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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 B-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




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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CHAPTER 1. INTRODUCTION




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
PSENZ2) (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 B-amyloid (AB) arising from proteolytic cleavage of
amyloid precursor protein (APP) in the form of diffuse; neuritic plagues 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 AB, specifically, the 42-amino
acid AB isoform (AB42), 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 AB42 to AB40 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 ABR42/AB40 ratios (Kumar-Singh et al., 2006; Weggen and Beher, 2012). The type of mutation
and the associated AB42/AB40 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 3-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: | to VI (Braak and Braak 1991). In
typical cases of Alzheimer's disease, AR deposition precedes neurofibrillary and neuritic changes with

an apparent origin in the frontal and temporal lobes, hippocampus and limbic system (Masters et al.,




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 | and Il are centred in the transentorhinal region; in stage Il the tau pathology is more
densely packed than in stage I. In stage lll, pathology shifts to the entorhinal region with low levels of
tau observed in CAl of the hippocampus and mild or absent changes in the isocortex (Swarbrick et al.
2019; Masters et al. 2015; Braak and Braak 1991).

s b Amyloid plaque
Amyloid plaque

Stage A Stage B Stage C

Neurofibrillary tangle

.

Severity

Stage | and Il Stage lll and IV Stage Vand VI

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, AR 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 Ap
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 AB 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 (ChEIls): 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 B, 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
(Murioz 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, Gradual decline Initial stages, similar to Stage 1 and Stage 2
step height and ageing gH(;ienhn and Yahr), similar to
width geing
Base and support Increase Advanced stages,
area decreases Advanced stages,
decreases
Temporal Step and stride Increase Initial stages, similar to Stage 1 and Stage 2
time, and ageing (Hoehn and Yabhr), similar to
frequency ageing
Gl phases Increases contact Advanced stages,
time with the ground apraxia/ataxia Advanced stages,
Bradykinesia/Festination
Spatial- Speed Initial stages, decrease Stage 1 and Stage 2
Temporal (Hoehn and Yahr), similar to
ageing
Cadence Gradual decline Initial stages, decrease Advanced stages may
increase
Automatic turn Decreases considerably Decreases considerably
reaction
Biomechanical  Joint range Initial stages, similar to Stage 1 and Stage 2
. ageing (Hoehn and Yahr), similar to
Gradual decline ageing
Muscular strenath Advanced stages run with
uscu 9 fragility Advanced stages run with
fragility
Postural Postural changes Gradual instability. Lost stability in a static Involuntary movements: rest
in a static or Joint stiffness due to  position. tremor, cogwheel rigidity.
resting position, cartilage wear .
) In advanced stages, loss Increases severity from
and dynamic ; = h
stability of dynar'mc' s'ta\'blllty with Stage 3 and Stage 4
paratonic rigidity. (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 (Garcia Morua 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; Mu0 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 (Muo 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 (Muo 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 O (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).

Health Condition

(disorder/disecase)
Body function Activities Participation
& structure (Limitation) (Restriction)
(Impairment) A

t t
| R

Environmental Personal
Factors Factors

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; Gomez-Gbémez 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 A 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, A immunoreactivity has been observed in the hippocampus at
2 months (Mastrangelo and Bowers, 2008). Extracellular deposits of AR 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 Af 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 Animal Experimental Study Parameters of frailty assessment and their
basis model subject applications
concept
Biological Biological age C57BL/6J (Reynolds To assess biological age using a battery of psychomotor
Age and (male mice) etal, tests: rotarod (balance on a rotating rod), grip strength,
frailty in 1985) exploratory behaviour and wheel running tasks. This
ageing mice study is not specific to frailty, but is useful for measuring
general health or biological age in animal experiments
on ageing.
Frailty in IL-10 knock-out  Female IL- (Walston et Based on the characterisation of the genetically
Genetically  mice 10"™"™ mice on al., 2008) modified IL-10™™ model. Exploring the biological
manipulated a C57BL/6J mechanisms of frailty. Model of inflammation and multi-
mice background systemic decline.
Biological Sarcopenia in C57BL/6J (Weber et Characterisation of skeletal muscle ageing in preclinical
Age and frailty (male breeder al., 2012) mammalian models. Measurement of muscle
frailty in mice) and performance, size and architecture using micro-X-ray
ageing mice Sprague computed tomography (micro-CT) imaging and muscle
Dawley male histology.
Rat
Based on Mouse frailty C57BL/6J (Parks et To assess different health parameters: activity levels,
Rockwood’s index (male and al., 2012) haemodynamic measures, body composition and
Frailty Index female mice) baseline metabolic status. The mouse frailty index can
be used to quantify frailty in ageing mice.
Biological C57BL/6J C57BL/6J (Graber et The neuromuscular healthspan scoring system provides
Age and neuromuscular  (male mice) al., 2013) a score for each animal from three individual scores
frailty in healthspan obtained from functional assessment: rotarod, grip
ageing mice  scoring strength and maximal isometric force. It also provides

information on muscle contractility in vitro.

Based on Frailty C57BL/6J (Liu et al., To assess physical performance levels: grip strength,
Fried’s phenotype (male mice) 2014) walking speed (rotarod), physical activity (voluntary
Frailty index running on wheels), endurance (average of grip strength
and walking speed test).

Phenotype

Based on Mouse clinical C57BL/6J (Whitehead To assess parameters of potential age-related deficits
Rockwood’s frailty index (male and etal, primarily through visual inspection by the assessor:
Frailty Index female mice) 2014) Integument, physical - musculoskeletal,

vestibulocochlear - auditory, ocular/nasal,
digestive/urogenital, discomfort and body weight and
temperature. This model is based on the accumulation
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of deficits over a lifetime and has features observed in
human clinical studies.

Frailty in Cu/Zn So0d1KO mice (Deepa et The model shows alterations similar to the defining
Genetically superoxide al., 2017) features of human frailty: weight loss, weakness, low
manipulated dismutase physical activity and exhaustion. Sod1KO mice show
mice knockout increased inflammation and sarcopenia. Useful for
mouse studying the aetiology of frailty.
Based on Inactivity as a C57BL/6J (Gomez- The frailty score is based on Fried’s five criteria for frailty
Fried’s model of frailty (male mice) Cabreraet in humans: they propose a score of Valencia (frailty in
Frailty (Valencia al., 2017) rodents): unintentional weight loss, weakness, grip
Phenotype Score) 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-Garcia, 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-Marigueo 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 (Lathuiliere 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 5XxFAD 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.
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Table 3.

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

Mouse Age Sex Motor impairments, frailty and clasping reflex References
model tested tested
3xTg-AD 6 Males (1) 3xTg-AD mice have a lower grip strength on the grid suspension compared  (Stover et al.
months to controls; 2015)
Females
(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.
6 Males (1) Bizarre behaviours as early-BPSD-like symptoms in 6-month-old male and  (Baeta-Corral
months female 3xTg-AD mice detected in open field test. and Giménez-
Females
Llort, 2014)
11 Males (1) 3xTg-AD isolated mice showed a prominent hyperactive pattern as shown in ~ (Muntsant-
months gross motor function in all the tests (open field, corner test, spontaneous activity ~ Soria and
test, T-maze). Gimenez-Llort,
) ) ) . i ) 2020)
(2) 3xTg-AD showed the bizarre behaviours, and intensified nesting behaviour
(fine-motor function) in the isolated group.
12,14 Females (1) Mutants showed hypoactivity in two open-field tests and in the elevated plus-  (Filali et al.,
months maze; 2012)
(2) Hind paw clasping was observed in 10% of mice;
(3) 3xTg-AD mice had a high performance in the rotarod.
14 Males (1) The frail male 3xTg-AD exhibited sustained activity in open field test, mostly ~ (Muntsant et
months as a thigmotaxis response and slower habituation pattern. al., 2021)
Females
(2) The repetition of the open field test elicited reduced activity, in all the groups.
16 Females (1) No significant differences between genotype and sex in wire hang or grid  (Garvock-de
months suspension tasks, stride length or stride width, but 3xTg-AD mice performed  Montbrun et
worse than WT mice on the balance beam; al., 2019)
(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.
5xFAD 3,11 Males (1) 5xFAD females are less frail than 5xFAD males. (Todorovic et
months al., 2020)
Females
3to 12 Females (1) After 9 months, mice had reduced locomotor activity with gait, balance and  (Gendron et
months coordination dysfunctions; al., 2021)
(2) 5xFAD mice had significantly higher frailty scores than WT mice and a shorter
lifespan than WT mice.
3t0 16 Males (1) At 12-13 months, mice develop reduced locomotor activity in the OF, which  (O’Leary et al.,
months may be due to gait impairment; 2020)
Females
(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.
11,13 Females (1) 5xFAD mice had a short, shuffling gait with a shorter stride length than WT  (O’Leary et al.,
months mice and had a slower swim speed; 2018)

(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.
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Tg4-42 3,7 Females (1) Tg4-42 mice at 7 months have impaired balance, and motor coordination,  (Wagner et al.
months strength and locomotor activity are unaffected; 2019)
(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.

Tg2576 10 Males (1) Decreased stride length and stride time at 10 months, base of support, stride  (Nyul-Toth et

months time variability, stride length variability, cadence, phase dispersions and gait al., 2021)
Females L
symmetry indices were not altered.
TgCRND8 3,9 (1) Early onset of motor deficits in TJQCRND8 mice at the age of 3 months; (Yuan etal.,
months 2017
Hindlimb extension reflex test and abnormal for 3 months. )
THY- 12 Males (1) Hyperactivity in activity exploration, locomotor activity preserved; (Van der
Tau22 months Jeugd et al.,
(2) Clasping, present in males at 12 months of age. ZOlg)

Tau 58/4 3,6,9, Males (1) At 6, 9 and 12 months of age, the gait shows a decrease in stride length; (Yinetal.,

P301S 12 - . 2017)
months (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.

P301S 15to Females (1) From 2-3 months of age, the mice showed marked hyperactivity. These  (Koivisto et al.,
5.5 behavioural impairments did not progress with age; 2019)
months

(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.

APP/PS1 3,9 Males (1) Hyperactivity and normal locomotion at 3 months and increased at 9 months  (Lok et al.,
months of age; 2013)

Females
(2) APP/PS1 mice showed impaired motor and spatial memory and increased
locomotor activity at 9 months of age.
6,12 Males (1) Motor impairments at 12 months of age; (Leroy et al.,
months N . 2012
Females (2) Significant motor deficits in the rotarod at 12 months of age. )
7to0 15 Males (1) From 9 months of age onwards, open-field activity decreases; (Ferguson et
months al., 2013
(2 Motor coordination was normal in APP/PS1 mice and did not seem to decrease )
with age.

APP 12 Males (1) Motor learning and coordination were impaired in APP mice. (Manczak et

months al., 2018)
Females
56 Males (1) Increased spontaneous locomotor activity and increased locomotion in open-  (Klevanski et
months field test. al., 2015)
Females

APLP2-KO 3,11 Males (1) Females show motor function impairments; (Truong et al.,

months L - 2019
Females (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 a-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.
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HYPOTHESIS:

o Primary structural dysfunctions, such as kyphosis, modify and limit the exploratory activity in
3xXTg-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. Toidentify 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. Todifferentiate 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. Toidentify 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. Toidentify 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. Inacross-sectional design, comparing 16-month-old animals that had (retested) or had
not (naive) 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 x 35 x 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 Ix) 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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CHAPTER 4. EXPERIMENTAL RESEARCH
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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

Modelling Functional Limitations, Gait Impairments, and Muscle Pathology in Alzheimer’s
Disease: Studies in the 3xTg-AD Mice

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

functional impairment in Alzheimer's disease (accepted)

Review atrticle:

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 fisica y sistémica, situaciones de novedad Yy supervivencia en el
envejecimiento y la enfermedad de Alzheimer: una aproximacién traslacional a las residencias

de larga estadia. XXIV Congreso de Geriatria y Gerontologia 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).
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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

58 s.C _ *
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Indexes for flotation and circling, two non-search behaviors in the water maze,
sensitive to D-galactose-induced aging and Alzheimer’s disease
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The existence of behavioral and psychological symptoms of dementia (BPSD) has been largely neglected in most
experimental research on Alzheimer's disease (AD) classically focused on cognitive symptoms. The aquatic
environment of the Morris water maze (MWM) implies a stressful condition for mice leading to lower cognitive
performances and presence of other behaviors related to emotionality, that can be critical In animal models such as
the 3xTg-AD mice that exhibit a noticeable profile resembling BPSD. The present work is aimed to prowde a
quantitative (number of episodes and duration) and qualitative (prevalence) analysis of flotation and circling, the most
commaon ‘non-searching behaviors' elicited in the MWM In order to study the expression of these behaviors in 6-month-
old non-transgenic (C57BL/6) and 3xTg-AD mice with normal or submitted to chronic D-galactose induced accelerated
aging. Thus, we recorded the elicitation of floating and drcling during three standard MWM paradigms: visual
perceptual leaming, place task for spatial reference memory and a final probe trial for short-term memory. In view of
the results, we propose a flotation index’ as characteristic of non-transgenic performance, that s sensitive (reduction)
to accelerated aging and AD. Conversaly, circling behavior, more characteristic of 3xTg-AD mice, can be an additional
tool for evaluating BPSD-lke symptoms In AD models while Its index unveils bizarre behavior induced by D-galactose
Induced aging. These results can be useful in relation to preventive and/or therapeutical strategies targeted at AD but
they may also be suitable in the evaluation of the potential risk factors in normal animals.

Key words: Aging: Alzheimer, Flotation; Bizarre; Circling; BPSD; D-galactose

1. Introduction

Clinical and experimental research struggle to
provide tools for identification and prevention of
risk factors for accelerated age-related cognitive
decline in the general population, their early
diagnosis and treatment. As well, strong scientific
efforts are aimed to reduce the burden that
dementias, like Alzheimer's disease (AD), are
predicted to cause on patients and caregivers in
the next decades (Alzheimer's association, 2016;
Cavedo et al, 2014). In this scenario, apathy,
depression, stereotyped behaviors, and anxiety
are, among others, early signs of disease also
refered as BPSD (behavioral and psychological
symptoms of dementia), considered the most
important source of distress that leads to
institutionalization (Tan, Wong and Allen, 2005). In

a general basis, at the translational level, the study
of the expression of these common
neuropsychiatric symptoms associated to aging
but also quite prevalent among patients has been
largely deserted as compared to cognition
(reviewed by Giménez-Llort et al., 2007).

In the Morris Water Maze (MWM) (Morris et
al., 1984), several paradigms are used to assess
hippocampal-dependent spatial learning and
memory of the location of a platform (reviewed by
D'Hooge and De Deyn, 2001). However, as
compared to rats for whom the test was designed,
the aquatic environment of the maze results in a
stressful condition for mice, leading to lower
cognitive performances and presence of other
confunding behaviors mostly related to
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emotionality (Lang et al., 2003; Janus, 2004; Brody
and Holtzman, 2006). The mice usually start their
navigation swimming along the walis before they
develop a 'goal-directed’ search strategy aimed to
reach the platform which finally will be efficiently
used during a probe trial. Others, just continue
swiming along the walls or gradually adopt a
chainning search strategy, which can be quite
effective. During the acquisition of the task, mice
also may exhibit flotation (inactivity without forward
movement), which could be related to lack of
motivation, even as a kind of behavioral despair
(Porsolt et al., 1977) or it may be attributable to the
use of 'non-search' behavioral strategies assumed
to be 'non-cognitive' (Janus, 2004)

In the case of murine models of Alzheimer's
disease, most of the basic research using this
water maze has being devoted to depict the distinct
features of their impaired cognition and the effects
of treatments. As in other cognitive tests, the
presence of BPSD-like behaviors in the MWM are
considered confounding factors that interfere in the
analysis of cognition per se. However, in most
cases, they are usually disregarded because of
their low incidence and/or short duration, since
experimental designs are adapted or animals are
previously handled or trained to avoid/prevent their
elicitation. Also, changes in emotionality or
motivation can be specifically monitored by cue
tasks or indirectly measured through swimming
speed (Gimeénez-Llort et al, 2013). More
translational research approaches, targeting the
complex clinical scenario of cognitive and non-
cognitive symptoms in the human patient, include
on purpose the evaluation of BPSD-like behaviors
in the so called 'non-search behaviors' (Janus,
2004, Baeta-Corral and Giménez-Llort, 2015).

Recently, the analysis and ciassification of
floating and bizarre circling (swimming In closed
circles) as ‘non-search’ behaviors exhibited in the
MWM was proposed by our laboratory as a tool to
better reflect both the AD-phenotype of 13-month-
old 3xTg-AD mice (Oddo et al., 2003) mimicking
advanced disease stages and that of mice with
normal aging (Baeta-Corral and Giménez-Llort,
2015). Since the 3xTg-AD mice have a noticable
BPSD-like profile (Giménez-Llort et al., 20086,
2014) mimicking the high prevalence of BPSD
among patients at early stages of disease,
qualitative and quantitative analysis can be useful
as a tool for their identification, assessment and
monitoring in the different experimental paradigms
used. On the other hand, the effort to define these
profiles will also help to reduce the length of the
behavioral battery animals are confronted to.

Therefore, the aim of the present work was
to identify distinctive patterns of expression of
flotation and bizarre circling, the two most common
‘non-search’ behaviors elicited in the MWM, in 8-
month-old 3xTg-AD mice mimicking early stages of

disease and age-matched non-transgenic
counterparts with normal aging. Also, to evaluate if
these patterns are also sensitive to accelerated
neurobiology of aging, by the evaluation of the
effects of chronic administration of D-galactose (D-
gal) an Iintervention enhancing mitocondrial
oxidative stress, that is also one of the cellular
hallmarks of AD (Cabezas-Opazo et al., 2018).

2. Materials and methods
2.1. Animals

A total number of forty 6-month-old male
mice from the Spanish colonies of homozygous
3xTg-AD and non-transgenic (NTg) mice in a
C57BL/8 background were used. The 3xTg-AD
mice were genetically engineered at the University
of California Irvine as previously described (Oddo
et al,, 2003). Genotypes were confirmed by RT-
PCR analysis. Animals were housed three or four
per cage and maintained in Macrolon cages (35 x
35 x 25 cm) under standard laboratory conditions
of food and water ad libitum, 22 + 2°C, a 12 h
lightdark cycle and relative humidity 50-60%.
Behavioral assessments were performed blind to
the experiment, in a counterbalanced manner
under the approval of local policy
2481CEEAH/8700DMAH Generalitat de
Catalunya, in accordance with Spanish legisiation
and the EU Directive (2010/63/UE) on "Protection
of Animals Used for Experimental and Other
Scientific Purposes” and the EU Directive
(2010/63/UE) on this subject, protocol CEEAH.
The study complies with the ARRIVE guidelines
developed by the NC3Rs and the aim to reduce the
number of animals used.

2.2 Experimental
treatment

design and D-galactose

At 4 months of age, animals were randomly
distributed in experimental groups: NTg mice
treated with saline (NTg, Sal) or D-galactose (NTg
D-gal), 3xTg-AD mice treated with saline (3xTg-AD
Sal) or D-galactose (3xTg-AD D-gal). Thus,
animals were subcutaneously administered with
saline or D-gal, with a dose of 100 mg/kg (in a
volume in mL of 10% of their body weight) during
58 consecutive days. The injection was rotationally
applied on the back on the neck and the two sides
of the body.

23. Behavioral assessment and
quantitative/qualitative analysis

Flotation is defined as a state of inactivity
without forward movement. Bizarre circling is
defined as swimming in tight circles, often showing
a general directional movement, The plotted path
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is short and wide when tight circles are performed
or has many visible loose loops when is performed
with a random search strategy (Janus, 2004).

Behavioral features of fiotation and circiing in
the MWM were studied using two paradigms of
increasing difficulty, as previously described
(Baeta-Corral and Giménez-Llort, 2015). Briefiy,
first, a 1-day task for cue leaming of a visible
platform (CUE, four 60s trials, every 20 min)
followed, 24h later, by a 4 days place learning task
using a hidden platform (PT1 to PTS5, three 60 s
trails, every 20 min). A final probe trial without the
piatform (Removal, 60s, 2h after the last PT5 trial)
assessed their short-term memory. The
prevalence and number of episodes of fiotation
and bizarre circling, as well as the number of
animals per group exhibiting them was
meticulously analyzed based on the video
recordings of each MWM ftrial and their mean per
day. In the first instance, the visual recognition of
non-directed strategies "swim in circles" and
“flotation” was carried out Subsequently, the
quantitative analysis was camied out with the
Smart software. Finally, the manual records of the
test performed by the examiner, blind to the
experimental group, were compared and the
analysis and assignment of the information to each
experimental group was continued.

The index of flotation and index of circling
weredefmedasthepmvalemeofeacheposode
{floating and circling, respectively) each
expenmntalgroupwrﬂmrespedmmelotalof
episodes of each task (CUE / PT / RM). The results
were differentiated into (A) Test Paradigms, (B)
Day by day. Total episodes and number of animals
exhibiting episodes were illustrated for index and
total episodes, and (D) tnal by trial on the MWM.
The floating time was defined as the average
(mean + SEM) of the time the animals remained
floating in each of the groups. In addition, the
floating time was differentiated according to the
day and the trial.

24 Statistics

The statistical analysis was made in SPSS
version 15. The factors studied were: Genotype
(G), chronic treatment with D-galactose (T) and
Day (D). Circling and Floating (presence /
absence), were assessed by Chi square test or
Fisher's F. The effect of the fiotation time in each
of the trial tests was obtained by the Friedman test.
In all cases, P<0.05 was considered statistically
significant.

3. Results
Figures 1, 2 and 3 illustrate the qualitative

and quantitative analyses of floating and circling in
the different paradigms of the Morris water maze.

In Figure 1 we summarize the main resuits
related to prevalence and incidence of floating,
measured for each of the three paradigms (Fig.
1A), detailed day-by-day for each of the four days
of the place task (Fig. 1B), measured as total
number of floating episocdes (Fig. 1C) or as total
number of animals exhibiting at least one episode
of fiotation in a trial (Fig. 1D). The resuits of the
NTg groups show a high prevalence of floating in
both CUE and PT acquisition tasks and the RM
memory test, reaching 54% in the total of the trial
tests (17 tnals). In contrast, 3xTg-AD mice showed
less than 20% of prevalence of floating along the
three paradigms, and in each of the days and trials.
The strongest between genotype difference was
found in the CUE and the first (PT1) and second
trial (PT2) of the piace task, and it was smoothest
in the next days (PT3,PT4). Chronic treatment with
D-gal induced an overall lower incidence and total
number of floating episodes in both groups mice,
that reached statistical significance in PT, the place
learning task_The effect of D-galactose in 3xTg-AD
was so notorius that completely abolished the
presence of this behavior during most of the triais.

In Figure 2, the mean floating time is
represented for each of the three paradigms (Fig.
2A), detailed day-by-day for each of the four days
of the place task (Fig. 2B) and for each trial (Fig.
2C). As shown, mean floating time was high in the
NTg group reaching a maximum value of 48% in
the PT, half of the 60 seconds of each trial. The low
number of flotation time in the 3xTg-AD group
resulted here in very scarce time. The effects of
chronic treatment with D-gal are here also clearly
shown, expressed in time, and emphatize the
effect on NTg.

In Figure 3 for circling behavior, the results of
the NTg group show a low prevalence in both CUE
and PT acquisition tasks and that circling was
completely absent in the memory test. In contrast,
3xTg-AD mice showed from 10 to 6% of
prevalence of circling along the three paradigms, a
difference that reached statistical difference as
compared to NTg mice in the three paradigms.
Chronic treatment with D-gal induced a number of
circling episodes in NTg mice during the PT place
task resembling the pattern shown in the 3xTg-AD
group. This observation was restricted to the
leaming tasks, since circling was absent in the
probe trial. The group of 3xTg-AD treated with D-
gal presented a low prevalence of circling in all the
tasks, as measured by the number of episodes and
per the day of testing.

4. Discussion
The present study provides a detailed
qualitative and quantitative analysis of floating and

circling, two non-search behaviors elicited in the
MWM that allowed to clearly differentiate 6-month-
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old (onset of disease) 3xTg-AD mice from NTg
mice with normal aging. Notoriously, NTg animals
showed a high frequency of flotation and 3xTg-AD
mice a higher frequency of circling. Thus, the
present results confirm and extend our previous
results were flotation in NTg mice and circling in
3xTg-AD mice were described as discriminative

Among the different qualitative variables, the
prevalence of fiotation resulted the most sensitive
to describe the NTg profile and differentiate the
3xTg-AD genotype, as well as to detect the effects

mn«mcue«m;mmnml)mome
learning process (day effect) will imply a evolution
in the Flotation Index, as it happens in the FST
(increase of immobility in a non-escapable
paradigm) but here it is the opposite because there
is a chance to achieve the goal by learning in an
escapable paradigm. The floating may be due to
lack of motivation or behavioral despair, but the
findings indicate that the young non-transgenic
mice show the most floating behavior and

beneficial or detrimental in the context of cognitive
performance.

We have previously shown, in the classical
forced swimming test (FST) paradigm modeling
behavioural despair in animals by loss of
motivation to respond or the refusal to escape

(Porsolit et al., 1977), that the 3xTg-AD mice
showed persistance of swimming behaviours and
scare immobility over time (Torres-Lista and
Giménez-Liort, 2014) This paradoxical behavioural
response was discussed as a lack of ability of
3xTg-AD mice to shift behaviour over time, poorest
cognitive flexibility and copying with stress
strategies. In agreement with that interpretation,
we showed that it could be hampered by sensorial
and environmental stimulation known to modulate
emotional states and hamper aging processes
(Torres-Lista and Giménez-Llort, 2015). Here, in
the opposite scenario of accelerated aging, the
flotation pattern of NTg mice was found reduced in
animals treated with D-galactose being closer to
the pattern expressed by 3xTg-AD mice. Similarly,
in 3xTg-AD mice treated with D-galactose the low
levels of flotation were reduced to null.

mm«mnmmmcmmu
well as the specificity of experimental conditions in
which they are quantifiable. Observations of
bizarre behaviors in the 3xTg-AD mice in anxiety
tests and their reserval by early postnatal handling
suggest that these behaviors are related to
strategies to overcome the stress (Baeta-Corral
and Giménez-Llort, 2014). Here, circling, which
could be considered as a stereotyped behavior to
cope with stress, appeared as a bizarre behavior,
characteristic of 3xTg-AD mice. The evidence
presented of D-galactose reducing the circling
index in the 3xTg mice may highlight a positive
effect of the approach (Figure 3A, RM data). The
trajectory was far from the single loop that animals
do to get oriented in the maze. In agreement with
this bizarre consideration, it was induced by D-
galactose in NTg mice that otherwise will scarcely
show it. Besides, with D-galactose, the patterns of
flotation and circling at 6 months of age become
similar to those observed in 13-months-old animals
(Baeta-Corral and Giménez-Llort, 2015). This
would be In agreement with D-gal inducing
oxidative stress in-vivo, which resembles the
natural aging process in mice. In fact, it is widely
reported that chronic administration of D-gal
contributes to the progress of aging, mild neuronal
damage, memory defects, and prominent changes
in the first stage of AD (Ho et al., 2003; Qu et al ,
2016). In 8-month-old males, we have recently
shown that in the 3xTg-AD mice the accelerated
aging effects of D-gal are exerted at the
sensorimotor level and in the immunoendocrine
system in males (Baeta-Corral et al, 2018)
Therefore, based on these current and previous
findings (Baeta-Corral and Giménez-Llort, 2018) it
could be said that chronic D-gal, which is
considered a good animal model for the study of
memory impairment and the molecular
mechanisms involved in  aging and
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FLOATING INDEX
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Fig 1. Flotation Index in 6-month-old (onset of disease) male 3xTg-AD mice in the different paradigms of the
Morris water maze, as compared to age-matched NTg mice with normal aging and the effect of D-galactose
on them. Results are expressed as percentage, number of episodes or animals. n=8-10 per group. A) Floating
prevalence index: Prevalence of ficating in the three paradigms for learning and memory: CUE, cue learning
task; PT, place learning task; RM, probe trial for memory. B) Prevalence in the 4 days of the PT is illustrated,
day by day. C) Total episodes of floating in the each day of the 5 days of test in the MWM. D) Total number
of animals exhibiting at least one episode of flotation per trial, in a trial by trial analysis during the tests, *
P<0.05,** P<0.01,*** P<0.001.

A) CUE: Fisher exact test (d.1.1) 34 098, G*** / PT: Fisher exact test (d.1.1) 69,661, G*** ; Chi-squared test (d.f. 1) 12,387,
Tore

B) PT1: Chi-squared test (d.f.1) 39,983, G*** / PT2: Chi-squared test (d.f.1) 21,714, G*** ; Chi-squared test (d.f.1) 9,651.
T** / PT3: Chi-squared test (d.1.1) 6,256, G* / PT4: Chi-squared test (d.f.1) 9,766, G**,

C) CUE: U Mann Whitney test (d.f.1) 18,500, G*** / PT1-4: Friedman test (d.f.3) 16,527, G**/ PT1: U Mann Whitney test
(d.1.1) 9,000, g*** ; U Mann Whitney test (d.1.1) 42,500, t** ; U Mann Whitney test (d.f.1) 324,000, t* / PT2: U Mann
Whitney test (d.f.1) 13,500, g**. U Mann Whitney test (d.f.1) 283,500, t** ; U Mann Whitney test (d.f.1) 280,500, t* / PT3:
Kruskal Wallis test (d.1.3) 4,471, g* / PT4: Kruskal Wallis test (d.f.3) 8,440, g**.

D) CUE: T2 Kruskal Wallis test (d.f.3) 13,790, g ; T3 Kruskal Wallis test (d.1.3) 11,562, g** ; T4 Kruskal Wallis test
(d.f.3) 12,100, g** / PT1-4: Friedman test (d.f.11) 29,788, G** ; PT1-T1: Kruskal Wallis (d.f.3) 13,334, g** ; PT1-T2:
Kruskal Wallis (d.1.3) 13,770, g** . PT1-T3: Kruskal Wallis (d .3) 16,230, g*** / PT2-T1. Kruskal Wallis (d.1.3) 18,053,
g™ ; PT2-T2: Kruskal Wallis (d.f.3) 9,060, g** ; PT2-T3: Kruskal Wallis (d.f. 3) 8,040, g** ; PT2-T3: U de Mann Whitney
(d.1.1) 22,500, t* / PT4: Friedman test (d.1.2) 7,167, G* ; PT4-T1: Kruskal Wallis (d.f.3) 8 880, g*.
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Fig 2. Floating time in 6-month-old (onset of disease) male 3xTg-AD mice in the different paradigms of the
Morris water maze as compared to age-matched NTg mice with normal aging and the effect of D-galactose
on them. Resuits are expressed as mean floating time in seconds. A) Mean floating time in the three
paradigms for learning and memory: CUE, cue leaming task; PT, place learning task; RM, probe trial for
memory. B) Mean floating time in the 4 days of the PT is illustrated, day by day. C) Mean floating time in a
trial by tria! analysis during the tests. Results are expressed as mean floating time in seconds. n=8-10 per
group. * P<0.05,** P<0.01,*** P<0.001.

A) CUE: U de Mann Whitney (d.f.1) 59,500, G*** / PT: U de Mann Whitney (d.f.1) 50,000, G*** / U de Mann Whitney
(d.f1) 116,500, G**.

B) PT1: U de Mann Whitney (d.f.1) 24,000, G*** ; U de Mann Whitney (d.f.1) 18,500, t* / PT2: U de Mann Whitney (d.f.1)
73,000, G ; U de Mann Whitney (d.f.1) 115,500, T* / PT4: U de Mann Whitney (d f.1) 106,000, G*.

C) CUE: T2: Kruskal Wallis (d.f.3) 12,890, g** ; T3: Kruskal Wallis (d.f.3) 11,215, g* ; T4: Kruskal Wallis (d.f.3) 12,442,
g** | PT1-4 Friedman (d.£.11) 33,711, G*** ; PT1-T1: Kruskal Wallis (d.f.3) 16,341, ** ; U de Mann Whitney (d.f.1) 73,500,
Q™" , PT1-T2 Kruskal Wallis (d.f.3) 15,660, ** ; U de Mann Whitney (d.f. 1) 63,000, g*** ; PT1-T3: Kruskal Wallis (d.f.3)
16215, ** ; U de Mann Whitney (d.f.1) 58,500, g*** / PT2-T1: Kruskal Wallis (d £.3) 20,259, *** ; U de Mann Whitney
(d.f.1) 60,000, g*** ; PT2-T2: Kruskal Wallis (d.f. 3) 10,015, * ; U de Mann Whitney (1) 113,000, g* ; PT2-T3: Kruskal
Wallis (d.f. 3) 8,917, * ; U de Mann Whitney (d.f.1) 117,000, g* / PT3-T3: U de Mann Whitney (d.1.1) 127,000, g* / PT4-
T1: U de Mann Whitney (d.f.1) 112,000, g* ; PT4-T3: Kruskal Wallis (d.f.3) 8,579, * / RM: U de Mann Whitney (d.f.1)
116500, g**
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Fig 3. Circling Index in 8-month-old (onset of disease) male 3xTg-AD mice in the different paradigms of the
Morris water maze as compared to age-matched NTg mice with normal aging and the effect of D-galactose
on them. Resuits are expressed as percentage, number of episodes or animals. n=8-10 per group. A) Circling
prevalence index: Prevalence of circling in the three paradigms for leaming and memory: CUE, cue leaming
task; PT, place learning task; RM, probe trial for memory. B) Prevalence in the 4 days of the PT is illustrated,
day by day. C) Total episodes of circling in the each day of the 5 days of test in the MWM. D) Total number
of animals exhibiting at least one episode of circling per trial, in a trial by trial analysis during the tests.*
P<0.05,** P<0.01,"** P<0.001

A) CUE: Fisher exact test (df.1) 12072, G*, T* ; PT. Fisher exact test (d.f.1) 69,661, G** ; Chi-squared test (d.f.1)
12,387, T"** / RM: U de Mann Whitney (d.f.1) 142,500, g°.

B) PT2: Fisher exact lest (d13) 7,308 G*, T".

C) CUE: Kruskal Wallis (d .3) 8,526, G* ; U de Mann Whitney (d.f.1) 254 600 T** / PT1-4: Friedman test (d.f 3) 10,222,
T ; PT2: U Mann Whitney test (d.1.1) 324,000, t*.

D) CUE: T1 Kruskal Wallis (d.f.3) 8.975, g* t* / PT2-T1: Kruskal Wallis (df3) 12,188, g* t* / RM: U de Mann Whitney
(d£.1) 142500, ¢*
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Conclusions

1)
2)
3)
4)

5)

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

“Flotation index” is characteristic of non-transgenic performance at onset of disease.
“Flotation index” is sensitive (reduction) to accelerated ageing and AD genotype.
“Circling behaviour” is more characteristic of 3xTg-AD mice also at onset of disease.

“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:

Modeling functional limitations, gait impairments and muscle pathology in Alzheimer's disease
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Abstract: Gait impairments in Alzheimer’s disease (AD) result from structural and functional
deficiencies that generate limitations in the performance of activities and restrictions in individual’s
blopsychosocial participation. In a translational way, we have used the conceptual framework
proposed by the International Classification of Disability and Health Functioning (ICF) to classify and
describe the functioning and disability on gait and exploratory activity in the 3Tg-AD animal model.
We developed a behavioral observation method that allows us to differentiate qualitative parameters
of psychomotor performance in animals’ gait, similar to the behavioral patterns observed in humans.
The functional psychomotor evaluation allows measuring various dimensions of galt and exploratory
activity at different stages of discase progression in dichotomy with aging, We included male 3 Tg-
AD mice and their non-transgenic counterpart (NTg) of 6, 12, and 16 months of age (n = 45). Herv,
we present the preliminary results. The 3xTg-AD mice show more significant functional impairment
in gait and exploratory activity quantitative variables. The presence of movement limitations and
muscle weakness mark the functional decline related 1o the disease severnity stages that intensify with
Increasing age. Motor performance in 3xTg-AD is accompanied by a series of bizarre behaviors that
interfere with the trajectory, which allows us to infer poor neurological control. Additionally, signs
of physical frailty accompany the functional detenioration of these animals, The use of the ICF as a
conceptual framework allows the functional status 10 be described, facilitating its interpretation and
application in the rehabilitation of people with AD.

Keywords: translational neuroscience; Alzheimer's disease; gait; muscular strength; muscular
endurance; motor performance; frallty

1 Introduction

Alzheimer’s disease (A1) is a complex and heterogencous disorder with a distinctive
clinical presentation [1,7]. Motor and sensory alterations are less frequent but can appear
in intermediate and advanced stages of the disease [ 1], Although the main signs of AD are
cognitive impairment, motor disorders such as bradykinesia, rigidity, and gait disorders
are of great importance due to the functional limitations and impairments that they cause
during the disease [1,5]. In this sense, different studies have demonstrated different motor
alterations during the last two decades, particularly those associated with walking and
displacement [o-4]. Thus, gait disorders in AD patients have been described within the
group of alterations known as “frontal gait” and, in particular, gait in AD has been defined
as “cautious gait” [5,9,10], This gait pattem is similar to that observed in the aging; there
may be decrease in speed, stride length, and postural stability of gait, which is manifested
more specifically in static and dynamic balance, with a widened base of support [11].

Bipmedicines 2021, 9, 1365, hittpa/ / dolorg /10,3390 /blomedicinen 101365 hitpec/ / www.amdpd.com/ jowmnal / blosnodianes
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Walking (gait) constitutes a biological activity of the human being [17]. It is complex,
learned, and begins with a voluntary act [13], The mode of locomotion allows one to
move in a vertical position without getting too tired; it is composed of three essential
phases: support, double support, and swing [14,15], It implies a dynamic balance, which is
constantly lost and recovered each time a step is performed [, 1 1], While the bodyweight
is supported by one leg, the other swings forward to initiate the next suppaort, this action
being fluld, rhythmic, and automatically synchronized | 16]. Achieving these steps makes it
possible to reveal different patterns that can determine the healthy state of gait related to
the physical health of individuals and, in particular, of older adults [17,15],

The gait pattern evolves through the different age groups; thus, in adolescents and
young adults, it is characterized by a certain lightness, flexibility, and agility, qualities
that will diminish as the years go by [1%=21], During aging, these parameters will change
around 60 and 70 years of age, where the physiological process causes these changes to
be progressive and of varying severity depending on the degree of alterations that may
oceur [20]. Even healthy people over the age of 65 show some decrease in performance
on the timed walking test (TUG) and the 6 min walk test (6MWT) [22], Lower mobility
test scores in healthy older people have been shown to predict the development of future
mobility limitations [ 2],

On the other hand, muscle strength is relevant to gait performance [24]. Some studies
have reported that older adults” decreased muscle strength and gait speed were associated
with poor cognition [25,20], From the early stages of AD, a decrease in muscle strength can
be observed even without loss of muscle mass, progressing to a loss of both in moderate
stages [27]. However, optimal muscle strength and physical activity level are related to
better performance on cognitive and learning tests in older adults with mild to moderate
cognitive impairment who live in nursing homes [25),

In this way, sarcopenia is closely related to dementia, particularly AD, although few
studies examine its prevalence and associated factors [27]. Poor muscle function, but not
reduced lean muscle mass, drives the association of sarcopenia with cognitive decline in
old age [29]. It needs more scientific studies that identify the characteristics of the muscular
structure related to sarcopenia that identifies older adults at sk of cognitive deterioration
inold age.

The present work proposes translating the International Classification of Functioning,
Disability, and Health (ICF) conceptual framework to classify and describe functioning
and disability in gait and exploratory activity in the 3xTg-AD animal model and its non-
transgenic counterpart with normal aging. We developed a method for the characterization
of qualitative parameters of psychomotor performance in the gait pattern of male mice in
different stages of the disease: initial (6 months), advanced beta (12 months), and advanced
beta-tau (16 months) in contrast with normal aging.

2. Materials and Methods
2.1 Animals

A total of forty-five homozygous 3xTg-AD (rt = 24) and non-transgenic (NTg, n = 21)
male mice of 6, 12, and 16 months of age in a C57BL/6] background (the transfer is ac-
complished by at least ten cycles of backerossing) established at the Universitat Autbnoma
de Barcelona [10] were used in this study. As previously described, the 3xTg-AD mice
harboring transgenes were genetically modified at the University of California at Irvine [ 1],
Animals were kept in groups of 3—4 mice per cage (Macrolon, 35 x 35 x 25 cm, Panlab, SL,
Barcelona, Spain) filled with 5 cm of clean wood cuttings (Ecopure, Chipsé, Date Sand, UK;
uniform cross-sectional wood granules with 2.8-1.0 mm chip size) and nesting materials
(Kleenex, Art: 08834060, 21 em x 20 cm, White). In all cases, standard home cages covered
with a metal grid allow the perception of olfactory and auditory stimuli from the rest of
the colony. All animals were kept under standard laboratory conditions of food and water
ad libitum, 20 & 2 °C, 12 h light cycle: dark with lights on at 8:00 a.m. and 50-60% relative
humidity. All procedures followed the Spanish legislation on “Protection of animals used
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Functional Capacity

for experimental and other scientific purposes™ and the EU Directive (2010/63/EU) on this
issue. The study complies with the ARRIVE guidelines developed by the NC3Rs and aims
to reduce the number of animals used [32).

2.2. Experimental Design

A cross-sectional study of 3 cohorts of 3xTg-AD and NTg male mice was carried out.
The first group includes 6-month-old mice of both genotypes, the second 12-month-old,
and the third 16-month-old. They were temporarily included in two batches once they
reached the required study age. The evaluation of the gait and exploratory activity was
carried out in two evaluation days.

2.3. Behavioral Assessments

In a translational approach, the concepts proposed in ICF have been incorporated to
describe the factors that functionally intervene in spontancous gait and exploratory activity.
They have been included in this way: “Activity” describes the shape and quantification of
the trajectory and displacement. “Body function” allows a description of the movement
pattern and the associated muscular strength. Finally, "Body structure®™ gives an account of
the state in which muscle groups and joints are found in our object of study. In the same
way, we have included the concepts that account for disability in the assessed tasks, activity
limitations, and body function and structure impairments (see Figure 1).

Behavioral evaluations were performed in two days. During the moming, the tests
were carried out; 30 min were allowed to habituate the animals in the test room before
starting the measurements. The evaluation protocol, bizarre behaviors registered, the
physical phenotype of frailty, gait, and Rotarod used here were recently reported in Castillo-
Mariqueo and Gimenez-Llort’s 2021 study [1]]. In addition, videos of gait were taken for
posterior analysis with KINOVEA version (.8.15 free software.

Decreased activity  --—--s Disability ]

Dwereaed exphir story ity R e S
Activity limitation -—-——-‘ Functional limitation l
-i“”u-mn Bed 1 wioclly of sesemers. b snd
e gt e gt
Musclepathology —  Muscle pathology |
of moter
uo—---::-m ;’;...‘;:
s of st oot Sdhied el sebwii
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Figure 1. Proposal for a translational approach to motor dysfunction at different levels of disability. The figure details in a
translational way the equivalence of the disability process from the IxTg-AD mouse moded to that expected in humans. It
exemplifies a pathway that links pathology, deficiencies, functional limitations, and disability of gait and exploration (it has
been adapted from Verbrugge and Jette, 1994; and Roid and Fielding, 2012) [ 4,75},
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23.1. Activity—Spontaneous Gait and Exploration

The animals’ spontaneous gait and exploratory activity were filmed from the un-
dersurface [ 0] and a transverse plane that allowed the registration of the legs and the
trajectory during the test. Each mouse was placed in a 27.5 x 9.5 cm transparent housing
box, and gait performance was directly observed for one minute. The KINOVEA 8.15
software was used for the quantification and analysis of the gait trajectory.

Quantitative parameters of gait. The quantitative parameters were measured accord-
ing to the Castillo-Mariqueo and Gimenez-1lort protocol 2021 [33]. Stride length, stride
length variability, speed, and acceleration were included according to the methodology
used by Wang et al. in 2017 [35].

Exploration includes body position, limb support, and moving around. The ex-
ploratory activity was recorded in parallel with spontaneous walking through video analy-
sis and direct observation. For one minute, freezing or movement latency, the latency of
the first rearing, the number of scans on the horizontal axis (comers visited), and scans on
a vertical axis were recorded, taking the hind legs (rearings) as reference. During the tests,
defecation and urination were also recorded.

232 Body Function—Mobility and Muscular Strength

General mobility includes bizarre gait patterns and freezing. For the discrimination of
bizarre gait patterns, the trajectory of each route was differentiated according to the form of
displacement, being able to be straight, scanning, backward, or circling. Then, the postural
pattern of movement is differentiated: normal, shrink, or stretching. The movements were
visually analyzed through videos and direct observation in the trajectory of the forward

in the transverse and sagittal planes. Their presence or absence was recorded
for each one [17).

Forelimb grip strength-Hanger Test. The muscular strength of the forelimbs was
measured using the hanger test, which is based on the tendency of a mouse to grasp
a bar when suspended by the tail instinctively, We have replicated the methodology
previously described by our group [33,77]. Muscle strength was measured on the second
day of assessment.

23.3. Body Structure—Joints and Muscles

Joints to detect kyphosis. Kyphosis was differentiated into postural and structural,
according to the analysis method established in previous research by our laboratory [ 5],
Kyphosis was measured during spontaneous locomotion and later confirmed in postural
nspection (using joints and thoracic-lumbar structure as references), assigning a score
from 0 to 2, where 0 indicates the absence of kyphosis, 1 indicates postural kyphosis, and
2 indicates structural kyphosis.

Muscles related to sarcopenia, The animals were sacrificed and subjected to necropsy
to extract the quadriceps and triceps surae muscles, and these were subsequently weighed
individually. The “sarcopenia index” [35] was applied to obtain an indirect measure of
sarcopenia as a biological marker of frailty.

Morphological features of quadriceps and triceps surae, A qualitative evaluation
of longitudinal sections of quadriceps and triceps surae stained with hematoxylin and
cosin (H&E) was performed. The muscles were dissected and fixed with 10% formalin
(Sigma-Aldrich, Saint Louis, MO, USA) for 24 h and then embedded in paraffin for further
analysis. Histological sections of 5 um were stained with a standard H&E method. We
used the standard protocol of the Laboratory of Microscopic Anatomy of the Department of
Morphological Sciences of the Autonomous University of Barcelona. Sections were first re-
hydrated by passing them through decreasing concentrations of Ethanol (EtOH) (absolute
and 967). The sections were incubated in Harris hematoxylin (Merck-Sigma Aldrich,
St. Louis, MO, USA) for 10 min and washed under running water for 5 min. Because
Mayer Hematoxylin was used, a de-differentiation process was needed, with consecutively
Et-OH-HCl (2.5%) and ammonia water (0.3%) solutions. After this, sections were incubated

46




Biomadicings 2021, 9, 1365

50f 22

in Eosin Y (Merck-Sigma Aldrich) for 5 min, previously acidified with glacial acetic acid.
Finally, the sections were dehydrated by passing them through increasing concentrations
of EtOH and cleared in Xylol, and mounted with DPX (PanReac AppliChem, ITW reagents,
IL, USA). The images were taken with 20X objective on a Nikon Eclipse 80i microscope,
using a digital camera running on the control software ACT-1 (ver270) (Nikon Instruments
Inc., Tokyo, JP). Characteristics of location and number of nuclei, fibers’ distribution and
shape, and adipose tissue were identified. A generic description and qualifier of intensity
were given with five levels represented by (+) for the quantity graduation.

23.4. Motor Performance, Geotaxis, and Hindlimb Clasping

Additionally, motor learning, physical endurance, geotaxis, and hindlimb clasping
were evaluated to show functional impairment related to gait and exploratory activity,
according to the protocol developed by Castillo-Mariqueo, Gimenez-Liort, 2021 [35]. In the
present work, we have adopted the protocol combining learning and physical endurance.
Thus, motor learning was evaluated in the constant mode and physical resistance in
the accelerated mode of the Rotarod apparatus (Ugo basile™, Mouse RotaRod NG). We
recorded the number of trials until reaching over 60 s of permanence on the wheel to
measure learning. Subsequently, after 2 min of rest, we carried out a single trial in the
accelerated mode to assess physical endurance.

24 Statistics

Statistical analyses were performed using SPSS 15.0 software. Results were expressed
as the mean = standard error of the mean (SEM) for each task and trial. Gait, exploration,
forelimb grip strength, muscles (sarcopenia), motor performance, and geotaxis were ana-
Iyzed with one-way ANOVA followed by post hoc Bonferroni. In addition, the effect of
Genotype (G) and Age (A) in each of them was identified. The incidence and prevalence
of body position, general mobility, kyphosis, and hindlimb clasping were analyzed using
the Chi-square test or Fisher’s exact test. Additionally, the relationship between activity
limitation and restriction (presence/absence) with stride length, speed, and cadence was
analyzed with the Point-Biserial Correlation. The horizontal and vertical exploration and
rearing latency were also related to the deficiencies in exploration and gait. The suryival
curve of both genotypes was analyzed with the Kaplan—Meier test (Lon Rank). In all cases,
statistical significance was considered at p < 0.05.

3. Results

As shown in Table |, we have proposed a translational approach for the interpretation
of the results obtained in the measurement of gait and exploratory activity in the 3xTg-AD
mouse model in different stages of the disease and its counterpart NTg of normal aging,
according to the analysis and quantification parameters proposed by ICE.

3.1. Activity—Spontaneous Gait and Exploration

As illustrated in Figure 2, the quantitative parameters of gait show a tendency to
increase stride length in 3xTg-AD animals, although they are not statistically significant
(stride length (cm), NTg 6 months: 4.48 £ 0.20; NTg 12 months: 4.24 £ 0.95; NTg 16 months:
3.84 £ 0.68; 3xTg-AD 6 months: 1.92 £ 0.57; 3xTg-AD 12 months: 3.09 =+ 0.54; 3xTg-
AD 16 months: 4.36 + 0.48). Although the differences between NTg ages do not reach
statistical significance, we can observe that stride length remains relatively stable as age
increases, while in the 3xTg-AD group they present differences between the ages since the
95% confidence interval does not overlap between 6 months, 12 months, and 16 months
(6 months, 1.92 + 0.57 = 2, 49; 12 months, 3.09 — 0.57 = 255; 16 months, 3.84 + 0.68 = 452).
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Table 1, Proposal to functional analysis to mimics capacities and disabilities from humans in mice,

Translational Functioning and Disability (1CH

2 e b L NTg Mice ITE-AD Mice

(‘Jnnm'::""' rameters Of gAIt | ¢ vtonths | 12Months | 16Months | 6Months | 12Months | 16 Months
A, Stride length (cm) ILL V : :
B, Variability of stride length (%)

C. Speed (em/s)

D, Cadence (steps/s)

2, Body position (see Figure 2)

E. Maintaining body position (%)

3, Limb support

F. Base of support (cm)

4, Exploration (see Figure 2)

G. Vertical and horizontal activity (n

eplsodes)

H. Rearing latency (s)

*  BODY FUNCTION—mobility
and forelimb grip strength

1, General mobility (see Figure 3)
A, Bizarre gait patterns (incidence %)
B Freezing (movement latency)

C. Freezing—latency movement

2. Forelimb grip strength—Hanger
Test (see Figure 3)

. Muscular Strength (latency)

E. Muscular Strength (distance)

F Muscular Endurance (latency)

G. Muscular Endurance (distance)

¢ HBODY STRUCTURE-joints
and muscles

1. Joints (see Figure 4)

A. Kyphosis prevalence

2. Muscles (see Figure 4)

B, Quadriceps muscle (weight)
G surae muscle (welght)

Generie qualifier with the negative scale used to indicate the extent or magnitude of an impairment: NO impalrment, (absent)
0-4%; MILD impairment, (slight, low) 5-24%; MODERATE impairment, (medium, fair) 25-49%; SEVERE impairment, (high,
extreme), 50-95%; COMPLETE impatrment, (total) 9%6-100%—not specified in the ICF for humans, Activity imitations are
difficulties an individual may have in executing activities: NO difficulty, (absent) 0-4%; MILD difficulty, (slight, low) 5-24'%;
MODERATE difficulty, (medium, fair) 25-49%; SEVERE difficulty, (high, extreme) 50-95%; COMPLETE difficulty, (total)
96100 —nat specified in the ICF for humans,

Table | Outcomw measures that link gait and exploration impalements and lmitations of male 3xTg-AD mice at different stages of AD

progression to describe the functioning, acconding to qualifiens of ICF, Translational Functioning and Disability: ACTIVITY-—apontaneous

it and exploration, BODY FUNCTION —maobility and forelimb grip strength, and BODY STRUCTURE —joints and muscles. Absent
groon), Midd (Hght groen), Moderate (yellow), Severe (orange), and Complete (red),
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Figure 2. ACTIVITY: Spontancous gait and exploration. 1. Quantitative parameters of gait; (A) stride length; (B) varialslity
of stride length; (O) speed; (D) cadence. 3 Limb support. (F) Base of support. 4. Exploration. (G) Vertical and horizontal
activity; (H) rearing latency: The results are expressed as menn -+ SEM. Statistios: one-way ANOVA, Age effect expressed as (AL
Genotype effect expressed as (G); Genotype and Age interaction effect is expressed as (GxA) * p < 005, ** p < Q01 followed by
post hoc Bonferroni test, * p < 005, ** p < 001, differences between NTg va. IWTg-AD are expressed (g} * p <008, ™ p < 001;
differences betweoen age in each group ane exprissed (ak * p < 005, & p < 001, 2. Body position; (E) maintaining body position,
the nesults are expressed as prevalence (%), Statistios: Fisher's exact test, Age effect are expressed as (A), Genotype effect are
oxprssed as (G): Genotype and Age interaction effoct are exprossed as (GxAL * p < 005 and ** p <001
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On the other hand, in the exploration, the animals differed in their performance in
horizontal and vertical activity (horizontal activity, ANOVA F (5,39) = 2427, p = 0,050;
vertical activity, ANOVA F (5,39) = 4.600, p = 0.002). Genotype differences can be noted
in each age group with a lower performance in 3xTg-AD animals (horizontal activity:
genotype differences, ANOVA F (1.44) = 9548, p = 0,004). Likewise, we can evidence a
genotype difference in vertical activity (vertical activity: genotype differences, ANOVA
F(1,44) = 7209, p = 0.011) and a significant difference at the age of 6 months between
the groups (Bonferroni post hoe: NTg 6 months vs. 3xTg-AD 6 months, p = 0,004). It
was also detected that at an older age in the normal aging group there is a decrease in
vertical activity (Bonferroni post hoc: NTg 6 months vs, NTg 16 months, p = 0.012). In
turn, the genotype per age interaction (GxA) show the decrease in the vertical exploratory
activity of NTg versus 3xTg-AD (GxA, ANOVA, F (2.43) = 8.519, p = 0.001), see Figure 2G
(Exploration), The first time they perform vertical activity (latency of the first rearing) is
also determined by the genotype and its interaction with age, highlighting that the group
of IXTg-AD mice at the age of 6 months did not register this activity and that in the animals
NTg latency increases with age progressively (rearing latency, ANOVA F (5,39) = 4120,
p = 0.004 post hoc NTg 6 months vs, 3xTg-AD 6 months, p = 0.010; NTg 6 months vs,
NTg 16 months, p = 0,026. Genotype differences, ANOVA F (1.44) = 6443, p = 0,015, GxA
differences, F (2.43) = 8330 p = 0.001) (see Figure 2H (Eploration)),

3.2, Body Function—Mobility and Muscular Strength

As shown in Figure 3, the animals exhibited a series of bizarne behaviors called
bizarre gait patterns. There is a high incidence of circling in 3xTg-AD animals (3xTg-AD:
6 months 3/6 (50%), 12 months 4/7 (57%), 16 months 3/11 (27%)); despite not being
statistically significant, its presence can modify performance in gait and exploration, which
are described later (see Figure 5). It can also be seen that this behavior appears in NTg
animals with a lower incidence (NTg: 6 months 1/6 (17%), 16 months 2/9 (22%)). Stretching
(NTg: 6 months 1/6 (17%), 12 months 2/6 (33%)—3xTg-AD: 6 months 3/6 (50%), 16 months
1/11 (9%)], and in animals 3xTg-AD 16 months backward movement [1/11 (179%)), see
Figure A, In addition, a high incidence of freezing was evidenced in which as age increases,
its Incidence decreases regardless of genotype (Fisher exact test, p o= 0.032), It is also
appreciated that the time invested in this behavior varies with age, being less at 16 months
without genotype effect and higher at 12 months (ANOVA, F (2.43) = 3473 p = 0.041), (see
Figure 'B,C),

Additionally, we have detected a correlation between the incidence of these behay-
fors and performance in gait and exploration, as shown in Figure 1, Thus, the vari-
ables stride length, speed, and cadence negatively correlate with the presence of bizarre
galt pattern, causing limitation in the displacement and trajectory of gait (stride length,
Pearson: 12 = () 0.294 p < 0.0001. Speed, Pearson: 12 = (~) 0462 p < 0,0001, Cadence,
Pearson: 12 = () 0.348 p < 0.0001), see Figure {A-C, While the horizontal and vertical
exploration variables correlate negatively, rearing latency does so positively with the
presence of bizarre gait pattern, which leads to a restriction to the performance of these
behaviors (horizontal activity, Pearson r2 = (~) 0.156 p = 0.008. Vertical activity, Pearson:
2= (=) 0118 p=0.021. Rearing latency, Pearson: r2 = 0,098 p = 0,035) (see Figure 1D-F),
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Figure 3. BODY FUNCTION —mobility and forelimb grip strength, 1, General mobility. (A) Bizarre gait patterns;
(B) incidence of freezing; the results are expressed as incidence (%), Statistics: Fisher’s exact test, Age effect is expressed as
(A); Genotype effect is expressed as (G); Genotype and Age interaction effect Is expressed as (GxA), * p<0.05,** p < 0.01 and

4 p <0001, {C) Freezing—latency movement; 2.

Forelimb grip strength—Hanger Test. (D) Muscular Strength—latency;

(E) Muscular Strength—distance; (F) Muscular Endurance—latency; (G) Muscular Endurance—distance, the results are
expressed as mean + SEM. Statistics: one-way ANOVA, Age effect expressed as (A); Genotype effect expressed as (G);
Genotype and Age interaction effect is expressed as (GxA). * p < 0.05,* p <001, and *** p < 0.001 followed by post hoc
Bonferroni test, * p < 0.05, ** p < 0.01, and *** p < 0.001; differences between NTg vs 3xTg-AD are expressed (g): ¥ p < 0.05;
differences between age in NTg group are expressed (a): ©%% p < 0,001, and for 3xTg-AD group are expressed (a): * p < 0.01.
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D. Hortzontal activity restriction E. Vertical activity restriction

Figure 4. Activity limitations and restrictions of gait and exploration. (A) Stride length limitations, (B) speed limitations,
(C) eadence limitations, (D) horizontal activity restriction, (E) vertical activity restriction, and (F) latency of rearing restriction.
The NTg group has been represented by a white square and the 3xTg-AD group by a black square. According to the groups
under study, it has been defined as “present/absent” the behaviors reported as bizarre gait patterns of each animal. The
Point-Biserial Correlation has been applied to determine the relationship between the activity limitation and restriction
(presence/ absence) with stride length, speed, and cadence and exploration. Statistics: Pearson r2.
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Muscle strength, on the other hand, was lower in oider animals, and the transgenic
genotype at each age was lower than the non-transgenic genotype at all ages (Muscular
strength—latency: ANOVA F (5.39) = 4.385, p = 0.003; Age effect, F (2, 43) = 5.702, p = 0.007;
Genotype effect, F (1,44) = 5.895, p = 0.020). In the same way, it can be noted that the distance
reached when the animals move on the bar was less as age increases and the 3xTg-AD mice
were lower than the NTg at 6 and 12 months; otherwise, it occurs at 16 months, but it is not
statistically significant (muscular strength—distance: ANOVA F (539) = 9.847, p < 0.0001
post hoc NTg 6 months vs. NTg 16 months p < 0.0001; 3xTg-AD 6 months vs. 3xTg-AD
16 months p = 0.023; 3xTg-AD 6 months vs 3xTg-AD 12 months p = 0.050; NTg 12 months
vs 3xTg-AD 12 months, p = 0.045). Age effect F (2.43) = 17,320 p < 0.0001. Genotype effect
F(1.44) = 11.786 p = 0.001], see Figure 1D,E. At the same time, the muscular endurance
and the distance of displacement was determined by the age of the animals decreasing as
the age increases in both groups (muscular endurance—latency: ANOVA F (5,39) = 3.296,
p=0014. Age effect, F (2,43) = §,154, p = 0.001. Muscular endurance—distance ANOVA F
(5.39) = 3394, p = 0.012. Age effect, F (243) = 7.295, p = 0.002) (see Figure FG).

3.3. Body Structure—Joints and Miscles

The most prevalent postural alteration was kyphosis, with structural kyphosis having
the highest incidence in older animals regardless of genotype (Kyphosis prevalence, age
differences Fisher exact test p = 0.025. Structural kyphosis incidence, age differences
p = 0.016), see Figure SA. This joint deformation was observed at the thoracolumbar level

At the level of muscle tissue, the quadriceps presented variations in weight, with a
tendency to decrease with age determined by the GxA interaction and a significant decrease
between the 3xTg-AD of 6 months versus 16 months (quadriceps, ANOVA F (5, 39) = 4314,
p = 0.003, post hoc 3xTg-AD 6 months vs. 3xTg-AD 16 months, p = 0.001. Age effect,
F(243) =5.715, p = 0.007. GxA effect, F (2.43) = 4291, p = 0.021), see Figure 5B. In the
triceps surae muscle, no statistically significant differences were detected: it can be seen
that all groups, regardless of age, seem to maintain a similar weight range, see Figure 5C.
When applying the indirect measure of sarcopenia, the differences in quadriceps were
maintained (sarcopenia Index—quadricepss ANOVA F (5.39) = 6.705, p < 0.0001, post hoc
3xTg-AD 6 months vs. 3xTg-AD 16 months p < 0.0001. Age effect F (2.43) = 9.693, p < 0.0001.
GxA effect F (243) = 5.623, p = 0.007), see Figure 5D. On the other hand, when applying this
method in the triceps sural muscle, it was possible to distinguish a GxA interaction effect,
where at six months, the 3xTg-AD mice present greater weight and decrease with age, and
in the case of the NTg, this is maintained stable (sarcopenia index—triceps surae: ANOVA
F (5:39) = 4.160 p = 0.004 post hoc 3xTg-AD 6 months vs. 3xTg-AD 16 months p = 0.010.
NTg 16 months vs. 3xTg-AD 16 months p = 0.020. GxA effect, F (2.43) = 3917 p = 0.028), see
Figure SE. Figure tA_B illustrates the morphological characteristics of the quadriceps and
triceps surae. Table 2 depicts the characteristics of the nucleus, fiber, and adipose tissue.
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Figure 5. BODY STRUCTURE—joints and muscles. 1. Joints (Kyphosis), (A) kyphosis prevalence, the results are expressed

as prevalence (") Statistics: Fisher’s exact test; Age effect is expressed as (A} * p < 005 2 Musdles (sarcopenia),

(B) quadriceps muscle (weight); (C) triceps surae muscle (weight) (D) Sarcopenia index Quadriceps; (E) Sarcopenia index
Triceps surae; the results are expressed as mean = SEM. Statistics: one-way ANOVA, Age effect expressed as (A); Genotype
effect expressed as (G); Genotype and Age interaction effiect is expressed as (GxA). * p <005, ** p <001 and *** p < 0.001
followed by post-hoc Bonferroni test, * p <0.05, ** p < 001, and *** p < 0.001; differences between NTg vs. 3xTg-AD are
expressed (g): ¥ p < 0.05, differences between age in xTg-AD group are expressed (a): ¥ p <0.01,% p<0.01, and ¥ p < 0.00L
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Figure 6, Morphological comparison of muscle tissue in normal and AD-pathological aging. Hematoxylin and eosin-stained
horizontal sections of muscles. (A) Quadniceps muscle:; (B) Triceps surse muscle. Representative H&E images of longitudinal
skeletal muscie at 6, 12, and 16 months. Symbols indicate the morphological features, as follows: *—Peripheral nuclek;
o—homogeneous fibre distribution: h—heterogeneous fibre distribution; I—intramuscular adipose tissue; P—peripheral
adipose tissue. The images were taken with 20 objective lens; the scale bar represents 032 um.

34. Motor Performance, Geotaxis, and Hindlimb Clasping

Motor performance and physical performance were evaluated in other tests to obtain
a complete analysis regarding the psychomotor abilities of the animals. Thus, motor
leamning showed an interaction between the genotype factor and GxA, highlighting a low
performance in 3xTg-AD mice at the age of 6 and 16 months, concerning NTg of the same
age (motor learning—Ilatency, ANOVA F (5.39) = 4.995, p = 0.001 post hoc NTg 16 months
vs. 3xTg-AD 16 months p = 0.026. Genotype effect F (1.44) = 7.926, p = 0.008. GxA effect F
(2. 43) = 5.184, p = 0.010. Trials, ANOVA F (539) = 3953, p = 0.005. GxA F (243) =545¢
p = 0.008) (see Figure 7A_B). On the other hand, physical endurance decreases with age,
with 16 months being the age with the lowest performance in both groups, but statistically
significant in 3xTg-AD mice (physical endurance, ANOVA F (5.39) = 5.189, p = 0.001 post
hoc 3xTg-AD 6 months vs. 3xTg-AD 16 months, p = 0.017; 3xTg-AD 12 months vs. 3xTg-AD
16 months, p = 0.006. Age effect F (243) = 11.371, p < 0.0001) (see Figure 7C). Geotaxis
did not show statistical differences, but a higher latency was observed in the 3xTg-AD
animals in each age group (see Figure 7D). In the hindlimb clasping test, we can highlight
a significant genotype difference in each age group with a higher incidence of this sign in
each 3xTg-AD mice (hindlimb clasping, Fisher exact test genotype = 0.007).
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Table 2. Morphological features of quadriceps and tricepy surae.

NTg Mice INTg-AD Mice
Morphological Features  — w13 Months | T6Miontha | & Montha ] 12 Months | 16 Monihs
__Quadriceps
1, Nuclei
Looilesticn Terlpheral Perlpheral | Perfpheral Peripheral Peripheral | Perpheral |
nuchel nuchel nuclel nuclel nuclel nuclel
| Number b s ot ‘es EE e
2. Fiber
Distribution Homogeneous | Homogeneous | Homogeneous | Homogeneous | Homogeneous | Homogeneous
3. Adipose tissue
Localization Intramuscular | Intramuscular | Intramuscular | Intramuscular | Intramuscular pheral
Number + . X = - .
" Triceps surae
1. Nuclel
1| Peripheral Peri Peripheral
P sl ol ol el
Number s . e peey - e
2. Fiber
Dl-AMbutlon Homogeneous | Homogeneous | Heterogeneous | Homogeneous | Homogeneous | Heterogeneous|
3. Adipose tissue
Locafization Intramuscular - Peripheral | Intramuscular | Intramuscular
Number . RRRRS . R
Qualifior: 75<100% = +4ee, 50-75% = 444, 25500 = 44, 0=25% =+ (% = -,

Table *. Morphological features of muscle tissue in IxTg-AD mice: localization and number of nucled, fiber distribution, and a number and
localization adipose celln, Qualifative quantifier of interwity: (<) egqual to 0%, (+) lows 10 25%, (4] lows to S0, (+4+) loss to 75%, and («++4)

lows or 100%.

3.5. Survival, Kyphosis, and Frailty Phenotype

Table 3 shows the survival, kyphosis, and frailty phenotype of the mice at each age. For
the survival analysis, we carried out a follow-up from birth to 16-month-old of the siblings
of the sample included in the study, completing a cohort of 115 male mice. Logarithmic
rank analysis shows a significant genoty pe-dependent difference (x2 (1) = 8,045, p = 0.005)
with a higher mortality rate in NTg mice in each age group (6-month-old: NTg 3/15 (20%);
3xTg-AD 0/15. 12-month-old: NTg 3/9 (33.3%), 3xTg-AD 1/16 (6.2%). 16-month-old:
NTg 20/40 (50%); 3xTg-AD 5/24 (20,8%)). On the other hand, kyphosis presents a higher
incidence as age Increases without genotype differences (Kyphosis (absent/ present) Fisher
exact test (5) = 10.694, p = 0.052. Age, Fisher exact test (2) = 10.070, p = 0.007. Genotype
n.s). While postural kyphosis does not show significant differences between the groups,
structural kyphosis increases its prevalence at ages 12 and 16 months of age independent of
genotype (Fisher's exact test (2) = 8,464, p = 0,016). In the same way, body weight increases
with age in the case of 3xTg-AD mice and is maintained in the case of NTg, with 3xTg-AD
mice presenting greater welght at 16-month-old compared to NTg 16-month-old (Age effect,
ANOVA F (2.44) = 3,268, p = 0,049; 3xTg-AD 12-month-old vs 16-month-old, p = 0.037).
Regarding the physical conditions that the animals presented, no differences were detected
in alopecia. On the other hand, body position, palpebral closure, and tail position were
characteristics only present in the older group of 3xTg-AD mice (body position, Fisher's
exact test (5) = 10,036, p = 0.006, Age effect, Flsher's exact test (2), p = 0.046, Palpebral
closure, Fisher’s exact test (5) = 7.493, p = 0.037. Tail position, Fisher’s exact test (5) =
7.493, p = 0.037). Plloerection was present in N'Tg mice at the age of 12 and 16 months in
contrast to 3xTg-AD mice, where its presentation appears at 16 months (Fisher (5) = 10,047,
p=0027. Age effect, Fisher's exact test (2) = 8338, p = 0,010),
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Figure 7. Motor performance, geotaxis and hindlimb clagping. (A) Motor leaming—Ilatency; (B) trials; (C) physical
endurance; (D) geotaxis; the results are expressed as mean + SEM. Statistics: one-way ANOVA, Age effect expressed as (A);
Genotype effect expressed as (G); Genotype and Age interaction effect are expressed as (GxA). * p < 0.05, ** p < 0.01, and
“** p < 0.001 followed by post hoc Bonferroni test, * p < 0.05; differences between age in 3xTg-AD group are expressed (a);
$ p <001, % p <0.01.(E) Hindlimb clasping; the results are expressed as prevalence (%). Statistics: Fisher ‘s exact test; Age
effect is expressed as (A); Genotype effect is expressed as (G); Genotype,* p < 0.05.
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Table 3. Survival, kyphosis, and frailty phenotype.

Nig Mice
Conditions Wi | T Mati i e Vi | 13 socthe [k NG| Sttt
Lt o e | SR | v | e [ SRR |
3/1520%) | 3/9(333%) 0/15@%) | 1/16(62%) | opie)
;'.) yphosls (animals, ; 3/6(50%) | 3/906%) | 160 | vz | amoen | A
Postural . ~ . 1/6 (17%) . 1711 (9%) ns.
Structural . 3/6(50%) | 5/9(56%) . 3/7@3%) | 3w A*
3 Physical conditions
)

Body weight 0g Wy Vg By ng Mg A%at
Alopecia 2/6(30%) | 4/6(67%) | S/9(G6%) | 1/607%) | 4/7(7%) | 4/1106%) ns.
Boxdy position > 3 3 = = 5/11 (45%) 2t
Palpetral closure S 3 s = = /11 06%) 2t
Piloerection > 16017 | 2/9(2%) . . 6/11 (55%) At
Tail position ~ . - . - 411 06%) at
Tremor . 1/6(17%) . . . 9NEN) | A™G*
Mb‘i-ts“noﬁ.w-num-p<mem-p<aiup>aﬁ.',<oi

Table ). Prevalence of physical conditions in male 3 Tg- AD mice cormesponding 1o the frailty phenotype. The progression of AD disoase s
contrastesd with normal aging and the survival of the experimental lots included in the research.

Finally, tremor shows differences in genoty pe and age, presenting a high incidence at
16 months in 16-month-old mice (tremor, Fisher's exact test (5) = 23.346, p < 0.0001. Age
effect, Fisher’s exact test (2) = 10,170, p = 0,005, Genotype effect, x2 (1) = 6945, p = 0.012).

4. Discussion

In contrast to the huge literature on the AD-associated hallmark impairment in cogni-
tive domains, gait disorders in Alzheimer's disease are an emerging field. They result from
structural and functional deficiencies that generate limitations in the performance of activi-
ties and also imply restrictions in the biopsychosocial participation of individuals [543,
Evidence suggests that AD has a long preclinical phase, during which its characteristic
pathology accumulates, and the patient’s function diminishes considerably [12,44]. Motor
problems have been described as carly in the AD process, rather than being a
feature exclusively related to end-stage AD pathology [45,46].

At the translational level, in animal models, we have recently described alterations in
the trajectory and displacement that interfere with gait and exploratory activity have re-
cently been in middle-aged (13-month-old) and old (16-month-old) male C578L/6
and 3xTg-AD mice, which in the mutant corresponds to ages mimicking advanced and very
advanced stages of the disease [ 13). Furthermore, these alterations increase their incidence
in endpoint situations at different ages regardless of the studied genotype [ 3,47,45]. In this
report, we have expanded the study of functionality and disability described for humans
to provide a translational proposal, which allows us to differentiate dysfunctions, gait
disorders, and exploration in the 3xTg-AD model at different stages of disease progression
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and as compared to C57BL./6 with normal aging. As shown in Figure |, the functional
limitations that we have detected are equivalent to the difficulties that an older adult
typically faces when carrying out their activities of daily living and that we can consider as
markers of functional health deterioration.

4.1. Activity—Spontaneous Gait and Exploration

Particularly in gait, the variable speed, as in humans [ 13,19, seems to be the variable
with the highest sensitivity to detect impairments of displacement and locomotion. Further-
more, when bizarre gait patterns (circling, backward movement, stretching) are present,
stride length, speed, and cadence decrease in performance regardless of age and genotype.
On the other hand, 6-month-old 3xTg-AD mice have a shorter stride length that increases
with age. This result may be related to the novelty situation, where we have detected a
higher incidence of freezing {(no movement) and higher episodes of bizarre gait patterns
in this group. Furthermore, it has previously been reported that in 3xTg-AD mice aged
from 10 to 14 months, the stride length is greater than that of control mice [19]. The authors
point out that a possible explanation for this difference is the differences between species,
where quadruped locomotion seems to have compensatory mechanisms that intervene
even after injury at the brain level [5)], mediating that the kinematic parameters can be
preserved. In contrast, it can be inferred that older animals present a favorable indicator in
their gait performance, and this may be related to survival and individual characteristics.

A study conducted in 3- and 24-month-old male C57BL/6 mice found that aged mice
exhibited significantly lower cadence and decreased stride time variability [50). They also
reported that aging tended to alter footstep patterns, for which they associated with aging
the alterations that occur in gait [ %], There are also technological devices and software
to make possible the equivalence of some human signatures in mice, highlighting those
related to gait disorders in Parkinson’s disease [11,51-73]. However, studying whole body
gait and posture in rodent models requires specialized methods and remains a challenge if
other motivational or emotional response behavioral factors are integrated, which is the
case of some Alzheimer s disease models where a noticeable neuropsychiatric-like pattern
is exhibited. In this sense, in the face of novelty situations, 3xTg-AD mice respond with
neophobia and anxiety-like behaviors [51,55], whereas in humans, they have been reported
from initials stages of the disease |]. Neophobia modifies the exploratory activity as
age increases, accentuating the symptoms | 7). However, we have described that there's
a relationship between bizarre gait patterns and horizontal and vertical components of
exploratory activity. Thus, bizarre gait patterns limiting locomotion in 3xTg-AD mice do
the same in NTg mice, which tends to increase with age. In 3xTg-AD mice, these behaviors
are mainly related to psychiatric and neurological disorders [ 3,537,534, However, bizarre
behaviors can be heterogeneous and have a low incidence in males compared to females,
as described by Baeta-Corral and Giménez-Llort, 2014 [ 0], Therefore, in this sex, these
behaviors emerge at early stages and progress with the disease similar to that observed
in the bizarre swimming patterns in the Morris water maze, where we have described
the presence of circling appears at early stages (6 months of age) [%7] and worsens with
age [60,61).

4.2. Body Function—Mobility and Muscular Strength

General mobility was interfered with by periods of freezing. We can distinguish that
the 12-month-old animals presented several freezing episodes in both genotypes. At the
age of 6 months, the group of IxTg-AD mice presented a long freezing behavior, taking
longer to perform the first movement, which can also influence the decrease in exploration
and the quantitative parameters of the gait, similar to what happens in scenarios of social
isolation [17).

At the level of muscle strength, in humans, it has been described that the decrease in
strength in the initial stages of AD does not imply changes at the muscle fiber level [61-04].
However, in intermediate stages, it could be accompanied by a decrease in the number of

59




Blomedicines 2021, 9, 1365

1Hof22

muscle fibers that in advanced stages are reflected in sarcopenia associated with loss of
muscle strength [15,01], Our results showed that the decrease in muscle strength would
be associated with aging, as occurs with muscular endurance. Nevertheless, at the age of
12 months, there is & drop in grip strength in 3xTg-AD mice. It has also been reported that
at six months, 3xTg-AD mice have a deficit in grip strength [65], but at 16 months, these
results are not reproduced [66]. Inisolation, the 3xTg-AD mice show a conserved strength
at the age of 13 months over the mice that lived in groups [11], These findings may point
to the heterogeneity of aging and the stage of AD in which muscle strength is measured,

4.3, Body Structure—Joints and Muscles

At the same time, postural patterns such as shrinkage and structural changes at the
joint level of the thoracolumbar spine accompany 3xTg-AD mice with a high incidence of
structural kyphosis [13,249,45]. Our results show that both 3xTg-AD and C57BL/6 mice
show an increase in the incidence of structural kyphosis after 12 months of age, which
could explain, from a postural point of view, the decrease in exploration in both groups as
age increases,

As the weight of the quadriceps muscle shows, there is a progressive decrease in
3xTg-AD mice that, unlike the C57BL./6 controls in which it appears to be attenuated, a
higher weight range is preserved even in older animals, [n contrast, both groups maintain
a similar weight of triceps muscle at 12 and 16 months of age. A study in C57BL/6] females
reported a progressive weight loss from 15 months in the quadriceps muscle, which is
considerably accentuated at 24 months [06], Similarly, a decrease in muscle weight over
25 months has been reported in male C57BL./6] mice in the gastrocnemius and soleus
muscle [07).

Furthermore, we have applied an indirect measure of sarcopenia to verify its presence
to Investigate these findings further. In the quadriceps muscle, aging is related to sarcopenia,
while in the transgenic group, sarcopenia appears at 16 months, Interestingly, the triceps
surae muscle also indicates sarcopenia in 16-month-old 3xTg-AD mice, Using this measure,
astudy conducted in female C57BL/6] mice concluded that sarcopenia would be present
at around 24 months in the quadriceps muscle [05]. However, in male C57BL./6) mice, it
could occur at earlier ages, reporting 20 months as the age of most significant change in the
gastrocnemius muscle [09].

In natural aging models of the C57BL /6] strain, it has been reported that the primary
phenotype of sarcopenia is a decrease In muscle mass and a decrease in the cross-sectional
area of muscle fibers [/1-72] The optimal age of study would be 25 months [07,72], Thus,
we found the fibers are distributed homogeneously, with differences between them, but
maintain a similar distribution. However, a difference is observed in the number of nuclei
in N'Tg control animals that seems higher than in 3xTg-AD, especially at 12 months, We also
found the presence of adipose cells, which exhibited a different distribution for each muscle
type. Thus, adipose cells were present to a lesser extent in quadriceps, independently
of genotype and age, with an intramuscular predominance. Oppositely, adipose cells
exhibited a peripheral or intramuscular localization according to the 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.

In contrast, in the 3xTg-AD group, the adipose cells were more intramuscular, and
a higher proportion was found at 12 months. Interestingly, the NTg control mice had a
similar weight at each age, while the weight of 3xTg-AD mice increased with age,

4.4. Motor Performance, Geotaxis, and Hindlimb Clasping

On the other hand, we have measured the animals’ motor learning and physical
resistance to obtain a global vision regarding their psychomotor performance. We have
shown that in the advanced stage of the disease, 3xXTg-AD mice have a lower-than-expected
performance that is replicated in motor learning and physical endurance. Similarly, in
C57B1./6 control animals, the observed changes are more attenuated due to aging, In the
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case of geotaxis, an increase in turning latency was found in the 3xTg-AD group, which,
although it did not present significant differences, could indicate a poor use of postural
and balance strategies to regain the verticality of their body on the grille in which they are
located. For its part, hindlimb clasping showed a higher incidence in the 3xTg-AD group
without being associated with the stages of disease progression. This particular sign can
indicate the severity of the motor impairment that the mice present [73-775).

4.5. Survival, Kyphosis, and Frailty Phenotype

Finally, we can point out that C57BL/6 control animals have a higher mortality ratio
in all age groups regarding survival, consistent with previous studies [7o]. As the frailty
phenotype shows, some signs of deterioration are related to one group or another. In
the case of 3xTg-AD mice, physical and postural conditions appear to be the highest
incidence, and in their NTg counterparts, piloerection and tremor, which in both groups,
were found similarly increased with age. These variables indicate the general state of the
mice without interfering with their functional performance of the gait and exploration that
we have reported.

5, Conclusions

According to the literature, this is the first report that comprehensively presents
the gait disturbances and functional limitations in the exploratory activity of the 3xTg-
AD mouse model and, as compared to C57BL/6 with normal aging, uses a conceptual
model that allows translation to humans. The use of the ICF as a conceptual framework
allows describing the functional state, facilitating its interpretation and application in the
rehabilitation of people with AD.

In summary, the main conclusions are:

(1) The 3xTg-AD mice show maore significant functional impairment in gait and ex-
ploratory activity quantitative variables.

(2)  The presence of movement limitations and muscle weakness mark the functional
decline related to the disease severity stages that intensify with increasing age.

(3)  Motor performance in 3xTg-AD is accompanied by a series of bizarre behaviors that
interfere with the trajectory, which allows us to infer poor neurological control,

(4)  Signs of physical frailty accompany the functional deterioration of these animals,

(5) Signs of sarcopenia are present in an advanced stage of AD, with differences in fibre
distribution, number of cell nuclel, and presence of adipose tissue.
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Conclusion

1)

2)

3)

4)
5)

3xTg-AD mice show more significant functional impairment in quantitative variables of gait and
exploratory activity.

The presence of movement limitations and muscle weakness mark functional decline related
to disease severity stages that intensify with increasing age.

Motor performance in 3xTg-AD is accompanied by a series of bizarre behaviours that interfere
with trajectory, inferring poor neurological control.

Signs of physical frailty accompany functional deterioration in these animals.

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

Clasping and ledge-score coordination impairment as primary
behavioral markers of functional impairmentin Alzheimer's disease

Behavioral Assessments

Clasping reflex Coordination
Genotype

3xTg-AD

6 month-old
12 month-old
16 month-old Age
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Abstract:

Motor performance is an element that facilitates the understanding of the functional state related to the
progression of Alzheimer's disease. At the transiational level, here we characterize 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, four items
screening originally developed for models of ataxia. We studied male 3xTgAD mice (n=24) at 6, 12, and
16 months of age (mimicking the early, advanced, and |ate stages of the disease, respectively) and
their age-matched non-transgenic counterparts (NTg, n=21) with normal aging. According to the score,
incidence, or severity of the four items and the total score, the 3xTg-AD mice showed deficiencies in all
score elements. Clasping was increased independently of age, and its severity worsened with repeated
testing. In contrast, the impairment of coordination worsened with the progress of the disease. The gait
score was sensitive to genotype, and the worse ledge score was evident at 16 months. Kyphosis and
ledge scores were sensitive to age. The impairments and functional limitations of male 3xTg-AD mice
related to the stages of Alzheimer's disease provide a scenario that allows understanding the
heterogeneity of non-cognitive symptoms.

Keywords: Alzheimer's disease, ledge score, clasping score, coordination, functional impairment,

behavioural markers,

1. Introduction

Motor impairments in Alzheimer’s disease (AD)
have been classified as late-onset symptoms
and traditionally downplayed due to the severity
of cognitive decline as the clinical halimark [1].
However, it is currently known that motor
dysfunction increases in the moderate and
severe stages of dementia [2], while there is still
no consensus on changes in mobility during its
early stages [2]. Different laboratories have
described significant motor impairment in
transgenic mice modelling AD [3-5].
Specifically, we have recently reported
movement limitations and muscle weakness in
the 3xTg-AD model [3,4]. Both aspects mark
functional deterioration, which was related to
the severity stages of the disease and found
intensified with aging. Besides, motor
performance in 3xTg-AD males is accompanied
by a series of bizarre behaviours that interfere
with the trajectory, which could explain poor
neurological control [4].

Interestingly, other mutant mice with lesions in
the cerebellum, basal ganglia, neocortex, or the
spinal cord pathologies have shown a flexural
response, often characterized by clasping the
hindlimbs [5-7]. The pathological clasping
reflex is a hallmark phenotype described in
several murine mutations with cerebellar
atrophy [5,8,9], particularly in cerebellar ataxia
and Huntington's disease [10]. Recently, it has
been observed that transgenic mice with
amyloid pathology caused by mutations of
amyloid precursor protein (APP) show this
reflex [6,11].

Previously, this laboratory described the loss of
deep cerebellar nuclei neurons in the 3xTg-AD
mice model of Alzheimer's disease al ages
mimicking early stages of the disease [12]. We
have also repeatedly observed the presence of
clasping and coordination alterations during
animal care routines when these animals walk
on a beam in males 3xTg-AD [3,4], similar to
that reported in models of cerebellar ataxia.
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Therefore, the present work is aimed to provide
a behavioural characterization of the main
features of these motor alterations in the males
3xTg-AD mice at three ages, mimicking onset
(6 months of age), advanced (12 months of
age), and late (16 months of age) stages of the
disease in contrast with NTg mice with normal
aging.

2. Materials and methods

2.1. Animals

Forty-five homozygous triple-transgenic (3xTg-
AD, n = 24) and non-transgenic (NTg, n = 21)
male mice of 8, 12, and 16 months of age in a
C57BL/6J background established at the
Autonomous University of Barcelona were
used. The 3xTg-AD mice harbouring human
PS1wmv, APPswe, and taurmou transgenes
were genetically modified at the University of
California at Irvine [13]. The animals were kept
in groups of 3-4 mice per cage (Macrolon, 35 x
35 x 25 cm, Panlab, SL, Barcelona, Spain) with
5 em of clean wood cuttings in each cage
(Ecopure, Chips6, chip size of 2.8-1.0 mm) and
nesting materials (Kleenex, Art: 08834060, 21
x 20 em), All animals were kept with food and
water ad libitum, at a temperature of 2022 " C,
a 12 h light cycle (lights on at 8:00 a.m.), and
50-80% relative humidity. All procedures
followed Spanish legislation on "Protection of
animals used for experimental and other
scientific purposes” and the EU Directive
(2010/63 / EU) on this issue. The study
complies with the ARRIVE guidelines
developed by the NC3Rs and aims to reduce
the number of animals used [14].

22. Experimental Design and Behavioural
Assessments
A cross-sectional study of 3 cohorts of 3xTg-AD
and NTg male mice, at6, 12, and 16 months of
age, was carried out. All the animals were
weighed and assessed with the Phenotype
score system that includes four sub-tests and
scores: ledge, clasping, gait, and kyphosis
[10,11). Each measure is recorded on a scale
of 0-3, with a combined total of 0-12 for all four
assessments. The measures can be analysed
individually or combined into a composite
phenotype score for increased statistical power
[15]. Individual measures are scored from 0 to
3 [11]. The tests were carried out in one day. In
addition, we have expanded the analysis of the
resuits obtained in the clasping and ledge
scores. Previously, the clasping score has been
used as a marker of disease progression In
several mouse models of neurodegeneration
[9] and ledge score as a direct measure of
coordination [15]. In this way, we differentiated

the severity of the observed behaviours since,
in both scores, the 3xTg-AD animals presented
a more significant deficit. Thus, we assigned a
score that reflects the degree of severity, 0:
normal; 1: mild; 2: moderate; 3: severe,

2.3. Statistics

Statistical analyses were performed with SPSS
15.0 software. Results are expressed as the
mean % standard error of the mean (SEM) for
each task and trial and frequency (animals and
episodes). The total Phenotype score system
and each sub-test were analysed with one-way
ANOVA followed by post hoc Bonferroni. The
incidence of clasping and ledge scores were
analysed using the Chi-square test or Fisher's
exact test. The effect of Genotype (G) and Age
(A) in each test was identified. In all cases
statistical significance was considered at p
<0.05,

3. Results

Body weight increased with age in the 3xTg-AD
mice, while it was maintained in the NTg group
[6-months: NTg = 30 £ 1.7g. 3xTg-AD =28 ¢
1.68g; 12-months: NTg=30 £ 1.0 g; 3xTg-AD =
32+ 24g 16-months: NTg=3040.7 g 3xTg-
AD =34+ 150, Age effect, A, ANOVAF (2,44)
= 3268, p = 0.049; 3xTg-AD 16 months vs.12
months, p = 0.037].

In the phenotype scoring system, G and A
differences were detected in the total score of
the four tests, as depicted in table 1. In all ages,
the 3xTg-AD animals showed significant
deterioration that worsened in the oider age
[Genotype effect, G, ANOVA F (2,44) = 6.981,
p=0.015, 16-months 3xTg-AD vs NTg,
p=0.047]. Although the increase in functional
impairment occurred in both groups, this
increase was higher in the 3xTg-AD group [Age
effect, A, ANOVA F (2.44) = 10.119, p=0.000,
3xTg-AD: 16-months vs. 6-months, p=0.000;
16-months vs. 12-months, p=0.033). The 3xTg-
AD scored for gait impairment and kyphosis
already at 6 months of age, mimicking the early
stages of the disease.

Genotype differences were detected in the
clasping and gait scores, with the 3xTg-AD
group presenting greater deterioration in both
scores [Clasping score: Genotype effect G,
ANOVA F (2,44) = 6.941 p=0.012; Gait score:
Genotype effect, G, ANOVA F (2,44) = 5325,
p=0.0286]. In the ledge score, the effect of age
was detected on the performance of the 3xTg-
AD animals, increasing their deterioration at 16
months [3xTg-AD, Age effect, A, ANOVA F
(244) = 7110 p=0.002, 16-months vs. 6-
months, p=0.006, 16-months vs. 12-months,
p=0.006]. In addition, differences with age were
detected in the kyphosis score. The older the

68




age, the greater the degree of postural
alteration in both groups [Age effect, A ANOVA
F (2.44) = 6.212, p=0.005).
Figure 1 llustrates the performance of the mice
in the assessment of clasping and the ledge
scores. Independently of the age, an increased
incidence of the clasping score was observed in
tho 3xTg-AD group, reaching statistical
in the second and third trials (T2,
T3) [Genotype effect, Fisher exact test, T2 df
(2) =7.159 p=0.019; T3 df (2) =8.555 p=0.009).
Also, the performances at 16-months of age
were sensitive to detect G differences, in the
second trial, with 80% of 3xTg-AD mice
exhibiting clasping reflex compared to only 20%
in the NTg group [16-months, Fisher exact test
df (2) = 6.895, p=0.002] (See figure 1A). No
differences in age were detected in the clasping
score.
The ledge score showed differences in G and A
in all groups. Deterioration of coordination was
observed in the 3xTg-AD animals that
worsened with age and the repetition of the
trials. Thus, the results in T3 at 16 months were
the ones that allowed to record the most
significant impairment, and T2 was also quite
sensitive [Age effect, A, 3xTg-AD, Fisher exact
test, T3 df (2) =18.652, p<0.001 and T2 df (2)
=8.842 p=0.010, respectivelyl On the other
hand, genotype differences are also observed
in T3, confirming the deterioration of 3xTg-AD
animals [Genotype effect, G, Fisher exact test
T3 df (10) =24.155, p=0.001] (See figure 1C).
Furthermore, distinct severity of coordination
impairment in the ledge and clasping scores
was found (see figures 1B and 1D). In the
clasping score was recorded as follows: 6-
months, NTg-mild 11% (2/18), 3xTg-AD-mild
33% (6/18), 3xTg-AD-moderate 6% (1/18), 12-
months, NTg-mild 11% (2/18), 3xTg-AD-mid
24% (521), 3xTg-AD-moderate 14% (3/21), 16-
months, NTg-mild 22% (6/27), 3xTg-AD-mid
55% (18/33), 3IxTg-AD-moderate 9% (3/33). In
the ledge score, the severity was as follows: 6 -
months, NTg-mild 17% (3/18), 3xTg-AD-mild
22% (4/18); 12-months, NTg-mild 22% (4/18),
3xTg-AD-mild 10% (2/21), NTg-moderate 6%
(1118); 16-months, NTg-mid 44% (12/27),
3xTg-AD-mild 70% (23/33), 3xTg-AD-moderate
3% (1/33)).

4. Discussion

In the present work, we demonstrate the
impairment in the physical phenotype score in
the males 3xTg-AD mice described its features
according 1o the incidence and severity at three
stages of the disease. The scores showed the
early appearance of impairments worsening
with age in the 3xTg-AD mice. Previous studies

of ataxia modeis [10,11,16] have demonstrated

items, while these changes were not evidenced
in females [8]. Also, the TRIM32 mode! shows
differences in both sexes, with impaired
coordination and hindlimb clap [17]. Our results
may have simiarities with ataxia modeis. We
found differences in the clasping, gait, and total
scores, with age differences indicating
significant deterioration in advanced stages of
the disease, particularly in the ledge test
kyphosis, and total score. For the first tme, the
physical phenotype score system detected
impaired motor coordination through two
it is important to note that the ledge score is
demanding since it aiso requests balance
strongly affected by ageing and where weight
differences can become a confounding factor.
However, in the present study, weight
interference can be ruled out since the factor
effect on the ledge test was found on age but
not genotype.
In normal conditions, adult rodents picked up by
the tai and slowly descending towards a
horizontal surface extend all four limbs in
anticipation of contact [10,18]. This extension
reflex response may be triggered by either
visual or tactie stimuli [19). However, in the
case of mutant mice with CNS pathologies, a
flexion response is displayed instead, ofen
characterized by paw-clasping and a bat-fke
posture [8,18,20,21]. This response has been
recontly observed in A plaque-bearing APP23
mice (genetic background C57BL/6J) and
Tg2576 (CS57B6/SJL) mutants. This
reflex has been also observed in
APPTS1SWEAD + PS1/M233T + L235P
mutant mice on a B6/CBA/129SV background
[18,21-23]. This report confirms that clasping is
aiso present in 3xTg-AD mice. The description
of its features indicates increased incidence
and severity with the progress of the disease
compared to control animals. In addition,
clasping worsened with the repeated test, with
3xTg-AD males showing the most significant
impairments in the third trial, a question that is
methodologically relevant and also points at
worse muscular endurance in this model, in
agreement with previous reports in the rotarod
Bl
The assessment of the ledge score allowed to
dentify deterioration in coordination in the
3xTg-AD mice, with genotype differences at 16
months of age compared o controls and the
increase in the incidence of deterioration as age
increased. Coordination and balance in mice
are based on the location of the paws on the
testing surface [17,24]. Thus, the ledge score
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can indicate alterations related to coordination
and may also show balance alteration.
Concerning the findings in gait score, we can
highlight that the deterioration was present in
3xTg-AD animals aiready at 6 months of age
and that genotypic differences with their NTg
counterparts were sustained at all ages.
Previously, we have described that gait motor
performance in 3xTg-AD is accompanied by a
series of bizarre behaviours that interfere with
the trajectory and movement, even limiting the
possibilies of exploration, which is evidenced
from six months [4]. Also, these alterations
were also identifiable in a scenario of social
isolation in 13-month-old animals [3]. Moreover,
genotype differences may arise if different
types of kyphosis (postural and structural) are
identified, as kyphosis may interfere with the
gait and exploration of mice [25]. In this report,
3xTg-AD and NTg mice show an increased
incidence of structural kyphosis from 12
months, while postural kyphosis is noted from 6
months of age in 3xTg-AD animals. In addition,
kyphosis may be associated with animals’
functional and frailty status [25].

On the other hand, a consistent correlation of
the motor phenotype and cerebellar
histopathological changes or cognitive deficits
has not yet been reported [7]. In the 3xTg-AD
mice model, the loss of cerebellar nuclei was
previously described in the molecular layer at6
months of age, when neuropsychiatric and
cognitive symptoms were already apparent,
mimicking the early stages of the disease [12].
The present findings may explain the
impairments related to coordination, as pointed
out by studies on cerebellar atrophy and its
relation to the appearance of the clasping
[7.20].

5. Conclusion

In summary, the 3xTg-AD mice show
deficiencies in the elements of the physical
phenotype score at different stages of
Alzheimer's disease progression. In particular,
clasping was increased independently of age,
and its severity worsened with repeated testing.
In contrast, the impairment of coordination is
further exacerbated with the progress of the
disease. The gait score was sensitive fo
genotype and could be recorded already at the
early stages of the disease (6 months of age).
Kyphosis and ledge score were sensitive to an
age effect, with a worse ledge score in 3xTg-AD
mice evident at 16 months of age.
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Table 1. Phenotype scoring system

Phenotype scoring system 6-months 12-months 16-months Factors’ effects
NT 0172011 022:022 022:000

Clasping score - ¢
3xTg-AD 044:014 0522021 073:0%4
NT 017:016 033:017 0O&:0M

Ledge score . A=
3xTg-AD 022+016 0102006 0.76£0.10%
NT. - 006+005 007=004

Gait score . G*
3xTg-AD 011+007 0192006 01520052
NT, - 050£022 056:017

Kyphosis score - A
3xTg-AD 0112011 0432020 0732014
NT{ 033:027 111:018 130:=021

Total score . G A=
3xTg-AD 089:023 1242034 236x027™%

PhenotypemwgsystemmemulsareexpvmedasmeantSEMShhstcs one-way ANOVA,
Genotype effect (G), * p < 0.05; Age effect (A), *p < 0.01, **p < 0.001, followed by post-hoc Bonferroni
test. Differences between 16-months vs. 6-months, ¥ p < 0.01; 16-months vs.12-months, *p <0.05; *p

<0.001.
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A. The ledge score impairment incidence B. The ledge score impanment severnty
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Figure 1. Clasping score and ledge score impairment. (A) Clasping score incidence; (B) Clasping score
severity; (C) The ledge score impairment incidence, (D) The ledge score impairment severity. The
results are expressed as incidence in percentage (%). Statistics: Fisher's exact test, Genotype effect
(G), * p<0.05, ** p <0.01. Genotype differences in each age are expressed as (g) ‘p < 0.05. Age
differences (A) in the 3xTg-AD group are expressed as (a); *p < 0.05, *p < 0.01.
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Conclusions

1)
2)
3)
4)

Male 3xTg-AD mice showed impairment in all physical phenotype score items.
Clasping increased independently of age and its severity worsened with repeated testing.

Coordination impairment worsened with disease progression.

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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ABSTRACT

The frailty corresponds to o syndrome of well-defined biclogical and dinical
characteristics within its physical phenotype, Is multidimensional, dynomic and non-
lnear, It hos @ high prevalence In the elderly population and Increases after 65 years
of oge. The syndrome of froilty con be comsidered os o state of predis-capocity or
risk of developing o disability ond dependence from o situation of incipient functional
Emitation. It is identified by o decrecse in the resistonce ond the physiclogicol
reserves thot leod to o deterioration of the physiclogical systems, cousing adverse
effects on health. This report alms to highlight the most useful mouse models wsed on
the reseorch bosed on the blological hypothesls of human frallty syndrome. Animaol
studies provide opportunities thot con help us understond the mechonisms that trigger
frailty. In oddition, they provide empirical evidence on their pathwoys ond physio
pothologicol mechonisms, o3 well os the identification of potential biomarkers to
generate interventions and tr s that
INTRODUCTION: FRAILTY AS CLINICAL SYNDROME

Froilty is o concept that hos been increcsing substontiolly since the 1980s [1].
Different outhors emphasize diverse ospects of frailty incorporoting physical function,
cognitive function and psychological and psychosocial foctors, moking it possible to
differentiate characteristic of o phenotype which evolves towards o state of

dulate or counteract the syndrome.

dependence, loss of the physiological reserves, uncoupling from the environment,
chronic ilinesses ond their complications [2-4). Most definitions includes on excessive
reduction of leon body mosms [sorcopenia), o reduced obility 1o ambulote ond move,
ond less physicol octivity with on odded serse of weokness [5).

From the clinical point of view, frailty is comsidered o syndrome whose phenotypic
expression is the result of o progressive decline of physiclogical functions in multiple
body systems. In addition, It s occompanied by o state of greater vulnerablility to
stress thot leods 1o on increosed risk of dependence, f | deterioration,
hospitalization ond mortality in elderly people [1-3,6). In 1988 Woodhouse defined
frail elderly people os those more than 65 yeors of age who depended on others for
the activities of daily living and were often under imtitutional care [7). Later Gillick
complements this concept emphasizing the social comequences of frailty (8]

Among gerlotrics, the concept of frollty include the presence of chronic diseoses,
olteration of galt, sensory deficits, poor self-perception of health, repected falk,
polypharmocy, frequent hospitolizations [1,9). Also, # includes functional criteria
established in terms of dependence on bosic octivities of doily life and dependence

Freniny, from Mumans 10 Mouse Models. Geromology And Gerstec Resessch. 2019, 2(2) 121 'Y
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on instrumental octivities. Among the cognitive and affectiy
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or cognitive impairment; soclodemographic and

criterio, the concept of frailty ncludes depression ond cognitive
impoirment. With respect 1o socioeconomic criteria it con be
identified: living clone, recent widowhood, oge over 80 ond
low income [3,6,7]. It is widely accepted that the prevalence of
frailty increases dromatically with age, and oppears to be o
result of o vidous cycle infl d by dog and
exogenous factors [4,9].

Now, the recognition of frailty supposes the recognifion of
frailty s on importont chollenge for clinicians ond heaith
ogendies, since their presence suggests o greater risk of
adverse effects on health, increased needs for long-term care,
grecter dependency and disobility, os well as on increase in
heclth spending, moking necessary o timely intervention.
FRAILTY CLINICAL PHENOTYPE

Strategies to diff: i frailty phenotypes benefit from
multifactorial approaches thot allow us to differentiate genetic,
cellular, psychological, physiological ond environmental risk
factors [2,5). From this point of view, Brodklehurst's Dynamic

-

psychological, such os depression [4].
On the other hond, mony hypotheses have been proposed
about the couses or origin of frailty, being the most consensus:
genetic disorders, diseases and injuries, lifestyle and aging [9].
Essentially is the rewlt of multiple olterations among which
fogicol ond doskeletol dysregulati
have been reported. Among them, sarcopenia [loss of strength
and musc fund | el [11). Asa
result, this scenario predisposes the elderly to have o greater
number of disecses and adverse effects, derived from o lock
of pensatory hanisms and loss of homeostasis, due to o
decline in multiple bodily systems [musculor, immune,
neurcendocrine, voascular) with decrease of mtheir functional
reservation [5,11,12].
ASSESSMENT CLINICAL SIGNS OF DETERIORATION AND
DISABILITY IN THE FRAILTY SYNDROME

pts have been made to find
which criteria best identify frail pafients. Fried, in 2001,

el
ne,

mass) repr a

In recent d des, atte

model of frailty model allows us to diff a balk

between assets thot help o person maintain their independ:

loborated o definition of “frailty phenotype” that consisted of

in the community, ond deficits that threaten this independ.

the p of 3 of 5 elements to be evalucted: 1)

Among the foctors of advantage are: health, functicnol
copadty, o positive omitude towords heclth ond other
(social, spiritual, financial and envi tal]. While
in the deficits are: dwonic diseases, disability, dependence on
others for octivities of daily living and the burden of caregivers
[6). Rockwood and collaborators add on interaction of assets
ond  deficits, “medical® ond "sedal”, that maeintain
independence, reinforcing the model dynamically, whose
chonges in the stote con be recognized by adjusting the
weights of the various assets and defidts [1,6].
Al the same time, Compbell and Buchner [10], comsidered that
froilty orises from o decline in the reserve of multiple systems,
which places the frail older person ‘ot risk’ for disability or
death with minor stresses, a notion they call ‘unstable
disability”. In more advonced ages, froilty is equated with on
increased risk of deoth ossocioted with age, being o complex
factor present during aging [1]. For its part Aub

firs. | aheud
fin-

intentional loss of = 10 pounds in the previous yeor, 2)
feeling of "being exhousted” reported by the potient, 3)
weckness (mecwred by the strength of the fist dosure, 4) slow
goit and 5) little physical activity [5]. The predictive volue of
this scole wos determined bosed on the dota obtoined in o
prospective cohort study on cardiovasculor heclth in people
over 65 years of age. This model has been vaolidated later
through the data of the Cardiovasadar Health Study. Fried's
study showed that patients who had three or more components
of the phenotype had a higher risk of falls, loss of mobility,
alterction in the ability to perform activities of dally living,
hospitalizotion ond death. The presence of up to two
compenents would moke up the risk group of preventive
interventions. It wos possible to d ate that the frogile
group differed from the group with disability and from the
group with comorbidity. In his work, Fried condudes that frailty
is not synonymous with disobility ond thot the terms ore not

et ol. orgonize the risk foctors into four categories:
physiological, such os immune system dysfunction; doctors, such

jusive [3,5]. Therefore, Fried's criteria have served os o
model for the assessment of frailty in dinical scenarios where
an ocourote, easy ond quick diagnosis is ded, including first

Fraity, from Humars to Mouse Models. Gerontology And Geristric Research. 2018 2(2x121.
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contoct comultotion for cutpatients ond froilty screening in
different populations [4,11).

In the same way, Macknight and Rockwood have focused on
Investigating the presence of frailty os o predictor of morbidity
ond mortality in potients who live in nursing homes or patients
in the perioperative period. They propose o multi-domain
model that provides important ideas: (1) frailty represents
greater wulnerability; (2) s heterogenecus; ond (3) # s
ossocioted with dwonologicol aging. In effect, it becomes
biclogical, 03 opposed to dwonologicol age [1]. Therefore, ony
definition of froilty must include the following: multisystem
impair , imtability, change over ftime, on cllowonce for
heterogeneity within a population, on jation with aging,
an ossociation with on increcsed risk of adverse outcomes
m13]

Therefore, physicol froilty ond cognitive froilty hove been
differentiated. Being physical frailty, o clinical condition
charocterized by on abnormal decrease in physiclogical
reserves that increases stress ond reduces the ability of on
individual to maintain homeostasis and, therefore, leads to
vulnerability [4,5]. There are different evaluation guidelines to
measure physical froilty being very importont to describe
between frailty ond normal oging since they seem to be
indistinct because some foctors, such as sarcopenio and strength
{dynopenia), cccur throughout the oging process. In turn, the
term cognitive froilty hos been wed os o general descriptor
for the cognitive impairment thot occurs when people reach
advanced age, or to refer to cognitive or pre-demential
disorders that occur in association with other medical conditions.
The term cognitive frailty implies o parallel with physical
frailty. However, the definition of cognitive froilty depends on
its diogneostic eriterio [4]).

To focilitate the ability to assess physical frailty, Studenski et
al. [14) Report of the Global Clinic of Chonge in Physical
Frailty of the Physical Environment of Frailty Includes: Medical
understonding, Use of medical oMention, Appecronce,
Perceived health, Activities of daily life, Emotional stote and
social stotus. His research locks ot the geriatric chinical opinion
about the change in physical frailty, agreeing on the
evaluation ond criteria, so that his instrument
discriminates the mognitude and direction of the change,

[ SCIENTIFIC
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copturing potterns of contributing impediments what mokes it
feasible to apply in clinicol research [14,15).

There is ako o consensus that frailty is o state of pre-disability,
5o that both its definition and
not appeor determinants of disobility. The overlop of froilty
ond disability s like the superposition of these with
comorbidity. While mony individuals who are fragile olso have
disabilities, frailty is not synonymous with disability, defined os
the difficulty or dependency for some activities of daily life. In
foar, frailty is o predictor of dependence o3 o physiclogical
precursor of it [3-5].These hypotheses hove been key the
biclogical boses to develop the animol models.

BASIC CLINICAL MEASUREMENTS OF FRAILTY IN HUMANS
AND MOUSE MODELS

Clinicol studies on frailty have Emitotions inherent to the
populotion under study, heterogeneity of frail elderly. Mony of
the advonces mode by stiudies, observotions and clinicol triols
have been able to provide intervention strategies for this age
group, but they have not pletely ived the probl
[16,17]. Although clinical studies are beginning to understand
froilty, there is shill o real lack of evidence to guide clinicions to
identify, assess ond treot froilty. Hence, onimol models con
help the study of frailty, reducing genetic and lifestyle factors
that contribute or confuse the observed phenotypes [18].

Mice are the models of mommols widely used in research due
1o their relotive ease of genetic monipulaticn, low cost ond
short lifespon [19]. Through mouse reprodiction tednology,
researchers have been able to reduce biclogical variation as o
source of experimental noise and have thus achieved successful
odvances in different fields. On the other hand, both the frailty
phenotype of Fried ond the froilty index of Rockwood have
been tromlated into mice, 10 its opplicability and tramlation to
humans is directly benefited [11,20].

The molecular basis of frailty, o syndrome rather than o
disease s lithe known, mouse models of froilty would be of
greot volue to determine which ore the pothwoys that trigger
frailty. That is why different preclinical models of froilty in
onimals haove been developed to explore or mimic
monifestations of frailty in humans, identifying keys that
promote research in this field [16,21). There are different
models of study, from those that address biclogical protestors
due to oging, others oddress the effects of deficits

- e
Instr

—

B 0
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ond comsequences of lifestyle, trying to quontify monifestations ond deterioration. While others seek 1o recreate prechinicol signs to

i dels that recreate the efiology of froilty [16-19,21].

mp habiktation str

gies ond timely tre & ofi

(Table 1) lists the most studied and applied models thot simulate froilty in mouse modeks, in this table you con see the different

measurements occording o the clini

I & develop

d from the dinicol studies

Py

ducted in diff in he

Clinical basis “"""'"'! "‘"‘—"'"! Study Pa of traitty and their app
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From the biclogicol point of view, models such os the one

developed by Ingrom ond Reynolds in male C578L76) mice
have been described. They observed ot the same ch logical

IL-10 model does not express the onti-inflommatory cytokine
interlevkin 10 (IL-10) ond, like froil humon beings, is more

oage different bioclogical oges os o manifestation of biclogical
processes reloted 1o the possoge of time, omong the individucl
voriobles survivel hos o positive relotionship, the lower the rote
of dedline in performonce, the longer the life of the individucls
[22]. The study by Ingrom and Reynolds does not have o direct
relotionship with frailty, but it mokes on opproach to the
individual differences between individucls from the biclogical
point of view ond the process linked to changes during aging
(21,23}

On the other hond, Wolston et ol. [24] explores biclogicol
mechonisms of froilty bosed on on inflommotory ond
immunologicol celldor  model, which ponts towords the
multisystemic decline that sur ds this synd [17,21) The

pfible to the octivation of the inflommatory pathway [24).
Woalston suggests that increasing the age of IL-10 mice would
develop physicol ond biologicol chorocteristics like those of
humons, since it develops on inflommotion ond o decrecse in
strength thot is compatible with humon froilty of o younger oge
compared to the control type mice C57BL/6) [16,17,21].

In oddifion to the IL-10 model recognized os o genetic model,
Deepa et ol. [15), they developed o new genetic model Cu/Zn
superoxide dismutase, which exhibits four characteristics thot
define froilty in humans: weight loss, weokness, low activity and
exhoustion. The Sod] KO onimols of this model show increased
inflommotion ond sorcopenio, playing o role in the eticlogy of
froilty of the level of oxidotive stress, mitochondricl dysfunction
ond celiular senescence. Although both genetic models are the
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best availoble models of their type, there is no evidence of the
role ployed by the expression of their genes in humon frailty
s}

With o physiclogical approoch based on the Rockwood Frailty
Index, Whiteheod et ol, [20], proposes o series of po s

¢§ SCIENTIFIC
LITERATURE

Alternatively, Whitehead et ol. [20] confinved the research
bosed on the Froilty index proposed by Porks et ol
Whitehead et ol, used o physiological approach that induded

doskeletal, oclar and digestive, by

the syst I
ring 31 criteric thot cllowed quontification non-

related to possible oging deficits [18]. Estoblishes o clinicol
index of frailty based on the pt of dated deficits in
people providing information on octivity monitoring,
hemod ynamic stotus, body composition, basic metabolism and
organ function. In their study, 31 voriobles measured in mole
and female C57BL/6) mice were incorporated [15,25]. Their
results demonstrated that o clinical index of non-invasive froilty
con be used to quontify frality in mice. In addition, their dinicol
froilty index showed o progressive increase with the oge of the
subjects [20).

invosively in onimals [16]. Frollty wos studied in mole ond
female C57BL/6) mice #wough o longitudinal study. As o
result, they obtained that the froilty index score increases
gradually in adult (5 months) to old (19 months) and very old
(28 months) onimols in moles ond females. In oddition, the
ronge of deficits accumulated in mice was like those observed
in the clinic of humon fraoilty. For the volidation of the scale
created by Whiteheod et ol, It wos submitted 1o o correlation
with scoles opplied in humons in it 31 criterio, os well os with
the froilty index of Porks [20). The limitation of the current

Snedl

In consideration with the impoct that oge has on the biclogical
and physiological alterations of the frailty syndrome Parks et
al, [19] developed o frailty detection and quontification tool
ciated with oging based on the frailty
model of Rockwood [16). Porks et ol. [19] Developed on
opprooch to quontify froilty with o Froilty Index (F). To
quontify frailty, they measured mony health-reloted variobles
linked to the funcfion of different systems that are known to
change with age in both h ond animal models. They
selected 31 specific variobles chosen to provide information
about octivity levels, hemodynamic status, body composifion,
basic bolism and orgon function. They measured all these
voriobles in o smoll group of adult ond oged mice 1o generate
o unique Fl score for eoch onimal ond we compored these
scores between different groups (oge, sex). Their results
showed that the levels of frailty were similor in oged moles
ond females. Furthermore, they found thot there were no
differences between the sexes in the porometers uwed to
comstruct the Fl in the oged group, olthough the middle-oged
females hod lower systolic blood pressure, lower lean fissue
moss, ond more body fot thon the mole:s o: reported
previously in mouse models [19]. The froilty index developed
by Porks et ol [19]. Is one of the most used indices in current
investigations of froilty in mouse models. It has also ollowed us
to understond the relofionship between froilty ond cordioc
changes thot ocour with aging.

Al

pplied in dels by both outhors Parks and
Whitehead, is thot they do not include cognitive criteria or o
sociol ond hierorchical relationship between onimals.
Undoubtedly both indexes are very useful for the development
of research in this field.
Also based on the froilty model of Rockwood, Grober et ol
[26]) developed o system of evoluation of froilty bosed on
physiclogical and functional measurements to test the efficocy
of possible interventions for sarcopenic and frallty in animel
models of oging [16). They developed o neuromuscular scoring
system of the healtspon, evaluating male C578L/6) mice of
three oges: adults (6-7 months of oge, 100% survival), old (24-
26 months of oge, 75% survivel), ond group of elderly people
(> 28 months of oge, <50% survivel). The functional
performonce was obtoined from the rotarod tests and the
Inverted grip test. In addition, muscular controctility in vitro waos
determined. Among their results, they found thot both functional
copodty and strength deteriorate with oge in the C578L / 6)
mouwse as evidenced by decreases in the grip test, rotarod ond
muscle contractility [25). This model con be uvsed os o tool for
chers to evak interventions from the point of view of
motor performance related to frailty syndrome.
Finally, among the most recent models of froilty study in mouse
models is the one developed by Gomez-Cobrera et ol. [27].
This model is bosed on the humon froilty phenotype of Fried
ond cimed to create o score for frailty in experimental animals
called "Criteric de Valencic™. They olo sought to determine
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the effect of physical inactivity on the development of froilry.
They induded male C578! / &) mice and compared the
sedentary lifestyle versus the active lifestyle in terms of frailty
by evalvating the dinical criteria used in humans: involuntary
walght loss; bad resistonce (execution time); slowness (running
speed); weakness (grip strength) ond low level of activity
(motor coordination) in five different ages: 17, 20, 23, 26 and
28 months of age. Each criterion had a designated cut-off
point to identify the mice with the lowest performance. Among
its results it con be uncovered that spontanecus life-long
exercise significantly delays frailty contrary to what happened
in sed y animals that b
Gomez-Cabrera et al, propose physical Inoctivity os an
experimental model for the study of frallry [27].
CONCLUSIONS

The concept of frailty is key in the context of geriatric care. It
has evolved from Linda P. Fried's phenotypic frailty model and
Kemnneth Rockwood's cumwlotive deficit del, crecting the
theoretical construct that hos allowed the understanding of the
processes that frallty Involves. Most authors agree that the most

fragile as they get older.

common dinical manifestations are an involuntary decrease in
body weight, strength and muscle strength, balance and gait
disturbances ond o decline in physical mobility. The study of
these clinical signs has allowed the understanding of the
processes that condition the loss of the capocity of adaptation
that elderly people present with frallty. The studies carried out
in humons have limitations due to the heterogeneity of the
syndrome, its monifestations involve affectation of several
orgaons and bodily systems making it multidimensional. Faced
with limitati inh tudies, preclinical

provide opportunities to provide this evidence empirically,
helping us to understand the mechanisms of frallty, Identify
potential biomarkers and explore interventions to modulate

studies in animals

and generate treatments for 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.

83




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

Translational modeling of psychomotor function in normal and AD-
pathological aging with special concerns on the effects of social isolation

Behavioral assessment

Bodyweight
Frailty score and Kyphosis Genotype

Gait
» DAY 2 Exploration Activity & *
Males s =
Geotaxis m:\)

13 months XTe-
3 DAY 3 Muscle strength SR

Rotarod — Motor learning, C}‘

Physical Endurance
3xTg-AD isolated

1 DAY1

=

DAY 4 Rotarod —Physical Endurance
DAY 5 Rotarod

%y}
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Translational Modeling of
Psychomotor Function in Normal and
AD-Pathological Aging With Special
Concerns on the Effects of Social
Isolation

Lictia Castilio-Mariqueo '* and Lydia Giméoaz-Liort '™

T e Neurcoercoas, Uhtversde Actdeuens oo Seceos, fSacatns, Soem * Dapurdonns of Pigafiaby o Fowes
Modome, Sovad of WMedone, Urnaeuled Adoooms on (rostrn, Dwookes, Somn

One year after the start of the COVIC- 18 pandemic, its secondary impacts can be
globuly coserved. Some of tham resull from physical dstancng and severe social
cortact restrictions by policies sl impused 10 stop the fast spread of new varaits
of this infectious dinsase. Paopls with Alhemer’s dissase (AD) and other damentias
can also be sgrdicantly attected Dy the reduction of ther actvty programs, the loss
ol partnars, and socinl adlation. Searching 1o the clcsast transiational scenano. the
increased mortality rates in mole 3xTg- AD mice modding advanced stages of the discaso
can providde a scenano of “ralursiistic isolation.” Our most recant work has shown s
Imoact worsening AD-cogritive and ernotional profiles, AD-brain asymvretry, and dicitng
hyperactivity and bizarre behaviors. Hee. we further investgiled the psychomocton
function through six ciffarent peychomotor analysis in a sat of 13-month-oid 3xTg-AD
mica and tholr non-transgenic counterparnts with normal aging. The subgroup of male
3xTg-AD mice that lost thar partners iived alone for the last 2-3 momths after 10
months of soclal 6. AD's functional ImItations were shown as increased physical fralty
phenotype. poor or deficient psychomotor parformance, including tizame betavior, iIn
varabies invahang mlommalion processng and decsion-raking (exploralory ativily end
spontancous galt), that worsened with sclation. Paradoxacal muscuar strength and
battér motor padomanca [encurance and leaming) was shown in vanabies relasted to
physical work and found enhanced by isclation, in agreement with the hyperactvity and
e aopoarance of bizare behavons provoualy reported. Desprte the isclstion, a dalayed
appearance of motor ceficits rolated 10 physical recistance and toloranco 10 axercise
was found I the 3xTg-AD mice, probably because of the interplay of hyperactivity and
mortadity/survivor bias. The transistion ol these results 10 the dinical setling offers & guide
10 gt wr ate Maxibie and personalzed rehsbiltalion strategies sdaplabie 10 the restrctions
of the COVID- 19 pandemic
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INTRODUCTION

The COVID:9 pandemic Is causing high morbidity and
dramatic mortality worddwide, Unfortunately, it has also put
pressure on healtheare systems and altered our Iifestyles, leading
1o many worrisome sccondary impacts (Brown et al, 20201,
Severe measures to curb its spreed have been adopted and are
still inplemented in the new waves, resteicting physical and social
contact between people, with the elderdy papulation belng among
the most atfectad (11 1 et al, 2020). Consequently, preventive
strategies and therapeutical interventions for older people,
such as promoting social activities, physical and environmental
stimulation critical for those with dementia, have been kept 1o o
mdnderam (Canevelli el ol 2020)

Physkeal activity i essential to contral symptoms and risk
factors for many discases (Warburton and Hredin, 2017). The
closures of gyms, swimming pooly, and exercise clubs, in addition
to laws Lmiting access to outdoor space and free movement,
have inevitably reduced opportunities to exercise or play sports.
Dcreaned phiysical activity bevels in many people miy increas
other unhealthy lifestyles, but it is also triggering 4 worsening
of the clinical symptoms of diseases, such as Alzheimers discase
(Lastenschlager ot al, 2008 Abate ot al, 020; Lara et al,
20200, Exercise is exsentinl to reduce sarcopenia, falls, and fall-
related Infuries in healthy older adults. Also, the cognitive,
cardlorespleatory, and muosculoskeletal benelits will e dieectly
affected by the cessatlon of s performance (Pulmor et al,
2020), The clostire of day centers has left those whose fragility
requires permanent rehabrilitation programs ét home, Therefore,
unprofessional home care may not be encugh to meet complex
diseases” neods and demands (Wang et oL, 2020),

Alhwioer's divease s o comples neurodegenerative e
that leads not only to hallmark cognitive Impairment but also
to psychomotor dysfunction (O'Leary et al, 2020), Thus, it
s one of the leading causes of disability and dependency
among older people worldwide, Due to their cognitive and
functional deficits, AD patients are vulnerable during crises,
espechally duddng dhe COVID-19 pundemic, and conlinement
seemy o affect nenropsychiatric symptoms In AD patients
with low baseline cognitive function (Boutoloau-Bretonnicre
et al, 20000 1t can be overwhelming for those atfected and
for thetr carcgivers and Tamilies, with very high pressure on
the dicect and indirect healtheare costs (Wang et al. 2020),
In the corment soestucio, people with AD ace a0 pertioulary
valnerable population due 10 their complex cogaitive and
peychomotor dysfunction (Verinden et al, 2011). Memory
problemy enbonce their ditheulties in understunding what i
happening (Lara el al, 2020, Wang et al,, 2020), This pandemic
further exacerbates their vulnerability due to morbidity and
wwrtulity Grom e vinus sl the pandemies Indivect effecis an
the health system and support nctworks on which they depend
(Brown o al, 2020), Some studien bave reported alterations
and exacerbation of cognitive and behuvioral symptams related
1o confinemyent and its effects on AD. Worening ol cognitive
symptoms, particularly of memory and oientation abilities, the
appestince 0 alterations, sach as agitation-aggression, apathy,
and depression, the most practical manifestations, have been
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detected (Boutoleau-Hegtonnibre et al, 2020; B1 Haf et al,, 2020,
Palmer et al,, 2020),

Therelore, despite the main  clinlcal characterintic of
Altheiner's disease i cognitive decline and impairment, motor
diorders, such as bradykinesia, extrapyramidal stifoness, and
galt disturbances are also significant, They will also be atfocted by
the limitations and restnctions dictated to contain and prevent
the COVID 19 pandemic (Abate ot al, 2020), More excellent
knowledge of these psychomotor dystunctions will contribute
to improving the actions to intervene on these deficiencies and
Impediments Dl restrict the independence amd sutonomy of
people and their environment

Like what happens in patients with AD, different mouse
models mimic psvchomotor deficiencies on o tranelstional
leved, These deficlencies Indicate discase progeession when they
Increase In severlty (Buchman and Bennett, 2011 Wagner
et al 2019), making them an essentiul phenotype for the
study of AD progression (O'Leary et al., 2008), The IxTg-AD
model (Oddo ot al, 2000) has been widely studied for the
impact of A and tau at differont study Jevels, from synaptic
plasticity to behavior (Espatia et el 2000) It mimics various
AD symptoms in a temporal and newroanatomical pattern
shrmblar o that observed in famans (Bellone of ol 2009). Aller
12 months, & neuropathological profile corresponding 1o the
diseases advanced stages can be obewrved (Oddo e al, 2003
Beltore ot al 2009), Thus, this model has made it possible to
carry out numerous baske rescarch studies o know the factors
related to the progression of the disease as well as preclinical
Investigntions thit seek 1o verlly the elfect of preventive amd
therapeutic therapies (Martind vl ol 2018),

Therefore, the current study  almed W explore  the
pavchomotor performance of 13 -month-old male N1g and
ITg-AD mice corresponding to normal aging and advanced
stages of Alzheimer’s disease, We have used o battery to evaluate
six ditferent paychomotor fumctiome spontuneors gail anlysis,
muscle strength, motor performance, the physical phenotype of
frailty, Also, we assessed the tmpact of wolation in a subgroup of
male 3% g AL muce that lost their partaers and, atter 10 months
of social lite, lived alone for the last 2-3 months,

MATERIALS AND METHODS

Animals

A total of fory-six homozygous WTg-AD (n = M| and non-
transgenic (NTg, n = 15) male mice of 13 months of age In @
C57HL/6) background (after embryo transfer and backcrossing of
at loast 10 generations) establivhed at the Universitat Autdnoma
de Barcehona (Bacta Corral and Glméner Llort, 2014) wete used
in this study. The XTg-AD mice harboring transgenes were
genwtically modified ar the Unlversity of California al Tevine,
as previously described (Oddo et al, 2005), Ankmals were kept
in groups of 3-4 mice per cage (Macrolon, 35 x 35 x 25¢m)
filled with 5em of clean wood cuttings (Ecopurg, Chipat, Date
Sand, UK; uniform cros-sectional wood granules with 2.8+
1.0 mm chip size) and nesting materials (Kleenex. Arti 08834060,
21 x 200m, White), In the current work, 7 of the 31 33Ty
AD mice had lost their cage mates and lived alone in their
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cage for 2-3 months, In all cases, standard home cages covered
with a metal gnd allow the perception of olfactory and suditory
stimuli trom the rest of the colony, All animals were kept under
standard laboratory conditions of food and water ad fib, 20 +
2°C, 12 h light cycde= dark with lights on al 800 a.m. and 50-60%
relative humidity.

Behavioral Assessment

Psychomotor behuvior was messurad in a behavioral battery
consisting of six consecutive steps: (1) Physical Frailty Phenotype,
(2) Spontaneous Gait Phenotypz Explorstory activity and
(3) Quantitative paramcters of gait), (4) Muscular Streagth:
Porelimb Grip Swrength und muscular endurance—Ilanger
test, (5) Motor performance: Leamming. Fhysical Encurance,
amd Coundinstion—Rolared, and (6) Hindiimb chaging and
Geotaxis. Assessments were performed under dim white light
(201z) during the light cyde of the light oycle: dark (10am.
to 1 pm.). Behavioral evaluations were carried out in 5 days
and a counterbalanced manner by obscrving two independent
observers blind to the genotype. The tests were carried out during
the moming 30 min were assigned 1o habituate the animals
in the test room befors starting the measurements. We made
the following distnbution: Day | —Physical frzilty phenotype
(body weight. kyphosis, alopecia. otc) and Zh later, it was
done spontancous gait analysis; Day 2—Muscle strength and
Motor perfonrance; Day 3—Hindlimb clasping and geotaxis. All
procadures followed the Spanish legislation on “Protection of
animals used for experimental and other scientific purposes” and
the EU Directive {2010/63/EU) on this issue. The study complics
with the ARRIVE guidelines devaloped by the NC3Rs and eims
to reduce the number of animals used (Kitkenny et al., 2010),

Physical Frailty Phenotype

Physical signs of frailty were identified through a physical
phenotype that indudes the following measorements: body
weight, body position, palpebral closure, piloersction, alopecia,
tail pasition, tremor, and kyphosis. These measurements were
mede before the ditferent tests that are described later. A score
of Il was assigned for normal aspects or 1 for abnormal aspects.
Besides, a photographic record was taken of each animal to
demuonstnite these physical sspects. Al wese measured geotads
and Hindlimb casping. Geotaxis was measured using & 10 x
12 am gnids the time it took for the amimal to reach the vertcal
position from en mverted posstion at a Y0 angle on the gnd was
recorded in a single trial 1lindlimb clasping closure is & marker
of diseiese progression and severity in severa! nearodegeneration
mudedy in mice We have induded the et described by Chaou
et gl (2008) and fllustrated by Guyenet et sl (2010), which
consists of holding the mouse by the tail near 1ts base, observing
the hindlegs’ position for 10z in three trigks. If the hindlegs arc
extended continuously outward. away from the abdomen, it is
scased with a 0, indicating aormality. i one o1 both hisdlegs are
retracted toward the abdomen for more than 55, a score of 1 and
2 are assigned, respectively. I it hind logs are fully retracted and
touching the abdomen for more than half the time, a score of 3 18
assigned, indicating greater soventy. After cach test, the animal is
given 30 = of rest.

Trrmations Paychormotor =ction o Dereentis ¢1 COVD 18

Spontaneous Gait Phenotype

To assess spontaneous gait, the mice were placed m 3 27.5 x
9.5 e transparent test box and observed during a total period
of 2 min,

Exploratory Activity

In trial 1, the latency to start the movement (taking as reference
the movement of the hind legs), the number of explorations
(visited corners), the latency and the number of rearing were
recorded Bizarre behunviors were identified during the execution
of the walk and classified according to our previons work {Rzeta-
Corral and Giménez Lior, 2014), Figure 2C shows the path of
the circiing trajectory of a representative animal During the tests,
defecation and urination were alw recorded.

Quantitative Parameters of Galt

Two | min trials were performed, and gait was recorded by
video recording from the anderserface (Cheng ot al. 1997). The
KINOVEA 8.26 free software was used to identify the metacarpal
an] metatarsal (ore amd hind legs amd perform the aualysis. The
quantitstive parameters were those describad by Wang 2t al
{2017), A representative animal is illustrazed in Figures 2A,B,

The forelimbs’ muscular strength was measured using the haager
test, which is hased on 4 mouses tendency 1o grasp a grid o
bar instinctively when suspended by the tail, The three trials
of the test (1min ITT) allow discriminating grip strength and
muscular endurance, according to the sespension times used
(Giménez-Llort et al. 2002]. In the fisst and sccond trials, grip
strength is ussessed holding on the animal with its front legs
for 55 at the height of 40 centimeters. In the thind trial, the
animal is suspended for 60 5 in a single attempt to assess muscular
endurance. A box with sawdust is placed under the animal to
protect it from a possible fall in both cases. The bar ased s
graduated in S<m blocks to obtain the distance covered when
the animal moves through the bars the latency and movament
distance are recorded.

Motor Performance —Rotarod

To assess motor learning, coordinetion, and endurance training,
mice were evaluated on the constant, accelerated. and rocking
Rotarod mode (Ugo basile™, Mouse HotaRod NG)L. The
apparatus consists of five 3om diameter cylinders, which are
suitably machined o provide grip. Siv 35cm diameter dividers
make for five Janes, each 57om wide, enable five mice 1o
be assessed on the rotor simultaneously. The height to fall s
16 cm. The mice were placed on the rod with their back to the
experimenter to measure motor learning. and the rod began
10 accelerate until it reached 10 rpm. The necessary tests were
carried out so that each animal was kept at least 605 on the
rod with | min of rest between each learning trial. To measure
the resistance of the animals. we used the protocol described by
Brown and Waong [2007) in which the mice are placed on the
rotating rod facing in the opposite direction 10 the movement of
the rod. with an acceleration of 0-48 rpm during a test of 6 min
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maximum. The test includes six trials with a [-min rest 1o sturt
eoch. A single test measured coordination in the devices rocking
mode until reaching 20 rpm with 10 revs, and this mode allows
rotations in both directions of the rod, In all tasks, the latency
achievedd by each animal was recordid.

Statistics

Statistical anolvses were performed using SPSS 23.0 software.
Results were expressed as the mean £ standard error of
the mean (SEM) for each task and trial. The factors were
analyzed with ANOVA, MRA, Student’s t-test, und Chi-square
or Fishers exact test. The magnitude of the ssociation win
measured with Bonferronk Variables that did not have a notmal
distribution were transformed using 2 square root to apply the
parametric statistical tests. In all cases, p < 0.05 was considered
statistically significant.

RESULTS

Inn the fiest place, we characterizad the genotypic differences in
psychamotor perfarmance of 13-month-old male 3xTg- AD mice,
an age mimicking advanced stages of the disease, compared 1o
age matched NTg mice with normal aging. Table | summarizes
the main results obtoined. where a clear ditference between NTg
(n = 15} and 2Tg-AD (i = 31) mice stands out. To verify our
bypothesis that the 3xTy- AD mice that recently lost their home-
cage partners exhibited ditferent psychomotor functions. the data
of 3xTg-AD mice was depicted in two subgroups, according to
their most recent housing conditions. Figures 1 6 also show
the tmpact of social isolation in the behavior asd psychomotor.
We analyzed the genotype differences and the effect of isolation
according o frailly pacameters (sev Table 2 and Figure 1) Our
results showed that the 3xTy- AD/ISO mice subgroup (2 — 7) had
a kigh motor performance in physical endurance and muscular
strength tests but low performunce in exploratory activity and
spontancous gait, considered basic dally fife activities,

Physical Frailty
Trn ikl gronspn, L aniemals hisd o bow prevalence of signs of feailty
(Table 2). [t must be pointed out that, at this middle age, the NTg
group presented overweight [Fry 455 = 23925, p = 0.000 (43 £
LB I, 35% (5/15) exhibited teemsor in the snterior or posterios
Limbs [X? (df 2). p-=0.003] and the sign of hindl:mb clasping with
a scale of mild and moderate severity [Fy 51 = 31355, p = 0,000;
pnm o 3T AD va NTy p = 0000, 3xTy-AD/ISO va NTy
= 0.000] (Figure 1A). No statistically significant differences
mtomdmmmnxh.bmamndofmmgum
performing the test more quickly was noted [INTg = 16,5 £ 59
IXTE-AD =95 £ 2.5 IxTg-AD/1SO = 70 + 1.2} (Figure IBL.
Also, 57% (4/7) of 3xTg-AINISO animals presented alopecia in
some arews of their body (X7 (0 1), p=0042]
Spontaneous Gait Phenotype
The sequence of behavioral events developed In the gait test is
detailed in Figure 2; the gait analysis of representative animaly
with normal and bizarre gaits arc illastrated in Figuree 3, wherou
quantitative gait indicators are depicted in Figure 4.
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Prymcal end rance (atuncy NEE I 1570 =958  *»
)
Coondination fstancy, 4l 1060 £ 209 A = 1'BD
Son 1400 1TOx0Ww *
Goomin toney, of B8 ENM dM0 .t ae

SRS NG TP @ Q0L P 4 Q0K D < 005 e - 005 v N7 e,

Since the beginning of the test, genotype dependent
differences were found in freezing behuvior since it was only
present in both groups of transgenic mice | Trial 1, Fisher (df 2),
P = 0.004; Trial 2. Fisher (df 2). p < 0.006}. Backward movement
and stretching were alios observed. These bizarre hebuvion were
eclicited in greater frequency in transgenic animals, with the
most frequent st recorded in the JTg-ADVISO group
[Trial 1, X* (df 2); p = 0,012]. Both types of movements indicate
the intention to exploee before traveling through o given space
(Figure 3D).
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On the other hand, the latency to initizte horizontal {freezing
lstency of movemant} in transgenic animals was increased
|Freezing {latency of movement), Fip o) = 7429, p = WK
post-hoc: 3xTg-AD ve NTg p = 0027, 3xTg-AD/ISO va NTg
p = 0.002]. Ia this varable, an cffect of isolation was shown
as 2 higher motion lalency than its group-housed irssgenk
counterpart [Students’ f-test, p — 0.015] (Figure 3A). In the
vertical actwvity, higher latency was shown in the 3xTg-AD groups
comparcd with other N1g mice [Resring: 5, o5, = 18860 p
= 0.000; posi-hoz: 3xTg-AD vs. NTg p = 0.000, 3xTg-AD/ISO
vs. NTg p = (.012] iFigure 38). Despite this could be due to
the presence of freezing, the tolal vertical (rearings epirodes)
and horizontal (crossings episodes! exploratory activity was also
lower mn both groups of transgenic animals compared 1o the NTg
group [N rearing, Fi» g53 = 50400, p =0.000; post-hoc: 3x1g-AD
vs NTg p = 0.000, 3xTg-AD/ISO vs. NTg p = 0,000, |N visited
corners, Fig a1y = 36322, p = 0.000; post-hoo: 3xTg-AD vs. NTg
1= 0000, 3cTg-AD/ISO 3x NTg p» = 0.000] (Figure 3C)

In addition, as illustrated in Figure 4, all the quantitative gait
indicators (stride length, varsability of stride, speed, and cadence)
showed alterations and deficits in displacement and trajectory
|Stride Jength, Fis g5y = 11552, p = 0.000; post-hoc: 3xTg-AD
vs. NTg p=0.000. 3xTg-AD/ISO vs. NTg p = 0.015], [Variability
ol siride, Fp g5 = 4714, p=0.014: penst-hoc: 33Tg-AD v NTg pr
= 0011}, [Speed, Fiy g5 — 14393, p — 0.000; post-oc: 3xTg-AD
vi. NTg p = 0,000, 3xTg-AD/1SO vs. NTg p = 0.002], [Cadence,
Fo as = 15341, p = U000, post-Rioc 3XTE-AD v Nig p=10.000,
2xTg-AD/S0 vs. NTg p = 0.001 | (Figures 4A-E). but not in the
anterion o1 posterion hase of support. which resained preservad
[Forelimbs: Py 45y =061, p=0772; Hindlimbs Fp_¢5, = 1651,
p = 0204] (Figure 4C), Increased defocation was reconded in
the 3xTg-AD group. reaching 11% of the episodes (X7 (df 2);
p=0 000}

Fruamees r Agrg | wen ot s ong

Muscular Strength

The assessment of muscle strength of the forefimbs, illustrated
in Fgure 5, showed & deficit in the Nig control group, while
the hizhest grip strength in the 3sTg-ADVISO group and the
muscular endurance in the IxTg-AD group, (Grip strength-
hlm‘y. Fll 5 = 12,958, P= 0.000; "ll\l-'k\‘ 3]Tgn\n R
NTg p — 0001, 3xTg-AD/ISO vi. NTg p — 0.000], [Muscular
endurance-latency, F g = 8622, p = 0.001; post-hoc: 3xTg-
AD vs. Nig p = 0001, 3xTg-ADASO vs Nig p = 0.016]
(Figures SA.C). In the samc way, the distance covered by the
animal while it was suspended was greater in transgenic animals
in the two wrength tasks [Grip-distance. Fg 45 = 5303, p =
0.009; posr-hoc: IXTR-AD/ISO vs. NTg p — 0.008]. [Encurance.
distance, Fiy g5 = 6113, p = 0.005; past-hoe: 3xTg-AD vi, NTg
p=0.004] (Figures 58.D).

Additionally, we have detected that the isolated animals have
¢ higher gnp and displacement force on this test than their
transgenic group-housed comnterparts [Grp sirength. Students’
f-4est, p— 0.007; Grip-distance. Students’ 1-1e5t, p — 0,018}

Motor Performance
In leaming and physical endurance tests, transgenic animals
motor performance was higher than that of NTg animals.
Trapsgenic animals needed an average of three trials to lzam the
test, unlike N'|'g antmals that roguired an average of ninc trials, 50
the latencies obtzined were consequently higher in the transgensc
group, albeit they did not reach statistical significance. [Trials
kearning, Fis o= 41824, p = 0.000: post-hoc IXTg-AD vs N1g
J = 0,000, 3xTg-AD/SO va. NTg p = 0.000] (Figures 6A,B)
Physical endurance, as well as learning was higher m
transgenic animals, with the 3x1 g- ALVISO group bemng the one
who achieved the best physical performance in the six trials
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[Phiysical endurance-latency. Fa g = 45507, p = (LO00: post-
boo. JxTg-AD w. NTg p = 0000, 3xTg-AD/ISO vo. NTg p =
0.000] (Figure 6C). [Physical endurance trial by trisl. MRA, F
= §5.515, r= 0000, [ANOVA T1-T6; T1: Fp o — 11304, r
= 0001 poar-hoc 3xTg-AD vi. NTg p = 0001, XxTg-ADVISO
v NTg p = 0.000; T2 Fiy oy = 15091, p = 0,006 pont hoc:
JaTg-AD va NTg p = 0.000, 3aTg- AD/ISO vs. NTg g = 0.000;
TX% Fig oo = 15788, p = 0000 post ko 3xTg-AD v, NTgp =
0.000. uTe-ADASO ex NTy p = 0000 peid-hoc: 2Ty ADASO
v SXT-AD p = 0035 Td: Fiy ) = 54453, p = 0,000, post-hoc:
ATg-AD v NTg p = 0000, IxTg-AD/ISO wx. NTg p = 0.000;
post hoc: 3sTg AD/SO vo. XTg AD p= 0024 T5: Fio oy =
37370, p = 0.000. posi-hoc 3xTg-AD va NTg p = 0000, 3xTg-
AD/ISO wx Nlg p = 00, Tk Fy g3 = 044, p = 0.000,
postboc 1Tg-AD v NTg p = 0000, Tg-ADVISO v NTg p
= 0.000] (Higure 6D))

Reparding the coordination messured m the rotarod, the
AT AD umals exhibwied higher latency than the NTg anmimals,
eaceeding 60 s in this test. In addition, there was a grester use of
spin or postural strategies 1o stay on the bar while turning in both
directions, [Coordination-bitency: Fy 4 = 878, p = 000K

Femenes 1 Agreg | v S o wn ong

post-hoe 3xTg-AD v NTg p = 0000], [Spin: Fiz o) = 3461,
p = 0.008: post-Iws: IxTg-AD va. NTg p = 0.010] (Figures 6E.F)

DISCUSSION

Ihe prosent work assessed the pivchomotor functions in male
mice with normal and AD-pathological aging and the impact of
“naturalistic bolation” in 2 sebgroup of 3cTg- AT mice. Male sex
was chosen to explore further the stronger sex-dependent motor
etfocts of aging reported in muale CS7RL/6 mice than in females
(Bacta Cormal 20d Giménez-Lloct, J015) and because 2t this age,
the singulanty of the natural polation scenano oaly occurs in
male 2xTg-AD mice a4 & result of their neuroimmunoendocrine
derangement and increased mortality rates (Gamener o ot &l

2008). The results indicated geaotype differences with paradox
better performance in motor variables involving more significant
phyucal work in xTg-AD animals independently of soqal
solation, and & delayed appearance of motor dehicits related to
physical resistance and tolerance to exercise in IxTg-AD mice
warvivors that remaimed isolated during 2-3 months. However, in
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the variables that involve information processing and decision-
making to petform a task (exploration and gain), these animals
exhibited poor or defictent performance that includes circling as
bizarre behavior.

Regarding the physical frailty phenotype. middle-aged NTg
animals were obese and presented tremors o the exlremities
accompanied by partial aopecia in some animals, [n the 3xTg-
AD mice. the frequency of alopecia was similar to that of NTg
animals, accompanied by a high, stiff tal that is associated
with alert and arousal in animals. Most IxTg-AD/150 animals
presented some degree of alopecia in their bSody, but normal
parameters were foumd dn the rew of the variables Unlike
results obtained by Kane et al. (2018), 3xTg-AD mice were more
tragile than NTg males, accompanied by higher mortality, This
was in agreement with our recent work in end of life scenarios
(Muntsant ot al., 2021),

On the other hand, geotaxis and buckling may indicate NTy
inimaly” alterations doe 1o body weight, like that observed in
rotarod, and lighter mice perform better than heavier mice
(Stover et al, 2015), In particular, the grip has been described
as an alteration of the extremities’ reflexes due 1o motor
coordinution deficits, neurological signs that resemble myoclonic
movements, epileptic seizures, or pathological reflexes that alter
gait (Lalonde et al, 2012) However, we have alreacdly shown in
male C37BL/6 mice that grip strengsh and prehensiiity are also

Froomons o AQng | www rormown oo
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sensifive to body weight and fat compesition associated with the
aging process {Raeta-Corral et al, 2048},

Frailty and dementia are clodely related and share similar
common risk factors, such as soclodemographic factors,
comarbidities, and lifestvle factors { Bechman et al, 2008, Wallsce
el al, 2008; Petermann-Rochn el al, 2020), According to (he
results obtained in human belngs in several studies, the decrease
in grip strength and a slow gait speed or the detenioration of
balance have been attributed to a worse cognitive condition
umong people with trailty, which contributes to the incidence of
dementia, including AD (L. 2002, Hanlon e al, 2018, Lim et al..
2018; Petermmann-Rocha ¢t ol |, 2020)

In this respact, it is noteworthy that the gait of the
3xTg-AD muce showed deficits similar to gait with an aging
pattern, accompanied by a series of bizarre bebaviors that ¢an
interfere with the trajectory and movement similar 1o that
reported by Muntsant and Gimdnez-Llort (2020a) in long-
term isolation in male mice. At the beginning of the sk
u long freering period is accompanied by a high latency in
the exploratory activity that intesferes with the horizontal and
vertical activity counts compared to the NIg group. This
neophobic response corresponids to one of the most sensitive
cthological behaviors of the 3xTg-AD phenotype detected in
previous stwdies (Gimenee-Llort el al, 2007; Gimenerz-Llo,
2000; Muntsant sod Gimenez-Llort, 202(a). Likewise, we can
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distinguish that the 3xTg-AD group-housed animals presented
several eptiodes in the horizontal and vertical components
slightly lower than the 3XTp-AD isolated animals, contrary to
what occurs in the movement latency at the beginning of the
test, wheee the inolated aniomals T AD took longer 10 perform
maovements, thus influencing the results of all quuntitative
geit parameters,

Bizarre bohaviors are mainly related o psychiatric and
neurological disordens (Giménes-Llort et al,, 2002; Raeta-Corral
and Giméner-Llort, 2004 Cordén-Barrhs ¢t al, 2016). In
previous studies, it has been reported that these behaviomn can
alsa be provoked when animals are subjected o unfamiliar
environments, mainly thoxe used to evaluate anxiety behavior as
a manifestotion or response of stress (Willner, 1991 Gimeénez
Liort et ol 2002, 2007), We described that is at the age of 6
months when the initial freezing response observed in IxTg-
AR and NTg animals of both aexes when assensed  under
anxiogenic conditions, such as the open field fest or the
comer test Is more lkely to be followed by the ellcitation
of bizarre behaviors (Boets Corral and Giménez Lloet, 2014),
During the tests, the animals exhibited behaviors considered
bizarte that were classified an stercotyped stretching, stereatyped
rearieg, backward movement, and jumping, apparently withoot
a purpose but considered coping-with-stress strategies In the
Mozeis water maze, a stressful scenario for mice, we have already
reported circling swimming behavior i 6 -month old 3xTg
AD mice (Custillo-Marlqueo and Glménee-Llon, 2019). The
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presence of this bizarre behavior worse with the progress of the
disease as 11 10 a distinctive swintming pattern in male SxTg
AD mice at 13 months of age, modeling advanced discase stages
(Bacta Corral and Gimenez-Llor, 2015), In the present work, the
renults cortohorate that when faced with navelty and recognition
of places, 3xTg-AD mice exhibit these behaviors, which delays the
appearance of horizontal and vertical exploration, Stretching and
circling were behaviors exhibited by tsolated animals, suggesting
that stretching behavior or risk assessment was sensitive 10
soclal conditions,

In the quantitative gait pacametens, 3xTg-AD mice shawed
deficits Tike galt with un aging puttern, accompanied by &
series of bizarre behaviors that can interfery with trajectory
and movement, as mentioned above. The gair analysis reported
by Brown's laboratory in [6-month-okd animals did not show
significant differences in the length or width of the stride between
genelypes or sesies (Carvock-de Maonthoun e al, 2019), whwereans
ut 6 months of age, the antmals exhibited a longer stride than NTy
milce (Stover et al, 2015), In the present work, we have detected a
decrense in all variables related to strade length in the transgenic
group (cadence, speed, and stride variability) without altering the
base of support of the front and rear extremities wre similar to
thowe detictid in the control gronp

Gult disorders in patients with AL have been described within
the group of disorders known as “frontal gait” and In particalar,
gait o AD has beea defined as "cautions gait” (Mirker and
Kotzenaschlager, 2017, Baker, 2014), At the same time, cautious
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geit occurs more frequently n patients with mild dementia
(Clinical Dementia Rating Scale: Hoghes CDR. stage 1). This gant
patiern is like the one observad in aging, and it may presset
a decrease in speed, stride length, and gxt postural stability,
which s manifested more specibcally in statw and dvnami
bakince, with 2 widened support base (Scherder « al, 20071
Dynarmic instability has abo been obser ved in mild and moderate
AD (Meshah ot 3l 2017]. In advanced AD stages. the disorder
becomes more promment, and the gait has been described s
“frontal gsit.” At this stage, the person has difficolties standing up
and postural maladjostments that prevent the change to difforont
positions in coordination with the segments, such as arms and
legs, causing difficulties to achieve & stable position (Muncoe et 3l
1017). It is complex to mimic
human motor disorders im mice, but we have detected some
amileriies m gait coxecutior. The onset of gait in bumans =
affected as occurs in Parkinson's discase, with bradykinesia, some
patients try to start gait by swinging the trunk [aterally or by

201k Pirker and Katzenschloger

vortess © AQNQ | e Sorte »

exaggerated movements of the arms, there & dragging of the
feet, but Bt dbappears afler walking 2 few stps with wint the
gt us».nﬂ}‘ improves (Beauches et 3l 2016 Montero-Odasso
and Perry, 2019). Ako, freezing oc freezing episodes can occur,
especially when turming and when facing obstacles | Muir o2 al
2012). Althoogh AD's clinical feature :s declining cognition. the
motoe signs that frequently sccompany AD often precede and
pradict AD's clinical diagnosis (Munoz et al. 7010} In 3xTg-
AD znimals, the bizarre behavicrs described above appear 10
be 2 translational approach to detecting the severity of the
psychomotor disorders presented in Alzheimer's discase, and
they differentiated the effects of social isolation

We have found significant differences in muscular strength
that indicate that 3xTg-AD animals have a comserved strength
in solation, and this is the Ent time this fnding has been
neported. Already at 6 months of age, Swver of ol (2015}
reportod that the 3x g AL mice had 2 lower strength than the
NTg mice at 16 months, Garvock-de Moatbrun ot al 12019
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found no significant differences, although the 16-month-old mice
were heavier than those of 6 months, his grip strength Jil
1ot decroase

It has been previouly reported that in humans, there 1 an
asoction between the pathology of AL in the cognitive regions
and the grip strength or grip strength (Buchma
2009). Also, the loss of strength and muscle mass is
frospoent in the aging even BMI and (railly are amociated with

) <
1 al Al &

Boyie et ol

ADs risk (Dol Moon 9)
anul strength are not redaind 1o each olher i the male and
fermale growps. In AD patients, large muscle mass does not mean
more Sgniicant power. A ample assessment of lower extremity
muscle strength s effectively predicted cognition than mass
muscle messurement in male parients (Mo "
15) reported that 6-month-old 3xTg-AD mice had
» higher motor performence in both sirength snd rotarod 1esis
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TABLE 2 | Prwsca malty phanctyps.

Physical trailty NTg 3xTg-AD
phenotype n=15 n=3
Eody waight 13=18g Wiy
Kyphasia - -
Alapeca W10 20%) 31 2%
Fexty pesinen - -
FPalpetinl closure -

Ficoraotion - -

Tal postkn - 4751 (V%
Tambikr 616 3% -

ANDA K> ™p < D01, %p < 00K “p <« QLS " p > D05 g, grootape, @, Hoddiv

than their NTg counterparts. In the current 13-month-old NTg
animals studied, we cannot rule out that body weight may be the
veriable that modines muscle strength as this group is made up
of obese animals, 50 it is necessary to contrast these results with
normal-weight animals.

The motor performance performed by the isolated 3xTg-
AD animals is even higher than the 3xTg-AD grouped animals,
which has allowed us to discriminate its effect in this gronp. At
the clinical level, exercise 15 a widely used therapeutic resource
o contribute to the trestment of the diseases syniptams and
improve patients’ quality of life with AD (Do et al, 2013;
Meng et al. 2020). Physical exercise is related to maintaining
an optimal cognitive state and adequate maintenance of the
meinly musculoskeletal end cardiovascular systems, making
it a protective factor of health (Fielding. 1995 Tuylor. 2014
Lunghasmer et al, 2018). Tn these animals. the practice of
exercise during the six trials studied shows an increase in physical
resistance as the test develops. This variable may indicate that
the basal phyzical state of these animals is optimal and that the
cffect of physical exercise enhances their performance, We can
highlight that although the roterod results indicate that mice
improved motor performance, they performed worse in other
tasks that relate 1o cognitive and affective variables, in agreement
with the hallmarks of the disease,

On the other band, the 3xTg-AD animals in the coordination
test carmned out in the rotarod reached & higher performance
without isolation effects. This group managed to stay on the
rotating e for mare than 1 min, perfarming an average of
two turns, reflecting the postural adjustment necessary to avold
falling from the bar, In conteast, in humans, it has been
shown that alterations in balance and coordination are clinically
demonstrable in people with mild cognitive impairment and
AD (Franssen ¢t al, 1999), These findings indicute that balance
control uspects deterionite with increasing severity of cogaitive
impairment and that executive function plays an essential role
in controlling balance and coordination (Franssen <t al, 1999,
Eggermont et al., 2010; Tangen et al, 2014).

One of the main ditferences concerning the genotype NTg
group may be due to changes typical of aging We know that
there is u functional decline as age increases. Alsa, there is a
slow and gradual sensory deterioration (Cavazzana et al  2018),

Frovoers 1 Agoy | wwer s s oy

Tovmationss Peychomcton #aoction in D medta in SOVID-10

IxTg-AD xTg-AD/ISO Statistics
n=24 n=7
kg U =08y et
VAN 47 HT™) L
A4 (FTW) - na.
- - . 3]

Studles of auditory, visual, and vestibular sensory deficits and
alterations in the C57BL/6 strain suggest a deterioration in these
systems, leading to tunctional and cognitive deterioration in this
group of animals. As & result, the impaired sensory system could
induce poor performance in some of the animaly’ tests (Shigs
et al, 2005; Vijayakumar et al., 2015), Besides, the obesity present
in animals can be interference to achieve optimal performance
in some tests, for example, those related to more excellent work
of physical resistance and muscular strength and deficits and
alteratinns, such as teemor together with hindlimh clasping. Same
studies indicate that this strain tends to develop severe obesity
if put on a high-fat diet (Brownlow et al., 1996; Williams et al,,
2003). Other studies point to obesity in C57BL/] animals as
one of the chenges associated with aging, in which the increese
in adipose tissue alters energy metabolism and cardiovascular
function (Krishona et al, 2016, Chu et al, 2017). Here, it is
interesting to note that in previous work, we have shown that
6-month-old CS7BL/6 with the same bodyweight but higher
fat composition due to d-galactose-induced accelerated-aging
exhibited reduced equilibrium, muscular strength, coordination,
and prehensility, and these effects were only found in male sex
(Bacta-Corral e al, 2018). T that work, the effects of accelerated
aging on balance, motor coordination, and learning were also
wested on an accelerating rotarod showing differences in the
number of training trals needed 1o learn to walk on the lane, and
the distance traveled once the task was kamed,

Social isolation, from this perspective of social deprivation,
would increase the vuloerability to stress episodes (Bartolomuc
et al, 2002). Studies carrded out In different mouse models
(Swiss CD-1, Tg2576, 3xTg-AD) point out that individually
houvsed mice show a reduced neophobic reaction and
decroased anxiety compared to group-housed mice {Dong
et al, 2004, 2008; Rothman et al, 2012), Furthermore. an
enxious anbmal shows o more significant latency to explore
the novel environment (Palanzs et al, 2001). Bartolomucc
et al. (2003) pointed out that when Swiss CD-1 mice are
challenged with a new stimulus, individunlly housed mice
respond with less fear and more extraordinary exploration
and Jocomotion than group-housed mice Similarly, we
have recently shown that nataralistic isolation in 3xTg-AD
elicited hyperactive patterns, as measured in both gross and
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fine-motor functions (Muntsant snd Gimenez-Llort, 20200).
Puthophysiology 1= cntical to ditferentiate the underdying
oxwchanisms that trigger these respoases. In the present
study, animals were left alive for monitoring until the more
advanced ages ol Bife, and therefore, the impact on (e HPA
axis and neuropathology could not be determined. However,
in our precedent work using the same “naturalistic isolation™
approach, solated 3xTg AD mice showed increased AD brain
asymmetry in the Rippocampus and cortical arezs, and the above
mentioned behavioral alterations were correlated to increased
hippocumpal 1au puthology  (Muntsant sl Gimeénes-Tlo,
2020a,b), Previous work in these findings in the literature
suggests that 3IxTgAD mice are more vulnerable than control
mice to chronic psychosocial stress, resulting in an exacerbation
of Af accumulation and impairy neurotrophic sgnaling
(Rothman et al, 2012). On the other hand, Tg2376 mice
exhibil increases in plasme corticosterone snd increases in the
expression of GR and CRFRI in the cortex and hippocampus,
in association with increases in the level of AB in brain tissue,
plaque deposition of AP, and atrophy of the hippocampus
(Dong er al., 2008),

In summary, we found standard and distinctive psychomotor
features between the narmal and pathological aging AD sanples
and the Impoct of the social Isolation scenario. We can
highlight the genotype factor and physical activity level as
& protective mechenism, although physical fmilty phenotype
indicators are present. While the 3xTg-AD mice showed
more significant deterioration in the physicel aspects, their
mwtor learning capacily remuined preserved. Additionally, hese
animals exhibited higher performance in exercise tolerance
and muscle strength tests, where the genotype seems to be @
defermining factor in general performance. On the other hand,
the “naturalistic isolation” studied here scemied 10 interfere
with motor performance, The presence of freezing ot the
beginning of tw exploriiory activity and spontansous gail
test was associated with Incressed functional limitation in this
group. On the contrary, the physical parameters; strength, and
physical performance in rotarod, epperently arc not sltercd,
showed a coincldence with hiyperactivity or anxiety, one of the
mnifestations of the advanced stages of AD.

These findings generale new hypotheses 10 study  the
underlying biological mechanisms and have been useful to be
applied in translational scenarios of geriatric rebabilitation
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Conclusion

1)

2)

3)
4)

5)

3xTg-AD mice showed more significant impairment in physical aspects, their motor learning
ability remained preserved.

3xTg-AD mice showed higher performance in exercise tolerance and muscle strength tests,
where genotype seems to be a determining factor in overall performance.

“Naturalistic isolation” seemed to interfere with motor performance.

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.

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

Kyphosis and bizarre patterns impair spontaneous gait performance

Behavioral Assessments
|

16-months
Genotype
z o 9N -
Spontaneous gait whah . Kyphosis
Bizarre gait pattern Postural
- - Structural
-
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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
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Abstract:

The shorter life spans of mice provide an exceptional experimental gerontology scenario. We previously
described increased bizarre (disruptive) behaviors in the 8-month-old 3xTg-AD mice model for
Alzheimer’s disease (AD), compared to C57BL/6J wildtype (NTg), when confronting new environments.
In the present work, we evaluated spontaneous gait and exploratory activity at old age, using 16-month-
old mice. Male sex was chosen since sex-dependent psychomotor effects of aging are stronger in NTg
males than females and, at this age, male 3xTg-AD mice are close to an end-of-life status due to
increased mortality rates. Mice's behavior was evaluated in a transparent test box during the neophobia
response. Stretching, jumping, backward movements and bizarre circling were identified during the gait
and exploratory activity, The results corroborate that in the face of novelty and recognition of places,
old 3xTg-AD mice exhibit increased bizarre behaviors than mice with normal aging. Furthermore,
bizarre circling and backward movements delayed the elicitation of locomotion and exploration, in an
already frail scenario, as shown by highly prevalent kyphosis in both groups. Thus, the transiational
study of co-occurrence of psychomotor impairments and anxiety-like behaviors can be heipful for
understanding and managing the progressive functional deterioration shown in aging, especially in AD.

Keywords: Alzheimer's disease; bizarre; exploratory activity; gait. 3xTg-AD mice; kyphosis.

1. Introduction

Alzheimer's disease (AD) Is a
neurodegenerative disorder characterized by a
progressive loss of cognitive, language, and
behavioral functions [1]. In addition, dementia
can have multifaceted clinical presentations [2].
Thus, a wide range of behavioral and
psychological symptoms of dementia (BPSD)
can manifest, reaching more than 80% in most
patients [3]. Therefore, BPSD requires great
efforts for caregivers and society in general [4].
The gap between the clinical characteristics of
this disease and its elicitation in animal models
entails great efforts by researchers to achieve a
replicable approach. However, they have
begun to be addressed in some of these models
in the last decade [5]. In this way, we described
early symptoms similar to BPSD in the 3xTg-AD
mouse model for the first time at 2.5 months of
age [5), and bizarre behaviors at 6 months of
age [6]. Subsequently, we described bizarre
behaviors In swimming performance in the
Morris water maze [7]. Thus, at 13 months of
age, It was possible to identify non seeking,
floating, and circling behaviors among

genotypes more precisely, the latter group
being the charactenstic behavior of 3xTg-AD
animais [7]. These findings were later
confirmed in a study conducted on 68-month-oid
male animals [8). Furthermore, these behaviors
are sensitive to environmental factors. Thus, we
recently reported that naturally isolated 13-
month-old 3xTg-AD male animals, as a social
isolation model, exhibit bizarre behaviors that
interfere  with exploratory activity and
locomotion in gait, with stretching and circling
behaviors being the most sensitive behaviors
exhibited by isolated animais [9],

In the clinical sefting, the recognition of
neurclogical disorders of gait, balance, and
posture are important to offer clues about the
underlying pathology, especially in those
patients with a dinical diagnosis who are in the
early stages of their evolution and who will
progress to more complex and disabling
disorders [10,11]. However, many clinicians
find these functional gait disorders difficult to
diagnose, as they are often seen in conjunction
with other functional movement disorders or
other neurological signs [10]. Specifically, in
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dementia, gait disorders have been described
as an alteration called 'cautious gait,' and it
occurs more frequently in patients with miid
dementia, while in advanced stages, the gait
disorder is called ‘frontal gait’ [12-14]. This gait
pattern is similar to that observed in aging. They
may present: decrease in speed, stride length,
and postural stability of gait, which is
manifested more specifically in static and
dynamic balance, with a widened base of
support [15]. Dynamic instability has also been
observed in both mild and moderate AD [12].
On the other hand, kyphosis is one of the
characteristic signs of animal models for Marfan
or Scheuermann disease [16,17]. It has been
described as a sign characterized by anterior
wedging of the vertebral bodies accompanied
by a variation in their height and its consequent
asymmetry at the thoracic level, increasing with
age [186]. Increased anterior curvature of the
thoracic spine in humans is typical in older
people and may result from changes at the
musculoskeletal and biomechanical level of the
whole body accompanied by geratric
syndromes such as frailty [18). Although it has
been reported that thoracic kyphosis is not
directly associated with physical function in
people over 85 years of age [19] its severity
can alter lung function [20]. However, there are
few reports of kyphosis in mouse models
asociated with gait or exploratory activity. In
female C57BL/6 mice, the loss of body mass in
senescence |s associated with the appearance
of other characteristics of the aging phenotype,
such as kyphosis, baldness and loss of coat
color [21].

The bizarre behaviors previously described as
manifestations of BPSD, we have considered
‘bizarre gait patterns,” and in this way, we have
transferred them to a functional analysis that
allows detecting abnormalities in gait and
exploratory activity. We have aiso selected
kyphosis as an indicator of severity (postural
and structural) and physical frailty that limits the
functional performance of 16-month-old male
3xTg-AD mice in an advanced AD stage
compared to non-transgenic (NTg) mice with
normal aging.

1. Materials and Methods
2.1. Animals

A total of twenty-one homozygous 3xTg-AD (n
= 11) and non-transgenic (NTg, n = 10) male
mice of 18 months of age in a C57BL/GJ
background (after embryo transfer and
backcrossing of at least ten generations)
established at the Universitat Autonoma de
Barcelona were used in this study. The 3xTg-

AD mice harboring transgenes were genetically
modified at the University of California at Irvine,
as previously described [22]. Animals were kept
in groups of 3-4 mice per cage (Macrolon, 35 x
35 x 25 cm3) filled with 5 cm of clean wood
cuttings (Ecopure, Chips6, Date Sand, UK,
uniform cross-sectional wood granules with 2.8-
1.0 mm chip size) and nesting matenals
(Kleenex, Art: 08834060, 21 cm x 20 cm,
White). All animals were kept under standard
laboratory conditions of food and water ad lib,
20 £ 2-C, 12 h light cycle: dark with lights on at
8:00 am. and 50-80% relative humidity. The
study complies with the ARRIVE guidelines
developed by the NC3Rs and aims to reduce
the number of animals used [23].

1.2. Experimental desing

A cross-sectional study was carried out to
evaluate the interaction between kyphosis,
bizare gait patterns with gait variables and
exploratory activity using a brief evaluation
battery applied prior to the euthanasia of the
animals. Measurements were applied to old
animals that met the end point criteria of
Reynolds et al., 1985 and Talan and Engel,
1986 [24.25].

2.3. Behavioral assessment

Behavioral evaluations were carried out in a
single day and balanced by observing two
independent observers blind to the genotype.
During the morning, the tests were carmed out;
30 minutes were allowed to habituate the
animals in the test room before starting the
measurements. The evaluation protocol,
bizare gait patterns, and physical phenotype of
fraity used here are recently reported in
Castillo-Mariqueo and Gimenez-Llort's 2021
study [9]. In addition, videos of gait were taken
for posterior analysis with KINOVEA 0.8.15 free
software.

2.3.1. Survival,
phenotype of frailty

Survival and mortalty ratios were analyzed
retrospectively, considering the cohort of
siblings from the same litter of mice included in
the study. A total of 32 male NTg and 3xTg-AD
mice Thus, a total of 32 homozygous 3xTg-AD
(n = 16) and non-transgenic (NTg, n = 16) male
mice were included for these analysis.

Kyphosis was differentiated into two types:
postural and structural. These were measured
during spontaneous locomotion in the housing
box, and later it was confirmed in the postural
inspection where the animal Is placed on a

Kyphosis and physical
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fence where it can be held from the front legs,
then small traction is made from the tail to
lengthen the body of the animal, and check the
degree of deformation at the thoracic level. A
score of 0 to 2 is assigned, where 0 indicates
the absence of kyphosis; 1 indicates postural
kyphosis, which disappears during the traction
of the tail, or during the march; 2 indicates
structural kyphosis, the one that is maintained
during the inspection and is confirmed during
the necropsy.

The physical phenotype of frailty includes body
conditions, body weight, alopecia, whisker loss,
piloerection, tremor, and others, and then a
score of 0 was assigned for normal
appearances or 1 for abnormal appearances
[26,27). In addition, a photographic record was
taken of each animal to demonstrate these
physical aspects.

2.3.2. Bizarre gait patterns and quantitative
parameters of gait

The gait of the animals on a transparent
housing box measuring 27.5 x 8.5 cm was
recorded by video and direct observation for
one minute. For the discrimination of bizarre
gait patterns, the trajectory in the path of each
animal was differentiated according to the form
of displacement, being possible straight,
scanning, or circling during more than half the
observation time or repeated over three
episodes in the case of circling. Then the
postural pattern of movement was
differentiated: normal, shrink, or stretching. And
finally, the rhythmicity or type of step in the
displacement was differentiated. rhythmic and
symmetric, skipping or backward movement.
These movements were visually analyzed
through videos and direct observation in the
path of forwarding displacement in the
transverse and sagittal planes, Their presence
or absence was recorded for each one.

The KINOVEA 8.15 software was used for the
quantification and analysis of the gait trajectory,
The quantitative parameters were measured
according to Castillo-Mariqueo and Gimenez-
Liorts 2021 protocol [9] and described
previously by Wang in 2017 [28].

2.3.3 Exploratory activity, geotaxis, quadriceps
and triceps surae muscles related to
sarcopenia

The exploratory activity was recorded during
the spontaneous gait test according to the
Castillo-Mariqueo and Gimenez-Llort's 2021
protocol [9] as well as 90° geotaxis. In addition,
the 45° geotaxis test was included to reduce the
degree of difficulty of the test and grant more

possibilities of registration in those animals
whose fragility is greater.

One hour after the evaluation of the
performance, the animals were sacrificed and
necropsied to extract the quadriceps and
triceps sural muscles, which were weighed
individually. The ‘sarcopenia index' [29] was
applied to obtain an indirect measure of
sarcopenia as a biological marker of frailty.

2.4. Statistics

Statistical analyses were performed using
SPSS 15,0 software. Results were expressed
as the mean % standard error of the mean
(SEM) for each task and trial or incidence in
percentage. The variables that did not present
a normal distribution were normalized with a
square root or were fractionated with Fractional
rank [30]. The variables were analyzed using
the Student's t-test and Chi-square or Fisher's
exact test. Correlations were analyzed with
Point-Biserial Correlation, The survival curve
was analyzed with the Kaplan-Meijer test

(LonRank). Statistical significance was
considered atp < 0.05,
3. Results

The animal cohort was analyzed from birth to
16 months of age of the animals (16 NTg and
16 3xTg-AD). Only male siblings from the same
litter belonging to mice meeting the endpoints
were considered. Log-rank analysis does not
show a significant genotype-dependent
difference [x2 (1) = 3.669, p = 0.055], although
it is possible to note a shorter lifespan in NTg
mice [mean survival days; NTg, 459.28 + 15.57,
Cl: 428.75-489.79,; 3xTg-AD 502.75 + 3.52, Cl:
49584 - 509.85). Additionally, we have
expanded the cohort by incorporating the
animals born in the same time interval into the
analysis, completing one n = 81 mice. The
results show a difference in the mortality of the
cohort, the 3xTg-AD animals reach 45% (26/58)
and the NTg 22% (5/23), despite not being
significant [x2 (1) = 0.968, p = 0.325], it shows
a longer lifespan cuts in NTg mice [Mean
survival days: NTg, 452.57 + 14.21, Cl: 424.72
-480.43; 3xTg-AD, 488.91 + 7.81, C|: 473,99 -
503.83,

The animals present similar indicators of frailty
in all variables without significant statistics. The
vanable of interest of the physical fraiity
phenotype, kyphosis, was 90% (10/11) of the
transgenic animals and 80% (8/10) in the NTg
group. Also, it Is possible to differentiate a
higher incidence in structural kyphosis, which
has been higher in 3xTg-AD animals with 81%
(9/11). The animals presented a similar body
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weight in both groups, reaching 27.8 + 1.0gin
the NTg animals and 27.1 + 1.1 g in the 3xTg-
AD mice.

There is also a higher incidence of the wound,
dermatitis, or prolapse in NTg animals that (eye
discharge 30%, dermatitis 20%, wound 50%,
and rectal prolapse 20%), unlike 3xTg-AD,
present a higher incidence of postural
alterations such as tail position (18%), body
position (9%) and kyphosis previously
mentioned, However, the high incidence in both
groups of piloerection stands out (NTg 80%,
3xTg-AD 54%), see Table 1.

On the other hand, as illustrated in figure 1, the
incidence of bizarre gait patterns exhibited in
the 3xTg-AD group reached 82% (9/10), and
those in the NTg group 40% (4/10) with a high
incidence in cirding that reached 36% (4/11)
followed by backward movement with 18%
(2/11) in ransgenic animals. In the case of NTg,
the behavior with the highest incidence was
stretching at 20% (2/10), see Figure 1A. In
addition, a decrease in stride length, cadence,
and speed was observed in quantitative gait
parameters in 3xTg-AD mice [stride length:
Student’s t-test p = 0.040; speed: Student’s t-
test p = 0.041; Mann Whitney U cadence p =
0.036), see Figure 1B, 1C, 1D, 1E. Also, the
correlation analysis between kyphosis and
quantitative gat parameters shows us a
statistically significant correlation in stride
length and speed [stride length: r2=-0.202",
p=0.040; speed: r2=-0.2680°, p=0018], see
figure 1F, 1G.

In the exploratory activity, genotype-dependent
differences were found where 3xTg-AD animals
take longer to start locomotion [freezing:
Student’s t-test p = 0.015]. See figure 2A. In the
same way, horizontal (comers) and vertical
(rearings) activity is decreased compared to the
non-transgenic group, which is significant in
horizontal activity [horizontal activity: Student’s
t-test p = 0.006; ratio: Students t-test p =
0.048), see figure 2B. Also, the rearing latency
was significant, being higher in 3xTg-AD mice
[rearing latency: Student's t-test p = 0.040].
There were no significant differences in
defecation and urine between the groups
[defecation: NTg, 0.6 + 0.3 bolis; 3xTg-AD, 0.5
+ 0.2; urination: NTg, frequency of 70% (7/10);
3xTg-AD frequency of 55% (6/11]. For his part,
45° geotaxis was statistically significant in
3xTg-AD mice, taking longer to complete the
test [geotaxis 45° Student's t-test p = 0.036).
No differences were detected at 90° of the test
See figure 2C.

Furthermore, bizarres gait patterns correlated
with horizontal activity [r2=-0.261%, p=0.018],
and vertical activity [r2=-0.191", p=0.047]. Also,
episodes de bizarres gait patterns correlated

with rearing latency [r2=0.338**, p=0.006), see
figure 2D, 2E, 2F.

As illustrated in figure 2G, differences In the
weight of the quadriceps muscle were detected,
being higher in the 3xTg-AD mice [quadriceps:
Student's t-test p = 0.028). This significance
was also obtained by applying sarcopenia index
[sarcopenia index-quadriceps: Student's t-test
p = 0.016]. The tripes surae muscle did not
show statistically significant differences.

4. Discussion

In this research, kyphosis and bizarre gait
patterns associated with functional limitations of
gait and exploratory activity were studied in
male 3xTg-AD and NTg mice at the age of 16
months. Although these behaviors have been
previousiy reported in the open field, gait tests,
and the Mormms water maze [6-9], this is the first
time confirmed in such an old age, using 16-
month-old animals. In this way, the results
comroborate that in the face of a novelty situation
and the recognition of place, old 3xTg-AD mice
exhibit bizarre behaviors, and most importantly,
they interfere with their locomotion and
spontaneous exploration, in an aging scenario
that already Includes kyphosis, an indicator of
frailty with high incidence in both groups,

The manifestation of bizarre behaviors in
anxiety tests suggests that these behaviors
could be related to coping with stress [6]. The
bizamre behavior patterns in 3xTg-AD mice from
6 to 13 months of age differ from NTg animals
and correlate with other anxiety behaviors,
locomotion, and emctionality [6,7]). However,
bizare behaviors can be heterogeneous and
with low incidence, which is a limitation to detect
genotype differences. Also, most of them
depend on sex, with females being the ones
that exhibited these behaviors to a greater
extent [6). Therefore, it is relevant that in the
present study using the male sex, we detected
circling and backward movements as the
behaviors with the highest incidence in old
transgenic animais mimicking very advanced
stages of the disease. Specifically, horizontal
and vertical exploratory activity were found
affected. Observing a correlation between the
presence of these behaviors called 'bizarre gait
patterns’ and a decrease in exploration with a
delay in the first episode of vertical exploration,
of which the 3xTg-AD mice are the most
affected in the horizontal exploratory activity
and the latency of movement, suggesting that
once these behavioral patterns appear, they
persist as the disease progresses.

On the other hand, previous studies of gait in
13-month-old male 3xTg-AD mice indicate
deficits that coincide with an aging pattern,
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accompanied by a series of bizarre behaviors
that can interfere with trajectory and movement
[9,31,32). Alteration in stride length decreased
speed and cadence in 3xTg-AD animals seem
to be the most sensitive variable, being even
modified by postural alterations such as
structural kyphosis in stride length and gait
speed. In the Tg2576 mouse model, ten-month-
old mice in the pre-plaque stage exhibited
significantly aitered duty cycle and step
patterns with decreased stride length and stride
time. However, base-of-support, stride time
variability, stride length variabllity, cadence,
phase dispersions, and gait symmetry indices
remain were unaltered [33],

Alternatively, it has been described that
spontaneous microhemorrhages appear in
rodent models of AD associated with a vascular
phenotype that could partly explain the
deficiencies observed in gait. Recent studies
have identified these age-related vascular
lesions as a factor that exacerbates gait
dysfunctions [34,35).

Additionally, the animals show similar frailty
phenotype alterations with some distinctions
regarding a higher incidence of posture
alterations In transgenic mice and injuries or
wounds in non-transgenic mice, both coinciding
with a high incidence of piloerection. It has
previously been reported that old mice will have
a subset of injuries as part of the natural
progressive deterioration of organ function that
defines normal aging [36-39), some of which
are not lethal, even meeting criteria for
euthanasia [36].

Due to the higher heterogeneity of the aging
process under normal and pathological
conditions, the survival curves are a must to
understand in which scenario the results are
referred to. Previously, an increase in the
vulnerability of 3xTg-AD mice associated with
the sex [40,41] has been reported, but more
recently, it has been reported that different
cohorts differ in their survival curves, with
females Independent of genotype being the
ones that have a life shorter than males [42]. In
our report, we have detected the opposite
scenario, where it seems that factors such as
frailty or kyphosis could play a different role in
normal aging. In the case of 3xTg-AD animals,
it could be due to 'survivors,' who, despite their
functional deterioration, reach more years of life
but with considerable functional limitations,
Also, we have determined the compromise of
functional performance when there s the
presence of kyphosis and bizarre gait patterns,
which point to a more significant restriction of
dally life functions and that in a transiational
way could be a cause of dependency In
humans. In addition, we can highlight that body

size and weight seem to be critical factors that
play a different role in aging, and their
interaction with frailty is fundamental for the
description of the scenario we are studying.
The results obtained in the gait of the 3xTg-AD
mice coincide with the results reported in
studies carmried out in humans. On the one hand,
gait deficiencies are associated with factors
related to the severity of the disease [43], and
specifically in stride length and speed, patients
with early AD walk more slowly and with shorter
steps than healthy older adults [44-46). Also,
kyphosis harms the elderly population [47] It
has been associated with adverse health
effects and increased mortality [48), it has even
been associated with an increase In the risk of
falls [49], so it seems interesting to us to be able
to investigate this variable and establish the
added limitations in the progression of AD.
Finally, we have observed a decrease in the
volume of the quadriceps muscle of non-
transgenic animals, without alteration in the
friceps surae muscle, which suggests that
despite greater fragilty at the aged animals'
muscle level it does not affect exploratory
activity or performance of the march that
remains preserved. These results are currently
under further investigation.

5. Conclusions

It is known that the causes of gait disorders are
diverse and multifactorial, which makes their
intervention complex. That is why any gait
disorder must be thoroughly evaluated to
determine the triggers and thus improve the
mobility and independence of patients in order
to prevent complications and at the same time
improve non-pharmacological rehabllitation
therapies.At the translational level, the present
study of psychomotor disturbances and anxious
behaviors provides evidence that besides
ciassical cognitive analysis, the assessment of
anxiety-like patterns and psychomotor
disturbances can be helpful to understand and
manage the progressive functional
deterioration related to aging and the nuances
in the AD scenario, with a translational value for
the older people, especially those with AD.,
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Tables
Normal aging AD-pathological aging
Conditions {n=10) (n=11) p value
1. Survival (mean + SEM days, 95% Confidence Interval)
Mortality ratio (Sibilings, n=32) 45028 + 1557 502.75 + 3.62 0.055
Cl: 428.75-489.70 Cl: 495,84 - 509 .65
Mortality ratio (Cahorts, n=81) 45257 + 1421 488.91 + 7.61 n.s.
Cl: 4247248043 Cl: 47399 - 503.83
2. Kyphosis (animals, %) 8 (80%) 10 (90%) ns
Postural 2 (20%) 1 (9%) n.s
Structural 6 (60%) 9 (81%) ns
3, Physical conditions (animals, %)
Body weight (g) 278+10 271+11 ns
Alopecia 3 (30%) 2 (18%) ns
Loss of whiskers 1(10%) 5 (45%) n.s.
Palpebral closure . . n.s.
Tall position - 2 (18%) ns
Postural body - 1 (9%) ns
Plloerection 8 (80%) 6 (54%) ns
Tremor 2 (20%) 5 (45%) ns.
Eye discharge/swelling 3 (30%) - ns
Dermatitis/eczema 2 (20%) . ns,
Wound (face, nose, or periorbital) 5 (50%) 5 (45%) n.s
Rectal prolapse 2 (20%) - n.s.

Kaplan Meler, LongRank p<0.05°, ns. p>0.005. X ns. p > 005,
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Figure 1. Bizarre gait patterns and kyphosis
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Figure 1. Bizarre gait patterns and kyphosis. (A) Bizarre gait patterns, the results are expressed as
incidences of episodes of bizares gait patterns (%), shrink, drag stretching, skipping, backward
movement, and circlin, Statistics: X?, ns. p > 0.05. Quantitative parameters of gait. Results are
expressed as mean + SEM, (B) Stride Length; (C) Variability of Stride Length; (D) Cadence; (E) Speed.
Statistics: Student's t-test, * p<0.05,** p <0.01, ***p<0.001, n.s. p > 0.05. Point-Biserial Correlations
analysis between kyphosis and bizarre gait patterns, Meaningful, Point-Biserial Correlation between
Kyphosis and (F) Stride length, and (G). Statistics: Pearson r2, * p <0.05, ** p < 0.01 and *** p < 0.001,

109




Figure 2. Exploratory activity, geotaxis and sarcopenia

nay
aw*

Exploratory activity and geotaxis
A Movement and rearing latency B. Exploratory activity C. Geotaxis

) Bfienzing Beming 8 60

*

s . _ e “ 1

g T g
2
I I I
NTg 3X7g-AD NTg ITGAD NTg NTgAD

Point-Biserial Correlations with bizarre gait patterns

D. Rearing Matency E. Carnershorizontal activity
S| o wpw o M
g Ri= 02338 u
40| 0008
20
o o
S0
Present
Eptsodes
Sarcopenia
G. Quadricops and triceps surse muscles related to sarcopenia
12 oQuadriceps @ Triceps surae
B
08
[ *
04
02
00
NTg IxTgAD

Figure 2. Exploratory activity, geotaxis and sarcopenia. Results are expressed as mean + SEM.
(A) Movement and rearing latency; (B) Exploratory activity, (C) Geotaxis; (G) Sarcopenia index-
Quadriceps; (D) Sarcopenia index- Triceps sura Quadriceps and triceps surae muscles related to
sarcopenia. Statistics: Student's t-test, * p < 0.05, ** p<0.01, *** p <0.001, n.s. p > 0.05. Meaningful,
significant Point-Biserial Correlation between bizarres gait patterns and (D) Rearing latency, (E)
Corners (horizontal activity), (F) Rearings (vertical activity) Statistics: Point-Biserial Correlation R, * p
<005 *"p<0.01and** p<0.001.
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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 naive 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. Inalongitudinal 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 (naive) experienced the test battery.
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Experimental design:

Impact of behavioral 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
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Abstract Longitudinal approaches for disease-monitoring in old animals face survival and frailty
limitations, but also assessment and re-test bias on genotype and sex effects. The present work
investigated these effects on 56 variables for behavior, functional profile, and biological status of
male and female 3xTg-AD mice and NTg counterparts using two designs: (1) a longitudinal de-
sign: naive 12-month-old mice re-tested four months later; and (2) a cross-sectional design: naive
16-month-old mice compared to those re-tested. The results confirmed the impact as (1) improve-
ment of survival (NTg rested females), variability of gait (3xTg-AD 16-month-old re-tested and
naive females), physical endurance (3xTg-AD re-tested females), motor learning (3xTg-AD and NTg
16-month-old re-tested females), and geotaxis (3xTg-AD naive 16-month-old males); but (2) worse
anxiety (3xTg-AD 16-month-old re-tested males), HPA axis (3xTg-AD 16-month-old re-tested and
naive females) and sarcopenia (3xTg-AD 16-month-old naive females). Males showed more func-
tional correlations than females. The functional profile, biological status, and their correlation are
discussed as relevant elements for AD-pathology. Therefore, repetition of behavioral batteries could
be considered training by itself, with some variables sensitive to genotype, sex, and re-test. In the
AD-genotype, females achieved the best performance in physical endurance and motor learning,
while males showed a deterioration in most studied variables.

Keywords: Alzheimer’s disease; aging; survival; anxious profile; functional profile; motor perfor-
mance; frailty; training; gait; kyphosis

1. Introduction

Specific motor skills impaired in old age include a broad and varied spectrum that
involves a reduction in gait speed, loss of strength and muscle mass, and decline of bal-
ance [1-2]. However, aging has become increasingly recognized as a potentially modifiable
risk factor for chronic disease and frailty [4,5]. The deterioration of motor performance re-
lated to cognitive dysfunction in Alzheimer’s disease (AD) has recently gained importance
in clinical research [6-Y9]. Particularly, gait impairment and its association with cognitive
impairment [10] could shed light on potentialities to distinguish AD [1]. Inclusive, higher
levels of AP and tau are associated with more significant memory decline, but not with
changes in executive function [11]. The study by Sperling points out that these results
could explain why some clinically active patients presented elevated tau and A levels [11].
Thus, AP and tau proteins can serve as markers of cognitive impairment; however, they are
insufficient and cannot detect all cases of dementia, especially in the early stages [11,12].
For this part, gait speed, for example, is longitudinally associated with cognitive decline,
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dementia, and falls in older adults [13,14], with slower gait associated with increased
fall risk and poor baseline cognition [6]. However, motor dysfunctions and deterioration
remain poorly explored. Consequently, functional and cognitive decline comorbidity is a
warmning sign for increased disability [8], a growing public health problem [15], and it is
already present at preclinical stages of Alzheimer’s disease [5].

On the other hand, aging is a frequent risk factor for different diseases, including
dementia [16]. Recently, in a review of the literature that examined the pathophysiological
basis and biomarkers of AD and other neurodegenerative diseases, it was pointed out that
the predisposing factors for neurcinflammation are aging, metabolic diseases, hypertension,
cerebrovascular accidents, depression and depression, dementia, among others [17]. In
addition, healthy aging would be associated with chronic inflammation, contributing to a
greater vulnerability to anxiety and depression [17]. Thus, cause—effect relationships can
become bidirectional in the pathogenesis of multifactorial diseases, leading to a disease-
prone state [18]. Age-related deficits in the ability to process contextual information and
regulate responses to threat, addressing that structural and physiological alterations in the
prefrontal cortex and medial temporal lobe determine cognifive changes in advanced aging,
which may eventually cause patterns of cognitive dysfunction seen in patients with AD
and mild cognitive impairment (MCI) [19].

Furthermore, it is known that AD is characterized by high heterogeneity in the dis-
ease’s manifestation, progression, and risk factors [20]. Such a high phenotypic variability
is considered one of the most significant obstacles in early diagnosis and clinical trial
design [20]. Therefore, there is great interest in identifying factors driving variability
used for patient stratification [2(0,21]. Additionally, the impact of sex on the disease varies
throughout its progression [22,23]. It is important to identify the role of sex differences
in the cognitive dimension if potentially more precise diagnoses and treatments should
emerge [24,25], but few studies have reported differences in the psychomotor functional
dimension of the disease.

In the last decade, at the translational level, the impact of interventions on age-related
disability, frailty, and the onset of AD has been investigated in animal models to develop
clinically relevant measures that provide indications for the approach and management of
disability, frailty, and illness [26,27]. In addition, genotype and sex differences in cognitive,
emotional, and locomotor performance have been studied at the preclinical level to assess
the effects of promising interventions before their application in clinical settings [28-30].

Recently, our laboratory has developed a study method to identify psychomotor
impairments and deficits at different stages of Alzheimer’s disease [31]. Previously, we
reported a functional impairment phenotype in male mice’s gait and physical performance
of the 3xTg-AD transgenic model in the initial, intermediate, and advanced stages of the
disease. The results showed that 3xTg-AD mice show a significant functional impairment
in the quantitative variables of gait and exploratory activity, movement limitations, and
muscle weakness related to functional decline in the different stages of severity of the
disease intensify with increasing age. In addition, signs of frailty accompany functional
deterioration, and sarcopenia is evident in an advanced stage of AD, with differences in
the morphological characteristics of muscle fibers and the number of fat cells [31].

Furthermore, we differentiate the disorders and postural patterns into two types of
kyphosis (postural and structural) that differ in severity and limit the exploratory activity.
In addition, the results indicated that the presence of bizarre gait patterns accounts for
behavior similar to anxiety when 3xTg-AD mice face novelty situations and recognition
of places, with circling and backward movements being the most frequent, in an already
frailty setting [32,33].

The present study was designed to investigate the impact of two factors, sex, and
repeated test, assessing the behavioral outputs of 3xTg-AD mice and mice with normal
aging in longitudinal and transversal experimental designs. According to our previous
work, a battery of psychomotor tests: gait, exploration, muscle strength, motor learning,
physical endurance, and frailty status, was used [31]. In addition, phenotype of frailty
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and biological status (HPA axis and sarcopenia index) was also included [32,33]. Thus, in
the first place, we studied the sex factor by characterizing the psychomotor phenotype
of middle—(12 months) and old—(16 months) age females, that in the 3xTg-AD mice
corresponds to two neuropathological stages of the disease [31], as compared to that
of aged-matched males. On the other hand, long-term studies provide better insights
for assessing interventions with preclinical validity, but the administration of behavioral
batteries is not exempt from carryover effects. In addition, behavioral batteries and repeated
tests can be considered behavioral stimulation [34]. Therefore, we aimed to investigate
the effects of repeated tests on the behavioral performance of animals assessed in two
scenarios: 1) in a longitudinal design, with within-subjects analysis of a set of 12-month-old
animals re-tested four months later, at 16 months of age; and 2) in a transversal design,
when comparing 16-month-old animals that had (re-tested) or not (naive) that experienced
the battery of tests.

2. Materials and Methods
2.1. Animals

A total of 191 male and female mice were included for the survival analysis, and
ninety-six of them, homozygous 3xTg-AD (n = 54) and non-transgenic (NTg, n = 42)
male and female mice of 12 to 16 months of age in a C57BL/6] background (after em-
bryo transfer and backcrossing of at least ten generations), established at the Universitat
Autonoma de Barcelona, were included in the experimental study. As previously described,
the 3xTg-AD mice harboring transgenes were genetically created at the University of
California at Irvine [35]. Animals were kept in groups of 3-4 mice per cage (Macrolon,
35 cm %35 cm %25 cm) filled with 5 cm of clean wood cuttings {Ecopure, Chips, Date Sand,
UK; uniform cross-sectional wood granules with 2.8-1.0 mm chip size) and nesting ma-
terials (Kleenex, Art: 08834060, 21 cm %20 cm, White). In all cases, standard home cages
covered with a metal grid to allow the perception of olfactory and auditory stimuli from
the rest of the colony. All animals were kept under standard laboratory conditions of food
and water ad libitum, 20 & 2 °C, 12 h light cycle:dark with lights turned on at 8:00 am. and
50-60% relative humidity. The study complied with the ARRIVE guidelines developed by
the NC3Rs and aimed to reduce the number of animals used [36].

2.2. Experimental Design

A longitudinal and a transversal study were carried out to evaluate the anxious-like
and functional profiles of male and female 3xTg-AD and NTg mice. Biological variables
(corticosterone and sarcopenia) of animals at the end point (16 months of age) were also
included. For this purpose, animals were randomly assigned into two experimental batches
(see Figure 1, Experimental design)

2.3. Behavioral Assessment and Biological Status

The assessment consisted of four consecutive evaluation steps conducted during
5 days, as follows: Day 1, bodyweight, phenotype scoring system, and frailty; Day 2,
gait and exploration; Day 3, geotaxis, muscle strength, and rotarod; Days 45, rotarod.
The procedures and protocol were based on the protocol used by Castillo-Mariqueo and
Giménez-Llort [31]. Assessments were performed under dim white light (20 Ix) in the light
cycle (10:00 am. to 1:00 p.m.). Behavioral evaluations were carried out in a counterbalanced
way by two independent observers, blind to the genotype. Animals were habituated to the
test room 30 min before the start of the tests,

2.3.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Ky phosis
Survival curves were analyzed considering the cohort of siblings from the same litter
of mice included in the study, from birth to 16 months of age. A total of 191 male and
female mice, NTg and 3xTg-AD were included in this analysis (NTg males = 49; NTg
females = 58; 3xTg-AD males = 50; 3xTg-AD females = 34). All animals were weighed and
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evaluated with the phenotype scoring system that includes four subtests and scores: ledge,
grip, gait, and kyphosis [37,28]. Individual measures were scored from 0 (the absence
of the relevant phenotype) to 3 (the most severe manifestation) [37]. The measures can
be analyzed individually or combined into a composite phenotype score [39,40]. On the
other hand, frailty was assessed using an adaptation of the MCFI by Whitehead [41],
which includes 30 assessment items from the clinical setting. The 12 elements with the
highest incidence previously reported by our laboratory were selected [42]. Their incidence
was reported through an absence (0), presence (1) score. The clinical evaluation included
physical aspects, injuries and wounds, alopecia, piloerection, body and tail position, tremor,
and urogenital alterations.

Impact of behavioral 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

12
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Figure 1. Experimental design. Longitudinal design: the first group was assessed in the behavioral
battery at the age of 12 months and again when the animals reached 16 months of age. Transversal
desigre the second group was housed in standard conditions without manipulation until they were
tested at 16 months of age, so they could be compared to re-tested 16 months old animals.

2.3.2. Quantitative Parameters of Gait, Neophobia, and Exploration

The quantitative parameters of the gait and exploration were recorded by filming the
spontaneous gait of the mice for 1 min. Later the videos were analyzed using KINOVEA
0.8.15 free software according to the Castillo-Mariqueo and Gimenez-Llort protocol [31].
Stride length, stride length variability, speed, and cadence were included according to the
methodology used by Wang et al. [43]. The examination included observation of body
position, limb support, and movement. In addition, neophobia (immediate fear of a new
place) was assessed by means of the corner test [44] and the recording of freezing (latency
of movement), the number of explorations on the horizontal axis (visited corners), the
latency and number of explorations on the vertical axis (rearings).
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2.3.3. Muscular Strength—Hanger Test and Geotaxis

The muscle strength was measured in the forelimbs using the hanger test. Three trials
were performed to observe the tendency of a mouse to instinctively grasp a rack or bar
when suspended by the tail. In the first and second trials, grip strength was assessed by
holding the animal with its front legs for 5 s at the height of 40 cm. In the third trial, the
animal is suspended for 60 s in a single attempt to assess muscular endurance. This test
allows discriminating grip strength and muscular endurance according to the suspension
times used by mice [45]. A box with sawdust is placed under the animal to prevent a
possible fall in each trial. The bar used is graduated in 5-cm blocks to obtain the distance
covered when the animal moves through the bar. The latency and movement distance are
recorded. Geotaxis was measured using a 10 cmx 12cm grid. A single trial registered the
time it took for the animal to reach the vertical position from an inverted position ata 90°
angle on the grid.

2.3.4. Motor Performance: Learning and Physical Endurance—Rotarod

Six micro training cycles were carried out during three consecutive days with a
previous learning session and psychomotor coordination. The animals were trained in
the Rotarod apparatus (Ugo basile®, Mouse RotaRod NG) according to a training volume
established in our previous research laboratory investigations [31]. An incremental intensity
of 5 to 48 rpm was applied according to individual tolerance with a maximum duration of
360 s in each microcycle with a 1-min recovery between trial.

2.3.5. Biological Status: HPA Axis and Sarcopenia Index

The animals were euthanized and the muscle tissues were necropsied. Plasma from a
blood sample was obtained by centrifugation and stored and —80 °C until corticosterone
analysis. Corticosterone content (ng/mL) was analyzed using a commercial kit (Corticos-
terone EIA Immunodiagnostic Systems Ltd., Boldon, UK). Absorbance was read at 450 nm
with Varioskan LUX ESW 1.00.38 (Thermo Fisher Scientific, Massachusetts, MA, USA) [42].
The weights of the quadriceps and triceps surae muscles of the right lower extremity of
each animal were recorded and kept for future analysis. The sarcopenia index [46] was
applied to obtain an indirect measure of sarcopenia as a biological marker of frailty.

2.4, Statistics

Statistical analyses were performed using SPSS 15.0 software. Results were expressed
as the mean + standard error of the mean (SEM) for each task and trial. The variables
recorded were analyzed with Student t-test, Chi-squared or Fisher’s exact test, one-way
ANOVA, and multiple regression analysis (MRA). The split-plot ANOVA design with
factors genotype (G), sex (S), previous experience either as a re-test (R) in the longitudinal
approach or as naive (N) in the transversal approach, were included. Their Gx§, GxR, and
SxN factor interactions were also studied. Post hoc comparisons were run with Bonferroni
corrections. Pearson’s correlations were made to analyze the functional correlations with
(1) corticosterone, (2) sarcopenia index, and (3) phenotype score system. The survival curve
was analyzed with the Kaplan-Meier test {Log rank). In all cases, p < 0.05 was considered
statistically significant.

3. Results
3.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis

Figure 1 shows the data obtained for survival, frailty score and postural and structural
kyphosis. Thus, the animal cohort was analyzed from birth to 16 months (16 months NTg
and 16 months 3xTg-AD). Only siblings from the same litter belonging to mice meeting the
end-points were considered. Log rank analysis showed statistically significant differences
dependent on genotype and sex (G, X (1) = 20.044, p < 0.001; 5, %? (1) = 33.531, p < 0.001),
see Figure ZA. In this way, it was possible to observe that females of both genotypes have
higher mortality than males, and that of them the NTg is even higher (days of average
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survival: Males, NTg = 445.05 £ 1575, CI: 414.16-475.94; 3xTg-AD = 505.57 + 13.04,
CIL: 480.01-531.13. Females, NTg = 343.60 & 15.39, CL: 31342-37378; 3xTg-AD = 442.76 + 1840,
CI: 406.69-478.83). In addition, the female NTg cohort reached 79% (46/58) of mortality
and 3xTg-AD the 50% (17/34) with ages 11 to 13 months having the greatest death. For
their part, NTg males reached 37% (18/49) and 3xTg-AD 24% (12/50), with 15 to 16 months
being the age of greatest death. During the follow-up of the animals that started the battery
at 12 months, 20 deaths were detected, the NTg males had 29% (4/14), the 3xTg-AD males a
20% (4/20), the NTg females a 35% (7/20), and 3xTg-AD females 31% (4/13), sce Figure 2A.
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Figure 2. Survival, frailty score, and postural and structural kyphosis. (A) Survival Statistics Kaplan-
Meier test—Log rank, G, genotype effect: x2 G*** p < 0.001**; S, sex effect: x2, S*** p < 0.001**,
(B) Frailty score, Statistics: ANOVA, G, genotype effect: G** p <0.01**, (C) Postural and structural
kyphosis. Statistics: Fisher’s exact test, G, genotype effect in males, G** p < 0.01%*; a, aging effect in
fenales: a** p < 0.01%. The symbol © indicates the absence of the group, and m, months.

In terms of frailty score, G effect were identified, the score is higher in NTg animals in
naive 12 months (frailty score, G, F (1, 62) = 11.159, p = 0.001), see Figure 2B. In addition,
the severity of kyphosis has been identified, thus, in males, a higher prevalence of postural
kyphosis has been observed, being higher in the case of NTg mice (severity, Fisher’s exact
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test df (15) = 24.403, p = 0.023. G effect, Fisher's exact test df (3) = 11.842, p = 0.004).
In the case of females, the highest prevalence of cases was also postural kyphosis, and
this increased in 3xTg-AD mice at 16 months, being the structural type disorder in this
group the one with the highest prevalence attributable to age (severity, Fisher’s exact test
df (12) = 22.900, p = 0.008. 3xTg-AD naive 16 months vs. re-test 16 months, Fisher’s exact
test df (3) = 16,137, p = 0.001), see Figure 2C.

Table 1 shows the phenotype scoring system obtained in males and females. Specifi-
cally, at naive 12 months, differences were detected in the gait, kyphosis, and total score,
with G effect in kyphosis and total score showing the high deterioration in the NTg group
(kyphosis, G, F (1, 62) = 13.329, p = 0.001. Total score, G, F (1, 62) = 4.078, p = 0.048). In
addition, there is an interaction of the Gx S in gait, with 3xTg-AD females and NTg males
presenting a lower (gait score, GxS, F (1, 62) = 7.776, p = 0.007). At the 16 months re-tests,
the difference in gait score is maintained without significant differences in the other parame-
ters (gait score, G S, F (1, 44) = 10.709, p = 0.002). In contrast to naive 16 months, differences
were observed in genotype and sex in the clasping score and gait, being measured the
genotype differences only in males and sex between the 3xTg-AD group (clasping score,
F(2,30) = 4.646, p = 0.017; male 3xTg-AD naive 16 months vs. male NTg naive 16 months,
p=0.019. G, in male group, T student t = —2.836, p= 0.012. §, in 3xTg-AD group T student
t=—2.138, p = 0.046). If we consider the change between the groups after the re-test, we
have detected differences in the different scores of the phenotype scoring system. The main
differences were detected in the total score, kyphosis and ledge score (re-test, total score,
F (1, 141) = 15,972, p < 0.0001. Kyphosis score, F (1, 141) = 14.596, p < 0.000 and G,
F (1, 141) = 5.159, p = 0.025. Ledge score, F (1, 141) = 10435, p = 0.002). In addition,
differences in total score, gait, kyphosis, and ledge score were detected between males,
with effect of previous experience and genotype (total score, F (5, 80) = 3.449, K= 0.007,
3xTg-AD naive 12 months vs. 3xTg-AD re-test 16 months, k = 0.031; R, F (1, 80) = 13.002,
p = 0.001. Ledge score, R, F (1, 80) = 7.447, p = 0.008. Gait, F (5, 80) = 4303, p = 0.002,
3xTg-AD re-test 16 months vs. 3xTg-AD naive 16 months, p = 0.003; 3xTg-AD re-test 16 m
vs. NTg naive 16 months, p= 0.003; R, F (1, 80) = 7.461, p = 0.008; and G, F (1, 80) = 5.560,
p = 0.021. Kyphosis score, F (5, 80) = 3.269, p = 0.010; R, F (1, 80) = 6.310, p = 0.014; and
G, F(1, 80) = 5225, p = 0.025). In females, differences were found in total score, kyphosis
and gait with effect of previous experience and genotype (total score, F (4, 60) = 2,800,
p=0034 R, F (1, 60) = 4517, p = 0.038; G, F (1, 60) = 4767, p = 0.033. Kyphosis score,
F (4, 60)=3.375, p = 0.015, 3xTg-AD naive 12 months vs. 3xTg-AD w-test 16 months, p = 0.050;
R, F(1, 60) =7.791, p= 0.007. Gait score, F (4, 60)= 2909, p= 0.029; G, F (1, 60) = 5632, p = 0.021),

Table 1. Phenoty pe scoring system.
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Statistics ANOVA, G, genoty pe effect, G** p< 0.01, p < 0.05, n.s p> 0.05. R, Re-test effect, R*** p < 0.001***,
R* p<0.01*, p<0.05*, ns. p>0.05 Gx§ genotype and sex interaction effect, Gx5* p < 0.01**, p < 0.05%, n.a
p> 005. Bonferroni post hoc test: g, genotype, g* p < 0.05% s, sex; $expmeaed genoty pe differences between sex,
8% p < 0.01%; & expressed differences between re-test groups, r** p < 0101%%, p < 005%; Sexpmssed genoty pe
differences between re-test group, r* p < 0.05%, and r%, between sex diffe
of the group.

120




Biomedicines 2022, 10,973

80f28

In bodyweight at 12 months was high in 3xTg-AD, and at 16 months it decreased in
females. In addition, males naive 16 months weighed more than re-test males at the same,
see Tables S1-S3.

3.2, Quantitative Parameters of Gait, and Neophobia and Exploration

Quantitative parameters of gait are shown in Figure 3. For naive 12 months, statistically
significant differences were observed in all quantitative gait variables. Stride length showed
differences in G and S, with the longest stride length in NTg males and 3xTg-AD in females.
This interaction was also observed in gait speed, high in NTg mice. At the same time,
the variability of gait presented differences associated with S, with females showing less
than males’ variability and, therefore a gait with more homogeneous steps in its trajectory.
Additionally, a genotype-dependent difference was observed in cadence, where NTg mice
show better performance in this variable with marked differences between males. In the
re-test at 16 months, this group registered a gait performance that shows the interaction
between the Gx S effect in stride length and speed, with the performance of 3xTg-AD
females being the one with the best performance in both variables. The re-test of this
group at 16 months showed differences in cadence, increasing its performance in the
group of 3xTg-AD mice of both sexes and decreasing in the NTg group, see Figure 3A-D
and Tables S51-53.

On the other hand, mice at 16 months did not show significant differences in quan-
titative variables of gait. Differences could only be observed between the re-test and a
naive group of males at 16 months in stride length, cadence, and speed, where the re-test
NTg mice presented a high performance in speed and cadence compared to the naive NTg
mice, 3xTg-AD re-test, and naive, but lower performance in stride length than naive mice,
In addition, differences were detected between the 3xTg-AD males and females in the
variable’s variability and gait speed, with the 3xTg-AD naive and re-test females showing
less variability than the 3xTg-AD males. This difference was also present in gait speed,
with a better performance of re-test females followed by naive 16 months females over
3xTg-AD males in both conditions, see Figure 3A-D and Tables 51-53.

For its part, the neophobia and exploratory activity presented sex differences in the
ratio visited corners/rearings, being higher in females of both genotypes, see Figure 4.
This difference was maintained at re-test 16 months, with the higher ratio in females. In
addition, the ratio in MRA of the groups showed an interaction between G xS, indicating a
lower performance in 3xTg-AD re-test males at 16 months and higher in re-test females,
see Figure 4B and Tables 51-S3.

As in gait, no significant differences were detected in exploratory activity between the
naive 16 months group. However, in contrast to the re-test males at 16 months, the naive
males presented high vertical activity than the re-test, see Figure 4C,D. Between the group
of 3xTg-AD mice, S effect was identified in vertical activity, where naive males presented
higher activity,. Movement latency was also lower in naive males, but the same was not
observed in 3xTg-AD females, see Figure 4A and Tables 51-53.

3.3. Muscular Strength: Forelimb Grip Strength and Muscular Endurance—Hanger Test and
Response to Gravity: Geotaxis

Lower muscle strength can be observed in the resistance distance in the 3xTg-AD
animals at the age of 12 months, which, despite not showing statistical differences, shows
a trend with less strength in the 3xTg-AD males. No statistically significant differences
were detected in the rest of the variables, although a worse performance of the animals was
observed, see Table S1. At 16 months re-test and 16 months naive, no significant differences
were detected.

On the other hand, significant differences in geotaxis were detected. The group of
3xTg-AD male took longer to complete the test in the re-test 16 months group in contrast
to the 12 months and naive 16 months group, see Figure S5A. Notably, at 16 months in
the re-test group, an interaction was observed between the G xS of the animals, showing
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more significant latency in 3xTg-AD males and NTg females. G xS interaction was also
observed between the group of naive 16 months 3xTg-AD mice. In addition, there was an
interaction between the G xR was detected among male mice at 16 months in contrast to
naive mice of the same age, with the test time being shorter in naive mice, see Figure 5A
and Tables 51-S3.
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Figure 3. Quantitative parameters of gait. (A) Stride length, (B) variability of stride, (C) speed, (D)
cadence. Statistics: ANOVA, G, genotype effect, G** p < 0.01%, G*p < 0.05%, §, sex effect, S*p < 0.05*,
GxS, genotype and sex interaction effects, GxS* p < 0.05% R, re-test effect, R* p < 0.05*. N, naive
effect, N*p < 0.05% a, aging, a** p< 0.01**. Bonferroni post hoc test: g, genotype; s, sex; $expressed
genoty pe differences between sex, and # expressed sex differences between genotypes. The symbol
© indicates the absence of the group, and m, month.
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Figure 4, Ethogram of Neophobia and Exploratory activity. (A) Freezing, (B) horizontal activity,
(C) rearing latency, (D) vertical activity. Statistics ANOVA, 5, sex effect, S* p < 0.05; G xS, genotype
and sex interaction effects, GxS* p < 0.05*. N, naive effects, naive at 16 months 5. re-test 16 months,
N*p <0.01*, N*p < 0.05*. NxS naive and sex interaction effects, NxS* p < (.05, Bonferroni post
hoc test: s, sex; and # expressed sex; differences between genotypes. The symbol © indicates the
absence of the group, and m, month.
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Figure 5. Geotaxis and motor learning—rotarod. (A) Geotaxis, (B) latency, (C) trial's learning,
Statistics: ANOVA, G, genotype effect, G* p < 0.05. § sex effect, 5** p < 0.01, S* p < 0.05. R, Re-
test effect, naive 12 months and re-test 16 months, R p < 0.01**, R* p < 0.05%. G xS, genotype
and sex interaction effects, GxS* p < 0.01*, GxS5* p < 0.05*. GxR, genotype and re-test effects,
GxR* p < 0.01*, GxR* p < 0.05*. Bonferroni post hioc test: g, genotype, s, sex, 1 re-test naive
12 months vs.16 months, and n, naive 16 months vs. re-test 16 months; $expressed genotype, and
#expressed sex differences between genotypes. The symbol © indicates the absence of the group,
and m, month.
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3.4. Motor Performance: Learning and Physical Endurance—Rotarod

The learning and motor performance tests in the Rotarod showed significant differ-
ences associated with different factors depending on the test or the group studied, see
Figure 5. Among the males, significant differences were detected in learning and the
number of trials between naive and re-tests at 12 months and 16 months. In females,
differences were detected in 3xTg-AD of 12 months and 16 months re-test and naive, see
Figure 5B,C and Tables 51-53. In turn, for motor learning, the Seffect plays an important
role since females manage to learn earlier than males and spend more time on the wheel
during the test at 12 months. At the re-test 16 months, the S effect was maintained in the
number of trials, but in learning the G effect and G xS became important. In the same way,
when performing MRA in the groups naive at 12 months and re-test at 16 months, the S
effect was the one that marked the statistical difference, see Figure 5B,C and Tables 51-53.
Nevertheless, there were no significant differences between the naive 16 months group.
However, between the re-test 16 months group vs. the naive 16 months, differences were
detected between males, where the R and G effects were significant. In addition, significant
differences were also detected between the 3xTg-AD group, where the differences in S and
R effects were the ones that obtained significance, see Figure 5B,C and Tables S51-53.

At the same time, it is possible to differentiate physical endurance according to the
interaction of G and S in the naive 12 months, re-test 16 months, and naive 16 months
groups, see Figure 6. The NTg males have a physical endurance similar to that of 3xTg-
AD females, followed by NTg females and finally 3xTg-AD males, whose performance
is low and does not improve with training. This difference persisted in the re-test at
16 months. In males, differences were also detected in the physical endurance and each
training days, with significance in the age of the NTg animals and the effect of Re-test in
3xTg-AD and the NTg (see Figure 6A and Tables 51-53). In addition, on the first day of
training, it was observed that 3xTg-AD males showed differences in R and aging effect
among naive mice (see Figure 6B, and Tables 51-53). On the second day of training, the
difference in G at 12 months and the effect of aging in the naive 3xTg-AD group stand
out. The changes observed on the third day of the test were recorded at 12 months, where
the G has statistical significance and the R only in NTg group. For females, physical
endurance was higher in the 3xTg-AD group. The re-test 16 months group had high
latencies (see Figure 6A and Table 52). Differences were observed on Day 1 and Day 3,
with differences was in the 16 months re-test NTg group and aging effect in the 3xTg-AD
group (see Figure 6B and Table S3).

On the other hand, differences in genotype and sex were detected in the 12 months
group (see Figure 6A and Table S1). In the 3 days of training, differences in effect were
detected, with G distinction only on the second day (Figure 6B, and Table 51). Additionally,
at 16 months in the re-test group, differences in G xS were recorded in physical endurance
(see Figure 6A and Table 52). Days 2 and 3 showed differences in G x5, with no signif-
icant differences on the first day (see Figure 6B and Table 52). The re-test of this group
corroborated the differences in G xS of the batch at 16 months (see Figure 6B and Table S2).
However, at 16 months, groups of naive mice did not show significant differences in this
test. Yet, when comparing the re-test and naive mice at 16 months, significant differences
were detected between the group of males in physical endurance and the performance of
Days 1 and 3 (see Figure 6A,B and Table S3). In addition, among the group of transgenic
mice, differences in sex and re-test were detected between the groups, with the performance
of the females being higher (see Figure 6A,B and Table S3).
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Figure 6. Physical endurance—rotarod. (A) Latency, (B) day by day, (C) trial by trial. Statistics:
ANOVA, MRA-ANOVA, G, genotype effect, G** p< 0.01, G* p < 0.05. 5, Sex effect, 5*** p < 0.001**,
S**p < 0.01%, S* p < 0.05. R, re-test effect, naive 12 months vs. re-test 16 months, R*** p < 0.001*%,
R* p< 0.01*, R* p < 0.05%. GxS, genotype and sex effects, GxS* p < 0.01*, Gx5* p< 0.05*. SxR,
sex and re-test effects, SxR* p < 0.05%. Bonferroni post fioc test: g, genotype; s, sex; & re-test, naive
12 months vs. 16 months; n, naive, naive 16 months vs re-test 16 months; $ expressed genotype, and
# expressed sex differences between genotypes. The symbol ® indicates the absence of the group,
and m, month.
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Furthermore, considering MRA between the groups, we can differentiate the effect
of G, 5, and R in the day-by-day and trial-by-trial tests, Table 54 shows the statistical
differences from Figure 6C. The MRA analysis between males on Day 1 showed differences
in G and S, see Figure 6C. It was observed that the NTg retest males improve with the
repetition of the trials as well as the 3xTg-AD, but these do so to a lesser extent, and
both the 12 months and 16 months naive males have lower performance than retest. On
Day 2, the genotype effect was observed here. The naive 12 months NTg mice and the
retest 16 months show a high latency in the test that increases with the execution of the
trials. Naive 16 months 3xTg-AD mice show the best performance within this group. In
addition, the MRA trial-by-trial showed the differences in each trial and the animals’ G and
R differences Here, itis highlighted that the first day plays an important role in the retest
and then the differences of genotype. Also, among the females, significant differences were
recorded in MRA trial by trial, with the 3xTg-AD retest of 16 months being the ones with
the highest performance during all the test days. On the first day of training, differences in
performance were obtained between the naive 12 m NTg females and their retest 16 months,
with a higher latency between the 16 months 3xTg-AD retest (Figure 6C). The second day
of training did not record differences between the females, but on the third day, the highest
performance of the 3xTg-AD retest 16 months was observed again.

Additionally, it is possible to differentiate females from males in the 3xTg-AD group,
with females showing better performance in all tests. Thus, on Day 1 the mice differ in
S and R. On the second day, the differences obtained on Day 1 are maintained, but the
difference in the gender factor increases between the groups. On the third day, itis only
possible to differentiate the gender factor between the groups. Specifically, the differences
between the different factors have been identified in each trial. Thus, we can highlight
specific differences be-tween the groups as detailed below on supplementary data for males
and females. In addition, differences between 3xTg-AD males and females were detected
in the following trials (see Figure 6C and Table 54).

3.5. Biological Status: HPA Axis and Sarcopenia Index

Higher differences were found in the corticosterone level in the re-test group compared
to the naive group (corticosterone, F (6, 70) = 9.817, p < 0.001 post hoc: male 3xTg-AD naive
vs. female 3xTg-AD naive p < 0.001, male NTg naive vs. male NTg re-test, p = 0.001). In
addition, between group of males, the interaction of N had a lower level of corticosterone
in the naive group (N, F (1, 47) = 25.163, p < 0.001). In the 3xTg-AD group of animals, S
effect and Sx N interaction effects were differentiated (S, F (1, 42) = 16.456 p < 0.001. SxN,
F (1, 42) = 4.243, p = 0.046), see Figure 7A.

The weight of the quadriceps and triceps sural muscles showed statistically significant
differences (quadriceps, F (6, 70) = 3.203, p = 0.008, Triceps surae, F (6, 70) = 7.126, p < 0.001,
post hoc: male naive 3xTg-AD vs. female naive 3xTg-AD, p < 0.001; female naive 3xTg-AD
vs. female re-test 3xTg-AD, p = 0.022). In addition, differences in the N effect were detected
in male group, so, the muscle weight being greater in the naive group in both muscles
(quadriceps, N, F (1, 46) = 8.965, p = 0.005. Triceps surae, N, F (1, 46) = 7.267, p = 0.008).
In the group of 3xTg-AD mice, differences in S and N were detected in the triceps surae
muscle, the quadriceps muscle did not show significant differences in this analysis (triceps
surae, 5, F (1, 44) = 14.955, p < 0.001. SxN, F (1, 44) = 6.998, p = 0.012), see Figure 7B,C.

In the sarcopenia index, significant differences were observed in sarcopenia index-
triceps surae (sarcopenia index, F (6, 70) = 3.158, p = 0.008, post hoc: male naive 3xTg-AD
vs. female naive 3xTg-AD, p < 0.001; female naive 3xTg-AD vs. female re-test 3xTg-AD,
p = 0.022), see Figure 7E.

Furthermore, corticosterone levels were correlated with different variables, detecting
a different correlation between males and females. In males, a negative correlation with the
muscle weight of the quadriceps and triceps surae stands out, and a positive correlation
with the variables, phenotype scoring system, frailty score, cadence and physical endurance
on the first day (quadriceps, r? = (-) 0.141, p = 0.008; triceps surae, r> = (-) 0.098, p = 0.03).
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Figure 7. Biological status: HPA axis and sarcopenia index. (A) HPA axis, (B) quadriceps muscle
weight, (C) triceps surae muscle, weight, (D) sarcopenia index—quadriceps, (E) sarcopenia index—
triceps surae. Statistics: ANOVA, 5, sex effect, 5* p < 0.01**, N, naive, naive 16 months vs. re-
test 16 months, N*** p < 0.001***, N** p < 0.01**, SxN, sex and naive effects, SxN** p < 0.01*,
SxN*p < 0.05%, Bonferroni post hoc test: s, sex; e naive, naive 16 months vs. re-test 16 months; and #
expressed sex differences between genotypes, s**, p < 0.001* . The symbol © indicates the absence
of the group, and m, month.

Phenotype scoring system, r? = 0.182, p = 0.002; frailty score, r* = 0.119, p = 0.016; Ca-
dence, r? = 0.092, p= 0.036; Physical endurance day 1, 12 =0.190, p = 0.002), see Figure SA-F.
In females, a positive correlation between corticosterone with performance in the rotarod
on total, the second and third day were detected (physical endurance—total, 2 =(0.143,
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p = 0.039; physical endurance Day 2, r? = 0.157, p = 0.03, physical endurance Day 3,
? =0.168, p = 0.024), see Figure 8G-L
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Figure 8. Functional corticosterone correlations in males and females. Pearson’s Correlations anal-
ysis of corticosterone in males and females. Meaningful, Pearson’s correlation in males between
corticosterone and (A) quadriceps, (B) triceps surae, (C) phenotype scoring system, (D) frailty score,
(E) cadence, and (F) physical endurance Day 1. Meaningful, Pearson’s correlation in females be-
tween corticosterone and (G) physical endurance—total, (H) physical endurance Day 2, (I) physical
endurance Day 3. Statistics: Pearson 12, *p < 0.01, *p < 0.05.

In different way, only in male, functional correlations with sarcopenia index were
detected. Thus, sarcopenia index-quadriceps correlations with physical endurance Day 1
and Day 2 (sarcopenia index-quadriceps—physical endurance Day 1, r? = 0.190, p = 0.002.
sarcopenia index—quadriceps—physical endurance Day 2, r? = 0.084, p = 0.048). In ad-
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dition, sarcopenia index-triceps surae correlation with the number of horizontal explo-
rations (visited corners) (sarcopenia index-triceps surae—corners, = (—)0.099, p =0.029),
see Figure 9A-C.

Functional correlations with Sarcopenia index
A, Physical endurance day 1
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Figure 9, Functional correlations with sarcopenia index. Meaningful, Pearson’s correlations analysis
of sarcopenia index. Meaningful, Pearson’s correlation between sarcopenia index quadriceps and
(A) physical endurance Day 1, (B) physical endurance Day 2. Sarcopenia index, and triceps surae
and (C) horizontal exploration—visited corners. Statistics: Pearson 12, **p < 0.0, *p < 0.05.

On the other hand, males and females had a negative correlation between phenoty pe
score system and functional variables. In the case of males, a negative correlation was de-
tected between stride length and the phenotype scoring system (stride length—phenotype

scoring system, r2=(-)0.178, p=0.003). In females, a negative correlation is observed
with physical endurance—total (phenotype scoring system, = (—) 0.208, p = 0.011),
see Figure 10A,B.
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Figure 10. Functional correlations with phenotype score system. Pearson’s correlations analysis of phe-

notype score sysiem. Meaningful, Pearson’s correlation between phenoty pe score systiem and (A) stride

length in males, and (B) physical endurane—total in f2males. Statistics Pearson 12, *p < 001, *p <0.06
There is the summary of results in Table 2.

Table 2. Summary of results.

Genotype Factar (G) Sex Factar (S) Re-Test Factor (R) Naive Factor (N)

1 deficits 3xTg-AD group

| deterioration in 3xTg-AD
males in the total score

¥ 3. Tg-AD males ot 16 min the
m—test

Phenotype
scoring system
Frailty

t AxTg-AD males increased the

Kyphesis
eV in the —-test at 16 m.
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Table 2. Cant.
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4. Discussion

Recently, we developed a battery of psychomotor tests that include gait, neophobia
and exploration, muscle strength, motor learning, physical resistance, and frailty status [33].
The results, in males, indicated that 3xTg-AD mice exhibit a more significant functional
impairment in the quantitative variables of gait and exploratory activity than age-matched
NTg counterparts with normal aging. The presence of movement limitations and muscle
weakness was determinant for the functional decline related to the stages of severity of
the disease that worsened with age. In addition, we detected the presence of signs of
physical frailty, which accompany the functional deterioration of these animals. The signs
of sarcopenia were present in an advanced stage of AD [31,32]. Therefore, the presentstudy
was designed to investigate, for the first time, several aspects: (1) from a gender-medicine
perspective, the impact of this functional impairment in 3xTg-AD females as compared
to males; (2) the long-term effects of repeated test, either in longitudinal (the same set of
animals at 12 and 16 months of age) or transversal (two different sets, pre-tested or naive, at
16 months of age) designs, both in pathological and normal aging scenarios; (3) to include a
phenotype of frailty and physical deterioration that may find a functional correlation with
the biological status (HPA axis and sarcopenia), with nuances in male and female animals.

4.1. Survival, Bodyweight, Phenotype Scoring System, Frailty Score, and Kyphosis
4.1.1. Survival

The survival curves on the cohorts of 191 animals allowed us to record higher mortality
in females, being the group of NTg females the one that presented the highest number of
deaths between 8-12 months of age. Interestingly, only females under the longitudinal
design survived and achieved 16 months of age, while the group of naive NTg females
perished before reaching that old age, suggesting that repeated testing might have some pro-
tective effects. These results agree with our previous reports in these colonies, where high
mortality rates associated with increased frailty were reported in females, and NTg exhib-
ited increased mortality from 12 months of age [42]. In the case of 3xTg-AD mice, females
that reached old age were survivors who overcame the disease’s advanced neuropatho-
logical stages and exhibited lower behavioural differences with their NTg counterparts
except for cognitive AD-hallmarks [47]. We have also described that, in male 3xTg-AD
mice, an increase of mortality rates is associated with impairment in the neuro-immune-
endocrine system compared to their females counterparts or the NTg genotype [45-50].
Noteworthy, we have recently reported survival bias and crosstalk between chronologi-
cal and behavioral age in an APPswe model, where age- and genoty pe-sensitivity tests
defined behavioral signatures in middle-aged, old, and long-lived mice with normal and
AD-associated aging [51]. Therefore, the present work provides further evidence on sex
and genoty pe-dependent differences in life expectancy and supports the key role of frailty
and compensatory mechanisms as previously reported by our and other laboratories using
different models of AD [29,49-52].

41.2 Frailty

In the present work, the frailty results showed genoty pe differences between males,
with NTg being the ones with the highest score. Only 12 of the 30 MCFI parameters were
included as the incidence of the other indicators was very low or null. Kane and Brown [29]
reported that 3xTg-AD male mice have a higher frailty index (FI) than NTg mice and
3xTg-AD females, and it was associated with their higher mortality ratios. Their study also
indicated an increase in the frailty associated with age. On the other hand, in the present
work, functional correlations in males found that their corticosterone levels correlated
with frailty score and phenotype scoring system, both measures of functional decline.
These results could indicate less deficit accumulation or functional capacity at the time of
measurement in 3xTg-AD mice [53]. Therefore, it is plausible that other factors contribute to
the survival/ mortality of animals, and a complex multifactorial scenario be specific foreach
sex and biological age /stage of disease. In addition, in female C57BL/6 mice, greater frailty
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from 17 months of age with higher mortality at 26 months has been recently described in
contrast to the non-fragile mice that reached 29 months of life [54]. These data have made
it possible to identify that the prevalence of frailty in female mice increases throughout life
and accurately predicts mortality [54]. Additionally, the animals’ bodyweight presented
genotype differences that coincide with previous data [33] but the re-test decreased the
weight in males, probably due to the training carried out at 12 months of age.

4.1.3. Kyphosis

On the other hand, the severity of kyphosis was differentiated into postural and
structural [31,32]. Here, genotype differences between males have been detected that
corroborate previous reports, with greater severity in 3xTg-AD mice [21]. In females, here
described for the first time, the severity of kyphosis increased with age and was more
significant in the 3xTg-AD mice at 16 months in the re-test group, where the structural type
predominates. The differences detected in males corroborate our other recent reports [32].

4.1.4. Phenotype Scoring System

Kyphosis is also one of the scores included in the phenotype scoring system [39,40],
which has recently been functionally differentiated by a severity classification that allows
more information to be collected in contrast to other variables, such as those associated with
gait and exploratory activity [32]. Thus, in the phenoty pe scoring system, we detected that
kyphosis at 12 months of age was more significant in NTg of both sexes, a significance that
was not reproduced at 16 months in these animals, which corroborates our differentiation
of severity in the presence of kyphosis since the postural condition can be positionally
modified. In addition, in the gait score, an increase in functional impairmentwas detected in
3xTg-AD males and females, which appears in the re-test group at 16 months. This variable
makes it possible to discriminate a significant impairment of movement and exploratory
activity since bizarre behaviours may occur that interfere with movement [31]. The deficits
detected in the quantitative parameters of gait will be discussed in the following section.

4.1.5. Clasping

Finally, the presence of increased clasping in naive 3xTg-AD mice at 16 months can
also be highlighted. It was related to a more significant involved or progression of the
disease [55,56]. The present results also suggest that repeated tests exerted protective
effects in this respect. Lalonde [55] described brain regions and genes affecting limb-
clasping responses. In the C57BL/6 strain, age-dependent locomotor deficits, including
hindlimb clasping, are associated with a decreased number of dopaminergic neurons in
aged mice, with reduced dopamine levels in the striatum [57]. Interestingly, alterations
in the dopaminergic system described in 3xTg-AD mice and other AD models may also
explain the presence of increased dasping,.

4.2. Quantitative Parameters of Gait, and Neophobia and Exploration
4.2.1. Stride Length

Quantitative parameters in the gait analysis indicated that stride length was shorter in
re-tested (16-month-old) male mice compared to age-matched naive animals, and that this
variable correlated with the gait phenotype score system. Interestingly, re-tested 3xTg-AD
mice had the shortest stride length among the males compared to the naive. In addition,
differences in genotype and sex were observed at 12 and 16 months in the re-test group
with greater stride length at 12 months in 3xTg-AD females and re-test in NTg males. In
addition, the stride variability in females was lower than that of males, and the 3xTg-AD
inall groups had the best performance, so their movement had more homogeneous steps
throughout the trajectory. Previously, in our study in male 3xTg-AD mice of 6, 12, and
16 months of age, no differences in stride length or variability were detected, although a
trend to increase stride length with age was observed in the case of 3xTg-AD mice while
remained stable in the NTg genotype [31]. However, in another study at 6 months of
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age, increased stride length was reported in 3xTg-AD mice with no sex difference [58]. In
addition, at 16 months of age, the gait of 3xTg-AD has been described as normal, without
differences in genotype and sex [59,60]. According to the results, we propose that using the
variability of the stride can help discriminate the trajectory of the movement during the
gait analysis similar to humans where recently the variability was identified as a marker of
cortical-cognitive dysfunction in AD patients [61,62].

4.2.2. Speed

A significant decrease in speed in the male 3xTg-AD mice in all groups was observed.
This decrease may be associated with a progressive functional decline in the 3xTg-AD male
mice and coincides with the findings at 13 months of age we have previously reported [33].
Cadence had a lower performance in the 3xTg-AD males at 12 months of age. However,
it increased at 16 months in the re-test group, differing from naive at this age. Thus,
cadence and speed are the variables with the highest sensitivity to discriminate genotypic
differences in male mice and differentiate changes in gait attributable to pathological aging
in the 3xTg-AD genotype. In the case of 3xTg-AD females, speed in-creases slightly in the
16-months re-test group and was higher than in males in all groups. At the clinical level,
the identification of early changes in gait is of great relevance for identifying psychomotor
disorders that in the case of AD may be related to the timing of steps and gait speed [63].
Additionally, corticosterone levels were positively correlated with a cadence in males.

4.2.3. Neophobia and Exploration

The neophobia response, expressed as freezing, of 12 and 16-month-old naive male
mice was lower than in re-test mice in both genotypes, and statistically significant when
contrasted with 16-month-old naive mice. In females at 16 months of age, re-tested and
naive, a higher freezing was observed than in 16-month-old naive females, albeit did not
reach the statistical significance.

This neophobia emotional response is a characteristic of the 3xTg-AD model that is
ac-companied by reduced immediate exploratory behaviour in a novel environment, as
we first described in these animals in the open field test and the comer test already at the
early ‘premorbid’ age of 2.5 months and worsened with the progress of the disease [64]. In
addition, it corresponds to more sensitive ethological behaviours of the 3xTg-AD phenotype
that has been reported in several other studies [31,33,42]. In addition, the horizontal
exploratory activity did not report statistically significant differences.

However, in the vertical exploratory activity (number and latency of rearings), dif-
ferences between the re-test male mice at 16 months and the naive of the same age were
more statistically significant than the activity in naive mice. In addition, the ratio (visited
comers/rearings) in the re-test male mice of 12 and 16 months increased in the re-test but
differed from the females at both ages, being lower in males at 12 months in both genotypes.
At 16 months in re-test, NTg male’s ratio was high than NTg females, and in 3xTg-AD case,
the ratio was increased in females 3xTg-AD. This decrease in activity over time, which is
also observed in NTg mice, has been previously described as due to normal aging [64], with
3xTg-AD mice exhibiting less activity in most cases, which is attributed as a pathological
trigger similar to BPSD that appear later in NTg mice due to normal aging [64]. In addition,
in males was observed that correlated horizontal activity with triceps sural weight.

4.3. Muscular Strength: Forelimb Grip Strength and Muscular Endurance—Hanger Test and
Response to Gravity—Geotaxis
4.3.1. Muscular Strength

Muscular strength is associated with global cognitive function in older people [65]. In
addition, skeletal muscle mass index and physical performance (timed up and go test and
grip strength) have decreased in older adults with AD [66]. Our results have not detected
significant differences, although, at 12 months, it seems that females have a superior
performance in grip strength and muscular endurance. Previously, we have reported that
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13-month-old 3xTg-AD mice in natural isolation have preserved muscular strength [33] and
that muscle strength and endurance would be associated with aging [31]. The laboratory of
Brown also reported that at 6 months, 3xTg-AD mice have a deficitin grip strength [58], but
at 16 months these results are not reproduced [59]. Additionally, the reduction in muscle
weight and the appearance of sarcopenia may not yet be evident in the loss of muscle
strength and resistance, or aging in this variable has greater importance than the distinction
of the effects of the pathology in humans [67-69].

4.3.2. Geotaxis

On the other hand, geotaxis showed differences between the males, with the 3xTg-AD
re-test at 16 months being the ones that obtained a worse performance and the 3xTg-AD
naive females at 16 months. In addition, females take longer to pass the test, which
is reflected in the differences in GxS in the 16-month-old re-test and naive group. The
usefulness of this test has been previously described [70]. Specifically, the geotaxis has
allowed us to differentiate the animals’ postural positioning and balance strategies to pass
the testand thus detect a possible functional deficit [31,33]. Therefore, 3xTg-AD re-test
males and naive females at 16 months show the most significant deterioration in this task.

4.4. Motor Performance: Learning and Physical Endurance—Rotarod

The motor performance showed superior performance in females of both genotypes.
The motor learning tests and the number of trials reached the maximum values of the test
in the re-test at 16 months. The increased performance may be due to pretraining done at
12 months, which can produce cognitive improvements with a long-term wheel of activity.
In 16-month-old naive 3xTg-AD males and females, lower latency and high number of
trials were observed to achieve motor learning. Male 3xTg-AD mice have the most inferior
performance in all tests.

As in motor learning, females have a high physical endurance. The 3xTg-AD females
in the re-test group at 16 months achieved the highest performance over the male 3xTg-AD
naive and re-test, and female 3xTg-AD naive 16-month-old females, and with similar
performance to the NTg males of the same age. In addition, all groups increased their
performance with training from Day 1 to Day 3, which is evident to a greater extent on the
third day of training, and the effect of the re-test is observed at 16 months with an effect
on different days for males and females, being in males on the first day of training and in
femnales on the first and second day of training. Additionally, it was possible to distinguish
the effect of aging in the naive male NTg in contrast to the naive at 12 months and re-test
at 16 months. In addition, among the 3xTg-AD group, the sex differences between the
16-month-old re-test mice are distinguished from Day 1 to Day 3 of training. The 3xTg-AD
males present the lowest performance among all groups, although with the training in the
first day increased de physical endurance at 16 months in re-test group, on the following
days, their performance is below 3xTg-AD naive for 16 months.

The motor performance of 3xTg-AD mice has been reported in different studies. The
performance in coordination and motor learning of 3xTg-AD mice has been highlighted
over the performance of NTg mice, and these results are observable from 6 months and
are reproduced at 16 months [55-60]. It has even been mentioned that 3xTg-AD females
perform better than males at these ages [58,59). In our laboratory, only reproduced the
results of Stover et al. and Garvock-de Montbrunet. al. at 13 months, where the 3xTg-AD
male mice presented a higher performance than the NTg, but in the latter, the weight factor
interfered in the results [33]. Decreased motor function is also associated with aging, as
reported in C57BL/6 mice of different ages [71-73]. In addition, we have differentiated the
conceptualization of motor performance into motor learning—latency and motor learning—
trials learning, since after physical exercise, the animals must manage to stay on a moving
wheel in a coordinated manner. Consequently, in the first trials, physical endurance has
a workload associated with an anaerobic exercise that progresses to aerobic exercise as
the trials and their respective recovery times are replicated. In humans, the decrease in
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endurance exercise performance and its physiological determinants with aging appear
to be mediated mainly by a reduction in the intensity (speed) and volume of exercise
performed during training sessions [74]. Under this hy pothesis, in their study, Pena et al.
reported that 3xTg-AD mice improve their maximum latency in rotarod when subjected to
aerobic exercise [75].

These results are accompanied by correlations with corticosterone levels and behave
differently between males and females. In the case of males, corticosterone correlates
positively with physical endurance on the first day of training, and in the case of females, it
correlates positively with total physical endurance and physical endurance on the second
and third days. On the other hand, a positive correlation was also detected in males
between index-quadriceps sarcopenia and rotarod performance on the first and second
days. A negative correlation was also detected between total physical endurance and
the phenotype score system in females. Therefore, these interactions could explain the
differences in performance between the groups studied.

4.5. Biological Status: HPA Axis and Sarcopenia Index
4.5.1. Corticosterone

Corticosterone levels differed between groups due to sex and re-test factors, but not
genotype. Males exhibited lower corticosterone levels in naive mice of both genotypes, with
similar levels between 3xTg-AD and NTg in the re-test group. On the contrary, in females,
higher plasma corticosterone levels were observed in the 3xTg-AD re-test, and naive
females had similar levels that exceed the NTg re-test. It is also possible to distinguish that
naive 3xTg-AD females had higher levels than their male counterparts. The results agree
with the sexual dimorphism reported by Muntsant et al, with higher plasma corticosterone
levels in females [42], and also with plasma levels similar to the intervals described by
Giménez-Llort et al. [76]. Additionally, corticosterone levels showed functional correlations
with different variables depending on sex. In males, the correlation was inversely associated
with the muscle mass of the quadriceps and triceps surae, and positively with frailty and
gait cadence indicators. On the other hand, higher corticosterone levels correlated with
higher performance on the first day of training in physical endurance. In females, the
correlation with corticosterone was related to physical endurance performance with greater
significance on the second and third training days. These results could indicate chronic
stress if there is a long-term activation of the HPA axis in the case of females [77]. A
report suggested that the combination of emotional and physical stress in a period of 5 h
of exposure severely affected memory in NTg mice and increased the alterations in 3xTg-
AD mice as a consequence of the reduction in the number dendritic spines and increase
in the AP levels [50]. Additionally, the elevated corticosterone may precede cognitive
impairments in genetically vulnerable 3xTg-AD females [78,79] and may, in turn, be related
to frailty [80].

4.5.2. Sarcopenia

Furthermore, we have observed that the quadriceps and triceps surae muscles have a
greater weight in naive male mice, whereas in 3xTg-AD females, alower weight is observed
in the triceps surae muscle with significant differences with the group of 3xTg-AD females
and re-test and males of this genotype. These differences in naive 3xTg-AD females are
also observed in the sarcopenia index of the friceps surae muscle. In humans, sarcopenia is
closely related to dementia, particularly AD, and may be involved in the pathophysiological
process of AD [68,51]. On the other hand, poor muscle function but not reduced lean
muscle mass drives the association of sarcopenia with cognitive decline in old age [67,82].
Sarcopenia, low grip strength, and slow walking speed were significantly associated with
mild cognitive impairment in the community-dwelling elderly [80,83]. Therefore, our
results can be helpful to study what occurs in human pathology through a translational
approach to motor dysfunction at different levels of disability [31].
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Moreover, in the case of males, the weight of the quadriceps and triceps surae muscles
negatively correlated with plasma corticosterone levels. A positive correlation of the
quadriceps sarcopenia index with physical endurance Days 1 and 2 was also found. In
the case of the sural triceps sarcopenia inde, it correlated negatively with the number of
comers visited in the exploratory activity. These correlations were not found in females.

Finally, the study’s limitations were given by the high mortality rate of NTg females
that resulted in the lack of 16-month-old naive group. Themefore, the genotype differences
between 3xTg-AD and NTg females could not be contrasted. However, the analyses were
carried out to detect the sex differences between the 3xTg-AD group. In future research,
it would be interesting to compare the results of this study with NTg females since their
functional profile may differ from males in physical or biological variables, such as in
3xTg-AD females.

5. Conclusions

From the results, it is possible to highlight that the high mortality rate in females, and
among them that in the NTg group, was prevented in the group of females behaviorally
assessed at 12 months of age, and these females were able to reach the age of 16 months
completing the longitudinal design. In addition, higher corticosterone levels were detected
in females and lower muscle weight of the triceps surae, which could indicate sarcopenia
and alteration of the HPAaxis, which was more significant in the naive group at 16 months.
Additionally, there were genoty pe-sensitive variables such as the phenotype scoring system,
frailty and kyphosis in which the group of 3xTg-AD males showed physical deterioration.
In turn, the motor learning and physical endurance variables were sensitive to re-testing,
with 3xTg-AD females achieving the best performance when repeating the behavioral
battery at 16 months. In addition, the females exhibited a better performance in gait, where
their stride was homogeneous and straight. Additionally, females exhibited less severe
scores in physical variables, such as kyphosis, which could explain males” more significant
deterioration in some motor tests. On the other hand, males showed deterioration in most of
the variables studied. For their part, the correlations could explain the differences obtained
between males and females, being positive in females between corticosterone and physical
endurance, and the case of males between sarcopenia index and physical endurance as
well as corticosterone with physical variables. The present results highlight the complexity
of experimental scenarios in neurodegenerative diseases, such as Alzheimer’s disease,
confirming not only the different impact of factors depending on genotype, sex, and
age but their interplay with the methodological approach. They provide evidence that
genotype, sex and age-dependent impact of behavioral assessment, as well as the repetition
of behavioral tests, should not be underestimated. Conversely, and most importantly,
the ability of behavioral assessment and repeated tests to modify the behavioral outputs
indicates that they could be considered functional trainings that modify survival, anxiety,
and functional profile (physical endurance and motor leaming) of old male and female
3xTg-AD mice and also NTg mice counterparts with normal aging.
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Conclusion

1)

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

The genotype factor was sensitive in:

1)

2)
3)
4)

5)

6)

7

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.

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

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

Gait speed - 3xTg-AD males at 12m had lower speed than NTg and decreased at the 16m
retest. In addition, 16m naive NTg and 3xTg-AD performed worse than at the 16m retests.
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,
naive NTg and 3xTg-AD males at 16m had lower cadence than age-matched retests.

Motor learning (latency) at 16m in the male retest group — 3xTg-AD males achieved high
performance compared to the age-matched NTg.

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

2)

3)

4)

5)

6)

Gait variability — 16m 3xTg-AD females in the retest and the naive groups had the lowest gait
variability. In addition, in all groups, 3xTg-AD females had the best performance.

Gait speed — 16m 3xTg-AD females in the retest and the naive groups had a higher gait speed
than 3xTg-AD males.

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

Geotaxis - Naive 3xTg-AD females at 16m took longer to complete the test than naive 3xTg-
AD males at 16m.

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.

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
8)

Corticosterone levels — They were higher between 3xTg-AD retest and naive females at 16m.
Naive 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)

2)

3)

4)

5)

6)

Stride length — The 3xTg-AD males at 16m in the retest group had a shorter stride length
compared to their stride length at 12m.

Cadence among males — 16m naive males had a slower cadence than those retested of the
same age in both genotypes.

Geotaxis — Time to complete the test increased at 16m in 3xTg-AD males in the retest group
compared to their performance at 12m.

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 naive 3xTg-ADs of the same age. Furthermore, 3xTg-AD females
increased their performance at 16m in the retest group compared to 12m.

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.

Physical endurance — NTg males retested at 16m had a greater latency than naive 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 naive at 16m. On the
first-day testing of males, it was possible to distinguish the retested from the naive at 12m and
16m. In females, it was possible to distinguish the trained from the naive at 12m and 16m on

the first and second day.

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

1

2)
3)

4)

5)

6)

7

Stride length — Among males, the 16m naive group had a longer stride length than the retest
group in both genotypes.

Freezing - 16m naive males had lower freezing in both genotypes.

Vertical exploratory activity — Naive 16m males had higher vertical activity than retested males
at the same age in both genotypes.

Exploratory activity (ratio) — Naive 16m males had more significant exploratory activity than
retested males of the same age in both genotypes. Furthermore, this was replicated among
naive 3xTg-AD females.

Motor learning — 16m naive 3xTg-AD males and females underperformed the retest group in
both sexes.

Physical endurance — 16m naive 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.

Corticosterone levels — Among naive males at 16m were lower than retested males.
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Quadriceps and triceps surae muscle weight — They were higher among naive males compared
to retested males. In addition, naive 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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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 (humber 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 BA oligomers in the hippocampus
and basolateral amygdala underlying their cognitive deficits and anxious profile (Espafia 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 (Espafia 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;
Cordoén-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
guantitative 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 haturalistic 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 (naive) 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-naive
group showed higher corticosterone levels in the 3xTg-AD females in both groups, accompanied by

sarcopenia in the 16-month-naive 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 Sex Motor dysfunction and frailty related to sarcopenia References
tested tested
6 Males (1) Bizarre behaviour "Circling" was characteristic of 3xTg-AD mice also in the (Castillo-
months aquatic Morris water maze at onset of disease Mariqueo and
Giménez-Llort,
2019)
6, 12, Males (1) Functional impairment in gait (speed, cadence and stride length) and (Castillo-
and 16 exploratory activity (horizontal and vertical explorations); Mariqueo et al.,
months . . . . 2021)
(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.
13 Males (1) The isolated 3xTg-AD group showed higher performance in exercise (Castillo-
months tolerance and muscle strength tests; Mariqueo and
(2) The presence of freezing at the start of the exploratory activity and Giménez-Llort,
. . ) . L . 2021a)
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.
16 Males (1) Kyphosis modified stride length and gait speed in end-of-life 3xTg-AD mice; (Castillo-
months . . . L . . . Mariqueo and
2)B t patt limit lorat tivit t d-of-lif ; L,
(2) Bizarre gait patterns limit exploratory activity in transgenic end-of-life mice Giménez-Llort,
(3) Structural and postural kyphosis as a primary impairment that modifies gait  2021b)
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.
12, 16 Males (1) 3xTg-AD females, irrespective of age, showed improved gait performance, (Castillo-
months Females where their stride was homogeneous and straight; Mariqueo and

(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;

Giménez-Llort,
2022)
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(5) Presence of increased clasping in naive 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 naive 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 naive 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:

10.

The hindlimb clasping reflex is also a primary impairment indicating worsening AD
symptomatology, present in 3xTg-AD mice regardless of age.

Structural and postural kyphosis constitutes the main impairment modifying stride length and
gait speed in 3xTg-AD mice, and its severity increases with age.

Structural kyphosis characterizes end-point mice, while postural kyphosis is for normal aging.
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.

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.

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.

The frailty that accompanies functional impairment in 3xTg-AD mice is associated with mortality
in females, even in non-transgenic mice.

Signs of sarcopenia associated with frailty are observed in advanced stages of AD, with 3xTg-
AD females showing the greatest impairment.

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.

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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Abstrack The shorter life spans of mice provide an exceptional experimental gerontology scenario.
We previously described increased bizame (disruptive) behaviors in the femanth-old 3xTg-AD mice
madel for Alzheimer's disease (AD), compared 1o C57BLG) wildtype, when confronting new envi-
ronments, In the present work, we evaluated spontancous gait and exploratory activity at old age,
using 1&-month-old mice. Male sex was chosen since sex-dependent psychomotor effects of aging
are stronger in CS7BLAG] males than females and, at this age, male 3xTg-AD mice are close to an
end-of-life status due to increased mortality rabes. Mice's behavior was evaluabed in a transparent
test box during the neophobia response. Stretching, jumping. backward movements and bizarre
circling were identified during the gait and exploratory activity, The results coerobaorate that in the
face of novelty and recognition of places, old 3xTg-AD mice exhibit increased bizarre behaviors
than mice with normal aging. Furthermaore, bizarse circling and backward movements delaved the
clicitation of kecomotion and exploration, in an already frail scenario, as shown by highly prevalent
kyphosis in both groups, Thus, the translational study of co-ocourrence of psychomaotor impair-
ments and anxiety-like behaviors can be helpful for understanding and managing the progressive
functional deterioration shown in older people, especially those with AL
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1. Introduction

Aleheimer's disease (ADY) is a neurodegenerative disorder characterized by a pro-
gressive loss of cognitive, language, and behavioral functions (1] In addition, dementia
can have multifaceted clinical presentations [2]. Thus, a wide range of behavioral and
psychological symptoms of dementia (BPSD) can manifest, reaching more than 907 in
most patients [3]. Therefore, BPSD requires great efforts for caregivers and society in gen-
eral [4].

The gap between the clinical characteristics of this disease and its elicitation in animal
models entails great efforts by researchers to achieve a replicable approach. However,
they have begun to be addressed in some of these models in the last decade [5). In this
way, we described early symptoms similar to BPSD in the 3xTg-AD mouse model for the
firat time at 2.5 months of age [5], and bizarre behaviors at 6 months of age [6). Subse-
quently, we described bizarre behaviors in swimming performance in the Morris water
maze [7]. Thus, at 13 months of age, it was possible to identify non-secking, floating, and
circling behaviors among genoty pes more precisely, the latter group being the character-
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istic behavior of 3xTg-AD animals [7]. These findings were later confirmed in a study con-
ducted on &-month-old male animals [8]. Furthermore, these behaviors are sensitive to
environmental factors. Thus, we recently reported that naturally isolated 13-month-old
3xTg-AD male animals, as a social isolation model, exhibit bizarre behaviors that interfere
with exploratory activity and locomotion in gait, with stretching and circling behaviors
being the most sensitive behaviors exhibited by isolated animals [9].

The present work aimed to identify distinctive patterns of bizarre behaviors related
to deficiendies and functional limitations of spontaneous gait and exploratory activity in
lé=-month-old male 3xTg-AD mice in an advanced AD stage compared to non-transgenic
(N Tg) mice with normal aging.

2. Materials and Methods
2.1. Animais

A total of twenty-one homozygous 3xTg-AD (n = 11) and non-transgenic (NTg, n =
10) male mice of 16 months of age in a C57BL/%] background (after embryo transfer and
backerossing of at least ten generations) established at the Universitat Autonoma de Bar-
celona were used in this study. The 3xTg-AD mice harboring transgenes were genetically
modified at the University of California at Irvine, as previously described [10]. Animals
were kept in groups of 3-4 mice per cage (Macrolon, 35 = 35 = 25 cm3) filled with 5 cm of
clean wood cuttings (Ecopure, Chipsé, Date Sand, UK; uniform cross-sectional wood
granules with 2.8-1.0 mm chip size) and nesting materials (Kleenex, Art: 08534060, 21 cm
x H) cm, White). All animals were kept under standard laboratory conditions of food and
water ad lib, 20 £ 2-C, 12 h light cycle: dark with lights on at 8:00 a.m. and 50-60%% relative
humidity. The study complies with the ARRIVE guidelines developed by the NC3Rs and
aims to reduce the number of animals wsed [11].

2.2, Behavioral assessment

Behavioral evaluations were carried out in a single day and balanced by observing
two independent observers blind to the genotype. During the morning, the tests were car-
ried out; 30 minutes were allowed to habituate the armmals in the test room before starting
the measurements. The evaluation protocol, bizarre behaviors registered, and physical
phenotype of frailty used here are recently reported in Castillo-Mariqueo and Gimenez-
Llort's 2021 study [9]. In addition, videos of gait were taken for posterior analysis with
KINOVEA 0.8.15 free software.

2.3, Statistics

Statistical analyses were performed using SPS5 23.() software. Results were expressed
as the mean £ standard error of the mean (SEM) for each task and tnial or incidence in
percentage. The factors were analyzed using the Student’s t-test or U-Mann Whitney test
and Chi-square or Fisher's exact test. In all cases, p<0.05 was considered statistically sig-
nificant.

3. Results

The animals Prvesenbed a similar body weight in both groups, :ne.a.i;hing 27R+10 g in
the NTg animals and 27.1 £ 1.1 g in the 3xTg-AD mice. The variable of interest of the
physical frailty phenotype, kyphosis, was present in 91% (10/11) of the transgenic animals
and 50% (5/10) in the NTg group.

In the exploratory activity, genotype-dependent differences were found where 3xTg-
AD animals take longer to start locomotion [Mann-Whitney U p =0.016]. In the same way,
horizontal and vertical activity is decreased compared to the non-transgenic group, which
is significant in horizontal activity [Mann-Whitney LU p = (L8]
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Omn the other hand, the incidence of bizarre behaviors exhibited in the 3xTg-AD group
reached 82% (9/10), and those in the NTg group 40% (4/10) with a high incidence in cir-
cling that reached 36% (4/11) followed by backward movement with 18% (2/11) in trans-
genic animals. In the case of NTg, the behavior with the highest incidence was stretching
at 20% (2/10).

Similar to what occurs in exploratory activity, a decrease in stride length was ob-
served during gait with a low speed of the steps in 3xTg-AD mice [stride length: Manmn-
Whitney U p=0.024; speed: Student's t-test p = (L041].

4. Discussion and conclusions

In this research, bizarre behaviors and the funchional limitations of the exploratory
activity and gait performance of male 3xTg-AD and NTg mice at the age of 16 were stud-
ied. Although these behaviors have been previously reported in the open field, gait tests,
and the Morris water maze [6-9], this is the first time confirmed in 16-month-old animals.
In this way, the resulis corroborate that in the face of a novelty situation and the recogni-
tion of place, old 3xTg-AD mice exhibit bizarre behaviors, and most importantly, they
interfere with their locomotion and spontaneous exploration, in an aging scenario that
already includes kyphosis, an indicator of frailty with high incidence in both groups.

The manifestation of bizarre behaviors in andety tests suggests that these behaviors
could be related to coping with stress [6]. The bizarre behavior patterns in 3xTg-AD mice
from & to 13 months of age differ from NTg animals and correlate with other anxiety be-
haviors, locomotion, and emotionality [6.7]. However, bizarre behaviors can be very var-
ied and heterogeneous, which is a limitation to detect genotype differences. Also, most of
them depend on sex, with females being the ones that exhibited these behaviors to a
greater extent [6]. Therefore, it is relevant that in the present study using the male sex, we
detected drcing and backward movements as the behaviors with the highest incidence in
old transgenic animals mimicking very advanced stages of the disease.

On the other hand, previous gait studies of 13-month-old male 3xTg-AD mice indi-
cate deficits that coincide with an aging pattern, accompanied by a senies of bizarre be-
haviors that can interfere with trajectory and movement [9]. A high period of freexing at
the beginning of the test accompanied by a high latency in the exploratory activity that
interferes in the horzontal and vertical activity is consistent with our findings at 16
months, making us note that once these behavioral patterns appear, they persist as the
disease progresses,

The study of co-occurrence of psychomotor impairments and anxiety-like behaviors
can be helpful for understanding and managing the progressive functional deterioration
related to aging and the nuances in AD-scenario, with a translational value for older peo-
ple, especially those with AD.,
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OF D-GALACTOSE-INDUCED ACCELERATED AGING IN 6-MONTHS-OLD 3XTG-AD MICE AND

ANNEX 2: BIZARRE CIRCLING BEHAVIOUR AND FLOATING IN THE MWM AND THE EFFECTS
NTG MICE. VI SCIENTIFIC CONFERENCES OF THE INC
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SITUACIONES DE NOVEDAD

FRAGILIDAD FISICA Y SISTEMICA,
SUPERVIVENCIA EN EL ENVEJECIMIENTO Y LA ENFERMEDAD DE ALZHEIMER: UNA

ANNEX 3:

APROXIMACION TRASLACIONAL A LAS RESIDENCIAS DE LARGA ESTADIA. XXIV CONGRESO

DE GERIATRIA Y GERONTOLOGIA DE CHILE (2020).
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ANNEX 4: GAIT IMPAIRMENTS AND FUNCTIONAL LIMITATIONS IN THE EXPLORATORY
ACTIVITY IN AN ANIMAL MODEL OF ALZHEIMER'S DISEASE. EUROPEAN JOURNAL OF
NEUROLOGY (2021)

EPO-006

Gait impairments and functional
limitations in the exploratory activity in an
animal model of Alzheimer’s disease

L.Castillo Mariqueo, L. Gimenez-LLort

Department of Psychiatry and Forensic Medicine, School of
Medicine, Universitat Autonoma de Barcelona, Barcelona,
Spain

Background and aims: Gait impairments in Alzheimer’s
disease (AD) result from structural and functional
deficiencies that generate limitations in the performance of
activities and restrictions in an individual's biopsychosocial
participation. In a translational way, we have used the
conceptual framework proposed by the International
Classification of Disability and Health Functioning (ICF) to
classify and describe the functioning and disability on gait
and exploratory activity in the 3xTg-AD animal model.
Methods: We developed a behavioral observation method
that allows us to differentiate qualitative parameters of
psychomotor performance in animals’ gait, similar to the
behavioral patterns observed in humans. The functional
psychomotor evaluation allows measuring various
dimensions of gait and exploratory activity at different
disease progression stages in dichotomy with aging. We
included male 3xTg-AD mice and their non-transgenic
counterpart (NTg) of 6, 12, and 16 months (n=45).
Results: Here we present the preliminary results. The
3xTg-AD mice show more significant functional
impairment in gait and exploratory activity quantitative
variables. The presence of movement limitations and
muscle weakness mark the functional decline related to the
disease severity stages that intensify with increasing age.
Motor performance in 3xTg-AD is accompanied by a series
of bizarre behaviors that interfere with the trajectory, which
allows us to infer poor neurological control. Besides, signs
of physical frailty accompany the functional deterioration
of these animals.
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Conclusion: The use of the ICF as a conceptual framework
allows the functional status to be described, facilitating its
interpretation and application in the rehabilitation of people
with AD.

Disclosure: Nothing to disclose.
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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 5:
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Hindlimb clasping, kyphosis and
piloerection: Frailty markers from middle

to very old ages in mice

L. Castillo Marguso ', D. Alveal-Mellado %, L. Gimenez-
LLort '

! Department of Pxyveblaty and Fovensie Modieine, School of
Medicine, Universitat Autonoma de Barcelona, Barcelona,
Spain, ? Terasva, Spain

Background and aims: The state of frailty is a clinicals
biological syndrome that affects the elderly population with
a higher risk of functionnl dependence. It is produced by the
dysfunction of multiple organs and systems, causing o
significant hospitalization, disability, and death rate.
However, individual variability increases with the aging
process, and divergence between chronological and
biological age becotmes more prominent. This research mms
10 identify distinetive aspects of physical frailty, from o
bebavioral nevurology translational approach.

Methods; The animal model 3xTg-AD for Alzheimer's
disease (n=37) and its non-transgenic (NTR) counterpart
with normal aging (n=14), from 12 to 21 months modeling
middle-age to very-old scenarios, were used. The anitmaly’
functional limitations and impainnents were assessed to
define their Physical Frailty Phenotype. The classical open-
field anxiety test was included to control for general
hotizontal and vertical activities,

Results: We have detected common elements of physical
frilty and functional performance in all the ammals,
independently of their genotypes and age. Signs such as
piloerection, kyphosis, and hindlimb clasping seemed to be
the ones that better defined the level of severity and
detersoration, as confirmed by end-of-life scennrios. They
are important to note since they may influence the other

physical and behavioral results.
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:I PR e 1 Bu e Pt S e Bas @9 erprent o S o UP A | g o —

St PR o e e . e
e S e @ e —— P — -
W b o q— . p——— — ) L I o Wy

Figure | Ethogram m the Open Field test (OF)

Conclusion: Inter-individual heterogeneity from the middle
to ancient age can disrupt the relationship between
chronological age and animals’ physical status/frailty.
Identifying markers of frailty independent of chronological
wge may help us trunslate them nto clinical wettings and
better design interventions in the frailest population with
normal and/or neuropathological aging.

Disclosure: Nothing to disclose.

© 2021 Ewopewn Journal of Neurodogy, (0 (Suppl. 1), 442-857

ANNEX 6: HINDLIMB CLASPING, KYPHOSIS AND PILOERECTION: FRAILTY MARKERS FROM
MIDDLE TO VERY OLD AGES IN MICE. EUROPEAN JOURNAL OF NEUROLOGY (2021)
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ANNEX 7: PHENOTYPICAL, BEHAVIOURAL AND SYSTEMIC HALLMARKS IN END-POINT
MICE SCENARIOS (CURRENT STATUS: SUBMITTED AT JOURNAL OF APPLIED ANIMAL
WELFARE SCIENCE, TAILOR & FRANCIS GROUP)

Phenotypical, behavioural and systemic hallmarks
in end-point mice scenarios

Lidia Castillo-Mariqueo'?, Daniel Alveal-Mellado'* and, Lydia Giménez-Llort"*’

" insttut de Neurociéncies, Universitat Autdnoma de Barcelona, Barcelona, LC-M. lidia castilom@eutonoma cat;
daniel aiveal@awtonoma cat, lida gimenez@uab cat

‘! Department of Psychiatry and Forensic Medicine, School of Medicine, Universitat Autdnoms de Barcelona, Barcelona,
Spain

* Comespondence: Unitat de Psicologia Médica, M5-133, Departament de Psiquiatria | Medicina Legal, Facultat de
Madicina, Avgda. Can Doménech, Edifici M, s/n, Campus Bellaterra, Universitat Autdnoma de Barcelona, 08183 Cerdanyola
del Vallés, Barcelona, Spain. Tel: +34 83 5812378; Fax: +34 83 5811435 E-mail: lidia.gimenezi@uab cat.

Abstract

The state of fraiity is a clinical-biological syndrome that affects the elderly population with a higher risk of functional
dependence. Animal models can provide a tool to study this complex scenano. In the present work, we analysed the
physical and behavioural halimarks of a set of 16-month-old mice (CS57BL/8J) at ther end-point compared to age-
matched counterparts with normal aging. A group of 8-month-old mice was added for control for age bias. First, we
identified ‘structural kyphosis' (visible and unmaodifiable deformation in locomotion) correlated with piloerection as the
hallmarks of physicai fraiity phenotype compared to 'postural kyphosis' (adjustment to counteract ncreased visceral
volume but attenuated during locomotion) of old mice with normal aging. Alopecia (barbering) was presented in both
old groups. Normal levels of exploratory activity in the corner test for neophebia and triceps surae muscle weight but
increased latency of reanng indicated the pocrest emotional phenotype with the possible contribution of structural

kyphosis. The presence of

and spienomegaly counteracted the significant WAT loss commoanly

associated with end-of-life trats, which should have on body weight but preserved muscle mass,
Keywords: end-point, euthanasia, welfare, bodyweight, sarcopenia, CS7BL/6J mice

Introduction

Animal models of aging research have critical
implications for human aging and age-related diseases
(Mitchell et al., 2015). Their physical and mental health
effects are measurable by readily gross examination and
behavioural assessment (Tumer et al,, 2012) However,
exist heterogeneity in the aging and complexity of the
age-related scenario in old animals with the reduced
survival of animals and the concomitant increase of
costs (Baeta-Corral et al., 2018; Giménez-Llort
et &, 2019; Torres-Lista et al, 2019). Old mice have a
subset of injuries due to the progressive deterioration of
the organs’ function and systems expressing frailty and
age-related diseases (Pettan-Brewer and Treuting, 2011,
Zglinicki et al., 20186).
On the other hand, In many studies that use young and
adult mice, the scientific end-point usually is related to
time, a defined event, or a condition in the animal that
occurs or does not occur after a particular Intervention
(Toth, 2018; Trammeil et al., 2012) When the possibility
of animal pain, distress, or suffering exists, researchers
should delineate the research objectives and procedures
for assessing animal health and ensuring the animal's
well-being (Frnes, 1980, Suckow & Gimpel, 2020,
Trammell et al , 2012), The end-point at which an animal
Is sacrificed must be established according to clinical or
experimental criteria (Burkholder et al., 2012, Morton &
Griffiths, 1985; Suckow & Gimpel, 2020). Currently, the
methods used to assess the condition of a mouse and
establish these criteria may include observation of

behaviour, assessment of physical appearance, and
measurement of body weight (Beynen et al., 1987; Mei et
al,, 2019; Morton & Gniffiths, 1985, Uliman-Culleré, 18989).
Behavioural parameters include observing unprovoked
behaviour and responses to external stimuli (Burkholder
et al., 2012, Mei et al, 2019). Frequently, physical
appearance includes exophthalmia or enophthaimia,
runny nose or eye, rough coat, and kyphosis (Burkholder
et al, 2012). These findings have been described as
standard indicators of il health, allowing an animal 1o be
monitored over time as health deciines (Mel et al., 2019,
Ullman-Culleré, 1599) Additionality, decreased
consumption of food and water is an important sign of
declining health (Offert, 1985) as it generally results in
weight loss (Redgate & Boggs, 1991). Being a weight loss
of 20%, a crterion for euthanasia alone is already a
reliable predictor of clinical detenioration (Talbot et al.,
2020). Likewise, it has been described that there is an
age-related decrease in body temperature (Reynolds et
al., 1985), animals that exhibit higher body temperatures
and more excellent temporai stability tend to live longer,
particularty in the C57BL/8 mice strain (Reynolds et al.,
1985; Talan & Engel, 1986). Although there is consensus
that frailty impiies muiti-organ dysfunction and greater
vuinerability to chronic diseases and mortaliity (Zglinicki et
al., 2016), the systemic effects on the aging of the mouse
and its functional implications have not yet been well
defined (Palliyaguru et al, 2019, Pettan-Brewer &
Treuting, 2011)

Therefore, the present work aims to determine f
the deterioration of an animal with an end-paint indication
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could be previously inferred not only by halimark
parameters of its physical fraity phenotype (including
bodyweight) but also through ordinary and easy-to-take
homecage housekeeping tasks that allow measurement
of exploration and neophaobia. Since we are interested in
targeting body weight loss and the physical frailty
phenotype, the liver and spleen were chosen to include
the effects of aging at the systemic level. Organometric
analysis of post-mortem systemic conditions could
indicate that weight can be an indirect measurement of
sarcopenia. In addition, we have selected the Iniceps
surae muscle as an indicator of sarcopenia and white
adipose fissue as an underlying frailty criterion, On the
other hand, we also hypothesized that despite presenting
positive criteria for the indication of euthanasia in the end-
point state, animals with advanced age might maintain
their functional performance and body weight regardless
of the affectation in the weight of organs or loss of
muscular mass. We have studied 16-month-old
C578L/6J mice in two clinical aging scenarios: the end-
point and normal aging. In addition, a set of 6-month-old
mice were added to control for the age factor.

Materials and methods

Animals

A total of twenty-two male C57BL/6J mice were used. A
group of 16-month-old mice at end-point status (16M end-
point, n=9) was compared with one of the same age but
with normal aging ( 16M Aging, n=7). The third group of 6-
month-old mice (6M Adult, n=6) was included to monitor
the age factor. Animals were housed three or four per
cage and maintained in Macrolon cages (35 x 35 x 25
cm) under standard laboratory conditions of food and
water ad libtum, 22 +2°C, a 12 h light: dark cycle starting
at 8.00 a.m. and relative humidity 50-60%. All procedures
were by Spanish legislation on 'Protection of Animals
Used for Experimental and Other Scientific Purposes' and
the EU Directive (2010/63/UE) 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),

Experimental design

A cross-sectional study was conducted to assess the
appearance of sarcopenia through an indirect study
method. The measurements were applied to aduit and old
animals' triceps swrae muscle compared with old animals
that met end-point criteria (Reynolds et al.,, 1985) and
Talan and Engel (Talan & Engel, 1986). Before
euthanasia, the animals were evaluated with a brief
behavioural assessment fo verify their physical fraiity
phenotype, geotaxis. and exploratory activity.

Physical frailty phenotype, geotaxis and exploratory

activity

e Physical fradty phenotype - Includes the body
conditions, body weight, alcpecia, loss of whiskers,
kyphosis, piloerection, fremor, eyes discharge,
dermatitis, wounds, rectal prolapse, and others.
These measurements were made before the
exploratory activity and geotaxis. A score of 0 was
assigned for normal aspects or 1 for abnormai
aspects. Besides, a photographic record was taken

of each animal to demonstrate these physical
aspects,

Specifically in the kyphosis variable It was differentiated
twe types: 'postural kyphosis' and ’‘structural
kyphosis' (Castillo-Mariqueo & Giménez-Llort,
2021b). These were measured during the
locometion and exploratory activity of the animals
and later confirmed with the anatomical deformation
observed in the postural evaluation.

* Geotaxis- It was measured using a 10 x12cm grid,
at an angle of 90 *. The animal was placed in the
grid, in an inverted pesition. The time spent to reach
the vertical position in one trial was measured.

* Exploratory activity - It was assessed through
spontaneous exploration in the corner test. The mice
were placed in a 27.5 x 9.5 cm transparent test box
and observed for 1 minute. The latency to start the
movement (taking as reference the hind legs'
movement), the number of explorations (visited
corners), the latency, and the rearing number were
recorded. Defecation and urination were also
considered.

Hepatic, splenic, and WAT indexes related to Sarcopenia
One hour after the behavioural evaluation, the animals
were euthanized, and the organs and tissues (liver,
spleen, WAT, and triceps surae muscle) were
necropsied, weighed and preserved for future analysis,
According to the 'sarcopenia index’ (Edstrom & Ulfhake,
2005), it was recorded each animal's body weight
together with the triceps surae muscle's weight without
the calcaneal tendon to calculate sarcopenia in the
animals. Second. the 'sarcopenia index’ was adjusted by
subtracting the larger volume organs' weight carcass
without a liver, spleen, and WAT to control their weight as
a confounding bias for ‘bodyweight loss’. Therefore, the
differences between the 'sarcopenia index' and our new
measwe, the ‘carcass index’', were verified. Besides, we
have individually recorded the weight of organs and
tissues to demonstrate differences between the groups,

Statistics

SPSS 15.0 software and the open-source programming
fanguage R software, version 4.0.3 was used for
stafistical analysis. The results are expressed as mean £
SEM. ANOVA and Bonferroni post hoc test evaluated
differences among three independent groups, Finally,
correlations were analysed with Pearson's correlation,
Statistical significance was considered at p < 0.05.

Results

The physical fraity phenotype checklist included
alopecia, loss of whiskers, kyphosis, piloerection, tremor,
eye discharge and swelling, dermatitis ard eczemas,
wound and rectal prolapse. The incidence of these
variables was indicative of the animals’ end-point status
(seetable 1A). Incidence of kyphosis, characteristic of okd
ages [X?, p=0.046 vs. adult mice), was found the most
sensitive variable to show the difference between groups
[Fisher exact test, per group, p=0.001], with the highest
incidence in mice at the end-point [89%, 8/ mice;
Fisher's exact test (df 2), p = 0.002]. Besides, it was
differentiated two levels of severty in kyphosis, ‘postural’
and ‘structural’. In end-point animals, a higher prevalence
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of structural kyphosis was observed, indicating greater
severity in this variable [89%, 8/9 mice: Fisher's exact test
(df 2), p=0.001).

Incidence of piloerection was also specific of end-point
[78%, 7/8 mice; Fisher's exact test (df 2), p = 0.004]
Despite being rare, wounds in the body may be present
in adult [17%, 1/8 mice] and aging animals [14%, 1/7
mice] but were more frequent in end-point mice [56%, 5/9
mice]. Eye discharge and swelling [22%, 2/9 mice] and
dermatitis/eczema [22%, 2/2 mice] had a low incidence
and presented in the end-point group.

As illustrated in figure 1A, no statistically significant
differences were found in the geotaxis, but a tendency to
increase the speed to achieve the vertical geotaxis
position was observed in old animals [adult, 3.3+ 0.37 s;
aging, 4.1 £ 0.44 s, end-point, 4.7 + 0.86 s]. Similarly,
despite kyphosis and piloerection distinctive frailty scores
in old animals at end-point, the exploratory test (see
figure 1B) indicated no differences between groups,
except those age-dependent. An Increased fearful
response measured as a delay in the latency of the first
rearing was shown in old groups compared with adult
animals [p=0.042]. The exploratory activity, as measured
by the horizontal and vertical ratios, was also age-
dependent [p=0.07] but no differences were observed
between both aged groups (see figure 1C). Age-
dependent trend of changes in emotionality were shown
as decreased defecation boll fadult, 1.3 + 061 bolis;
aging, 0.4 £ 0.20 bolis; end-point = 0.3 £ 0.17 bolis] and
increased presence of urination [adult, 33.3% (2/6 mice),
aging, 14.3% (1/7 mice), end-point, 66.7% (6/9) mice],
Figure 2 [llustrates the bodyweight and different organ
and tissues indexes. The triceps surae did not show
differences in the groups [ANOVA, F (2,18) =1475.p =
0.25, n.s.] but a lower weight in the end-point animals
[aduft 30.4 + 1.21g, aging 28.8 + 0.6g end-point 27.8 +
1.01g]. Significant WAT loss was found associated to old
age [ANOVA, F (2,19) = 8.558, p=0.0022; post-hoc 16M
end-pomt vs, 6M adult, p=0,002; 16M aging vs. 6M aduit,
p=0.026; both old groups vs. adult. p=0.001], [aging vs
end-point p=0.232] but was not encugh to differentiate
16M end-point animals from those with normal aging.
Also, this drop in visceral adipose tissue did not translate
into body weight ioss because the other visceral organs
increased with old age, and more specifically with the
end-point status. Thus, hepatomegaly [ANOVA, F (2,19)
= 8.556, p=0,0013; post-hoc 16M end-peoint vs. 6M adult,
p=0,0011] and spienomegaly [ANOVA, F (2,19) = 11.98,
p=0,00043, post-hoc 16M end-point vs. 6M adult,
p=0,0001; both 16M cld groups vs. M adult, p=0,001]
were found. Sarcopenia index [ANOVA, F (2,19) = 1.382,
p=0.28, n.s] and its comrected value excluding visceral
organs [ANOVA, F (2,19) =1.247, p=0.28, n.s] did not
show group effects.

Table 1B depicts the correlation analysis between
piloerection and structural kyphosis and as the physical
frailty makers and the other weight and behavioural
variables. Piloerection correlated with splenomegaly
[?=0.380"", p=0.002], WAT loss [piloerection, r’= -
0.279**, p=0.004] and hepatomegaly [r?=0.234",
p=0.023] Structural-Kyphosis and piloerection were
positively correlated [r‘=0.274", p=0.012]. Structural-
Kyphosis was related to hepatomegaly [r"=0.245",
p=0.019], splenomegaly [r*=0.184", p=0.046] but not with
WAT [ré= -0.106, p=0.138]. Only kyphosis seemed to

correlate with latency of rearing, albeit did not reach
statistical significance [r’= -0,176, p=0.052].

Figure 3 illustrates the correlation analysis to assess the
contribution of the weight of organs (liver and spleen) and
tissues (friceps surae and WAT) to the body weight. At a
general level, a negative correlation with the spleen [r?=-
0.23*, p=0.024] and a positive correlation in WAT
[r"=0.449**, p=0.002] was found. Iif the body weight
adjustment to carcass was carried out (Body weight -
Weight of kver, spleen and WAT) correlations evidenced,
per order of magnitude, WAT [?=0.43"**, p=0.0008],
spleen [r?=0.27", p=0.012), liver [r?=0.22°, p=0.028] and
ticeps surae [1’=-0.19", p=0.045] Regarding the
correlation between weight ard functional performance,
a positive comrelation in the latency of the first rearing
correlated with the absolute [r"=045*, p=0.048] and
adjusted body weight [r?=0.42=, p=0.05] in the 16M end-
point animais,

Table 1C shows the correlations between behavioural
performance, systemic phenotype, and carcass Index.
Thus, ‘Carcass index' correlated with rearing latency in
the end-paint group [r*=0.42*, p=0.05], and correlates
positively with each of the variables of the systemic
phenotype, and negative correlation with liver and spleen
[liver r*=-0.22*, p=0.028; spleen r*=-0.27", p=0.012], and
positive with WAT and triceps surae [WAT r?=0.43"**,
p=0.0008; spleen r?=0.18", p=0.045]. A positive
correlation with WAT is observed in the adult group [r=
0.74%, p=0.028]

Discussion

The present work studied 18-month-oid C578L%6J mice
who met the euthanisation criteria compared to age-
matched mice with normal aging and 6-month-old adults.
The results showed piloerection and structural kyphosis
as their end-point physical fradty hallmarks. In contrast,
increased latency of rearing indicated the poorest
functional phenotype not justified by muscular loss since
the weight of triceps surae was normal but could be
suggestive as derived of their structural kyphosis. In
addition, hepatomegaly and splenomegaly counteracted
the impact that ther significant WAT loss. commonly
associated with age (Pappas & Nagy, 2019), shouid have
on body weight. Therefore, organ indexes were
calculated and body weight-adjusted to the ‘carcass
index' to find better indicators of sarcopenia for their end-
point status. All of them correlated with piloerection and
structural kyphosss.

Aging is characterized by a progressive loss of
physiological integrity, leading to Impaired function and
increased vulnerability to death (Lépez-Otin et al,, 2013).
In humans, these mechanisms and their triggers have
been studied in mice, with a special focus on fraiity
(Castillo-Mariqueo & Giménez-Liort, 2019; Schorr et al,,
2018). Thus, in recent research, frailty has been
highlighted as a simple and potentially useful indicator to
predict animals' health status and mortality asscciated
with biomarkers of aging (Zglinicki et al., 2016). The end-
point status of old animals is defined by a dinical scenario
where the severity of their pathologies generates
significant functional limitations or compromises the
animal's well-being. Causes of death are often not
reported in studies in aged mice (Snyder etal, , 2018), and
the number of reports is lower when it comes to ok
animals with naturally occurring pathologies or injuries. in
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survival studies of this colony, a sex factor has been
evidenced with a worse survival rate in females but higher
frailty in males (Muntsant et al., 2021).

Using our colony of C57BL/6J strain, the gold standard in
experimental research and (Mekada et al,, 2009), the
physical frailty phenotype for end-point criteria was
similar to that described in previous studies, with
differences in the clinical incidence of some physical
conditions. In this mice strain, Pettan-Brewer and
Treuting (Pettan-Brewer and Treuting, 2011) showed that
aged mice belonging to the University of Washington
colony had four common clinical presentations: rectal
prolapse, alopecia and dermatitis, eye lesions, and
palpable masses. Besides, dying animals can be
euthanized due to relatively nonspecific signs such as
hunched over, cold to the touch with loss of body
condition, and increased respiratory effort (Pettan-Brewer
& Treuting, 2011). The presence of kyphosis and
piloerection stood cut as the frequent ones, mentioned as
nonspecific signs in that study. Background C57BLGJ
mic2 usually present dermatitis, one of the most
commonly observed clinical problems in these mice
(Burkholder et al., 2012). Generally, lesions that occur in
dermatitis are due to pruritus-induced self-trauma, which
progresses from superficial abrasions to deep ulcerations
(Williams et al,, 2012). This situation can explain wounds
in the sample studied in the present work, where they
were already present at six months and reached 56% in
end-point animais, These ulcerative-like lesions of strain
C57BL/6J may be a secondary result of strain-related
behavioural characteristics (Williams et al., 2012).
Piloerection has been described as a sign of dehydration
in animals when evaluating their heaith status
(Burkholder et al, 2012). It is also described as an
involuntary bristling of the coat as a reflex due o the
activation of the sympathetic nervous system (Van Meer
& Raber, 2005; Whitehead et al,, 2014) as part of the
evaluation criteria for frailty (Whitehead et al., 2014). At
17 months of age, males showed more deficits than
females in piloerection, indicating more significant signs
of frailty in C57BL/6J mice (Kane et al., 2019). Inaddition,
these authors found fraidty being linked to pro-
inflammatory cytokines in a sex-specific manner.
Furthermore, the high incidence of kyphosis and alopecia
exhibited by male mice at 18 months is similar to what
was previously reported in this colony (Castillo-Mariqueo
et al,, 2021a; Castillo-Mariquec & Giménez-Llort, 2021a;
Castillo-Mariqueo & Giménez-Llort, 2021b; Castillo-
Mariqueo & Giménez-Liort 2021¢; Castillo-Mariqueo et
al,, 2021b). Also, in old female mice of this strain but at a
higher age, the loss of body mass in senescence has
been described and associated with the appearance of
other characteristics of the aging phenotype, such as
kyphosis, baldness, and loss of ccat colour (Fahistrom et
al,, 2011). Additicnally, the Physical Fraity Phenotype
distinguished the type of kyphosis that the animals
presented and thus assigned a severity scale according
to their anatomical and functional characteristics
(Castillo-Marigueo & Giménez-Llort, 2021b). Postural
kyphosis refers to compensatory postural adjustments in
response to increased visceral volume and disappears or
attenuates during locomotion. In the case of ‘structural
kyphosis, an anatomical change was found as an
evolution of postural kyphosis with visible and
unmodifiable deformation in locomotion. Interestingly, the
end-point group showed greater severity In this variable,

exhibiting a high prevalence of structural kyphosis. This
result could Indicate functional aiterations that affect the
gatt and locomotion of the animals, as demonstrated in a
previous study of male 3xTg-AD mice, where structural
and postural kyphosis constitute a primary impairment
that modifies stride and gait speed (Castillo-Mariquec &
Giménez-Llort, 2021b).

Interestingly, exploratory activity and geotaxis showed
values that Indicated preserved functional leveis
regardless of age and end-point status. Exploratory
activity is associated with behavioural deficiencies in
advanced ages, including motor skills (Shoji et al,, 20186).
However, certain behavioural domains of the mouse are
preserved, as is the case with exploratory activity similar
to adult mice in Fahlstrom's study in females (Fahistrom
et al., 2011). . Also, neophobia in the comner test showed
a low latency of movement and shows the fear to the
novelty, expressed of freezing, was almost non-existent
In adult animals and slightly increased at 16 months in the
aging and end-point groups, previously reported (Baeta-
Corral & Giménez-Llort, 2014; Castillo-Mariqueo &
Giménez-Llort, 2021a; Gimenez-Llort & Alveal-Mellado,
2021; Torres-Lista et al., 2019; Castillo-Marique et al,,
2021b). The progressive reduction of skeletal muscle can
result from normal aging without an underlying
pathological process, although many chronic diseases
can accelerate muscle loss (Roubenoff, 2000a;
Roubenoff, 2000b). In the present work, the body weight
and the weight of the triceps surae muscie did not show
differences between the groups. However. it was possible
10 observe a trend towards decreasing in these values in
old animats, with less than 15% body mass. An element
of complexity in this scenario is the heterogeneity of
aging. Thus, studies with samples of older animals (males
21 - 25 months) have shown that the muscle mass of the
hind limb is lower compared to 10-month-old mice, with a
significant decrease in daily physical activity and the
strength of muscle grip (van Dik et al,, 2017). Therefore,
since the 16-month-old animals presented alterations in
functional performance related to increased latency of
rearing, it was explored if the loss of muscle mass or
kyphosis could explain the poor functional performance,
The correlation analysis suggested that structural
kyphosis could be related to the reduced latency to
perform the first rearing in end-point mice, Their total
vertical and horizontal expicration in the comer test did
not differ from that exhibited by age-matched
counterparts with normal aging.

Geotaxis is a widely used test to measure sensorimotor
milestones at the postnatal level in mica (Abramov et al
2012, Arakawa & Erzurumiu, 2015), also included in the
primary screening of adult animals (Rogers et al., 1997),
It corresponds to an innate response to gravitational
signals that require vestibular and motor coordination to
orient the body uphill in an angled plane (Thiessen &
Lindzey, 1967). We have also proposed geotaxis as a
functional test to recognize deterioration at this level in
old animals (Castillo-Mariqueo & Giménez-Llort, 2021a).
The test requires the constant support of the body by the
extremities and a coordinated body balance so that the
mouse can rotate its entire body on the declined surface
(Thiessen & Lindzey, 1967). Although an increase in
turning time in the okd animals was detected, the
differences did not reach statistical significance.
Moreover, halftime did not exceed 5 seconds in all groups
and was not dependent on body weight, indicating
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optimal functionality at this sensorimotor level. For
comparison, a recent study showed the influence of body
weight on the performance of this proof, where at the age
of 13 months, overweight animals took about 15 seconds
to complete the test (Castillo-Mariqueo & Giménez-Liort,
2021a).

Liver and spleen organs presented statistically significant
differences in the old group with end-point status,
showing an Increase in the weight of these organs.
Previously in old C57BL/6J mice, an increase in the
weight of several systemic corgans, namely, the liver,
heart, kidney, and spleen, have been shown (Lessard-
Beaudoin et al,, 2015). These findings also coincide with
other strains of mice. such as B6C3F 1, where the same
phenomenon is observed (Marino, 2012). The liver has
reported its weight gain up to 23-28 months, and a
decrease is only observed In ancient mice (Lessard-
Beaudoin et al, 2015). These organs are relevant in
metabolic, inflammatory, and degenerative processes
(Jonker et al, 2013). Thus, spleen weight can Indicate
alterations in cell number and distribution (Tumer &
Mabbott, 2017), causing the immune system to be
seriously compromised as age increases (Jonker et al,,
2013). Older female C57BL/6J mice have been reported
to have an increased spleen precisely (Menees et al.,
2021), and we have also reported splenomegaly mainly
associated with female sex and exacerbated in the 3xTg-
AD mice, an animal model of Alzheimers disease
(Gimeénez-Llort et al,, 2008).

In the case of WAT, both the aging and end-point status
groups showed a decrease in the weight of this enteric
fatty tissue, being significant in both cases. The body fat
percentage is constant in C57BL/6J mice until six months
of age, then increases between B and 12 months (Glatt et
al,, 2007). Its decrease in older ages is associated with
cachexia, accompanied by decreased body weight
(Morton & Griffiths, 1985). Besides, we have detected a
negative correlation in the spleen and a positive
cormrelation in WAT conceming body weight If the
bodyweight adjustment to estimate the weight of carcass
is made (bodyweight without liver, spieen, and WAT),
these correlations are also evidenced in the liver and
ticeps surae with a negative and positive refationship.
These findings coincide with Lessard-Beaudoin's
(Lessard-Beaudoin et al., 2015) in the liver but differ from
the spleen.

The dinical parameters and end-point crtena are
essential to determine the point at which the animals will
be sacrificed, making their use relevant based on the
body condition and behaviour of the animals (Toth, 2018),
In this sense, we have not detected functional
impediments or sarcopenia through indirect measures in
animal end-points. In tumn, to diagnose underlying
diseases such as vascular, inflammatory, and
degenerative, gross in vive determination of underlying
pathologies of these animals is required, but their
confirmation through histological studies carried out after
necropsy is also necessary (Pettan-Brewer & Treuting,
2011).

This study provides a physical phenotype of findings in
male C57BL/6J mice that match end-point criteria within
the animal welfare regulations. Thus, it was detected that
despite presenting physical alterations at an age that are
considered aged animals, an optimal geotaxis and
exploratory activity is maintained in the animals, similar to
its counterpart that is considered with normal aging.

Moreover, the necropsy of organs and tissues had been
carried out, it was verified alterations in the weight of the
liver and spleen organs, with hepatic and splenomegaly,
and significant loss of the white adipose tissue. However,
no alterations at the muscular level in the case of the
triceps surae muscle were found, which maintained its
weight concerning adult animals of the same strain,
These data expand our understanding of the anatomical
changes that occur with aging and provide reference
values for further studies in CS57BL/6J mice,
complementary to those few reported in the |terature.
These observations also offer the potential to explore the
effects of interventions targeting sarcopenia in older mice.
Thus, the combination of studies in pathology with in vivo
data will fully characterze the effect of proven
interventions in multiple chronic diseases and the health
of aged mice with a better translation to human aging and
age-associated injuries,
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Table 1. Physical frailty phenotype and Correlation analysis
A. Physical frailty phenotype

M 16M 16M

Physical conditions Adult (n=6 Aging (n=7) End-point (n=9) p value
Alpecia 2 (33%) S{71%) 4 {44%) ns
Loss of whiskers - 1{14%) 1{11%) ns
Piloerodtion 1 {14%) 7 {78%) b |
Kyphosis 3(43%) B (869%:) b

Postural 2 (260%) - ns.

Structural t 1{14%) 8 (80%) Y
Tresnar - - 1{11%) ns
Eye dischargasswelling - - 2{22%) ns
Dematiivoczema 2(22%) ns
Wourd {face, nose or penorbdal) 1(17%) 1(14%) 5 (56%) ns
Ractal prolapse 1{1%%} ns

B. Correlation analysis between the hallmarks of the physical frailty phenotype at end-point and the
behavioural and the systemic phenotypes

Correlations Kyphosis Structural-Kyphosis Piloerection
Behaviours

907 geotaxs (s)
Cormners (n)
Reanng (n)
Reanng laterncy (s)

Systemic Phenotype

Lvar (g)

Spleen ()

WAT (9)

Triceps surae (Q)

Physical Frailty Genotype
Structural-Kyphosts

C. Correlation analysis between carcass index and behavioural and the systemic phenotype

Correlations Young (n=6) Aging (n=7) End-point (n=9) General
6 months 16 months 16 months p value

Behavioural Phenotype

90° gealaxs (s)

Comers (n)

Reanng (n)

Reanng Intancy ()
Systemic Phenotype
Lvar

Spleen

WAT

= (0.2 p=0.028°

R'=0.74 p=0.028"
Triceps suae

Statistics: Table 1A, Fisher's exacttest * p<0.05, ** p < 0.01 and *** p < 0.001 used for group differences (adult, aging
and end-point). X*, *p <0.05and "p < 0,01, "™ p <0.001 used for age differences (adult vs. old). Table 1B-1C, Pearson
r correlations test, * p £ 0.05, ™" p<0.01 and *** p < 0.001 used for group differences.
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Figure 1. Geotaxis and exploratory activity

A. Geotaxis B. Movement and rearing latency
Movement Rearing
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= :
g z
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Adult  Aging End-point Adult  Aging End-point  Aduit Aging End-point

C. Exploratory activity

Parameters

Harzrotel
Vertieo
R

6M 16 M 16 M
Adult Aging End-point

Figure 1, Geotaxis, latency of movement and rearing, and exploratory activity, The results are expressed as mean
4+ SEM. (A) Geotaxis. (B) Movement and rearing latency, C) Exploratory activity. Statistics; Student's t-test * p<0.05 and

* p<0.01, * p < 0.001 aduit 6M vs. both old aged 16M.
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Figure 2. Hepatic, splenic, and WAT indexes related to Sarcopenia
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Figure 2. Hepatic, splenic, and WAT indexes related to Sarcopenia. Results are expressed as mean + SEM. (A)
Body weight, (B) Triceps surae. (C) WAT (D) Liver; (E) Spleen; (F) Sarcopenia index; (G) Carcass index. Statistics: One-
way ANOVA followed by post-hoc Bonferroni test, * p < 0.05, ** p < 0,01 and *** p < 0.001. Student's t-test* p < 0.05
and ™ p < 0.01, ™* p < 0.001 aduit 6M vs both old aged 16M,
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Figure 3. Correlation analysis between body weight and organ or triceps sural
muscle in C578L/6 male mice
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Figure 3. Correlation analysis between body weight and weight of organs (liver and spleen) and tissues (triceps
surae and WAT) in C57BL/6J male mice. Meaningful, signficant Pearson r correlations between body weight and (A)
Liver, (B) Spleen, (C) White adipose tissue, (D) Triceps surae muscle. Statistics: Pearson %, * p < 0.05, ** p < 0.01 and
*** p<0.001,
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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

OnDemand Posters

420 - Translational modeling of psycho-motor function in normal and pathological aging with
special concerns on the effects of isolation

Lidia Castillo-Mariqueo™” and Lydia Giménez-Llort™?

! Department of Psychiatry and Forensic Medicine, School of Medicine, Universitat Autbnoma de

Barcelona, Barcelona, Spain

Z|nstitut de Neurociéncies, Universitat Autonoma de Barcelona, Barcelona, Spain

? Envellir bé — Saber Envejecer - Healthy Aging Charity Organization, Sant Quirze del Vallés, Barcelona,

Spain

Time factor and human support are major constrains in the management of the COVID-19 pandemic and
they enhance the challenges to adapt the lifestyles and intervention programs, with greater impact on
the elderly people, especially those who are the most physically or cognitively frail. The restrictive
confinement and the closing of the day centers has left those whose frailty requires permanent
rehabilitation programs at home. In the case of Alzheimer’s disease (AD) and other dementias, non-
professional home care may not be enough to cover the needs and demands of these complex
disorders. On the other hand, as elder people, these patients can be particularly affected by social
isolation, which can cause changes in behavior and decrease functional performance in the basic
activities of daily life, worsening their BPSD and cognitive impairment. In this context, and under the
gaze of normal and pathological aging, we are developing a functional model of psycho-motor
evaluation that allows us to study psycho-motor function, including motor learning and memory. Its
translational value relays in the modeling of tests used in clinical settings. Here we present the very first
results. We have selected the gold standard C57BL/6 mice together with the triple transgenic model of
AD (3xTg-AD) to apply our psycho-motor protocol. We have included a series of measurements that
make possible to differentiate several dimensions of basal motor learning, and the learning associated
with fragile situations. We have found common as well as distinctive features between the sample of
normal and AD-pathological aging, and under the isolation scenario. Among all, we can highlight the
gender factor and the level of physical activity as a protective mechanism when indicators of frailty are
present. Particularly, the 3xTg-AD mice show greater deterioration in physical aspects, but they retain
their motor learning capacity comparable to the controls. On the other hand, higher performance in
tests of exercise tolerance and muscle strength stand out in these mice, where genotype and gender
appear to be determinant factors in overall physical performance: This generates new hypotheses of
underlying biological protection mechanisms in translational scenarios relevant for the rehabilitation of
geriatric and AD-patients.
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