AD model at different 

stages of Alzheimer’s disease progression (early, middle and advanced) compared to NTg 

with normal ageing. 

3. To characterise the motor dysfunction of the male 3xTg-AD mouse model from early (6 

months of age) to advanced stages of the disease (12 and 16 months of age) in different 

motor tasks, focusing on the abnormal clasping reflex and coordination impairments 

measured through the Phenotype Scoring System.  

4. To identify the most useful mouse models used in research based on the biological hypothesis 

of human frailty syndrome. 
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PHASE 2: MODULATION AND INTEGRATION OF PRIMARY AND 

SECONDARY PSYCHOMOTOR SIGNATURES OF ALZHEIMER’S 

DISEASE DYSFUNCTION AND EXTRINSIC FACTORS  

 

 5.   Isolation scenario: 

5.1. To explore the psychomotor performance of 13-month-old male NTg and 3xTg-AD 

mice, corresponding to normal ageing and advanced stages of Alzheimer's disease, 

respectively.  

5.2. To assess the impact of isolation in a subgroup of male 3xTg-AD mice that lost their 

partners and lived alone for the last 2-3 months after ten months of social life.  

6. In an end-of-life scenario:  

6.1. To identify and characterise kyphosis and bizarre gait patterns associated with 

functional limitations of gait and exploratory activity in male 3xTg-AD and NTg mice at 

the age of 16 months, corresponding to advanced stages of disease or ageing, 

respectively.  

7. To determine the effects of retesting on the behavioural performance of animals tested in 

two scenarios:  

7.1. In a longitudinal design, with within-subjects analysis of a set of 12-month-old animals 

retested four months later, at 16 months of age; 

7.2. In a cross-sectional design, comparing 16-month-old animals that had (retested) or had 

not (naïve) experienced the test battery.  
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METHODOLOGY 

 

Phase 1, 6, and 12-month-old 3xTg-AD and NTg male mice were included. A battery of psychomotor 

tests was used that had: 1) Morris Water Maze (MWM); 2) Phenotype Scoring System; 3) Physical 

Frailty Phenotype, 4) Spontaneous Gait Phenotype - Exploratory Activity; 5) Quantitative parameters of 

gait; 6) Muscular Strength - grip strength of the forelimbs and Muscular Endurance - suspension test, 

7) Motor performance: learning, physical endurance and coordination - Rotarod, and 8) Geotaxis. 

In the second phase, male 3xTg-AD and C57BL/6 mice aged 13 and 16 months were included. Male 

and female 3xTg-AD and NTg mice aged 12 and 16 months were also included. The battery of 

psychomotor tests similar to phase 1 was applied, except for the MWM, which was not included. Also, 

an analysis of the HPA axis and sarcopenia measured in the quadriceps and triceps surae muscles 

was incorporated. 

All animals were housed at the Autonomous University of Barcelona (Baeta-Corral and Giménez-Llort, 

2014). 3xTg-AD mice harbouring transgenes were genetically modified at the University of California, 

Irvine, as previously described (Oddo, et al. 2003a). Mice were kept in groups of 3-4 mice per cage 

(Macrolon, 35 × 35 × 25 cm) filled with 5 cm of clean wood cuttings (Ecopure, Chips6, Date Sand, UK; 

wood pellets of uniform cross-section). with 2.8-1.0 mm chip size) and nesting materials (Kleenex, Art: 

08834060, 21 cm x 20 cm, White). Evaluations were performed under dim white light (20 lx) during the 

light cycle of the light: dark cycle (10 am to 1 pm). Behavioural evaluations were performed between 1 

to 5 days, depending on the experiment. The experimental groups were counterbalanced by the 

observation of two independent observers blinded to the genotype. The tests were carried out during 

the morning; Animals were allotted 30 minutes to habituate in the testing room before starting 

measurements. All procedures followed the Spanish legislation on "Protection of animals used for 

experimentation and other scientific purposes" and the EU Directive (2010/63/EU) on this subject. The 

study complies with the ARRIVE guidelines developed by the NC3Rs and aims to reduce the number 

of animals used (Kilkenny et al., 2010). For each study, the specific methodology used is described. 
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PHASE 1: CHARACTERISATION OF PRIMARY AND SECONDARY 

MOTOR SIGNATURES OF PSYCHOMOTOR DYSFUNCTION IN NORMAL 

AGEING AND ALZHEIMER’S DISEASE   

 

Research articles: 

A. Indices for flotation and circling, two non-search behaviours in the water maze, sensitive to D-

galactose-induced accelerated ageing and Alzheimer’s disease 

B. Modelling Functional Limitations, Gait Impairments, and Muscle Pathology in Alzheimer’s 

Disease: Studies in the 3xTg-AD Mice  

C. Clasping and ledge-score coordination impairment as primary behavioural markers of 

functional impairment in Alzheimer's disease (accepted) 

Review article: 

D. Frailty, from Humans to Mouse Models 

Proceeding: 

Annex 1: Bizarre behaviours limit exploratory activity and impair spontaneous gait performance 

in aged mice with AD pathology. 2nd International Electronic Conference on Brain Sciences 

(2021) MPDI, doi:10.3390/IECBS2021-10671. 

Poster presentation: 

Annex 2: Bizarre circling behaviour and floating in the MWM and the effects of D-galactose-

induced accelerated aging in 6-months-old 3xTg-AD mice and NTg mice. VI Scientific 

conferences of the INc-UAB (2018) 

Annex 3: Fragilidad física y sistémica, situaciones de novedad  y supervivencia en el 

envejecimiento y la enfermedad de Alzheimer: una aproximación traslacional a las residencias 

de larga estadía. XXIV Congreso de Geriatría y Gerontología de Chile (2020).  

Annex 4: Gait impairments and functional limitations in the exploratory activity in an animal 

model of Alzheimer's disease. EUROPEAN JOURNAL OF NEUROLOGY (2021).  

Annex 5: Bizarre behaviours limit exploratory activity and impair spontaneous gait performance 

in aged mice with AD pathology. 2nd International Electronic Conference on Brain Sciences 

(2021).  

Annex 6: Hindlimb clasping, kyphosis and piloerection: Frailty markers from middle to very old 

ages in mice. EUROPEAN JOURNAL OF NEUROLOGY (2021). 

 

https://doi.org/10.3390/IECBS2021-10671
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INDEXES FOR FLOTATION AND CIRCLING, TWO NON-SEARCH BEHAVIOURS 

IN THE WATER MAZE, SENSITIVE TO D-GALACTOSE–INDUCED 

ACCELERATED AGING AND ALZHEIMER’S DISEASE  

 

In this work, floating and circling behaviour was quantitatively and qualitatively investigated, the two 

most common non-search behaviours elicited in the Morris water maze. Male 3xTg-AD and non-

transgenic 6-month-old mice were included. In addition, to assess whether these patterns are also 

sensitive to the accelerated neurobiology of ageing, D-galactose (D-gal) was chronically administered.  

 

Specific objectives 

1.1. To identify the distinctive expression patterns of flotation and bizarre circling in 6-month-old male 

3xTg-AD mice mimicking early disease stages and in age-matched non-transgenic counterparts 

with normal ageing.  

1.2. To assess whether floating and circling patterns are also sensitive to the accelerated neurobiology 

of ageing, by chronic administration of D-galactose. 

 

Experimental design and D-galactose treatment 

 

DOI: 10.1016/j.bbr.2019.112229
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Conclusions 

 

1) “Flotation and circling indices” discriminate 6-month-old 3xTg-AD mice from controls. 

2) “Flotation index” is characteristic of non-transgenic performance at onset of disease. 

3) “Flotation index” is sensitive (reduction) to accelerated ageing and AD genotype. 

4) “Circling behaviour” is more characteristic of 3xTg-AD mice also at onset of disease. 

5) “Circling index” reveals bizarre behaviour by D-galactose-induced ageing.   
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MODELLING FUNCTIONAL LIMITATIONS, GAIT IMPAIRMENTS, AND MUSCLE 

PATHOLOGY IN ALZHEIMER’S DISEASE: STUDIES IN 3XTG-AD MICE  

 

In this work, a behavioural observation method was developed to differentiate qualitative parameters of 

psychomotor performance in gait and exploratory activity of male 3xTg-AD mice and their non-

transgenic (NTg) counterparts at different stages of disease progression in dichotomy with ageing, 

similar to behavioural patterns observed in humans.  

From a translational point of view, the International Classification of Disability and Health Functioning 

(ICF) proposed the conceptual framework that has been used to classify and describe functioning and 

disability in gait and exploratory activity in the 3xTg-AD animal model. 

 

Specific objective: 

2. To differentiate dysfunctions, gait disorders and exploration in the 3xTg-AD model at different 

stages of Alzheimer’s disease progression (early, middle and advanced) compared to NTg with 

normal ageing. 

 

Experimental design:  

 

DOI: 10.3390/biomedicines9101365  
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Conclusion 

 

1) 3xTg-AD mice show more significant functional impairment in quantitative variables of gait and 

exploratory activity. 

2) The presence of movement limitations and muscle weakness mark functional decline related 

to disease severity stages that intensify with increasing age. 

3) Motor performance in 3xTg-AD is accompanied by a series of bizarre behaviours that interfere 

with trajectory, inferring poor neurological control. 

4) Signs of physical frailty accompany functional deterioration in these animals. 

5) Signs of sarcopenia are present at an advanced stage of AD, with differences in fibre 

distribution, number of cell nuclei and presence of adipose tissue. 
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CLASPING AND LEDGE-SCORE COORDINATION IMPAIRMENT AS PRIMARY 

BEHAVIOURAL MARKERS OF FUNCTIONAL IMPAIRMENT IN ALZHEIMER'S 

DISEASE  (CURRENT STATUS: ACCEPTED)  

 

This work aimed to provide a behavioural characterisation of the main features of these motor 

impairments in male 3xTg-AD mice at three ages, mimicking the early (6 months of age), advanced (12 

months of age) and late (16 months of age) stages of the disease and compared to age-matched mice 

with the same genetic background (C57BL/6J) and normal ageing. 

 

Specific objective 

3. To characterise the motor dysfunction of the male 3xTg-AD mouse model at 6, 12, and 16 months 

of age in different motor tasks, focusing on the abnormal clasping reflex and coordination 

impairments as measured by the Phenotype Scoring System. 

 

Experimental design  
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Conclusions 

 

1) Male 3xTg-AD mice showed impairment in all physical phenotype score items.  

2) Clasping increased independently of age and its severity worsened with repeated testing.  

3) Coordination impairment worsened with disease progression. 

4) Gait score was sensitive to genotype and the worst ledge score was evident at 16 months. 

Kyphosis and ledge scores were sensitive to the effect of age. 
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FRAILTY, FROM HUMANS TO MOUSE MODELS 

 

Most authors agree that the clinical manifestations of frailty syndrome in humans include: involuntary 

decreases in body weight, muscle strength and strength, impaired balance and gait, and decreased 

physical mobility. This report aims to highlight the most useful mouse models used in research based 

on the biological hypothesis of human frailty syndrome. Animal studies provide opportunities to 

understand the mechanisms that trigger frailty. They also provide empirical evidence on 

pathophysiological pathways and mechanisms and identify potential biomarkers to generate 

interventions and treatments to modulate or counteract the syndrome. 

 

Specific objective: 

4. To identify the most useful mouse models used in research based on the biological hypothesis of 

human frailty syndrome. 
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PHASE 2: MODULATION AND INTEGRATION OF PRIMARY AND 

SECONDARY PSYCHOMOTOR SIGNATURES OF ALZHEIMER’S 

DISEASE DYSFUNCTION AND EXTRINSIC FACTORS 

 

Research articles: 

A. Translational Modelling of Psychomotor Function in normal and AD-Pathological aging with 

special concerns on the effects of social Isolation 

B. Kyphosis and bizarre patterns impair spontaneous gait performance in end-of-life mice with 

Alzheimer's disease pathology while gait is preserved in normal ageing 

C. Impact of behavioural assessment and re-test as functional trainings that modify survival, 

anxiety and functional profile (physical endurance and motor learning) of old male and female 

3xTg-AD mice and NTg mice with normal aging 

Research article submitted: 

 Annex 7: Phenotypical, behavioural and systemic hallmarks in end-point-mice scenarios. 

Poster presentation: 

Annex 8: Translational modelling of psycho-motor function in normal and pathological aging 

with special concerns on the effects of isolation. International Psychogeriatrics (2020), 

doi:10.1017/S1041610220002732.  
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TRANSLATIONAL MODELLING OF PSYCHOMOTOR FUNCTION IN NORMAL 

AND AD-PATHOLOGICAL AGING WITH SPECIAL CONCERNS ON THE 

EFFECTS OF SOCIAL ISOLATION 

 

This work evaluated psychomotor functions in normal ageing and pathological Alzheimer's disease 

male mice and the impact of “naturalistic isolation” in a subgroup of 3xTg-AD mice. Thirteen-month-old 

male 3xTg-AD and C57BL/6 mice were included. A battery of tests was used to assess four 

psychomotor functions: spontaneous gait analysis, muscle strength, motor performance, and the 

physical frailty phenotype. 

 

Specific objectives: 

5.1. To explore the psychomotor performance of 13-month-old male NTg and 3xTg-AD mice, 

corresponding to normal ageing and advanced stages of Alzheimer's disease. 

5.2. To assess the impact of isolation in a subgroup of male 3xTg-AD mice that lost their partners and 

lived alone for the last 2-3 months after ten months of social life. 

 

Experimental design 

 

DOI: 10.3389/fragi.2021.648567  



 

85 

  



 

86 



 

87 



 

88 



 

89 



 

90 



 

91 



 

92 



 

93 



 

94 



 

95 



 

96 



 

97 



 

98 

  



 

99 

Conclusion 

 

1) 3xTg-AD mice showed more significant impairment in physical aspects, their motor learning 

ability remained preserved.  

2) 3xTg-AD mice showed higher performance in exercise tolerance and muscle strength tests, 

where genotype seems to be a determining factor in overall performance. 

3) “Naturalistic isolation” seemed to interfere with motor performance. 

4) The presence of freezing at the start of the exploratory activity and the spontaneous gait test 

was associated with greater functional limitation in the isolation group. 

5) The physical parameters: strength, and physical performance in rotarod, are apparently not 

altered in the isolated group. 
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KYPHOSIS AND BIZARRE PATTERNS IMPAIR SPONTANEOUS GAIT 

PERFORMANCE IN END-OF-LIFE MICE WITH ALZHEIMER'S DISEASE 

PATHOLOGY WHILE GAIT IS PRESERVED IN NORMAL AGING 

 

In this work, kyphosis and bizarre gait patterns associated with functional gait limitations and exploratory 

activity were studied in male 3xTg-AD and NTg mice at 16 months of age. The male sex was chosen 

as sex-dependent psychomotor effects of ageing are stronger in NTg males than in females, and, at 

this age, male 3xTg-AD mice are near the end of life due to higher mortality rates. 

 

Specific objective 

6.1. To identify kyphosis and bizarre gait patterns associated with functional gait limitations and 

exploratory activity in male 3xTg-AD and NTg mice at the age of 16 months. 

 

Experimental design  

 

DOI: 10.1016/j.neulet.2021.136280  
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Conclusions 

 

1) Kyphosis altered stride length and gait speed in 3xTg-AD mice. 

2) Bizarre gait patterns limited exploratory activity in transgenic mice. 

3) Structural and postural kyphosis as a primary gait disturbance in 3xTg-AD mice.  

4) Bizarre gait patterns as a secondary impairment to exploratory activity in 3xTg-AD mice. 

5) Despite frailty, gait function is not impaired in non-transgenic mice. 

6) Piloerection is the primary marker of macroscopic examination indicating severity in the in-of-

life setting at 16 months in 3xTg-AD and NTg mice. 
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IMPACT OF BEHAVIOURAL ASSESSMENT AND RE-TEST AS FUNCTIONAL 

TRAININGS THAT MODIFY SURVIVAL, ANXIETY AND FUNCTIONAL PROFILE 

(PHYSICAL ENDURANCE AND MOTOR LEARNING) OF OLD MALE AND 

FEMALE 3XTG-AD MICE AND NTG MICE WITH NORMAL AGING  

 

This study investigated the impact of two factors, sex and retesting, by evaluating the behavioural 

outcomes of 12- and 16-month-old male and female 3xTg-AD and non-transgenic mice in longitudinal 

and cross-sectional experimental designs. Fifty-six behavioural variables, functional profile and 

biological status (HPA axis and sarcopenia index) were included. Firstly, the sex factor was studied, 

characterising the psychomotor phenotype of middle-aged (12 months) and older (16 months) females 

in comparison with males of the same age. In addition, in the long term, the administration of behavioural 

batteries and their dragging effect was studied in contrast to naïve mice in these tests at 16 months of 

age. 

 

Specific objectives: 

7. To determine the effects of retesting on the behavioural performance of animals tested in two 

scenarios:  

7.1. In a longitudinal design, with within-subjects analysis of a set of 12-month-old animals retested 

four months later, at 16 months of age; 

7.2. In a cross-sectional design, by comparing 16-month-old animals that had (retested) or had 

not (naïve) experienced the test battery.  
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Experimental design: 

 

DOI: 10.3390/biomedicines10050973  
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Conclusion 

 

1) High mortality, mainly among female NTg mice, rescued in longitudinal designs. 

The genotype factor was sensitive in:  

1) Phenotype scoring system detected kyphosis, gait and clasping deficits, which were more 

significant in the 3xTg-AD group. 3xTg-AD males showed significant deterioration in the total 

score on phenotype scoring system. 

2) Frailty score increased in 3xTg-AD males at 16m at retest. 

3) Kyphosis − 3xTg-AD males increased severity of kyphosis at retest at 16m. 

4) Gait speed − 3xTg-AD males at 12m had lower speed than NTg and decreased at the 16m 

retest. In addition, 16m naïve NTg and 3xTg-AD performed worse than at the 16m retests. 

5) Cadence − 3xTg-AD males had a lower cadence than NTg males at 12m and 16m retests. In 

the retest group, lower cadence was also detected in females at 12m and 16m. In addition, 

naïve NTg and 3xTg-AD males at 16m had lower cadence than age-matched retests. 

6) Motor learning (latency) at 16m in the male retest group − 3xTg-AD males achieved high 

performance compared to the age-matched NTg. 

7) Physical endurance − 3xTg-AD males had the lowest performance at 12m and 16m in the retest 

group. On the second training day, the differences between males increased, with the 3xTg-

AD males underperforming. In addition, the 3xTg-AD males performed the poorest in each test 

during the 3 days of training, and among them, the 12m males performed the worst. 

The sex factor was sensitive in: 

1) Gait variability − 16m 3xTg-AD females in the retest and the naïve groups had the lowest gait 

variability. In addition, in all groups, 3xTg-AD females had the best performance. 

2) Gait speed − 16m 3xTg-AD females in the retest and the naïve groups had a higher gait speed 

than 3xTg-AD males. 

3) Exploratory activity (ratio) − NTg and 3xTg-AD females at 12m had more significant exploratory 

activity. 

4) Geotaxis - Naïve 3xTg-AD females at 16m took longer to complete the test than naïve 3xTg-

AD males at 16m. 

5) Motor learning (latency) and motor learning tests learning −12m females learned earlier and 

achieved higher latency than males of both genotypes. In the 16m retest group, females 

achieved the highest test performance in both genotypes. 

6) Physical endurance − 3xTg-AD females at 12m and 16m in the retest group had higher 

latencies than 3xTg-AD males at the same ages. Physical endurance differed between 3xTg-

ADs on the second and third day of training, where retest females at 12m and 16m 

outperformed 3xTg-AD males of the same age. In most tests, it was possible to differentiate 

16m 3xTg-AD retest females from age-matched 3xTg-AD males. 
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7) Corticosterone levels – They were higher between 3xTg-AD retest and naïve females at 16m. 

8) Naïve 3xTg-AD females have a lower triceps surae muscle weight than males, which 

corresponds with the findings on index-triceps surae sarcopenia. 

The retesting factor (16m vs. 12m) was sensitive in: 

1) Stride length – The 3xTg-AD males at 16m in the retest group had a shorter stride length 

compared to their stride length at 12m. 

2) Cadence among males − 16m naïve males had a slower cadence than those retested of the 

same age in both genotypes. 

3) Geotaxis − Time to complete the test increased at 16m in 3xTg-AD males in the retest group 

compared to their performance at 12m. 

4) Motor learning (latency) − 3xTg-AD males increased their latency at 16m in the retest group 

compared to their performance at 12m. In addition, 3xTg-AD males at 16m in the retest group 

had a higher latency than naïve 3xTg-ADs of the same age. Furthermore, 3xTg-AD females 

increased their performance at 16m in the retest group compared to 12m. 

5) Motor learning test learning among males − Retesting decreased the number of trials to pass 

the test in both genotypes. In females, 3xTg-AD at 16m in the retest group reduced the number 

of trials to pass the test compared to their performance at 12m. 

6) Physical endurance − NTg males retested at 16m had a greater latency than naïve males of 

the same age, and the greater latency was reproduced in 3xTg-AD females at the same age. 

In all groups, the first and third day of training differentiated retests from naïve at 16m. On the 

first-day testing of males, it was possible to distinguish the retested from the naïve at 12m and 

16m. In females, it was possible to distinguish the trained from the naïve at 12m and 16m on 

the first and second day. 

The naïve factor (16m naïve vs. 16m retested) was sensitive in: 

1) Stride length − Among males, the 16m naïve group had a longer stride length than the retest 

group in both genotypes. 

2) Freezing − 16m naïve males had lower freezing in both genotypes. 

3) Vertical exploratory activity − Naïve 16m males had higher vertical activity than retested males 

at the same age in both genotypes. 

4) Exploratory activity (ratio) − Naïve 16m males had more significant exploratory activity than 

retested males of the same age in both genotypes. Furthermore, this was replicated among 

naïve 3xTg-AD females. 

5) Motor learning − 16m naïve 3xTg-AD males and females underperformed the retest group in 

both sexes. 

6) Physical endurance − 16m naïve 3xTg-AD males had greater physical endurance than 3xTg-

AD retested males at this age. The opposite is true for 3xTg-AD females, with 16m retest group 

performing better. 

7) Corticosterone levels − Among naïve males at 16m were lower than retested males. 
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Quadriceps and triceps surae muscle weight – They were higher among naïve males compared 

to retested males. In addition, naïve 3xTg-AD females had lower muscle weights than 3xTg-

AD retested females, consistent with findings on sarcopenia of the index-triceps surae. 
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CHAPTER 5. DISCUSSION 
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PHASE 1: CHARACTERISATION OF PRIMARY AND SECONDARY 

MOTOR SIGNATURES OF PSYCHOMOTOR DYSFUNCTION IN NORMAL 

AGEING AND ALZHEIMER’S DISEASE 

 

The 3xTg-AD mouse model shows early cognitive impairment  (Oddo, et al. 2003a; Oddo, et al. 2003b). 

Specifically, associative learning deficits are evident between 3 and 5 months of age and problems in 

spatial working memory are recognisable from 6 months onwards in the Morris water maze paradigm 

(Webster et al., 2014). Furthermore, in this paradigm, between 9 and 11 months, deficits in recognition 

memory are evident (Roda et al., 2020; Webster et al., 2014). 

On the other hand, alterations in exploratory activity are first detected in the open field test (OF) at 2.5 

months of age, and at later ages in the corner test (CT), with less habituation to novelty and disinhibition 

at 6 months, and neophobia at 12 months (Roda et al. 2020). While most behavioural tests show an 

increase in emotionality in adulthood and old age (Giménez-Llort et al. 2007). Likewise, BPSDs are 

evident from 5 months of age, manifesting as neophobia and anxious behaviour (Roda et al. 2020; 

Baeta-Corral and Giménez-Llort 2018). 

Therefore, in phase 1, results have been reported for male 3xTg-AD mice of different disease stages 

compared to non-transgenic mice at similar ages that account for primary and secondary signatures of 

motor dysfunction in both normal ageing and AD. The first study demonstrated that BPSD behaviour in 

the early stages of the disease could be evidenced through the study of floating behaviour and bizarre 

circling that would accompany cognitive impairment traditionally reported through MWM. In addition, 

the second study modulated and integrated of primary and secondary motor signatures of AD in 

interaction with extrinsic factors was developed in the 3xTg-AD model. Males aged 6, 12, 13 and 16 

months and females aged 12 and 16 months were included. Also, the third study found that motor 

dysfunction in 3xTg-AD mice is associated with poorer performance at older ages and is accompanied 

by coordination deficits as measured by the Phenotype Scoring System.  

Finally, the fourth study identified frailty and physical and behavioural characteristics of 16-month-old 

male mice of the standard golden strain C57BL/6J at the end-point status. It hypothesised that, despite 

presenting positive criteria for euthanasia, aged animals could maintain their functional performance 

and body weight regardless of organometric system impairment or loss of muscle mass. In addition, a 

review article on the different models of frailty with translation to human study models was included.    

 

Indices for flotation and circling, two non-search behaviours in the water maze, sensitive to d-

galactose–induced accelerated ageing and Alzheimer’s disease  

The study of BPSD has been neglected in most experimental research on AD, classically focused on 

cognitive symptoms. The aquatic environment of MWM involves a stressful condition for mice that leads 

to cognitive performances with the presence of other emotionally related behaviours.  
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The aim of this work was to provide a quantitative (number of episodes and duration) and qualitative 

(prevalence) analysis of floating and circling; the most common “non-search behaviours” elicited in 

MWM. The expression of these behaviours was studied in 6-month-old wild-type gold-standard 

C57BL/6 mice and 3xTg-AD mice and when both genotypes were subjected to D-galactose-induced 

chronic accelerated ageing. The age of 6 months was chosen because, in the 3xTg-AD model, it 

corresponds to the onset of the disease, detecting only intraneuronal βA oligomers in the hippocampus 

and basolateral amygdala underlying their cognitive deficits and anxious profile (España et al., 2010). 

Furthermore, this adult age would help us to analyse these behaviours without age-related confounding 

factors, while providing a stable adult scenario to observe the impact of accelerated induced ageing. 

Elicitation of floating and circling was recorded during three standard MWM paradigms: visual 

perceptual learning, place task for spatial reference memory and a final probe trial for short-term 

memory. The results show that the rate of “flotation”, characteristic of non-transgenic performance, is 

sensitive (reduced) to accelerated ageing and AD. Floating may be due to lack of motivation or 

behavioural despair, but the results indicate that young non-transgenic mice show the most positive 

behaviour, and that accelerated ageing reduces floating. In addition, some mice are able to float 

because they can orient themselves effortlessly. It is not yet clear whether a high rate of floating is 

beneficial or detrimental in the context of cognitive performance. In contrast, circling behaviour, 

characteristic of 3xTg-AD mice, may be an additional tool to assess BPSD-like symptoms in AD models, 

while its rate unveils bizarre behaviour induced by D-galactose-induced ageing.  

These results may be useful for preventive and therapeutic interventions targeting AD, but may also be 

suitable for assessing possible risk factors in normal ageing animals. 

 

Modelling Functional Limitations, Gait Impairments, and Muscle Pathology in Alzheimer’s 

Disease: Studies in 3xTg-AD Mice  

This work translated the components of the conceptual framework of the International Classification of 

Functioning, Disability and Health (ICF) used in human rehabilitation and their functional equivalence 

in 3xTg-AD mice. Thus, this study presented the gait impairments and functional limitations in the 

exploratory activity of the 3xTg-AD mouse model and compared it to C57BL/6 with normal ageing. 

Specifically, in walking, as in humans (Coelho et al. 2012; Chiaramonte and Cioni 2021), speed was 

the variable with the highest sensitivity for detecting deficiencies in movement and locomotion. In 

addition, bizarre gait patterns also alter speed, accompanied by stride length and cadence. Likewise, 

ageing reported in C57BL/6 mice modifies foot strike patterns with a decrease in cadence and stride 

time (Tarantini et al., 2019). On the other hand, in novelty situations, 3xTg-AD mice respond with 

neophobia and anxiety behaviours (España et al., 2010; Giménez-Llort et al., 2007). Neophobia 

modifies exploratory activity with increasing age, accentuating symptoms (Muntsant and Giménez-Llort, 

2020). However, we have described a relationship between unusual gait patterns and the horizontal 

and vertical components of exploratory activity. Thus, the bizarre gait patterns that limit locomotion in 
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3xTg-AD mice do the same in NTg mice, increasing with age. In 3xTg-AD mice, these behaviours are 

mainly related to psychiatric and neurological disorders (Baeta-Corral and Giménez-Llort, 2014; 

Cordón-Barris et al., 2016; Giménez-Llort et al., 2002). 

In addition, overall mobility was interfered with by periods of freezing. The 12-month-old mice can be 

distinguished as they present several freezing episodes in both genotypes, in contrast to the 6-month-

old mice, where the 3xTg-AD group presented prolonged freezing behaviour, taking longer to perform 

the first movement before starting to walk, which may also influence the decrease in exploration and 

quantitative gait parameters, similar to what occurs in social isolation scenarios (Castillo-Mariqueo and 

Giménez-Llort, 2021a). 

At the same time, the results showed that both 3xTg-AD and C57BL/6 mice show a higher incidence of 

structural kyphosis from 12 months of age onwards, which could explain, from a postural point of view, 

the decrease in exploration in both groups with increasing age. Furthermore, by indirect measurement 

of sarcopenia, the quadriceps muscle was found to be associated with sarcopenia in the normal-aged 

mice, whereas in the transgenic group, sarcopenia appears at 16 months of age. Interestingly, the 

triceps surae muscle also indicated sarcopenia in the 16-month-old 3xTg-AD mice. Morphological 

differences were found between the groups, where the fibres are homogeneously distributed, with 

differences between them, but maintain a similar distribution. However, a difference in the number of 

nuclei was observed in the NTg control animals, which seems to be higher than in the 3xTg-AD, 

especially at 12 months. The presence of adipose cells was also detected. Thus, adipose cells were 

present to a lesser extent in the quadriceps, irrespective of genotype and age, with intramuscular 

predominance. In contrast, adipose cells showed a peripheral or intramuscular location depending on 

genotype and age in the triceps. Thus, in the NTg control group, adipose cells were found in more 

peripheral areas, with a more significant proportion at 16 months. On the other hand, in the 3xTg-AD 

group, adipose cells were more intramuscular, with a higher proportion at 12 months. Interestingly, NTg 

control mice had similar weights at each age, while the weight of 3xTg-AD mice increased with age.  

In this way, the functional limitations detected are equivalent to the difficulties that older adults usually 

face in carrying out activities of daily living and that we can consider as markers of deterioration of 

functional health. Furthermore, the use of the ICF as a conceptual framework allows functional status 

to be described, facilitating its interpretation and application in the rehabilitation of people with AD. 

 

Clasping and ledge-score coordination impairment as primary behavioural markers of 

functional impairment in Alzheimer's disease (status: accepted) 

This work has characterised the motor dysfunction of the 3xTg-AD mouse model in different motor 

tasks, focusing on the abnormal clasping reflex and coordination impairments measured through the 

Phenotype Scoring System, which includes four screening items originally developed for ataxia models 

(Ditzler et al., 2003; Guyenet et al., 2010). Male 3xTgAD mice (n=24) at 6, 12, and 16 months of age 

(mimicking early, advanced, and late disease stages, respectively) and their age-matched non-
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transgenic counterparts (NTg, n=21) with normal ageing were included. Differences in this score were 

found with the incidence or severity of the four items and the total score. The 3xTg-AD mice showed 

impairments in all items of the score. Clasping increased independently of age, and its severity 

worsened with repeated testing.  

In contrast, coordination impairment worsened with disease progression. The gait score was sensitive 

to genotype, and the worse ledge score was evident at 16 months. The kyphosis and ledge scores were 

age-sensitive. The impairments and functional limitations of male 3xTg-AD mice related to Alzheimer's 

disease stages provide a scenario to understand the heterogeneity of non-cognitive symptoms. 

Currently, our research group has developed a new study method that allows us to observe the 

psychomotor performance of the 3xTg-AD experimental model at different stages of Alzheimer's 

disease progression (Castillo-Mariqueo and Giménez-Llort, 2021). We have also reported in this model 

an increase in bizarre (disruptive) behaviours that appear from 6 months of age compared to wild-type 

C57BL/6J (NTg) when confronted with new environments (Baeta-Corral and Giménez-Llort, 2015; 

Castillo-Mariqueo and Giménez-Llort, 2019; Giménez-Llort et al., 2007). 

 

Frailty, from Humans to Mouse Models 

Currently, the most widely used mouse models in research are based on the biological hypothesis of 

frailty syndrome in humans. Much of this research addresses limitations due to the heterogeneity of the 

syndrome and its manifestations, as they involve several organs and body systems, making it 

multidimensional and challenging to study in humans (Kane et al., 2016; Zglinicki et al., 2016). There 

are different models of study, ranging from those that address biological protestors due to ageing, others 

address the cumulative effects of lifestyle deficits and consequences, seeking to quantify manifestations 

and deterioration. Still others seek to recreate preclinical signs to improve rehabilitation strategies and 

timely treatments by recreating genetic models that recreate the aetiology of frailty (Howlett, 2015; Kane 

et al., 2016; Seldeen et al., 2015; Zglinicki et al., 2016). Thus, animal studies provide opportunities to 

help us understand the mechanisms that trigger frailty. They also provide empirical evidence on 

pathophysiological pathways and mechanisms and identify potential biomarkers to generate 

interventions and treatments to modulate or counteract the syndrome. 
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PHASE 2: MODULATION AND INTEGRATION OF PRIMARY AND 

SECONDARY PSYCHOMOTOR SIGNATURES OF ALZHEIMER’S 

DISEASE DYSFUNCTION AND EXTRINSIC FACTORS  

 

There are now several studies that report on the main cognitive and emotional deficits in the different 

stages of AD, including findings in the motor and psychomotor domains in humans. Stiffness, slowness, 

gait impairment, and other movement disorders accompany AD at different stages of the disease 

(Kurlan, 2000). There is an important need to accurately characterise movement disorders in AD studies 

to clarify the clinical phenomenology and neurobiology of the disease and to accurately distinguish AD 

from other degenerative dementias (Scarmeas et al. 2004; Albers et al. 2015; Kurlan  2000). 

In this phase, a naturalistic model of isolation, normal and pathological ageing and behavioural battery 

learning and retesting were included in a longitudinal design with within-subjects analysis and a cross-

sectional design contrasting the between-subjects retest. Thus, dysfunctions associated with gait, body 

posture, frailty, neophobia, and exploratory activity present in normal and pathological ageing related 

to the stages of AD progression were detected. In addition, we demonstrated that postural alterations, 

such as kyphosis and bizarre gait patterns, are associated with functional limitations in gait and 

exploratory activity in male 3xTg-AD mice at 16 months of age, preventing delays in the performance 

of both activities. 

The results obtained in these studies highlight the complexity of experimental scenarios in 

neurodegenerative diseases, confirming the impact of genotypic factors, sex and age, as well as the 

repetition of behavioural tests on the results of psychomotor variables, currently little explored, which 

should be considered in future research. 

 

Translational Modelling of Psychomotor Function in normal and AD-Pathological ageing with 

special concern on the effects of social Isolation 

The aim of this work was to explore the psychomotor performance of 13-month-old male 3xTg-AD mice, 

corresponding to an advanced stage of AD. The impact of isolation was assessed in a naturalistic model 

of mice that lost their siblings and were left alone in their housing boxes after ten months of social life. 

AD survivors who remained isolated for 2-3 months. A psychomotor battery was applied including: 

spontaneous gait, muscle strength, rotarod motor performance, and physical phenotype of frailty.  

The results indicated paradoxical genotypic differences in terms of better performance on motor 

variables, with more significant physical performance in 3xTg-AD animals, regardless of social isolation 

and late onset of motor impairment related to physical endurance and exercise tolerance of the 3xTg-

AD mice. However, in variables involving information processing and decision-making to perform a task 

(exploration and gait), these animals showed poor performance, including circling as a bizarre 

behaviour. Thus, the motor performance achieved by the isolated 3xTg-AD animals is even superior to 
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that of the grouped 3xTg-AD animals. In these animals, exercise during the 6 rotarod tests studied 

showed an increase in physical endurance as the test progressed. This variable may indicate that the 

basal physical condition of these animals is optimal and that the effect of physical exercise improves 

their performance. We can highlight that although the results of the rotarod indicate that the mice 

improved their motor performance, they performed worse in other tasks related to cognitive and 

affective variables, in accordance with the characteristics of the disease. 

On the other hand, spontaneous gait performance and exploratory activity reported freezing episodes 

at the beginning of the tests, which may be associated with more significant functional limitations in the 

3xTg-AD mice group and in the isolated mice. In contrast, the physical parameters: strength and 

physical endurance in rotarod, are not altered, showing coincidence with hyperactivity or anxiety, one 

of the manifestations of the advanced stages of AD. In addition, these animals showed higher 

performance in muscle strength, where genotype seems to be a determining factor in overall 

performance. Furthermore, it is possible to highlight the factor of genotype and physical activity level as 

a protective mechanism, although phenotypic indicators of physical frailty are present. While 3xTg-AD 

mice showed a more significant impairment in physical aspects, their motor learning ability remained 

preserved. 

These findings generate new hypotheses for studying the underlying biological mechanisms useful in 

translational geriatric rehabilitation scenarios. 

 

Kyphosis and bizarre patterns impair spontaneous gait performance in end-of-life mice with 

Alzheimer's disease pathology while gait is preserved in normal ageing 

In this report, kyphosis and bizarre gait patterns associated with functional limitations of gait and 

exploratory activity in male 3xTg-AD and NTg mice at 16 months were studied; the presence of bizarre 

behaviours in dry first-time trials in old age has been confirmed. It is also corroborated that in novelty 

and place recognition situations, old 3xTg-AD mice exhibit bizarre behaviours. Most importantly, they 

interfere with their locomotion and spontaneous exploration and include kyphosis, an indicator of frailty 

with a high incidence in 3xTg-AD mice and non-transgenic mice. In addition, piloerection is the primary 

marker of macroscopic examination indicating severity in the in-of-life setting at 16 months in 3xTg-AD 

and NTg mice. 

Previously, it has been reported that females have a higher incidence of these behaviours with sex 

differences (Giménez-Llort et al. 2007; Baeta-Corral and Giménez-Llort 2014). Also, at 13 months in 

males, gait impairments have been found to coincide with an ageing pattern, accompanied by a series 

of bizarre behaviours that may interfere with trajectory and movement (Castillo-Mariqueo et al., 2021; 

Lang et al., 2003). Furthermore, a correlation was observed between the presences of these so-called 

“bizarre gait patterns” and a decrease in exploration with a delay in the first episode of vertical 

exploration, with 3xTg-AD mice being the most affected by inactivity. Horizontal exploration and 

movement latency suggest that they persist as the disease progresses once these behavioural patterns 
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appear. We have also identified compromised functional performance when kyphosis and bizarre gait 

patterns are present, pointing to a more significant restriction of daily living functions, which 

translationally could be a cause of dependence in humans. 

 

Impact of behavioural assessment and re-test as functional trainings that modifying survival, 

anxiety and functional profile (physical endurance and motor learning) of old male and female 

3xTg-AD mice and NTg mice with normal ageing  

This study was designed to investigate the effects of retesting on the behavioural performance of non-

transgenic and 3xTg-AD male and female animals tested in two scenarios: 1) in a longitudinal design, 

with within-subject analysis of a set of 12-month-old animals tested repeatedly four months later, at 16 

months of age; and 2) in a cross-sectional design, comparing 16-month-old animals that had undergone 

(retesting) or not (naïve) the test battery. The impact of two factors, sex and retesting, was contrasted. 

In line with our previous work, a psychomotor test battery was used: gait, exploration, muscle strength, 

motor learning, physical endurance and frailty status. In addition, frailty phenotype and biological status 

(HPA axis and sarcopenia index) were included.  

The results confirmed the impact of the longitudinal study with a training intervention through a 

behavioural battery at 12 months and its repetition, increasing the survival of 3xTg-AD and non-

transgenic females at 16 months. In addition, gait variability improved in 3xTg-AD females at 16 months, 

and physical endurance in 3xTg-AD females exceeded that of the other groups, also increasing their 

motor learning with the non-transgenic male group, as well as geotaxis in 3xTg-AD males. In contrast, 

anxiety increased in 3xTg-AD males retested at 16 months. 

On the other hand, a cross-sectional analysis contrasting the trained groups with a 16-month-naïve 

group showed higher corticosterone levels in the 3xTg-AD females in both groups, accompanied by 

sarcopenia in the 16-month-naïve group.  

In addition, there were genotype-sensitive variables, such as phenotype scoring system, frailty and 

kyphosis, in which the 3xTg-AD male group showed physical impairment. Motor learning and physical 

endurance variables were sensitive to test repetition, and 3xTg-AD females performed best when 

repeating the behavioural battery at 16 months. On the other hand, the females performed better in 

gait, where their gait was homogeneous and straight. They also showed less severe scores in physical 

variables, such as kyphosis, which could explain the more significant impairment of males in some 

motor tests. On the other hand, males showed dysfunction in most of the variables studied. Thus, 

correlations could explain the differences obtained between males and females, being positive in 

females between corticosterone and physical endurance, and in the case of males between sarcopenia 

index and physical endurance and corticosterone with physical variables. 

Functional profile, biological status and their correlation are discussed as relevant to AD pathology. 

Therefore, the repetition of behavioural batteries could be considered as training, with some variables 
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sensitive to genotype, sex and test repetition. In the AD genotype, females performed best in physical 

endurance and motor learning, while males performed worse in most of the variables studied. These 

results highlight the complexity of experimental scenarios in neurodegenerative diseases such as 

Alzheimer's disease, confirming the different impact of factors according to genotype, sex and age and 

their interaction with the methodological approach. 
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SUMMARY  

 

The 3xTg-AD mice are a model that expresses the functional and motor impairment of primary and 

secondary psychomotor dysfunction that limits the activities and performance of mice, similar to what 

occurs in humans and according to the temporality of AD impairment. 

In gait, the decrease in stride length, speed, and cadence seems to be the most sensitive variable of 

psychomotor dysfunction, being even modified by postural alterations such as structural kyphosis, 

which increases the deterioration of stride length and gait speed in male 3xTg-AD mice. In addition, 

kyphosis is sensitive to age, showing a progression from postural to structural kyphosis in 3xTg-AD and 

non-transgenic animals. Similarly, the clasping reflex indicates the severity of AD, a primary signature 

like kyphosis. On the other hand, the frailty phenotype accompanies general psychomotor impairment 

in mice and increases with age.  

Similarly, physical endurance is sensitive to sex, with 3xTg-AD and non-transgenic females showing 

higher performance that increases with training; however, they show the highest indicators related to 

frailty, sarcopenia and HPA axis alteration with worse indicators at 16 months in the 3xTg-AD when no 

behavioural battery or repetition training is applied at later ages. Table 4 summarizes the psychomotor 

dysfunctions in the 3xTg-AD model presented in this thesis. 

Finally, functional impairments and alterations in 3xTg-AD mice are related to Alzheimer's disease 

stages, providing a scenario to understand the heterogeneity of non-cognitive symptoms of motor 

performance. 
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Table 4. Summary psychomotor dysfunction and frailty related to sarcopenia in 3xTg-AD 

mice model 

Age 

tested 

Sex 

tested 

Motor dysfunction and frailty related to sarcopenia   References 

6 

months 

Males (1) Bizarre behaviour "Circling" was characteristic of 3xTg-AD mice also in the 

aquatic Morris water maze at onset of disease 

 

(Castillo-

Mariqueo and 

Giménez-Llort, 

2019) 

6, 12, 

and 16 

months 

Males (1) Functional impairment in gait (speed, cadence and stride length) and 

exploratory activity (horizontal and vertical explorations); 

(2) Muscle weakness marks the functional decline related to disease severity 

stages that intensify with increasing age; 

(3) Motor performance in 3xTg-AD is accompanied by bizarre behaviours that 

interfere with gait trajectory; 

(4) Incidence of kyphosis with postural predominance at 12 months, increasing 

in severity at 16 months (structural); 

(5) Clasping reflex present in all groups, irrespective of age;   

(6) Motor deficits increase with age in the rotarod; 

(7) Motor learning and physical endurance severely impaired at 16 months in 

the rotarod; 

(8) Signs of physical frailty accompany functional decline;  

(9) Signs of sarcopenia are present at an advanced stage of AD, with differences 

in fibre distribution, the number of cell nuclei and the presence of adipose tissue 

in the triceps surae and quadriceps muscles. 

(Castillo-

Mariqueo et al., 

2021) 

13 

months 

Males  (1) The isolated 3xTg-AD group showed higher performance in exercise 

tolerance and muscle strength tests; 

(2) The presence of freezing at the start of the exploratory activity and 

spontaneous gait test was associated with greater functional limitation in this 

group; 

(3) Hindlimb clasping is present during the tail suspension test; 

(4) Motor learning ability was preserved in 3xTg-AD mice in the rotarod; 

(5) Increased endurance performance in isolated mice in the rotarod; 

(6) The physical frailty phenotype is present in 3xTg-AD mice. 

(Castillo-

Mariqueo and 

Giménez-Llort, 

2021a) 

16 

months 

Males  (1) Kyphosis modified stride length and gait speed in end-of-life 3xTg-AD mice; 

(2) Bizarre gait patterns limit exploratory activity in transgenic end-of-life mice; 

(3) Structural and postural kyphosis as a primary impairment that modifies gait 

in 3xTg-AD end-of-life mice; 

(4) Bizarre gait patterns as a secondary impairment to exploratory activity in 

3xTg-AD mice; 

(5) The animals show similar frailty phenotype alterations with some distinctions 

regarding a higher incidence of postural alterations in transgenic mice and 

injuries or wounds in non-transgenic mice, both coinciding with a high incidence 

of piloerection; 

(6) Despite frailty, gait function is not impaired in non-transgenic mice. 

(Castillo-

Mariqueo and 

Giménez-Llort, 

2021b) 

12, 16 

months 

Males 

Females 

(1) 3xTg-AD females, irrespective of age, showed improved gait performance, 

where their stride was homogeneous and straight; 

(2) Decreased speed in male 3xTg-AD mice in all groups;  

(3) Increased freezing at 16 months in males’ vertical exploration in the retest 

group; 

(4) Kyphosis modifies quantitative gait parameters in males. The 3xTg-AD 

males at 16 months had structural kyphosis, reflecting greater severity and 

functional limitations with predominance in the retest group; 

(Castillo-

Mariqueo and 

Giménez-Llort, 

2022) 
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(5) Presence of increased clasping in naïve 3xTg-AD mice at 16 months; 

(6) Motor learning and physical endurance variables were sensitive to retesting, 

with 3xTg-AD females performing best when the behavioural battery was 

repeated at 16 months; 

(7) 3xTg-AD males had greater physical frailty at 16 months, indicating more 

significant associated functional impairment; 

(8) Quadriceps and triceps surae muscles are heavier in naïve male mice. Lower 

triceps surae and quadriceps muscle weights are observed in 3xTg-AD females. 
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CONTRIBUTIONS AND LIMITATIONS 

 

This thesis contributes to advances in research on the non-cognitive symptomatology present in AD, 

which has gained greater importance among the scientific community as it generates a more significant 

impact on the dependence and disability of people with AD and their caregivers. 

On the other hand, due to the intrinsic difficulty of breeding programs with transgenic animals, in the 

more complex experimental designs, several experimental series are needed to complete the sample 

size. In these cases, to overcome this experimental limitation, every experimental set is established 

with a representation of at least half of the experimental groups and performed in a counterbalanced 

manner.  

To overcome mortality bias, groups of females of both genotypes could have been included for 

comparison at ages below 12 months. Likewise, 16-month-old naïve NTg females that could be 

compared with 3xTg-AD females of the same age were not included, as mortality in the non-transgenic 

group was higher than expected, not reaching the formation of this group.   

Finally, as a future projection, we will seek to investigate biomarkers that will allow us to correlate 

primary and secondary markers of psychomotor dysfunction that complement these findings and those 

detected in muscle and fat tissue. 
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CHAPTER 6. CONCLUSIONS 
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CONCLUSIONS 

 

The main conclusions of this thesis are: 

1. The hindlimb clasping reflex is also a primary impairment indicating worsening AD 

symptomatology, present in 3xTg-AD mice regardless of age. 

2. Structural and postural kyphosis constitutes the main impairment modifying stride length and 

gait speed in 3xTg-AD mice, and its severity increases with age. 

3. Structural kyphosis characterizes end-point mice, while postural kyphosis is for normal aging. 

4. Piloerection is the primary marker of macroscopic examination indicating severity in the in-of-

life setting at 16 months in 3xTg-AD and NTg mice. 

5. Bizarre behaviours constitute the secondary dysfunction that limits the exploratory activity of 

3xTg-AD mice in dry tests and alters swimming patterns and searching behaviour in the Morris 

water maze test. 

6. Bizarre circling is a feature of 3xTg-AD mice and manifests early in the disease in MWM. In 

addition, bizarre gait patterns are a distinctive marker in 3xTg-AD mice. 

7. The frailty that accompanies functional impairment in 3xTg-AD mice is associated with mortality 

in females, even in non-transgenic mice. 

8. Signs of sarcopenia associated with frailty are observed in advanced stages of AD, with 3xTg-

AD females showing the greatest impairment. 

9. Secondary dysfunctions can be modulated by external factors such as isolation and behavioural 

battery retest, where 3xTg-AD mice improve motor performance in females and isolation in 

males. 

10. 3xTg-AD females show more significant impairment associated with frailty and sarcopenia, but 

perform better in physical endurance tests, with high corticosterone levels. 
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