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I. Introduction

Alzheimer’s disorder (AD) represents an age-related neurodegenerative disorder
and stands as one of the most prevalent forms of dementia worldwide (1, 2). Presently,
approximately 50 million individuals are afflicted by AD, which increase annually by 10
million (1). Less than 5% of AD is caused by a single genetic mutation that is transmitted
through families, called familiar AD (3, 4). Thus, most of the cases have unknown,
multifactorial origin, labelled as sporadic AD (SAD) (5). In the clinical picture the
cardinal feature of AD is the memory loss, while histologically the diagnostic criteria is
the presence of extracellular senile plaques comprised predominantly of amyloid  (AP)
and the presence of intracellular tau aggregates within the brain (6, 7).

Early diagnosis can help slow down the progression, for which the mapping of
risk factors and appropriate biomarkers is essential. Unfortunately, the therapeutic options
are limited, which necessitates preclinical research on animals to identify new targets and
to test new compounds. My general aim was to contribute to the understanding of disease
pathology.

1.0. Dementia Overview: Types, Prevalence, and Key Characteristics

Dementia encompasses a spectrum of progressive neurodegenerative syndromes,
characterized by the deterioration of cognitive functions, including memory, reasoning,
and behaviour, as neurons die over time (8, 9). Primarily affecting individuals over 65,
dementia symptoms lead to increasing difficulties in daily life and a loss of independence,
with severe consequences on quality of life (10). Dementia is not a single disease but
rather an umbrella term covering multiple subtypes, each with distinct pathological
features (9, 11). This classification largely depends on the abnormal accumulation of
specific proteins in various brain regions, such as tau, amyloid, alpha-synuclein, and TAR
DNA-binding protein 43 (TDP-43), which collectively damage neurons, disrupt brain
networks, and impair cognitive and sensorimotor functions (9). The prevalence of
dementia is steadily increasing worldwide, affecting approximately 46.8 million people
in 2015 and projected to reach 131.5 million by 2050 (12).

Among the major types of dementia, AD is the most common, representing around
60% of cases (13). Vascular dementia (\VaD) is the second most prevalent, estimated to
account for 15-20% of dementia cases (14). It develops due to damage in brain blood

vessels, often following strokes or other vascular incidents, which result in cognitive
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decline that typically affects attention, planning, and problem-solving abilities (15). Lewy
body dementia (LBD) comprises approximately 10-15% of dementia diagnoses (16),
presenting with fluctuating cognitive decline, visual hallucinations, motor symptoms, and
REM sleep disturbances. This type is associated with the abnormal accumulation of
alpha-synuclein protein in brain cells, forming Lewy bodies (17). Frontotemporal
dementia (FTD), accounting for around 5-10% of cases, usually manifests in individuals
under 65 and is characterized by significant behavioural and language changes due to
progressive damage in the frontal and temporal lobes (18). Prion diseases, such as
Creutzfeldt-Jakob disease, represent rare and rapidly progressing forms of dementia
driven by prion protein accumulation, leading to swift cognitive decline and a short
survival period post-onset (19).

Understanding the prevalence, symptoms, and pathology of these dementia
subtypes is essential to advancing diagnostic and therapeutic strategies, particularly as
global population aging continues to drive a rapid rise in cases.

I.1. Alzheimer’s disorder (AD)
1.1.1. Gender Differences in AD

Epidemiological studies demonstrate a higher prevalence of AD among women,
with a greater risk that escalates with age (20). Hormonal influences, particularly the
decrease in oestrogen during menopause, are central, as this neuroprotective hormone
supports mitochondrial function and genomic stability (21). The reduction in oestrogen
post-menopause may heighten women’s susceptibility to AD’s neurodegenerative effects,
especially without hormone replacement therapy (HRT) (22, 23). By contrast, although
testosterone levels in men also decline with age, the cognitive implications of this decline
remain less well defined (24).

Gender-specific differences are also evident in the genetic aspects of AD. The
APOE ¢4 allele, a key genetic risk factor for AD, confers a higher risk in women,
particularly those aged 65-75 (25). Additionally, neuroinflammatory processes,
autophagy, and metabolic mechanisms exhibit sex-based differences (26). Lower
autophagic activity in women is associated with a greater accumulation of tau and
amyloid proteins (27, 28). Moreover, differences in gut microbiota, which interact with
neuroinflammation and metabolism, further underscore gender-specific variability in AD

pathophysiology (29, 30).
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Risk factors such as depression, cardiovascular issues, and sleep disturbances vary
between genders: depression is more prevalent in women around menopause (31, 32)
while traumatic brain injury (TBI) appears as a contributing AD risk factor in men (33).
Clinically, cognitive impairment often manifests differently between sexes, with verbal
memory decline more common in women and spatial-visual impairment more typical in
men (34, 35). Biomarker studies indicate that neurofilament light (NfL) levels, a marker
of neuronal degeneration, are generally higher in men, as shown in blood and
cerebrospinal fluid (CSF) analyses (36, 37).

In conclusion, AD progression, risk factors, and clinical manifestations exhibit
significant gender differences, whose understanding is essential for targeted diagnostics
and therapeutic advancements. Research approaches incorporating sex-specific variables
may open new avenues in the treatment and prevention of AD, especially by considering
individualized hormonal, genetic, and social influences (26, 38).

1.1.2. Symptoms

According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth

Edition, Text Revision (DSM-5-TR) (American Psychiatric Association, 2022) diagnosis

of AD requires a decline in memory and learning and deficit in at least one other cognitive
domain (from the following six domains: complex attention, executive function, learning
and memory, language, perceptual-motor, and social cognition). However, in many cases
AD also interferes with the activities of daily living. Although it is generally accepted
that memory decline is the core symptom, some authors suggest that AD is the disease of
consciousness (39).
1.1.3. Comorbidities
1.1.3.1. Anxiety and depression

AD is often associated with other diseases that complicate the diagnosis and
treatment. A meta-analysis summarizing data from 1964 to 2014 found that one of the
most common comorbidities is depression: 42% of patients suffered from both (40-42).
Additionally, anxiety symptoms were found to be comorbid in 39% of patients with AD
(42). Moreover, anxiety and depression are not only consequences, but also risk factors
for the development of AD (43). Over the course of the illness, individuals exhibit a range
of anxious symptoms, such as excessive worry, restlessness, irritability, and a decreased

engagement in once-enjoyable activities (44, 45). As cognitive function deteriorates,
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these symptoms can escalate in severity, often having a profound impact on daily life and
functional abilities (46). Moreover, anxiety appears to be intertwined with the AD
diagnosis itself, as individuals grapple with the emotional implications of their condition
(47, 48).

1.1.3.2. Metabolic disturbances

Weight loss is a frequent clinical finding in AD possibly due to abnormally high
energy expenditure, or low energy intakes, or both (49, 50). However, hypermetabolic
state or inadequate energy intake in AD patients was not confirmed, requiring further
studies. Nevertheless, disturbances in energy metabolism and insulin signalling pathways
have been implicated in AD (51-53).

The hypothalamic-pituitary-thyroid (HPT) axis (Figure 1.) is one of the key
regulators of metabolism, energy expenditure, and thermoregulation. Recent attention has
focused on exploring the potential interplay between AD and the HPT axis, a pivotal
neuroendocrine system governing thyroid hormone homeostasis (54-58). The effector
molecules are thyroid hormones, triiodothyronine (T3) and thyroxine (T4) (59, 60). The
hypothalamic component, the paraventricular nucleus of the hypothalamus (PVN)
produces thyrotropin-releasing hormone (TRH), while the pituitary releases thyroid-
stimulating hormone (TSH) into the general circulation. Precise control of active T3
levels within brain tissues is executed by deiodinase enzymes (D10), notably DIO type 2
(DI10O2), responsible for converting prohormone T4 into biologically active T3 (61). They
exhibit differential expression across brain regions, including the hippocampus and
cerebral cortex - structures profoundly implicated in AD (62). Perturbations in thyroid

hormone equilibrium have been observed in AD patients, encompassing alterations in

12



DOI:10.14753/SE.2025.3084

Hypotahlamus
TRH %%

Pituitary

T4
T3

3,5,%',5'tetraiodothyronine

Activati (thyroxine, T4) Inactivati
ctiva '%2,D1 DS,([N“ ivation

3,5,3' triiodothyronine 3,3 5-triiodothyronine
(T3) (reverse T3)

InactivatioRT’(m) D1 ,D‘Z/
3,3-diiodothyronine
(T2)

serum T3 and T4 levels and changes

in brain thyroid hormone receptor

expression (63, 64).
Figure 1. The HPT axis schematic figure,
illustrating the interactions between TRH,
TSH, T4, and T3. Alongside, the figure shows
conversion by deiodinases (D101, 2, 3). TRH
from the hypothalamus stimulates TSH release
from the pituitary gland, which, in turn, triggers
T4 and T3 production by the thyroid gland.
Deiodinases convert T4 to T3 and metabolize
them into inactive forms. Negative feedback
loops are indicated, where T4 and T3 inhibit TRH
and TSH release, respectively, to regulate
hormone levels (54-58). Figure created by
Adrienn Szabo, unpublished.

Additionally, the mediobasal
hypothalamus (MBH), particularly
its arcuate nucleus (ARC) region,
plays a critical role in integrating

peripheral signals and centrally

regulating energy homeostasis (65). The MBH contains key genes that orchestrate

nutrient uptake and energy balance, such as proopiomelanocortin (POMC) and cocaine-

and amphetamine-regulated transcript (CART), which are responsible for anorexigenic

pathways, as well as neuropeptide Y (NPY) and agouti-related peptide (AgRP), which

are responsible for orexigenic pathways. These genes are crucial in modulating food

intake and energy expenditure (66) (Figure 2.).
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Figure 2. The energy balance schematic figure. The figure illustrates the key neuronal pathways
involved in the regulation of energy homeostasis. POMC neurons and CART neurons, which are part
of the anorexigenic pathway, decrease food intake and increase energy expenditure. In contrast, AGRP
and NPY neurons, which constitute the orexigenic pathway, have the opposite effect. Specifically,
POMC and CART neurons stimulate pathways that enhance energy expenditure, while AgRP/NPY
neurons promote increased food intake. Hormones such as insulin and leptin inhibit the activity of
orexigenic AGRP/NPY neurons and activate anorexigenic POMC and CART neurons, thereby reducing
food intake and increasing energy expenditure. Conversely, ghrelin exerts the opposite effect by
inhibiting anorexigenic POMC and CART neurons and stimulating orexigenic AGRP/NPY neurons,

leading to increased food intake (66). Figure created by Adrienn Szabo, unpublished.

Disruptions in the expression of these genes and their associated neuropeptides
have been linked to metabolic disorders, including obesity and insulin resistance (67, 68).
Emerging evidence also suggests a connection between MBH dysfunction and AD (69-
72).

Both NPY/AgRP and POMC neurons exert antagonistic effects on energy balance
by projecting to second-order neurons in the PVN and other hypothalamic nuclei (73).
Upon nutrient ingestion, o-melanocyte-stimulating hormone (a-MSH) from POMC
neurons activates melanocortin 3 receptor (MC3R) and melanocortin 4 receptor (MC4R)

receptors in the PVN, leading to reduced energy intake and increased energy expenditure

14
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(74). The PVN is particularly important due to its high MC4R expression, positioning the
melanocortin pathway as a major anorexigenic circuit in the brain (75, 76).

Studies show that deletion of POMC neurons or deficiencies in MC4R lead to
obesity, highlighting their critical roles in energy regulation (77, 78). Both neuronal
populations are influenced by circulating hormones such as insulin and leptin (79, 80).
Leptin directly stimulates POMC neurons and inhibits AgRP neurons, promoting energy
expenditure and weight loss (81, 82). Notably, while traditionally viewed as downstream
mediators of leptin’s effects, melanocortin signalling pathways have been shown to
function independently (83).

Chronic leptin administration can reduce caloric intake and body weight (84, 85),
whereas leptin deficiency or loss of leptin receptor function results in obesity (86, 87).
Over-activation of leptin receptors in hypothalamic neurons can also contribute to
obesity, particularly in the context of a high-fat diet (88). Thus, the interplay between
metabolic disturbances, the HPT axis, and hypothalamic signalling pathways is crucial in
understanding the pathophysiology of AD and its associated risks.

In the blood not only hormone levels, but also the fat concentrations (triglycerides,
cholesterol) can be altered in AD patients. Indeed, metabolic syndrome (accompanied by
increased levels of these lipids) significantly increased the risk of dementia (89).
Controversially, higher triglyceride levels within the normal to high-normal range had a
lower dementia risk and slower cognitive decline over time compared with individuals
with lower triglyceride levels (90). This paradox may suggest that relatively higher
triglyceride levels reflect better overall health, potentially providing a protective effect
against dementia. It's important to note that these triglyceride levels were still within the
normal range.

Energy intake and expenditure (EE) are the key counterbalancing factors that
determine body weight change (91). On the other hand, EE together with the respiratory
quotient (RQ) are known predictors of daily food intake. EE is largely determined by
body size and composition, while RQ is defined as the volume of carbon dioxide released
over the volume of oxygen absorbed during respiration, used in a calculation for basal
metabolic rate. Interestingly, in a systematic review, EE of community-dwelling people

with dementia was higher than in institutionalized groups (92).
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1.1.4. Early symptoms in mild cognitive impairment (MCI)

Ronald Petersen and his colleagues found in 1999 that AD is usually preceded by
a stage in which individuals have a greater degree of memory impairment than their age,
but this does not yet meet the criteria for dementia. This condition has been termed “mild
cognitive impairment” (MCI), of which there are several types. Classification into types
also plays an important role in making a diagnosis, as MCI may be an early sign of not
only AD but also other diseases (93, 94). While motor deficits were historically
considered late-onset symptoms in AD, emerging evidence challenges this notion. Indeed,
motor impairments might appear even in the preclinical stages, and a connection between
motor skill deficits and the onset of AD has been proposed (95). There is growing
evidence that changes in muscle structure and lower muscle strength are strongly
associated with the risk of developing AD (96, 97). Lin et al even hypothesized that the
extent of muscle mass loss may be related to the severity of cognitive deficits (98). An
increase in myostatin level is known to cause a decrease in skeletal muscle mass (99,
100). Several studies have shown that inhibition of this molecule may be a promising
strategy for the treatment of e.g. muscular dystrophy. Increased myostatin level was
already found in a double transgene mouse model of AD (98). Follistatin is a glycoprotein
widely present in both serum and tissues, known as a natural inhibitor of members of the
transforming growth factor-p superfamily, including myostatin (101-104). Thus, the
levels of these two molecules - myostatin and follistatin - should be jointly evaluated
(105, 106) (Figure 3.).

16
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Figure 3. lllustration depicting the myostatin and follistatin system in muscle cells. Myostatin bind
to their respective receptors, initiating signalling cascades that activate various SMAD pathways. This
activation ultimately leads to the transcription of atrophy-related genes, resulting in muscle atrophy.
However, this process is inhibited by follistatin, which blocks the binding of myostatin to its receptors,
thereby preventing muscle catabolism and maintaining muscle mass (105, 106). Figure created by
Adrienn Szabo, unpublished

Additionally, olfactory disfunction (problems with the sense of smell) is one of
the earliest, preclinical symptoms observed in AD, thus, it is considered as an early
biomarker (107). Several meta-analyses confirmed olfactory deficit in MCI (108).
Interestingly olfaction worsens progressively as patients progress from MCI to AD (109)
highlighting the potential for olfactory dysfunction to identify AD in the preclinical stages
prior to MCI.

1.1.5. Pathomechanism

Definitive diagnosis of AD is postmortem, based upon the accumulation of A}

and phospho-tau (p-tau) in the brain. Thus, these molecules seem to be critical in the

pathomechanism. (110-116) A, now recognized as a physiologically ubiquitous peptide,
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serves a multitude of roles within the brain. These include the regulation of neuronal
electrophysiology (117, 118), synaptic plasticity (119, 120), long-term potentiation (121),
neuronal transmission (122), learning processes (123), hippocampal memory
consolidation (124), neurogenesis (125) and processes contributing to neuronal survival
(126). Notably, elevated levels of brain A are observable in neurological and psychiatric
conditions beyond AD, encompassing traumatic brain injury (127, 128), cerebral
ischemia (129), and amyotrophic lateral sclerosis. It is posited that this elevation
potentially acts to ameliorate neuronal damage, facilitate repair in response to insults, or
mitigate the decline in neuronal functionality (130).

The amyloid cascade hypothesis postulates that the initial pathological anomaly
of AD is the accumulation of AB, which subsequently triggers the development of plaques
and the progression of neurodegeneration (131, 132) (Figure 4.).

QOligomers

{

X AL S L
- y-secretase complex
AICD
Disintegrating microtubule

Tau aggregates Neurofibrillary tangle

Figure 4. The amyloid cascade hypothesis suggests that the accumulation of A initiates plaque
formation and neurodegeneration. AP is generated through APP cleavage by B-secretase (BACE),
producing sAPPf and a membrane-bound fragment processed by y-secretase, which releases both AP
and the amyloid intracellular domain (AICD). AP variants aggregate into oligomers, protofibrils,
fibrils, and amyloid plaques, central to AD pathology (137, 138). Figure created by Adrienn Szabo,
unpublished.
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The AP peptide emerges from the metabolic breakdown of amyloid precursor
protein (APP), a transmembrane glycoprotein of type | spanning 695 to 770 amino acids
(133). The cleavage of APP in close proximity to the cell membrane involves two key
enzymes: a-secretase, an extracellular protease, and B-secretase (BACE), an aspartyl
protease (134). This process leads to the generation of a soluble extracellular fragment
referred to as soluble APPp , alongside a membrane-bound fragment known as APP C-
terminal fragments (also known as APP-CTF or C99) (4). C99 undergoes further cleavage
within the cellular membrane by the action of y-secretase. This enzymatic cleavage
liberates AP, and an intracellular peptide recognized as the amyloid intracellular domain.
AP exists in diverse lengths, with the most prevalent form comprising 40 amino acids
(AP140), and a less soluble variant composed of 42 amino acids (APi-42) (135).
Subsequently, AP assembles to form oligomers, protofibrils, fibrils, and eventually
coalesces into plaques (136).

Tau, a microtubule-binding protein, typically participates in the regulation of
axonal transport under normal physiological circumstances (137, 138). However, in
conditions such as AD and other tau pathology-related disorders, an abnormal state
emerges where tau undergoes excessive phosphorylation and accumulates within
neurons, forming distinctive structures termed intraneuronal tangles (neurofibrillary
tangles; NFT) (139). These tangles are composed of paired helical filaments, twisted
ribbons, and/or straight filaments (140) (Figure 5.). This pathological accumulation
disrupts the normal microtubule assembly process and diminishes the binding capacity of

tau to microtubules (141).

Disintegrating microtubule

‘Q‘fﬁ?? S N Tau aggregates Neurofibrillary tangle

Figure 5. Schematic representation of tau pathology. Under normal conditions, tau stabilizes

microtubules and supports axonal transport. In AD and related tauopathies, tau undergoes
excessive phosphorylation, reducing its microtubule binding capacity and leading to structural
disintegration. This hyperphosphorylated tau accumulates within neurons, forming aggregates that
develop into neurofibrillary tangles (NFTs), which are composed of paired helical and other

filamentous structures (140). Figure created by Adrienn Szabo, unpublished.
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This hyperphosphorylated state of tau has multifaceted consequences. It results in
alterations to the structure of heterochromatin (142), impairs synaptic plasticity (143),
and hinders the process of anterograde axonal transport (144). NFTs, existing as
intracellular lesions, exert detrimental effects on crucial physiological functions.
Ultimately, this cumulative damage culminates in the destruction of neurons, contributing
to the progressive degeneration characteristic of these conditions (145, 146).

These pathological deposits may induce abnormal apoptosis, characterized by
various factors such as B-cell leukaemia/lymphoma 2 (Bcl-2), Bcl-2 Associated X protein
(BAX) also known as Bcl-2-like protein 4 and caspases (147, 148). Oxidative stress is
also connected to apoptosis leading to the mitochondrial cascade hypothesis of AD
proposed already in 2004 (149). Although the correctness of the theory is still disputed,
there is increasing evidence that disruption of mitochondria function is already present
among the early symptoms (150-153) and may contribute to the accumulation of harmful
toxic proteins, including Ap (154). In various mouse models of AD deterioration of the
mitochondrial system was repeatedly described (155, 156).

1.1.6. Clinical diagnosis

The clinical diagnosis is often made upon the symptoms and disease progression.
However, positron emission tomography (PET) imaging has provided an avenue for
monitoring the progression of AP deposition and NFT in vivo (110-112). Commencing
within the temporobasal and frontomedial regions, AP deposition advances through the
neocortex, subsequently affecting the primary sensory-motor cortex, and finally reaching
the striatum (113-115). In contrast, tau pathology manifests earlier within the medial
temporal lobe, basal forebrain, brainstem, and olfactory regions (bulb and cortex), often
displaying a clinically benign nature, denoted at times as primary age-related tauopathy.
This initial manifestation is followed by the extension of tau pathology into limbic
domains and eventually into the neocortex (116).

1.2. Mouse Models of AD
1.2.1. Sporadic AD (sAD) models

AD is a complex puzzle shaped by intricate interactions between genetic
susceptibilities, molecular anomalies, and environmental factors (157). To fathom this
neurodegenerative enigma, diverse rodent models have emerged (158-161). These

models, while not replicating full AD symptoms, provide valuable insights into disease
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progression and potential treatments. Notably, SAD models, designed to emulate specific
disorder aspects, signify a significant step in understanding this global healthcare
challenge.

In the early 1980s, the senescence-accelerated mouse model (SAM) emerged by
selecting traits within the AKR/J mouse lineage (162). This yielded nine primary SAM-
prone (SAMP) strains and three SAM-resistant strains. Among these, the SAMP8 strain
stands out for emulating critical AD hallmarks, AP deposition and tau
hyperphosphorylation (163). This pivotal discovery reshaped research approaches
towards unravelling the complexities of SAD.

Another research avenue in SAD involves injection models focusing on AP and
tau aggregates. These models directly inject aggregated AP (164-167) or tau (168, 169)
into the brain, replicating sSAD pathology. They reveal the impact of aggregates on
neuronal function, synaptic connectivity, and cognition. Moreover, they provide insights
into the spread of aggregated proteins across brain regions, shedding light on toxicity,
propagation mechanisms, and consequences of protein aggregation.

Introduced in 2009, seed injection models reveal tau transmission dynamics by
injecting brain lysates from AD patients or model mice, along with recombinant tau, into
mouse brains (170, 171). These models highlight synaptic connections as the primary
means of spreading pathological tau, influenced by factors like age, AP presence, tau
oligomerization, and splicing isoforms (172, 173). Rooted in the prion hypothesis, they
introduce aggregated protein "seeds" into specific brain regions, triggering widespread
deposition and unveiling self-propagation mechanisms of pathological protein aggregates
(171).

Recent advances feature immune response models in SAD research. The trigger
receptor 2 expressed on myeloid cells (TREM2) model highlights the intricate interplay
of neuroinflammation, A buildup, and synaptic dysfunction (174, 175). Linked to late-
onset AD via the R47H variant, TREM2 expressed in brain microglia has a unique
response to AP and induces lesions, leading to neurodegeneration (176, 177). TREM2
loss in APP model mice accelerates tau accumulation, emphasizing its role in the AB-tau
connection (178).

Among chemical-induced sAD models, okadaic acid-induced and colchicine-

induced models are noteworthy. Okadaic acid, injected either into the hippocampus or
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amygdala, induced memory deficits, synaptic dysfunction, and AB accumulation in mice,
mirroring SAD pathogenesis (179, 180). Similarly, intracerebroventricular (icv)
administration of colchicine triggered cognitive impairments, neuroinflammation, and
oxidative stress, offering insights into sAD-related neurodegeneration (181).
Streptozotocin can destroy glucose sensitive cells. Injected icv it can be used as a model
of AD replicating several aspects of AD pathology (182). This model is especially
interesting as takes advantage of the connection between AD and metabolic disturbances.

Models exploring cerebral amyloid angiopathy (CAA) and vascular dementia
provide insights into sAD's vascular dimension. CAA, characterized by A buildup in
cerebral blood vessels, contributes to vascular dysfunction and cognitive decline (183,
184).

However, these models, while insightful into specific SAD aspects, do not fully
capture the disorder's intricate evolution. Crafting a model encompassing AD's full
progression remains a challenge. Genetic adjustments enable researchers to target specific
aspects, refining models to mirror distinct pathological features more faithfully.

1.2.2. Familiar AD (fAD) models

FAD is induced by mutations in genes encoding the secretase complex
components, such as APP, presenilin 1 (PSEN1), and presenilin 2 (PSEN2) (Figure 6)
(185-188) These mutations elevate AP levels, alter APs2:APa4o ratios, and promote AP
aggregation (189-193). Typically manifesting before age 60, early-onset fAD is attributed
to these mutations, impacting less than 5% of AD cases (194, 195).

APP gene mutations linked to fAD adopt geographic origin-based nomenclature
and primarily occur near cleavage sites, yielding varied effects on APP processing and
AD development. The Swedish mutation (APPswe; K670N/M671L) at the B-secretase
cleavage site escalates f-secretase activity, boosting AB4o and APa42 production (196, 197).
Mutations like Indiana (V717F), London (V7171) and others at y-cleavage sites amplify
APa2 generation, known for heightened toxicity compared to APso (185, 198, 199).
Mutations within A, such as Arctic (E693G) and Dutch (E693Q), foster AP aggregation,
prompting stable oligomer and protofibril formation (200, 201) are linked to CAA (202-
204). Mutations near the p-cleavage site favour more toxic A4z over AP4o, with London
(205) and Indiana (206-208) prevailing. Nearly all PSEN1 and PSEN2 mutations in fAD
heighten the APa2/APa4o ratio (209-212). Additionally, a protective APP variant (A673T)
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against AD and cognitive decline cuts f-secretase cleavage and total AB production,
corroborating brain AP deposition as a central AD pathogenic mechanism (213, 214). The
APP gene is situated on chromosome 21, which is also implicated in Down syndrome
(215). Thus, it is not surprising that AD is more common in Down patients than in the
general population (215).

Normal cleavege of amyloid Abormal cleavege of amyloid precursor protein
recursor protein leading to excess amyloid accumulation

APP mutations \
increase :
/‘- - secretase pestidlase /(:'
o S

cleavage ¢

y-secre ase PSEN1/PSEN2
AICD mutations increase

y-secretase activity

Figure 6. Normal and pathological APP cleavage. APP undergoes processing by secretase enzymes,
with a-secretase cleavage preventing amyloidogenic processing. In contrast, - and y-secretase cleavage
releases neurotoxic AP peptides that can accumulate into oligomers. Mutations in the APP, presenilin-
1 (PSENL1), and presenilin-2 (PSEN2) genes disrupt normal cleavage, favouring B- and y-secretase
activity, which leads to increased AP production and aggregation. These mutations enhance AP
accumulation, contributing to synaptic dysfunction and neuroinflammation. (185-188). Figure created

by Adrienn Szabo, unpublished.

As rodents lack inherent AD features, genetic alterations are essential to replicate
human AD pathology (216, 217). Transgenic organisms are produced via two possible
strategies: pronuclear injection and gene-targeted replacement. Pronuclear injection
introduces complementary DNA containing the transgene into zygote pronuclei, resulting
in multiple random insertions into the genome. Conversely, gene-targeting modifies
endogenous genes in embryonic stem cells through homologous recombination with a
vector carrying desired modifications, yielding knock-in or knock-out mice (218, 219).
Viral technologies, like lentiviruses and adeno-associated viruses (AAV), facilitate
transgenesis, introducing human fAD genes crucial for modelling AD pathology (220,
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221). Transgenic lines express mutated proteins regulated by diverse promoters like
platelet-derived growth factor p-chain, thymocyte differentiation antigen 1 (Thy-1) or
prion protein (222). The choice of promoter significantly influences phenotypic
outcomes (158-161). Though transgenic models replicate AD-associated proteins,
broader factors beyond isoforms and mutations dictate AD-like pathology onset and
progression (223).

The inaugural transgenic mouse model embodying AD-like pathology showcased
a mutated human APP form, particularly APPswe at the B-cleavage site, augmenting -
secretase activity and AP production (159).

While familiar microtubule associated protein tau (MAPT) gene mutations do not
underlie fAD, the presence of familial frontotemporal dementia-linked mutations has
spurred tauopathy mouse model creation (224, 225). These tauopathy models span
genetically modified and tau seed-injection types (168, 169), varying in genetic
engineering methods, in the expressed tau isoforms and expression levels as well as in the
targeted brain regions (226). Currently, most tauopathy models necessitate
overexpressing mutant human tau protein to mimic tau pathology. A fresh strategy
involves human MAPT knock-in mice, humanizing the entire MAPT gene including
exons and introns (227, 228). Created by crossing MAPT knock-in mice with single APP
knock-in mice, these mice unravel the role of the AB-tau axis in AD (226). While double
knock-in mice exhibit increased tau phosphorylation, they lack tau pathology and
neurodegeneration, even after aging (227). Remarkably, human tau humanization
significantly hastens AD brain-derived pathological tau propagation, in the presence or
absence of amyloidosis (227). This interaction underscores species-specific pathogenic
protein preferences, amplifying their role in tauopathy. These mice might also facilitate
the better understanding of the behavioural properties of tauopathies. Moreover, mutant
MAPT knock-in mice with various pathogenic mutations exhibit aging-dependent tau
aggregation and cognitive decline, and show accelerated AP pathology, accessible for
research queries.
1.2.2.1. Triple transgenic mouse model of AD (3xTg-AD mice)

The 3xTg-AD mouse model, established in 2003, encompasses three crucial
mutations linked to fAD: the Swedish APPkwmeros7ine mutation, the PSEN1misev
mutation, and the MAPTp3o1L (taupsozL) mutation (229) (Figure 7). The wide adoption of
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the model is attributed to its ability to replicate several hallmark features of AD
progression. Transgene expression is meticulously orchestrated utilizing a Thy-1
regulatory element for both human APP and MAPT, while the PSEN1mu46v mutation is
governed by the mouse PSEN1 locus (229). Typically employed in a homozygous state
for both transgene insertions and the PSEN1m146v mutation, the 3xTg-AD model has been
pivotal in unravelling the temporal dynamics of amyloid and tau pathologies (229). It
offers a unique platform to delve into the intricate interplay between these two
pathological markers and their potential contribution to cognitive deficits (230). Over
time, changes in phenotypes have been noted, potentially originating from mixed strain
backgrounds, alterations in transgene copy numbers, and other factors (231, 232).
Particularly striking is the shift in the timing of plaque development and the emergence
of significant sex disparities in pathology, primarily observed in female mice (231, 233-
235). These sex-related distinctions have kindled interest in comprehending the complex
role of sex in AD pathogenesis. Beyond its role in exploring genetic mutations and neuro-
pathological shifts, the 3xTg-AD mouse model has proven indispensable in evaluating
therapeutic strategies targeting amyloid and tau pathologies.
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Figure 7. Triple transgenic mouse model of AD. The 3xTg AD mouse model was created using a
method that involved injecting two separate transgenes, carrying human APPswe and human taupsosr,
into single-cell embryos from homozygous mutant PS1IM146V knock-in (PS1-KI) mice. This method
aimed to exploit the likelihood of the two transgene cassettes integrating at the same genomic site

(229). Figure created by Adrienn Szabo, unpublished.
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1.3. Behavioural alterations in AD mice models

Preclinical research investigating the neuropsychology of AD primarily focuses
on the decline of spatial learning and memory using the Morris water maze test (MWM)
(236, 237). However, in addition to cognitive decline other neuropsychiatric symptoms
may also occur (238).

1.3.1. Anxiety

The presence of anxiety is increasingly recognized as a critical aspect of the AD
progression an early symptom (239). To illuminate the intricate relationship between AD
and anxiety, researchers have turned to animal models. In the 3xTg-AD mice open spaces
induced anxiety was studied by open field test (OFT) (240-243), elevated plus maze
(EPM) (240, 241, 243, 244), and light-dark box (LD) tests (245-247). The outcomes from
various studies showed mixed results: some reported no significant difference between
age-matched controls and 3xTg-AD mice (240-242, 244), while others observed
increased anxiety levels in the latter group (248). Interestingly, even the same research
group reported varying anxiety responses in 3xTg-AD mice using EPM at six months of
age (249-251). The potential explanations for these inconsistencies point toward the
temporal emergence of symptoms, prompting the need for longitudinal studies covering
a wide age range, as earlier studies focused mostly on a single, specific age group (244,
249, 252, 253).

In addition to open spaces, predatory cues emerge as universal danger signals to
animals, triggering behavioural responses on the approach-avoidance spectrum (254) and
offering a unique opportunity to investigate the neurobiology of anxiety (255). A
particular component of fox odour, 2-methyl-2-thiazoline (2MT), is frequently employed
to induce negative emotional responses (254, 256, 257). It is obvious that the perception
of odours requires an intact olfactory system. AP plaques are observed across the
olfactory system in various transgenic mouse models (258-260). To further comprehend
changes in fox odour avoidance, it is crucial to confirm the presence of these deposits and
their potential role within the local colony. Interestingly, synaptic transmission and
electrical activity of the olfactory bulb exhibit an initial increase followed by a later
decrease with age, offering insight into the behavioural transition during disease

progression (260-263). The temporary lull in electrical activity coincides with the known
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appearance of AD hallmarks at six months of age, suggesting a possible link between
molecular and behavioural changes (261-263).
1.3.2. AD and motor function changes

Locomotion is fundamental for almost all kinds of behaviour. Changes in this
parameter can deeply influence the outcome of other tests and may lead to
misinterpretation. Moreover, decline in fine motoric can also be an early symptom of AD
(264, 265). Transgenic mouse models of AD are noteworthy for their significant motor
impairments. For instance, TQCRND8 and APPswe/PS1dE9 transgenic mice exhibit
motor coordination deficits even before AB accumulation occurs (208, 266, 267). This
stands in contrast to 5XFAD mice, where motor deficits appear after cognitive
impairments manifested (205). Additionally, there are AD models, like the APP23 mice,
where both motor and cognitive symptoms onset simultaneously (268). The
APPswe/PS1dE9 model demonstrates motor coordination deficits in the rotarod test and
motor learning deficits in the Erasmus Ladder task (269). In contrast, the TQCRND8
model showcases motor coordination deficits on the balance beam test and gait
impairment through the foot printing test yet exhibits no motor learning deficits on the
accelerated rotarod test (270). The APP23 model also reveals motor coordination deficits
on the rotarod test (268). Similarly, the SXFAD model presents motor coordination
deficits on the balance beam test, motor learning deficits on the accelerated rotarod test,
and gait impairment through the foot printing test (271, 272).
As mentioned before, motor deficits do not necessarily run parallel to cognitive decline
in AD models. This disparity, along with the presence or absence of motor deficits,
indicates that the brain regions accountable for motor and cognitive functions might be
affected in different ways (273). One of the brain areas responsible for motor-
coordination is the cerebellum implicated both in fAD and sAD (273, 274). Indeed, as a
possible pathomechanism, elevated levels of AP oligomers have been observed in the
cerebellar cortex of AD patients. Especially the early-onset fAD cases, linked to
mutations in PSEN1, demonstrated AP deposition in their cerebellum alongside the
appearance of hyperphosphorylated tau, and Purkinje cell loss (269, 275). Additionally,
cerebellar atrophy might contribute to motor impairments such as gait and limb
coordination deficits (95). However, the relationship between cerebellar Ap deposits and

motor deficits is intricate. Some models show no motor dysfunctions despite cerebellar
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AP accumulation and pathology (276, 277). This variability suggests that soluble forms
of AP, like monomers or oligomers, might be more directly tied to motor symptoms.

In the broader context, AD's impact goes beyond cognitive decline (238). The
intricate relationship between AD, motor deficits, and the intricate process within the
cerebellum presents a fascinating avenue for understanding the disorder's multifaceted
nature paving the way for enhanced insights and potential therapeutic strategies (278,
279).

1.3.3. AD and metabolism

Previous studies confirmed increased EE in 3xTg-AD mice, suggesting metabolic
disturbances (280).

Additionally, mounting evidence points to the dysregulation of the HPT axis in
AD, suggesting a role in disease pathogenesis (58, 281). Therefore, it is not surprising
that thyroid hormone disruption has been associated with cognitive impairment,
neuroinflammation, and AB accumulation in animal AD models (282-286). However, the
relationship between AD and the HPT axis is multifaceted and bidirectional (287). On
one hand, AD-induced pathophysiological changes within the brain can disturb HPT axis
function, leading to perturbed thyroid hormone secretion and metabolism (288).
Conversely, thyroid hormones exert a pivotal role in preserving neuronal integrity,
synaptic plasticity, and cognitive function, rendering them potential modulators of AD
progression (289). Moreover, both hypo- (290) and hyperthyroidism (291) were
connected with AD as well as local thyroid hormone concentration can vary among
tissues within the same individual (292). Further studies seem to be required to clarify
molecular details as well as to address whether mice models are suitable for testing HPT-
AD interaction (51-53, 71, 72).
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I1. Objectives
Early diagnosis of AD is crucial, as beta-amyloid plaques and hyperphosphorylated tau
tangles are already present when cognitive impairments are detected. Therefore, our
experiments focus on three key areas using the 3xTg-AD mouse model.
I1.1. Temporal Emergence of Increased Innate Anxiety

We investigated innate anxiety in different age groups of our mouse model using
the fox odour test and examined sex differences. Separate cohorts were used for each age
group to avoid long-lasting trauma from fox odour exposure. Through another series of
open field tests, we monitored behavioural changes monthly. To explore potential
underlying mechanisms, we confirmed the progressive accumulation of classical AD
markers (A and p-tau) in emotionally relevant brain areas, such as the amygdala, and in
the olfactory system using immunohistochemistry.
11.2. Musculoskeletal and Cerebellar Changes in the Context of Motor Alterations

We examined basic motor abilities from multiple perspectives, including
environmental enrichment, handling, negative-avoidance (water), and positive-reward
(pellet) during behaviour tests. Our study focused on the fine motor skills of the mice,
paying particular attention to locomotor changes (such as joint structure and the changes
of myostatin and follistatin in muscle tissue), as well as apoptotic and mitochondrial
markers in both muscle and cerebellum. Considering that intense behavioural motor
testing can act as training and that starvation (to increase motivation during testing) can
affect apoptotic and oxidative parameters, we compared naive and "training",
experimental animal groups.
11.3. Disrupted HPT Axis and Imbalance in MBH Neuropeptides as a Possible
Underlying Mechanism of Metabolic Shifts

This investigation was motivated by observations that 3xTg-AD animals
performed paradoxically better than controls in reward-based cognitive tests. We first
examined body composition using MRI-based equipment and monitored food and water
intake, respiratory rate, and energy consumption with the TSE PenoMaster Metabolic
Unit. Subsequently, we analysed key metabolic blood parameters (glucose, triglyceride,
cholesterol, and fT3/fT4). Finally, we used PCR to study the gene expression of
metabolically relevant molecules and receptors in critical regions, including the PVN,
pituitary, and MBH.
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I11. Methods
I11. 1. Animals

3XTg-AD (B6;129-Tg (APPswe, taupsoir) 1Lfa PSENltmimpmMmjax #034830-JAX)
and control (C57BI16/J) mice were obtained from the local colonies of the Institute of
Experimental Medicine, Budapest. Males and females were also used, and their exact age
are given by the specific experiments. Adult mice were housed in groups of 3-5 in
Macrolon cages (40 cm x 25 cm x 26 cm) under a reversed 12-hour light-dark cycle (lights
on at 8 p.m., 21+1°C, 50-60% humidity), with food (standard mice chow, Charles River,
Hungary) and water available ad libitum if not otherwise indicated. To enhance
motivation to collect pellets (Dustless Precision Pellets® Rodent, Purified, 45mg, Bio-
Serv, Bilaney Consultants GmbH, Germany, #F0021-J) during operant condition test
(OCT), radial arm maze (RAM), single pellet reaching test (SPRT) and staircase test,
mice were kept on a restricted diet to maintain 90% of their initial body weight beginning
2 days prior to the first experimental day. Bodyweight was measured every experimental
day, and in case it dropped below the target body weight, the diet was adjusted.

All tests were approved by the local committee of animal health and care
(PE/EA/918-7/2019) and performed according to the guidelines for the care and use of
laboratory animals (2010/63/EU).

111.2. Experimental Design: Cohorts Overview
111.2.1. Temporal Emergence of Increased Innate Anxiety

Cohort 1. Innate anxiety was studied in 3Tg-AD mice across a wide age range
using (2TM)-induced avoidance-approach behaviour paradigm. As fox odour might
induce long lasting trauma (used also as a model for posttraumatic stress disorder (293))
inducing long-term changes in behaviour, we had to use separate cohorts for each age
group. The age (in month, M) and the number of animals in different groups can be found
on Figure 8.

To have a comprehensive picture, we aimed to examine the temporal resolution in
2-month “bins”, however, after 12-month, due to insufficient number of animals, we
switched to 3-month “bins”. Our main goal was to reveal temporal differences. Therefore,
sex differences were addressed only at two timepoint (2 and 15 montbhs, i.e., before and

after the presumable transient period).
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Figure 8. Schematic representation of cohort 1 in experimental series 1. Fox odour avoidance in
separate age-groups. Abbreviation: M: age in month

Cohort 2. As general locomotor problems might have influenced the outcome of

the previous test we conducted a serial OFT. As spending 5 min in an open arena does

not have long term behavioural consequences, the same animals were examined

repeatedly. To maintain interest, the animals were tested monthly in slightly different

environments (size, colour, and smell) to avoid habituation to the arena. During these

observations we could also detect anxiety from open spaces. The number and sex of the

animals can be found on Figure 9.
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Figure 9. Schematic representation of Cohort 2 in Experimental Series 1. Longitudinal, repeated
(between 2 and 11 months of age) exploration of OFT behaviour in male and female mice (n = 8/group

at the beginning).

Hypolocomotion was found repeatedly during 5 min testing. Thus, the question

arose whether it is an initial anxiety in a new environment (which will be released after a
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while) or more a sign of innate anxiety from open, bright spaces, which do not diminish
over time. To test this hypothesis, at the termination of our experiment (in 11-month-old
mice), we conducted a more prolonged observation (30 min).

Cohort 3. Immunohistochemical confirmation of AB accumulation and p-tau
appearance in 2- and 12-month-old animals (i.e., before and after the presumable transient
period (294); female, n = 3; 3xTg-AD) in the olfactory bulb (OB), motor and
somatosensory cortex, hippocampus, and basolateral amygdala (BLA) regions as relevant
regions for cognitive impairment (cortex, hippocampus), emotions (BLA), or smell loss
(OB).

111.2.2. Musculoskeletal and Cerebellar Changes in the Context of Motor Alterations

First detailed behavioural characterization was conducted along different aspects
of locomotion (muscle strength (grip test), motor-coordination (rotarod), general
locomotion in a box (OFT) as well as in a highly motivating water environment (MWM)).
Moreover, fine motoric was examined using food-motivated test, where the animals had
to collect pellets. The animals were 6-month-old at the start of experiments and around
8-months-old at end of tests. We used males throughout, and the number of the animals
can be found on the Figure 10 representing Cohorts 1-4.

Cohort 1. The muscle strength was measured by grip test (5 trials on a single day)
followed by a 5-day rotarod test (3 trial/day) 2 days later to test motor-coordination (n =
9-10/group).

Cohort 2. In the “gold standard” of spatial memory measurement, MWM, we
focused on locomotor abilities (n = 6/group).

Cohort 3. (Training, Experimental Animal) Mice were first subjected to an
OFT followed by food-motivated learning tests (radial arm maze (RAM), single pellet
reaching test (SPRT), staircase) at restricted diet (n = 10/group). Animals were sacrificed
after 2 months at the end of extensive behavioural testing referred to later as trained. The
blood glucose and lipid parameters were measured immediately after sacrifice, while the
serum, muscle and brain samples were collected and later analysed by gPCR and Western
blot technics (for in vitro measurements: n = 7/group).

Cohort 4. A separate group of mice was kept in an enriched environment from

2.5-month of age consisting of repeated handling, occasional running wheel in the cage,
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changes in cage size and hiding elements referred later as handling group (n = 5-6/group).
Locomotion was detected in these animals at 6-month-old age in an OFT.

Cohort 1.  Muscle strenght, motor coordination and balance

6 month
old
nc=10; N3x7¢ Ap=9
D:r 1 Day 4-8
5 trials 3 trails
Grip Test Rotarod Test
Grip Test
5 trials
with one-minute intervals
Rotarod Test
3 trials/day
Cohort 2. Cognitive test
1c=6; N3x7g. D=0
6 month Morris Water Maze Test
old .
1 min on probe day
Day 1-4 Probe Day
Learning phase
Cohort 3. Open Field Test and Food-Motivated tests
6 month Diet 8 month
old 1 week old
1c=10; sy 410 1 [t 1
Day1 Day3-9 Daaz-ﬂ Day 56-61 2 hours fasting
OFT SPRT M Stairces Test “:;cl::lg:e ".12;“
After 1 weekregeneration
l; 4 Sacrifice for
Osrker \ sample collection
N "‘,—J. » Blood parameters
! . Histologiy
- Single Pellet _ ) ELISA/PCR/WB
Open Field Test Retrieval Test Radial Arm Maze Test Staircase Test
15 min 15 min On Istand last day 5 min 15 min
Cohort 4. Handling effect of locomotion in open field test
2.5 month 6 month
old old
1c=6; N3xTg ap™> Il — - J‘
giens alal Open Field Test
5 min 5 min

v

2.5M mice

) ]

Handling and environmental enrichment 6M mice

Figure 10. Shematic representation of teh conducted behavioral test and interventiones. The number
of animals per groups is given for each Cohort separately. Abbreviation: M: age in month

33



DOI:10.14753/SE.2025.3084

Cohort 5. (Naive Animal) For in vitro measurement a test-free group was also
involved as they can also influence the outcome. Thus, in this Cohort animals were
sacrificed without testing (n = 4/group). The muscle and brain samples were used in qPCR
and Western blot experiments.

I11. 2.3. Disrupted HPT Axis and Imbalance in MBH Neuropeptides as a Possible
Underlying Mechanism of Metabolic Shifts

As during the previous experimental series in Cohort 3. we found ,,food craving"
in 3xTg-AD mice, here we intended to study the energy homeostasis of these animals.

Cohort 1. First, we further confirmed previous results in a food-motivated test
specifically designed to study cognitive capability (operant condition test, OCT Figure

11), as those could have been confounded by repeated testing.

ﬁohort 1. Cognitive test

Operant Condition Test

Figure 11. Schematic representation
of Cohort 1 in Experimental Series
3. The cognitive abilities of 6-month-
old male mice (n = 8/group) were
examined in a food-motivated test. The
classic OCT was preceded by 1 day
habituation. The learning phase
consisted of 5 days.

0c=8; M3yreap=9

& month
) Diet

I

Day 1 Day 2-6
Habituation Learning phase

1 day habituation

\ 5 days learning phase/

Cohort 2. Next, in a new series metabolic phenotyping was conducted comparing

4 and 8-month-old male mice (before and after a transient period) (Figure 12).

ﬂ?ohort 2. Metabolic Parameters \
TSE PhenoMaster system

4M, 8M n¢=10; n3,7,2p=10 )

4/8 month |
old > "

Day 1-3 MRI Day 4
Habituation 24 hour X
measurement

Food and Water
Consumption,

\ Body consomption RER, EE

Figure 12. Schematic representation of Cohort 2 in Experimental Series 3. The body
composition of male mice (4- (n = 10/group) and 8-month-old (n = 5-7/group)) was determined
by EchoMRI than the animals were transferred to metabolic (calo) cages of the Phenomaster
Metabolic Phenotyping where the metabolic parameters were recorded. Abbreviation: M: age in
month

3 Days Habituation
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111.3. Behavioural Testing

Tests were carried out during the dark, active phase of the day in a separate room
under red light or in semi-darkness and recorded by ceiling-mounted camera (Samsung
SNB 7000) for fox odour, MWM, OFT, RAM and staircase test. The experiments were
performed with randomization of the animals. Data were analysed later by computer—
based event recorders Noldus EthoVision (Noldus, Wageningen, the Netherlands) or
manually with Solomon Coder (https://solomoncoder.com/). Each test apparatus was
cleaned with 20% ethanol and water and dried prior to the next animal being introduced
(except MWM where water was not changes between animals).
111.3.1. Temporal Appearance of Enhanced Innate Anxiety
111.3.1.1. Predator Odor Test Using 2-methyl-thiazoline (2MT) (Experimental Series
1., Cohort 1.)

We assessed the avoidance response to an ecologically relevant aversive stimulus
(i.e., predator odour) by means of a synthetic analogue of a fox anogenital product (2-
methyl-2-thiazoline; 2MT; Merck, Sigma Aldrich, St. Louis, MO, USA, #M83406), in a
transparent Plexiglas arena (43 x 27 x 19 cm) (254). Testing was carried out in a fume
hood with medium-light intensity (120 lux) in covered arenas to equalize odour exposure
across subjects. During testing, 2MT (Merck, Sigma Aldrich; St. Louis, MO, USA,
#M83406, 40 pl in 1 ml distilled water, 50 pl/animal) was presented on a filter paper
placed in a plastic vial cap affixed to the corner. One eighth of the box containing 2MT
was defined as approach zone, while the distant quarter as avoidance zone. At start,
animals were placed in the corner opposing the odour zone and were left to freely explore
the covered arena for 10 min. Filter papers were immediately removed at the end of the
test, then the testing arena was cleaned with 20% ethanol, wiped dry, and left ventilated
for an additional 2 min before the next test. The following parameters were analysed by
EthoVision XT 15 software (Noldus, Wageningen, the Netherlands):

(1) locomotor/horizontal exploratory activity (total distance moved in cm)

(2) the time spent in the approach zone (corrected by locomotion: (duration spent
in the approach zone)/(distance travelled), s/m);

(3) the number of entries into the approach zone;

(4) the time spent in the avoidance zone (corrected by locomotion: (duration spent

in the avoidance zone)/ (distance travelled), s/m);
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(5) the number of entries into the avoidance zone; and

(6) time spent with immobility (not moving; s).

Male mice were used throughout. However, 2- and 15-month females were also
additionally involved. In these 2- and 15-month age-groups, additional behavioural
variables were quantified, namely hand-scored by an experimenter blind to treatment
groups (Solomon Coder, version beta 19.08.02, Budapest, Hungary). During manual
analysis, animal behaviour in the arena can be separated more finely; freezing behaviour
can be identified with greater precision, as well as behaviours such as sniffing and rearing
on two legs. These variables were the following (time spent with the given behaviour
expressed as % of 10 min observation period):

(1) freezing: no apparent movement;

(2) sniffing the odour container;

(3) rearing: vertical movement.

The number of animals is on Figure 8.

I11. 3.1.2. Open Field Test (OFT) (Experimental Series 1., Cohort 2.)

Exploratory activity and anxiety-like behaviour without predator stimuli was
assessed in an open field arena under medium-light intensity (120 lux). The exact size (50
x 45 x 15 cm or 40 x 40 x 30 cm) as well as the colour (white or black) and smell (ethanol
or soap) of the arena was changed from month to month to avoid loss of interest.
Nevertheless, the plastic walls were always cleaned between animals and 4 animals were
tested at a time. Mice were placed in the centre and were allowed to explore the arena for
5 min (295). At 11 months of age (last occasion), the 30 min test was conducted. The
distance travelled was considered as a main parameter of locomotion. The inner 70% zone
was considered as centre, and time spent here was an index of anxiety. Here we did not
calculate corrected duration spent in the centre, while the animals were placed there and
not moving animals stayed there, leading to a misleading reduced anxiety. The number
of animals is on Figure 9.

All behavioural variables were quantified using EthoVision XT 15 software
(Noldus, Wageningen, the Netherlands).
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111.3.2. Musculoskeletal and Cerebellar Changes in the Context of Motor Alterations
111.3.2.1. Muscle strength: Grip Test (Experimental Series 2., Cohort 1.)

An analog Grip Strength Meter (Pesola Medio-Line 40300) was used to measure
forelimb grip strength. The 6-month-old male mouse was allowed to grasp the bar
mounted on the force spring scales. The scale was reset to 0 g after stabilization and the
tail of mouse was slowly pulled back by the trained experimenter (296). The peak pull
force (g) was recorded by the drag pointer at the time the mouse released its forepaws
from the bar. Trials in which only one forepaw, or the hind limbs were used and in which
the mouse turned during the pull or leaves the bar without resistance were excluded.
Given that the speed of the tail pull can influence the measurement, we conducted the
procedure at a constant speed sufficiently slow to permit mice to build up a resistance
against it. We performed 5 consecutive measurements on a single day at one-minute
intervals. The number of animals is on Figure 10.
111.3.2.2. Motor-coordination: Rotarod Test (Experimental Series 2., Cohort 1.)

Motor coordination and balance were measured using a rotarod treadmill with
automatic timers and falling sensors (IITC Rotarod Series 8, IITC Life Science, North
America Headquarters, USA). The mouse was placed on a 3 cm diameter drum, whose
surface was textured to avoid slipping. The rotarod started to rotate with 5 round per
minute (rpm) and accelerated continuously to 25 rpm during 300 s (297). When the mice
fell onto the individual sensing platforms the results were recorded. The experiment was
repeated three times a day for 5 days. The machine automatically measured the falling
latency, the speed at the time of the fall and the distance travelled till the fall. The number
of animals is on Figure 10.

111. 3.2.3. General locomotion: Open Field Test (OFT) (Experimental Series 2., Cohort
3and4.)

The test was conducted and analysed similarly as described in 11.3.1.2. Here, only
6-month-old male mice were examined, and the dimension of the test box was 40 cm x
36 cm x 19 cm and animals were left there for 15 min.

To reduce anxious behaviour, a separate group of male mice was kept in enriched
environment from 2.5-month of age consisting of repeated handling, occasional running

wheel in the cage, changes in cage size and hiding elements referred later as handling
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group (Cohort 4.). Locomotion was detected in these animals at 6-month-old age in an
OFT. The number of animals is on Figure 9 and 10.

111.3.2.4. Motivation-Induced Locomotion in Cognitive Tests

111.3.2.4.1. Morris Water Maze (MWM; Experimental Series 2., Cohort 2.)

A circular pool made of bright grey plastic (90 cm in diameter and 40 cm in height)
was filled with tap water (24 = 2 °C), made opaque by white wall paint, and the level of
the water was 1 cm higher than the platform (6 cm in diameter) except for learning day
1, when the platform was above the water (294) (Figure 10). The apparatus was divided
into 4 quadrants and the platform was installed in the middle of one quadrant. Mice were
released into the water from different points across trials and were allowed to swim freely
for 1 min to find the platform. If they did not find the platform in time, they were helped
to find it and allowed to stay there for 10 secundum. The learning phase (day 1-4)
consisted of 5 trials with 30-minute intertrial interval (when the animals were returned to
their home cages) and was repeated for 4 consecutive days. On day 5 the platform was
removed from the water and the mice had 1 minute to search for the missing platform. As
a measure of punishment-induced locomotion, on day 5, on the “probe” day the total
distance moved was automatically detected. The number of animals is on Figure 10.
111.3.2.4.2. Radial Arm Maze (RAM; Experimental Series 2., Cohort 3.)

Mice were put in the well-defined central region of the eight arms maze (each arm
was 25 cm long, 7.5 cm wide, and 6 cm tall, the central part had 20 cm diameter) (Figure
10) for 10 min and were allowed to freely explore the equipment and collect 45mg pellet
(Dustless Precision Pellets® Rodent, Purified, 45mg, Bio-Serv, Bilaney Consultants
GmbH, Germany, #F0021-J). The habituation phase lasted for 2 days, the mice were
placed in the empty maze on the first day and one pellet was hidden at the end of each
arm on the second day (294). The learning phase lasted for 5 days with the same three
arms baited. Subsequently, on “probe” day 6, during a 5 min test no pellets were provided.
Our focus was on the distance travelled on” probe” day as a measure of reward-induced

locomotion. The number of animals is on Figure 10.
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111.3.2.5. Fine Motor Skills Tests
111.3.2.5.1. Single Pellet Reaching Test (also known as single-pellet skilled reaching
test (Experimental Series 2., Cohort 3.)

Mice were tested in a three-lane single pellet reaching box constructed of clear
Plexiglas with each lane consisting of 5 mm slots positioned against the front-right wall
of the box (Figure 10). On the first day pellets were put inside the box close to the lanes,
on the next day in the lane, while for the next 5 days outside, 5 mm from the lane (298).
The mouse had to reach out on the 3 mm lane and pull in the pellet. The mouse can collect
a maximum of 15 pellets (Dustless Precision Pellets® Rodent, Purified, 45mg, Bio-Serv,
Bilaney Consultants GmbH, Germany, #F0021-J) per day for 15 minutes. If the 15 pellets
were successfully collected, the experiment was terminated. Pellets successfully pulled
into the lane during the experiment were counted. The videos of the last day were analysed
manually with Solomon coder, from which the spent time of trying and feeding (s) were
extracted. The number of animals is on Figure 10.
111.3.2.5.2. Staircase Test (Experimental Series 2., Cohort 3.)

The staircase test was performed in an apparatus validated on mice (299). The test
apparatus comprises a wider start compartment and a narrow corridor. A central plinth
runs the full length of the corridor with a narrow trough on either side, into which a
removable double staircase can be inserted with eight steps on each side. There is a recess
on each step where the 45mg reward pellets (see 111.3.3.5.1.) are placed. The mouse can
climb onto the central plinth using its right and left paws to collect reward pellets. The
mouse had 15 minutes to collect the pellets. On the first day we also placed pellets on the
central plinth, but on the next 5 days the mice could only collect reward pellets from the
steps. During the days the consumed pellets were counted, from which the learning curve
was obtained. Trying (frequency, duration (s)), eating (duration), successful and
unsuccessful trying were analysed with Solomon coder from videos of all 6 days. Reward
preference and duration of trying (DT) and eating were analysed. The number of animals
is on Figure 10.

successful trying 100

d pref %) =
reward preference (%) trying + succesful trying + failed trying i
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I11. 3.3. Disrupted HPT Axis and Imbalance in MBH Neuropeptides as a Possible
Underlying Mechanism of Metabolic Shifts
111.3.3.1. Operant Condition Test (Experimental Series 3., Cohort 1.)

The test was performed in an automated operant chamber (Med Associates, St.
Albans, VT, USA) with two nose holes (300). As a reward, 45 mg of food pellets (see
111.3.3.5.1.) was used. Animals were placed inside a test chamber for 30 min to freely
explore the environment. A nose poke into one of the nose holes was immediately
associated with a reward followed by a 25-secundum-long time out with the chamber
light switched on (time-out period), while the other nose hole was not baited (incorrect).
During the time-out period, responses were not rewarded but were registered. The test
was divided into two phases: habituation (days 1) and learning (days 2-5), and data only
from the learning phase was shown. Reward preference (RP) (ratio of responses on the
rewarded nose hole) was calculated. The number of rewarded responses and time-out
reward hole nose pokes were also recorded. The number of animals is on Figure 11.

correct nose poke
100

reward preference (%) = - *
correct nose poke + incorect nose poke

111.3.3.2. In vivo metabolic measurements (Experimental Series 3., Cohort 2)

First, the animals were transferred to training boxes (one/cage) for 3-day
acclimatization. Before the measurement started, the body composition was measured by
EchoMRI-700 (700 Whole Body Composition Analyzer; E26-233RM, Echo Medical
Systems, Houston, TX, USA). This Magnetic Resonance Analyzer allows very quick and
precise analyses of body composition without the need of sedation or anaesthesia. During
the scanning mice were placed in a specially sized, clear plastic holder. The system
determines the total body fat content, the lean body mass, and the free and total water
content of the animals (300).

) ) total water — free water
hydration ratio = Toan * 100

After acclimatization to training boxes and EchoMRI measurement, mice were

transferred to metabolic (calo) cages. In the Phenomaster Metabolic Phenotyping system
(TSE Systems Gmbh, Berlin, Germany) metabolic variables were measured for 24 hours.
Data of metabolic variables (food- and O: consumption and CO. production) were
automatically collected in every 9 minutes (301). The respiratory exchange ratio (RER)

was calculated with the following formula: Vco2/Voz2. The program automatically
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integrates and analyses CO. production (Vco,)and Oz consumption (Vo,), both adjusted
for body weight. Heat production (H), calculated per cage, does not directly account for
body weight; however, normalizing EE to lean mass provides a more accurate assessment
of metabolic activity, as fat tissue has negligible energy requirements.

The program calculated the following values:

Vo2 = Flow(mD)* (V1 + V2) / (N2Ref * 100.0), representing O> consumption.

Vcoz = Flow(ml) * dco2 / 100.0, representing CO: production.

H = (CVo2 * Vo2 + CVco2 * Vcoz) / 1000, expressed as Kcal/h.

To get H in Watt, we multiplied the Kcal/h data with 1.16306.

Finally, energy expenditure (EE) was calculated by dividing heat production (H)
by lean mass (kg):

EE = H(Kcal/h) / lean mass(kg)

It is more accurate to report EE relative to lean body mass (measured by
EchoMRI; kcal/h/kg lean). For better transparency, the data were aggregated in a 3-hour
resolution, as well as the changes in both the dark and the light cycle were examined
separately.

The number of animals is on Figure 12,

111.4. Immunohistochemistry (Experimental Series 1., Cohort 3.)

Mice were anesthetized intraperitoneally (i.p.) with a ketamine-xylazine solution
(16.6 mg/ml and 0.6 mg/ml, respectively) at a dose of 125 mg/kg ketamine and 25 mg/kg
xylazine, in 0.9% saline at a concentration of 10 ml/kg. They were then transcardially
perfused with ice-cold phosphate-buffered saline (PBS), followed by ice-cold
paraformaldehyde (4% PFA VWR International, Leuven, Belgium, #28794.295, in TRIS
VWR International, Leuven, Belgium, #103154M). Brains were rapidly removed and
post-fixed overnight in 4% PFA at 4 °C, then incubated in a solution containing 30%
sucrose (D-(+) saccharose puriss, Lach-Ner, Neratovice, Czech Republic, #57-50-1) in
TRIS before slicing. Thirty pm coronal sections were collected on a sliding microtome
and stored in a cryoprotectant solution (containing 20% glycerine, Molar Chemicals,
Halasztelek, Hungary, #03490-101-340, 30% ethylene glycol, Molar Chemicals,
Halasztelek, Hungary, #03010-203-340) at —20 °C until immunohistochemically staining.

To investigate the amyloid plaques and hyperphosphorylated tau (Experimental

Series 1., Cohort 3.), we used peroxidase-based immunohistochemistry, with nickel-
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diaminobenzidine tetrahydrochloride (Ni-DAB; 3,3’-Diaminobenzidine
tetrahydrochloride hydrate, Merck, Sigma Aldrich, St. Louis, MO, USA, #D5637-1G,
nickel (I1) sulphate hexahydrate, Merck, Sigma Aldrich, St. Louis, MO, USA, #227676-
500G) visualization. Before staining for amyloid, a 95%, 10 min formic acid (Merck,
Sigma- Aldrich, St. Louis, MO, USA, #F0507) pretreatment was performed. Slices were
incubated for 72 h, at 4°C in primary antibodies: anti-AfB1-42 (1:500, polyclonal anti-
rabbit, Invitrogen, Waltham, MA USA, #71-5800) and anti-phospho-Tau (1:500,
monoclonal anti-mouse AT8, Invitrogen, Waltham, MA USA, #MN1020). As secondary,
biotinylated anti-rabbit (1:200, Jackson ImmunoResearch, West Grove, PA, #111-065-
003) and anti-mouse (1:200, Jackson ImmunoResearch, West Grove, PA, #715-065-151)
antibodies were used, followed by an avidin-biotin treatment (VECTASTAIN Elite ABC-
Peroxidase Kits, Vector Laboratories, Newark, CA, USA, #PK-6100) at room
temperature for 2 h. Visualization was performed with a Ni-DAB and glucose oxidase
(Merck, Sigma Aldrich, St. Louis, MO USA, #G7141-10KU) solution.

Sections containing the appropriate brain regions were selected using the Paxinos
atlas (302) (OB: Bregma (Br) +3.56 mm to +2.34 mm; motor and somatosensory cortex
Br +0.6 mm to +1.2mm; hippocampus Br -1.58 mm to -2.46 mm; CAL region of the
hippocampus: Br -2.80 mm to -3.39; CA3 region of the hippocampus: Br -2.79 mm to -
3.39 mm; BLA: Br -2.69 mm to -3.39 mm).

The labelling was imaged using Nikon Eclipse Ei microscope with a Digital Sight
1000 camera at 4x magnification and representative images are presented.

111.5. Histological Evaluation of Joints (Experimental Series 2., Cohort 3.)

Hind limbs were dissected and after additional tissues were removed, joint
samples were washed in PBS three times and fixed in a 4:1 mixture of absolute ethanol
and 40% formaldehyde. Limbs were decalcified in 4% EDTA for four weeks until bones
became soft. Then samples were dehydrated in ascending alcohol row and embedded in
paraffin. 7 um thick serial sections were made and dimethyl-methylene-blue (DMMB)
staining (Merck, Sigma Aldrich, St. Louis, MO USA, #931418-92-7) was performed for
morphological analysis. Staining protocol was carried out according to the manufacturer’s
instructions.

Photomicrographs were taken using a DP74 camera (Olympus Corporation,

Tokyo, Japan) on an Olympus Bx53 microscope (Olympus Corporation, Tokyo, Japan).
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For the measurement of articular cartilage 10x magnification photomicrographs of
DMMB staining were investigated and a customized mathematical formula was used as
described before (303).

For the examination of thick and thinner collagen fibre ratio in articular cartilage
Picrosirius red (Merck, Sigma Aldrich, St. Louis, MO USA, #14726-29-5) staining was
used. In polarized light turning the light plane with A/4 thick collagen fibres appeared in
red, thinner collagen fibre in green colour. Samples were investigated in an Olympus
Bx53 polarization microscope (Olympus Corporation, Tokyo, Japan) with constant
settings and exposure time. In 20% magnification photomicrographs of red and green
pixels of articular cartilage were determined with ImageJ 1.40g freeware
(http://rsb.info.nih.gov/ij/ Wayne Rasband, developer, National Institutes of Health,
Bethesda, MD).

Due to technical reasons the number of animals was different for each joint.
DMMB

knee joints nc=8, Naxtg-ap=8;

intertarsal joint nc=7, Naxtg-ap=7;

tarsometatarsal joint nc=7, Naxtg-Ap=6;

interphalangeal joint nc=3, Naxtg-ap=4
Picrosirius red staining

knee joints nc=6, Naxtg-AD=6;

intertarsal joint nc=7, Naxtg-aD=7;

tarsometatarsal joint nc=6, Naxtg-ap=7;

interphalangeal joint nc=4, naxrg-ap=4
111.6. Blood and Serum Parameters
111.6.1. Blood glucose and other blood parameters (Experimental Series 2., Cohort
3.

Blood glucose, cholesterol, triglyceride, and uric acid levels were determined
from one drop of blood during decapitation. Blood glucose (mmol/l) and triglyceride
(mmol/l) levels were measured by MultiCarein (BSI Biochemical Systems International,
Arezzo, Italy, #1 00078284) while cholesterol (mmol/l) and uric acid (uM) levels were
detected by Wellmed Easy Touch GCU (Bioptik Technology, Inc., Miaoli County,
Taiwan, #ET 301). The number of animals is on Figure 10.
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111.6.2. Enzyme-Linked Immunosorbent Assay (ELISA; Experimental Series 2.,
Cohort 3.)

During decapitation the blood samples were collected and immediately placed on
ice until centrifugation was performed. The samples were centrifuged at 4°C 2500g for
30 min and serum were collected in Eppendorf tubes. Samples were stored at -20°C until
used. For determination of free T4 (fT4) and free T3 (fT3) levels, AccuLite ELISA fT3
and fT4 CLIA kits (Monobind Inc., Lake Forest, CA USA, #1275-300) were used
according to manufacturer’s protocol using iMARKTM Microplate Absorbance Reader
(Bio-Rad Hungary Ltd., Budapest, Hungary). Duplicates of the samples and 6 standards
of known concentration were measured on the 96-well plate and the values were given in
ng/dl. The number of animals is on Figure 10.

I11.7. Quantitative PCR (qPCR)

Mice were sacrificed by decapitation and their brain and gastrochemius muscle
were snap-frozen on dry ice and stored at -80°C until use (Experimental Series 2., Cohort
3 and 5) On dry ice the cerebellum was cut in half. Total RNA was extracted from
gastrocnemius muscle and one half of the cerebellum using RNAzol® RT (Merck, Sigma
Aldrich, St. Louis, MO USA, Sigma #R4533-50ML).

From a separate set of animals (Experimental Series 2., Cohort 3 and 5) the PVN
and MBH were dissected by micro punch technique. These areas and the pituitary gland
were snap-frozen on dry ice and stored at -80°C until use.

Total RNA was extracted using RNeasy Mini Kit (QIAGEN, Hilden, Germany,
#74106). Reverse transcription of the RNA samples was made by High-Capacity RNA-
to-cDNA™ Kit (Thermo Fisher Scientific, Waltham, MA, USA, # 4387406). Total RNA
purity and quantity were assessed using a NanoPhotometer NP80 (IMPLEN GmbH,
Miinchen, Germany). cDNA synthesis was confirmed using One Step PCR and analysed
by electrophoresis on a 1.5% agarose gel with DreamTaq Green PCR (Thermo Fisher
Scientific, Waltham, MA, USA, #2772182). This allowed for an evaluation of RNA
integrity and the efficiency of the reverse transcription process. SensiFAST SYBR Lo-
ROX Kit (lzinta Trade Ltd., Budapest, Hungary, # BIO-94005) was used for qPCR.
Quantitative PCR was performed in an Applied Biosystems QuantStudio 5 Real-Time
PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Quantification reactions

were performed in duplicate for each sample using the ‘delta-delta Ct” method,
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normalized to the average of the control group data, and linearized by 244Ct (304).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was chosen as a reference
(housekeeping) gene. Primers used for qPCR are listed in Table 1. Primers were designed
using Primer-BLAST (NCBI) and were acquired from the Bio-Science Kft (Budapest,
Hungary). The number of animals is on Figure 10.

Table 1. Primer sequences used in gPCR analysis of gene expression.

Gene Forward primer sequence Reverse primer sequence

GAPDH CCCTGT TGC TGT AGC CGT AT AGA ACATCATCCCTG CATCC
Myostatin ~ ATT GGC TCA AAC AGC CTG AA AAG GCT TCA AAATCG ACCGT
Follistatin  GAA TGT GCC GTC ACA GAG AA CTCATCGCGGTTAGCTTGA
COX4 GTCTTCCGG TTG CGG G CACTCT TCACAA CACTCC CAT
BCL2 GAG CTT TGA GCA GGT AGT GA TGA AGA CAG ATC TGA GGG GTG
BAX CTG ACATGTTTG CTG ATG GC CCAGCCACCCTGGTCTT

TRH GCTCTGGCTTTGATCTTCGT TTG TGA TCC AGG AAT CTAAGGC
TRp2 GTG AAT CAG CCT TAT ACC TG ACA GGT GAT GCA GCG ATAGT
TSHp TCAACACCACCATCTGTGCT TTGCCACACTTG CAGCTT AC
DIO1 CTG GGATTT CATTCAAGG CAG CCACGTTGTTCT TAA AAG CCC
DIO2 GAT GCT CCC AAT TCC AGT GT AGT GAA AGG TGG TCA GGT GG
DIO3 ATG CGT ATC AGA CGA CAACC CAA AAT TGA GCA CCA ACG GG
MCT8 GCT GAG CCA GTG CAA GAA GCT GCTTGG AACTCCACTT
CART CGC TAT GTT GCA GAT CGA AG GTCCCTTCACAAGCACTTCA
POMC CAT CTT TGT CCC CAG AGA GC TTT TCAGTC AGG GGC TGT TC
AgRP TTTCTGCTCCCTTGGTTT CC GGC AGT AGC AAAAGG CATTG
NPY GCC ACG ATG CTA GGT AAC AA TTG ATG TAG TGT CGC AGA GC
MCHR ATC TCC GAT GGC CAG GAT AA TGG TAC CAA ACACTG AAG GC

111.8. Western Blot Analysis (WB, Experimental Series 2., Cohort 3 and 5)

Proteins were isolated from the other half of the cerebellum. Protein lysates were
prepared with 500ul RIPA buffer (10mM Tris-HCI, ImM EDTA, 0.5mM EGTA, 150mM
NaCl, 0.1% SDS, 1%TritonX) containing Protease and Phosphatase Inhibitor Cocktail
(Sigma #PPC1010). Protein extract was mixed with 2x Laemmli buffer (4% SDS, 20%
glycerol, 0.004% Bromophenol blue, 0.125M Tris HCI, 10% B-mercaptoethanol) and
denaturized for 10 min at 95°C. The protein samples were then separated on a 15%
polyacrylamide gel with electrophoresis and transferred to a nitrocellulose membrane
(Bio-Rad Hungary Ltd., Budapest, Hungary, #1620115). The membranes were blocked
by 5% skim milk in TBS buffer containing 0.02% Tween20 and then incubated with
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rabbit polyclonal anti-caspase3 antibody (1:1000, Abcam, Cambridge, UK, #ab13847),
rabbit monoclonal anti-cytochrome C IV subunits (COX IV, a mitochondrial marker)
(D614K) (1:500, Cell Signaling Technology Europe, B.V., Leiden, The Netherlands,
#38563), mouse monoclonal anti-BAX antibody (1:500, Santa Cruz Biotechnology,
Heidelberg, Germany, #sc-7480), mouse monoclonal anti-Bcl-2 antibody (1:500, Santa
Cruz Biotechnology, Heidelberg, Germany, #sc-7382) and rabbit recombinant-GAPDH
(1:5000, Abcam, Cambridge, UK, #ab181603) at 4°C overnight. After washing with TBS
buffer containing 0.02% Tween20, the membranes were incubated for 2 hours with horse
radish peroxidase-conjugated anti-rabbit IgG secondary antibodies (1:2500, Sigma
#SAB3700853). The protein bands were detected using the ECL chemiluminescence
reagent (Bio-Rad Hungary Ltd., Budapest, Hungary, #170-5061) by Li-COR Imaging
system (Li-COR, C-DiGit™ Blot Scanner 3600). The images were analysed directly by
the Image Studio™ software (LI-COR Biosciences), where optical densities (pixel/area)
were measured. The number of animals is on Figure 10.
111.9. Statistical Analysis
Data are presented as means + SEM and were analysed using GraphPad Prism (version
6.0). Statistical analyses included two-way ANOVA and repeated-measures ANOVA for
various comparisons, as detailed below:
Three-way or Mixed-effects analysis:

v Fox odour: genotype and sex and age
Two-way ANOVA or Mixed-effects analysis:

v Fox odour: genotype and sex

v Collagen thickness: genotype and red/green ratio

v gPCR: genotype and training

v" Western Blot (WB): genotype and training

v" MRI: genotype and age

v' TSE PhenoMaster: genotype and age
Repeated-measures ANOVA or Mixed-effects analysis:

v Fox odour: genotype and age

v Open Field Test (OFT): genotype and age; genotype, sex, and 5 min intervals

v Grip test: genotype and trial

v Rotarod test: genotype and day
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Single Pellet Reaching Test (SPRT): genotype and day
Staircase test: genotype and day

TSE PhenoMaster: genotype, age, and 3-hour intervals

D N N NN

Optical Coherence Tomography (OCT): genotype and day
v Radial Arm Maze (RAM): genotype and day

Post-hoc analyses were performed using Tukey HSD or Sidak tests.

For pairwise comparisons, Student’s t-test or Mann-Whitney U test was applied
v’ grip test - average grip strength,

rotarod test — average latency,

OFT,

RAM,

MWM,

cartilage thickness in pixels,

TSE PhenoMaster — food- and water consumption 24h,

NN N N NN

blood parameters,

v' ELISA — ft3, ft4.
Statistical significance was set at p<0.05. Figures indicate post hoc comparison results,
while main ANOVA effects are presented in the tables.
Figures were created using BioRender (https://biorender.com/), Adobe Affinity Design
Software 1.10.5, and Vectornator Designer Software (https://www.vectornator.io/).
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V. Results

IV. 1. Temporal Emergence of Increased Innate Anxiety

1VV.1.1. Fox Odour Avoidance Behaviour

The 3xTg-AD animals moved significantly less than their age-matched controls
(Figure 13A,; for statistics see Table 2.). Interestingly, the controls, but not the 3xTg-AD
mice moved more with age. Despite this main genotype effect, during the post-hoc test
the genotype difference reaches significancy only in some cases (2-, 4-, 18-month-old
animals).

Coherent with the less movement, the 3xTg-AD animals spent more time in
immobile, not moving position (Figure 13B; Table 2.). The animals tended to freeze less
with age. However, once again, significant post hoc difference was detectable only in the

same age groups that showed locomotor impairment.

5000 600 @ Control

@ 3xTg-AD

*kk K *kk
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400 =
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Not moving [s]

1000 F

Distance travelled [cm]

0=

Figure 13. Age-Related Changes in Mobility During Fox Odour Avoidance in Male Mice. A.
Distance Travelled in Centimetres for 10 Minutes. B. Time Spent without Movement.
Two-way ANOVA, Sidak's multiple comparisons test *p<0.05; **<0.01; ***p<0.001 vs control.

Male mice 2- n_=14; n3ng-AD:lO; 4- n=18; nang_AD:17; 6- n.=11; n3ng-AD:11; 8- n.=8; n3ng-AD:8;
12- n=4; n3ng_AD=6; 15- n=10; n3ng>AD=10; 18-month-old n_=9; n3ng—AD:10

Table 2. Fox Odour Test Behaviour in Male Mice
Parameters Genotype Age Genotype x Age

F p F p F p

Distance [cm] 4284113 <0.001 = 7.446 132 <0.001 @ 2.098¢13 @ 0.058
Not moving [s] 23.95133  <0.001 = 2.795(,99) 0.015 1.867,99) 0.094
Duration difference 48320133 0.035  4.069@4.180,6828) 0.005 0.7300  0.627
Corrected  approach = 1.431u13 0.234 2.5996.132) 0.021 0.559¢,132)  0.762
time [s/m]
Approach frequency [#] = 23.08(1132 = <0.001 = 2.662 132 0.018 1.0526132 @ 0.395
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Corrected avoidance 11.81p33 0.002  7.863s99) <0.001  1.833p99  0.100
duration [s/m]

Avoidance frequency 42.24(1,132) <0.001 16.71(6,132) <0.001 2.605(6,132) 0.020
[#]

Several age-groups were studied (2, 4, 6, 8, 12, 15 and 18 months). This table contains the statistical data

to Figure 13, 14, 15. Degree of freedom is in brackets. Significant differences are marked as red.

All animals were afraid of the fox odour reflected by the 200-500 sec more time
spent in the avoidance than in approach zone despite only a double multiplier in their size.
In fact, the 3xTg-AD mice in general avoided the 2MT smell more than their age matched
controls (Figure 14, Table 2.).

@ Control
@ 3xTg-AD

Times difference between avoidence
and approach duration [s]

Figure 14.: Age-Dependent Zone Duration Difference in Fox Odor Avoidance. The time spent in
the avoidance and approach zones were subtracted from each other.
Two-way ANOVA, Sidak's multiple comparisons test

Male mice 2- n.=14; n =10; 4- n=18; n3ng>AD=17; 6- n.=11; nsng_ADzll; 8-n.=8;n
12-n.=4;n

=10; 18-month-old n_=9; nang_AD:lO

3xTg-AD 3ng—AD:8’

3ng-AD:6; 15- nC:1O; n3ng-AD

Due to differences in locomotion, we corrected the time spent in different
compartments with it (s/m) (Figure 15A, Table 2.). After correction, the previously
significant genotype difference in approach time became non-significant. However, the
age effect remained detectable. Namely, older animals spent significantly more time near
the 2MT container than the younger animals. As expected, the approach frequency was
lower in 3xTg-AD mice, but this also increased with age (Figure 15B). Although one
might think that the avoidance time is a pure reverse of the approach time, there is a
middle zone in between them (Figure 8). Thus, avoidance requires activity. Indeed, 3xTg-
AD animals were more afraid of the 2MT smell, spending more time in the avoidance
zone than their age-matched controls, and this effect became significant after correction

(Figure 15C). Interestingly, a longer amount of time was accompanied by fewer entries
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of 3xTg-AD mice into this avoidance zone (Figure 15D). The number of entries increased

with age in control, but not in 3xTg-AD animals.
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Figure 15. Fox Odour Test in Male Mice Across Different Age Groups. A. Corrected approach time
to fox odour zone (sec/m). B. Frequency of approaching the odour zone. C. Locomotion corrected time
spent in the avoidance zone (sec/m). D. Number of entries into the avoidance zone.

Two-way ANOVA, Mixed effects analysis, Sidak's multiple comparisons test *p<0.05; **p<0.01,
***p<0.001 vs control.
Male mice 2- n.=14; n
12-n=4;n

3ng>AD=10; 4- n.=18; n3ng>AD=17; 6- n.=11; nsng_ADzll; 8-n.=8;n
=6; 15-n_=10; n =10; 18-month-old n.=9;n =10

3xTg-AD™ 3xTg-AD™

¥Tg-AD= O
3XTg-AD

In selected age-groups we examined possible sex differences. First young, 2-
month-old mice were studied. Similarly to previous tests, the 3xTg-AD animals moved
significantly less than the controls (Figure 16A, Table 3.). The tendency for lower
approach frequency, as well as significant genotype difference in corrected avoidance
duration, avoidance frequency, as well as freezing time and frequency, and frequency of
sniffing the 2MT container all suggested enhanced anxiety of 3xTg-AD animals (Figure
16B-H). Nevertheless, there was no difference between the two sexes. However, during
post-hoc comparisons, 3xTg-AD males showed more significant changes than respective

females.
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Figure 16. Fox Odour Test in 2-Month-Old Male and Female Animals. A. Distance travelled in
centimetres during 10 min. B. Time spent freezing as a percentage of 10 min observation period. C.
Time spent sniffing the 2MT container as a percentage of 10 min observation period. D. Time spent
rearing as a percentage of 10 min observation period. E. Corrected approach time to fox odour zone.
F. Frequency of approaching the odour zone. G. Corrected avoidance duration. H. Number of entries
into the avoidance zone.

Two-way ANOVA, Mixed effects analysis, Sidak's multiple comparisons test *p<0.05; **p<0.01,
***n<0.001 vs control.

2-month-old male mice n_.=14; nang_ADzlo; 2-month-old female mice n_=5; n3ng-AD:10
Table 3. Fox Odour Test in 2-month-old Male and Female Animals.
Parameters Genotype Sex Genotype X Sex
F p F p F p
Distance [cm] 22.99113  <0.001 | 0.775@22 @ 0.388 0.762(113 0.399
Freezing (%) 21.18113 <0.001  0.491@2) 0.491 1.615413 0.226
Sniffing (%) 2403113  0.145  0.3112 0583  3.311;113 @ 0.092
Rearing (%0) 1.355035 0.252  0.41pss) 0526  3.95q35 | 0.055
Corrected approach time [sec/m] = 0.833(113 | 0.378 0.561(122 0.462  0.02¢1,13 @ 0.891
Approach frequency [#] 0.154(135 @ 0.697 3.93135  0.055 0.6820135) 0.414

Corrected avoidance duration @ 7.104¢,:3 @ 0.019 0129122 0.723  2.039113 @ 0.177
[sec/m]

Avoidance frequency [#] 17.69113  0.001 2771122 0.110 0.434¢1,13 0.522
This table contains the statistical data to Figure 16. Degree of freedom is in brackets. Significant differences

are marked as red.
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In 15-month-old animals, in accordance with previous results, the 3xTg-AD
animals moved less than controls both horizontally and vertically (Figure 17A, 17D,
respectively, Table 4.). They also approach the fox odour container less (Figure 17F) and
spent more time far from it (Figure 17G). Moreover, the 3xTg-AD animals sniffed the
2MT container less and for shorter periods (Figure 17C) and spent more time freezing
(Fig. 17B) than their controls. At this age, the sex difference was more pronounced. The
females moved less (both horizontally (Figure 17A) and vertically (Figure 17D)) and
spent more time near the 2MT container compared to males (Figure 17E), irrespective of
their genotype. In contrast to 2-month-old animals, here, in post-hoc comparisons, 3xTg-
AD females showed a more significant change than matched males.
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Figure 17. Fox Odour Test in 15-Month-Old Male and Female Animals. A. Distance travelled in
centimetres during 10 min. B. Time spent freezing as a percentage of 10 min observation period. C. Time
spent sniffing the 2MT container as a percentage of 10 min observation period. D. Time spent rearing as
a percentage of 10 min observation period. E. Corrected approach time to fox odour zone. F. Number of
approaches to the odour zone. G. Corrected time spent in the avoidance zone. H. Number of entries into
the avoidance zone.

Two-way ANOVA, Mixed effects analysis, Sidak's multiple comparisons test *p<0.05; **p<0.01,
***p<0.001 vs control.

15-month-ol male mice n.=10; n3ng_AD:lO 15-month-old female mice n_=5; ”3ng»AD:7
Table 4. Fox Odour Test in 15-month-old Male and Female Animals
Parameters Genotype Sex Genotype X Sex
F p F p F p
Distance [cm] 14.350126 <0.001 1820028  <0.001 1.89002¢  0.180
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Freezing (%) 5.804113 0.032  0.118415  0.736  1.433113  0.253
Sniffing (%) 6.307(113 0.026  0.001@15 | 0.974  0.03113 0.865
Rearing (%) 14.76@13 0.002  6.226(15  0.025  0.288(113  0.600
Corrected approach time [s/m] = 2.661x13 = 0.127  4.973115  0.042 2539113 | 0.135
Approach frequency [#] 13.15113 0.003  0.1(115 0.757 0.312(113  0.586

Corrected avoidance duration 6.479u2¢) = 0.017  0.944(125y  0.340 2996126y | 0.095
[s/m]

Avoidance frequency [#] 0.001¢113 0978  12.300115 @ 0.003 0.174113 | 0.683
This table contains the statistical data to Figure 17. Degree of freedom is in brackets. Significant differences

are marked as red.

To gain better insight into the relationships between age and various parameters,
the combined statistical analysis of the male and female data is shown in Table 5 (figure
not shown). The analysis reveals significant genotype effects across most measured
variables, indicating distinct behavioural differences between 3xTg-AD and control mice.
Notably, female animals move less than expected, irrespective of genotype. The effect of
age is evident primarily in rearing behaviour, corrected approach time, and avoidance
zone entry frequency, where older animals display a significant decline. Furthermore,
interactions between sex, age, and genotype, while generally non-significant, suggest the
importance of considering these factors together to fully understand their combined
effects. (Only the part of the table indicating the effect of age is shown here.)

Table 5. Fox Odour Test in 2 and 15-month-old Male and Female Animals,
Combined Sex and Age and Genotype Analysis

Distance [cm] Freezing (%)
F p F p
Age 2.019(, 63) 0.160 1.291(1, 40) 0.262
Sex x Age 2.748. 63) 0.102 0.1484, 23 0.704
Age x Genotype 1.844, 63 0.179 0.0441, 40) 0.836
Sex x Age x Genotype | 2.137(1 63) 0.149 2.678(1, 23) 0.115
Sniffing (%) Rearing (%)
F p F p
Age 3.687(1, 40 0.062 7.5481, 40) 0.009
Sex x Age 0.0471, 23) 0.830 0.8381, 2) 0.370
Age x Genotype 2.8611, 40) 0.099 0.828(1, 40) 0.368
Sex x Age x Genotype  0.917( 23 0.348 2.4061, 23) 0.135
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Corrected approach time Approach frequency [#]

[s/m]
F p F p
Age 7.3320, 10) 0.010 0.281, 63) 0.598
Sex x Age 7.1814, 2) 0.013 1.290(, 63) 0.260
Age X Genotype 0.5171, 40) 0.477 3.733(1 63) 0.058
Sex x Age x Genotype | 0.525(1, 23 0.476 0.814(1, 63) 0.370
Corrected avoidance Avoidance frequency [#]

duration [s/m]

F p F p
Age 1.036(, 63) 0.312 26.26(1, 63) <0.001
Sex x Age 1.150(1 63) 0.288 1.9120 3) 0.172
Age X Genotype 0.57270. 63 0.452 2.962(1, 63) 0.090
Sex x Age x Genotype | 4.966(1, 63) 0.029 0.066(1, 63) 0.798

This table contains the statistical data to 2- and 15-month-old male and females behaviour parameters.

Degree of freedom is in brackets. Significant differences are marked as red.

IV.1.2. Open Field Test

During repeated testing, the 3xTg-AD animals generally moved less (Figure 18,
Table 6.). Although there was no overall difference between sexes, there was a tendency
with more pronounced difference between genotypes in females than in males. In females,
all post-hoc comparisons between genotypes were significant, while males did not show
genotype difference from the age of 4 months.
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Figure 18. Open Field Test from 2 to 11 Months. A. Males, B. Females. Distance travelled in
centimetres during 5 min observation period.
Repeated measures ANOVA, Sidak's multiple comparisons test *p<0.05; ***p<0.001 vs control.

Male mice n.=8;n =8; Female mice n.=8;n =8

3xTg-AD 3xTg-AD
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Table 6. Open Field Test between 2- and 11-month.

Parameters

Distance [cm]

Time spent in centre (%)

Distance [cm]

Time spent in centre (%)

Male

Female

Genotype
F p
7.087@1,14) 0.019
0.0911,14y = 0.767
86.89(1,19y = <0.001
38.92(1114) <0.001

Age

10.76(9,114)
7.8999,115)

9.837(9,12)
8.110(9.123)

<0.001
<0.001

<0.001
<0.001

Genotype x Age

=

7.804(9,114)
1.2719115)

2.889(9,124)
2.223(9,123)

p

<0.001
0.260

0.004
0.025

This table contains the statistical data to Figure 18 and 19. Degree of freedom is in brackets. Significant

differences are marked as red.

The 3xTg-AD spent significantly less time in the centre of the arena than control

animals (Figure 19A, B; Table 6.). However, females spent less time in the centre than

males (p<0.01), with a more pronounced difference between genotypes in females than

males. In fact, post-hoc testing found genotype differences only in females from the age

of 7 months.
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Figure 19. Open Field Test from 2 to 11 Months. A. Males, B. Females. Percentage of time spent in
the centre of the open field during 5 min observation period.
Repeated-measures ANOVA, Sidak's multiple comparisons test **p<0.01; ***p<0.001 vs control.

Male mice n_=8; Nayrg-AD

=8; Female mice n_=8; n
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Despite no clear correlation between body weight and emotionality (305), we
cannot rule out the possibility that changes in body weight influenced the above-
mentioned parameters. In our hands, the initial body weight at two months was higher, as
expected, in males than in females (Figure 20, Table 7.). As anticipated, body weight
exhibited a significant increase with age in all groups, with this increase gradually
slowing down and stabilizing around 8 months of age. Throughout the study period,
control males consistently displayed the highest body weight, while control females
consistently exhibited the lowest. Notably, the body weight of both 3xTg-AD and control
females followed a similar developmental pattern up to 6 months of age. However,
starting from 6 months, the 3xTg-AD females displayed a notably higher body weight. In
contrast, among males, the divergence in body weight became evident at around 7 months

of age, with control male mice surpassing the transgenic males.

407 & Control Male Figure 20. Body Weight
5 37 & 3xTg-AD Male (S?leglges with Age in Both
£ 304 “O- Control Female  Rapeated measures ANOVA
2 -©- 3XTg-AD Female  Male mlc_e n.=8, n3ng_AD:8;
22 Female mice n;=8; n,; =8
@ 04

LB—T——T—T7T T T T T T 7
2 3 4 5 6 7 8 9 10 11

Month

Table 7. Body Weight Changes with Age in Both Sexes.

Body weight [g]
F p
Age 144.81.750,47.11) <0.001
Sex 46.83(1,28) <0.001
Genotype 0.5881,28) 0.450
Age x Sex 1.290(9,241) 0.243
Age x Genotype 1.2409 241 0.271
Sex x Genotype 20.151,28 <0.001
Age x Sex x Genotype = 7.340(9,241) <0.001

This table contains the statistical data to Figure 20. Degree of freedom is in brackets. Significant differences

are marked as red.

When analysed using Pearson correlation, no significant correlations were found
between the rate of body weight gain and the distance travelled during the OFTs or the
time spent in the centre for male mice. This lack of correlation was observed in both the
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control group (distance travelled: r= 0.056, p = 0.0503, time spent in centre (%): r =
<0.001, p = 0.848) and the transgenic group (distance travelled: r =0.042, p = 0.071, time
spent in centre (%): r =< 0.001, p = 0.813).

In contrast, for female mice, body weight gain showed correlations with the
observed behaviour. Control females exhibited a correlation with the distance travelled
(distance travelled: r = 0.089, p = 0.007, time spent in centre (%): r = 0.009, p = 0.400),
while 3xTg-AD females showed a correlation with the time spent in the centre (distance
travelled: r = 0.013, p = 0.315, time spent in centre (%): r = 0.110, p = 0.003).

At the end of the monthly observation period, in 11-month-old animals, we
examined the temporal development of behaviour as well. The 3xTgAD animals moved
significantly less during the whole 30 min observation period (Figure 21A, Table 8.). The
sex as well as the time had no influence on this parameter (i.e., no habituation was
observed). Regarding the time spent in the centre (Figure 21B, Table 8.), the control
animals spent more and more time in the centre as a sign of reduced anxiety over time,
while the 3xTg-AD animals spent significantly less time in the centre. Females were more

anxious, spending less time in the central compartment.
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Figure 21. Open Field Test during a 30-Minute Observation Period in 11-Month-Old Animals. A.
Distance travelled in centimetres given in 5 min time bins throughout the entire 30 min observation
period. B. Percentage of time spent in the centre in 5 min time bins.

Repeated measures ANOVA

Male mice n_=8; n =8, Female mice n_=8; n 8

3xTg-AD 3ng-AD=
Table 8. Open Field Test during a 30-Minute Observation Period in 11-Month-Old
Animals

Distance travelled [cm] Time spent in centre (%)

F p F p
Time 0.963(5,130) 0.443 13.64(3_08,75_14) <0.001
Sex 1.940.26) 0.176 8.7681.26) 0.007
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Genotype 43.00(1,26) <0.001 14.05(1,26) 0.001
Time x Sex 1.7815,130) 0.121 1.674(s5122) 0.146
Time x Genotype 0.425(5130) 0.831 7.1775,122) <0.001
Sex x Genotype 0.030(1,26) 0.865 0.4831,26) 0.493
Time x Sex x Genotype | 1.031,130) 0.402 1.351 5,122 0.247

This table contains the statistical data to Figure 21. Degree of freedom is in brackets. Significant differences

are marked as red.

IV.1.3. Immunohistochemical Confirmation of Temporal Appearance of

the Histological Hallmarks

Using Ni-DAB immunohistochemistry we were able to confirm the progressive
appearance of the classical hallmark of AD (AP and p-tau) in brain areas important for
memory formation (e.g., hippocampus; Figure 22F, G, J-M) as well as in the amygdala,
an important centre of emotions including anxiety (Figure 22H, I, N, O). Moreover, the
deposits were detectable in the OB (Figure 22A—C) and piriform cortex (Figure 22N, O),
brain areas participating in olfaction (306). Interestingly, AP was only minimally present
in two-month-old animals, while the signal intensity for p-tau was already high in this age
group. Nevertheless, the number of positively stained cells (both for AB as well as p-tau)
was higher in the brain of one-year-old animals than in two-month-old ones. These
deposits were not detectable in the brain of control mice (data not shown).

Amyloid-B, 4, Plaques

2-month-old 3xTg-AD 1-year-old 3xTg-AD 2-month-old 3xTg-AD 1-year-old 3xTg-AD
D E by
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Hyperphosphorylated Tau Figure 22. Ni-DAB
2-month-old 3xTg-AD 1-year-old 3xTg-AD Immunohistochemistry in  2-
> v : ) : month-old and 1-year-old

3xTg-AD Mice. A-l: Amyloid-
B142; J-O: Phospho-Tau. The
images depict various brain
regions: A-C: the olfactory bulb,
D,E: motor- and somatosensory-
cortex, F,G: hippocampus, H.,l:
basolateral and  basomedial
 amygdala; J,K: pyramidal cell
. layer in the CA1 region of the
hippocampus, L,M: pyramidal
cell layer in the CA3 region of the
hippocampus, N,O: basolateral
amygdaloid nucleus,
amygdalopiriform area, and
entorhinal cortex. Scale bars: B,
E, G: 200 um, I, K, M, O: 100
pm. n=3/group

IV.2. Musculoskeletal and Cerebellar Changes in the Context of Motor

Alterations

1V.2.1. Motor Alterations During Different Behavioural Test

The grip test, which assesses muscle strength in mice, revealed a significant loss
of muscle strength in 6-month-old, male 3xTg-AD animals compared to controls (Figure
23B, Table 10.). The AD mice performed significantly worse during all trials without any
changes between trials (Figure 23A; Table 9.).

Grip Test

B 200- @ Control
150+ *k
—_ @ 3xTg-AD
= :." 1504
: 8l o L
£ 1004 £ 1004 > Figure 23. Muscle Strength and Motor
5 a 5o Balance. 6-month-old male mice were
-§ © tested. A.-B. Grip Test C.-D. Rotarod Test.
o A.-C. The falling time is given separately
0T | S A for each trial. B.D.: Average of the 5 trials.
Trial Repeated measures ANOVA
Rotarod Test b Student’s t-test, **p<0.01 vs control.
C - 60 . 6-month-old male mice n=10; n, =9
@ 50 E o H
= F4q 3
[}
2] 3
g 30 E 20
5 20 -
0-
10 T T T T T
1 2 3
Day
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Table 9. Motor Alterations during Different Behavioural Tests. Temporal resolution

Parameters Genotype Trial/Day/Min Genotype X Trial/Day
F p F p F p

Grip test (5 trials)  17.6100gs <0.001  0.4234gs)  0.792  1.201ugs 0.317

Rotarod test (5day) 0.811u40  0.373 11140445  <0.001  0.342(4,40) 0.848

Open Field 15min 1481135 <0.001 9.589(14135y <0.001 | 0.375u12135y  0.980

SPRT 19.990(105 <0.001  19.180@10s) <0.001 0.764105  0.600

Staircase test DT~ 62580054 <0.001  4.2065s  0.003  3.444¢s 0.009
Staircase test SR 17.320@,549  <0.001 4.615654 | 0.001 | 1.204(554 0.320
This table contains the statistical data to the averages on Figure 23-24 and 26. Degree of freedom is in
brackets. Significant differences are marked as red. Abbreviations: DT: distance travelled; SR: success rate;
SPRT: single pellet reaching task.
Table 10. Motor Alterations during Different Behavioural Tests.

Parameters Genotype
LICE) p

Grip test average 3.576(17) 0.002
Rotarod test average 0.373017) 0.714
Open Field 3.083(19) 0.006
Open Field (handling) 1.049(12) 0.315
RAM first day 0.95015) 0.355
RAM last day 3.711asy | 0.002
MWM 0.051q0)  0.961

This table contains the statistical data to the averages on Figure 23-25. Degree of freedom is in brackets.
Significant differences are marked as red. Abbreviations: MWM: Morris water maze; RAM: radial arm

maze test.

No significant difference was observed between the two genotypes during the
rotarod test, which measures motor coordination (Figure 23D, Table 10.). All mice
improved their performance over time as they remained on the continuously accelerating

rotating rod for longer durations from day to day (Figure 23C, Table 9.).
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During this experimental series we repeated the previous OFT (see IV.1.2.) in 6-
month-old animals with a higher temporal resolution (using 1-min bins). We could
confirm our previous data that the 3xTg-AD mice exhibited reduced movement both in
the first 5 minutes (Figure 24B, Table 10.) and during a prolonged 15-minute observation
period (Figure 24A. Table 9.). After an initial period of freezing, the mice began to
explore the environment, as reflected by the high level of distance travelled during the
second minute of observation. Although the interest gradually decreased, the difference
between the genotypes remained constant throughout the 15 minutes. Furthermore, when
the animals were kept in an enriched environment and handled repeatedly, the locomotor
difference disappeared (Figure 24C, Table 10.).

Open Field Open Field with Handling

A P B C

800 3500 *% 3500
E T = @ Control
E E 3000{ - E 3000
— i — — 3 -
g 800 T 2500 3 2500 ® 5xTe-AD
® T 2000 R E
& 400 & s &
& 5 1500 5
2 s 3
2 200+ £ 1000 g
] 2 500 7]
(a] [a] (m]

0 T T T T T 0- -
3 6 9 12 15 5 min
15 min

Figure 24. General Locomotion in Open Field Test. A-B. Distance travelled in centimetres in 1-min
bins (A.) or in average (B). C. Average values during 5 min observation in animals kept in enriched
environment and were repeatedly handled.

Repeated measures ANOVA

Student’s t-test **p<0.01 vs control.

6-month-old male mice n.=10; n 10

3xTg-AD ™~

Given the significantly lower muscle strength and locomotor activity detected in
the transgenic mice, we investigated whether positive (food) or negative (escape from
water) reinforcements could act as appropriate motivators for normal locomotion. While
these tests aimed to assess cognition, here we focused solely on locomotion in the test
boxes.

On the first day of the RAM test, when there was no food in the arena, no
difference was observed between the groups (Figure 25A, Table 10.), like when the
animals were handled repeatedly before the OFT. However, when we compared the
"probe"” on the last day, when food motivation had developed, we found that transgenic

mice moved significantly more in the RAM compared to the control group (Figure 25B,
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Table 10.). This indicated that food motivation encouraged transgenic mice to be more

active.
Radial Arm Maze Test Morris Water Maze Test

A First Day B Last Day C Probe Day @ Control

_ ok ' -
~ 4000 ) ~ 3500~ . . 2000 @ 3xTg-AD
E o E 3000+ s 3

. o — o — - "
T 30009 . s T 2500 310 =
= . = a —_— —
® % 2000- o S ©
s 2000 | & s e g 1000-
£ £ 15004 = =
g : g 2
§ 10004 [ £ 1000+ & 500
@ @ 500 2
o a a

0 0 0
5 min 5 min 1 min

Figure 25. Motivation-Induced Locomotion in Cognitive Tests. A-B. Radial arm maze (RAM) test
without pellets. C. Morris water maze (MWM) test.
Student’s t-test **p<0.01 vs control.

MWM 6-month-old male mice n.=6;n =6; RAM 6-month-old male mice n_=10; n 10

3xTg-AD 3xTg-AD™

During the MWM test, we compared the "probe™ day between genotypes, as only
on this day did the animals spend equal time in the pool, similar to the RAM test. Our
results clearly showed that both the transgenic and control groups covered an equal
distance during the 1-minute observation period (Figure 25C, Table 10.).

Based on clinical observation and considering the problems in muscle strength
and movement, we expected early fine motor problems in the 3xTg-AD animals.

In the SPRT, where mice were trained for 7 days to collect pellets using their paws
through a 5 mm wide lane, the transgenic mice paradoxically collected significantly more
rewards (Figure 26A, Table 9.). Moreover, as the days progressed, both groups showed a

significant increase in reward acquisition, suggesting that they learned the task.
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Single Pellet Reaching Test @ Control
@ 3xTg-AD

-
(2]
1

Figure 26. Fine Motoric Tests. A. Single
pellet reaching test (SPRT). B-C. Staircase test.
Repeated measures ANOVA
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In the Staircase test, transgenic mice initially spent significantly more time
attempting to reach the pellet (Figure 26B, Table 9.). However, this disparity gradually
diminished, as evidenced by a significant genotype x time interaction. The success rate
on the first day was approximately 20% for both groups (Figure 26C, Table 9.).
Nevertheless, a notable increase in the success rate was observed in the transgenic mice
on the second day, and this improved performance was consistently maintained in the
following days. Conversely, the control group exhibited a gradual increase in their
success rate over time. By the fifth day, both groups of animals had achieved a similar
success rate in collecting the pellet (Figure 26C, Table 9.). It appears that the transgenic
mice, after initially dedicating more time to their attempts during the early stages of the
experiment, adjusted both their time allocation and success rate from the second day
onwards. In contrast, the control group displayed a steady increase in both parameters
throughout the experiment.

IVV.2.2. Histological evaluation of joints

Collagen fibres orientation and thickness can be examined with Picrosirius
staining. In polarized light collagen - independently from its type - appeared in red colour,

which showed normal morphology of articular cartilage both in control and in 3xTg-AD
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mice knee joints (Figure 27A, B, Table 11.). No morphological differences were
identified in intertarsal, tarsometatarsal and interphalangeal joints (Figure 27C-H). In
polarized light turned with A/4 collagen fibres can be visualized — depending on their
thickness - in red (thicker) or green (thinner) colour. In articular cartilage of all examined
joints articular (knee: Figure 27A,B; intertarsal: Figure 27C,F; tarsometatarsal: Figure
27D,G; interphalangeal: Figure 27E,H) thicker collagen fibres were normally oriented
forming maltan crosses and significantly lower thinner than thicker collagen fibres was
present independently from the genotype (307) (Figure 27A, B).
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Figure 27. Collagen Fiber Thickness Analysis of Knee, Intertarsal, Tarsometatarsal, and
Interphalangeal Joints. B, F-H. Picrosirius red staining was used in normal and in A/4 polarized light
to investigate collagen fibre thickness. The images were captured at an original magnification of 20x,
with a scale bar of 50 um. A, C-E. Thick and thin collagen fibres / red and green pixel density of the
articular cartilage was analysed.

Two-way ANOVA, Mixed effects analysis, Sidak's multiple comparisons test

8-month-old male mice 8M knee joints n_=6, n3ng-AD:6; intertarsal joint n_=7, n

tarsometatarsal joint n_=6, n =7; interphalangeal joint n.=4, n, . =4

3ng-AD_7 ’
3xTg-AD

Table 11. Collagen Fiber Thickness Analysis of Knee, Intertarsal, Tarsometatarsal,

and Interphalangeal Joints.

Thick and Thin Genotype x
Parameters Genotype ] . .

Collagen Fibres Thick/Thin
Collagen thickness of F p F p F p
knee joint 0.514(1,10) 0.490 133.700¢1,100 = <0.001 0.496(110) 0.498

intertarsal articulation  0.551u12 | 0.472 184.6001,127 = <0.001 0.334112 0.574
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tarsometatarsal

) ) 0.13811 0719  95550(1,12) <0.001  0.070@1 0.797
articulation
interphalangeal

) ) 0.09206 0772  264.20006  <0.001  0.020@e  0.891
articulation
This table contains the statistical data to the Figure 27. Degree of freedom is in brackets. Significant
differences are marked as red.
Glycosaminoglycan content of hyaline cartilage, visualized with DMMB staining,
showed normal metachromasia in knee, intertarsal, and interphalangeal articular cartilage
in both genotypes (Figure 28A-E, Table 12.). There was a tendency toward thinner

metatarsal cartilage in 3xTg-AD compared to controls.
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Figure 28. Morphological Analysis of Knee, Intertarsal, Tarsometatarsal, and Interphalangeal
Joints. B, F-H. Histological differences were visualized using Dimethyl methylene blue (DMMB)
staining. Images were taken at an original magnification of 10%, with a scale bar of 100 um. A, C-E.
Geometric analysis of mouse articular cartilage was performed.

Student’s t-test, Mann-Whitney U test
8-month-old male mice knee joints n_=8, n

jointn_=n=7,n

3ng_AD=8; intertarsal joint n_=7, n =7; tarsometatarsal

=6; interphalangeal joint n.==3, n 4

3xTg-AD

3xTg-AD 3xTg-AD ™
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Table 12. Morphological Analysis of Knee, Intertarsal, Tarsometatarsal, and

Interphalangeal Joints

Parameters Genotype
Thickness of joint in pixels ) p
knee joint 0.505¢14)  0.622
intertarsal articulation 1.672¢2 0.120

tarsometatarsal articulation 2.15611) 0.054

interphalangeal articulation 0.034 | 0.974
This table contains the statistical data to the Figure 28. Degree of freedom is in brackets. The tendency is
marked as blue.

IVV.2.3. Changes at molecular levels

To examine the possible beneficial effect of a restricted diet plus repeated testing
(referred to as training), the molecular changes detected after extensive behavioural
testing were compared to an absolute control group.

IV.2.3.1. mRNA expression levels in the gastrocnemius muscle

In the RT-qPCR analysis of the gastrocnemius muscle of 6-month-old male 3xTg-
AD and control mice, no significant differences were detected in the mRNA expression
levels of myostatin and follistatin (Figure 29A-B, Table 13.). However, following the
training, follistatin levels decreased (Figure 29B), leading to an increased
myostatin/follistatin ratio (Figure 29C). The genotype had no effect of the observed

parameters.

@ Control
@ 3xTg-AD

P
=

2.0 C

2.5+

2.0+ e

Follistatin mRNA
expression
expression

Myostatin mRNA
expression

Myostatin-Follistatin mRNA

Naive Training Naive Training Maive Training

Figure 29. The Myostatin and Follistatin System in the Gastrocnemius Muscle. The mRNA values
were calculated by the 2-24¢t method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
housekeeping gene and normalized to the values in the average of control group. A. Myostatin mMRNA
expression. B. Follistatin mRNA expression. C. Myostatin / follistatin ratio.

Two-way ANOVA, Mixed effects analysis, Sidak's multiple comparisons test

Animals were sacrificed without testing (Naive) n.=4, n =4; 8-month-old male mice

(Experimental Animal, Training) n.=10, n,, . ,,=10

3xTg-AD
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Table 13. mMRNA Changes in Musculus Gastrocnemius Measured by gPCR.

Genotype x Training

Genotype

F p
Myostatin 0.0124,11)  0.914
Follistatin 0.349112  0.566
Myostatin-Follistatin ratio = <0.001(23 = 0.999
COX4 0.594(111)  0.457
BAX 1.60901)  0.231
BCL2 1.853110  0.203
BCL2 — BAX ratio 1101019  0.319

cell leukaemia/lymphoma 2; COX4: gene of cytochrome ¢ oxidase subunit 4

F

Training

p

1.076@,12  0.320
5.019012  0.045
5132103 | 0.033
0.6771012 0.427
1901412  0.193
1.282012  0.280
7.088112  0.021
This table contains the statistical data to the Figures 29, 30. Degree of freedom is in brackets. Significant
difference is marked as red. Abbreviations: BAX: gene of Bcl-2 associated X protein; BCL2: gene of B-

interaction

F p

0.001(1,13) 0.975
0.4231,12) 0.528
0.043(1,23) 0.838
0.669(1,11) 0.431
0.002(1,11 0.967
0.460(1,10) 0.513
1.427 1,10 0.260

We also compared the mRNA expression of the mitochondrial marker COX4
(Figure 30A, Table 13.), the pro-apoptotic BAX (Figure 30B, Table 13.), and the anti-
apoptotic BCL2 (Figure 30C, Table 13.). No differences were found between animals in

these mMRNA expression levels (neither the genotype, not the training well as their

interaction was significant). However, the training increased the BCL2/BAX ratio (Fig.

29D).
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Figure 30. Mitochondrial System in the Gastrocnemius Muscle. The mRNA values were calculated
by the 2-22¢t method using GAPDH as housekeeping gene and normalized to the values in the average
of control group. A. The mitochondrial marker, COX4 mRNA expression. B. The expression level of
the pro-apoptotic BAX mRNA. C. The anti-apoptotic BCL2 mRNA expression. D. The BCL2 and
BAX mRNA ratio. Abbreviations: BAX: gene of Bcl-2 associated X protein; BCL2: gene of B-cell

leukaemia/lymphoma 2; COX4: gene of cytochrome c oxidase subunit 4.

Two-way ANOVA, Mixed effects analysis, Sidak's multiple comparisons test
Animals were sacrificed without testing (Naive) n_=4, n3ng-AD:4; 8-month-old male mice

(Experimental Animal, Training) n.=10, n

3Tg-AD 10
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1V.2.3.2. mMRNA expression and protein levels in the cerebellum

In the cerebellum, we examined the previously mentioned mitochondrial and
apoptotic genes. COX4 mRNA level was significantly higher in transgenic mice
compared to control mice (Figure 31A, Table 14.). However, after the training, BAX
MRNA levels decreased by approximately 20% (Figure 31B), BCL2 mRNA levels
increased (Figure 31C), leading to a significant cumulative increase in the BCL2/BAX

ratio (Figure 31D). No genotype difference was observed in the latest parameters.
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Figure 31. mRNA Expression Level Changes in the Mitochondrial Systems in the Cerebellum The
mRNA values were calculated by the 2-2A¢ method using GAPDH as housekeeping gene and
normalized to the values in the average of control group. A. The mitochondrial marker, COX4 mRNA
expression. B. The expression level of the pro-apoptotic BAX mRNA. C. The anti-apoptotic BCL2
mRNA expression. D. The anti-apoptotic BCL2 mRNA expression. D. The BCL2 and BAX mRNA
ratio.  Abbreviations: BAX: gene of Bcl-2 associated X protein; BCL2: gene of B-cell
leukaemia/lymphoma 2; COX4: gene of cytochrome ¢ oxidase subunit 4.

Two-way ANOVA, Mixed effects analysis, Sidak's multiple comparisons test

Animals were sacrificed without testing (Naive) n_=4, n3ng_AD=4; 8-month-old male mice

(Experimental Animal, Training) n.=10, n, .. ,,=10
Table 14. Apoptotic and Mitochondrial Markers in the Cerebellum.

Genotype Training Genotype x

Training

interaction

F p F p F p
mMRNA by COX4 10.9849)  0.009  0.32514 0582  0.011pg  0.918
gPCR BAX 4.306(1,9) 0.068 50.3209  <0.001 2.001ag  0.191
BCL2 2.28504  0.165 289510  <0.001 0.532u¢  0.484
BCL2-BAX 1.16319) 0.309 401149  <0.001 0.85019  0.381
Protein by COXIV 31.7249) <0.001 | 1.089319 @ 0.324  3.63219 | 0.089
Western BAX 9.980(1,9) 0.012 452319  0.0623 112049  0.318
blot cleaved Cas3 4.266(1,9) 0.069 21.67a19 | 0.001 @ 257709 0.143
proCas3 18.95¢19) 0.002 0.35719 0565 | 0.86519  0.377
Bcl-2 0.453(1,9) 0.518 0.85719 | 0.379 | 0.37819 | 0.554
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Bcl-2/BAX 583519 0039  8710u¢ 0016 0.047ug  0.833
This table contains the statistical data to the Figures 31,32. Degree of freedom is in brackets. Significant
difference is marked as red. Abbreviations: COX4: gene of cytochrome ¢ oxidase subunit 4 isoform 1;
BAX: gene of Bcl-2 Associated X protein; BCL2: gene of B-cell leukaemia/lymphoma 2; COXIV: protein
of cytochrome ¢ oxidase subunit 4; BAX: Bcl-2 Associated X protein; cleaved Cas3: cleaved Caspase 3;

proCas3: Procaspase 3; Bcl-2: B-cell leukaemia/lymphoma 2 protein.

As the mRNA levels might not necessarily reflect the produced protein amount,
therefore we examined by Western blot the protein content as well. Similarly to the
MRNA levels, the COXIV protein content in the cerebellum was notably higher in
transgenic mice compared to control mice, and this disparity was unaffected by training
(Figure 32B, Table 13.). Similar trends were observed in the levels of BAX protein, with
higher levels in 3xTg-AD mice, and no discernible influence from training, which
contrasted with the observation at mRNA level (Figure 32C, Table 14.). However,
another pro-apoptotic protein, cleaved caspase-3, did not exhibit significant differences
between genotypes, but was influenced by training (Figure 32E, Table 14.).
Paradoxically, the level of the pro-caspase-3 enzyme protein was reduced in 3xTg-AD
mice compared to control animals, with no observable training effect (Figure 32F, Table
14.). No alterations in the expression of the anti-apoptotic protein Bcl-2 were detected
(Figure 32D, Table 14.). In the pro- and anti-apoptotic BAX/BCI-2 ratio the training has
similar, increasing effect as at mMRNA level (Figure 32G, Table 14.). However, at protein
level, the 3xTg-AD mice had lower ratios than controls.
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Figure 32. Protein Level Changes in the Mitochondrial Systems of the Cerebellum A.
Representative Western blot analyses. The first column displays samples from control (BI6) mice, while
the second column shows samples from 3xTg-AD mice. Within each block, the first 4 bands represent
samples from mice without training (naive), and the last 7 bands represent samples from mice with
training. The blots show the following proteins from top to bottom: GAPDH (37 kDa) as the
housekeeping protein, COXIV (16 kDa), BAX (21 kDa), Bcl-2 (27 kDa), cleaved Cas3 (19 and 17 kDa)
and proCas3 (34 kDa). The protein levels were expressed in comparison to the GAPDH. B. COXIV
protein level. C. BAX protein levels. D. Bcl-2 protein level. F. proCas3 protein level. G. Bcl-2/BAX
ratio. Abbreviations: GAPDH: glyceraldehyde-3-phosphate dehydrogenase protein; COXIV: protein of
cytochrome c oxidase subunit 4; BAX: Bcl-2 Associated X protein; cleaved Cas3: cleaved Caspase-3;
proCas3: Procaspase-3; Bcl-2: B-cell leukaemia/lymphoma 2 protein

Two-way ANOVA, Sidak's multiple comparisons test *<0.5, **p<0.01, ***p<0.001 vs control.
Animals were sacrificed without testing (Naive) n.=4, n =4; 8-month-old male mice

(Experimental Animal, Training) n_=10, n3ng-AD:10

3xTg-AD
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IV. 3. Disrupted HPT Axis and Imbalance in MBH Neuropeptides as a Possible
Underlying Mechanism of Metabolic Shifts
IV.3.1. Changes in body composition measured with MRI and Metabolic parameters
in TSE PhenoMaster Metabolic Unit

Although we previously followed the body weight changes of one set of animals
(see Figure 20), in this cohort we made a more detailed body composition analysis
comparing not only the genotype, but also two age-groups, the 4- and 8-month-old male
mice. In this series no differences were detected in body weight between 3xTg-AD and
control mice, regardless of age (Figure 33A, Table 15.). However, a body weight increase
was observed in both groups as they aged. However, although at 4-month there was no
genotype effect in body fat or lean weight percentage, but at 8-month the 3xTg-AD
animals had less fat and more lean mass than controls (Figure 33B, C, Table 15.). There
was no genotypic difference in the hydration ratio, while, unsurprisingly, it increased with

age, consistent with other examined parameters (Figure 33D, Table 15.).

@ Control
*kk %
A 50+ B 40- — C35- ¥* Dgg, @ 3xTg-AD
— 45+ * o - - ? -
= ~ 30 : = T 86 . .
+ 40 X * =304 o . .
5 - {'-_ § RS I
g 354 & 20 g £ c ° Eard
z - g 2 e il |-
1 30+ w w 25 @ %
w 104 . - o °o
@ 25- fo 2 80+
20- 0 20 78
4 8 8 4 8 4 8
Month Month Month Month

Figure 33. Body Composition by MRI. Body weight (A), Fat mass in percentage (B), lean mass (in g)
as well as hydration ratio was measured in 4- and 8-month-old mice of both genotypes.
Two-way ANAOVA, Sidak's multiple comparisons test **p<0.01, ***p<0.001 vs control.
4-month-old male mice n_=10; n

Table 15. Body Composition by MRI. Figure 33

Mg_AD:lO, 8-month-old male mice n.=5; n =7

3xTg-AD

Parameters Genotype Age Genotype x Age
F p F p F p
Bodyweight 1.500013  0.242 15940015y  0.001 0.1471.13) 0.707
Fat mass [%6] 12.441,28) 0.002 98.68(1,28) <0.001 171428 <0.001
Lean mass [g] 11.32(1,13) 0.005 0.204¢15  0.658 2.801(1,13) 0.118
Hydration ratio [%] = 4.038(1,2s) 0.054 4.23(1,28) 0.049 0.7281,2¢) 0.401
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This table contains the statistical data to the Figures 33. Degree of freedom is in brackets. Significant

differences are marked as red.

In the assessment of metabolic activity within the metabolic chambers, a
characteristic diurnal pattern akin to that observed in rodents becomes apparent in both
genotypes (Figure 34A-D; Table 16.). Rodents typically exhibit heightened activity
during the dark phase of the night, juxtaposed with restfulness during the light phase of
the day. Consequently, food intake decreases upon entering the light phase, coupled with
augmentation upon entering the dark phase (Figure 34A). This temporal pattern is also
mirrored by the corresponding water consumption (Figure 34B) as well as the RER
(Figure 34C) and EE (Figure 34D). Nonetheless, it is worth noting that age-related and
genotypic disparities have also been ascertained. Notably, substantial differentials have
been discerned in the 3-hour resolution of food and water consumption and the RER
values, both as a function of genotype and age, with a noteworthy interplay between the
two factors (Figure 34A-C). The genotypic divergence becomes more pronounced with
advancing age. This observation distinctly illustrates that 8-month-old transgenic mice
evince a considerable augmentation in food and water consumption compared to age-
matched control counterparts over a 24-hour period (Figure 34E, F). Paradoxically, this
heightened consumption does not correspondingly translate to a significant influence on
EE (Figure 34D). Rather, a discernible impact is observed solely in the confluence of

temporal variation, age-related dynamics, and genotypic distinctions.
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Figure 34. Metabolic Parameters of
4- and 8-month-old Mice in
PhenoMastre System Calo Cage. A-
D. Both food and water intake, along
with respiratory exchange ratio (RER)
and energy expenditure values,
exhibited the circadian rhythm
characteristic of rodents, as showed in
the 3-hour resolution monitoring. E-
F. The same values were given for 24h
as well. C. The RER values expressed
in 3h bins.

Repeated measures ANOVA, Mixed
effects analysis, Two-way ANOVA,
Sidak's multiple comparisons test
***n<0.001 vs control.

4-month-old male mice n.=10; Nyt

Ap—10, 8-month-old male mice n_=5;
n 7

3xTg-AD ™

Energy expenditure

15 18 21 24

3 hours resolution

Table 16. Metabolic Parameters of 4- and 8-month-old mice in PhenoMaster calo

cage.
. Water
Food consumption . RER EE
consumption

F p F p F p F p
Time 15.29(7,189) <0.001 20.89(7,105y <0.001 29.60(7,106y <0.001 64.08(7, 106y <0.001
Age 13.39¢,27y  0.001  5.044(,26y 0.033  16.06¢1,28y <0.001 3.108(1,2¢y @ 0.089
Genotype  25.55@,27y  <0.001 1277128y 0.001  6.031(3,28y 0.021 | 0.801(,29 @ 0.379
Time x
A 0.872(7,1899 0.530  2.561¢7,195y 0.015 = 2.617(7,105 0.013 = 2.32(7,105y = 0.027
ge
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Time x

1.298(7,189) 0.253  0.78¢7,105s = 0.605  0.778(7, 196)
Genotype

Age X

7.837@27y  0.009  9.3094,28y  0.005 | 10.65(1, 28)
Genotype

Time X

Agex 2-251(7,189) 0.032 2.35(7,195) 0.025 0.606(7,195)

Genotype

0.607  1.417(7,106 0.200

0.003  0.014¢1,2y 0.907

0.750  2.476(,105 0.019

This table contains the statistical data to the Figures 34. Degree of freedom is in brackets. Significant

differences are marked as red. Abbreviations: RER: Respiratory Exchange Ratio; EE: Energy Expenditure

1VV.3.2. Food-Motivated Behavioural Tests

As previous tests aimed to examine food motivated cognitive performance showed

an even superior ability of 3xTg-AD mice to collect food (see Figure 25), we made a more

detailed examination of food motivated behaviour. During the 5-day learning phase of the

OCT, the total responses of the two groups showed no significant difference (Figure 35A,

Table 17.). However, there were significant differences in values between the individual

days. Interestingly, we not only found variations in reward preference between days but

also observed that transgenic mice performed better during this cognitive test (Figure

35B, Table 17.).

Operant Condition Test @ Control
@ 3xTg-AD
A g0 B 100+ g
£ 9o
wn
o 60 2
g 5
@
o 40 -é 70 -
1
g o 60
© 20— =
'—
é 504
0 T T T T T 40 I T . | :
1 2 3 4 5 1 2 3 4 5

Day

Day
Figure 35. Food-Motivated Cognitive, Test Operant Condition Test. A. Total responses during 5

consecutive days in food restricted mice. B. Reward preferences.
Repeated measures ANOVA

6-month-old male mice n.=8; n 8

3xTg-AD ™~

Table 17. Food-Motivated Behavioural Tests.

Parameters Genotype Time
F p F p
OCT Total response 0.907(1,35 @ 0.348 4.294435 | 0.006

OCT Reward preference 16.13135 <0.001  1.56@43 @ 0.206
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F p
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1536435 | 0.213



DOI:10.14753/SE.2025.3084

Staircase test Duration of
feeding (%0)

Staircase test Number of

4561118y  0.047 29.03;00)  <0.001 | 4.999,90) <0.001

31.65@18 @ 0.001 38.53(5,90) 0.001 2.224590) 0.059
collected rewards

RAM Number of collected

8.892(116y = 0.008 4.401580 0.001 4.7585,50) <0.001
rewards

This table contains the statistical data to the Figures 35-37. Degree of freedom is in brackets. Significant
differences are marked as red. Abbreviations: OCT: Operant Condition Test, SPRT: Single Pellet Reaching
Test, RAM: Radial Arm Maze Test

We obtained more paradoxical results during the cognitive fine motor tests,
particularly those presented in the "Motor Alterations During Different Behavioural
Tests" section, specifically in the SPRT. (Figure 26A Table 8.) and the staircase test
(Figure 36B, C, Table 17.). In the SPRT, the 7-day learning curves showed that both
groups of animals increased the number of collected rewards as the days went by, with
the 3xTg-AD mice demonstrating a significantly higher number of rewards collected
(Figure 26A). On the last day, we also evaluated the time spent eating, which showed that
the transgenic mice spent significantly more time eating during the test than the control
group (Figure 36A, t16=3.923; p=0.0012.). A similar pattern can be observed in the
learning curve emerging during the staircase test (Figure 36B). With time, the number of

A Single Pellet Reaching Test
80— o Figure 36. Food-Motivated Fine Motoric Tests. A. Single pellet

9 reaching test (SPRT). B.C. Staircase test. B. The number of
= 60 collected rewards. A.C. Duration of feeding in percent of the
S % observation period.
2 : Repeated measures ANOVA, Student’s t-test **p<0.01 vs control.
= 404 i =10 -
u 6-month-old male mice n_.=10; n3ng-AD_1O
2 5
§ @ Control
e . @ 3xTg-AD
T.day
B Staircase Test C
2 20+ 30+
@ S
8 15 2
w T 204
? 3
(] [F=
E 10 5
5 5 10+
5 °7 -
o 3
E a
g 0 I I I I I I 0 I I 1 I I |
1 2 3 4 5 6 1 2 3 4 5 6
Day Day
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collected rewards increases in both groups, which was significantly higher in the case of
transgenic mice. During the 6-day test, the time spent feeding also developed similarly,
so it is not surprising that the 3xTg-AD mice spent more time eating (Figure 36C).

In the last food-motivated test, the RAM, the transgenic mice consumed all the
pellets within 10 minutes on all 6 days, in contrast to the control group (Figure 37A, Table
17.). On the probe day, in the maze without pellets, there was no difference in the reward
preference between the genotypes calculated from the frequency of visits to the

previously rewarded / all arms (Figure 37B, t(18y=0.857; p=0.403).
A Radial Arm Maze Test B Last Day @ Control
@ 3xTg-AD

o
°
]

A

40
%

20

Number of rewards collected
(%]
1
Reward preference (%)

Figure 37. Food-Motivated Radial Arm Maze Test. A. The number of collected rewards and well as the
B. reward preference on last, probe day is presented.
Repeated measures ANOVA, Student’s t-test

6-month-old male mice n_.=10; n3ng-AD:10
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1VV.3.3. Blood Sugar and Other Parameters in the Blood

One week after the behavioural tests, there were no significant genotypic
differences in the body weight of the 8-month-old animals (Figure 38A, Table 18.).
However, the blood sugar level of the transgenic mice after 2 hours of starvation was
lower compared to the control mice (Figure 38B, Table 18.), while there was no difference
in the other parameters. Similar values were detected in the blood cholesterol (Figure
38C, Table 18.), triglyceride (Figure 38D, Table 18.), and uric acid levels (Figure 38E,
Table 18.) in the two groups of animals.

A : .
34— ® Control Figure 38. Blood Sugar and Other Blood Parameters. These
@ 3xTg-AD  parameters measured by commercially available equipment and test
o329 - . strip after 2 hours of food deprivation, among rest.
= %0 . . Student’s t-test ***p<0.001 vs control
2 :‘E 8-month-old male mice Body weight, glucose., trlqucerlde n.=10;
;23_ n3ng_AD:lO; cholesterol n_=7; nang_AD:lO; uric acid n_=10; Mg
2 26 el
24 Blood
B 15 ¢ D E 1000
_ . = 81 = 2.5+ .
s £ £ 20 : : = 800
£ | U= - : = L
E £ - Sl & 3 -
E s. o o BM | : ™
s s | [ 2 1.0- 2 a0 g
2 s . 5 o :
S 827 2 054 £ 2004 | ¢
o 2 =
9 F 0.0 0
Table 18. Blood Sugar and Other Blood Parameters.
Parameters Genotype
t(an p
Body weight [g] 0.840(15)  0.412
Glucose [mmol/l] 5.955(8) | <0.001

Cholesterol [mmol/I] 1.364(2 0.198
Triglyceride [mmol/I] 1.58647 0.131
Uric acid [pM] 1.05235 0.310
This table contains the statistical data to the Figure 38. Degree of freedom is in brackets. Significant

differences are marked as red.

78



DOI:10.14753/SE.2025.3084

IVV.3.4. Main Factors of the Hypothalamic-Pituitary-Thyroid Axis

The level of fT4 measured in the serum was higher in the 3xTg-AD mice
compared to the control group (Figure 39A, Table 19.), while there was no difference in
the level of T3 between the two groups (Figure 39B, Table 19.).

In the PVN, there was a significant increase in the expression of TRH mRNA
(Figure 39C, Table 19.) and a significant decrease in the thyroid hormone receptor-p2
(TRB2) mRNA level in the transgenic mice compared to the control group (Figure 39D,
Table 19.).

On the other hand, in the pituitary, the TSH mRNA expression level did not
change in the 3xTg-AD mice compared to the control mice (Figure 39E, Table 19.), while
the expression of the TRB2 receptor mRNA showed a significant decrease (Figure 39F,
Table 19.), like the result obtained in the PVN.

In the MBH, where hypophysiotropic TRH-containing axons terminate, a
decrease in TSH mRNA expression level can also be observed in transgenic mice
compared to controls (Figure 39G, Table 19.). Additionally, the mRNA expression level
of the thyroid transporter monocarboxylate transporter 8 (MCT8) was significantly
reduced in the MBH area (Figure 39H, Table 19.).
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o Figure 39. Main Factors in Hypothalamic-
Pituitary-Thyroid Axis. A.-B. Serum content of
fT4/fT3 measured by ELISA. C.-H. The mRNA values
were calculated by the 2" method using GAPDH as
housekeeping gene and normalized to the values in the
average of control group. In the PVN, the TRH (C.)
and TRP2 receptor (D.) similarly in the pituitary gland
TSHP (E.) and TRPB2 receptor (F.) MRNA expression,
while in the MBH beside the TSHB (G.) level the

Mediobasal hypothalamus thyroid transporter MCT8 were also measured.

G H
2.0+ sk 1.5

1.5 o
1.0
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Abbreviations: AgRP: agouti-related peptide; fT4/fT3:
serum free thyroxine/ triiodothyronine; MCTS:
monocarboxylate transporter 8; TRH: thyrotropin-
stimulating hormone, TRPB2 receptor: thyroid hormone
B2 receptor; TSHP: thyrotropin-stimulating hormone.
Student’s t-test, Mann-Whitney U test *p<0.05,
**p<0.01, ***p<0.001 vs control.

8-month-old male mice fT4 n_=10; n3ng-AD:10; fT3

n.=9; n3ng_AD=8; PVN TRH n_=6; nsng_AD=6, TRB2
n=7; nmg_AD:?, pituitary gland TSHp, TRB2 n_=10;

nsng_ADzlo, MBH TSHp, MCTS8 n.=7;n 7

*%

3xTg-AD™

Table 19. Main Factors of the Hypothalamic-Pituitary-Thyroid Axis and Food

Intake Regulation

Parameters

fT4
fT3

Genotype

{@h p
Serum

2.363ug  0.030

0.56205  0.583

Paraventricular Nucleus of Hypothalamus

TRH
TRP2 receptor

TSHp

478740  <0.001

252141 | 0.027
Pituitary Gland

111700  0.277
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TRP2 receptor 6.217¢0) @ <0.001
DIO1 256910  0.028
DIO2 3.320(10) = 0.008
DIO3 1.454(10) 0.177
Mediobasal hypothalamus
DIO1 1.393q0) 0.194
DIO2 538912  <0.001
DIO3 0.46840  0.650
TSHB 34744y  0.005
MCT8 419840  0.002
CART 4.24945  0.001
POMC 6.30200 = <0.001
AgRP 44424,  <0.001
NPY 6.62201  <0.001
(POMC+CART)-(AgRP+NPY)  2.24205  0.045
MCHR 0.1584,  0.878

This table contains the statistical data to the Figure 39-41. The first two values represent the result of an
ELISA measurement, while all other values are from a gPCR examination. Degree of freedom is in brackets.
Significant differences are marked as red. Abbreviations: fT4: serum free thyroxine, fT3: serum free
triiodothyronine, TRH: thyrotropin-stimulating hormone, TRB2 receptor: thyroid hormone B2 receptor,
TSHp: thyrotropin-stimulating hormone, DIO1: deiodinase enzyme type 1, DIO2: deiodinase enzyme type
2, DIO3: deiodinase enzyme type 3, MCT8: monocarboxylate transporter 8, CART: cocaine and
amphetamine-regulated transcript, POMC: proopiomelanocortin, AgRP: agouti-related peptide, NPY:
neuropeptide Y, MCHR: melanin-concentrating hormone receptor

IV.3.5. Deiodinase System in the Pituitary and Mediobasal
Hypothalamus

The mRNA expression levels of DIO enzymes, which play a fundamental role in
the formation of local thyroid hormone levels, exhibited variations in the pituitary gland
and MBH (Figure 40, Table 19.). In the pituitary gland, the levels of DIO mRNA
expression for both type 1 and type 2 deiodinases were increased in the transgenic mice
(Figure 40A, B). Although D1 has the capability to convert T4 to T3, this is not its primary
function. Under normal physiological conditions, D2 predominates in the regulation of
the HPT axis. However, in the MBH, we only found a significant difference in the type 2
DIO mRNA expression level without changes DIO1 (Figure 40D); surprisingly, in the
AD mouse model, the expression of DIO2 gene was lower compared to the mRNA
expression level of the control group (Figure 40E) In the case of type 3, the inactivating
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D10 enzyme, similar mMRNA expression levels were detected in the two genotypes (Figure

40C, F).
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Figure 40. mRNA Expression Levels of Deiodinase Enzymes. The mRNA values were calculated by the
2-2Ct method using GAPDH as housekeeping gene and normalized to the values in the average of control
group. A-C. In the pituitary gland, the DIO1, DIO2, and DIO3 D-F. similarly in the mediobasal
hypothalamus the D101, D102 and DIO3 mRNA expression also measured. Abbreviation: DIO: deiodinase

enzyme type 1, 2 and 3.
Student’s t-test, Mann-Whitney U test *p<0.05, **p<0.01, ***p<0.001 vs control.

8-month-old male mice n.=6-7; ”3ng»AD=6'7
IVV.3.6. Development of Genes Regulating Nutrient Uptake in the MBH
After studying the HPT axis, we also mapped the mRNA expression pattern of
genes regulating food intake (POMC; CART; NPY; AgRP) in the MBH (Figure 41A-E,
Table 18.). The mMRNA expression level of each tested gene was significantly lower in
the AD mouse model than in the controls (Figure 41A-D). When we tried to summarize
the actual effect extracting the sum of the orexigenic AgRP-NPY levels from the
anorexigenic POMC-CART gene expression levels, however, it becomes evident that the
ratio of food intake inhibiting hormones is lower in transgenic than control mice (Figure

41E, Table 19.).
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The melanin-concentrating hormone receptor (MCHR) is another key player in
regulating food intake. The mRNA expression level of these genes did not differ between

the two groups (Figure 41F).
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Figure 41. Genes Regulating Nutrient Uptake in the Mediobasal Hypothalamus. The mRNA values were
calculated by the 2-2¢ method using GAPDH as housekeeping gene and normalized to the values in the average
of control group. The anorexigenic CART (A.) and POMC (B.) as well as the orexigenic AgRP (C.) and NPY
(D.) were measured by qPCR, similarly to the MCHR (F.), while a difference between food intake inhibitory
and stimulatory factors were calculated (E.). Abbreviations: CART: cocaine and amphetamine-regulated
transcript, POMC: proopiomelanocortin, AgRP: agouti-related peptide, NPY: neuropeptide Y, MCHR: melanin-
concentrating hormone receptor.

Student’s t-test, Mann-Whitney U test *p<0.05, **p<0.01, ***p<0.001 vs control.

Male mice 8M n_=6-7; n =6-7

3XTg-AD

The interactions between the orexigenic and anorexigenic outputs of the ARC and
the HPT axis are strong (73). Therefore, we examined the correlation between the mRNA
levels of TRH and the measured peptides using Pearson correlation analysis. However,
significant correlation was found only between TRH mRNA and AgRP mRNA levels in
3xTg-AD mice (r = 0.982, p < 0.001); the other results are not presented. Thus, mMRNA
expression levels did not provide insight into the strength of this interaction. This
indicates that mRNA expression alone does not fully capture the complexity of the
regulatory mechanisms involving hypophysiotropic TRH neurons and their orexigenic

and anorexigenic inputs.
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V. Discussion

V.1. Temporal Emergence of Increased Innate Anxiety

Our data shed light on the intricate relationship between anxiety-like behaviours,
AD-related pathological changes, and olfaction in 3xTg-AD mice. Notably, increased
innate anxiety emerged as early as two months of age in these mice (Figure 16), aligning
with human studies that propose anxiety as a potential prodromal symptom for
symptomatic AD. This early onset of anxiety coincided with the appearance of AP and p-
tau pathology in brain regions associated with emotional processing, particularly the
amygdala (Figure 22H, N). This pathological accumulation of misfolded proteins could
contribute to early synaptic disturbances, potentially leading to anxiety-like symptoms in
these mice. Conversely, early anxiety might also accelerate the development of AD
pathology leading to a vicious circle. Therefore, it was not surprising that at 12 months
of age we detected a higher prevalence of deposits, both Af and p-tau, compared to two-
month-old mice (Figure 22). Nevertheless, the precise nature of the relationship between
AR, p-tau and anxiety require further investigation.

In line with our hypothesis, there was a transient period with reduced anxiety-like
behaviour in 3xTg-AD mice, occurring approximately around six months of age (Figure
13, 14, 15). This could be attributed to an early increase in synaptic transmission in 3xTg-
AD mice (260-262), followed by a subsequent decline in older age (260, 263). These
changes might lead to a temporal alleviation of symptoms during this intermediate phase.

It is evident that the influence of fox odour on mouse behaviour is mediated
primarily through the olfactory system, as demonstrated by studies involving transient
receptor potential ankyrin 1 knockout mice lacking this receptor in their olfactory system,
which did not exhibit avoidance of the fox odour (306). Notably, human studies have
suggested that olfactory loss may predict the onset of subsequent dementia (308, 309) and
may contribute to cognitive decline (310). Similarly, various animal models of AD,
including 3xTg-AD mice, have displayed olfactory deficits (311, 312). However, it is
essential to consider that evaluating olfaction through tasks involving the finding of
buried food can be confounded by metabolic and motivational factors, which are known
to be altered in 3xTg-AD mice (313). Moreover, olfactory function can be influenced by
sexual drive, leading to sex-related differences in olfactory performance (312).

Interestingly, one study reported in 3xTg-AD mice an age-related decline in finding the
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buried food, but this was observed solely in female mice (311). Furthermore, olfaction-
related deficits in discriminating between different odours were only evident in 1.5-year-
old 3xTg-AD females, but not in one-year-old ones (312). Remarkably, peanut butter
seemed to be more attractive to 3xTg-AD animals than to their control counterparts, while
their response to peppermint, a repellent odour, remained unchanged (314). Nevertheless,
in one-year-old 3xTg-AD animals, PET scans detected hypometabolism in brain areas
relevant to olfaction, such as the piriform cortex (315). Our immunohistochemical data
supported these findings, confirming the presence of both AP and pTau (Figure 22) in
these olfactory regions, including the olfactory bulb and piriform cortex. Furthermore, in
another model involving double-transgenic AD mice, A plaque burden in the olfactory
bulb was detectable as early as four months of age. However, behavioural alterations,
such as reduced avoidance of the trimethylthiazoline (TMT) component of fox odour,
were only noticeable in 8-month-old mice, not in 4-month-old ones (316). Collectively,
although pathological changes and altered olfactory behaviours are apparent in aged
3xTg-AD mice, it becomes evident that olfactory deficits alone cannot account for the
increased avoidance response to predator odour, as we might expect reduced avoidance
even in 18-month-old animals if olfactory loss were the sole explanatory factor. This
intricate interplay between anxiety, AD pathology, and olfaction underscores the
multifaceted nature of AD and the need for further research to unravel its complexities.
We consistently observed reduced mobility in these 3xTg-AD mice during both
fox odor exposure and OFT, regardless of sexes (Figure 18, 19). This finding aligns with
previous research, which documented significant decreases in movement at 3, 9, and 12
months of age in 3xTg-AD mice, while no notable differences were observed at 6 months
(244). This pattern was further substantiated by additional studies, confirming the absence
of genotype differences in 6-month-old animals (240, 317). One plausible explanation for
this phenomenon is the potential temporary reduction in synaptic dysfunction within this
specific age group. In line with our observations, a different AD model involving the
conditional knockout of the membrane protein seizure 6-like (SEZ6L), a neuronal
substrate of the AD protease BACEL, also exhibited decreased motor-coordination. While
the loss of fine and even gross motor skills can potentially serve as early signs of AD
(318, 319), we hypothesized that the diminished locomotion observed in our 3xTg-AD

mice is primarily a consequence of increased innate anxiety, particularly in response to
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bright, open environments (320). This is supported by our subsequent studies when the
animals were more motivated to move for food (positive reinforcement on RAM) or to
avoid water (in MWM) (Figure 25). Typically, a decline in locomotion occurs within the
first minute of prolonged OFTs (321). Several factors could account for this initial drop,
ranging from the novelty and surprise of the situation to the presence of an unfamiliar
experimenter. Notably, our animals were repeatedly tested by the same experimenter,
which likely reduced the initial discomfort associated with the test, thus preventing a
significant decrease in distance travelled (Figure 18). Nevertheless, the genotype
difference in mobility persisted throughout the entire 30-minute observation period,
highlighting the intrinsic nature of anxiety induced by bright, open spaces in 3xTg-AD
mice (Figure 21). During a 30-minute observation period the anxiety typically reduces as
can be seen by the gradually increased time spent in the centrum for control mice (Figure
21). However, in 3xTg-AD mice such timely anxiolysis could not be observed, most
probably masked by reduced locomotion.

As for sex difference after the 6-month transient period the 3xTg-AD females
exhibited increased fear responses to both predator odour and open spaces compared to
males. In humans, women typically exhibit higher levels of anxiety (322), and their
emotional state can significantly influence cognitive capabilities (323). This female prone
prevalence of anxiety was more pronounced in our older animals, suggesting that typical
sex differences in anxiety-related behaviour may progressively develop over time.

Lastly, our analysis of the relationship between body weight changes and
behaviour unveiled interesting sex-specific connections (Figurel8, 19, 20). For males, we
did not find any significant correlations between body weight changes and mobility or
anxiety-related behaviours. In contrast, heavier control females moved less in OFT than
the lighter ones. Additionally, heavier 3xTg-AD females spent less time in the central,
exposed area of the arena than the lighter ones.

A consistent finding across these studies is the reduced mobility observed in 3xTg-
AD mice, especially in response to anxiogenic situations and bright, open environments.
This reduced mobility is not attributed to motor problems (see RAM and MWM), but is
likely a consequence of increased innate anxiety, as it can be alleviated by positive or

negative motivation and familiarization with the testing environment.
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V.2. Musculoskeletal and Cerebellar Changes in the Context of Motor
Alterations

As we repeatedly observed locomotor impairment in our 3xTg-AD mice strain we
decided to make an in-depth analysis both at behavioural as well as at molecular level.
Here we concentrated on the transient phase using involving 6-month-old 3xTg-AD mice
with to hope to reveal early signs and examined only males to avoid any confounding
factors due to cyclic changes.

First, in the OFT, we confirmed the clear motor impairment (Figure 24A, B) (324).
However, as mentioned before, this impairment proved to be malleable when we
introduced various forms of motivation. Positive motivation, like food rewards in the
RAM (Figure 25B), and negative motivation, such as avoiding water in the MWM (Figure
25C), effectively mitigated this impairment. This supports the notion that this
hypolocomotion is not due to motor problems but may be a sign of enhanced anxiety
(294). Indeed, when the mice were habituated to the experimenter and the changing
environment, the locomotor impairment disappeared (Figure 24C). It may seem
contradictory that when the 3xTg-AD mice had to work for food (RAM, SPRT,
Staircase), they performed better in learning tasks than the controls (RAM: more distance
travelled representing more searching (Figure 25B), SPRT: more collected pellets (Figure
26A), staircase: more time spent trying (Figure 26B), higher success rate (Figure 26C)).
Some studies have reported working memory deficits during RAM tests in 14 and 18-
month-old 3xTg-AD mice when the animals had to work for water reward (325). Another
study also reported working and reference memory errors related to food reward, but they
used female mice (no report on age) and a prolonged examination period (not clear which
day from the 10 is presented) (326). Injection of AP into the brain results in memory
deficits in RAM (327-330). Moreover, the APP mutant 6-month-old male TgCRND8
mice also showed working and reference memory deficits in RAM, but they were also
moving more than controls despite reduced locomotion in OFT, further supporting
enhanced food drive (331, 332). However, another study using 4-month-old male
Swedish APP mutant mice reported working and reference memory errors with more time
needed for food consumption (333). Based on these results, we might assume that not the
APP mutation but rather the tau (MAPT P301L) pathology or other functions of PSENL,
such as Notch signalling, B-cadherin processing, and calcium metabolism (334), might be
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responsible for enhanced metabolism in our mice, which is undoubtedly an important part
of AD pathology (see AD as type 3 diabetes mellitus (335)). To unravel the details of this
metabolic connection we conducted a further experimental series (details see there).

Nevertheless, despite superior skills in food-motivated tests, 3xTg-AD mice spent
more time trying to catch the food, suggesting some impairment in fine motor abilities as
can be expected based upon human studies (336). Thus, our strain is suitable for testing
this prodromal sign.

Picrosirius staining under polarized light was utilized to examine the orientation
and thickness of collagen fibres, with thicker fibres appearing red and thinner fibres green.
DMMB staining was employed to visualize the glycosaminoglycan content, displaying
normal metachromasia. These staining techniques provided a detailed analysis of the joint
structures. The normal, everyday home cage movement was further supported by the
absence of differences in the collagen fibre orientation and thickness in the knee and foot
joints between the two groups, indicating similar mechanical loading (Figures 27, 28).

However, muscle strength of 3xTg-AD mice was lower than the controls (Figure
23A, B), without motor-coordination problems observed in the rotarod test (Figure 23C).
The impaired grip strength is consistent with previous findings in 6-month-old male and
female 3xTg-AD mice (337), as well as with a recent study showing muscle atrophy and
cognitive impairment in APP/PS1 mice, accompanied by decreased myostatin levels (98).
Myostatin is a growth and differentiation factor that acts as a negative regulator of muscle
mass (99) (Figure 3). Inhibition of myostatin is a potentially important mechanism in the
treatment of diseases accompanied by muscular atrophy and degeneration, such as
muscular dystrophy (338). One of the best-known endogenous inhibitory factors of
myostatin is follistatin, the increase of which can increase muscle size and strength (339).
However, in our model, the myostatin-follistatin system does not seem to be altered
(Figure 29). Moreover, contrary to our expectation, training decreased, rather than
increased follistatin levels, leading to an enhanced myostatin/follistatin ratio in the
gastrocnemius muscle (Figure 29). Previous reports in humans showed that training might
increase follistatin and decrease myostatin levels (340), but the molecules were measured
in the blood, not directly in the muscle, and these changes were mostly found after
resistance training (341). Interestingly, a stronger relationship was found between these

proteins and muscle power, rather than muscle strength (342). Moreover, these proteins
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are strongly associated with metabolism as well, as myostatin injection can induce
cachexia (343), while follistatin may attenuate fat accumulation and improve insulin
resistance (344). As our "training"” included restricted diet, we might assume that the
effect of lower calorie intake was more pronounced than the effect of repeated testing,
which was far from being exhaustive resistance training. In support, in wrestlers, rapid
weight loss decreased follistatin and increased myostatin-to-follistatin ratio, similar to our
observation (345). All in all, the myostatin/follistatin ratio does not seem to explain the
reduced muscle strength of 3xTg-AD mice; therefore, we focused on mitochondria and
apoptosis.

Although in the gastrocnemius muscle the mRNA levels of the antiapoptotic
BCL2 as well as pro-apoptotic BAX was not influenced by the genotype or training, their
ratio, the BCL2/BAX, reflecting an antiapoptotic state, was increased by the training
without genotype effect (Figure 30D). However, it still could not provide an explanation
for the reduced muscle strength of the 3xTg-AD mice. In the cerebellum the antiapoptotic
ration showed similar changes, but training had more profound effect as decreased pro-
and increased anti-apoptotic levels were already detected when BAX and BCL2 were
studied separately (Figure 31). Moreover, at protein levels not only the training had
positive effect, but we also detected the negative impact of the AD-like genotype.
Namely, the 3xTg-AD animals had lower Bcl-2/BAX ratio without an interaction with
the training (Figure 32). In support, 6-month-old Thy-1 APP mice had also reduced anti-
and pro-apoptotic factor ratios (Bcl-xL/BAX) in their cerebellum (152). Moreover, in our
study, the downstream executioner apoptotic protein caspase-3 level was also elevated in
the 3xTg-AD animals (Figure 32). Similarly, the hippocampus of 6- (346), 12- (347), as
well as 15-month-old (348) 3xTg-AD mice showed higher BAX and caspase-3, while
lower Bcl-2 levels. However, no such changes were detected in their cortex (349).

The anti-apoptotic shift in the Bcl-2/BAX ratio to training suggests that training
may confer a degree of protection against apoptosis in the cerebellum. Indeed, training
has been repeatedly confirmed to be beneficial in AD (350-352). Among other things,
exercise can reduce the incidence of AD-related neuropathological burden and cognitive
decline (353) and has even been reported to reduce plasma tau and AP levels (354). In a
recently published study it was shown that long-term exercise has an effect on the

development of fibrotic changes in the kidney, can restore the balance of renal function,
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and induce increased clearance of systemic AP in AD (355). These results suggest that
training exerts its protective effect not only in the central nervous system but also in the
peripheral system during the progression of AD.

Nevertheless, cerebellar dysfunctions receive increasing attention in AD (273), as
the cerebellum is important in organizing the motor functions (356). However, based
upon molecular changes we have expected reduced performance of 3xTg-AD mice on the
rotarod rather than grip test. As rotarod performance might be deeply influenced by the
weight of the animals (see sex difference in (337)) we could have expected worse
performance in our heavier 3xTg-AD animals solemnly based upon this fact (324).
Indeed, in another AD model, the swe/PSIdE9 mice, high APP soluble AP oligomer
levels were measured in the cerebellum, accompanied by balance and motor-coordination
problems during the rotarod test already at 3 months of age, before the appearance of A3
plaques (267). In contrast, several other AD mice models failed to show impaired motor-
coordination in the rotarod test (see (356); M: month-old; 5M J20, 5-9-12M Tg2576, 2M
APP23, 4-7-8-12M APP/PS1, 7-11-15-24M APP/PS1KIl, 3-6-9M 5xFAD). Moreover,
several other studies found even better rotarod performance of 3xTg-AD mice than their
controls (2-6-9-12-15M (357), 6M (337), 12-14M (358), 16M (359)) in both sexes,
suggested to be linked to the P301L transgene. Although the details of the rotarod test
might be slightly different between laboratories, the previously mentioned studies suggest
that there is no clear motor-coordination deficit in the 3xTg-AD animals. Indeed, the
increase in the COXIV mitochondrial protein levels in the cerebellum of 3xTg-AD
animals (Figure 32B), suggesting a better mitochondrial function, might have
compensated for the enhanced apoptosis, leading to normal motor balance (Figure 23C,
D). There is growing evidence that mitochondrial abnormalities are present in the early
stages of AD (151, 360, 361), and that intervention at the mitochondrial level may
improve AD-induced dysfunction and degeneration (362, 363). Already in 3-month-old
Thy-1 APP mice, reduced mitochondrial membrane potential and ATP synthesis were
detected in the cerebellum prior to plaque formation, while in 6-month-old mice, reduced
mitochondrial complex IV activity was also detected by direct activity assay (152).

All in all, we could not detect major motor problems in the 3xTg-AD animals,
confirming our hypothesis that their hypolocomotion might be linked to enhanced anxiety

rather than inherent motor problems. Moreover, the intriguing performance of 3xTg-AD
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mice in food-motivated tests, despite reduced muscle strength, hinted at complex
connections between metabolism, memory, and motor abilities, which warrant further
investigation.

V. 3. Disrupted HPT Axis and Imbalance in MBH Neuropeptides as a
Possible Underlying Mechanism of Metabolic Shifts

As a general reflection of the metabolism, first we investigated the timely changes
in body weight and composition comparing 4- and 8-month-old control and 3xTg-AD
animals, before and after the transitory age (i.e. 6-month). Once again, we studied only
males to reveal insights into the interplay of aging and genetic factors without
confounding sex effects (364). While in this series no discernible differences were
observed in body weight across genotypes, the observed increase in body weight with age
underscores a common, natural physiological trend (Figure 33A). Notably, in our other
studies on older male mice the 3xTg-AD mice were always heavier than the age-matched
controls (10-month-old male mice n.=37; N3 7y Ap=30, t(dﬁ=8.490(71), p<0.001**%*).
Nevertheless, the fat mass also increased with aging (Figure 33B) without changes in the
lean mass (Figure 33C). This aligns with the anticipated age-related changes in adipose
tissue accumulation (365). These observations are in line with the expected age-related
shifts in hydration dynamics, as indicated by the consistent increment in hydration ratio
with age (Figure 33D). However, at the 8-month transgenic mice had significantly lower
body fat compared to control mice, highlighting the potential role of AD-related genetic
factors in adipose tissue regulation. Moreover, the increased lean mass observed in
transgenic mice at 8-month underscores the complexity of genotype-specific muscle mass
regulation (Figure 33C).

Next, we elucidated the dynamics of the metabolic parameters measured in the
metabolic cage (Figure 34). Importantly, the circadian rhythm of our mice were normal,
because the relevant parameters showed the typical diurnal changes and the mice
consumed two-thirds of their total food intake during the night (366). In line with the
increased lean body mass of the 8-month-old 3xTg-AD animals they also showed
increased food and water intake compared to the control group, which was not visible at
4-month (Figure 34E, F). Our findings align with a study showing a significant correlation
between meal size, daily energy intake, and fat-free mass, highlighting the increased

energy requirements of lean mass compared to adipose tissue (367, 368).

91



DOI:10.14753/SE.2025.3084

The RER is the ratio between the volume of CO; being produced by the body and
the amount of O being consumed. It gives us an indication as to whether the body is
operating aerobically or anaerobically (Figure 34C) (369, 370). A ratio closer to 1
indicates predominantly glucose metabolism, whereas a ratio closer to 0.7 suggests
reliance on fatty acid metabolism (371, 372). Both advancing age and the presence of
AD-like genetic disorders amplify the variations in RER (Figure 34C), thereby
exacerbating differences in body composition (Figure 33). While control animals
transitioned from glucose to fatty acid metabolism with age, transgenic animals
maintained a consistent glucose metabolism pattern. These genotype-related differences
intensify with age, notably affecting body composition. Specifically, at 8 months, control
mice exhibited higher body fat content and lower lean mass compared to transgenic
counterparts, underscoring the impact of metabolic changes on physiological outcomes.
In spite of the anticipated age-related reduction in EE (373, 374), our experiments did not
reveal a significant genotype-related decrease in energy expenditure; rather, we observed
a tendency for changes with age (Table 16.). This phenomenon might contribute to the
observed increase in both the body weight and body fat percentage in 8-month-old
animals compared to 4-month-old ones (Figure 33A, B) (375). Moreover, although the
older 3xTg-AD mice continuously consumed more, their highest consumption values
were reached during the dark, active phase, as well as at the beginning and end of the
light phase, which may contribute to their food craving behaviour.

Indeed, paradoxically, the 6-month-old 3xTg-AD mice exhibited superior
performance in food-motivated behavioural tests when compared to age-matched control
mice (Figure 26, 35-37) as described before (see 1V.2.1 fourth paragraph, 1V.3.2.
paragraphs). Notably, on the final day of SPRT and during all days of the staircase test,
the transgenic mice spent significantly more time feeding, indicative of a substantial food
drive (Figure 36A). Typically, these tests (lasting 14 days for SPRT (298) and 15 days
for staircase test (299)) are conducted over extended periods, but due to the elevated
motivational drive exhibited by the transgenic mice, our experiments were finished
prematurely. This observation is further supported by the fact that during the RAM test
the 3xTg-AD mice swiftly consumed all pellets on the initial day (Figure 37A), but there
was no disparity in the superior preference of the correct arms visits between the two

groups even not on the last day, suggesting that they did not learn the correct arms but
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rather responded to the incentive of earning food (Figure 37B). The decline in blood sugar
levels presents a potential contributing factor to the increased food demand observed in
transgenic mice (Figure 38B) (376, 377).

This proposition gains further substantiation through the altered mRNA
expression pattern detected within the HPT axis. Typically, an increase in serum fT4
concentrations (Figure 39A) would lead to a significant reduction in TRH mRNA levels
in the PVN due to negative feedback (378). However, our observations deviate from this
norm, as TRH mRNA levels were significantly higher in 3xTg-AD animals (Figure 39C).
It is important to note that not all TRH neurons in the PVN are involved in HPT regulation
(379). Using the microdissection technigue, non-hypophysiotropic TRH neurons are also
included in the sample. Assuming this error factor is uniform across individuals in each
group, and that an active protein is formed, it could lead to higher TRH levels in
transgenic mice. This anomaly might find its elucidation in the downregulation of TRB2
MRNA levels (Figure 39D), ultimately resulting in a diminished thyroid hormone impact
within the PVN. Notably, the higher TRH mRNA level does not manifest in the
expression of pituitary TSH mRNA (Figure 39E). However, the increase in peripheral
fT4 levels reduced the TRB2 receptor expression in transgenic mice within this context
as well (Figure 39F). The complex relationship between cognitive functions and the HPT
axis is underlined by prior research where thyroxine treatment in a sporadic AD mouse
model enhanced cognitive functions (282). Additionally, recent findings reported an
amelioration of depression-like behaviour resulting from T3 treatment in the 3xTg-AD
male mouse model we employed (283). Thus, the observed elevation in fT4 levels might
even be compensatory and might mask the cognitive decline in our 3xTg-AD animals.

The picture is further clarified by considering the levels of DIO enzymes (380),
which strengthen the T4-T3 conversion in the pituitary gland. Although changes in
MRNA levels do not necessarily indicate changes in biological function, this is especially
true for DIO2. The activity of DIO2 is primarily regulated by the ubiquitination-
deubiquitination balance, a reversible post-translational mechanism. This poses a
significant challenge for interpreting DIO2 mRNA measurements. One study has shown
that there are tissue-specific differences in DIO2 ubiquitination, with relatively lower
levels observed in the hypothalamus (381). However, DIO2 mRNA levels were elevated

in our experiments (Figures 39A, B). If this increase translates to the active form of the
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enzyme, it could enhance negative feedback and compensate for the elevated TRH mRNA
levels (Figure 39C). The reduced DIO2 mRNA expression in the MBH (Figure 40E)
further suggests a lower likelihood of it becoming an active enzyme. Despite these
challenges, there are clear alterations in the HPT axis that might contribute to increased
food cravings, particularly given the elevated fT4 levels.

Furthermore, the MBH, a pivotal brain region crucial for maintaining energy
homeostasis, harbours genes responsible for regulating nutrient uptake and energy
balance, often linked to metabolic irregularities (382, 383). In view of this, alongside our
exploration of the HPT axis, we expanded our investigation to encompass the mRNA
expression profile of genes governing the intricate regulation of food intake within the
MBH (Figure 41). It is noteworthy to mention that the mRNA expression levels of each
investigated gene were markedly diminished within the 3Tg-AD mouse model when
compared to the control group (Figure 41A-D). The comprehensive evaluation of these
gene expressions revealed that in transgenic mice the balance is shifted towards
orexigenic peptides (Figure 41E). These changes might further strengthen the drive for
food search in our animal model and may indicate that dysregulation of these genes in the
MBH could contribute to AD pathology, although the exact mechanisms remain to be
fully elucidated.

V. 4. Limitations of the Thesis

The mouse model, despite its widespread use in scientific research, does not
always accurately represent human disorders. AD, particularly, is not characteristic of
mice, making it necessary to use different models to study the disease. SAD cannot be
tracked in mice, so researchers employ transgenic mouse strains carrying human gene
mutations associated with fAD, which accounts for less than 5% of all AD cases (3, 4).

The commonly used control mouse, C57BI6 (384), differs from the 3xTg-AD
model because it lacks the same genetic cassette found in the transgenic mice. Recently,
the Institute of Experimental Medicine (Budapest, Hungary) developed an improved
control strain that incorporates the same genetic cassette as the transgenic mice, providing
a more accurate comparison; however, testing of this new strain is still in progress.

Furthermore, the small sample size of mice limits the examination of the complex

systems involved in AD progression.
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Another significant challenge in this research is the reliance on gPCR for
quantifying mRNA levels, which do not always correlate directly with protein abundance.
This discrepancy arises from various post-translational modifications and regulatory
mechanisms that influence protein function and stability (385). Factors such as the rate of
translation, influenced by mRNA sequence features, the activity of regulatory elements
like miRNAs and other non-coding RNASs, ribosome availability, and protein degradation
rates all contribute to this complexity (386). These factors are highly dynamic and often
specific to particular proteins, making it difficult to develop predictive models that
accurately correlate transcript and protein levels. Therefore, while qPCR provides
valuable insights into transcriptome dynamics, it is insufficient alone for capturing the

organism's current physiological state.
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V1. Conclusion

We have explored three interrelated topics that shed light on various aspects of AD
progression in the 3xTg-AD mouse model. The following conclusions can be drawn:

1. 3xTg-AD mice exhibited higher innate anxiety (fear from fox odor and open
spaces) than controls at a young age, without significant sex differences, indicating early
signs of anxiety-related comorbidity.

2. Increased innate anxiety emerged as early as two months, coinciding with Ap
and p-tau pathology in emotional brain regions, suggesting a link between early
anxiety and AD progression.

3. A transient period of reduced anxiety-like behaviour was noted around six
months, possibly due to early increases in synaptic transmission followed by declines
with age.

4. Altered olfactory perception in 3xTg-AD mice suggests that changes in smell
perception may contribute to the progression of AD pathology in this model.

5. Reduced locomotion in 3xTg-AD mice indicates enhanced anxiety.

6. 3xTg-AD mice showed reduced muscle strength with no significant fine motor
disturbances detected. Further investigations are necessary to fully elucidate the fine
motor system.

7. Physical exercise potentially reduces AD progression in 3xTg-AD mice by
shifting towards the anti-apoptotic pathway in the cerebellum, indicating neuroprotective
effects.

8. The heightened food-motivated behaviour in older 3xTg-AD mice is likely linked
to changes in body composition, as well as disruptions in the HPT axis and the

balance between orexigenic and anorexigenic pathways.
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VII. Summary

In this dissertation, we explored the intricate progression of AD using the 3xTg-
AD mouse model, focusing on the interplay of anxiety, motor dysfunction, and metabolic
changes. Our findings offer significant insights into the multifaceted nature of AD and
underscore the value of the 3xTg-AD mouse model for studying this complex disorder.

Heightened Anxiety as an Early Indicator: The study revealed that 3xTg-AD
mice exhibited higher innate anxiety compared to controls, with observable fear responses
to fox odour and open spaces. This increased anxiety was detected as early as two months
of age, coinciding with the appearance of AP and p-tau pathologies in brain regions
associated with emotional processing, particularly the amygdala. These findings suggest
that anxiety can be an early indicator of AD progression, highlighting the potential for
early intervention.

Motor Dysfunction and Musculoskeletal Changes: We observed significant
motor dysfunction in 3xTg-AD mice, characterized by reduced muscle strength without
major motor-coordination problems. However, to fully understand fine motor problems,
additional experiments are necessary due to the difference in motivation drive for food.
In the joints and the gastrocnemius muscle, the transgenic animals measured normal
parameters similar to the controls. An increased apoptotic pathway was observed in the
cerebellum, possibly contributing to the development of motor problems. Our findings
also suggest that physical exercise might mitigate some of these dysfunctions by
promoting anti-apoptotic pathways in the cerebellum, emphasizing the potential
neuroprotective effects of physical activity.

Metabolic Shifts and HPT Axis Disruption: The study confirmed that 3xTg-AD
mice exhibit heightened food-motivated behaviour, increased food intake, and metabolic
changes. These mice showed higher lean mass and lower fat mass, along with
disturbances in the HPT axis and shifts towards orexigenic signals in the MBH. These
metabolic alterations could be linked to the progression of AD, indicating a complex
interaction between metabolic regulation and neurodegenerative processes.

This comprehensive assessment of the 3xTg-AD mouse model highlights the early
and progressive behavioural and physiological changes associated with AD. The findings
provide valuable insights into the role of anxiety, motor dysfunction, and metabolic

changes in AD progression, offering potential avenues for therapeutic interventions.
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