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[. Introduction

$O]KHLPHUYV GLVRUGHU -rgdted.heusadedehidretive disbr@er D J H
and stands as one of the most prevalent forms of dementia worlfwidg 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 A3, 4) Thus, most of the cases have unknown,
multifactorial origin, labelled as sporadic AD (sADJ). In the clinical picture the
cardinal feature of AD is the memory loss, while histologically the diagnostic criteria is
WKH SUHVHQFH RI HHWUDFHOOXODU VHQLOH SODTXHV FRF
and the presence of intracellular tau aggregaitsn 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 tardet
to test new compounds. My general aim was to contribute to the understanding of disease
pathology.

I.0. DementiaOverview: Types, Prevalence, and Key Characteristics

Dementia encompasses a spectrum of progressive neurodegenerative syndromes,
characterized by the deteriorationaafgnitive functions, including memory, reasoning,
and behaviour, as neurons die over ti{®e9). 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 (f@). 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 -ayphelein, and AR
DNA-binding protein 43TDP-43), which collectively damage neurons, disrupt brain
networks, and impair cognitive and sensorimotor functi@)s The prevalence of
dementia is steadily increasing worldwide, affecting approximately 46.8 million people
in 2015 and projected to reach 131.5 million by 2QB%).

Among the major types of dementia, AD is the most common, representing around
60% of case$13). Vascular dementia (VaD) is the second most prevalent, estimated to
account for 1820% of dementia cas€44). 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 prokdeiaing abilitie15). Lewy

body dementia (LBD) comprises approximately-18% of dementia diagnos€s6),
presenting with fluctuating cognitive decline, visual hallucinations, motor symptoms, and
REM sleep disturbances. This type is associated with the abnormal accumulation of
alphasynuclein protein in brain cells, forming Lewy bodi€s7). Frontotemporal
dementia (FTD), accounting for around.8% 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 Iqh&8% Prion diseases, such as
CreutzfeldttJlakob disease, represent rare and rapidly progressing forms of dementia
driven by prion protein accumulation, leading to swift cognitive decline and a short
survival period posonset(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.

, $O]KHLPHUYY GLVRUGHU &'
[.1.1. Gender Differences in AD

Epidemiological studies demonstrate a higher prevalence of AD among women,
with a greater risk thagscalates with ag€0). Hormonal influences, particularly the
decrease imestrogenduring menopause, are central, as this neuroprotective hormone
supports mitochondrial function and genomic stab{#§). The reduction iroestrogen
post PHQRSDXVH PD\ KHLJKWHQ ZRPHQYV VXVFHSWLELOLW\ \
especially without hormone replacement therapy (H@R) 23) By contrast, although
testosterone levels in men also decline with age, the cognitive implications of this decline
remain less well define(®4).

Genderspecific differences are also evident in the genetic aspects of AD. The
APOE @ allele, a key genetic risk factor for AD, confers a higher risk in women,
particularly those aged 6B5 (25). Additionally, neuroinflammatory processes,
autophagy, and metabolic mechanisms exhibit-bsesed differenceg26). Lower
autophagic activity in women is associated with a greater accumulation @nthu
amyloid proteing27, 28) Moreover, differences in gut microbiota, which interact with
neuroinflammation and metabolism, further underscore gespbaific variability in AD
pathophysiology29, 30)

10
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Risk factors such as depression, cardiovascular issues, and sleep disturbances vary
between genders: depression is more prevalent in women around men@ialid)
while traumatic brain injury (TBI) appears as a contributing AD risk factor in (3@&)n
Clinically, cognitive impairment often manifests differently between sexes, with verbal
memory decline more common in women and spatglal 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) analysg6, 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 incorporatpgaéx variable
may open new avenues in the treatment and prevention of AD, especially by considering
individualized hormonal, genetic, and social influen@s 38)

[.1.2. Symptoms
According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth

Edition, TextRevision (DSM5-TR) (American Psychiatric Association, 204diagnosis
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, perceptoator, and social cognition).ddvever, 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
consciousness9).
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 metanalysis summarizing data from 1964 to 2014 found that one of the
most common comorbidities is depression: 42% of patients suffered fronf4ifetR).
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 AIP43). Over the course of the illness, individuals exhibit a range
of anxious symptoms, such as excessive worry, restlessness, irritability, and a decreased

engagement in oneenjoyable activitieg44, 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 l{d8 50) However hypermetabolic
state or inadequate energy intake in AD patients was not confirmed, requiring further
studies. Nevertheless, disturbances in energy metabolism and signiHingpathways
have been implicated in A[®1-53).

The hypothalamipituitary-thyroid (HPT) axis (Figure .Y 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 homeog&sE3). The effector
molecules are thyroid hormones, triiodothyronine (T3) and thyroxine(6R4)60) The
hypothalamic component, the paraventricular nucleus of the hypothalamus (PVN)
produces thyrotropineleasing hormone (TRH), while the pituitary releases thyroid
stimulating hormone (TSH) into the general circulation. Precise control of active T3
leves within brain tissues is executed by deiodinase enzymes (DIO), notably DIO type 2
(DI102), responsible for converting prohormone T4 into biologically activésI3 They
exhibit differential expression across brain regions, including the hippocampus and
cerebral cortex structures profoundly implicated in A®2). Perturbations in thyroid

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

12
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serum T3 and T4 levels and changes

H tahl . . .
ypotahlamus in brain thyroid hormone receptor
TRH % %
=y expressior{63, 64)
AN
/// S Figure 1. The HPT axis schematic figure,

‘: illustrating the interactions between TRH,
*%ﬁwﬁ/ TSH, T4, and T3. Alongside, the figure shows
conversion by deiodinases I@1, 2, 3). TRH
from the hypothalamus stimulates TSH rele¢

Pituitary

N from the pituitary gland, which, in turn, trigger
‘ ' T4 and T3 production by the thyroid glan
Deiodinases convert T4 to T3 and metaboli
them into inactive forms. Negative feedbai

Ta loops are indiated, where T4 and T3 inhibit TR}

T3 and TSH release, respectively, to regul:

hormone levels (54-58). Figure created by
Adrienn Szabpunpublished.

3,5,%',5'tetraiodothyronine

. {thyroxine, T4) . Additionally, the medibasal
Achvatm‘nAz’D1 Ds’(machvahon
3,5,3' triiodothyronine 3,3',5triiodothyronine hypOthalamus (MBH)’ parthUIarly
(T3) (reverse T3) it t | ARC .
IS arcuate nucleus region,
InactivatioRT’(m) D1‘D‘2/ ( ) g
3,3-diiodothyronine

plays a critical role in integrating
peripheral signals and centrally
regulating energy homeostaqi85). The MBH contains key genes that orchestrate
nutrient uptake and energy balance, such as proopiomelanocortin (POMC) and-cocaine
and amphetamineegulated transcript (CART), which are responsible for anorexigenic
pathways, as well as neuropeptide Y (NPY{ agoutirelated peptide (AgRP), which

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

intake and energy expenditu@s) (Figure 2.).
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Second-order and
downstream neurons

Food Food
intake intake

First-order
neurons

Food Energy
intake expenditure
Ghrelin Insulin, leptin

Figure 2. The energy balance schematic figure. The figureillustrates the key neuronal pathway
involved in the regulation of energy homeostasis. POMC neurons and CART neurons, which ¢
of the anorexigenic pathway, decrease food intake and increase energy expenditure. In contra:
and NPY neurons, whitconstitute the orexigenic pathway, have the opposite effect. Specifit
POMC and CART neurons stimulate pathways that enhance energy expenditure, while AgR
neurons promote increased food intake. Hormones such as insulin and leptin inhibitvibe afct
orexigenic AQRP/NPY neurons and activate anorexigenic POMC and CART neurons, thereby re
food intake and increasing energy expenditure. Conversely, ghrelin exerts the opposite ef
inhibiting anorexigenic POMC and CART neurons and stating orexigenic AQRP/NPY neurons

leading to increased food intak#6). Figure created bjdrienn Szabpunpublished.

Disruptions in the expression of these genes and their associated neuropeptides
have been linked to metabolic disorders, including obesity and insulin resi&Zn68)
Emerging evidence also suggests a connection between MBH dysfunction g68-AD
72).

Both NPY/AgRP and POMC neurons exert antagonistic effects on energy balance
by projecting to secondrder neurons in the PVN and other hypothalamic nycl&i
Upon nutrient ingestion,.-melanocytestimulating hormone ¢(MSH) from POMC
neurons activateselanocortin 3 receptoMC3R) andmelanocortin 4 receptoMC4R)

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 brain76)

Studies show that deletion of POMC neurons or deficiencies in MC4R lead to
obesity, highlighting their critical roles in energy regulat(@, 78) Both neuronal
populations are influenced by circulating hormones such as insulin and (IEpti&0)

Leptin directly stimulates POMC neurons and inhibits AGQRP neurons, promoting energy
expenditure and weight 10§81, 82) Notably, while traditionally viewed as downstream
PHGLDWRUV RI OHSW L Q fsignaling-h&thwslys RaMeOH2ep Rsiroi i L Q
function independentl{83).

Chronic leptin administration can reduce caloric intake and body W&g¢h85)
whereas leptin deficiency or loss of leptin receptor function results in ol§86ity7)
Overactivation of leptin receptors in hypothalamic neurons can also contribute to
obesity, particularly in the context of a hifgit diet(88). Thus, the interplay between
metabolic disturbances, the HPT axis, and hypothalaigiallingpathways 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 dem@ja
Controversially, higher triglyceride levels within the normal to higihhmal range had a
lower dementia risk and slower cognitive decline over time compared with individuals
with lower triglyceride levelq90). 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 chan¢@l). On the other hand, EE together with the respiratory
qguotient (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 afrbed during respiration, used in a calculation for basal
metabolic rate. Interestingly, in a systematic review, EE of commudmiling people

with dementia was higher than in institutionalized gro(®s.
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[.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,
EXW WKLV GRHV QRW \HW PHHW WKH FULWHULDIdIRU GHPH(
FRIQLWLYH LPSDLUPHQW ™ 0&, Rl ZKLFK WKHUH DUH VHY
also plays an important role in making a diagnosis, as MCI may be an early sign of not
only AD but also other diseasd93, 94) While motor deficits were historically
considered lat®nset symptoms in AD, emerging evidence challenges this notion. Indeed,
motor impairmentsnightappear even in the preclinical stages, and a connection between
motor skill deficits and the onset of AD has been propd®&) There is growing
evidence that changes in muscle structure and lower muscle strength are strongly
associated with the risk of developing A26, 97) Lin et al even hypothesized that the
extent of muscle mass loss may be related to the severity of cognitive defgitdn
increase in myostatin level is known to cause a decrease in skeletal musci®9nass
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 98P Follistatin is a glycoprotein
widely present in both serum and tissues, known as a natural inhibitor of members of the
transforming growth facter VX SHUIDPLO\ L QF @QIRIE0D4) Jhis\RéW D WL Q
levels of these two moleculesmyostatin and follistatin should be jointly evaluated
(105, 106)Figure 3.).

16
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Myostatin Follistatin

Plasma membrane 5
5
<

Cytoplasma of muscle cell

SZHI\OV

Signals
'
Different pathways e.g. SMAD

:

Transcription of atrophy-related genes¢

Muscle metabolism Muscle atrophy Muscle cell differentation

Figure 3. lllustration depicting the myostatin andfollistatin system in muscle cellsMyostatin bind
to their respective receptors, initiatisgnallingcascades that activate various SMAD pathways. 1
activation ultimately leads to the transcription of atropblated genes, resulting in muscle atropt
However, this process is inhibited by follistatin, which blocks the binding of myostatin to ifdoes;e
thereby preventing muscle catabolism and maintaining muscle (h@Ss 10§. Figure created by
Adrienn Szabpunpublished

Additionally, olfactory disfunction groblems 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 metanalysesconfirmed olfactory deficit in MCI(108).
Interestinglyolfaction worsens progressively as patients progress from MCI tGLA®)
highlighting the potential for olfactory dysfunction to identify AD in the preclinical stages
prior to MCI.
[.1.5. Pathomechanism

'"HILQLWLYH GLDJQRVLV RI $' LV SRVWPRUWHP EDVHC
and phosphtau (ptau) in the brain. Thus, these molecules seem to be critical in the
pathomechanisnf110-116)$ QRZ UHFRJQL]JHG DV D SK\VLRORJLFDOC

17
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serves a multitude of roles within the brain. These include the regulation of neuronal
electrophysiology117, 118) synaptic plasticity119, 120)longterm potentiatior§121),
neuronal transmission(122) learning processeq123), hippocampal memory
consolidation(124) neurogenesigl25)and processes contributing to neuronal survival
(126) 1RWDEO\ HOHYDWHG OHYHOV RI EUDLQ $ DUH REVHU
conditions beyond AD, encompassing traumatic brain inj{ir®7, 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 functionalfy30).

The amyloid cascade hypothesis postulates that the initial pathological anomaly
of ADLV WKH DFFXPXODWLRQ RI $ ZKLFK VXEVHTXHQWO\ W1
and the progression of neurodegeneratidi, 132)Figure 4.).

Oligomers S
Monomers

Rt %ﬁ v@j& ) Tau aggregates

G a0 @) Neurofibrillary tangle
AL e & o Yo

Figure4 7KH DP\ORLG FDVFDGH K\SRWKHVLYV VXJIJHVWV WK
formation and neurodegeneration.$ LV JHQHUDWHG WKU R »éadfetds23BACEH
SURGXFLQJ V$33 D-GERXQBHRDBUPR| QW \BHIRFHHWUBMB EAKLFK
DQG WKH DP\ORLG LQWUDFHOOXODU GRPDLQ $,&' $
fibrils, and amyloid plaques, central AD pathology(137, 138) Figure created byAdrienn Szabp
unpublished.
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7KH $ SHSWLGH HPHUJHV IURP WKH PHWDEROLF EUF
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
HQJ\PHVHEUHWDVH DQ H[WU D Bece@s (HACE)S ahRagpailVH D Q C
proteasg134) This process leads to the generation of a soluble extracellular fragment
UHIHUUHG WR DV VROXEOH $Baind frAagih@QkhvinGasiABREHPEUDQ |
terminal fragments (also known as ARFF or C99)4). C99 undergoes further cleavage
ZLWKLQ WKH FHOOXODU P H-Bdetgths®. HThiE \entyitadic DIEaAgR Q R
OLEHUDWHV $ DQG DQ LQWUDFHOOXODU SHSWLGH UHFRJ
$ H[LVWV LQ GLYHUVH OHQehtMetid corpribithg 4 ldrhind® &idsV' SUH Y L

$140 DQG D OHVV VROXEOH YDULDQW HRRP@IBYHG RI

6 XEVHTXHQWO\ $ DVVHPEOHV WR IRUP ROLJRPHUV SU
coalesces into plaqués36).

Tau, a microtubukbinding protein, typically participates in the regulation of
axonal transport under normal physiological circumstar{t83, 138) However, in
conditions such as AD and other tau pathologjgted disorders, an abnormal state
emerges where tau undergoes excessive phosphorylation and accumulates within
neurons, forming distinctive structures termed intraneuronal tangles (neurarfybrill
tangles; NFT)(139) These tangles are composed of paired helical filaments, twisted
ribbons, and/or straight filamen{440) (Figure 5.). This pathological accumulation
disrupts the normal microtubule assembly process and diminishes the binding capacity of
tau to microtubule§l41).

Tau aggregates Neurofibrillary tangle

Figure 5. Schematic representation of tau pathologyUnder normal conditions, tau stabilize
microtubules and supports axonal transport.AD and related tauopathies, tau undergc
excessive phosphorylation, reducing its microtubule binding capacity and leading to strt
disintegration. This hyperphosphorylated tau accumulates within neurons, forming aggrega
develop into neurofibridry tangles (NFTs), which are composed of paired helical and ¢

filamentous structured 40) Figure created bjdrienn Szabpunpublished
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This hyperphosphorylated state of tau has multifaceted consequences. It results in
alterations to the structure of heterochromé#tia2), impairs synaptic plasticityl43),
and hinders the process of anterograde axonal trangpdd) 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 thesetioos{iL45, 146)

These pathological deposits may induce abnormal apoptosis, characterized by
various factors such &scell leukaemidymphomaz (Bcl-2), Bcl-2 Associated Xrotein
(BAX) also known a$3cl-2-like protein 4 and caspas€bd7, 148) Oxidative stress is
also connected to apoptosis leading to the mitochondrial cascade hypothesis of AD
proposed already in 20qa49). Although the correctness of the theory is still disputed,
there is increasing evidence that disruption of mitochondria function is already present
among the early symptonis50-153)and may contribute to the accumulation of harmful
WR[LF SURWH L Q(¥s4)LQvamm¥Gio@sé rsodels of AD deterioration of the
mitochondrial system was repeatedly descrifdéd, 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

PRQLWRULQJ WKH SURJUHVVLRQ R{IHM1IGHDRWENNGRQ DQG
ZLWKLQ WKH WHPSRUREDVDO DQG IURQWRPHGLDO UHJLR

neocortex, subsequently affecting the primary senswior 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 primaryedafed tauopathy.
This initid manifestation is followed by the extension of tau pathology into limbic
domains and eventually into the neocort&x6).
l.2. Mouse Models of AD
[.2.1. Sporadic AD (sAD) models

AD is a complex puzzle shaped by intricate interactions between genetic
susceptibilities, molecular anomalies, and environmental fai&®) To fathom this
neurodegenerative enigma, diverse rodent models have em@§8d61l) These

models, while not replicating full AD symptoms, provide valuable insights into disease

20



DOI:10.14753/SE.2025.3084

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 senesceaceelerated mouse model (SAM) emerged by
selecting traits within the AKR/J mouse lineddé2). This yielded nine primary SAM
prone (SAMP) strains and three SAfelistant strains. Among these, the SAMPS strain
VWDQGY RXW IRU HPXODWLQJ FULWLFDO $' KDOOPD
hyperphosphorylation(163). This pivotal discovery reshaped research approaches
towardsunravellingthe complexities of sAD.

Another research avenue in SADQYROYHV LQMHFWLRQ PRGHOV IRF
WDX DJJUHJDWHYV 7KHVH PRGH O {166160)drRan (@68, 1M HFW D JJ
into the brain, replicating sApathology. 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,choonsequences 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 braing170, 171) These models highlight synaptic connections as the primary
PHDQV RI VSUHDGLQJ SDWKRORJLFDO WDX LQIOXHQFHG
oligomerization, and splicing isoforn{72, 173) Rooted in the prion hypothesis, they
introduce aggregated protein "seeds" into specific brain regions, triggering widespread
deposition and unveiling setiropagation 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
RI QHXURLQIODPPDWLRQ $ EXLO@HMSL7TDIOnBedMd@BSWLF G\V
onset AD via the R47H variant, TREM2 expressed in brain microglia has a unique
UHVSRQVH WR $ DQG LQGXFHV OHVLERGW77TOTREMZLQJ WR Q
ORVV LQ $33 PRGHO PLFH DFFHOHUDWHY WDX BaBEFXPXODW
connection(178).

Among chemicainduced sAD models, okadaic adéitluced and colchicine

induced models are noteworthy. Okadaic acid, injected either into the hippocampus or
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DP\JGDOD LQGXFHG PHPRU\ GHILFLWV V\QDSWLF G\VIXQF
mirroring SAD pathogenesig179, 180) Similarly, intracerebroventricular (icv)
administration of colchicine triggered cognitive impairments, neuroinflammation, and
oxidative stress, offering insights into sABlated neurodegeneratior§181)
Streptozotocircandestroy glucose sensitive cells. Injected icv it can be used as a model
of AD replicating several aspects of AD patholo@B82) 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
SURYLGH LQVLIJKWY LQWR V$'V YDVFXODU GLPHQVLRQ &
cerebral blood vessels, contributes to vascular dysfunction and cognitive dé8lt)e
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)
(185188) 7TKHVH PXWDWLRQV HOHYDWNHUHPWQRRYH DY GDOWRPR W
aggregatiorf189-193) Typically manifesting before age 60, eaolyset fAD is attributed
to these mutations, impacting less taé&h of AD case$194, 195)

APP gene mutations linked to fAD adopt geographic ofigised homenclature
and primarily occur near cleavage sites, yielding varied effects on APP processing and
AD development. The Swedish mutation (AR®. 1 0 / DW -eKretase
FOHDYDJH VL-WHRMADDDHV B VWb B QG BréedRdRon\dos,QI7)$
OXWDWLRQV OLNH ,QGLDQD 9 ) /Rliee@Ggaxite8 amplifDQG R WK
$42 JHQHUDWLRQ NQRZQ IRU KHLJKW(@33,GL98Y RIDFLW\ FRF
OXWDWLRQV ZLWKLQ $ VXFK DV $UFWLF ( * DQG 'XWFK
prompting stable oligomer and protofibril formati(#00, 201)are linked to CAA(202-
204) OXWDWLR Q¥eqyatp sitédVaiHP RUH W R [R ¥ Hsb, With London
(205)and Indiang206-208) prevailing. Nearly all PSEN1 and PSEN2 mutations in fAD
KHLJKW Hs€ A Katib (809-212). Additionally, a protective APP variant (A673T)
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DIJDLQVW $' DQG FRIQLWHKFFUWH®WIBDNGLEGE HDXWDVH DQG WRWL
FRUURERUDWLQJ EUDLQ $ GHSRVLWLRQ(XI3/2D4)FREQWUDO $*
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 populatiof215).

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

APP mutations \
increase !
-secretase =01\
0= secretase be V' &
) ) (
X

V o
( ( cleavage [

PSEN1/PSEN2
mutations increase
y-secretase activity

Figure 6. Normal and pathological APP cleavageAPP undergoes processing by secretase enzyi
ZLWKHFUHWDVH FOHDYDJH SUHYHQWLQJ D-PDQRdcfetaskidienldy
UHOHDVHV QHXURWR[LF $ SHSWLGHV WKDW FDQ DFFXPX
1 (PSEN1), and presenili@ (PSEN2) genes disrupt normal cleavaigepuring - D Q Gecretase
DFWLYLW\ ZKLFK OHDGV WR LQFUHDVHG $ SURGXFWLF
accumulation, contributing to synaptic dysfunction and neuroinflammgti85-188). Figure created

by Adrienn Szabpunpublished.

As rodents lack inherent AD features, genetic alterations are essential to replicate
human AD pathology216, 217) Transgenic organisms are produced via two possible
strategies: pronuclear injection and geakgeted replacement. Pronuclear injection
introduces complementary DNA containing the transgene into zygote pronuclei, resulting
in multiple random insertionsio the genome. Conversely, geaaegeting modifies
endogenous genes in embryonic stem cells through homologous recombination with a
vector carrying desired modifications, yielding kneokor knockout mice(218, 219)

Viral technologies, like lentiviruses and adeassociated viruses (AAV), facilitate

transgenesis, introducing human fAD genes cruciahfodelling AD pathology (220,
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221). Transgenic lines express mutated proteins regulated by diverse promoters like
platelet GHULYHG JU RahdirK thyimBdjdR differentiation antigen(Thy-1) or
prion protein (222) The choice of promoter significantly influences phenotypic
outcomes (158161) Though transgenic models replicate /ABsociated proteins,
broader factors beyond isoforms and mutations dictatelikeDpathology onset and
progressior{223)

The inaugural transgenic mouse model embodyingik®pathology showcased
a mutated human APP form, particularly ARPDW WAROHDYDJH VLWH DXJPHQ
VHFUHWDVH DFWLYLWO)DQG $ SURGXFWLRQ

While familiar microtubule associated protein tau (MAPT) gene mutations do not
underlie fAD, the presence of familial frontotemporal demelntieed mutations has
spurred tauopathy mouse model creat(@24, 225) These tauopathy models span
genetically modified and tau seegection 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 knoekh mice, humanizing the entire MAPT gene including
exons and intron@27, 228) Created by crossing MAPT knoak mice with single APP
knock LQ PLFH WKHVH PLFH X Q-taaxisl i AN26). WHeddulitd WKH $
knockin mice exhibit increased tau phosphorylation, they lack tau pathology and
neurodegeneration, even after agi(@R7) Remarkably, human tau humanization
significantly hastens AD braiderived pathological tau propagation, in the presence or
absence of amyloidos{227) This interaction underscores speepgcific pathogenic
protein preferences, amplifying their role in tauopathy. These mice might also facilitate
the better understanding of thehaviouralproperties of tauopathies. Moreover, mutant
MAPT knockin mice with various pathogenic mutations exhibit agilegpendent tau
DJJUHIJDWLRQ DQG FRIJIQLWLYH GHFOLQH DQG VKRZ DFFF
research queries.
1.2.2.1. Triple transgenic mouse model of AD (3xTg-AD mice)

The 3xTgAD mouse model, established in 2003, encompasses three crucial
mutations linked to fAD: the Swedish ARR7oe7ine Mutation, the PSEN#asv
mutation, and the MAPSEo1. (taurzo1) 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 -4 Thy
regulatory element for both human APP and MAPT, while the PSEdAmutation is
governed by the mouse PSENL1 lo¢R29) Typically employed in a homozygous state
for both transgene insertions and the PSmbkl mutation, the 3xTeAD model has been
pivotal in unravellingthe temporal dynamics of amyloid and tau patholo(@29). It

offers a unique platform to delve into the intricate interplay between these two
pathological markers and their potential contribution to cognitive def286) Over

time, changes in phenotypes have been noted, potentially originating from mixed strain
backgrounds, alterations in transgene copy numbers, and other fé34rs232)
Particularly striking is the shift in the timing of plaque development and the emergence
of significant sex disparities in pathology, primarily observed in female (BRE 233

235). These sexelated distinctions have kindled interest in comprehending the complex
role of sex in AD pathogenesis. Beyond its role in exploring genetic mutations ane neuro
pathological shifts, the 3xF4D mouse model has proven indispensable in evaluating
therapeutic strategies targeting amyloid and tau pathologies.

PSENI KI

MI46V

O y
> - V4

harvest single-cell embryos

/ \

3xTg-AD

Figure 7. Triple transgenic mouse model of ADThe 3xTg AD mouse modelas created using i
method thatnvolved injecting two separate transgenes, carrying humarvRind human tatos,

into singlecell embryos from homozygous mutant PS1M146V krioc{PS1KI) mice. This method
aimed to exploit the likelihood of the two transgene cassettes integrating at the same geno

(229). Figure created bpdrienn Szabpunpublished.

25



DOI:10.14753/SE.2025.3084

|.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 occu(238).

[.3.1. Anxiety

The presence of anxiety is increasingly recognized as a critical aspect of the AD
progression an early symptq2B39) To illuminate the intricate relationship between AD
and anxiety, researchers have turned to animal models. In theAZXTgce open spaces
induced anxiety was studied by open field test (OE2B0-243), elevated plus maze
(EPM) (240, 241, 243, 244and lightdark box (LD) test$245-247). The outcomes from
various studies showed mixed results: some reported no significant difference between
agematched controls and 3xIAD mice (240242, 244) while others observed
increased anxiety levels in the latter grq@g8) Interestingly, even the same research
group reported varying anxiety responses in 3R0ymice 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 ag4doup
249, 252, 253)

In addition to open spaces, predatory cues emerge as universal danger signals to
animals, triggeringpehaviouratesponses on the approamoidance spectrui254)and
offering a unigue opportunity to investigate the neurobiology of anxi2bp) A
particular component of foadour, 2-methyl2-thiazoline (2MT), is frequently employed
to induce negative emotional respon&&s4, 256, 257)It is obvious thathe perception
of odoursrequires an intact olfactory systen§ SODTXHV DUH REVHUYHG
olfactory system in various transgenic mouse mo(#&8-260). To further comprehend
changes in foxdouravoidance, 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
decreas with age, offering insight into théehaviouraltransition during disease

progressior{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 andbehaviourathange4261-263)
1.3.2. AD and motor function changes

Locomotion is fundamental for almost all kinds lm#haviour 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, TJCRND8 and APPswe/PS1dE9 transgenic mice exhibit
PRWRU FRRUGLQDWLRQ GHILFLWYV H@BBQ2@HIR)Ths $ DFFXP
stands in contrast to 5XFAD mice, where motor deficits appear after cognitive
impairments manifeste@05). Additionally, there are AD models, like the APP23 mice,
where both motor and cognitive symptoms onset simultaneo(®b8) The
APPswe/PS1dE9 model demonstrates motor coordination deficits in the rotarod test and
motor learning deficits in the Erasmus Ladder té&59) In contrast, the TJCRNDS8
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 tg&70). The APP23 model also reveals motor coordination deficits
on the rotarod tes268) 6LPLODUO\ WKH 1)$'" PRGHO SUHVHQWYV
deficits on the balance beam test, motor learning deficits on the accelerated rotarod test,
and gait impairment through the foot printing 1, 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 functionishmigh
affected in different wayq273) One of the brain areas responsible for motor
coordination is the cerebellum implicated both in fAD and 28, 274) Indeed, as a
SRVVLEOH SDWKRPHFKDQLVP HOHYDWHG OHYHOV RI $ R
cerebellar cortex of AD patients. Especially the earlget fAD cases, linked to
PXWDWLRQV LQ 36(1 GHPRQVWUDWHG $ GH®RVLWLRQ |
appearance of hyperphosphorylated tau, and Purkinje cel(2698s275) Additionally,
cerebellar atrophy might contribute to motor impairments such as gait and limb
coordination deficit§95) +RZHYHU WKH UHODWLRQVKLS EHWZHHQ F

motor deficits is intricate. Some models show no motor dysfunctions despite cerebellar
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$ DFFXPXODWLR Q(206QZ37)SThis\WHrRltlity $uggests that soluble forms
RI'$ OLNH PRQRPHUV RU ROLJRPHUV PLJKW EH PRUH GL!

In the broader context, AD's impact goes beyond cognitive de@B&). 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 therapeutgissé278,
279)
1.3.3. AD and metabolism

Previous studies confirmed increased EE in 3ADymice, suggesting metabolic
disturbance$280).

Additionally, mounting evidence points to the dysregulation of the HPT axis in
AD, suggesting a role in disease pathogeng@ss 281) Therefore, it is not surprising
that thyroid hormone disruption has been associated with cognitive impairment,
QHXURLQIODPPDWLRQ DQG $ DFFXZBXZ36) Wdwewer,th@ DQLPDO
relationship between AD and the HPT axis is multifaceted and bidirec{i@®al On
one hand, ABinduced pathophysiological changes within the brain can disturb HPT axis
function, leading to perturbed thyroid hormone secretion and metabdRS®)
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 individugd92). 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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II. Objectives
Early diagnosis of AD is crucial, as beteyloid plaques and hyperphosphorylated tau
tangkes are already present when cognitive impairments are detected. Therefore, our
experiments focus on thri&ey areas using the 3x3AD mouse model
Il .1. Temporal Emergence of Increased Innate Anxiety

We investigated innate anxiety in different age groups of our mouse model using
the foxodourtest and examinesexdifferencesSeparate cohorts were used for each age
group to avoid londasting trauma from fox odour exposuf@grougharotherseries of
open field tests, we monitoredbehaviouralchanges monthly. To explore potential
underlying mechanisms, we confirmed the progressive accumulation of clasBical
PDUNHUYV -thu) D @®tiBnally relevant brain areas, such as the amygdala, and in
the olfactory system using immunohistochemistry
II.2. Musculoskeletal and Cerebellar Changes in the Context of Motor Alterations

We examined basic motor abilities from multiple perspectives, including
environmental enrichment, handling, negataidance(water), and positiveeward
(pelled) duringbehaviourtests. Our study focused on the fine motor skills of the mice,
paying particular attention to locomotor changes (such as joint structure arichtiges
of myostatin and follistatin in muscle tissue), as well as apoptotic and mitochondrial
markers in both muscle and cerebellum. Considering that integis@viouralmotor
testingcan act as training and that starvation (to increase motivation during testing) can
affect apoptotic and oxidative parameters, we compaf@d wariéh "trainng”,
experimentalnimalgroups
[1.3. Disrupted HPT Axis and Imbalance in MBH Neuropeptides as aPossible
Underlying Mechanism of Metabolic Shifts

This investigation was motivated by observations that 3%Dg animals
performed paradoxically better than controls in rewaaded cognitive tests. We first
examined body composition using MBased equipment and monitored food and water
intake, respiratgr rate, and energy consumption with the TSE PenoMaster Metabolic
Unit. Subsequently, wanalysedkey metabolic blood parameters (glucose, triglyceride,
cholesterol, and fT3/fT4). Finally, we used PCR to study the gene expression of
metabolically relevant olecules and receptors in critical regions, including the PVN,
pituitary, and MBH
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[ll. Methods
[ll. 1. Animals

3XTg-AD (B6;129Tg (APRswe tatpzoir) 1Lfa PSEN#nivpmmmiax#034836JAX)
and control (C57BI6/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 irpgrol35 in
Macrolon cages (40 cm x 25 cm x 26 cm) under a reversbédWightdark cycle (lights
RQ DW S P -60% hd&midity), with food (standard mice chow, Charles River,
Hungary) and water available ad libitum if not otherwise indicafeal. enhance
PRWLYDWLRQ WR FROOHFW SHOOHWY 'XVWOHVYVY 3UHFLVL
Serv, Bilaney Consultants GmbH, Germany, #FO0R#uring operant condition test
(OCT), radial arm maze (RAM), single pellelohingtest (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 talgety weight, the diet wasdjusted.

All tests were approved by the local committee of animal health and care
(PE/EA/9187/2019) and performed according to the guidelines for the care and use of
laboratory animals (2010/63/EU).

[11.2. Experimental Design: Cohorts Overview
[11.2.1. Temporal Emergence of Increased Innate Anxiety

Cohort 1. Innate anxiety was studied in 3R mice across a wide age range
using (2TM}induced avoidancapproachbehaviourparadigm. As foxodour might
induce long lasting trauma (used also as a model for posttraumatic stress ¢a8jler
inducing longterm changes ibbehaviour 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-PRQWK 3ELQV" KR-mhbhthHdue tb insuffitlent number of animals, we
switchedto3PRQWK 3ELQV" 2XU PDLQ JRDO ZDV WR UHYHDO WH
sexdifferences were addressed only at two timepoint (2 and 15 months, i.e., before and

after the presumable transient period).
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4

Cohort 1.

Fox Odor Test
10 min

Male mice

IM nc=14; n3y75 ap=10
AM nc=18; N3y ap=17
6M nc=11; n3y7, ap=11
8M n=8; Nyy7, ap=8

12M n¢c=4; D3y1e4p=0
I5SM nc=10; 03,7, 4p=10
18M n¢=9; N3y1,.4p=10

Female mice
2M n¢=5; N3grgap=10
I5M nc=5; naxrgan=7

~

/

Figure 8. Schematic representation otohort 1 in experimental series 1.Fox odouravoidance in
separate aggroups 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 termbehaviouralconsequences, the same animals were examined
repeatedly. To maintain interest, the animals were tested monthly in slightly different
environments (size;olour, 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.

Open Field Test

't 2 e 5
Colort2, Longitudinal, repeated exploration
Male mice
Ilczg: ll3ng_AD:8 e S /

Female mice D_ 2 o

nc=8; N3xTg AD~3

old

old

old

old

|

2month 3 month 4 month 5 month 6 month 7 month 8 month 9 month 10 month 11 month
old

old old

old old

5 min

30 min

Figure 9. Schematic representation of Cohort 2 in Experimental Series Longitudinal, repeated
(between 2 and 11 months of age) exploration of G&faviourin male and female mice (n = 8/grot

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-(iroatold
mice), we conducted a more prolonged observation (30 min).

Cohort 3. ,PPXQRKLVWRFKHPLFDO FRQILUPDW-taRQ RI $ L
appearance inand 12monthold animals (i.e., before and after the presumable transient
period (294) female, n = 3; 3xT@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).

[11.2.2. Musculoskeletal and Cerebellar Changes in the Context of Motor Alterations

First detailedbehaviouratcharacterization was conducted along different aspects
of locomotion (muscle strength (grip test), metoordination (rotarod), general
locomotion in a box (OFT) as well as in a highly motivating water environment (MWM)).
Moreover, fine motoric was exangd using foodnotivated test, where the animals had
to collect pellets. The animals werentnthold at the start of experiments and around
8-monthsold at end of tests. We used males throughout, and the number of the animals
canbe found on the Figure 10 representing Coho#ts 1

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

Cohort2. ,Q WKH 3JROG VWDQGDUG” RI VSDWLDO PHPRU\
focused on locomotor abilities (n = 6/group).

Cohort 3. (Training, Experimental Animal) Mice were first subjected to an
OFT followed by foodmotivated learning tests (radial arm maze (RAM), single pellet
reachingtest (SPRT), staircase) at restricted diet (n = 10/group). Animals were sacrificed
after 2 months at the end of extendpahaviouratesting 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 anéfersedy 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 grouf/gnoup).
Locomotion was detected in these animals-atdhthold age in an OFT.

Cohort 1.  Muscle strenght, motor coordination and balance

6 m?duth
ol
nc=10; N3x7¢ Ap=9
Day 1 Day 4-8
5 h'rnls 3 gull:
Grip Test Rotarod Test

w

Grip Test
5 trials
with one-minute intervals
Rotarod Test
3 trials/day

Cohort 2. Cognitive test

1c=6; N3x7g. D=0

Morris Water Maze Test
1 min on probe day

6 month
old

——

Day 1-4 Probe Day
Learning phase
Cohort 3. Open Field Test and Food-Motivated tests
6 month Diet 8 month
old 1week old
—10- — regeneration

nc=10; n3375.4p=10 } } } % {
Day1 Day3-9 Daaz-ﬂ Day 56-61 2 hours fasting
OFT SPRT M Stairces Test Sacrifice for

sample collection

After 1 weekregeneration

[L 1 ¢ Sacrifice for
Conter \ sample collection
Y "‘,—J, ”‘ f 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‘
g and Open Field Test
5 min 5 min

v

2.5M mice

e = JF B

Handling and environmental enrichment 6M mice

Figure 10.Shematic representation of teh conducted behavioral test and interventiones. The nu
of animals per groups is givéor each Cohort separatelbbreviation: M: age in month
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Cohort 5. (1DwYH $)@arRDvro measurement a tdste group was also
involved as theycan also influence the outcome. Thus, in this Cohort animals were
sacrificed without testing (n = 4/group). The muscle and brain samples were used in g°PCR
and Western blot experiments.
lll. 2.3. Disrupted HPT Axis and Imbalance in MBH Neuropeptides as a Possible
Underlying Mechanism of Metabolic Shifts
As during the previous experimental serie€ohort3. ZH IRXQG AIRRG FUDYL
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 foodtivated test
specifically designed to study cognitive capabilibpérant condition tesQCT 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 Bnonth
old male mice (n = 8/group) wern
examined in a foodnotivated test. The
classic OCT was preceded by 1 d
habituation. The learning phas
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 newseriesmetabolicphenotyping was conducted comparing

4 and 8monthold male mice (before and after a transient period) (Figure 12).

ﬂ?ohort 2. Metabolic Parameters \
TSE PhenoMaster system

4M, 8M nc=10; n347e2p=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 Ihe body
composition of male mice {4n = 10/group) and-&onthold (n = 57/group)) was determinec
by EchoMRI than the animals were transferred to metabolic (calo) cages of the Phenc
Metabolic Phenotyping where the metabolic parameters were relcéiolareviation: M: age in
month

3 Days Habituation
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[11.3. Behavioural Testing

Tests were carried out during the dark, active phase of the day in a separate room
under red light oin semtdarknessand recorded by ceilinghounted camera (Samsung
SNB 7000) for foxodour MWM, OFT, RAM and staircase test. The experiments were
performed with randomization of the animals. Data waralysedater by computet
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 betweenasjm
[11.3.1. 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., predatoodoul) by means of a synthetic analogue of a fox anogenital product (2
methyt2-thiazoline; 2MT; Merck, Sigma Aldrich, St. Louis, MO, USA, #M83406), in a
WUDQVSDUHQW 3OH[LJO D \292)Undsriyy was darried out irFd&fume
hood with mediurdight intensity (120 lux) in covered arenas to equatideurexposure
across subjects. During testing, 2MT (Merck, Sigma Aldrich; St. Louis, MO, USA,
#M83406,40 O LQI GPVWLOOHG ZDWHU O DQLPDO ZDV SUH
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 plackin the corner opposing tledourzone 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 negst. The following parameters wearalysedy
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. Howevera@d 15month females were also
additionally involved. In these-2and 15month agegroups, additionabehavioural
variables were quantified, namely haswbred by an experimenter blind to treatment
groups (Solomon Coder, version beta 19.08.02, Budapest, HunBanyig 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 ghwtmaviour
expressed as % of 10 min observation period):

(1) freezing: no apparent movement;

(2) sniffing theodourcontainer;

(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 anxietijke behaviourwithout predator stimuli was
assessed in an open field arena under medigithintensity (120 lux). The exact size (50
[} 7 FP RU ) ) FP &owwud\Whdedr blacky\akd-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 tkatreand were allowed to explore the aador
5 min (295) At 11 months of age (last occasion), then3@ test was conducted. The
distance travelled was considered as a main parameter of locomotion. The inner 70% zone
was considered antre and time spent here was an index of anxiety. Here we did not
calculate corrected duration spent in teatre 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 behaviouralvariables were quantified using EthoVision XT 15 software

(Noldus, Wageningen, the Netherlands).
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[11.3.2. Musculoskeletal and Cerebellar Changes in the Context of Motor Alterations
111.3.2.1. Muscle strength: Grip Test (Experimental Series 2., Cohort 1.)

An analogGrip Strength Meter (Pesola Mediane 40300) was used to measure
forelimb grip strength. The-fonthold male mouse was allowed to grasp the bar
PRXQWHG RQ WKH IRUFH VSULQJ VFDOHYVY 7KH VFDOH ZDV
tail of mouse waslowly pulled back by the trained experiment2®6). 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 withouttarses 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 la siag at oneminute
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, [ITC Life Science, North
America Headquarters, USA). The mouse was placed on a 3 cm diameter drum, whose
surface was tdured to avoid slipping. The rotarod started to rotate with 5 round per
minute (rpm) and accelerated continuously to 25 rpm during 82@73 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 tAgh&ahumber
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 aadalysedsimilarly as described in 11.3.1.2. Here, only
6-monthold 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.

Toreduce anxioubehaviouy a separate group of male mice was kept in enriched
environment from 2 nonth 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 animalsratin@rold age in an
OFT.The number of animals is on Figure 9 and 10.
111.3.2.4. Motivation-Induced Locomotion in Cognitive Tests
[11.3.2.4.1. Morris Water Maze (MWM; Experimental Series 2.Cohort 2.)

A circular pool made of briglgreyplastic (90 cm in diameter and 40 cm in height)
ZDV ILOOHG ZLWK WDS ZDWHU “ f& PDGH RSDTXH E\
the water was 1 cm higher than the platform (6 cm in diameter) except for learning day
1, when the platform was abotlee 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. fhey did not find the platform in time, they were helped
to find it and allowed to stay there for 10 sedum The learning phase (day4)
consisted of 5 trials witBO-minuteintertrial interval (when the animals were returned to
their home cages) and waepeated 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 punishmemtQ GXFHG ORFRPRWLRQ RQ GD\ RQ WKH
distance moved was autatically detected. The number of animals is on Figure 10.
[11.3.2.4.2. Radial Arm Maze (RAM; Experimental Series 2.Cohort 3.)

Mice were put in the welllefined 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

'XVWOHVV 3UHFLVLRQ 3HOOHW V-Serg, BaHa) \@onsdikabts | L H G

GmbH, Germany, #F0021). The habituation phase lasted for 2 days, the mice were
placed n the empty maze on the first day and one pellet was hidden at the end of each
arm on the second dg294) The learning phase lasted for 5 days with the same three
DUPV EDLWHG 6XEVHTXHQWO\ RQ 3SUREH" GD\ GXULQJ
2XU IRFXV ZzDV RQ WKH GLVWDQFH WUDYHO@HWGeRQ"~ SURE]
locomotion. The numdr of animals is on Figure 10.
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111.3.2.5. Fine Motor Skills Tests
[11.3.2.5.1. SinglePellet Reaching Test (also known as singkpellet skilled reaching
test Experimental Series 2.Cohort 3.)

Mice were tested in a thréane single pellet schingbox constructed of clear
Plexiglas with each lane consisting of 5 mm slots positioned against theidarivall
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 n&xtays outside, 5 mm from the |af298)

The mouse had to reach out on the 3 mm lane and pull in the pellet. The mouse can collect

D PD[LPXP RI SHOOHWY 'XVWOHVV 3UHFLVL&RQ, 3BHOOHW)\
Bilaney Consultants GmbH, Germany, #F0dRB per day for 15 minutes. If thé pellets

were successfully collected, the experiment was terminated. Pellets successfully pulled

into the lane during the experiment were counted. The videos of the last danalgs=d

manuallywith Solomon coder, from which the spent time of trying &aeding (s) were

extracted. The number of animals is on Figure 10.

[11.3.2.5.2. Staircase TestExperimental Series 2.Cohort 3.)

The staircase test was performed in an apparatus validated of289¢€l he 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 eadlhsréds 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 thedfisive 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, duratide)), eating (duration), successful and
unsuccessful trying wemmnalysedvith Solomon coder from videos of all 6 days. Reward
preference and duration of trying (DT) and eating veeralysed The number of animals
is on Figure 10.

successful trying

reward preference (%) = 100

trying + succesful trying + failed trying i
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lll. 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 holg800). As a reward, 45 mg of food pellets (see
[11.3.3.5.1.) 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 as&ndumlong time out with the chamber
light switched on (timeut period), while the other nose hole was not baited (incorrect).
During the timeout period, responses were not rewarded but were registered. The test
was divided into two phases: habituationy&a) and learning (days#), 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 amdt time
reward hole nose pokes were also recordad.fumber 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)-fialy 3
acclimatization. Before the measurement started, the body composition was measured by
EchoMRF700 (700 Whole Body Composition Analyzer; E283RM, Echo Medical
Systems, Houston, TXJSA). This Magnetic Resonance Analyzer allows very quick and
precise analyses of body composition without the need of sedatmaesthesidduring
the scanning mice were placed in a specially sized, clear plastic holder. The system
determines the totddody fat content, the lean body mass, and the free and total water
content of the animal800).

total water — free water

hydration ratio = * 100
lean

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 méabolic variables (foodand Q consumption and COproduction) were
automatically collected in every 9 minutg@91) The respiratory exchange ratio (RER)

was calculated with the following formula: c¥2Vo2. The program automatically
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LQWHJUDWHY DQG D QD Q)WMHYG&2wW BRIR\GHBEMAREERED9

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 rements.
The program calculated the following values:
Vo2 = Flow(ml)* (V1 + V2) / (N2Ref * 100.0) UHSUHVHQWLQJ 2w FRQVXPS
Vco2= Flow(ml) * dco2/ 100 UHSUHVHQWLQJ &2w SURGXFWLRQ
H = (CVo2* Vo2+ CVco2* Vcoo) / 100Q expressed ascal/h.
To getH in Watt, we multipled the Kcal/h data with 1.16306.
Finally, energy expenditure (EE) was calculated by dividing heat production (H)
by lean mass (kg)
EE = HKcal/h)/ lean mass(kg)
It is more accurate to report EE relative to lean body mass (measured by
EchoMRI; kcal/h/kg lean)-or better transparency, the data were aggregated-hroar3
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.
[1l.4. Immunohistochemistry (Experimental Series 1., Cohort 3.)
Mice were anesthetized intraperitoneally jiywith a ketaminexylazine 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 icecold phosphatbuffered salie (PBS), followed by icecold
paraformaldehyde (4% PFA VWR International, Leuven, Belgium, #28794.295, in TRIS
VWR International, Leuven, Belgium, #103154M). Brains were rapidly removed and
post LIHG RYHUQLJKW LQ 3)$ DW f &n dbrkakhiQg B@WdFE X ED W H G
sucrose (B(+) saccharose puriss, Labler, Neratovice, Czech Republic, #5@1) in
75,6 EHIRUH VOLFLQJ 7KLUW\ P FRURQDO VHFWLRQV ZHL
and stored in a cryoprotectant solution (containing 2f)¢6erine Molar Chemicals,
+DOIVIWHOHN  + X-Q01B40)\ 30% ethylene glycol, Molar Chemicals,
+DOIVIWHOHN +XQ3IDU\DW i f& XQWLO LPPXQRKLVWRFKHF
To investigate the amyloid plaques and hyperphosphorylated tau (Experimental

Series ., Cohort 3.), we used peroxidhssed immunohistochemistry, with nickel
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diaminobenzidine tetrahydrochloride (NI % -Dfaminobenzidine
tetrahydrochloride hydrate, Merck, Sigma Aldrich, St. Louis, MO, USA, #D3637
nickel (11) sulphatenexahydrate, 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 A& LQ SULPDU\ D@ WHZERSOD,HMycIDnQl \Afti
rabbit, Invitrogen, Walthem, MA USA, #715800) and antphospheTau (1:500,
monoclonal antmouse AT8, Invitrogen, Waltham, MA USA, #MN1020). As secondary,
biotinylated antrabbit (1:200, Jackson ImmunoResearch, West Grove, PA, 86%1
003) and antmouse (1:200, Jackson ImmunaRarch, West Grove, PA, #7¥55151)
antibodies were used, followed by an avitlintin treatment (VECTASTAIN Elite ABC
Peroxidase Kits, Vector Laboratories, Newark, CA, USA, #R2R0) at room
temperature for 2 h. Visualization was performed with @WB and glucose oxidase
(Merck, Sigma Aldrich, St. Louis, MO USA, #G7140KU) solution.

Sections containing the appropriate brain regions were selected using the Paxinos
atlas(302) (OB: Bregma (Bri3.56 mmto +2.34 mm motor and somatosensory cortex
Br +0.6 mm to +1.2mmhippocampus Br1.58 mm to-2.46 mm; CAlregion of the
hippocampusBr -2.80 mm to-3.39; CA3 region of the hippocampuBr -2.79 mm to-

3.39 mm BLA: Br-2.69 mm to-3.39 mn).

The labelling was imaged using Nikon Eclipse Ei microscope with a Digital Sight

FDPHUD DW 17 PDJQLILFDWLRQ DQG UHSUHVHQWDWLYH
[11.5. 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 softThen samples were dehydrated in ascending alcohol row and embedded in
paraffin.7 —P WKLFN VHULDO VHFWL R @¥thyléhebide FOMBIB) DQG GLP
staining (Merck, Sigma Aldrich, St. Louis, MO USA, #931487) was performed for
morphologicalanalyf V. 6 WDLQLQJ SURWRFRO ZDV FDUULHG RXW D]
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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JRU WKH PHDVXUHPHQW RI DUWLFXODU FDUWLODJH [
DMMB staining were investigated and a customized mathematical formula was used as
described beforé303).

For the examination of thick and thinner colladine ratio in articular cartilage
Picrosirius red (Merck, Sigma Aldrich, St. Louis, MO USA, #14226) staining was
XVHG ,Q SRODUL]HG OLJKW WXUQLQJ fidiedhppearddv SODQH
red, thinner collagefiibre in greencolour. Samples were investigated in an Olympus
Bx53 polarization microscope (Olympus Corporation, Tokyo, Japan) with constant
VHWWLQJY DQG H[SRVXUH WLPH ,Q 1 PDJQLILFDWLRQ S
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 B=8, rexrg-ap=8;

intertarsal joint B=7, rextgAp=7;

tarsometatarsal jointcR7, rextgAp=6;

interphalangeal jointd¥3, rextgap=4
Picrosirius red staining

knee joints B=6, Nextg-Ap=0;

intertarsal joint B=7, rextgap=7;

tarsometatarsal jointcr6, rextgAD=7;

interphalangeal jointd¥4, rextgap=4
l11.6. Blood and Serum Parameters
[11.6.1. 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, ltaly, #I 00078284) while cholesterol (mmiol DQG XULF DFLG 0 OHYHC
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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[11.6.2. Enzyme-Linked Immunosorbent Assay (ELISA; Experimental Series 2.,
Cohort 3.)

During decapitation the blood samples were collected and immediately placed on
LFH XQWLO FHQWULIXJDWLRQ ZDV SHUIRUPHG 7KH VDPSC
30 min and serum were collected in Eppendorf tubes. Samples were storefl&t X QWL O
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, #123®0) were used
DFFRUGLQJ WR PDQXIDFWXUHUYfV SURWRFRO XVLQJ LO0S$5.
(Bio-Rad Hungary td., Budapest, Hungary). Duplicates of the samples and 6 standards
of known concentration were measured on the/@b plate and the values were given in
ng/dl. The number of animals is on Figure 10.
[11.7. Quantitative PCR (qPCR)

Mice were sacrificed by decapitation and their brain and gastrocnemius muscle
were snagrozen on dry ice and stored-at f & XQWLO XVH ([SHULPHQWDO 6H
3 and 5) On dry ice the cerebellum was cut in half. Total RNA was extracted from
gastrodQHPLXYV PXVFOH DQG RQH KDOI RI WKH FHUHEHOOXP X
Aldrich, St. Louis, MO USA, Sigma #R453ML).

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 snagrozen on dry ice and stored-at f & XQWLO XVH

Total RNA was extracted using RBby Mini Kit (QIAGEN, Hilden, Germany,
#74106). Reverse transcription of the RNA samples was matiighyCapacity RNA
to-cDNA EKit (Thermo Fisher Scientific, Waltham, MA, USA, # 4387406). Total RNA
purity and quantity were assessed using a NanoPhotometer NP80 (IMPLEN GmbH,
O QFKHQ *HUPDQ\ F'1%$ VIQWKHVLYV ZDV FR®Ddliet? HG XVLQ
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, # B#@005) was used for qPCR.
Quantitative PCR was performed in an Applied Biosystems QuantStudio 5T iReal
PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Quantification reactions
were performed in duplicateRU HDFK VDPSOH X&HQW DN KRN u @HOWK R
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normalized to the average of the control gralgia, and linearized by2 %®t (304)
Glyceraldehyde -®phosphate dehydrogenase (GAPDH) was chosen as a reference
(housekeeping) gene. Primers used for qPCR are listed in Table 1. Primers were designed
using PrimeiBLAST (NCBI) and were acquired from th&o-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 AGAACATCATCCCTGCAT CC
Myostatin  ATT GGC TCA AAC AGC CTG AA  AAG GCT TCA AAATCG ACC GT
Follistatin  GAA TGT GCC GTC ACAGAGAA CTCATCGCG GTTAGCTTGA
COX4 GTCTTCCGG TTG CGG G CAC TCT TCA CAA CAC TCC CAT
BCL2 GAG CTT TGA GCA GGT AGT GA TGA AGA CAG ATC TGA GGGGTG
BAX CTGACATGTTTG CTG ATG GC CCAGCCACCCTGGTCTT

TRH GCTCTG GCTTTG ATCTTC GT TTG TGA TCC AGG AAT CTAAGG C

75 GTG AAT CAG CCT TAT ACC TG ACA GGT GAT GCA GCG ATAGT

76+ TCAACACCACCATCTGTGCT TTGCCACACTTGCAGCTTAC
DIO1 CTGGGA TTT CAT TCAAGG CAG CCACGT TGT TCT 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 CAAAAT TGA GCA CCA ACG GG
MCT8 GCT GAG CCA GTG CAA GAA GCT GCT TGG AACTCCACTT
CART CGC TAT GTT GCA GATCGA AG GTC CCT TCACAAGCACTTCA
POMC CAT CTT TGT CCC CAG AGAGC TTITTCAGTCAGG GGCTGT TC
AgRP TTTCTGCTCCCTTGGTTT CC GGC AGT AGC AAA AGG CAT TG
NPY GCC ACG ATG CTAGGT AACAA TTG ATG TAG TGT CGC AGA GC
MCHR ATC TCC GAT GGC CAG GAT AA TGGTAC CAAACACTG AAG GC

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

Proteins were isolated from the other half of the cerebellum. Protein lysates were
SUHSDUHG ZLWK — O 5, 3HEIEXM BRIA, 0.BraMAGILA, 150mM
NaCl, 0.1% SDS, 1%TritonX) containing Protease and Phosphatase Inhibitor Cocktail
(Sigma #PPC1020Protein extract was mixed with 2x Laemmli buffer (4% SDS, 20%
JO\FHURO %URPRSKHQRO E O Xdihercaptoddhantl)Lavid + & O
denaturized| R U PLQ DW f& 7KH SURWHLQ VDPSOHV ZHUH
polyacrylamide gel with electphoresis 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 antcaspase3 antibody (1:1000, Abcam, Cambridge, UK, #ab13847),
rabbit monoclonal anttytochrome C IV subunits (COX IV, a mitochondrial marker)
(D614K) (1:500, Cell Signaling Technology Europe, B.V., Leiden, The Netherlands,
#38563), mase monoclonal anBAX antibody (1:500, Santa Cruz Biotechnology,
Heidelberg, Germany, #s6180), mouse monoclonal afBcl-2 antibody (1:500, Santa
Cruz Biotechnology, Heidelberg, Germany, #882) and rabbit recombina®APDH
(1:5000, Abcam, Cambridges . DE DW f& RYHUQLJKW $IWHU ZD\
buffer containing 0.02% Tween20, the membranes werdated fo2 hours with horse
radish peroxidaseonjugated amrabbit IgG secondary antibodies (1:2500, Sigma
#SAB3700853). The protein bands were detected using the ECL chemiluminescence
reagent (BieRad Hungary Ltd., Budapest, Hungary, #5605b1) by LiCOR Imaging
system (L4COR, GDiGit (EBlot Scanner 3600). The images warelysedlirectly by
the Image Studi@Esoftware (LFCOR Biosciences), where optical densities (pixel/area)
were measured. The number of animals is on Figure 10.
[11.9. Statistical Analysis
'DWD DUH SUHVHQWHG D VarrakidedsihgGeapbPad@asnz (Meusion
6.0). Statistical analyses included tway ANOVA and repeatetheasures ANOVA for
various comparisons, as detailed below:
Three-way or Mixed-effects analysis

v' Foxodour. genotype and sex and age
Two-way ANOVA or Mixed-effects analyss:

v' Foxodour. 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 PhenoMastegenotype and age
Repeatedmeasures ANOVAor Mixed-effects analysis

v' Foxodour. 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 Reachingest (SPRT): genotype and day
Staircase test: genotype and day

TSE PhenoMaster: genotype, age, a+toh@r intervals

D N N NN

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

Posthoc analyses were performed using Tukey HSD or Sidak tests.

For pairwise comparison§ W X G Ht@svéfWarnw-Whitney U testwas applied
v’ grip test- average grip strength

rotarod testtaveragdatency

OFT,

RAM,

MWM,

cartilage thickness in pixels,

TSE PhenoMastetfood- 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 Softwatte€://www.vectornator.igp/
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IV. Results

IV. 1. Temporal Emergence ofincreased Innate Anxiety

IV.1.1. Fox Odour AvoidanceBehaviour

The 3xTgAD animals moved significantly less than their -agatched controls
(Figure 13A; for statistics see Table 2.). Interestingly, the controls, but not theAEXTg
mice moved more with age. Despite this main genotype effect, during thaquotdst
the genotype difference reaches significancy only in some case$,(28-monthold
animals).

Coherent with the less movement, the 3AM@ 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

4000 e
400 =
3000+

2000+
200+

Not moving [s]

1000 F

Distance travelled [cm]

0=

Figure 13. AgeRelated Changes in Mobility During Fox Odour Avoidance in Male Mice. A.
DistanceTravelledin Centimetregor 10 MinutesB. Time Spent without Movement.

Two-way ANOVA, Sidak's multiple comparisons test *p<0.6%0.01; ***p<0.001 vs control.
Male mice 2- n.=14; QngADzlo; 4- nC:18; rnggAD:N; 6- n.=11; rnggADzll; 8- nC:8; %ngAD:S;
12- n=4; rnggAD=6; 15 n=10; fthgA[):lO? 18-monthold n=9; n3ngLAD=10

Table 2. Fox Odaur Test Behaviour in Male Mice

Parameters Genotype Age *HQRWASH 1
F p F p F p

Distance [cm] 42.841,132 <0.001 7.4466 132 <0.001 2.098s,132 0.058
Not moving [s] 23.95133  <0.001 2.7956,99) 0.015  1.867s09 0.094
Duration difference 4832133 0.035  4.069s1806828) 0.005  0.73Qs0sy  0.627
Corrected  approach 1.43%11132 0.234  2.5996.132) 0.021  0.559,132 0.762
time [s/m]

Approach frequency [#]  23.081,132 <0.001  2.6626,132) 0.018  1.0526132 @ 0.395
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Corrected avoidance 11.8J133 0.002  7.8636 99) <0.001 1.833699) 0.100
duration [s/m]

Avoidance frequency 42.241,132) <0.001 16.7](6,132) <0.001 2.6056,132) 0.020
[#]

Several aggroups were studied (2, 4, 6, 8, 12, 15 and 18 months).tdllis contains thetatistical data

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

All animals were afraid of the foadourreflected by the 20800 sec more time
spent in the avoidance than in approach zone despite only a double multiplier in their size.
In fact, the 3xTgAD 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 Avoidane. 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; %XTQA[,:N, 4- n=18; @XT&AD=17; 6- n.=11; fnggAfll; 8- n.=8; rnggLADz&
12- n=4; Ny, 10 ap=6: 15 n=10; 10 p=10; 18-monthold n_=9; Nyrgap=10

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 becamesigmficant. However, the
age effectemained detectable. Namely, older animals spent significantly more time near
the 2MT container than the younger animals. As expected, the approach frequency was
lower in 3XTgAD 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 thartheir agematched 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 3xT4D animals.
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Figure 15. Fox Odair Test in Male Mice Across Different Age GroupsA. Corrected approach tim
to fox odourzone (sec/m)B. Frequency of approaching tbdourzone.C. Locomotion corrected time
spent in the avoidance zone (sec/Bi)Number of entries into the avoidance zone.

Two-way ANOVA, Mixed effects analysisSidak's multiple comparisons test *p<0.05; **p<0.0
***n<0.001 vs control.

Male mice 2- n_=14; rnggLADzlo, 4- n=18; ’EngAozﬂ? 6- n=11; fnggAD=11; 8- n.=8; rnggAD:S;
12- n=4; Ny, 1o ap=6: 15 n=10; 1y 100 =10; 18-monthold n_=9; Nyrgan=10

In selected aggroups we examined possible sex differences. First young, 2
monthold mice were studied. Similarly to previous tests, the 3&DDganimals moved
significantly less than the controls (Figure 16A, Table 3.). The tendency for lower
approach frequecy, 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-2I@nimals (Figure
16B H). Nevatheless, there was no difference between the two sexes. However, during
posthoc comparisons, 3XxF4D males showed more significant changes than respective

females.
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Figure 16. Fox Odar Test in 2-Month-Old Male and Female Animals A. Distancetravelledin
centimetreduring 10 min.B. Time spent freezing as a percentage of 10 min observation p€rio
Time spent sniffing the 2MT container as a percentage of 10 min observation periache spent
rearing as a percentage of 10 min observation peio@orrected approach time to fexiourzone.
F. Frequency of approaching teelourzone.G. Corrected avoidance duratiodd. Number of entries
into the avoidance zone.

Two-way ANOVA, Mixed effects analysisSidak's multiple comparisons test *p<0.05; **p<0.0
***n<0.001 vs control.

2-month-old male micen_=14; ”_ngngzlq 2-month-old female micen_=5; rnggAD:m

Table 3. Fox Odaur Test in 2-month-old Male and Female Animals.

Parameters Genotype Sex *HQRW\SH
F p F p F p
Distance [cm] 22.991,13 <0.001  0.775122 0.388  0.7621,13 0.399
Freezing (%) 21.18113 <0.001 0.49%n22 0.491 1.615:113 0.226
Sniffing (%) 2403113 0.145  0.31%122 0.583 3.31%113 0.092
Rearing (%) 1.355:35 0.252  0.41135 0.526 3.95:35 0.055
Corrected approach time [sec/m]  0.833113 | 0.378  0.56%122 0.462 0.021:3 @ 0.891
Approach frequency [#] 0.154135 0.697  3.93135 0.055 0.682135 0.414

Corrected avoidance duration 7.104113 @ 0.019 | 0.129122 0.723 2.039:113)  0.177

[sec/m]

Avoidance frequency [#] 17.6Q,13 0.001  2.77%129 0.110 0.4341:3 0.522

This table contains theatistical data to Figure 16. Degree of freedom is in brackets. Significant differences

are marked as red.
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In 15monthold animals, in accordance with previous results, the 3xDg
animals moved less than controls both horizontally and vertically (Figure 17A, 17D,
respectively, Table 4.). They also approach theofiourcontainer less (Figure 17F) and
spent more time far from it (Figure 17G). Moreover, the 3ADyanimals 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 siéfecence 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 ter@onth-old animals, here, in pesibc comparisons, 3xFg
AD females showed a more significant change than matched males.
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Figure 17. Fox Odair Test in 15Month-Old Male and Female Animals A. Distancetravelledin
centimetresluring 10 minB. Time spent freezing as a percentage of 10 min observation peridone
spent sniffing the 2MT container as a percentage of 10 min observation [eridche spent rearing as
a percentage of 10 min observation pertbdCorrected approach time to foxlourzone.F. Number of
approaches to thedourzone.G. Corrected time spent in the avoidance zéhdNumber of entries into
the avoidance zone.

Two-way ANOVA, Mixed effects analysisSidak's multiple comparisons test *p<0.05; **p<0.0
***n<0.001 vs control.

15-month-ol male micen_=10; rnggADzlo 15-month-old female micen_=5; nsngAD:7

Table 4. Fox Odaur Test in 15-month-old Male and Female Animals

Parameters Genotype Sex *HQRW\SH
F p F p F p
Distance [cm] 14.35:128)  <0.001 18.2Q128) <0.001 1.89Q:28 @ 0.180
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Freezing (%) 5.804113 0.032 0.118115 0.736  1.433:113 0.253
Sniffing (%) 6.307113 0.026  0.00%1,15 0.974  0.03113 | 0.865
Rearing (%) 14.76113 0.002  6.226115 0.025  0.288113 0.600
Corrected approach time [s/m] 2.66%113 = 0.127  4.973:115 0.042  2.539:13 @ 0.135
Approach frequency [#] 13.15:13 0.003  0.1115 0.757  0.312:13 0.586

Corrected avoidance duration 6.47912¢) 0.017  0.9441.5  0.340 2.99G128) @ 0.095

[s/m]

Avoidance frequency [#] 0.00%;13 0.978 12.30Q115 0.003  0.174413 @ 0.683

This table contains theatistical 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 aamesst measured
variables, indicating distinct behavioural differences between-2¥0@nd 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, aitthrac®
zone entry frequency, where older animals display a significant decline. Furthermore,
interactions between sex, age, and genotype, while generalsigraficant, suggest the
importance of considering these factors together to fully understandcthbined
effects. (Only the part of the table indicating the effect of age is shown here.)

Table 5. Fox Odar Test in 2 and 15month-old Male and Female Animals,

Combined Sex and Age and Genotype Analysis

Distance [cm] Freezing (%)
F p F p
Age 2.0191, 63 0.160 1.2914, 40) 0.262
Sex x Age 2.748, 63 0.102 0.148;, 23, 0.704
Age x Genotype 1.844 ¢3) 0.179 0.0444, 49) 0.836
Sex x Age x Genotype 2.1374, 63) 0.149 2.678, 23 0.115
Sniffing (%) Rearing (%)
F p F p
Age 3.68741, 40) 0.062 7.548:1, 40) 0.009
Sex x Age 0.0471, 23 0.830 0.838:, 23 0.370
Age x Genotype 2.86%3, 40 0.099 0.8281. 40 0.368
Sex x Age x Genotype 0.9171, 23 0.348 2.4081, 23 0.135
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Corrected approach time Approach frequency [#]

[s/m]
F p F p
Age 7.3321, 40) 0.010 0.28141, 63 0.598
Sex x Age 7.18%4, 23 0.013 1.29Qq, 63) 0.260
Age x Genotype 0.5174, 40) 0.477 3.7331 63) 0.058
Sex x Age x Genotype 0.525; 23 0.476 0.8144, 63 0.370
Corrected avoidance Avoidance frequency [#]

duration [s/m]

F p F p
Age 1.0361, 63) 0.312 26.261, 63) <0.001
Sex x Age 1.15Q1, 63) 0.288 1.912; 63 0.172
Age x Genotype 0.5727. 63) 0.452 2.9621, 63) 0.090
Sex x Age x Genotype 4.9661, 63 0.029 0.0661, 63 0.798

This table contains thetatistical datao 2- and 15-monthold male and femalebehaviour parameters

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

IV.1.2. Open Field Test

During repeated testing, the 3xPFdp 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 posthoc comparisons between genotypes were significant, while males did not show
genotype difference from the age of 4 months.

@ Control
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Figure 18. Open Field Test from 2 to 11 MonthsA. Males B. Females. Distanc&avelledin
centimetregluring 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 micenC:8; n =8

3XTg-AD 3XTg-AD
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Table 6. Open Field Test between-zand 11-month.

Parameters

Distance [cm]

Time spent incentre (%)

Distance [cm]

Time spent incentre (%)

Genotype Age
p F p
Male
7.087%114) 0.019  10.7691149 = <0.001
0.091114) 0.767  7.899115  <0.001
Female
86.8Q114) <0.001  9.8379124y  <0.001
38.92:114 <0.001  8.110(9.123) <0.001

*HQRW\SH
F p

7.8049,114)
1.279,115)

<0.001
0.260

2.8899,124)
2.2239,123)

0.004
0.025

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

differences are marked as red.

The 3xTgAD spent significantly less time in tleentreof the arena than control

animals (Figure 19A, B; Table 6.). However, females spent less time aenlyx@than

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

males. In fact, podtoc testing found genotype differences only in females from the age

of 7 months.
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Figure 19. Open FieldTest from 2 to 11 Months A. Males B. Females. Percentage of time spent
the centreof the open field during 5 min observation period.
Repeatedneasures ANOVA, Sidak's multiple comparisons tépk0.01; ***p<0.001 vs control.
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Despite no clear correlation between body weight and emotior{80), 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, TahleAs 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 bodigiwewhile control females
consistently exhibited the lowest. Notably, the body weight of both-Z0@nd control
females followed a similar developmental pattern up to 6 months of age. However,
starting from 6 months, the 3x9AD 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.

401 . .
& Control Male Iélrg];ure 20._hBody _We|ghrt]
— 35 W XTg-AD Mde anges with Age in Bot
= Sexes.
£ 304 "0 Control Femde  Rapeated measures ANOVA
T -©- 3XTg-ADFemde Male mice n=8; n =8;
¢ =% N3yrq.a0~ 01
25 ; —q. _
§ Female micen_=8; n3ng—AD_8
m 20

LB—T——T—T7T T T T T T 7
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Month
Table 7. Body Weight Changes with Age in Both Sexes.

Body weight [g]

F p
Age 144.81 759,47.11) <0.001
Sex 46.831,28) <0.001
Genotype 0.5881 28 0.450
Age x Sex 1.29Qg,241) 0.243
Age x Genotype 1.24Qg,241) 0.271
Sex x Genotype 20.15; 28 <0.001
Age x Sex x Genotype 7.34Qo,241) <0.001

Thistable contains theatistical data to Figure 20. Degree of freedom is in brackets. Significant differences

are marked as red.

Whenanalysedusing Pearson correlation, no significant correlations were found
between the rate of body weight gain and the disttnavelledduring the OFTs or the
time spent in theentrefor male mice. This lack of correlation was observed in both the
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control group (distance&avelled r= 0.056, p = 0.0503, time spent d¢entre(%): r =
<0.001, p = 0.848) and the transgenic group (distaagelled r = 0.042, p = 0.071, time
spent incentre(%): r = < 0.001, p = 0.813).

In contrast, for female mice, body weight gain showed correlations with the
observedehaviour Control females exhibited a correlation with the distanaeelled
(distancetravelled r = 0.089, p = 0.007, time spentdantre(%): r = 0.009, p = 0.400),
while 3XTg-AD females showed a correlation with the time spent ircémgre(distance
travelled r = 0.013, p = 0.315, time spentdantre(%): r = 0.110, p = 0.003).

At the end of the monthlpbservation period,ni 11-monthold animals, we
examined the temporal developmenbehaviouras well. The 3XTgAD animals moved
significantly less during the whole 30 min observation period (Figure 21A, 83blehe
sex as well as the time had no influence on this parameter (i.e., no habituation was
observed). Regarding the time spent in teatre(Figure 21B, Table.), the control
animals spent more and more time in tleatreas a sign of reduced anxiety over time,
while the 3xTgAD animals spent sigficantly less time in theentre Females were more

anxious, spending less time in the central compartment.

43 Control Male

A B 3xTg-AD Mal
2000 100 B 3xTg ale
E ® -0~ Control Female
S 1500 E_ 801 @ 3xTg-AD Female

2 ]
® EE 60+
© 1000 £ w
b 25 4
E % 40
i o =
‘E 500 £ 204
= [
[a)
0 T T T T T T 0 T T T T T T
0-5 5-10 10-15 15-20 20-25 25-30 0-5 5-10 10-15 15-20 20-25 25-30
Time (min) Time (min)

Figure 21. Open Field Test during a 3Minute Observation Period in 11-Month-Old Animals. A.
Distancetravelledin centimetreggiven in 5 min time bins throughout the entire 30 min observa
period.B. Percentage of time spent in ttentrein 5 min time bins.

Repeated measures ANOVA

Male micen_=8; n =8; Female micen_=8; n 8

3xTg-AD 3XTg-AD ™~

Table 8. Open Field Test during a 3@Minute Observation Period in 12-Month-Old

Animals

Distancetravelled [cm] Time spent incentre (%)
F p F p
Time 0.9635,130) 0.443 13.643087514y  <0.001
Sex 1.94Q126) 0.176 8.7684,26) 0.007
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Genotype 43.0Q1,26) <0.001 14.081,2¢) 0.001
Time x Sex 1.78%s,130) 0.121 1.674s5,122) 0.146
Time x Genotype 0.4255,130) 0.831 7.1775,122) <0.001
Sex xGenotype 0.03Qu,26) 0.865 0.4831,26) 0.493
Time x Sex x Genotype = 1.03%s 130 0.402 1.3515,122) 0.247

This table contains theatistical 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 NiDAB immunohistochemistry we were able to confirm the progressive
DSSHDUDQFH RI WKH FODVYVLFaQ irkidpai @rieds Urpofaht$or $ DQG
memory formation (e.g., hippocampus; Figure 22F,-8l) &s well as in the amygdala,
an importat centreof emotions including anxiety (Figure 22H, I, N, O). Moreover, the
deposits were detectable in the OB (Figure Z2Aand piriform cortex (Figure 22N, O),
brain areas participating in olfacti¢gg06) ,QWHUHVWLQJO\ $ ZDV RQO\ PLQ
in two-monthold animals, while the signal intensity fottgu was already high in this age
JURXS 1HYHUWKHOHVV WKH QXPEHU RI SRVLYWWYHO\ VWD
was higher in the brain afneyearold animals than in twononthold 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
A _oummtten B
b | Ml
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Hyperphosphorylated Tau Figure 22. NiDAB
AD 1-year-old 3xTg-AD Immunohistochemistry in  2-

: e month-old and 1-year-old
3xTg-AD Mice. A-l: Amyloid-
142, J-O: PhospheTau. The
images depict various brail
regions: AC: the olfactory bulb,
D,E: motor and somatosenscry
cortex, F,G: hippocampus, H.,l
~ basolateral and basomedi
., amygdala; J,K: pyramidal cel
i layer in the CAL region of the
hippocampus, L,M: pyramida
cell layer n the CA3 region of the
hippocampus, N,O: basolater:
amygdaloid nucleus,
amygdalopiriform area, anc
entorhinal cortex. Scale bars: E

* P K, M, O: 100
P Q JURXS

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

IV.2.1. Motor Alterations During Different Behavioural Test

The grip test, which assesses muscle strength in neieealed a significant loss
of muscle strength in-Gonthold, male 3xTgAD 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
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@ 3xTg-AD
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Figure 23. Muscle Strength and Motor

Balance 6-monthold male mice were

testedA.-B. Grip TestC.-D. Rotarod Test.
A.-C. The falling time is given separatel

! : B for each trialB.D.: Average of the 5 trials.

Trial Repeated measures ANOVA
Rotarod Test 6 W X G He&3i\Wii0.04/ vs control.
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Table 9. Motor Alterations during Different Behavioural Tests. Temporal resolution
Parameters Genotype Trial/Day/Min *HQRW\SH 7 77U

F p F p F p

Grip test (5 trials)  17.61Q.gsy <0.001  0.423485 0.792  1.20%1ass) 0.317

Rotarod test (5day) 0.81%140  0.373 11.14Q445) <0.001 0.3424.40) 0.848

Open Field 15min 1483135  <0.001  9.58%14135 <0.001 0.37514135  0.980

SPRT 19.99Q1105) <0.001  19.18Qs105) <0.001 0.764610sy = 0.600

Staircase test DT 62.58(1 54y <0.001 4.20Gs554y | 0.003  3.4445p54 0.009

Staircase test SR 17.32Q15sy <0.001  4.618ss5s  0.001  1.204ss4) 0.320
This table contains theatistical data to the averages on Figure223and 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
tn p

Grip test average 3.57617) 0.002
Rotarod test average 0.37317) 0.714
Open Field 3.083g) 0.006
Open Field (handling) 1.04912 0.315
RAM first day 0.9%1s) 0.355
RAM last day 3.71%  0.002
MWM 0.05kq  0.961

This table contains thdatistical data to the averages on Figure283 Degree of freedom is in brackets.
Significant differences are marked as red. Abbreviations: MWM: Morris water maze; RAM: radial arm

mazetest

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 ra 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
monthold animals with a higher temporal resolution (usirgih bins). We could
confirm our previous data that the 3xAdp mice exhibited reduced movement both in
the first Sminutes (Figure 24B, Table 10.) and during a prolongechithite 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 distaaeelledduring 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 repgtteddcomotor

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 TestA-B. Distance travelled imentimetresn 1-min
bins (A.) or in average (BXC. Average values during 5 min observation in animals kept in enric
environment and were repeatedly handled.

Repeated measures ANOVA

6 W X G He3ttW@.0&/vs control

6-month-old male micen_=10; rnggADzlo

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, Tablelid®.yyhen 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 TestsA-B. Radial arm maze (RAM) tes
without pelletsC. Morris water maze (MWM) test.

6 W X G Ha3tWkv.0¥Ws control.

MWM 6 -month-old male micen_=6; n3ngAD:6; RAM 6-month-old male micen_=10; n.SXTg-AD:]'O

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
distanceduring the iminute 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-BRTgnimals.

In the SPRT, where mice werained 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 irewvard acquisition, suggesting that they learned the task.
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Single Pellet Reaching Test @ Control
@ 3xTg-AD

-
(2]
1

-
o
1

Figure 26. Fine Motoric Tests. A. Single
pellet reaching test (SPRTB-C. Staircase test.
Repeated measures ANOVA

6-month-old male micen_=10; rnggADzlo
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,Q WKH 6WDMWUFDYWIMHMVWWPLFH LQLWLDOO\ VSHQW V
DWWHPSWLQJ WR UHDFK WKH SHOOHW )LJXUH % 7DEOF
GLPLQLVKHG DV HYLGHQFHG E\ D VLJQLILFDQW JHQRW\SH
RQ WKH ILUVW URJLPZDNVHDS IRU ERWK JURXSV )LJIXUI
1HYHUWKHOHVVY D QRWDEOH LQFUHDVH LQ WKH VXFFHVV
RQ WKH VHFRQG GD\ DQG WKLV LPSURYHG SHUIRUPDQFH
IROORZLQJ GD\VWERQFRIQWHRD JURXS H[KLELWHG D JUD
VXFFHVV UDWH RYHU WLPH %\ WKH ILIWK GD\ ERWK JUR
VXFFHVV UDWH LQ FROOHFWLQJ WKH SHOOHW )LJXUH &
PLFH DIWHU GOIGMEDWLQJ PRUH WLPH WR WKHLU DWWHPS
H[SHULPHQW DGMXVWHG ERWK WKHLU WLPH DOORFDWLR
RQZDUGV ,Q FRQWUDVW WKH FRQWURO JURXS GLVSOD\}
WKURXWKRXMWSHULPHQW
IV.2.2. Histological evaluation of joints

Collagen fibres orientation and thickness can be examined with Picrosirius
staining. In polarized light collagenndependently from its typeappeared in recolour,

which showed normal morphology of articular cartilage both in control and in-BTg
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mice knee joints (Figure 27A, B, Tablel.L No morphological differences were
identified in intertarsal, tarsometatarsal and interphalangeal joints (Figuréi276
SRODUL]HG OLJKW W X Uiliped &an bk Walizedtdepen@iriy JoH heir
thickness in red (thicker) or green (thinnezplour. 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 collagibres were normdi oriented
forming maltan crosses and significantly lower thinner than thicker collglges was
present independently from the genotyp@7) (Figure 27A, B).
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Knee joint
A B Control 3xTg-AD
200 T——
. ° - ke 9* T LS,
w2 f TR
o 2 1504 M T e
ca T SR
o £ 3 ‘-"’ & o 1t F %%
5z N {7 i‘ J*;:; :
= % tﬁq W /" v :
Y v 7"&@1 S5
o @
3 -
O X
o
Thick  Thin
collagen fibres
@ Control
@ 3xTg-AD ° »
C s 150 - D £ E 2
x o 200+ a 150
cc . 5 £ 5 £
» - = ° o =
» o € . o 5
S ® O 150 o2 .
£ 2 1004 s 2 S 100
o x 3 x 35
€3 Lo e
- o <¥E £t
ct T ® P
gf 50 e 3T 50
32 sg )
o g o8 T ®
t 0w -
g 0 ’ 5 - . °Z o
= Thick  Thin £ Thick  Thin s Thick  Thin
collagen fibres S collagen fibres < collagen fibres
Intertarsal Tarsometatarsal Interphalangeal
articulation articulation articulation

Control 3ng-AD Control 3ng-AD Control 3ng-AD

Figure 27. Collagen Fiber Thickness Analysis of Knee, Intertarsal, Tarsometatarsal, anc
Interphalangeal Joints. B, F-H. ALFURVLULXV UHG VWDLQLQJ ZDV XVH(
to investigate collagefibre WKLFNQHVY 7KH LPDJHV ZHUH FDSWXUH(
ZLWK D VFDOH A O-8. hiick and-thin collagen fibresred andgreen pixeldensityof the
articular cartilage waanalysed

Two-way ANOVA, Mixed effects analysj$Sidak's multiple comparisons test
8-month-old male mice 8M knee joints p=6, n3ng-AD:6; intertarsal jointn.=7, n

tarsometatarsal joimt_=6, n =7; interphalangeal joim_=4,n,, ., =4

3xTg-AD =7;
3XTg-AD

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

and Interphalangeal Joints.

Thick and Thin *HQRW\SI
Parameters Genotype ) ) .
CollagenFibres Thick/Thin
Collagen thickness of  F p F p F p
knee joint 0.5141,10) 0.490 133.70@1,10) <0.001 0.4961,10) 0.498

intertarsal articulation ~ 0.55%112  0.472  184.60Q.12 <0.001 0.334112 0.574
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tarsometatarsd

) ] 0.138110  0.719 95.550(1,12) <0.001 0.07Q,100 0.797
articulation

interphalangeal

) ] 0.0921,6) 0.772 264.20Q. 6 <0.001 0.02Q:6 0.891
articulation

This table contains thetatistical 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 28B, Table 2.). There was a tendency toward thinner

metatarsal cartilage in 3xT8D 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 usiBgmethyl methyleneblue (DMMB)
VWDLQLQJ ,PDJHV ZHUH WDNHQ DW DQ RULJLQDO PMDCG.L
Geometric analysis of mouse articular cartilage was performed.

6 W X G HeagtWwiinhWhitney U test

8-month-old male miceknee joints p=8, rnggLAD=8; intertarsal joint p=7, rngqAD=7; tarsometatarsa

joint n.=n=7, n, . ,,=6; interphalangeal joint#=3, n, ;. ,,=4
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Table 12. Morphological Analysis of Knee, Intertarsal, Tarsometatarsal, and

Interphalangeal Joints

Parameters Genotype
Thickness of joint in pixels tan p
knee joint 0.50514)  0.622
intertarsal articulation 1.672:12 0.120
tarsometatarsd articulation 2.15611) 0.054

interphalangeal articulation 0.0345y 0.974
This table contains theatistical data to the Figure 28. Degree of freedom is in brackets. The tendency is
marked adblue.

IV.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 ahsolute control group.

IV.2.3.1. mRNA expression levels in the gastrocnemius muscle

,Q WKH3%A DQDO\VLV RI WKH JDVRRRFBRG PIDXOWHP KVMIFOH
$' DQG FRQWURO PLFH QR VLJQLILFDQW GLIIHUHQFHV ZH
OHYHOV Rl P\RVWD Fguz AR5 TAREO®)L Nowdvan, falowing 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
5- @ 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 Systemin the Gastrocnemius Muscle The mRNA values
were calculated by the 2 &#ethod usingylyceraldehydes-phosphate dehydrogenaseAPDH) as
housekeeping gene and normalized to the values iavitrage otontrol groupA. Myostatin mRNA

expressionB. Follistatin mRNA expressiorC. Myostatin/ follistatin ratio.

Two-way ANOVA, Mixed effects analysi§idak’'s multiple comparisons test

Animals were sacrificed without testing 1D w Yil#4, =4; 8-month-old male mice

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

IfEng—AD
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Table 13. mMRNA Changes in Musculus Gastrocnemius Measured by qPCR.

Genotype x Training

Genotype
F p
Myostatin 0.012:11) 0.914
Follistatin 0.349112)  0.566
Myostatin-Follistatin ratio = <0.00%1,23 0.999
COX4 0.594111y  0.457
BAX 1.609:11)  0.231
BCL2 1.853110 0.203
BCL2 +BAX ratio 1.10k110) 0.319

Training

F p

1.076112  0.320
5.019112 0.045
5.132123  0.033
0.677%,12 0.427
1.90%112 0.193
1.282112 0.280
7.088112) 0.021

interaction

F p

0.00%1,11y | 0.975
0.423;12) | 0.528
0.043123 | 0.838
0.669111y | 0.431
0.0021,11y | 0.967
0.46Q1,100 | 0.513
142710 | 0.260

This table contains thdatistical data to the Figures 29, ¥egree of freedom is in brackets. Significant
difference is marked as re8lbbreviations: BAX:gene of Bcl2 associated X proteilBCL2: gene of B
cell leukaemidymphoma 2 COX4:gene ofcytochromec oxidase subunit 4
We also compared the mRNA expression of the mitochondrial marker COX4
(Figure 30A, Table 3.), thepro-apoptotic BAX (Figure 30B, Table3]), and the ani

apoptotic BCL2 (Figure 30C, Tabl&.). 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 Systemin the Gastrocnemius MuscleThe mRNA values were calculate
by the 299&M¥ethod using GAPDH as housekeeping gene and normalized to the values in the
of control groupA. The mitochondrial marker, COX4 mRNA expressiBnThe expression level o
the preapoptotic BAX mRNA.C. The antiapoptotic BCL2 mRNA expressiol. The BCL2 and
BAX mRNA ratio. Abbreviations: BAX:gene of BI-2 associated Xroteinn BCL2: gene of Bcell

leukaemidymphoma 2 COX4: geneof cytochromec oxidase subunit 4.

Two-way ANOVA, Mixed effects analysi§idak's multiple comparisons test
Animals were sacrificed without testing 1D w Yil#4, rthgAD:“; 8-month-old male mice

(Experimental Animal, Training) n.=10, n, ;. ,,=10
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IV .2.3.2. mMRNA expression and protein levels in the cerebellum

In the cerebellum, we examined the previousigntioned mitochondrial and
apoptotic genes. COX4 mRNA level was significantly higher in transgenic mice
compared to control mice (Figure 31A, Tabk)1lHowever, after the training, BAX
MRNA levels decreased by approximately 20% (Figure 31B), B@IRNA 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.

@ Control
Ac 2.0 Bc 1.5+ C c 8 . D 107 @ 3xTg-AD
% . o : 2
2 1.5 @ @ : 8 .t
o . @ e ¥ c
o a 1.0 o £ 0
P . 2 = 2
1.04 & : @ ot Xa
=z ° & b4 = I:un =%
% ¥ .54 14 o X
0.5- E E 3"’
= o] N o
o < 3]
13} m m
0.0 0.0-

Naive Training Naive Training Naive Training Maive Training

Figure 31. mRNA Expression Level Changes in the Mitochondrial Systems in the Cerebellufhe
mRNA values were calculated by the?2%‘%hethod using GAPDH as housekeeping gene .
normalized to the values in the average of control grughe mitochondrial marker, COX4 mRN/
expressionB. The expression level of the papoptotic BAX mRNA.C. The antiapoptotic BCL2
MRNA expressionD. The antiapoptotic BCL2 mRNA expressiol. The BCL2 and BAX mRNA
ratio. Abbreviations: BAX: gene of RI-2 associated Xprotein BCL2: gene of Bcell
leukaemia/lymphoma;Z0X4: geneof cytochromec oxidase subunit 4.

Two-way ANOVA, Mixed effects analysi§idak's multiple comparisons test

Animals were sacrificed without testing 1D w Yil#4, rthgAD=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
mRNA by COX4 10.98.1,9) 0.009 0.325:9) | 0.582  0.01%y9) 0.918
gPCR BAX 4.3084,9) 0.068 50.3219) <0.001 2.00%9 0.191
BCL2 2.28%19  0.165  28.9%14 <0.001 0.532:19 0.484
BCL2-BAX 1.16319 0.309  40.1119 <0.001 0.85Q14  0.381
Protein by COXIV 317219  <0.001 1.08919 0.324 3.63219  0.089
Western BAX 9.98Q19) 0.012 45239 0.0623 1.12Q:19) 0.318
blot cleaved Cas3 | 4.2661,9 0.069 21.6719 | 0.001 257719  0.143
proCas3 18.95:9  0.002  0.3571,9 0.565 0.865:9 @ 0.377
Bcl-2 0.453;9 0518  0.85719 0.379 0.3789  0.554
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Bcl-2/BAX 5.83%19) 0.039  8.71Qie 0.016 0.04719) 0.833
This table contains theatistical data to the Figures 31,32egree of freedom is in brackets. Significant
difference is marked as red. Abbreviations: COX4: gene of cytochrome c oxidase subunit 4 isoform 1,
BAX: gene of Bci2 Associated protein; BCL2: gene of &ell leukaemidymphoma 2; COXIV: protein
of cytochrome c oxidase subunit 4; BAX: BEIAssociated Xorotein; cleaved Cas3: cleaved Caspase 3;

proCas3: Procaspase 3; BxIB-cell leukaemidymphoma 2 protein
As the mRNAlevels 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 ¢ontrol 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 3XTAD mice, and no discernible influence from training, which
contrasted with the obsation at mRNA level (Figure 32C, Tablelt.L However,
another preapoptotic protein, cleavethspase, did not exhibit significant differences
between genotypes, but was influenced by training (Figure 32E, Tahle 1
Paradoxically, the level of the poaspase& enzyme protein was reduced in 3xAD
mice compared to control animals, with no observable training effect (Figure 32F, Table
14.). No alterations in the expression of the -@mbptotic protein BeR were detected
(Figure 32D, Tabld4.). In thepro- and antiapoptotic BAX/BCI-2 ratio the training has
similar, increasing effect as at mRNA level (Figure 32G, TaBlg However, at protein
level, the 3xTgAD mice had lower ratios than controls.
Naive Training Naive Training
A Control Control 3xTg-AD 3xTg-AD

prat— ————  ——————
37 KDa | - e o s s e GAPDH | = woe s e | =

I6kDa = SREREes = @ ew | COXIV oo | S0 S o

21 kDa | e - - BAX | e o o o e . -

27KDA e i o o e 0 oo | Bol2 g e e e R

19 kDa | o s o & - e Cas3 o — — s —-—
17 KDa = e S o e s S S o o o - ] [ -

34 kDa —— . - — “fproCas3 - !-’
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Figure 32. Protein Level Changes in the Mitochondrial Systems of the CerebellunA.
Representative Western blot analyses. The first column displays samplesfrivai (BI6)mice, while
the second column shows samples from 3RYmice. Within each block, the first 4 bands repres:
samples from mice without trainingQ D wan#i the last 7 bands represent samples from mice
training. The blots show the following proteins from top to bottom: GAPDH (37 kDa) as
housekeepingrotein, COXIV (16 kDa), BAX (21 kDaBcl-2 (27 kDa), cleaved Cas3 (19 and 17 kC
and proCas3 (34 kDaJhe protein levels were expressed in comparison to the GABDEOXIV
protein level.C. BAX protein levels.D. Bcl-2 protein levelF. proCas3 protein levels. Bcl-2/BAX
ratio. Abbreviations: GAPDHglyceraldehyde8-phosphate dehydrogenase prot€i@XIV: protein of
cytochrome c oxidase subunit 4; BAX: BZIAssociated Xrotein; cleaved Cas3: cleaved Caspaise
proCas3: Procaspa$e Bcl-2: B-cell leukaemidiymphoma 2 protein

Two-way ANOVA, Sidak's multiple comparisons tés0.5, **p<0.01, ***p<0.001 vs control.
Animals were sacrificed without testing 1D w Yil#4, =4; 8-month-old male mice

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

Ir}SXTg-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-ggrips, the 4and 8monthold male
mice. In his seriesno differences were detected in body weight between -0 @nd
control mice, regardless of age (Figure 33A, Tabl¢ However, a body weight increase
was observed in both groups as they aged. However, althougmanthh there was no
genotypeeffect in body fat or lean weight percentage, but-atdhth the 3xTgAD
animals had less fat and more lean mass than controls (Figure 33B, C, 3 ablédre
was no genotypic difference in the hydration ratio, while, unsurprisingly, it increased with

age, consistent with other examined parameters (Figure 33D, Taple 1

@ Control
*ok ok ok
A 50+ B 40- — C35- ¥* Dgg, @ 3xTg-AD
. 45 . . . T oapd
= ~ 30 : = T 86 . .
= 40 2 ° =30 o . .
5 - {'-_ § RS I
g 354 & 20 g £ c ° Eard
s £ c 2 82 ‘:E
1 30+ w w 25 @ %
w104 : 4 ] °
@ 25- o 280 [F
20 0 20- 78
4 8 4 8 4 8 4 8

Month Month

Figure 33. Body Composition by MRI Body weight (A), Fat mass in percentage (B), lean mass (i
as well as hydration ratio was measured-iard 8monthold mice ofboth genotypes.
Two-way ANAOVA, Sidak's multiple comparisons té%p<0.01, ***p<0.001 vs control.

4-month-old male micen=10;n,, . ,,=10,8-month-old male micen =5; N, ;. =7

Table 15. Body Composition by MRI. Figure 33

Parameters Genotype Age *HQRW\SH 1
F p F p F p
Bodyweight 1.50Q113  0.242 15.94Q115 0.001 0.1471.13) 0.707
Fat mass [%] 12.44 o) 0.002 98.68128) <0.001  17.142g) <0.001
Lean mass [g] 11.32113) 0.005 0.2041,15 | 0.658 2.80%113) 0.118
Hydration ratio [%] = 4.0381,2s) 0.054 4.231,2¢) 0.049 0.7281,2¢) 0.401
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This table contains theatistical data to thé&igures 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 34D; Table B.). 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 enteririige 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 thatetged ad
genotypic disparities have also been ascertained. Notably, substantial differentials have
been discerned in thel®ur resolution of food and water consumption and the RER
values, both as a function of genotype and age, with a noteworthy interplagbéd¢hge
two factors (Figure 34AC). The genotypic divergence becomes more pronounced with
advancing age. This observation distinctly illustrates thawo@th-old transgenic mice
evince a considerable augmentation in food and water consumption compared to ag
matched control counterparts over alur 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 exocdwf

temporal variation, ageelated dynamics, and genotypic distinctions.
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@ Control 4-month-old © Contol 8-month-old @ Control

Te- - - 3xTe- - - 3xTeg-AD . .
B 3xTg-AD 4-month-old @ 3xTg-AD 8-month-old @ = Flgure 34. Metabolic Parameters of

A ; . .
Food ; E Food ‘;T:“""Pt“’" 4- and 8month-old Mice in
20~ eod consumprion 100 TN PhenoMastre System Calo Cagé-

— D. Both food and water intake, alon
with respiratory exchange raffER)
and energy expenditure value
exhibited the circadian rhythn
characteristic of rodents, as showed
the 3hour resolution monitoringE-
F. The same values were given for 2:
as well.C. The RER values expresse
in 3h bins.
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Table 16. Metabolic Parameters of 4 and 8month-old mice in PhenoMaster calo

cage.
] Water
Food consumption ) RER EE
consumption

F p F p F p F p
Time 15.297, 1899 <0.001 20.8%7,105 <0.001 29.6Q7,106) <0.001 64.087, 106y <0.001
Age 13.391,27y 0.001  5.044; 5 0.033 16.061,28 <0.001 3.1081 .8 0.089
Genotype | 25.55;, 27y <0.001 12.77%1,28y 0.001  6.03%1,289 0.021 | 0.80%:, 28y 0.379
Time x
A 0.8727,189) 0.530  2.56%7,195) 0.015  2.6177,196) 0.013 = 2.327,106y 0.027

ge
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Time X

1.2987 189y 0.253 | 0.787,105y 0.605 | 0.7787 106y 0.607 = 1.4177 106y 0.200
Genotype
Age x

7.8371,27y 0.009 9.3091,28y 0.005 10.651,289 0.003 0.0144 28y 0.907
Genotype

Time x

Age x 2.2517 189y 0.032  2.357,105y  0.025 0.6067,196) 0.750 | 2.4767 196y 0.019
Genotype

This table contains theatistical 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

IV.3.2. Food-Motivated Behavioural Tests

As previous tests aimed to examine food motivated cognitive performance showed
an even superior ability of 3xT4D mice to collect food (see Figure 25), we made a more
detailed examination of food motivated behaviour. During tbHaylearning phase of the
OCT, the total responses of the two groups showed no significant difference (Figure 35A,
Table I7.). However, there were significant differences in values between the individual
days. Interestingly, we not only found variations in reward preference betiags but

also observed that transgenic mice performed better during this cognitive test (Figure
35B, Table 1.).

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. FoodMotivated Cognitive, Test Operant Condition Test A. Total responses during !
consecutive days in food restricted miBeReward preferences.
Repeatedneasures ANOVA

6-month-old male micen_=8; n 8

3xTg-AD ™~

Table 17. Food-Motivated Behavioural Tests.

Parameters Genotype Time Genotype x Time
F p F p F p
OCT Total response 0.907135 @ 0.348  4.294435 0.006 @ 2.392435 @ 0.069

OCT Reward preference  16.13135 <0.001 1.56435 @ 0.206  1.536s35 @ 0.213
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Staircase test Duration of

] 4561118y 0.047  29.03s590 <0.001 4.999590 @ <0.001
feeding (%)

Staircase test Number of

31.65:18y 0.001  38.53590 0.001 @ 2.224s595  0.059
collected rewards

RAM Number of collected

8.892116) 0.008  4.40%s80 0.001 @ 4.758s3s0) <0.001
rewards

This table contains theatistical data to the Figures-33. Degree of freedom is brackets. Significant

differences are marked as red. Abbreviations: OCT: Operant Condition Test, SPRT: Single Pellet Reaching
Test, RAM: Radial Arm Maze Test

'H REWDLQHG PRUBHSROWERGHADIRJIJ WKH FRJQLWLYH
SDUWLFXODUO\ WKRVH SUHVHQWHG LQ WKH ORWRU $0OW
THVWY VHFWLRQ VSHHKEdJWwe PeA Jable @.) Wi the &lcase test
(Figure 36B, C, Table7). In the SPRT, the-day learning curves showed that both
groups of animals increased the number of collected rewards as the days went by, with
the 3XxTgAD mice demonstrating a significantly higher number of rewards collected
(Figure 26A). On the last glawe 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 36Af16=3.923 p=00012). A similar pattern can be observed in the
learning curve emging during the staircase test (Figure 36B). With time, the number of

A Single Pellet Reaching Test
80— o Figure 36. FoodMotivated Fine Motoric Tests. A. Single pellet

9 reaching test (SPRT)B.C. Staircase testB. The number of
= 60 collected rewardsA.C. Duration of feeding in percent of th
S % observation period.
2 : Repeated measures ANOYA W X G He3tWkv.0¥Ws control.
w 404 6-month-old malemice n.=10;n, . ,,=10
2 5
§ @ Control
e . @ 3xTg-AD
T.day
B Staircase Test C
2 20+ 30+
8 S
8 15- 2
» T 204
E 8
5 5
- S 10-
: -
a 5
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 theday test, the time spent feeding also developed similarly,
So it is not surprising that the 3x7AD mice spent more time eating (FigugéC).

In the last fooemotivated 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 37gg#0.857; p=0.403).
A Radial Arm Maze Test B Lastbay @ Control
@ 3xTg-AD

o
°
]

A

40
%

20

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

Figure 37. FoodMotivated Radial Arm Maze Test A. The number of collected rewards and well as-
B. reward preference on last, probe day is presented.
Repeated measures ANOYA W X G H&BtW TV W

6-month-old male micen=10;n, ;. ,,=10
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IV.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 tf&monthold animals (Figure 38A, Table8).
However, the blood sugar level of the transgenic mice after 2 hours of starvation was
lower compared to the control mice (Figure 38B, TaBlg While there was no difference
in the other parameters. Similar values were detected in the blood cholesterol (Figure
38C, Table 8.), triglyceride (Figure 38D, Table8]), and uric acid levels (Figure 38E,
Table B.) in the two groups of animals.

A : .
34 ® Control Figure 38. Blood Sugar and Other Blood ParametersThese
@ 3xTg-AD parametersneasured by commercially available equipment and
o329 - . strip after 2 hours of food deprivation, among rest.
= . . 6 W X G He3tW fjo¢0 001 vs control
L= e 8-month-old male mice Body weight, glucose, triglyceride.=10;
;23_ n3ng-AD:10; cholesteroln_=7; n3ng-AD:lO; uric acidn_=10; Nyrg
@ 264 - wo="
24 Blood
B 15 ¢ D E 1000
_ e = 81 = 2.5 .
s £ £ 20 : : = 800
E 4 Y ry . *
E £ - Elmm & 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(df) p
Body weight [g] 0.84Q: 0.412
Glucose [mmoll] 5.9551  <0.001

Cholesterol [mmolA] 1.36412 0.198
Triglyceride [mmol/l] 1.586:7 0.131
8ULF DFLG >—( 1.052;5 0.310

This table contains thetatistical data to the Figure 38. Degree of freedom is in brackets. Significant

differences are marked as red.
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IV.3.4. Main Factors of theHypothalamic-Pituitary -Thyroid Axis
The level of fT4 measured in the serum was higher in the -2 gnice
compared to the control group (Figure 39A, Tal8g,while there was no difference in
the level of fT3 between the two groups (Figure 39B, Ta8lg 1
In the PVN, there was a significant increase in the expression of TRH mRNA
(Figure 39C, Table4) and a significant decrease in the thyroid hormone receptor
75 P51%$ OHYHO LQ WKH WUDQVJHQLF PLFH FRPSDUHG W
Table B.).
On the other hand, in the pituitary, the TSHRNA expression level did not
change in the 3xT&D mice compared to the control mice (Figure 39E, Tablg While
WKH H[SUHVVLRQ RI WKH 75 UHFHSWRU P51% VKRZHG D \
Table B.), like the result obtained in the PVN.
In the MBH, where hypophysiotropic TRebntaining axons terminate, a
decrease in TSH mRNA expression level can also be observed in transgenic mice
compared to controls (Figure 39G, Tabf)1Additionally, the mRNA expression level
of the thyroid transporter monocarboxylate transporter 8 (MCT8) was significantly
reduced in the MBH area (Figure 39H, Tabe)1
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Serum Paraventricular Nucleus of the Hypothalamus
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2 g . Figure 39. Main Factors in Hypothalamic-
o ] € c Pituitary -Thyroid Axis. A.-B. Serum content of
g s 2 fT4/fT3 measured by ELISAC.-H. The mRNA values
< . g; 8 were calculated by the 2 &¢#¥iethod using GAPDH as
% 1 . . 2 g housekeeping gene and normalized to the values ir
@ o % average of control groupgn the PVN, the TRHG.)
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. while in theMBH EHVLGH WIGH levél +he
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G H Abbreviations: AgRP: agoutelated peptide; fT4/fT3:
2.0 *% 1.5 *x serum free thyroxine/ triiodothyronine; MCTS:
monocarboxylate transporter 8; TRH: thyrotropi
VWLPXODWLQJ KRUP &@did hdgrinone.
UHFHSWRU 76 +stim&ihg HoimahR. ¢
6 W X G H-@8 ™MannWhitney U test *p<0.05,
**p<0.01, ***p<0.001 vs control.
8-month-old male micefT4 n_=10; n3ngAD:10; fT3

N=9; Nyyroap=8: PVN TRH N.=6; Ny, 75
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1.5 o

1.0
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Table 19. Main Factors of the Hypothalamic-Pituitary -Thyroid Axis and Food

Intake Regulation

Parameters Genotype
tan p
Serum
fT4 2.363%1sy 0.030
fT3 0.562:5y | 0.583
Paraventricular Nucleus of Hypothalamus
TRH 47870 <0.001
75 UHFHSWRU 25212 | 0.027
Pituitary Gland
76+ 1.11%0 0.277
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75 UHFHSWRU 6.2170  <0.001
DIO1 2.56Q0) 0.028
DIO2 3.320(10) 0.008
DIO3 1.454(10) 0.177
Mediobasal hypothalamus
DIO1 1.39310) 0.194
DIO2 5.3891  <0.001
DIO3 0.46810  0.650
76+ 3.474;  0.005
MCT8 4.19815 0.002
CART 4.2491;  0.001
POMC 6.30210 <0.001
AgRP 4.44215  <0.001
NPY 6.62211) <0.001
(POMC+CART)-(AgRP+NPY)  2.24215  0.045
MCHR 0.158, 0.878

This table contains theatistical data to the Figure 3BL.. The first two values represent the result of an

ELISA measurement, while all other values are from a gPCR examination. Defyemzlofn is in brackets.

Significant differences are marked as red. Abbreviations: fT4: serum free thyroxine, fT3: serum free
triiodothyronine, TRH: thyrotroplflVWLPXODWLQJ KRUPRQH 75 UHFHSWRU WK\URI
76+ WK\ U-RiWUAEREG loone, DIO1: deiodinase enzyme type 1, DIO2: deiodinase enzyme type

2, DIO3: deiodinase enzyme type 3, MCT8: monocarboxylate transporter 8, CART: cocaine and
amphetamingegulated transcript, POMC: proopiomelanocortin, AgRP: ageldied peptide, NPY:

neuropeptide Y, MCHR: melaniconcentrating 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, Table9l). 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 theapability to convert T4 to T3, this is not its primary
function. Under normal physiological conditions, D2 predominates in the regulation of
the HPT axisHowever, 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 theontrol group (Figure 40E) In the case of type 3, the inactivating
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DIO enzyme, similar mMRNA expression levels were detected in the two gen(fjges

40C, F).
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Figure 40. mRNA Expression Levels of Deiodinase Enzyméghe mRNA values were calculated by tt
2 00&Miethod using GAPDH as housekeeping gene and normalized to the values in the average o
group. A-C. In the ptuitary gland the OO1, DIO2, and DIO3D-F. similarly in the nediobasal
hypothalamushe DIO1, DIO2 and DIO3 mRNA expressialso measuredbbreviation: DIO: deiodinase

enzymetype 1, 2 and 3.
6 W X G Ha3twWiinirWhitney U testp<0.05, *p<0.01, ***p<0.001 vs control.
8-month-old male micen_=6-7; n3ng—AD=6_7

IV.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-B1A
Table 18.). The mRNA expression level of each tested gene was significantly lower in
the AD mouse modehan in the controls (Figure 41B). When we tried to summarize
the actual effect extracting the sum of the orexigenic ABIRR levels from the
anorexigenic POMEART gene expression levels, however, it becomes evident that the
ratio of food intake inhilbing hormones is lower in transgenic than control mice (Figure

41E, Table 9.).
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The melanirconcentrating hormone recept®CHR) 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 Hypothalamu3he mRNA values were
calculated by the 2 9 &¥ethod using GAPDH as housekeeping gene and normalized to the values in the ¢
of control group.The anorexigeni®CART (A.) and POMC B.) as well as therexigenicAgRP (C.) and NPY

(D.) were measured by qPCR, similarly to the MCHR),(while adifference between food intake inhibitor
and stimulatory factors were calculated.)( Abbreviations: CART: cocaine and amphetamiegulated

transcript, POMC: proopiomelanocortin, AQRP: agaoatated peptide, NPY: neuropeptide Y, MCHR: melan
concentrating hormone receptor.

6 W X G He&gtwiainfirWhitney U testp<0.05, **p<0.01, ***p<0.001 vs control.

Male mice 8Mn_=6-7;n =6-7

3xTg-AD
The interactions between the orexigenic and anorexigenic outputs of the ARC and
the HPT axis are stror{@3). 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 mMRNA expression alone does not fully capture the complexity of the
regulatory mechanisms involving hymuoysiotropic 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 arAietpehaviours
AD-related pathological changes, and olfaction in 3A0y 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
symptRPDWLF $' 7KLV HDUO\ RQVHW RI DQ[LHW\ FRLQFLGHG
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 ad®etgymptoms in
these mice. Conversely, early anxiety might also accelerate the development of AD
pathobgy leading to a vicious circle. Therefore, it was not surprising that at 12 months

RI DJH ZH GHWHFWHG D KLJKHU SU H-%¥D ComaFed taRWoOGHS RV L W
monthold mice (Figure 22). Nevertheless, the precise nature of the relationshgehetw
$ -fu and anxiety require further investigation.

In line with our hypothesis, there was a transient period with reduced atikesty
behaviourin 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 &80, 263) These
changes might lead to a temporal alleviation of symptoms during this intermediate phase.

It is evident that the influence of foxdour on mousebehaviouris 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 faxour(306) Notably, human studies have
suggested that olfactory loss may predict the onset of subsequent d¢&@3)tB09)and
may contribute to cognitive declin®10). Similarly, various animal models of AD,
including 3xTgAD mice, have displayed olfactory defici{811, 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 3xT&D mice (313) Moreover, olfactory function can be influenced by
sexual drive, leading to seelated differences in olfactory performan¢dl2)

Interestingly, one study reported in 3xA mice an ageelated decline in finding the
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buried food, but this was observed solely in female r(8d4) Furthermore, olfaction
related deficits in discriminating between differedburswere only evident in 1-year
old 3xTgAD females, but not in ongearold ones(312) Remarkably, peanut butter
seemed to be more attractive to 3¥AD animals than to their control counterparts, while
their response to peppermint, a repeltadur, remained unchang€dl14). Nevertheless,
in oneyearold 3xTgAD animals, PET scans detected hypometabolism in brain areas
relevant to olfaction, such as the piriform cor{825) Our immunohistochemical data
VXSSRUWHG WKHVH ILQGLQJYV FRQILUPLQJ WKH SUHVHQF
these olfactory regions, including the olfactory bulb and piriform cortex. Furthermore, in
another model involving doubkeansgenic AD mice $ SODTXH EXUGHQ LQ WKH
bulb was detectable as early as four months of age. Howesfeayviouralalterations,
such as reduced avoidance of the trimethylthiazoline (TMT) component afcfoux;
were only noticeable in-Bionthold mice, not in 4monthold ones(316). Collectively,
although pathological changes and altered olfachmiyavioursare apparent in aged
3XTg-AD mice, it becomes evident that olfactory deficits alone cannot account for the
increased avoidance response to predadour, as we might expect reduced avoidance
even in 18monthold 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 furtfesearch to unravel itomplexities.

We consistently observed reduced mobility in these 3&kDgmice 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 3XT@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 inonth-old animalg240, 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 sez6like (SEZ6L), a neuronal
substrate of the AD protease BACEL, also exhibited decreasedoootalination. 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-BKTg

mice is primarily a consequence of increased innate anxiety, particularly in response to
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bright, open environmen{820). 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 OFT{@21) 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 inal discomfort associated with the test, thus preventing a
significant decrease in distandeavelled (Figure 18). Nevertheless, the genotype
difference in mobility persisted throughout the entirend@ute observation period,
highlighting the intrinsic ntare of anxiety induced by bright, open spaces in 3&Dg

mice (Figure 21). During a 3@inute 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 3Xg-AD mice such timely anxiolysis could not be observed, most
probably masked by reduced locomotion.

As for sex difference after theronth transient period the 3xJ&D females
exhibited increased fear responses to both preddtmurand open spaces compared to
males. In humans, women typically exhibit higher levels of anxigB2) and their
emotional state can significantly influence cognitive capabil{828). This female prone
prevalence of anxiety was more pronounced in our older animals, suggesting that typical
sex differences in anxietyelatedbehaviourmay progressively develop over time.

Lastly, our analysis of the relationship between body weight changes and
behavioumunveiled interesting sespecific connections (Figurel8, 19, 20). For males, we
did not find any significant correlations between body weight changes and mobility or
anxietyrelatedbehavioursin contrast, heavier control females moved less in OFT than
the lighter ones. Additionally, heavier 3xREPD 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 observedin 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 3XDgnice strain we
decided to make an-depth analysis both &ehaviouralas well as at molecular level.
Here we concentrated on the transient phase using invohknmgnéhold 3xTgAD 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 24{82))
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 impairmentThis 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 3x3&D mice had to work for food (RAM, SPRT,
Staircase), they performedtter in learning tasks than the controls (RAM: more distance
travelledrepresenting more searching (Figure 25B), SPRT: more collected pellets (Figure
26A), staircase: more time spent trying (Figure 26B), higher success rate (Figure 26C)).
Some studies havweported working memory deficits during RAM tests in 14 and 18
monthold 3XxTgAD mice when the animals had to work for water rew@&5b). 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 presente(d26) ,QMHFWLRQ RI $ LQWR WKH EUDLQ
deficits in RAM (327-330). Moreover, the APP mutantr@onthold male TgCRNDS8
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 drivé331, 332) However, another study usingndonthold male
Swedish APP mutant mice reported working and reference memory errors with more time
needed for food consumptigd33) Based on these results, we might assume that not the
APP mutation but rather the tau (MAPT P301L) pathology or other functions of PSENL1,
such as Notckignalling -cadherin processing, and calcium metabol{884), 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 melli{885)). To unravel the details of this
metabolic connection we conducted a further experimental series (details see there).

Nevertheless, despite superior skills in fandtivated tests, 3XFAD mice spent
more time trying to catch the food, suggesting some impairment in fine motor abilities as
can be expected based upon human st@&8) Thus, our strain is suitable for testing
this prodromal sign.

Picrosirius staining under polarized light was utilized to examine the orientation
and thickness of collagédiires with thickerfibresappearing red and thinni@resgreen.
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 suppotted by
absence of differences in the colladime orientation and thickness in the kreaed foot
joints between the two groups, indicating similar mechanical loading (Figures 27, 28).

However, muscle strength of 3xAD mice was lower than the controls (Figure
23A, B), without motoicoordination problems observed in the rotarod test (Figure 23C).
The impaired grip strength is consistent with previous findingsnm#thold male and
female 3xTgAD mice (337), as well as with a recent study showing muscle atrophy and
cognitive impairment in APP/PS1 mice, accompanied by decreased myostatid8yels
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 bestnown endogenous inhibitory factors of
myostatin is follistatin, the increase of which can increase muscle size and s{8&%yth
However, in our model, the myostafinilistatin 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 raticein th
gastrocnemius muscle (Figure 29). Previous reports in humans showed that training might
increase follistatin and decrease myostatin |ef@8), but the molecules were measured
in the blood, not directly in the muscle, and these changes were mostly found after
resistance trainin@341). Interestingly, a stronger relationship was found between these

proteins and muscle power, rather than muscle stréBdf) 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
resistancg344) 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 myostadiallistatin ratio, similar to our
observation345). All in all, the myostatin/follistatin ratio does not seem to explain the
reduced muscle strength of 3XAdp mice; therefore, we focused on mitochondria and
apoptosis.

Although in the gastrocnemius muscle the mRNA levels of the antiapoptotic
BCL2 as well as prapoptotic 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 3»& mice. In the cerebellum the antiapoptotic
ration showed similar changes, but training had more profound effect as decreased pro
and increased an#ipoptotic 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 thdik&Dgenotype.
Namel, the 3xXTgAD animals had lower Be2/BAX ratio without an interaction with
the training (Figure 32). In supportngonthold Thy-1 APP mice had also reduced anti
and preapoptotic factor ratios (BetL/BAX) in their cerebellum(152) Moreover, in our
study, the downstream executioner apoptotic protein cagplasel was also elevated in
the 3XTgAD animals (Figure 32). Similarly, the hippocampus of#6), 12- (347) as
well as 15monthold (348) 3xTg-AD mice showed higher BAX and casp&sewhile
lower Bcl2 levels. However, no such changes were detected in their ¢a4téx

The antiapoptotic shift in the Be2/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(3&D-352). Among other things,
exercise can reduce the incidence of-Adlated neuropathological burden and cognitive
decline(353) DQG KDV HYHQ EHHQ UHSRUWHG WRSUQH@XFH SODV
recently published study it was shown that lbagn exercise has an effect on the

development of fibrotic changes in the kidney, can restore the balance of renal function,
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DQG LQGXFH LQFUHDVHG FOHD353%) Qliebk R3ults \svyyddtRtiaF $ L Q ¢
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 (B738[) as
the cerebellum is important in organizing the motor functi@%6) However, based
upon molecular changes we have expected reduced performance gARxwMigre on the
rotarod rather than grip test. As rotarod performance might be deeply influenced by the
weight of the animals (see sex difference(337) we could have expected worse
performance inour heavier 3xTgAD animals solemnly based upon this f§824)
,QGHHG LQ DQRWKHU $' PRGHO WKH VZH 36 G( PLFH K
levels were measured in the cerebellum, accompanied by balance andoootiimation
SUREOHPY GXULQJ WKH URWDURG WHVW DOUHDG\ DW PR
plaqueq267) In contrast, several other AD mice models failed to show impaired notor
coordination in the rotarod test (§856) M: monthold; 5M J20, 59-12M Tg2576, 2M
APP23, 47-8-12M APP/PS1, 711-1524M APP/PS1KI, 3%-9M 5xFAD). Moreover,
several other studies found even better rotarod performance ofAdTgice than their
controls (26-9-12-15M (357), 6M (337), 1214M (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 motapordination deficit in the 3x3-AD animals. Indeed, the
increase in the COXIV mitochondrial protein levels in the cerebellum of -Z0g
animals (Figure 32B), suggesting a better mitochondrial function, might have
compensated for the enhanced apoptosis, leading to normal motor bé&lguoce 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 ADinduced dysfunction and degenerat({@62, 363) Already in 3monthold
Thy-1 APP mice, reduced mitochondrial membrane potential and ATP synthesis were
detected in the cerebellum prior to plaque formation, whilenm@thold mice, reduced
mitochondrial complex IV activity was also detected by diaativity assay152)

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

rather than inherent motor problems. Moreover, the intriguing performance ofAXTg
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mice in foodmotivated 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
PossibleUnderlying Mechanism of Metabolic Shifts

As a general reflection of the metabolism, first we investigated the timely changes
in body weight and composition comparingahd 8monthold control and 3xTeAD
animals, before and after the transitory age (keofith). Once again, we studied only
males to reveal insights into the interplay of aging and genetic factors without
confounding sex effect§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 mitike 3XTgAD mice were always heavier than the agatched
controls (16monthold male mice Q @, 55 W , p<0.001***).

Nevertheless, the fat mass also increased with aging (Figure 33B) without changes in the
lean mass (Figure 33C). iBhaligns with the anticipated agelated changes in adipose
tissue accumulatio(B65) These observations are in line with the expecteerelgéed

shifts in hydration dynamics, as indicated by the consistent increment in hydration ratio
with age (Figure 33D). However, at thar®nth transgenic mice had significanibyver

body fat compared to control mice, highlighting the potential role ofrélBted genetic
factors in adipose tissue regulation. Moreover, the increased lean mass observed in
transgenic mice atBonth underscores the complexity of genotgpecific musclenass
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 twahirds of their total food intake during the nigl366) In line with the
increased lean body mass of then8nthold 3xTgAD 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 afssgni correlation
between meal size, daily energy intake, anefrisg mass, highlighting the increased

energy requirements of lean mass compared to adipose (B&U68)
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The RER is the ratio betweéme volume of C@being produced by the body and
the amount of @being consumed. It gives us an indication as to whether the body is
operating aerobically or anaerobicaliifigure 34C)(369, 370) A ratio closer to 1
indicates predominantly glucose metabolism, whereas a ratio closer to 0.7 suggests
reliance on fatty acid metabolis(871, 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 withe,atransgenic animals
maintained a consistent glucose metabolism pattern. These genelpiee differences
intensify with age, notably affecting body composition. Specifically, at 8 months, control
mice exhibited higher body fat content and lower leaassncompared to transgenic
counterparts, underscoring the impact of metabolic changes on physiological outcomes.
In spite of the anticipated agelated reduction in EEB73, 374) our experiments did not
reveal a significant genotypelated decrease in energy expenditure; rather, we observed
a tendency for changes with age (Tab®e).1This phenomenon might contribute to the
observed increase in both the body weight and body fat percentagenamtBold
animals compared to-dhonthold ones (Figure 33A, B(375) Moreover, although the
older 3xXTgAD 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 cravetpaviour

Indeed, paradoxically, the-monthold 3XxTgAD mice exhibited superior
performance in foodnotivatedbehaviouratests when compared to agetched control
mice (Figure 26, 387) 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 significantipre time feeding, indicative of a substantial food
drive (Figure 36A). Typically, these tests (lasting 14 days for SR8) and 15 days
for staircase teq299)) 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 3xTgAD mice swifly 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 388376, 377)

This proposition gains further substantiation through the altered mRNA
expression pattern detected within the HPT axis. Typically, an increase in serum T4
concentrations (Figure 39A) would lead to a significant reduction in TRH mRNA levels
in the PVN dudo negative feedbadl878) However, our observations deviate from this
norm, as TRH mRNA levels were significantly higher in 33AQ 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 technique, AgrpophysiotropiclRH 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 mice7 KLV DQRPDO\ PLJKW ILQG LWV HOXFLGDWLRQ L¢
MRNA levels (Figure 39D), ultimately resulting in a diminished thyroid hormone impact

within the PVN. Notably, the higher TRIFRNA level does not manifest in the

expression of pituitary TSHhRNA (Figure 39E). However, the increaseperipheral

|17 OHYHOV UHGXFHG WKH 75 UHFHSWRU H[SUHVVLRQ LC
as well (Figure 39F). The complex relationship between cognitive functions and the HPT

axis is underlined by prior research where thyroxine treatmenspomadic AD mouse

model enhanced cognitive functio®82) Additionally, recent findings reported an
amelioration of depressidike behaviour resulting from T3 treatment in the 3>AD

male mouse model we employg83) Thus, the observed elevation in fT4 levels might

even be compensatory and might mask the cognitive decline in our AR Egnimals.

The picture is further clarified by considering the levels of DIO enzy(3&3),
which strengthen the TF#3 conversion in the pituitary glandthough 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 pwanslational mechasm. This poses a
significant challenge for interpreting DIO2 mMRNA measuremédie $udy hasshown
that there are tisstapecific differences in DIO2 ubiquitination, with relatively lower
levels observed in the hypothalam(@81) 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 inHRE axis that might contribute to increased

food cravings, particularly given the elevated T4 levels.

Furthermore, the MBH, a pivotal brain region crucial for maintaining energy
homeostasisharboursgenes responsible for regulating nutrient uptake and energy
balance, often linked to metabolic irregularit{@82, 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 t&kNA expression levels of each
investigated gene were markedly diminished within the-8Dgmouse model when
compared to the control group (Figure 4D\ The comprehensive evaluation of these
gene expressions revealed that in transgenic mice the bamrsifted 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 ma@isms 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, patrticularly, 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 (&338s

The commonly used control mouse, C578884) differs from the 3xTgAD
model because it lacks the same genetic cassette found in the transgenic mice. Recently,
the Institute of Experimental MedicinéBudapest, 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 qPCR for
guantifying mRNA levels, which do not always correlate directly with protein abundance.
This discrepancy arises from various pwanslational modifications and regulatory
mechanims that influence protein function asthbility (385) Factors such as the rate of
translation, influenced by mRNA sequence features, the activity of regulatory elements
like miRNAs and other neooding RNAs, ribosome availability, and protein degradation
rates all contribute to this complexit$86) 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 gPCR provides
valuable insights into transcriptome dymas, it is insufficient alone for capturing the

organism's current physiological state
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VI. Conclusion

We have explored three interrelated topics that shed light on various aspects of AD
progression in the 3xF4D mouse model. The following conclusions can be drawn:

1. 3xTg-AD mice exhibitedhigher innate anxiety (fear from fox odor and open
spaces) than contrads a young agewithout significant sex differences, indicating early
signs of anxietyrelated comorbidity.

2. Increased innate anxiety emerged as earlf a8 R PRQWKY FRLQFLGLQJ Z
and p-tau pathology in emotional brain regions, suggestingdisk between early
anxiety and AD progression.

3. A transient period of reduced anxietylike 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 locomotionn 3xTg-AD mice indicateenhanced anxiety

6. 3XTg-AD mice showededuced muscle strengthwith no significant fine motor
disturbances detected. Further investigations are necessary to fully elucidate the fine
motor system.

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

8. The heightened foethotivated behaviour in older 3xT4D mice is likely linked
to changes in body compositionas well asdisruptions in the HPT axis and the

balance between orexigenic and anorexigenic pathways
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VIl. 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 3xAdp mouse model for studying this complex disorder.

Heightened Anxiety as an Early Indicator: The study revealed that 3x7AD
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
Rl DJH FRLQFLGLQJ ZLWKaM itdu peshSlbg@4)iD Or&it reBion$
associated with emotional processing, particularly the amygdala. These findings suggest
that anxiety can be an early indicator of AD progression, highlighting the potemtial fo
early intervention.

Motor Dysfunction and Musculoskeletal ChangesWe observed significant
motor dysfunction in 3XT@AD mice, characterized by reduced muscle strength without
major motorcoordination problems. However, to fully understand fine motor problems,
additional experiments are necessary due to the differencetivation drive for food.

In the joints and the gastrocnemius muscle, the transgenic animals measured normal
parameters similar to the controfn increased apoptotic pathway was observed in the
cerebellum, pssibly contributing to the development of motor problems. Our findings
also suggest that physical exercise might mitigate some of these dysfunctions by
promoting antapoptotic pathways in the cerebellum, emphasizing the potential
neuroprotective effectsf physical activity

Metabolic Shifts and HPT Axis Disruption: The study confirmed that 3x¥4D
mice exhibit heightened foeahotivated 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 orexigégmnals 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 3kIDgnouse model highlights the early
and progressive behavioural gottysiological 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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