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ABSTRAKT

Spinocerebelarni  ataxie (SCA) jsou heterogenni skupinou onemocnéni
charakteristickych dysfunkci mozecku a naruSenim pohybu. Mnoho pacienti s SCA ale
trpi 1 naruSenim paméti a psychickymi obtizemi, vCetné apatie, deprese a tzkosti. Tyto
problémy dale pacientim zhorSuji kvalitu Zivota a mohou i akcelerovat postup
onemocnéni. Jejich pfiCiny, vcetné piipadného kauzdlniho vlivu narusené funkce
mozecku, vSak nejsou jasné. Tato prace si klade se cil pfispét k pochopeni povahy téchto

potizi u SCA, a to prostrednictvim studia relevantnich mysich modeli.

Prace tedy zahrnovala vyzkum abnormalit chovani a funkci mozku u mysi s Cisté
olivocerebelarni degeneraci (lurcher) a u knock-in mys$iho modelu spinocerebelarni
ataxie 1 (mySi SCAIl). Metodika zahrnovala komplexni behaviordlni testovéni,
histologické techniky, biochemické analyzy, imunofluorescen¢ni zobrazovani a méteni
mitochondriadlniho oxidativniho metabolismu. Ziskana data byla nasledné analyzovéana

modernimi statistickymi ptistupy se statistickymi simulacemi.

Experimenty potvrdily kognitivni deficity u my$i lurcher i SCAI. U mysi SCAI
experimenty odhalily fadu abnormalit v chovéni, které dosud nebyly u zvitecich model
SCA nikdy popsany, vCetné sniZzené prepulzni inhibice, poskozeni kognitivni flexibility
a vysSi miry chovani pfipominajici depresivni a izkostné prozivani. Naproti tomu mysi
lurcher vykazovaly v nékterych ohledech opacné chovani, konkrétné absenci
»depresivniho* chovani. Abnormality chovani u SCA1 mysi se zacaly objevovat
prekvapivé diive nez znatelnd ataxie a jejich mozky vykazovaly hipokampdlni atrofii,
ktera byla doprovazend snizenim markerii neuroplasticity a dramaticky naruSenou
hipokampalni neurogenezi. Je zajimavé, ze hipokampdélni atrofie zapocala dfive nez
mozeckova degenerace a piimo odraZela miru nékterych behavioralnich deficiti,
konkrétné ,,depresivniho® chovdni a snizeni kognitivni flexibility. Vysledky tak
naznacuji, ze psychické problémy u SCAT1 jsou biologického piivodu a jsou castecné
nezavislé na poskozeni mozecku a ataxii. Terapeutické cileni na tyto problémy se tak

muze mijet s 1écbou cilenou na mozecek a ataxii.



ABSTRACT

Spinocerebellar ataxias (SCAs) constitute a heterogeneous group of diseases
characterized by the dysfunction of the cerebellum and disturbed coordination of
movements. Aside from these, many SCA patients suffer also from cognitive impairments
and diverse mental issues, including apathy, depression and anxiety. Although often
overlooked, growing evidence suggests their profound contribution to the reduced life
quality and poor health outcomes. However, their nature remains largely unclear. This

thesis aims to address this by studying the mouse models of hereditary ataxia.

To achieve this, psychiatric-relevant behavioural abnormalities and their underlying
neuropathology were studied in mice with cerebellar-specific degeneration (lurcher) and
the knock-in mouse model of spinocerebellar ataxia 1 (SCA1 mice). The methodology
included complex behavioural testing, histological techniques, biochemical analyses,
immunofluorescence imaging, and measuring the mitochondrial oxidative metabolism.
Obtained data were then analysed using modern statistical approaches accompanied by

computer-intensive methods such as bootstrapping simulations.

Experiments confirmed cognitive deficits in both lurcher and SCA1l mice.
Interestingly, behavioural characterization identified numerous psychiatric-relevant
behavioural impairments in SCA1 mice that have not been identified in any SCA animal
model so far, including reduced prepulse inhibition, diminished cognitive flexibility, and
increased anxiety- and depressive-like behaviour. This phenotype partially contrasts with
the behaviour of cerebellar-specific lurcher mice, which showed a lack of depressive-like
behaviour. In SCA1 mice, some psychiatric-relevant impairments preceded the onset of
substantial ataxia. SCA1 mice also exhibited hippocampal atrophy with decreased
neuroplasticity indicators, reduced mitochondrial bioenergetics and hugely impaired
neurogenesis. Interestingly, the hippocampal atrophy commenced earlier than cerebellar
degeneration and directly reflects some behavioural deficits, namely depressive-like
behaviour and cognitive inflexibility. These results suggest that mental issues in SCA1
have biological roots partially independent of the cerebellum and suggest new avenues in

the search for novel SCA1 therapies.
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1 INTRODUCTION

Spinocerebellar ataxias (SCAs) constitute a heterogenous group of diseases that have
in common the dysfunction of the cerebellum, a structure of the brain known for its role
in the coordination of movements'2. Unsurprisingly, SCAs are primarily characterized
by motor deficits. However, they are also commonly coupled with additional non-motor
symptoms, including diverse neuropsychiatric impairments®. Neuropsychiatric
impairments are very common in some SCAs and growing evidence highlights their
significant contribution to disease progression in SCA patients*. However, the

mechanisms of the mental issues in SCAs are still not clear.

Nowadays, there is a consensus that the cerebellum has also diverse non-motor
functions, including modulation of higher-order cognitive functions and emotions,
potentially mediating the psychiatric issues in the hereditary ataxias®’. In addition,
having an untreatable disease, and expecting its gradual progress, poses huge emotional
stress that may induce emotional dysregulation and, in turn, weaken the cognitive
capacity®’. Moreover, the neuropathology of many hereditary ataxias is complex as they
usually reach multiple brain regions!®, and this complexity strongly varies across patients,
reflecting gene dosage and congenital factors'®. However, recognition of the relative
contributions of these factors to the psychiatric impairments is extremely difficult via

studying human patients only.

In contrast, mouse models may be studied in genetically uniform populations with pre-
selected gene dosage or may even be engineered to express the implicated gene mutation
in a narrowly specified cell type and spatially restricted brain region. Moreover, mice may
be studied in immensely deep neuropathological details which are unachievable in human
studies. This brings completely new possibilities to identify the relationship between
specific pathology and abnormal behaviour. Although mouse behaviour and cognition are
far less complex compared to humans, mouse studies may still help to resolve the

questions which may be difficult to address otherwise.

This thesis works with SCA-relevant models. 1t includes not only the model of SCA1
sensu-stricto but also mice with selective cerebellar degeneration, as both may provide

valuable information about the nature of the behavioural deficits in SCA.
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The thesis starts with a Literature Review summarizing relevant knowledge. Three
sections (2.1, 2.2, and 2.3) focus on the cerebellum and its functions. Section 2.1 is
introductory and describes the basic structure, anatomy, and motor-related functions of
the cerebellum; all of these are described to a minimalistic extent necessary to understand
further sections. Two further sections (2.2 and 2.3) provide a detailed review of scientific
understanding of the cerebellar role in higher-order cognition, emotional regulation, and
contribution to psychiatric diseases. The next sections (2.4 and 2.5) focus on cerebellar
diseases and their mouse models, with a special focus on hereditary cerebellar ataxias and
especially spinocerebellar ataxias. Section 2.4 focuses on human patients whereas section
2.5 focuses on mouse models. Both sections review also psychiatric issues in SCAs and

relevant behavioural impairments in their mouse models.

The next chapters describe individual Research, each chapter describing one specific
study. I decided to divide the original research into separate blocks because the research
design of the second study partially depended on the results from the previous research.
Description of the methods of the second research before presenting the results of the first

research would thus undesirably reveal the story.
Each of the sections includes the following information:

(1) Conceptualization of the research

(11)  Listing the specific aims and hypotheses of a given research

(iii)  Declaration of my contribution to the research

(iv)  Methods and material used, including a description of statistical analysis

(v) Results and their brief interpretation

The last chapter, Articles, lists scientific articles that I (co-)authored and which have
been either directly used in this thesis (in terms of text, figures or tables; Articles 1-4) or
cited in this thesis (Articles 5-8). The section shows full citations of the articles and

declarations of my contributions to each of them.
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2 LITERATURE REVIEW
2.1 Cerebellar basics

The cerebellum is a brain region with many unique features. Evolutionary, the
cerebellum evolved as a part of the pons in the brainstem!!""!2, Although it constitutes
only about 10% of the total brain volume, it makes up more than 60% of all neurons in
the human brain'. Moreover, the cerebellum has a unique modular structure, consisting
of repeating units creating many structurally homogenous microcircuits likely providing
similar kinds of computations. With such a high number of neurons, the cerebellum
evinces a huge computational power!®. The cerebellum has been traditionally assumed to
ensure motor functions, keeping posture, balance, motor learning and reflexes such as
eyeblink conditioning'. However, newer pieces of evidence highlight its involvement also
in pain processing!¥, emotional regulation'> and various aspects of the cognitive
functions'®. Because this thesis focuses specifically on the latter, the role of the
cerebellum in these higher-order cognitive functions and emotions will be described in

further sections in detail.

2.1.1 Gross cerebellar anatomy and connections

The surface of the cerebellum is constituted by the cerebellar cortex, which is highly
folded into small folds called folia'. Interestingly, the cerebellum is highly folded even in
other non-human mammals, including rodents'” (which have the cerebral cortex
unfolded). Many folia create bigger parts called lobules (there are 10 lobules in the human
cerebellum). Lobules themselves are organized into three bigger organization units called
lobes: flocculonodular, anterior and posterior, divided by primary and posterior
fissures'. Moreover, the cerebellum also creates two hemispheres and midline zone called

vermis.

Under the cerebellar cortex, there is white matter. Immersed in the white matter, there
are three cerebellar nuclei: fastigial nucleus, interposed nucleus (divided into emboliform
and globose in humans) and dentate nucleus'. The connections of the cerebellum,
including the cerebellar nuclei, with the rest of the brain, are ensured via three types of

paired cerebellar peduncles (superior, middle and inferior)'.
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From a more functional point of view, the cerebellum is conventionally divided into
three parts, reflecting relatively distinct functions and connectivity with other parts of the
central nervous system'. This division is hugely overlapping according to laterality and
includes vestibulocerebellum (archicerebellum), spinocerebellum (paleocerebellum) and

cerebro-cerebellum (neocerebellum)'2.

The vestibulocerebellum consists of the flocculonodular lobe and partially also the
fastigial nucleus'®. This part is evolutionary the oldest. It has rich connections to the
vestibular nucleus and has a crucial role in the ability to keep balance, muscle tone and
oculomotor control®!2, This part also integers the information from the vestibular system
(from the semi-circular canals and vestibular nuclei) along with visual inputs (from the
visual cortex throughout pontine nuclei and superior colliculi) to sustain spatial

perception and balance''2.

The spinocerebellum is located in the middle of the cerebellum (vermis) and medial
parts of the cerebellar hemispheres. It is mainly responsible for the control of limb
movements»'?, especially the proximal parts. It receives proprioceptive and
somatosensory inputs from the spinal cord, but also visual and auditory systems'-!?. The
spinocerebellum sends information throughout the deep nuclei (particularly the fastigial
nucleus) to the brainstem (pons, medulla oblongata and reticular formation), midbrain
thalamus and ultimately (throughout the thalamus) into the cerebral cortex, contributing
to descending motor system controlling limb and body movements'®. The middle part of
the spinocerebellum (the vermis) communicates with the fastigial nucleus and controls
the movement of rather proximal body parts’"!2. In contrast, more lateral parts of the
spinocerebellum (paravermis) project to fastigial and (even more) interposed nuclei
(creating further inputs to rubrospinal and corticospinal systems) and control rather
proximal limb movements'!2. Vermis and paravermis also contribute to emotional
processing and memory in mammals via their interconnections with the limbic system

(see section 2.2 below)?.

Cerebrocerebellum is evolutionary the youngest part of the cerebellum!:!2, This part of
the cerebellum is seemingly over-developed in primates compared to other mammals,
even when compared to the cerebral cortex?'. It consists of later parts of cerebellar
hemispheres, communicating mainly with the dentate nucleus and further communicating

with the ventromedial thalamus and cerebral cortex. It is responsible for the coordination
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of distal limb movement, planning, organizing and timing the fine movements'?. This
part of the cerebellum also participates in diverse cognitive functions, especially
executive functions and related working memory, complex planning and emotional

control (see section 2.2 below)®.

2.1.2 Cerebellar microcircuit

The cerebellar cortex consists of three layers — the molecular layer (the most
superficial), Purkinje cells layer (middle) and granular layer'?*. The core component of
the cerebellar microcircuits is the Purkinje cell (PC) with a body located in the Purkinje
cell layer and dendritic arbours constituting the key component of the molecular layer!.
The human brain contains approximately 30 million Purkinje cells. The dendritic arbours
of the Purkinje cells are richly branched in two-dimensional space — the branches spread
orthogonally to the direction of the cerebellar folia but are flat in the opposite direction
(along with the folia), resembling the arms of a lawn rake'. The granular layer consists
mainly of granular cells — one of the smallest and the most abundant neurons, reaching

the numbers of 10-100 billion in the human brain'.

The signal reaching the cerebellar nuclei comes from two possible sources: climbing
fibres from the inferior olivary nucleus, or mossy fibres from pontine or spinal neurons’*2,
The signal from both types of fibres reaches cerebellar nuclei and parallelly also granular
cells and other cerebellar cortex interneurons (mossy fibres) or Purkinje cells (climbing
fibres)!"!2. The signal from these fibres is transmitted via excitatory synapses utilizing
excitatory neurotransmitters aspartate (climbing fibres) or glutamate (mossy fibres)!2.
Whereas each climbing fibre stimulates dendritic arbours of only one Purkinje cell, each
mossy fibre reaches many granular cells' and simultaneously also other interneurons (see
below). Concerning the signal from mossy fibres (which is the prevailing cerebellar
input), the excited granular cells send the excitatory signal to the dendritic arbours of the
Purkinje cells via axons directing to the molecular layer called parallel fibres. The excited
Purkinje cells then project the signal back to cerebellar nuclei via simplex spikes'. In
contrast, PCs receiving the signal from climbing fibres produce slower complex spikes'.

The action of the PCs is inhibitory.

Besides the above-mentioned neurons, the cerebellar computations and related

learning are modulated by the activity of other cerebellar interneurons®*. Golgi cells occur
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in the granular layer and are stimulated by parallel and mossy fibres'. Their axons create
inhibitory connections to granular cells, including their arbours, bodies and particularly
axons (the parallel fibres), allowing feed-forward and feed-back inhibition of granular
cells'. The granular layer contains also unipolar brush cells with an excitatory connection
to the granular cells. The molecular layer contains two crucial interneurons: stellate and
basket cells. They are stimulated by the parallel fibres of the granular cells and contribute
to Purkinje cells inhibition!. Whereas stellate cells are co-activated together with close
Purkinje cells (leading to inhibition of the proximal Purkinje cell), axons of basket cells
are long and reach more distant Purkinje cells, leading to lateral inhibition and sharpening
of the signal'. Another inhibitory type of interneuron, the Lugaro cells, occurs between

granular and molecular layers and inhibits other cerebellar interneurons®.

2.1.3 Basic mechanisms of cerebellar functions

Cerebellar signal processing differs from the processing of other parts of the brain in
several ways. Firstly, the signal processing in the cerebellum is unidirectional —
feedforward!>%%. The signal reaching the cerebellum shows one direction with a strongly
limited recurrent signal: the signal reaches the cerebellum, is processed by the cerebellum
and leaves the cerebellum?. Together with high numbers of cerebellar neurons and a
highly modular structure (allowing to provide high numbers of orthogonal computations
at once), the unidirectional signal processing enables to eliminate reverberance of the
signal and provides extremely fast responses to various independent inputs®’. This
situation differs from most of the other brain regions, including the cerebral cortex, where
the signal could be processed bidirectionally with rich recurrent transmission and high

signal reverberance, leading to sustaining patterns of neural activity'.

What could be the advantages of these fast computational operations? Early theories
from the sixties suggested that the role of the cerebellum is to create predictions (internal
models) about intended actions and, subsequently, to compare the real outcome of the
actions with the predictions®>*3°. According to this well-established concept, a simple
motor command, such as taking a glass of water to the hand, could be well exemplified

in the following sequence of actions and related neural activities'!>:

1. Generation of the idea “take the glass up” is driven by the activity of the frontal

cerebral cortex.
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2. The idea is further transmitted to the supplementary motor and pre-motor areas of
the cerebral cortex.

3. Further, the idea comes to the basal ganglia which turn the motor programs on

4. The motor program enters the thalamus and goes further to other motor and
sensory-motor brain regions, including the cerebellum

5. The information enters the corticospinal fibres and leads to muscle contraction

6. The initial position of the hand and its changes are monitored by the cerebellum,
particularly throughout analyses of proprioceptive signals.

7. The cerebellum keeps the information about the initial and actual position,
compares the actual position with the prediction and creates another prediction
concerning the possible outcome of the movement if the actual motor program
continued in the same way.

8. The cerebellum sends this information to other motor-related brain regions,
including the motor cortex, to adjust the motor program accordingly.

9. The adjustment of the motor program results in smooth and timely precise

movement of the hand

By this function, the cerebellum is expected to play the important role of the egocentric
internal representation (“GPS” of the body), enabling us to create models of our body
parts positions and to provide internally generated predictions about expected positions
of our body in the future*>*. By this, the cerebellum supplies the rest of the motor-
relevant brain regions with this information to fit appropriate motor programs. This
concept, describing the cerebellum as a “neuronal prediction machine”?* is nowadays well
supported by both computational modelling and experimental research and has been
further elaborated®”-*33%35, The cerebellum was specifically viewed as a machine for so-
called supervised learning”’. This term was implemented from the machine
learning/artificial intelligence field and refers to machine learning algorithms utilizing
labelling of the training data (e.g. predictive linear regression represents a form of
supervised machine learning) and continual improvement of predictions of the outcome
according to input data’®. However, recent literature points out that cerebellar
computations are far more complex®>. Finally, growing evidence suggests that the
predictive and anticipative power of the cerebellum plays an important role not only in
motor movement and learning but even in higher-order cognitive functions and emotional

regulation (see section 2.2 below)'>%8,
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As the cerebellum mediates learning processes'"°

, neural plasticity is an essential
component of related learning. In the case of the cerebellum, synaptic plasticity has been
suggested to play a role in motor learning by David Marr*’ and James Albus*! in 1969
and 1971 respectively. Both authors concluded that the cerebellum is a key brain region
for motor learning. Moreover, both suggested the idea that synapses between parallel
fibres and Purkinje cell dendrites are modified during motor learning and this long-term
plasticity represents the neurobiological basis of motor learning. However, whereas
David Marr proposed strengthening the synapse as the mechanism of the plasticity (long-
term potentiation; LTP), James Albus suggested opposite, i.e., synaptic weakening (long-
term depression; LTD). Further experimental works strongly supported the Albus’s idea
— concurrent stimulation of the parallel and/or climbing fibres causes decrease of the PCs
response, supporting the LTD as an important mechanism of the motor learning*?. Also,
studies utilizing various behavioural paradigms suggested that the importance of the LTD
goes beyond motor learning and constitutes the basis also for other types of cerebellar-
dependent learning, for example, eyeblink conditioning®’ and spatial learning during

darkness®.

On the other hand, recent studies highlighted that synaptic potentiation between the
parallel fibres and PCs dendrites contributes to motor learning as well**. Furthermore, the
relative importance of the LTP vs. LTD was shown to vary considerably among different
cerebellar subregions. The relative importance of the LTP/LTD differs according to the
expression and immunoreactivity of zebrin*®. The zebrin is expressed specifically in a
subpopulation of the Purkinje cells and in the hippocampus and plays role in ATP
synthesis®. Interestingly, the zebrin-positive PCs create stripes going across different
lobes of the cerebellum in the sagittal direction although few lobes (e.g. lobes VI-VII and
Crus I in rodents) have expanded zebrin-positive area or are almost completely zebrin-
positive*®#’. Recent studies showed that these stripes vary also functionally: zebrin-
positive stripes seem to have different connectivity patterns with non-cerebellar brain
regions and the zebrin-positive Purkinje cells show a lower firing rate*>4. Interestingly,
the zebrin-positive PCs were documented to be more resistant to cell damage due to
toxins, injury and possibly also diseases*’. Typically, in zebrin-positive PCs, the LTP
represents the main plasticity mechanism and vice versa*®. Because zebrin-positive
stripes tend to be more associated with non-motor cerebellar functions®’, the LTP may be

more important for cognition and emotional regulation. Furthermore, long-term
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modification of synaptic strength was reported to occur not only on synapses between
parallel fibres and PCs but also between mossy fibres and cerebellar nuclei neurons*3,
further underlining the fact that multiple plasticity mechanisms contribute to cerebellum-

dependent learning***°.

2.1.4 Motor-related symptoms of cerebellar dysfunction

The diverse functions of the cerebellum could be well demonstrated in patients with
cerebellar damage and/or dysfunction!. As the most noticeable are especially motor
deficits, the description of the patients with cerebellar lesions led to the first hypothesis

about the cerebellar role in motor coordination by Babinski in 1899°°.

The cerebellar damages and dysfunctions may be due to numerous causes, mainly
cerebellar diseases (see section 2.4 for details). The aetiology of cerebellar diseases is,
however, extremely heterogeneous. Individual diseases, but often also individual patients
suffering from the same disease, differ in speed of progression, extent and location of
cerebellar damage®!. Thus, it is not surprising that the manifestation of cerebellar diseases
could be quite variable. Nevertheless, some general features and basic symptoms of
cerebellar dysfunctions can be defined (this categorization follows the publication of

Kandel et al.!):

1. Ataxia: impaired coordination of movement, including (among others) problems
with the accuracy of the movement, coordination of individual components of
movements (asynergia), controlling the magnitude (dysmetria) and timing of the
movements and problems with proper finishing of the movements!'>!. The
movements of the cerebellar patients could be described as uncoordinated and
jerky’!. As the movements are not finished properly, the patients often
“overshoot” and the trajectories of the limb movements are not straight®'.
Repeated movements have impaired regularity (adiadochokinesia). The ataxia is
not related only to discoordination of limbs, but also to impaired mouth
coordination (leading to dysarthria), impaired saccade movement and eye
allignment®'.

2. Impaired muscle tone: although Aypotonia (decreased muscle tone) is more
frequent in cerebellar patients, hypertonia may also occurs'>!. The hypotonia is

associated with a decreased excitatory drive from the cerebellar nuclei to premotor
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brain regions®?. Therefore, it is more associated with damage to the cerebellar
nuclei’?. On the other hand, selective disturbances in the cerebellar cortex lead
rather to reduced inhibition of the excitatory cerebellar output and thus its over-
activity and hypertonia®2.

3. Astasia-abasia: Astasia implies an inability to keep a stable upright body posture
whereas abasia refers to impaired walk'. Cerebellar patients often fall and their
gait is unstable and irregular (in terms of timing as well as stride length).
Moreover, to compensate for the unstable gait and impaired balance, the patients
show a wider base between legs’'.

4. Intention tremor: patients evince tremor which is restricted to movement and is
particularly strong at the end of the movement (when the person wants to stop the
movement)'. This contrasts with tremors in other medical conditions related to
striatal dysfunctions, such as Parkinson's syndrome, which evince resting

1,51

tremor ', Moreover, intention tremor has a lower frequency and higher amplitude

compared to parkinsonism-related tremor>'.

Besides the most typical symptoms, cerebellar patients often suffer from other
symptoms, such as headache, dizziness, vertigo and oculomotor disturbances, including
nystagmus’!. Although dysphagia (swallowing problems) occurs in many neurological
diseases, cerebellar impairments seem to contribute to this problem too®'. Moreover,
cerebellar patients also show a high rate of cognitive, emotional and other non-motor
deficits™. As the research of these non-motor impairments is crucial for the

conceptualization of my thesis, I dedicated them whole next section.

2.2 Cerebellar involvement in higher-order cognition and emotional processing

The first suggestion that the cerebellum plays a role in complex cognition and
emotional regulation came in 1986 by Henrietta Leiner, her husband Alan Leiner and
their team'®>*, In their original proposal, based substantially on findings of evolutionary
enlarged dentate nucleus in primates and particularly humans, they suggested that
evolutionary more derived parts of dentate nucleus communicate with (pre)frontal
associative cortex to modulate complex non-motor functions®. This hypothesis was
further developed, especially via studies recruiting human cerebellar patients for

neuroimaging>®>’. This led to the identification of the so-called Cerebellar cognitive-
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affective syndrome or Schmahmann's syndrome®. Currently, research has been further
developed markedly: the cerebellar contribution to high-order cognitive and emotional
control has been widely accepted and specific non-motor cerebellar subregions have been
identified®®>°. Moreover, current state-of-art neuroscience approaches, based on calcium
imaging®, conditioned modulation of specific neural activity via chemogenetic®! and/or
optogenetic®? methods, opened new possibilities to understand the role of the cerebellum

in various aspects of complex thinking and emotional regulation.

2.2.1 Cerebellar cognitive-affective syndrome

The Cerebellar cognitive-affective syndrome (hereinafter CCAS) has been proposed in
1998°7. The original description mentioned three main clusters of symptoms of the
cerebellar damage: (i) impaired executive functions (planning, set-shifting, verbal
fluency, abstract reasoning and working memory); (ii) impaired spatial cognition
(visuospatial memory disorganization); (iii) altered emotional regulation (blunted affect,
disinhibited and inappropriate behaviour and impulsivity)>’. These impairments were
observed in patients with damage to posterior cerebellar lobes or vermis, but only minor
disturbances were seen in cases with anterior lobes damage®’.

Following more than two decades of research and clinical observations®®, many other

58,65

cognitive® or emotional disturbances in the cerebellar patients were identified:

language impairments including agrammatism® and cerebellar aphasia®’¢®

, premature
behaviour and tendency to act without thinking about consequences (analogous to the
above-mentioned impulsivity and inappropriate behaviour)®®. The cerebellar patients
were also described to exhibit impaired social cognition: they may be naive and overly
trustful, without the capability to recognize the ulterior motives of other people, and
present with a lack of empathy”*°. Their mood has been described to be unstable, with a
tendency to low frustration tolerance and a higher propensity to stress, anxiety and
depression’. The patients are distracted, have impaired attention control and sometimes
show stereotypical and ritualistic habits’. A recent meta-analysis of available relevant
studies of cognition in cerebellar patients (adult patients with isolated cerebellar lesions
were compared to healthy controls) confirmed earlier findings partially’’. The results of

the analysis found several impairments in language processing and fluency (evaluated

with variants of verbal fluency tests) impaired visuospatial abilities (evaluated with Block
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design test and Wechsler Memory Scale- Revisited visual memory test) and damaged
executive control (measured with several variants of Stroop tests)’®. On the other hand,
the analysis did not find a statistically significant difference in other tests of visual
attention and task switching (7rial making tests), visuospatial abilities (Rey complex
figure tests), attention (Digit span tests), aphasia (Aphasia test), figural fluency (Five-
point tests) and inhibitory control (Go/No-go test)’®. This meta-analysis was performed
on adult patients only although children patients tend to show a more marked
neuropsychological profile, compared to adults®®. In general, damage to vermal areas
usually resulted in impaired emotional processing whereas damage to the posterior

hemispheres impacted cognitive functioning’-%%3.

Some authors®®, however, argue that the studies of cerebellar patients may be
problematic for several reasons: 1) cerebellar patients are heterogeneous and some of them
(especially those suffering from the degenerative disease) may have undetected yet
functionally important impairments in non-cerebellar regions. ii) some tasks may be
affected by ataxia and incoordination of movements. For example, even pressing the
button during the test may be more difficult for a cerebellar patient, leading to higher
attention to the motor aspects of the tests and thus biased results®®. Studies of the
cerebellar functions in humans with intact motor functions or employing much more
homogenous mouse models with the known extent of pathophysiology thus may offer
new perspectives on the non-motor cerebellar functions. On the other hand, the research
on mouse models of cerebellar-specific degeneration strongly supports the above-

mentioned findings’' (see section 2.5).

2.2.2 Cerebellar contribution to cognition and emotional regulation

Neuroimaging studies of healthy participants suggested that various functions related
to the cerebellum, and thus relevant for the CCAS, are associated with the functions of
different cerebellar sub-regions. For example, Baumann et al. aimed to find cerebellar
correlates of emotional processing (for 5 different emotions) using functional magnetic
resonance (fMRi) on 30 subjects’?. In general, emotions were mostly correlated with
posterior vermal and paravermal regions (with exception of anger; Figure 1) and some of
the emotions (anger and fear) tended to be distinctly more correlated to right

hemisphere’?. To be more specific, anger was strongly associated with vermal regions of
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right lobules VI, VIIA and IX, right paravermal and hemispheric regions of lobules VI

and Crus I’

I and Crus II and right vermal lobes VI, VIIA and VIIB. Disgust correlated with left

. Fear was associated with the activation of right paravermal lobules VI, Crus

paravermal lobule VI and bilateral vermal lobules V, VI, VIIIA and IX. Sadness was
related with vermal lobules VI, VIIA, VIIB and VIIIA (bilaterally) and with paravermal
lobe VI (bilaterally) and Crus 1 (right), whereas happiness correlated with vermal and
paravermal regions of lobe VIIIA72. Another study, meta-analysing brain activity during
anger and aggression processing at more than 800 participants, also found particularly
posterior vermis as a key region for anger processing whereas aggression was related to

more anterior vermal regions’>.

L

Grus LN

Figure 1. Visualised results of the study association between feeling of five different
emotions and activation of cerebellar sub-regions. The figure was reprinted from
Neurolmage, Vol. 61, Baumann and Mattingley: Functional topography of primary
emotion processing in the human cerebellum, with permission of Elsevier (license
number: 4962571356569; accessed by 2020-12-05).

Congruently, a complex meta-analysis of the functional imaging studies focused on
cerebellar-modulated cognition and emotional processing came to similar conclusions’.
Language processing activated right lobule VI and Crus I. Spatial processing activated
left lobule VI. Executive functions and emotional processing were both associated with
activation of lobules VI, Crus I and VII (VIIB specifically in case of executive control)’.

In contrast, sensorimotor and motor tasks correlated with activation of anterior lobes V
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and adjacent VI, and partially lobule VIII, altogether supporting at least partial spatial

dissociation of the motor and non-motor cerebellar functions’.

Interestingly, an emerging number of studies have highlighted that the cerebellum has
important functions also for sleep and sleep-related memory consolidation’>’¢. Moreover,
the cerebellum seems to be vulnerable to lack of sleep and simultaneously, cerebellar

malfunctions may result in sleep disturbances”"”.

Moreover, several studies suggested the role of the cerebellum in shaping individual
personality traits’®. For example, cerebellar volumes seem to be positively correlated with
novelty seeking, reduced harm avoidance and with difficulty to understand own as well
as others' emotions’®. These results are congruent with the finding of a recent study on
mice, showing that elevation of pro-neuroplastic brain-derived neurotrophic factor

(BDNF) in the mouse cerebellum stimulates novelty seeking and exploration”,

As all signals of the cerebellum are mediated throughout cerebellar nuclei, which could
be specifically inactivated in rats and bigger animals by temporary inhibition of neural
activity (with lidocaine, muscimol or similar compound) or by surgical disruption without
the necessity to rely on state-of-art chemogenetic or optogenetic approaches®®®2.
Therefore, the effect of the inactivation of the specific cerebellar nucleus on cognition
and behaviour has been studied since the nineties and the results have been mostly
congruent with the known connectivity pattern of each nucleus. Temporary inactivation

t%3 and to

of the fastigial nucleus in rats was found to cause marked loss of social interes
induce stress-induced gastric damage®, supporting the view that vermal-fastigial
cerebellar output affects emotions, sociality and stress resilience. Similarly, inactivation
or lesion of the dentate nucleus was found to impair spatial learning in the MWM?® and
disrupted egocentric spatial learning®® in rats. Another study compared the effect of
inactivation of the fastigial vs. dentate nucleus. Surprisingly, inactivation of any nucleus
(fastigial or dentate) impaired spatial orientation although rats with fastigial nucleus
inactivation were able to improve over time normally®’. Moreover, dentate nucleus

inactivation impaired effort-based decision making®' and induced motivational deficit

during exploration in the open field and operational appetitive task®®.

The cerebellar influence on emotional functions and related behaviour has also been
evidenced in a recent study employing an optogenetic approach to modulate the activity

of the vermal PCs to study aggression®. Although the aggression had been believed to be
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primarily driven by the amygdala, optogenetic PCs stimulation in mice resulted in
significantly reduced aggressive behaviour in a resident-intruder assay, as measured by
decreased numbers of attacks towards the second mouse®’. In contrast, vermal PCs
inhibition stimulated aggressive behaviour in mice®, supporting the view of the
cerebellum as a significant contributor to emotional processing and related behaviour.
Similarly, a very recent study found that dopamine D2 receptors on PCs play a crucial
role in sociality and the reduction of their density disturbs sociability and social novelty-

seeking in adult male mice without affecting motor skills®.

Another study employed calcium imaging to study the activation of cerebellar granular
cells in mice during delayed sugar-water reward’’. Although some populations of
granular cells responded mainly to sensorimotor aspects of the tasks, other granular cells
were active specifically during reward anticipation or unexpected omission of the
rewards. It suggests that the cerebellar granular cell may contribute to the neural coding
of reward anticipation, analogously to cerebellar motor-related predictive and

anticipatory processing’!.

Finally, another study showed that the cerebellum is required for the development of
full mental capabilities®”. In the experiment, chemogenetic disruption of interneurons in
the molecular layer of several posterior cerebellar subregions in mice altered behaviour
and cognition in juvenile mice, although the same chemogenetic disruption in adult age
caused substantially weaker effects®®. Specifically, the juvenile interneurons disruption
led to impaired eyeblink conditioning (paravermal lobule VI and crus I), cognitive
inflexibility (lobule VI), prolonged grooming in response to saline injection (indicative
of persistent behaviour), reduced novelty seeking and exploration (both lobule VII), and
reduced sociability (Crus I/II). On the other hand, acute disruption in adulthood
sometimes led to the opposite outcome than the developmental disruption (e.g. increased
vs. decreased exploratory behaviour after lobule VII disruption)’?. These results thus

suggest a cerebellar contribution to wide-brain maturation.
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2.2.3 Cerebellar connectivity in emotions and higher-order cognition

The cerebellum has been proposed to modulate cognition via its connections to cortical
associative areas, and emotional regulation through modulation of limbic regions®°. The
idea that the cerebellar function may have a general neuromodulatory effect on the
forebrain has been published since the seventies’>*. 20 years of neuroimaging research

have mostly supported this idea.

The cerebellar-cerebral loops were mapped extensively using viral tracing in mice®®
and non-human primates'®2>%. Retrograde tracing in apes showed that the primary motor
cortex (M1) receives input from Purkinje cells located primarily in cerebellar lobules IV-
VI, whereas the dorsolateral prefrontal cortex (DLPC; essential region for executive
control”’) received inputs from PCs of Crus II of the ansiform lobule. Congruently, the
same pattern was observed with anterograde tracing: M1 area projects to the granular
cerebellar cells in lobes IV-VI whereas DLPC projects dominantly to Crus II, both via
pons, suggesting a closed cerebellar-cerebral loop. The prefrontal-cerebellar connections
were shown to be mediated through the ventral dentate nucleus®®, sometimes referred to
as the 'prefrontal' module of the nucleus, and thalamus'. Generally, the cerebellar
connections with the motor cortex dominate over the prefrontal-cerebellar connections in
non-human primates'>”. This asymmetry could, however, reflect the relative under-
development of the macaque’s prefrontal cortex, compared to the highly enlarged
prefrontal cortex in humans. This is also supported by a study by Matano®!, who found
that the ventral dentate nucleus (the "prefrontal' module) is disproportionally enlarged in

humans compared to the non-human primates.

The research performed directly on humans further extended our knowledge about
cerebro-cerebellar connectivity'°*1°!, The connections of the cerebellar hemispheres have
been reported in diverse cortical regions, including various parts of the prefrontal cortex
(including the ventromedial parts) and associative areas of parietal and temporal lobes!%-

194 Moreover, it was found that in humans

103 throughout different thalamic sub-regions
(in contrast to apes), the dentate connections to associative cortical areas are comparably

rich as the connections to the motor cortex®.

During the past 15 years, neuroimaging studies focused more on whole neuronal
networks, rather than activation of single areas individually, reflecting the finding that the

brain activity patterns are usually strongly correlated during one state and anti-correlated
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among different states!%. This led to the identification of three main networks: executive
network, default mode network (DMN) and salience network'®. The executive network
activates during a cognitively demanding task and includes activation at the lateral
cortical region, particularly the dorsolateral prefrontal cortex (DLPC) and posterior

parietal cortex (intraparietal sulcus)!®”-1%

. During resting states (daydreaming or
autobiographical memory retrieval), the executive structures are inactivated whereas
midline cortical structures of the DMN (ventromedial prefrontal cortex, precuneus)
increase their activation dramatically'®®. The salience network includes particularly the
anterior cingulate cortex and anterior insula and is responsible for the detection of salient
stimuli, attentional shifting and switching between the networks!?’. The cerebellum has
also been found to be part of these functional networks: one study found that particularly
Crus I and II participate in the executive network, lobule VI in the salience network
whereas lobule IX contributes to DMN!?. In contrast, another study found evidence for
a contribution of the mid-hemispheric Crus I and II in DMN!!?, This disagreement was
discussed in the literature with a conclusion that different portions of Crus I were included
111

in both studies and different Crus I subregions may be part of different networks" .

Finally, cerebellar lobules VI and Crus I seem to be part of the salience network ',

Interestingly, the communication between the cerebellum and cerebral cortex are
richly sustained not only in an awake state, but also during sleeping, especially during the
REM sleeping phase’®, and the cerebro-cerebellar communication during sleep is
expected to play an important role in cortex-dependent memory consolidation’.

Besides connections with the cerebral cortex, emerging evidence point out rich

102,112

cerebellar connections to basal ganglia , and this interconnection may mediate some

of the cognitive and emotional processes. Viral tracing in rodents revealed disynaptic
cerebellar projections to the basal ganglia through various thalamic nuclei'®.
Bidirectional connections between these two structures in non-human primates
(macaques) have also been evidenced with viral tracing!!'*: the research suggested
disynaptic projections of the dentate nucleus to the putamen, and disynaptic projections
from the subthalamic nucleus to the cerebellar cortex, including specifically non-motor

114

cerebellar sub-regions' . Moreover, the cerebellum is capable of rapid modulation of

striatal functions and cortico-striatal plasticity in mice'!’>. In humans, a fMRi study
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revealed that the cerebello-thalamo-basal ganglionic network contributes to explicit

learning''®.

Other functional studies point out interconnection between the cerebellum and nucleus
accumbens, the structure of basal ganglia implicated in various emotions, reward system
and addiction'!”, and this connectivity is hypothesised to play a role in reward-based
learning. Similarly, the ventral tegmental area (VTA) is also crucial for reward

cognition!!811?

and, along with other structures (including nucleus accumbens), forms
,JJimbic part’ of basal ganglia. A recent study published in the Science journal identified
strong cerebellar projections to the VTA, where the projections formed dense
dopaminergic and noradrenergic synapses'?’. Interestingly, optogenetic stimulation of
these projections resulted in a dramatic increase in VTA activity and affected place
preference. In contrast, inhibition of the cerebellar-VTA projections dramatically reduced
sociability in mice!?’. Altogether, these studies highlight the importance of the cerebellar
connections to the basal ganglia in the modulation of reward behaviour and reward-

related cognition.

The cerebellum creates rich connections also to other parts of the limbic system?%%4,

Particularly areas of the vermis and related fastigial nucleus create connections with the
anterior cingulate cortex'?!, which is essential for the perception of negative emotions,
pain and saliency network'?*>. A study utilizing tracers confirmed the existence of such
connections and showed that the anterior cingulate cortex projects to ventral

123 Moreover, the cerebellum creates connections between the

paraflocculus epsecially
hypothalamus and emotional-related areas of the brainstem to mediate somatic responses
to the emotions'?*. For example, the fastigial nucleus has rich direct connections to
ventrolateral periaqueductal grey (VIPAG), another key region in fear-related, defensive
and maternal behaviour, essential also for “freezing” response to fearful stimuli and
evaluation of potential danger'?>!28, A recent mouse study showed that stimulation of
vIPAG by optogenetic approach robustly facilitated freezing!®. Further, glutamatergic
outputs from the fastigial nucleus were able to robustly activate approximately 20% of all
GAD2- and Chx10-positive neurons and approximately 70% of dopaminergic TH-

positive neurons in VIPAG slices'?. Stimulation of the fastigial afferents in the VIPAG

supported inhibition of the Chx10-positive neurons throughout D2 receptor activation. It

29



suggests that the vermal cerebellum may modulate the dopaminergic system of the

vIPAG'? and thus drive freezing response.

Finally, accumulating evidence highlight the potential importance of communication
of the cerebellum with the hippocampus, another brain structure that plays a critical role

in both emotional processing and higher-order cognition.

2.2.4 Interactions between cerebellum and hippocampus

The hippocampus is one of the most critical brain structures in both emotional
processing and diverse cognitive functions. It is particularly known to be essential for
spatial and episodic memory, spatial orientation, stress regulation, social discrimination
and many others'3%132, The idea of cerebello-hippocampal communication could arise by
comparing their partially shared functions: both affect spatial processing and

133-135

memory!>"13% learning for trace eyeblink conditioning , social behaviour and

69,136-140 20,141 139,142-144

memory , stress resiliency , behavioural flexibility , and time
perception'* 147 Finally, hippocampal neurogenesis has been recently suggested to
contribute to the preference for future reward'*s, the traits inversely correlated with
behavioural disinhibition and impulsivity seen in cerebellar patients’ or mouse models of
cerebellar degeneration!*1°!. Moreover, early physiological studies suggested, that the
cerebellum and the hippocampus are functionally interconnected: stimulation of the
cerebellar fastigial nucleus in cats resulted in an electrophysiological response in the
hippocampus and the stimulation of the hippocampus led to a response in the lobule VI

of the posterior cerebellar lobe!?.

Newer research has consistently shown that the cerebellum and the hippocampus
collaborate to mediate successful trace eyeblink conditioning learning in rodents'*4. A
study from 2009 even showed that the cerebellar activity during this task followed
hippocampal theta oscillations and the absence of these hippocampal oscillations disturbs
the cerebellar activity pattern needed for successful trace eyeblink conditioning!>.
Similarly, a recent preprint showed that the cerebellum modulates a coherence between
hippocampal and medial prefrontal cortical gamma oscillations that are required for

154

working spatial memory ~". Disruption of the cerebellar lobule simplex activity impaired

this hippocampal-prefrontal coherence and consequently the working spatial memory!>*,
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Another research utilized mice genetically engineered to lack long-term depression
between parallel fibres-PCs cerebellar synapses to learn a spatial task in MWM®.
Although these mice did not evince a deficit in navigation during the light period, their
spatial learning was impaired when they had to rely on self-motion cues during
darkness*’. Moreover, electrophysiological recordings from the hippocampus revealed
that their hippocampal spatial code (place cells activity) was disrupted during darkness,
showing the cerebellar-hippocampal interaction as essential for spatial learning without
visual cues*»!3>1% 1In a recent study by the same laboratory, they used mouse PCs-
specific knock-outs for calcineurin, with altered cerebellar functions and learning'®’.
These mice evinced unstable hippocampal place cell representations and spatial
orientation/memory deficits both under light and in the darkness'®’. Studies on humans
partially support these findings. For example, functional connectivity of cerebellar
lobules Crus I and VIIA to the hippocampus and parietal and prefrontal cortices were
found to participate in several cognitive aspects of spatial orientations in humans!®%,
Another study showed that the cerebellum may contribute to the retrieval of episodic
events and the separation of overlapping memories into different representation'> — the
function which has been traditionally attributed to the hippocampus and its adult-born
granular neurons'#?. These studies altogether suggest that the cerebellar output to the
hippocampus may offer crucial information necessary for hippocampal positional

processing and the hippocampal spatial representations'>>16,

Interestingly, recent studies employing optogenetic modulation suggest, that the
cerebellum may not only acutely offer relevant information to the hippocampus but also
may modulate the general level of hippocampal activity and excitability'®!"162. The first
study aimed to use optogenetic stimulation or inhibition of the hippocampus or the
cerebellum to regulate temporal lobe epileptic seizures in an intrahippocampal kainate
mouse model (kainate is unilaterally injected into the hippocampus of adult mice). Direct
manipulation with hippocampal activity was generally inefficient. On the other hand,
excitation of parvalbumin interneurons and PCs in the vermis resulted in reduced both
duration and frequency of the temporal lobe seizures'®!. Inhibition of the vermis and both
excitation and inhibition of cerebellar hemispheres tended to reduce seizure duration but
did not affect their frequecny'®!. In the following study, they focused on an optogenetic

excitation or inhibition of fastigial output specifically. In line with previous research,
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stimulation of the fastigial glutamatergic neurons was evidenced to robustly mitigate the

temporal lobe epileptic seizures!'®2.

Although the cerebellum and the hippocampus seem to be interconnected functionally,
an exact connectivity map has not been explored so far. A recent study by Bohne et al.'®
explored the connectivity pattern using both anterograde and retrograde viral traces. They
identified rich connectivity from all the three cerebellar nuclei to the dentate gyrus of the
hippocampus via a trisynaptic connection in the scheme: cerebellar nuclei > lateral
thalamus > subiculum, retrosplenial and rhinal cortex > hippocampal dentate gyrus'®,
confirming the existence of polysynaptic structural connectivity between the cerebellum

and the hippocampus.

Finally, research on mouse models with specific degeneration of the cerebellar cortex
shows that these mice evince an increased level of corticosterone both in basal and after

stressful situation'®1%, Given the fact that increased corticosterone concentration

67

impairs specific sub-populations of hippocampal interneurons (parvalbumin-'¢’ and

neuropeptide Y-positive'®®) and damages hippocampal neurogenesis'*!1¢170 we can
speculate that the cerebellar degeneration may indirectly cause a hippocampal cell loss
and limit the hippocampal neurogenesis due to consistently increased corticosteroids

levels. However, to my best knowledge, this hypothesis has never been explored so far.

2.3 Cerebellar contribution to psychiatric disorders

The above-mentioned findings have put more attention to potential role of the
cerebellum in various psychiatric diseases. Growing pieces of evidence have shown that
the cerebellar dysfunctions contribute to psychiatric diseases and that the modulation of
the cerebellar functions may constitute their potential treatment'’!. In this section, I will
focus mostly on the neurodevelopmental diseases for which there is robust evidence of
cerebellar involvement, i.e.: autism spectrum disorder (ASD) and attention deficit and

hyperactivity disorder (ADHD). Besides these, recent studies suggest cerebellar

172-175

involvement in many other mental diseases, including schizophrenia , mood

176-179 18,180

disorders 181-183

, anxiety disorders , obsessive-compulsive disorder post-

traumatic stress disorder'®*, dyslexia'®® or personality disorders'®%-1%7

. Interestingly,
multiple psychiatric diseases often run together in families and the genetic risk is shared

across many different psychiatric diseases'*®!%. This led to the view that there are general
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factors that influence liability to any psychiatric disorder, the ‘p factor’'®°. A recent study
used MRI and psychological testing in 1246 university students to find anatomical
correlates of the disturbed mental state. Surprisingly, the study identified the grey matter
volume of the left cerebellar lobule VIIb, along with visual cerebral cortex thickness, as
the strongest volumetric predictors of general mental health!®!. From this point of view,
the cerebellum may hypothetically constitute the neurobiological substrate for general

mental resilience.

2.3.1 Cerebellar role in autism spectrum disorder

The cerebellar dysfunctions have been the most thoroughly studied in ASD and the
cerebellum is nowadays considered to be one of the most consistent sites of
neuroanatomical abnormalities in the ASD'¥%!%3, The ASD represent a broad spectrum of
diseases, which are all characterized by impaired behavioural flexibility (i.e. stereotyped
behaviour and preference for routine), impaired social cognition (e.g. lack of cognitive
empathy and inability to read non-verbal communication correctly) and altered
imagination'. The ASD is often related to mental retardation, but a substantial proportion
of the ASD individuals show normal or high intelligence (high-functioning autism [HFA]
and formerly also Asperger syndrome)'®. A high rate of ASD (including HFA)
individuals suffer also from other mental disorders, such as anxiety, mood disorder or

194

obsessive-compulsive disorder ”*. Moreover, the majority of the patients have problems

with fine motor control and show signs of developmental coordination disorder'®”.

Conversely, children with cerebellar damage show apparent autistic traits'*®.

The cerebellar implication in ASD has been suggested in early postmortem studies'®’
which pointed out the abnormal size and reduced numbers of neurons in cerebellar nuclei
of autistic patients'*®!*”. Moreover, the postmortem studies documented reduced numbers
of PCs, particularly in posterior subregions of the cerebella of autistic individuals'”. In
one of the studies, the visible loss of the PCs was very marked and was seen in all the 9

brains of autistic individuals'®’

. Another recent study compared 8 postmortem brains of
ASD patients and 8 age- and sex-matched controls and confirmed the reduced PCs density
in autistic individuals®®’. Moreover, they identified Crus I and II as the sites of the most
marked PCs loss®”. Similarly, the PCs were repeatedly found to be significantly smaller

in the ASD individuals, and some individuals had only half-sized PCs compared to
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controls®®!.  Correspondingly, expressions of numerous proteins related to

neurotransmission and neuroplasticity were found to be distinctly abnormal in humans
with ASD?%2-2%5 Moreover, cerebella of ASD patients were documented to evince
neuroglial activation and other signs of neuroinflammation®°®. Finally, distinct cerebellar
abnormalities have been repeatedly documented also in various mouse models of ASD,

208

including Shank-deficient mice?®’ and Tsc mutant mice’®. Conversely, mouse models of

cerebellar degeneration evince autistic-like behaviour?®.

The implication of the cerebellar dysfunctions in ASD is supported by imaging studies
utilizing the MRI?!°, In the study of 52 autistic preschool children (aged 2-5 years), ASD
individuals (including 12 HFA children) showed generally increased cerebellar volume,
particularly in the grey matter of the anterior vermis and white cerebellar matter.
Interestingly, the volume of the cerebellar white matter was increased by 36% in the ASD.
Moreover, any of the 15 age-matched control children did not reach the average volume
of the ASD group and all the 52 autistic children had higher cerebellar white matter

volume than the average of the control group?'°

. On the other hand, grey matter in some
cerebellar subregions, particularly Crus I and II, was found reduced in the ASD children
(8-13 years of age; N= 35 per group)®'!, and the extent of the right Crus I and II grey
matter volume predicted the severity of the behavioural symptoms?®!!. Correspondingly,
functional MRI (fMRI) showed abnormal functional cerebello-cerebral connectivity in
individuals (both children and adults) with ASD?'. In the ASD, the typical contralateral
cerebellar-cerebral connectivity (particularly right cerebellar Crus I connection with
contralateral prefrontal and parietal cerebral cortex) was weakened. In contrast, normally
weak ipsilateral cerebellar-cerebral connections were strengthened in the ASD
individuals'®>!93212213 Qimilarly, cerebellar connectivity within DMN was reduced in the

ASD and negatively correlated with autistic traits in healthy individuals®'4,

New insight into the role of the cerebellum, namely right Crus I, in ASD brought a
recent study published in Nature Neuroscience?'”. In the first step, the authors confirmed
that the activity of the right Crus I is coupled with activation of contralateral associative
areas of the prefrontal cortex, temporal and parietal cortex (the structures implicated in
the ASD patients) but is anticorrelated with the activation of the sensorimotor cortical
regions®'>. Next, they used anodal transcranial direct-current stimulation (tDCS) in

humans, and a chemogenetic approach in mice, to stimulate right Crus I and found that
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the posterior cerebellar neuromodulation resulted in reduced right Crus I connectivity
with the left inferior parietal lobule; this pattern was seen in both human participants and
mice. Moreover, they confirmed that the right Crus I connectivity with the left inferior
parietal lobule is reduced in autistic patients and mouse ASD model (PCs-specific Tscl-
mutant mouse). Further, they showed that right Crus I inhibition in healthy mice mimics
the deficits of the ASD mouse models, including decreased social preference, reduced
social novelty seeking and behavioural inflexibility in the water Y-maze test?*%21°,
Correspondingly, the chemogenetic stimulation of the PCs in the right Crus I of the mouse
ASD model reverse these deficits. These results thus provide robust evidence that the
cerebellar Crus I may play important role in the ASD pathology and its modulation might

be a promising tool for the management of the ASD symptoms?'>.

2.3.2 Cerebellar contribution to attention deficit and hyperactivity disorder

Attention deficit (and hyperactivity) disorder (ADD/ADHD) is another
neurodevelopmental disorder with relatively robust evidence of the cerebellar influence
and with high overlap between its symptoms and the CCAS?!%. In children, ADHD
manifests with problems with attentional control (problems with attentional shifting,
inability to pay attention to “boring” yet objectively important stimuli), impulsivity
(speaking and acting ‘before thinking’), hyperactivity (in case of the ADHD sensu stricto,
not in the ADD) and emotional lability*!”-*'¥, In adults, hyperactivity is less prominent,
but the individuals are unorganized, excessively procrastinating, overly daydreaming,
risk-seeking and incapable to pay attention to details and ‘boring’ stimuli. The emotional
instability usually persists into adulthood and commonly evolves into associated
psychiatric comorbidities, most commonly anxiety and mood disorders and cluster B

personality disorders®!®22!,

Besides these core symptoms, approximately half of ADHD children also show poor
fine and gross motor skills?!%*?2722%_ The motor deficits tend to improve over time**® and
with stimulant medication®?’. Interestingly, some studies suggested that the motor deficits
predict substantially poorer outcomes in adult life (17 years later)’?® and predict better
therapeutic response to methylphenidate medication?'®, although evidence for this is
incongruent®*?3°, Moreover, the severity of the motor symptoms correlates with ADHD

symptoms?**?%%, The cerebellar-related impairments have been therefore suggested to
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constitute a supplementary tool for identification of the children with ADHD and their

216 Moreover, some motor signs, such

distinction from paediatric bipolar disorder patients
as swaying during a walk, partially persist into adulthood and correlate with reduced
cerebellar grey matter volume®?.

Although ADHD is related to wide neuropathology, particularly in the prefrontal
cortex, striatum, thalamus and related dopaminergic and noradrenergic circuits®!,
cerebellar anatomical abnormalities are a common finding in the ADHD?!S. Moreover,
the CCAS resembles the ADHD condition in many aspects, including behavioural
disinhibition and impulsivity, attentional control deficit, social immaturity and emotional
lability. Analogously, the disinhibited behaviour of the cerebellar mouse models also
evokes a strong resemblance with ADHD-like behaviour. More importantly, the
cerebellar implication in ADHD is nowadays well supported by structural imagining
studies, showing that the cerebellum is one of the most affected brain structures>*?. The
cerebellar volume is generally decreased approximately by 5% in ADHD children?3!-?3,

234 A more recent MRI study

with the most marked difference in posterior inferior vermis
of 49 ADHD youths (8-18 years of age) and 59 age-matched controls also found a
difference in the cerebellar volume, particularly in posterior cerebellar hemispheres, and
found that the reduced vermal volume predicts higher ADHD severity®®. Interestingly,
long-term stimulant medication was related to a larger volume of the left cerebellar
surface?®®, suggesting its causal therapeutic effect. Correspondingly, an MRI study on 486
adults (214 ADHD patients, 96 unaffected siblings, and 176 healthy controls) identified
the cerebellum, along with the prefrontal cortex, as the main affected brain regions?®.
Moreover, the study found that reduced volumes of cerebellar tonsils and culmen predict
more severe inattention, whereas generally decreased cerebellar grey matter volume is
associated with more severe impairments in executive functions®*°. Finally, another study
pointed out increased serum antibodies against Purkinje cells (Yo-antibodies) in the
population of children with ADHD?*’. Taken together, ADHD has been nowadays
believed to have strong cerebellar involvement and to stem from dysfunction of frontal—

striatal—cerebellar circuits>3238,
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2.4 Cerebellar diseases

The cerebellum may be damaged in many ways and the cerebellar diseases and damage
are thus extremely variable. In general, the magnitude of the cerebellar ataxia is evaluated
using several scales of ataxia?*’, including the International Cooperative Ataxia Rating
Scale (ICARS), the Brief Ataxia Rating Scale (BARS) and the Scale for the Assessment
and Rating of Ataxia (SARA). Other scales constructed for specific cerebellar diseases

are also available, for example, Friedreich Ataxia Rating Scale (FARS)*”.

2.4.1 Acquired and secondary cerebellar dysfunctions

The cerebellar impairments may be acquired by cerebellar injury as in the case of the
first comprehensive description of cerebellar motor syndrome by Holmes in 19174
Although the cerebellum is rarely injured by direct cerebellar-specific insult, research
performed on both animal models and human patients after traumatic brain injury
revealed that even indirect insult to the cerebrum often leads to secondary cerebellar
damage®*!. This secondary cerebellar injury seems to contribute particularly to motor
components of the traumatic brain injury?*!. The cerebellum could be also damaged by
hypoxia and some evidence even show that the cerebellum (and particularly PCs) are

among the brain structures the most sensitive to the hypoxia in adults>*?

and is selectively
damaged in prematurely born and/or hypoxic newborns***. The cerebellum is also
highly sensitive to toxins, including alcohol: acute intoxication disturbs cerebellar
function whereas chronic overuse causes substantial cerebellar damage®®. Specific
cerebellar damage may also occur after long-term use of high doses of lithium salts,

chemotherapy, gadolinium and many other pharmacological compounds?*°.

The cerebellum could be damaged by strokes (cerebellar strokes constitute 2% of all
strokes)?*”-?*®_ Various types of tumours may be located in the cerebellum, or close to it,

and may damage the cerebellum?®.

Various infectious diseases (e.g., the virus
responsible for varicella or Epstein—Barr virus causing mononucleosis) may cause acute
cerebellar inflammation (acute cerebellitis) and permanent damage to the cerebellum?°.
The cerebellar ataxia could be also caused by bacterial infections, namely Lyme disease
(Borrelia burgdorferi sensu lato) or infection by Legionella spp*!. One of the most

common cerebellar ataxia is caused by an autoimmune process triggered by gluten

consumption®2. This form is called gluten ataxia and constitutes 15% of all cerebellar

37



ataxias®>®. Fortunately, long-term avoidance the gluten often leads to nearly complete
recovery within 2 years?>. Similarly, the presence of antibodies against GAD may cause
selective damage to the PCs and cerebellar damage®*. In addition, paraneoplastic
cerebellar degeneration is another cause of cerebellar damage due to autoimmunity. It is
often triggered when tumour cells express proteins normally expressed by PCs>327,

Moreover, cerebellar dysfunction could be induced by vitamin B12 or succinic

258-260

semialdehyde dehydrogenase deficiency The cerebellum could be also

congenitally underdeveloped (e.g., pontocerebellar hypoplasia, Dandy-Walker

)261

malformation)™®'. Next, the cerebellum might be affected by many genetically-

determined metabolic diseases, including various mitochondrial diseases?6%?%,

264 265

autoimmune thyroid diseases™™® or lysosomal Niemann—Pick disease Finally,

substantial cerebellar dysfunction and related ataxia constitute one of the most often

hallmarks of multiple system atrophy?°.

An increasing piece of evidence has pointed to cerebellar damage in relatively frequent
neurological and neurodegenerative diseases which are characterized mainly by diffused
or out-of-cerebellar neuropathology. The cerebellar damage is very common in multiple

sclerosis (MS)*’

, an autoimmune disease associated with inflammatory damage to
myelin sheaths and unrelenting neurodegeneration®*® 27", The cerebellar dysfunctions in
the MS include particularly lesions of the cerebellar peduncles, reduced cerebellar
connectivity and cerebellar cortical atrophy®*”-?7272 A study performing an autopsy on
MS patients revealed that on average 38% of the surface of the cerebellar cortex is

atrophied in MS patients®’

. Moreover, the cerebellar dysfunctions correlated with both
physical disability and cognitive dysfunctions of the MS patients*’*. Besides the MS, the
increasing pieces of evidence point out cerebellar dysfunctions in the most common

neurodegenerative diseases, such as Alzheimer's disease?’*27®, Parkinson's diseases?’’*"8

279-281

or Frontotemporal dementia . However, how much the cerebellar dysfunctions

contribute to the impairments in these diseases is not clear.

Although the cerebellum could be affected in numerous neurodegenerative and
neurological diseases, there is a group of hereditary diseases where the cerebellar
dysfunctions and related cerebellar signs represent the main hallmarks of the diseases.

They are collectively labelled as hereditary cerebellar ataxias®.
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2.4.2 Hereditary cerebellar ataxias

Hereditary cerebellar ataxias are an extremely heterogeneous group of cerebellar
diseases, varying in terms of pathophysiological mechanisms as well as the relative
importance of the non-cerebellar pathology?. This group of diseases is usually divided
according to the mechanisms of inheritance into four clusters®: (1) autosomal recessive
cerebellar ataxias (ARCA); (2) autosomal dominant cerebellar ataxias (ADCA); (3) X-
linked; and (4) Ataxias with mitochondrial gene mutations®. The first category includes
Friedreich's ataxia, Ataxia—telangiectasia, Cerebrotendineous xanthomatosis and other
rare conditions®>. The second category includes 7 types of episodic ataxias, autosomal
dominant spastic ataxia, dentatorubral-pallidoluysian atrophy (DRPLA) and a large
group of spinocerebellar ataxias (SCA)?. The X-linked hereditary ataxias include mainly
X-linked sideroblastic anemia and ataxia and fragile X-associated ataxia®. The last group
consists of ataxias with mitochondrial gene mutations. As the X-linked and mitochondrial
mutation ataxias are rare with very diverse and complex symptomology (cerebellar
dysfunction usually represents only a small portion of neuropathology)?, I will focus more

on the first two categories.

The autosomal-recessive hereditary ataxias are generally rare, with the maximal
frequency of 3-4/100,000 in the case of Friedreich's ataxia®®*2%. Practically all these
diseases have very complex pathology with damage to various inner organs and with the
cerebellar pathology as one of many hallmarks®®. Therefore, they may be viewed as
multisystem diseases, rather than specific neurodegenerative diseases. As an example, the
most common ARCA, Friedreich's ataxia, is caused by a mutation in the FXN gene,
leading to a reduced level of mitochondrial protein frataxin®®. It usually starts between
the age of 5 to 20 years and affects multiple organs, including the heart, pancreas and

spinal cords among others®$>2%4,

The autosomal-dominant hereditary ataxias constitute an extremely heterogeneous
group of diseases too, but in contrast to the ARCA, their pathology is mostly restricted to
the central nervous system?*®. Some of them evince very early onset (e.g., most of the
episodic ataxias) whereas others tend to occur later in life (e.g., SCA6)**7. Although some
of these evince very complex neuropathology, extending beyond the cerebellum or even

)288

brain (e.g., retinal damage in SCA7)*%, others are purely cerebellar (e.g., SCA5)'.

Although there are often slowly progressive, some progress fast and are fatal (SCA1-3
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with the average duration of 5-20 years)*’

. One of the sub-groups, the episodic ataxias,
is characterized by bouts of ataxia, frequently provoked by acute psychological or
physical stress>. To date, 7 episodic ataxias have been identified'?. Altogether, the
episodic ataxias are very rare, with an incidence < 1:100,000*°°. The episodic ataxias
usually commence in childhood or early adulthood and some types of the episodic ataxias
tend to mitigate over time. Besides the bounds of ataxia, some of the episodic ataxias

include migraine, epileptic seizures, or other symptoms>*°.

The DRPLA is genetically caused by an expansion in the polyglutamine (CAG) repeats
in the ATN-1 gene, coding Atrophin-1 protein®!%2, Therefore, the DRPLA falls into the
group of polyglutamine diseases, the diseases caused by CAG trinucleotide expansion,
including several SCAs (types 1-3, 6-7, 12 and 17), Huntington's disease and spinal and

293 The CAG expansion in the ATN-1 gene leads to overall brain

bulbar muscular atrophy
and spinal cord atrophy, and very complex symptomatology, sometimes resembling
Huntington's disease rather than ataxia®®’. The DRPLA includes diverse symptoms,

294

including ataxia, dementia, epileptic seizures and dystonia among other””". The onset may

come in childhood but also in the elderly, depending on the number of the CAG

rep eats291:292.294

As SCAs are of the main interest of this thesis, representing a wide sub-group of the

ADCA, I will focus on the SCA in more detail in the following section.

2.4.3 Spinocerebellar ataxias (SCAs)

The SCAs are diverse autosomal-dominant neurodegenerative diseases, associated
particularly with cerebellar dysfunction and/or degeneration®”. The first SCA (SCA 1)
was identified in the early nineties and genetically characterized in 1994°%. To date, at
least 47 autosomal-dominant spinocerebellar ataxias have been identified®’.
Polyglutamine SCA types 1, 2, 3, 6 and 7 are the most common SCA types and include
over 75% of all SCA cases**®. Although features of the SCA types differ, the majority of
the SCAs are primarily characterized by ataxia, incoordination of movements, loss of

balance, dysarthria, and other cerebellar signs**2%

. However, many SCAs have
additional features, such as extrapyramidal signs (including dystonia, i.e., spasm and
involuntary muscle movement, and parkinsonism symptoms), weakness or paralysis of

the extraocular muscles, upper limb tremor, neuropathy and sensory impairments,
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impaired cognition, and emotional disturbances (see sections 2.4.5 and 2.4.6 below) and
many others'®, Similarly, neuropathology in many SCAs often extends beyond the
cerebellum and includes the brainstem, spinal cord, cerebral cortex, basal ganglia,
thalamus, or retina!®?*3%_ According to the presence of the non-cerebellar symptoms,

SCAs are commonly divided into the three clusters!®*7:

1. ADCA I: The most serious sub-group with the most complex neuropathology
extending beyond the cerebellum. This subgroup includes the majority of the
SCAs. If DRPLA is included in this classification, it matches this category as

well.
2. ADCA II: Cerebellar pathology + retinal degeneration (SCA 7).

3. ADCA III: Purely cerebellar SCAs, without marked neuropathology outside of
the cerebellum (SCA 5, 6, 11, 23, 26, 30, 41 and 45) and with specific cerebellar-

related symptoms®”’.

Another classification divides the SCAs into two categories only: 1. with complex
pathology (1% and 2" category in the previous classification); 2. purely cerebellar'®.
Because of overlapping and unspecific symptoms, a reliable diagnosis requires genetic

301 Most of the existing SCAs, their symptomatology and neuropathology are

testing
listed in Table 1. Next, [ will focus more on the most prevalent SCA types, the SCA types

1, 2, 3, 6 and 7, altogether constituting the majority of all SCA cases.
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SCA type (affected gene) Type of mutation SCA cluster

Specific features

SCA1 (ATXN]1)>96:302 Poly-CAG Complex Fast progression’®?

SCA2 (ATXN2)3% Poly-CAG Complex Marked spinal cord pathology

SCA3 (ATXN3)3% Poly-CAG Complex Marked striatal and cerebellar nuclei path.
SCA4 chrom. 16g22.13%  Point mutation ~ Complex Areflexia, sensory neuropathy

SCAS (SPTBN2)*7

Point mutation

Purely cerebellar

Downbeat nystagmus

SCA6 (CACNA1A)® Poly-CAG Purely cerebellar

SCA7 (ATXN7)3? Poly-CAG ADCA 11 Retinal degeneration, visual loss

SCAS (ATXNS)310:311 Poly-CTG/CAG Complex Severe dysarthria

SCA10 (ATXN10)*'? Poly-ATTCT Complex Epilepsy

SCA11 (TTBK2)*!3 Truncating mut.  Purely cerebellar Tau deposits out of the cerebellum

SCA12 (PPP2R2B)*'* Poly-CAG Complex Tremor (often the st sign)

SCA13 (Kenc3)3*13 Missense mut.  Complex Mental retardation

SCA14 (PKCy)3'® Missense mut.  Complex Myoclonus

SCA15/16 (ITPR1)3"7 Partial deletion ~ Complex Tremor

SCA17 (TBP)*!8 Poly-CAG/CAA Complex Dementia, psychosis and epilepsy

SCA18 (IFRD1)3"° Missense mut.  Complex Peripheral neuropathy

SCA19/22 (KCND3)*°  Mutations Complex

SCA20 (DAGLA)?! 12 gene Complex Dentate nucleus calcifications; dysarthria
duplication without ataxia as the first symptom?3?

SCA21 (TMEM240)*>®  Missense mut.  Complex Rest tremor

SCA23 (PDYN)?** Missense mut.  Purely cerebellar

SCA25 (loc. 2p21-p13)*%» Complex Sensory neuropathy, intestinal symptoms

SCA26 (eEF2)3% Missense mut.  Purely cerebellar

SCA27 (FGF14)% Missense mut.  Complex Cognitive impairments

SCA28 (AFGF3L2)*%%32°  Missense mut.  Complex

SCA29 (ITPR1)%30331 Missense mut.  Complex Congenital, non-progressive

SCA30 (loc. 434.3-
q35.1)*2

Purely cerebellar

SCA31 (PLEKHG4)'®  Poly-TGGAA  Complex

SCA32 (chrom. 7q32- Complex Cognitive impairments; male infertility
q3 3)334

SCA35 (TGM6)** Missense mut. Complex Tremor. spasmodic torticollis
SCA36 (NOP56)33¢ Poly-GGCCTG  Complex Motor neuron involvement
SCA37 (DAB1)*’ Poly-ATTTC Purely cerebellar Altered vertical eye movement?3*
SCA38 (ELOVLS5)** Missense mut.  Complex

SCA40 (CCDC88C)**0 Missense mut.  Complex

SCA41 (TRPC3)*! Mutation Purely cerebellar

SCA42 (CACNA1G)**?*  Missense mut.  Complex

SCA43 (MME)*® Mutation Complex Axonal neuropathy

SCA44 (GRM1)* Missense mut.  Complex Intellectual disability

SCA45 (FAT2)*» Mutation Purely cerebellar

SCA46 (PLD3)**% Missense mut.  Complex Sensory neuropathy

SCA47 (PUM1)** Missense mut.  Complex

SCA48 (STUB1)*¥ Mutation Complex Cognitive-psychiatric features

Table 1: Types of the autosomal-dominant spinocerebellar ataxias. ‘Specific features’
lists the symptoms and pathologies that are distinctly more common, severe or come
earlier in the given SCA types compared to other SCA types. Abbreviations: ‘mut’=
mutation. ‘path.’= pathology. ‘loc.’= locus. ‘chrom. = chromosome.
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2.4.4 Most common SCA types

The SCA1 has a global incidence of approximately 1-2/100,000, with strong
variability among regions'’. For example, the SCA1 constitutes the most common SCA
type in Poland, Russia and South Africa!®?*®, The disease is caused by CAG expansion
(over 38 CAG repeats) in the ATXNI gene, coding ataxin-1 protein¢*2, Ataxin-1 is
widely expressed in the brain and its functions are not completely understood>*®3%.
However, it seems to regulate the expression of other genes, including other gene
regulators®*®. Interestingly, the variation in the ATXN1 gene was found to correlate with

330,351 "and some research showed that variation in the

cognitive impairments in humans
ATXNI gene may be associated with an increased risk of developing amyotrophic lateral
sclerosis (ALS)¥'3%* or multiple sclerosis®>>*®. The Ataxin-1 is also needed for normal
cognitive functions and hippocampal neurogenesis according to the studies of Atxnl-
deficient mice*’*%°. The SCA1 may start from infancy to late adulthood, depending also
on the number of CAG repeats, but most commonly in middle age'®. The disease is fatal,
with an average survival of 10-20 years and 10-years survival estimated to 57%%. The
survival is negatively correlated with the presence of dysphagia, higher SARA score and
positively with Body Mass Index?®*-*!. Of all the most common SCA types, the SCA1
evinces the most rapid ataxia and disability progression®*®. The beginning of the disease
i1s usually characterized by loss of coordination and balance, impaired gait and
dysarthria'®. Over 50% of patients suffer also from muscle atrophy!®. The terminal phases
are characterized by bulbar problems, including attenuation of swallowing and coughing
reflexes, possibly leading to aspiration pneumonia (the most common cause of death in
SCA1 patients)**?. Moreover, SCA1 patients often suffer from psychiatric symptoms,
peripheral neuropathy, slow saccades, upper motor neuron signs, breathing difficulty and
cardiac autonomic dysregulation®*>3¢4, The neuropathology in the SCA1 is characterized
mainly by cerebellar cortex atrophy. In addition, cerebellar nuclei, brainstem, cerebral
cortex, thalamus and other brain regions are significantly altered as well>*-%,
Widespread occurrence of nuclear inclusions of the expanded Ataxin-1 and

neuroinflammation has also been noticed in the postmortem brains of SCA1 patients®>,

The SCA2 is the most common SCA type in several countries, including Mexico,
India, Argentina and Cuba (40-100/100,000 in some regions)'®?%%34° or the Czech
Republic*®. The disease is caused by CAG expansion (over 31-35 CAG repeats) in the
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ATXN2 gene, coding the Ataxin-2 protein which plays a role in translational regulation
and formation of stress granules?®’. Analogously to the ATXNI, the expanded CAG
repeats (even in magnitude that does not cause the SCA2) may be related to a higher risk
of Alzheimer's disease, cognitive impairments and ALS*%3%77° The course of the SCA2
resembles the course in the SCA1, with an average survival of 5-25 years from diagnosis
and an estimated probability of 10-years survival of 73%%. Besides the cerebellar signs,
SCA2 patients suffer from muscle pains, weakness and atrophy. In the later disease

stages, patients suffer from bulbar dysfunctions**’

. Moreover, SCA2 patients often suffer
from areflexia, retinal degeneration, Parkinsonism, fasciculation, neuropathy, cognitive
deterioration, psychosis and other psychiatric issues®®. In contrast to the SCA1, the SCA2
has minimal impact on cerebellar nuclei but involves cerebral cortex atrophy. Besides the
cerebellar and brainstem degeneration, the SCA?2 presents with complex neuropathology
including degeneration of substantia nigra (which does not occur in the SCA1)'%3%
dysfunction of related nigrostriatal pathways and degeneration of the striatal brain
structures®*. The spinal cord pathology is marked in the SCA2 and includes degeneration
of the posterior thoracic nucleus, anterior horn and atrophy in the spinocerebellar tracts

and posterior columns®®7-371:372,

The SCA3, or Machado—Joseph disease, is the most prevalent SCA type worldwide,
with the highest incidence in China, Brazil and Portugal, constituting 20-50% of all
SCAs*>. The disease is caused by the CAG expansion (>44 repeats) in the ATXN3 gene,
coding Ataxin-3 protein involved in ubiquitin-dependent protein quality control?®”*”3 and
thus regulating the activity of many proteins in diverse pathways®’*. Similarly to the
SCA1 and SCAZ2, the onset of the SCA3 strongly varies from patient to patient, most
commonly around 40 years of age. 10-years survival in SCA3 patients was estimated to
73% although the life expectancy might be unaffected in mild disease form®®. The
disease sometimes starts with ataxia, dysarthria, unbalanced gait and other cerebellar
signs'’. However, symptoms in many other SCA3 patients are characterized mainly by
extrapyramidal symptoms, signs of parkinsonism, dystonia, spasticity and areflexia,
particularly in the patients with early-onset and more CAG repeats'%**°. Other symptoms

364,375 and

include neuropathy, amyotrophy, muscle fasciculations, cardiac denervation
psychiatric impairments. Neuropathology differs from the previously described SCAs:
the cerebellar neuropathology, including neuronal loss and atrophy, is much more severe

in the cerebellar nuclei compared to the cerebellar cortex. Besides the cerebellar nuclei,
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the SCA3 severally affects striatum and nigrostriatal pathways and brainstem

(particularly pons)**’.

The SCA6 constitutes approximately 15% of all SCA cases worldwide and is the
second most frequent SCA in Japan'®. It is caused by CAG expansion (>18 repeats) in the
CACNALIA, a gene encoding a calcium channel a subunit which is richly expressed in
the cerebellar Purkinje cells. The SCAG6 has a relatively late onset (usually after 50 years
of age), relatively slow progression and is not fatal. It manifests predominantly with
purely cerebellar symptoms, such as motor incoordination, gait and balance disturbances,
dysarthria, nystagmus, vertigo and suppression of the oculomotor reflex!. However,
some patients in the late disease stages experience additional symptoms, such as
hyperreflexia, sensory abnormalities or neuropathy!. SCA6 neuropathology is
characterized mainly by atrophy of the cerebellar cortex, although less prominent (yet
microscopically detectable) pathologies could be observed in the cerebral cortex,

brainstem and cerebellar nuclei’’.

The SCA7 constitutes approximately 5% of SCA cases and constitutes the most
common subtype in Venezuela. It is caused by the CAG expansion (>36 repeats) in the
ATXN7 gene encoding the Ataxin-7 protein'®. The disease usually starts around 25 years
of age and manifests with visual loss, due to pigmentary macular degeneration, and
cerebellar signs, such as ataxia, imbalance and dysarthria'®. Besides these typical
symptoms, the patients sometimes experience muscle spasticity, increased tendon
reflexes, pyramidal signs, parkinsonism, hearing loss or cognitive dysfunctions'’. The
SCA7 is characterized mainly by olivary-cerebellar atrophy, brainstem degeneration and

macular and retinal degeneration '’

2.4.5 Cognitive impairments in SCAs

Cognitive impairments were reported repeatedly in many SCA types, including 1-3, 6,
7,10, 12,13, 14, 17,19, 21,27, 29, and 325339037737 The magnitude of neuropsychiatric
impairments varies from patient to patient but also differs among different SCA types. In
a few SCA types, these impairments may be extremely severe and may represent one of

the main symptoms>®. This may be particularly true for symptoms reaching the point of

A This (2.4.5) and following section (2.4.6) have been already published as a review>”’
written exclusively by the author of this thesis (Article 1).
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dementia, which are associated with a few SCA types. Specifically, dementia has been
reported to occur frequently in SCA2 patients, especially those with higher CAG repeats
and earlier onset*®!*¥2, Dementia is also one of the dominant features in SCA17°*3. In
addition, a study of SCA7 patients from 4 African families revealed that dementia
occurred in one-half of the 34 SCA7 patients, particularly in the later disease stage’**.
Similarly, dementia and other cognitive and behavioural impairments represent a core
feature in SCA2732735 Dementia may be coupled with psychosis, which was reported to
occur particularly in SCA2%% and SCA17*°, but also in SCA3 and SCA7°%’. All the SCA

types associated with dementia include complex neuropathology!-300-388,

However, the cognitive symptoms of SCAs do not reach the level of dementia in most
cases. Instead, they often present as short-term and working memory impairments, loss
of mental concentration, disturbances in executive functions, deficits in verbal fluency,
visuospatial impairments and impaired cognitive flexibility%*-77:378:3893% The magnitude
and frequency of the cognitive deficits in different SCA types seem to vary, possibly

mirroring the distinct distribution of neuropathology.

Studies comparing the cognitive deficits in different SCA types have mostly focused
on some of the most frequent types: 1, 2, 3 and 6. In most cases, these studies suggest that
SCAG6 (more cerebellar-specific) may have fewer cognitive impairments: one study found
approximately one-half of the frequency of distinct memory problems compared to other
SCA types®! and another study identified impaired executive functions and attention
span in SCA types 1-3, but not SCA6>. Studies comparing SCA types with widespread
neuropathology (types 1-3) suggest that executive dysfunctions and verbal memory
impairments may be more severe in SCA1l compared to other types and healthy

392,393

controls , in correspondence with the common cerebral cortex atrophy in this type.

Studies of correlations between severity of regional-specific neuropathology and
cognitive dysfunctions generally support a strong non-cerebellar contribution to cognitive
dysfunction in SCAs. For example, cognitive functions were shown to correlate with
cerebral association cortices pathology in SCA2, SCA6, SCA7 and SCAI10

377,394,395

patients although cerebellar pathology correlates with some cognitive deficits, at

least in some SCA types, as well*”’.

In SCAs, ataxia and physical disability progress over time’**-*°%3963%7 " Concerning

cognitive functions, the decline over time may be less robust in the most common SCA

46



types. One study compared 20 SCA1 and 22 SCA2 patients with a matched 17 healthy
controls in terms of complex neuropsychiatric functioning, with follow-up longitudinal
monitoring of some of the participants®®. Of multiple tests evaluated, only the Attentional
Matrices Test (i.e. a test of selective attention and information processing speed)
significantly worsened over 2 years. Other studies detected statistically significant

399400 whereas others did not*°, although all these studies

cognitive decline over time
suffered from a small sample size. Interestingly, cognitive deficits were also observed in

presymptomatic mutation carriers in SCA13%,

To sum up, cognitive deficits are common and seem to be generally more severe in
SCA types with more prominent out-of-cerebellar neuropathology. Therefore, although
it is currently clear that the cerebellum modulates cognitive functions in a very complex
manner®’, out-of-cerebellar contribution to the cognitive deficits in SCAs may still be
very important. On the other hand, most studies suffer from a small sample size and may
be confounded by unequal disease severity*’!*2) the extent of pathology, additional

emotional dysregulation®®® and other factors.

2.4.6 Emotional dysregulation in SCAs and its consequences

Besides the cognitive dysfunctions, affective dysregulation, such as depression,
anxiety and apathy are common in many SCA types*® % However, their nature is not
understood and there is still controversy about whether they are of biological or rather

emotionally-reactive origin.

One of the arguments supporting the causal biological origin is that the frequency of
depression and associated symptoms differ among SCA types. In line with this, several
studies suggested that the rate of depression®®!, as well as suicidal ideation*, is higher in
SCA3 than in the other most common SCA types of comparable disability, suggesting a
biological causative role of the SCA3 neuropathology. For example, one study found that
the prevalence of depressive complaints was more than doubled in SCA3 compared to

other SCA types>®'.

On the other hand, other studies do not support that the rates of depression differ
among types. One study reported a difference in some of the correlates of depression,
such as suicidal ideation (65% in SCA3, 39-45% in other types) but not in the frequency
of distinct clinical depression among SCA types (ranging between 22-31%)*. Further, the
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biggest study of depression comorbidity in SCA, with over 100 participants in each of the
4 most common SCA types (1, 2, 3, 6), revealed a significantly higher prevalence of
depression in all SCA types compared to healthy controls, but no significant difference
among SCA types*’. The study found that moderate to severe depression occurred in
20% of SCA patients and at least mild depression was present in over 50% of all SCA
patients, except for the SCA6 group*®®. Moreover, over 20% of the SCA1 and SCA3
patients, and around 15% of SCA2 and SCA6 patients, answered that they would be
“better off dead” or hurting herself/himself*’. One study reported the most marked
depression in SCA1 and SCA6, compared to SCA2 and SCA3, although patients with
SCA1 and SCAG6 were older and had more severe ataxia, and this bias was not statistically

adjusted’.

Depression seems to play a potentially important role in the quality of life and disease
course in patients with SCAs. For example, the study by Lin et al.*%” showed that the
relationship between ataxia and depression severity in SCA3 is bidirectional: more severe
ataxia predicted more severe depressive symptoms, and vice versa, severe depression
predicted more rapid physical deterioration and worsening of ataxia in the future’’.
Similarly, the above-mentioned longitudinal study* found that depression severity
predicted ataxia progression, even after controlling for CAG repeats length, sex, age and
time. Furthermore, depression significantly and consistently reduced the quality of life
and led to a poorer functional status in SCA1, SCA3 and SCA6 patients, even after
adjusting for ataxia severity*. Despite the consistent finding of a correlation between
ataxia and depression, longitudinal studies did not show any statistically significant

change in the level of depression over time, in contrast to their growing physical

disability*>%%,

Taken together, although emotional dysregulation seems to be the real problem in
SCAs, constituting a source of additional suffering for SCA patients, its nature is still not
understood. To date, studies of SCA patients do not allow a reliable conclusion to be
drawn as to whether the emotional dysregulation in SCAs is predominantly of reactive or
biological origin, and whether any specific SCA-related neuropathology contributes
causally and significantly to these problems. Moreover, most studies focused merely on
depression although anxiety was reported to represent an even higher burden for patients

with other motor neurological diseases, such as multiple sclerosis**®, and the cerebellar
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dysfunction is expected to mediate anxiety'®. As a different approach, studying the
emotional-related behaviour in animal models of SCAs may accompany the research on

human patients, bringing new and potentially valuable insights into this question.

2.5 Mouse models of hereditary cerebellar diseases®

Animal models are extremely useful tools to study the neurobiology of diseases,
namely on the cellular or sub-cellular scale*”®. Compared to human patients, they have

several advantages*® 4!

1) Homogeneity: Whereas groups of patients are often highly heterogeneous in terms
of the extent and specific distribution of neuropathology, age and genetics (e.g. number
of CAG repeats in polyglutamine diseases), mice are inbred to high genetic homogeneity.
They may be compared in exact age and at on-demand sample sizes. Furthermore, studies

of human patients may be limited by a small number of patients in cases of rare diseases.

2) Detailed neuropathology examination: In mice, neural functions may be studied in
extremely deep detail, compared to humans. For example, the formation of new synapses
in alive mice in real-time is achievable with multi-photon imaging*'?. Similarly, it is
possible to record the activity of a specific neuronal population in moving animals or
isolate specific cells to study physiological or molecular processes on a sub-cellular
scale®’. These techniques are not currently available for human patients. Although
immunohistochemistry techniques are useful to study the distribution of different proteins
(and thus cell types) in the postmortem human brain, usually a long time between death
and brain fixation might lead to degradation of some proteins and thus inaccurate

imaging*!3.

3) Experimental treatment: New therapeutic approaches pose a high risk of adverse
effects and must be first studied using non-human models before their application in

humans.

4) Modelling specific aspects of the diseases: Mice can be genetically engineered to

show narrowly specified aspects of diseases without an effect of confounding

B This section was already published — partially as review written solely by the author of this thesis (Article
1)*” and partially as a review written by numerous authors (Article 2)*%°. The text from the Article 2 used
here was written solely by the author of this thesis.
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pathological mechanisms. For example, mutation leading to the disease may be expressed
in a narrowly defined neuronal population of restricted brain regions (e.g., Purkinje cell-
specific expression*!#). It enables observing, for example, a specific impact of the disease-
causing Purkinje cell degeneration on learning and memory, without the effect of

widespread brain damage*!>.

Mice are currently the most often used animal models and they are currently
commercially available for the majority of the identified monogenetic diseases. The mice
are phylogenetically and physiologically related to humans (in contrast to invertebrates)
and their breeding maintenance is cheaper compared to rats*'S. On the other hand, their
learning seems to be too simple to model higher-order cognition and behaviour compared

417

to rats™ ' and, even more, monkeys.

2.5.1 Development of mouse models of diseases

Spontaneous mutants were used traditionally before the era of genetic engineering. In
the spontaneous mutants, the mutation leading to the neuropathology occurred
spontaneously and mice were further bred to keep the mutation in the breed*!8. As an
example, lurcher mutant mice*!” are spontaneous mutants that were used in the research
of cerebellar degeneration before the identification of the homologous mutation in

humans*?°.

Transgenic mice (Tg) are used extensively in the research of the cerebellar ataxias,
including the SCAs**!. Transgenic mice are generated by the transmission of exogenous
DNA into the nucleus of embryonal cells*?2. The expression of the transmitted gene is
however random and there is no control over where the transgene ends up*”. Intensity of
expression of the transmitted gene is also partially unpredictable — too little expression
leads to a non-pathogenic phenotype whereas too high expression often leads to
developmental deficits**!. Therefore, more lines of transgenic mice are usually generated
and the breeds with optimal expression are further bred and used**!. Also, spatial pattern
of transgene expression in the mouse brain does not always reflect distribution of
expression of the mutated gene in real human patients. Transgenic mice most often
express the transgenes under specific promoters regulating their expression, for example,
pcp2 (expressed richly by cerebellar Purkinje cells) in the case of the SCA mice (pcp-Tg

mice) **!. Specific restriction of expression of pathological allele to one cell type might,
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however, be useful for studies focused on the role of this specific cell type disturbance in

the disease pathogenesis.

In contrast, knock-in (KI) mice are engineered to express the mutation under
endogenous promotor*?®. This is provided by the insertion or substitution of the given
sequence into the targeted locus. Therefore, knocking-in is more targeted and shows

relatively stable expression*"’

. Moreover, the expression pattern of the mutant gene
follows the expression pattern of the original gene. For example, the KI mouse model of
SCA1 (SCA1'%4Q2Q mice) with 154 CAG (in one of the chromosomes) and 2 CAG (in
the second chromosome) inserted repeats within exon 8 of the targeted endogenous mouse
Atxnl locus. The mutant Azxnl is thus expressed by all the cells naturally expressing the

ataxin-1.

In knock-out (KO) mice, the given gene is completely inactivated. KO mice are used
also to study the functions of the genes which are mutated in the SCA*?**. KO mice are
reliable mouse models for the hereditary ataxias that are caused by the deletion of specific
genes. For example, mice with KO of'the /tpr1 gene represent the model of the SCA15/16,
which is caused by the deletion of the /TPR1 gene.

Furthermore, conditional expression of the mutated genes may be used in the context
of both Tg as well as KI mice (conditional Tg, cond. KI)**’. In such cases, tetracycline-
inducible conditional mice are used*?*. In contrast to the previous methods, this approach
enables keeping the developmental effects of the mutated gene under control and enables
evaluation of the acute effect of the mutation before significant neurodegeneration

occurs*s.

Current molecular techniques, such as CRISPER/Cas9 moved the generation of mouse
models of diseases further, enabling the creation of any mouse model (with specified

point mutation or expansion) on-demand very fast and cheaply*®.

2.5.2 Measuring functional impairments in mice

To efficiently use mouse models in translational research of brain diseases, we need
reliable tests estimating the magnitude of given dysfunction sensitively and specifically.
The test needs to be sensitive enough to detect even subtle changes/differences using

reasonably small sample sizes. Simultaneously, the test should be specific, meaning that
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it should reflect specific neurological or behavioural aspects of the disease without

confounding by other dysfunctions and symptoms.

Motor skills and motor learning are the most commonly evaluated using the rotarod
test**’*28 In principle, a mouse is put to a small rotarod (approximately 5 cm in diameter)
placed a few decimetres above ground (low enough not to injure the mouse, high enough
to motivate the mouse not to fall). The rotarod moves usually between 0-60 rotations per
minute (rpm). The time when the mouse falls is recorded and expressed as rotarod latency
(to fall; s). The test is repeated over several days. The magnitude of improvement is
considered to reflect motor learning. In the case of accelerating rotarod*”, the speed of
the rotarod continuously increases, most often from 0 to 40 or 60 rpm, during 4-8 minutes.
In contrast, steady speed rotarod has a constant speed, usually 30-40 rpm. A combination
of both is also often used in practice when the speed is accelerating for a few minutes to
30 rpm and then kept stable after reaching this speed**. Studies comparing both versions
of the rotarod suggested that constant speed rotarod shows higher sensitivity to
pathological conditions in movement disorders models, but also lower specificity*!. The
rotarod is sensitive to cerebellar ataxia as well as other movement impairments caused by

various brain damage.

Besides the rotarod test, other tests of motor coordination and balance exist. For
example, the elevated beam test is another tool to evaluate balance and motor
coordination**?, In principle, the ability of the mouse to traverse the beam to get to shelter
on the opposite side is evaluated. Although the rotarod test is generally considered to be
more complex and objective, in some experiments, the beam test was shown to better
detect the chemically-induced coordination deficits more sensitively than the rotarod

test?3,

Gait analysis is another commonly used and useful tool to quantify ataxia and
disrupted gait. Currently, two commercial systems are available: DigiGait and
CatWalk**. Both systems measure a very high number of parameters, including stride
length for each leg separately, variability in the gait measures and many others. In
DigiGait, the mice are walking/running on a treadmill with a user-defined speed. In
contrast, in CatWalk, the locomotion is spontaneous and is under the control of the animal
tested. As many parameters depend on speed, the standardized speed may be

advantageous. In general, ataxic rodents show higher variability in numerous gait
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parameters and larger distances between left and right legs to compensate for lost balance.
Models of other movement disorders may show side asymmetry, generally shorter strides

(even when adjusting the speed in the case of the CatWalk) and other abnormalities*®.

Signs of limb clasping is another tool to evaluate the neurological function in the CNS
disease mouse models This sign is widely used as sensitive, but it is not very specific as

clasping is present in many different models of various neurological diseases**®.

Besides motor-related impairments, also studying the psychiatric-relevant deficits in

437 "and has also been done in various

mice has a long tradition in experimental psychiatry
mouse models of cerebellar diseases**>***. Although there are plenty of tests developed
to assess psychiatric-relevant behaviour, the following tests have been used in the context

of SCA mouse models:

Cognitive functions are the most commonly tested in the Morris Water Maze (MWM)

test439,440

, where rodents learn to locate a hidden platform using intra- and/or extra-maze
distant cues in a circular pool for several days. Latency in reaching the platform, and total
distance swam are recorded as the main parameters. Finally, the animals undergo a probe
trial with an absent escape platform: an efficient learner should preferentially move in the
quadrant where the hidden platform was previously placed. The MWM test performance
i1s hippocampal-dependent and may be disrupted by hippocampal lesions and by
chemically-induced changes in hippocampal plasticity**!**. The major disadvantage of
the MWM is that it causes substantial stress and depends on unimpaired swimming and

visual skills, which may all significantly confound the results'®*

. Moreover, some mouse
strains are not able to learn the task efficiently or lack the motivation to search for the

platform**,

The Barnes Maze Test evaluates complex hippocampal-dependent spatial memory as
well but imposes lower stress***+**_ In this test, the mouse walks on a circular surface,
usually containing up to 20 holes, one of which provides an escape from the arena**®. The
mice learn to navigate efficiently to the “escape hole”, using similar visual cues as in the

MWM.

The Fear Conditioning task is another very common behavioural paradigm. In
principle, the mice learn to associate either neutral conditional stimulus (e.g. tone) and/or
neutral context (location or interior) with an aversive stimulus (usually a weak electrical

shock to the paws)*’. If the mice learn to associate both stimuli, the originally neutral
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stimuli (cued conditioning) and/or context (contextual conditioning) are sufficient to
induce freezing (fearful) behaviour. The fear conditioning generally depends on the
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amygdala, particularly the basolateral amygdala®™®, whereas contextual conditioning

4 The device for fear

crucially also depends on proper hippocampal functions*
conditioning can also be used for the evaluation of prepulse inhibition (PPI) which
measures the ability to inhibit a startle response to a noisy tone when it is preceded by a
weaker prepulse tone. The PPI deficit can be simply evaluated in humans and occurs in
patients with schizophrenia, among others. It seems to be related to alteration in

dopaminergic and glutamatergic neurotransmission**® and dysfunction of the thalamus*’!.

In the Water T-maze (WTM), mice learn to navigate to the hidden platform placed in
one of the two arms of the T-shaped arena*?. The test comprises two phases: the initial
learning phase and the reversal learning phase. The initial learning is very fast (the mouse
must remember the left/right side). Presumably, the parietal and retrosplenial cortex and
striatal structures, which all play a role in egocentric navigation and/or left/right choices’
memory*>}, may be implicated in the initial learning. The reversal learning requires

flexibility, which is assumed to depend mainly on proper functions of the frontal cerebral
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cortex and hippocampal neurogenesis , although other structures may be

implicated as well*”*8 It is possible to use a Y-shaped®?, instead of a T-shaped arena.

The Open Field test (OF) is a simple and widely used test with many possible outcome

measures, reflecting overall locomotor activity and anxiety-like behaviour*>

. The animal
is put in an arena (usually 42-50 cm) and is left to explore the arena. Distance walked and
relative time spent walking indicate the level of locomotor activity. Anxiety-like
behaviour is typically reflected by thigmotaxis, i.e. % of the time spent, or % of distance
walked, in proximity to the walls (5-10 cm)*°. The potential of the OF to reflect anxiety-
like behaviour was partially supported by early pharmacological studies that showed that
acutely acting anxiolytics (e.g. benzodiazepines) decrease the thigmotaxis*6®4¢!,
However, other drugs reducing anxiety after long-term use often do not show a similar
effect in the OF, posing controversy about the reliability of this test to reflect human-like
anxiety*®#2 Furthermore, OF arena may be used also for other tests, such as two
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hippocampal-dependent tests of memory (the Novel Object Recognition tes
Object-Location Memory test***) and other tests indicating anxiety-like behaviour —

Novelty Suppressed Feeding*®® for example.
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The Elevated Plus Maze test (EPM) is another test used to indicate anxiety-like
behaviour. The plus-shaped arena has two “open” and two “closed”” arms*®® (with shading
walls). The animals are usually motivated to explore the whole arena including the open
arms, but may be simultaneously anxious, leading to more ‘careful’ behaviour and hiding
in the ‘safer’ shaded arms*®®. An analogous test was also developed for humans in virtual
reality*$’. The behaviour of mice in the EPM, as well as humans in the analogous test, is
affected by GABA-modulating drugs (benzodiazepines)**’*®. An analogous test is the
Dual Maze test which allows familiarization with the arena, to reduce initial novel stress

before exposure to the open arm'!.

The Forced Swimming Test (FST) is a test of depressive-like behaviour. The mice are
placed in a container filled with water and left there for up to 10 minutes. The duration of
immobility during FST reflects the motivational aspects of depressive-like
emotionality*®. In this test, rodent models of depression decrease their immobility in the
FST even after acute application of antidepressants*’®. However, in depressed humans,
antidepressants act after weeks of daily use, posing doubts about the validity of the FST

to reflect emotions analogous to human depression*’!472,

The Sucrose Test is another test reflecting depressive-like behaviour*’®. Typically,
separately housed mice are habituated to 2 bottles in the cage. Then, one bottle is filled
with 1-5% sucrose, whereas the second contains clean water. Subsequently, fluid intake
is measured daily for several (4-8) days and averaged*’*. In contrast to the FST, sucrose

preference reflects anhedonia-like emotions, rather than a level of motivation*’*

. Contrary
to the FST and similar tests, depressive-like mice show significant improvement after
long-term, but not acute, use of SSRI antidepressant*’>*’® supporting the reliability of

this test to indicate depressive-like emotions analogous to a human depressive state.

2.5.3 Functional impairments and neuropathology in SCA mice

Functional impairments and gross neuropathology in representative SCA mouse
models are summarised in Table 2 and already published reviews*’”#%2. The mouse
models expressing the mutated gene specifically outside the brain (e.g. muscle-specific
models of SCA17%%%) were not included in the table. Similarly, for the SCA types with
expanded repeats (e.g. polyglutamine SCAs, CTG-repeats disorder SCA8 or ATTCT
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expansion in SCA10), I did not include models without an analogous expansion in the
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affected gene (e.g. knock-out and other™” mice).

Most of the listed mouse models display cerebellar dysfunctions and related motor
impairments, corresponding with the fact that these impairments constitute the core
hallmarks of the SCAs. As an exception, the mouse model of SCA11 (TTBK2-KI mice*®)
does not show any impairments in heterozygosity (in contrast to heterozygous human
patients) and dies in the embryonal stage in case of homozygosity. Some models of SCA
(e.g. FGF*¥ and Kcn3.3%%7 deficient mice) tend to display robust motor impairments on
rotarod but no structural alteration of the cerebellum. In these mice, a detailed
electrophysiological examination revealed abnormalities in Purkinje cells' firing
frequency, or altered excitability of the excitatory synapses between parallel fibres and

the Purkinje cells*®

, suggesting that cerebellar synaptic deficits are sufficient to induce
the motor deficits even in absence of gross neuroanatomical pathology. Similarly, the
mouse model of SCA10 with artificially expanded ATTCT repeat within LacZ cells
showed locomotor impairments and abnormal gait along with neuronal loss in several
regions (pons, cerebral cortex and hippocampus) but no alterations in the cerebellum*®’.
This also contrasts with the situation in human patients, which display severe cerebellar
degeneration’!2. The authors of the original paper attributed this contrast to the different
expression patterns of the mutant gene in the mouse model (driven by PrP promoter) vs.
in human patients (driven by native ATXN10 promoter). I also speculate that the focus
on neuronal loss may be incomplete as loss of cerebellar neurons often occurs in late
disease stages after the onset of atrophy in Purkinje cells dendrites. In some SCA
models**, there are also incongruences between the documented onsets of motor
dysfunction, possibly explainable by the different settings of the tests (accelerating vs.

combined rotarod setting).

In humans, premature death accompanies many SCA types>”, most often due to
brainstem pathology and related impairments in swallowing, breathing and coughing,
altogether resulting in pulmonary infection and respiratory failure?®”. Premature death
often occurs in SCA mouse models although the causes seem to be more complex than in
human patients and include malnutrition and dehydration due to disability of self-care.
The fact that mice with purely cerebellar phenotype usually do not die prematurely (Table

2) suggests that the premature death in SCA mice stems from complex neuropathology,
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often including the brainstem (Table 2). However, specific brainstem-related impairments
analogous to the human bulbar and respiratory symptoms have been rarely studied in
mouse models. As exceptions, recent studies in mouse knock-in models of SCA1%? and
SCA7#! reported respiratory dysfunction, correlating with pathology in hypoglossal

neurons and nerves, in these mouse models.

Besides the SCA mouse models, many other mouse models, including many
spontaneous mutants, were used as a model of hereditary cerebellar diseases. Due to
current possibilities to generate the mouse models on-demands for a particular disease (or
even a specific aspect of the disease), they are not used frequently nowadays. As an
exception, we still work with lurcher mutant mice, as this mouse strain show very robust,
fast and specific olivocerebellar degeneration. They are thus a good model to elucidate
the effect of this specific degeneration on functional impairments, without confounding
with widespread brain dysfunction/atrophy. They are still used in studies of how
massively lost cerebellar functions can be restored/compensated**>#%*. The lurcher mice
carry heterozygous lurcher grid2 mutation in the gene encoding 62 subunit of the
glutamate receptor*!®. These mice completely lose their cerebellar Purkinje cells within
2-3 months of life, together with incomplete but massive degeneration of inferior olive
and cerebellar cortex interneurons (90% of the granule cells are lost as well)*!°. This leads
to apparent ataxia, a tremendous deficit on the rotarod, irregular gait, and multiple

behavioural abnormalities (described below in section 2.6.3).

Besides the described pathology, animal models are necessary to study (sub)cellular,
molecular, and electrophysiological mechanisms of hereditary cerebellar diseases. Most
of'the mouse models with robust gross cerebellar pathology show also impaired cerebellar
plasticity and disturbed electrophysiological properties of the PCs' synapses*’®. Similarly,
abnormal distribution and density of multiple synaptic receptors of neurotransmitters
often accompany other neuropathological features in the SCA mouse models. Moreover,
diseased cerebella often evince ultrastructural damage, such as enlarged vacuoles in
neurons (particularly PCs), abnormal numbers of primary dendrites of the PCs and
shrinkage of the PCs' bodies. In the SCA1 mice, it was shown that the mutated Atxnl
affects cerebellar development, leading to abnormally high numbers of cerebellar

interneurons*¥+4%,
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Correspondingly, expressions of multiple genes and volumes of proteins related to
neuroplasticity are also commonly reduced in mouse models of hereditary ataxias. For

example, robust down-expression of the vascular endothelial factor (VEGF)*®

, Homer-
3 gene*” and the gene encoding neuropeptide cholecystokinin**® were identified in mouse
models of SCAL1. Interestingly, reversion of some of the genes was shown to have the
potential to improve the neuropathology and functional impairments in the diseased
mice****?_ In another example, SCA3 mice were shown to have decreased expression of
the neuropeptide Y (NPY) in the cerebellar nuclei and striatum>®. Interestingly, lentiviral
overexpression, or intranasal delivery, of the NPY reduced neuroinflammation and
increased BDNF levels in the affected brain regions and partially reversed functional
impairments®**>%!, In some mouse models, the transcriptomic alterations are the only
signs detected. For example, SCA2 mouse model Q42 KI show transcriptional changes
in the gene neighbouring to the Atxn2 (Adamla) in the cerebellum and brainstem along
with motor impairments and reduced body weight but without any detectable gross
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neuropathology””~. Other genes, for example, those related to neuroinflammation, were
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shown to be up-regulated in diverse SCA1 models , supporting the inflammatory

contribution to the SCAs.

Furthermore, multiple SCA types show mitochondrial dysfunction, oxidative stress
and related alteration in the expression of mitochondrial genes***%. Mitochondrial
dysfunction is considered to play a particularly important role in SCA12 and
SCA283%:4095% However, mitochondrial dysfunction and/or related oxidative stress was
also found in SCA10 transgenic mice (LacZ*?), two models of SCA1°°7% and others.
Interestingly, mitochondria-targeted treatment was further shown to improve

neuropathology and functional impairments in some of the models>®.

Finally, although sparsely studied, mouse models of SCAs and other hereditary ataxias
exhibit various cognitive and emotional-related abnormalities. Early studies in
SCA1'34Q2Q mice reported impaired learning in the MWM task, impaired contextual
conditioning and impaired plasticity in the hippocampus, the essential brain region in
cognition and behaviour*'>#%1%  Another mouse model of SCA1, Pcp2-ATXN1[82Q]
mice with cerebellar-specific pathology, was reported to evince abnormal behaviour such
as lower cage activity and higher initial explorative behaviour’!!. Besides SCAI,

cognitive dysfunction was also described in Fgf14-deficient mice**®, the mouse model of
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SCA27, and other mouse models of ataxia, such as lurcher mice and mouse models

of episodic ataxia type 2%,

Many SCA mouse models show hypoactivity*®’

. However, reduced activity may be
correlated with motor deficits and is thus usually interpreted as either the result of overall
fatigue or/and ataxia. More interestingly, some models of SCA, namely Kv3.1/Kv3.3
double KO, a model of SCA13 with cerebellar neuropathology, as well as other mouse
models with cerebellar-specific degeneration, showed hyperactivity and reduced signs of
anxiety*®’. For example, one of the most traditionally used cerebellar-specific mutants,
lurcher mice, also show numerous signs of seemingly reduced anxiety- and depressive-
like behaviour in OF, EPM and/or FST, corresponding to reduced anxiety-like phenotype
in cerebellar-specific SCA1 mice'*" 13119 Congruently, both cerebellar granule- and
Purkinje-cell-specific mouse models of episodic ataxia type 2 showed reduced signs of
anxiety in OF although they showed avoidance of novelty feed during the Novelty
Suppressed Feeding test***. These results thus do not mirror the situation in human
patients with SCAs: whereas SCA patients often suffer from depressive moods and
elevated anxiety, analogous impairments have not been described in animal models so
far. This discrepancy thus represents an obstruction to studying the neuropathology of the
emotional-related impairments in mouse models. This is thus a crucial gap that this thesis

aims to address.
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Disease (gene) Mouse model (type)

CNS pathology

Functional deficits

SCA1 Pcp2-ATXNI[82Q]"®  Cb gliosis®™, PCs path.*14 MD and ataxia*'%, Increased exploration,
(ATXNI1) mild Cog. dys.*14415
Atxn1-78Q/78Q KI!! Mild MD
Atxnl-154Q/2Q KI®®  Cb gliosis.>*, PCs path., Brain ~ MD, ataxia and clasping®®, Cog. dys.*!3519,
shrin., Brainstem and spinal HypA, M.Wast, RBW, Resp. dys.*°, PreD
path.*°, Hp NL3¢0
SCA2 BAC-Q72514 PCs path. MD, RBW
(ATXN2) Pcp2-ATXN2-127Q°"5  PCs path. MD.
Pcp2-ATXN2-58Q%'¢  PCs path. MD, ataxia and clasping’'®>!7
ATXN2-75Q°'8 PCs path. MD3!8
Q42 K152 MD, RBW
SCA3 YAC ATXN3-84Q°  Cb gliosis, NL (Cb, brainstem, MD, ataxia, clasping, HypA, RBW, PreD
(ATXN3) SN)520
Q71C3! NL in SN MD, ataxia, HypA, RBW and PreD
70.61522 PCs path. MD, ataxia, clasping, HypA, RBW, PreD
Q79HA PCs path. MD, ataxia, clasping, HypA, RBW
PrP/MJD77%* (cond.)  PCs path. MD, ataxia, clasping, hyperactivity
HDProm-MJD148°%  PCs path. MD and abnormal activity
hemi-CMVMIJD94°%  CN, Brainstem and thalamic path. MD
Ki91KI*%’ PCs path. and Cb and SN gliosis MD
Atxn-304Q KI°%8 PCs path. MD and ataxia, RBW
SCAS 3-NISI KO PCs path. MD and ataxia
(SPTBN2) SCAS5 184-2, 645330 PCs path. MD and ataxia
SCA6 SCA6-84Q KI°3! PCs path.* MD and impaired balance
(CACNAI1A) MPI-118Q KI*¥ PCs path. MD and ataxia
SCA7 PrP-SCA7-¢92Q%4335  PCs path., Retinal degeneration ~ MD, ataxia, clasping, Reduced exploration,
(ATXN7) Visual Dys., tremor, RBW, PreD
Sca7-266Q/5Q KI33¢ PCs path., Retinal degeneration, MD and ataxia, HypA, Tremor and
Brain shrin., Brainstem path.**!  myoclonus, Visual Dys., RBW, M.Wast,
Resp. dys., PreD*!
Ataxin-7-Q52%7 PCs shrinkage and arbour atrophy MD, ataxia, clasping, hypoactivity
SCAS BAC-Exp’!! MD and ataxia, HypA, M.Wast, kyphosis,
(ATXNS) RBW, PreD
SCA10 pep2-LacZ*? Hp NL, path. in cortex and pons  Ataxia, clasping, HypA, epileptic seizures
(ATXN10)
SCA13 Kv3.1 KO3 MD, RBW
(Kenc3) Kv3.3 KO%7 Ataxia®®

Kv3.1/Kv3.3 double
K0487

MD and ataxia, Hyperactivity and lower
thigmotaxis, RBW, Tremor, myoclonus

SCA14 (PKCy)PKCy H101Y3%

PCs path.

Clasping

$361G-PKCy 5!

PCs path.

MD

SCA15/16 ITPR1-null mice#? General Brain shrin. Ataxia, RBW, seizures and PreD
(ITPR1) Opt mice’® Impaired locomotion, RBW, seizures
Itprl-518/5185* MD
SCA17 (TBP) TBP-71Q°% Cb gliosis, PCs path. MD and clasping, RBW and kyphosis 34,
tremor, seizures and PreD
TBP-105Q Cb NL and gliosis, cerebral cortex MDs and clasping, RBW and kyphosis,
path. tremor, seizures and PreD
L7-hTBP 347 Cb gliosis, NL in Cb, brainstem, MD, ataxia and clasping
thalamus and striatum
Nestin-TBP cond. KI**¢ PCs path. MD, HypA, RBW, M.Wast. and kyphosis
Inducible TBP KI*48 PCs path. MD, RBW. kyphosis, PreD
Germline-TBP KI*% PCs path. MD, M.Wast, RBW, PreD
SCA23 PDYNRZ2ZW mjce4? PCs path. Ataxia
(PDYN)
SCA27 Fgf14-deficient mice*30 MD, ataxia, clasping, hypoactivity, Cog.
(FGF14) dys.**°, Hyperkinetic, tremor, seizures
SCA28 Afg312331552 Cerebellar neuronal loss MD, ataxia and clasping, Pelvic elevation
(AFGF3L2)
SCA42 Cacnalg KI5 PCs loss and arbour atrophy Ataxia
(CACNAIG)
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Table 2 (on the previous page): Representative mouse models of spinocerebellar ataxias,
their neuropathology and functional impairments. Knock-in and Knock-out mice models
include KI or KO at the end of the model’s name. Otherwise, except for the Opt mice
(spontaneous mutant), mice are transgenic. ‘Cond.’= conditional expression of the
mutated gene; ‘PCs’= Purkinje cells; ‘Cb’= cerebellar; ‘Path.’= pathology; ‘MD’= motor
deficits; ‘Cog.’= cognitive; ‘Dys.’= dysfunction; ‘Shrin.’= shrinkage; ‘Hp’=
hippocampal; ‘NL’= neuronal loss; ‘HypA’= hypoactivity; ‘M.Wast’= muscle wasting;
‘RBW’= reduced body weight; ‘Resp.’= respiratory; ‘PreD’ = premature death; ‘SN’=
substantia nigra; ‘CN’= cerebellar nuclei; ‘PCs path.” indicates anything from measurably
reduced volume of the cerebellar molecular layer, decreased complexity of the Purkinje
cells dendritic arbours, decreased calbindin expression in the cerebellar layer or loss of
the Purkinje cells. Hypoactivity and hyperactivity indicate altered distance walked in the
open field, immobility time in the open field or changes in home cage activity. The table
has already been published elsewhere*” (Article 2).
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3 AIMS

This thesis aims to contribute to the understanding of the mechanisms and nature of
the psychiatric issues in SCAs via experiments on the mouse model of SCA1 and also the
mouse model of selective olivo-cerebellar degeneration, the lurcher mice. Mainly, this

thesis aims to:

1. Find out whether the mouse models of hereditary cerebellar ataxias suffer from
robustly detectable psychiatric-relevant deficits, including cognitive impairments

and altered emotional-related behaviour.

2. To evaluate independence between the ataxia and the behavioural psychiatric-
relevant deficits in the mouse models
3. To estimate the importance of cerebellar and out-of-cerebellar neuropathology in

psychiatric-relevant deficits in a mouse model of SCAI.

4. To identify behavioural tests whose results are not affected by ataxia of tested

mice.

Although the research of this thesis is rather explorative, the following expectations

can be established:

1. Given the occurrence of the cognitive and emotional-related mental issues in
human patients with SCAs, analogous deficits may be expected also in mouse
models of hereditary ataxia.

2. Although ataxia and related impairments are expected to confound the
behavioural results, it is presumed that some of the behavioural impairments will
be independent of the motor deficits.

3. Both cerebellar, as well as non-cerebellar contributions, are expected to play a

role

Specific aims and hypotheses or expectations are further listed in separate research

chapters.
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4 RESEARCH #1 — BEHAVIOUR OF BLIND LURCHER MICE DURING SPATIAL
TASK

Human patients with spinocerebellar ataxias often suffer from cognitive deficits and

altered emotionality***®

, possibly due to the causal effect of cerebellar dysfunction on
cognitive functions and emotional regulation®. Similarly, to human patients, lurcher mice
have also been repeatedly shown to have some analogous deficits. For example, they have
been shown to have poor performance in spatial tasks although their spatial learning
(improving over days) may be preserved to some extent'*!%*, However, the precise
mechanism of how cerebellar degeneration impairs spatial performance in mice and
humans is not clear. Theoretically, possible mechanisms may include: (i) its role in the
integration of proprioceptive, vestibular, and motor signals during path integration!>%160;
(i) disturbed integration of visual inputs with information of other senses>*°%3; (iii)
impairment in motor skills which may result in an unstraight swim, and may disturb the

ability to keep an intended swim direction.

Previous work, performed on mice with diminished LTD on the synapses connecting
Purkinje cells with mossy fibers suggested that the cerebellum is especially crucial for
the integration of proprioceptive, vestibular, and motor signals during path integration,
whereas vision provides efficient correction when the cerebellar functions are impaired*®.
Moreover, cerebellar degeneration impacts emotional-related behaviour in mice: it
149,150

induces stress over-reactivity and reduces anxiety-related behavioural indicators

which also may affect the apparent cognitive performance substantially.

To explore this, lurcher mutant mice and wild-type mice (WT) were examined in terms
of performance and behaviour during a spatial orientation task. For this purpose, the C3H
strain of lurcher and WT mice was used. In this strain, some of the animals (homozygotes
for the Pde6brd] allele) evinced retinal degeneration and impaired vision>®, enabling the
study of spatial performance and behaviour under the condition of disabled vision. The
spatial performance was tested in the MWM task with stable spatial relation between the
start position and the position of the hidden platform®’. This design theoretically enables
orientation using proprioceptive, vestibular, and motor signals during path integration

without the necessity of vision.
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4.1 Aims and hypotheses

1. To evaluate the relative importance of the potential mechanisms (described above)
for the poor spatial cognition in mice with cerebellar degeneration

2. To test the hypothesis, that visual signals represent a necessary corrective factor
for path integration in lurcher mice, enabling at least partial learning

3. To explore the potential effect of individual motor skills, swim speed and visual
cues availability (all without confounding from the other factors) on the cognitive
performance of WT and lurcher mice

4. To explore potential behavioural abnormalities in the lurcher mutant mice in

response to the task which may be possibly overly difficult

Although the research is explorative, rather than explicit hypothesis-testing, it was
predicted that disabled vision will lead to a total diminishing of residual spatial navigation
and spatial learning in lurcher mice. For WT mice, it was predicted that loss of vision will
lead to worsening the spatial skills although the spatial learning will be preserved to some
extent. Moreover, it was also expected that blind lurcher mice may behave abnormally in
response to the task that is expected to be overly difficult. Given the previously published
papers, the influence of individual motor skills on performance in the MWM was not

expected.

4.2 Declaration of author contributions

512

The study has been already published as an original article®’“ with impact factor

(IF2020= 3.05; Article 1). Full citation of the publication:

Cendelin J, Tichanek F. Cerebellar degeneration averts blindness-induced despaired
behavior during spatial task in mice. Neuroscience Letters. 2020;722:134854.
doi:10.1016/j.neulet.2020.134854

The author of this thesis contributed significantly to the interpretation of results and
manuscript writing. He had a dominant role in the statistical analysis of data. He did not
participate in planning the study, original conceptualization (before the experiment) and

experimental work.
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4.3 Methods and material
4.3.1 Animals

Heterozygous lurcher mice and WT mice (both males and females) of the C3H strain,
aged 4.5 to 7.5 months, were used for the experiment. The mice were kept in stable
temperature and humidity with a 12/12 hour light/dark cycle. Food and water were
available ad libitum. All experiments were conducted in full compliance with the
European Union Guidelines for scientific experimentation on animals and with the
permission of the Ethical Commission of the Faculty of Medicine in Pilsen. All efforts
556y

were made to minimize suffering. Blind animals (homozygotes for the Pde6brd] allele

were recognised according to post-mortem histological examinations of eyeballs.

After completion of behavioural tests, the mice were euthanized with an overdose of
Thiopental. Hematoxylin-eosin-stained frozen slices of the mouse eyeballs were
subsequently used to histologically examine the presence of retinal degeneration
determined according to the absence of the outer nuclear layer (retinal degeneration
present: RD+, ‘blind’; retinal degeneration absent: RD-, ‘sighted’). Cerebellar
degeneration was recognized according to apparently ataxic gait (absence of cerebellar
degeneration: WT mice; cerebellar degeneration present: lurcher mice, ‘Lc’). According
to the presence of both retinal and cerebellar degeneration, mice were categorized into 4
experimental groups: sighted WT mice (RD- WT, n= 17); sighted lurcher mice (RD- Lc,
n=22); blind WT mice (RD+ WT, n= 13); and blind lurchers (RD+ Lc, n= 8).

4.3.2 Behavioural tests
All behavioural tests proceeded during the light period (6 am to 6 pm).

Motor skills were assessed via the rotarod test (TSE Systems GmbH, Moos, Germany).
Mice were placed on a rod (4 cm in diameter). The rod was slowly accelerating from 0 to
60 rotations per minute (rpm) over 3 minutes. Motors skills were expressed as averaged

latency to fall over four subsequent measurements with 12 min between trials.

The mice were also tested for spatial cognition in MWM (round pool, 100 cm in
diameter) with a circular escape platform (7.5 cm in diameter) hidden 0.5 cm below the
water surface. The MWM experiment lasted 17 days (D1-17). The position of the hidden

escape platform and the starting position were stable to allow the use of both non-visual
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idiothetic cues as well as visual information such as optic flow. Four trials were performed
in 20-min intervals each day with the same starting point (Figure 2). If the mice did not
reach the platform within 60 s, they were moved there manually. Mice were left on the
platform for 30 s after each trial. Probe trials consisted of four 60-second trials. For the
probe trials, the platform was removed from the maze and mice were let to move
spontaneously for 60 seconds. The probe trial was performed on D18. The proportion of
distance moved in the quadrant with the previously placed platform represents the
parameter of interest. The mice were tracked using the EthoVision XT system (Noldus

Inc., Wageningen, the Netherlands).

For each day of MWM, the following parameters were measured: 1) latency (s) to
locate the hidden platform; 2) successful trials (%) indicating the proportion of trials in
which the mouse reached the platform with latency < 60 s; 3) swim speed (cm/s; the mean
speed of swimming); 4) non-moving (%) indicating the proportion of time spent in the
non-moving state. 5) distance moved (cm) indicating total distance swam during the
whole trial; 6) approximation time (s) indicating latency to get to platform proximity (<
3 cm from platform edge); 7) direct swim (%) indicating the proportion of trials with
direct swimming to the hidden platform (i.e. successful trials with the distance moved <
1.3 x direct distance between the start and platform = 112 cm) per day; 8) thigmotaxis
(%) measured as time spent at the periphery of the maze (< 10 cm from maze wall). To
analyse the relationship between the performance of the mice in the MWM, swim speed
and performance on the rotarod, final performance and final swim speed were expressed
as a mean latency and swim speed respectively in the last two days (D16 and D17) of the
water maze test. In the probe trial, relative time in quadrant (% of total time spent in the

target quadrant, i.e. the quadrant where the platform was located in D1-17) was evaluated.

START

Figure 2. Schema of the spatial relation between the starting position and the escape
platform position in the Morris water maze design that was used in the experiment.
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4.3.3 Statistical analysis

Data were analysed via R statistical software>*®. The analyses were extended via the
permutational (4999 randomizations) or bootstrapping (10000 simulations) techniques
which do not rely on assumptions of parametric methods. Group comparisons were made
via permutational ANOVA. The significance of the differences between the expected
(25%) and actual duration of stay in the quadrant during the probe trials was evaluated
using the BCa bootstrap>*® method with ‘boot’ R package®®. For repeated measurements,
effect of day (D1-D17), genotype (lurcher vs. WT), vision (sighted vs. blind) and their
interactions on measured parameters were evaluated by permutational linear mixed effect

5561 and

model (Ime) with an ARI1 autocorrelation structure using the ‘nlme
‘predictmeans’%? R packages. Post-hoc comparisons were performed using the (paired)
permutation t-test followed by false discovery rate correction®®. To evaluate and separate
the effects of motor skills, vision, and final swim speed on the final performance
(separately for lurcher and WT mice), two general linear models (LM) supplemented by
bootstrapping (10,000 simulations) of partial regression coefficients were performed.
They enabled the evaluation of the effects of all predictors while adjusting the effects of
the other factors. Since four lurcher mice (two RD- and two RD+) jumped from the
rotarod immediately, they were removed from the analysis. Strongly unequal variances
in residuals were stabilized by relevant transformation of response variable. Angular
transformation was applied for percentage data (successful trials, direct swim and non-
moving) whereas square-root transformation was used for latency to fall on rotarod.
P<0.05 was considered statistically significant. Since the sex did not have any apparent

effect on the evaluated outcome and did not improve predictive accuracy (assessed via

Information Criteria; data not shown), the sex effect was ignored in the statistical analysis.

4.4 Results
4.4.1 Cerebellar degeneration, but not blindness, affects motor skills

Rotarod latency was strongly influenced by the cerebellar degeneration (F(1,56)=418;
P<0.0002). In contrast, retinal degeneration and interaction of both factors (cerebellar

degeneration : retinal degeneration) did not have any statistically significant impact on
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the rotarod latency. Lurcher mice reached approximately 10% of rotarod latencies in WT

mice, independently of the blindness (Fig. 3).
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Figure 3. Rotarod latencies in WT and lurcher (Lc) mice, with preserved vision (RD-) or
blind (RD+). Error bars= 95 % confidence intervals based on bootstrapping technique.
**% P <0.001.

4.4.2 Cerebellar degeneration impairs spatial skills

Effects of cerebellar degeneration, retinal degeneration, day of the MWM test and
interaction of these factors on escape latency, successful trials % and non-moving %,
based on permutational linear mixed-effects models, are summarized in Table 3 and
visualized in Figure 4. Effects of the same predictors on distance moved, swim speed,

direct swim, and thigmotaxis are seen in Table 4 and visualized in Figure 5.
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Table 3. The effect of the cerebellar degeneration (CD), retinal degeneration (RD), day
(D) of the MWM task and their interaction on latency, successful trials % and non-moving
%. Degrees of freedom (df) show numerical df and denominal df.’ n.s.= statistically non-

significant (P>0.05).

df Latency Successful trials Non-moving
Factor F P F P F P
CD 1,56 3446  <0.0002 25.1 <0.0002 2.05 n.s.
RD 1, 56 5747 <0.0002 3337 <0.0002 575  0.0252
D 16, 896 9.91 <0.0002 7.17  <0.0002 4.51 <0.0002
CD:RD 1,56 2947 <0.0002 22.07 <0.0002 12.33 0.0012
CD:D 16, 896 2.08 0.0224 2.13  0.0108 1.97  0.0382
RD:D 16, 896 397  <0.0002 1.36 n.s. 2.39  0.0104
CD:RD:D 16, 896 2.03 0.0012 2.84  0.001 1.55 n.s.

Table 4. Role of cerebellar degeneration (CD), retinal degeneration (RD), day (D) of
the MWM and their interaction on distance moved, swimming speed, direct swim % and
Thigmotaxis %. Degrees of freedom (df) show numerical df and denominal df. n.s.=
statistically non-significant (P>0.05).

Distance moved

Swimming speed

Factor 4 F P F P
CD 1,56 45.54 <0.0002 0.14 n.s.
RD 1,56 28.58 <0.0002 9.67 0.0044
D 16, 896 14.79 <0.0002 5.06 <0.0002
C4D:RD 1,56 10.4 0.0022 3.56 n.s.
CD:D 16, 896 3.94 <0.0002 2.29 0.0132
RD:D 16, 896 1.42 n.s. 2.76 0.0028
CD:RD:D 16, 896 0.81 n.s. 0.82 n.s.
df Direct swim Thigmotaxis

Factor F P F P
CD 1,56 23.96 <0.0002 0.09 n.s.
RD 1,56 24.18 <0.0002 22.05 <0.0002
D 16, 896 4.4 <0.0002 2.27 0.0046
CD:RD 1,56 12.74 0.0006 16.9 <0.0002
CD:D 16, 896 2.48 0.003 2.02 0.0238
RD:D 16, 896 2.26 0.0056 1.43 n.s.
CD:RD:D 16, 896 1.2 n.s. 2.6 0.0016
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Figure 4. Mean escape latency (a), percentage of successful trials (b), and percentage of
time spent in the non-moving state (c¢) on individual days (D1-D17) of the MWM in
sighted WT mice (RD- WT); blind WT mice (RD+ WT); sighted lurcher (RD- Lc); and
blind lurchers (RD+ Lc). Error bars= the standard error of the mean. Diagrams below the
plots show statistical significance (P< 0.05: black squares; P> 0.05: empty squares) of
planned comparisons between individual pairs of experimental groups and paired
comparisons between D1 and D17 for experimental groups.

Sighted lurchers achieved, in comparison to sighted WT mice, substantially longer
escape latencies (3-fold), lower frequency of successful trials and were not able to find
the platform directly even on the latest experimental day (Fig. 4a,b, Fig 5c). However,
both sighted and blind lurcher mice showed some improvements in the MWM
performance between D1 and D17, as escape latency and successful trials % of both
groups improved between the 1st and 17th day (Fig. 4a,b). There were no differences in
swim speed between the sighted lurcher and sighted WT mice (Fig. 5b) and only minor
differences in the non-moving behaviour (D2-D4; Fig. 4c); these parameters did not

change during the experiment significantly (Fig. 4c, 5b).

4.4.3 Effect of retinal degeneration

In the WT mice, retinal degeneration was related to 5-fold longer escape latencies, half
the percentage of successful trials, more than 5-fold higher percentage of the non-moving
state (Fig. 4), gradual decrease of swim speed and lack of directed swim toward the
platform (Fig. 5). Furthermore, the occurrence of the non-moving state increased

significantly between D1 and D17 in the blind WT mice but not in other groups (Fig. 4c¢).
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In contrast, in lurcher mice, the impact of retinal degeneration on performance and
behaviour in the MWM was minimal (Fig. 4) as neither blind nor sighted lurcher mice
showed signs of non-moving behaviour (Fig. 4). Surprisingly, both sighted and blind
lurchers showed significant shortening of escape latencies and an increase of successful

trials % (Fig. 4a,b) while their swim speed did not change significantly (Fig. 5b).
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Figure 5. Mean distance moved (a), swim speed (b), direct swim % (¢) and thigmotaxis
(d) on individual days (D1-D17) of the MWM in sighted WT mice (RD- WT); blind WT
mice (RD+ WT); sighted lurchers (RD- Lc); and blind lurchers (RD+ Lc). Error bars=
standard error of the mean. Diagrams below the plots show statistical significance (P<
0.05: black squares; P> 0.05: empty squares) of the difference between experimental
groups and the difference in scores between D1 and D17 within experimental groups.
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In the probe trials, only sighted WT mice preferred the target quadrant significantly
(Fig. 6). However, both sighted and blind lurcher mice, despite their improvement in the
MWM over days, spent approximately 25% of the time in the target quadrant, indicating
random movement throughout the maze. Interestingly, blind WT mice remained close to
the starting point and spent thus significantly less time in the target quadrant than could

be expected given a random movement (Fig. 6).

Taken together, the blind WT mice were the only experimental group that showed a
substantial non-moving behaviour compared with other experimental groups and that did

not show any significant improvement in escape latencies and successful trials % during
the MWM task.
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Figure 6. Mean percentage of time spent in the target quadrant during the probe trials in
the Morris water maze according to cerebellar degeneration (WT vs. Lc) and blindness
(RD- vs. RD+). Error bars represent 95% confidence intervals of the mean, based on BCa
bootstrap simulations. *** P<0.001 (time spent in the target quadrant differs from 25%).

4.4.4 Partial effects

Linear models revealed that final latency in WT mice was primarily driven by the sight
(P< 0.001), but was not affected by motor skills (P= 0.8) or swim speed (P= 0.1). In
contrast, the performance of lurchers was driven by swim speed (P<0.001) and correlated

with motor skills (P=0.01) but not blindness (P= 0.8; Fig. 7; Table 5).
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Table 5. Results of general linear models (LM) explaining final performance in WT (a)
and lurcher (b) mice. SS= sum of squares. RSS=residual sum of squares. 95% confidence
intervals (95% CI) and significance (P) are based on bootstrapping of the partial
regression coefficients. n.s.= statistically non-significant (P>0.05).

a) WI model  Variable df SS RSS  Coefficient  95% CI P
Residual df: Swim Speed 1 332 2806 0.9 -1.7t00.2 n.s.
26 Latency on rotarod 1 5 2478 0.02 0.2t00.1 n.s.
Vision 1 4159 6632 32 43t0-20  <0.001
b) Lc model Variable df A RSS  Coefficient 95% CI P
Residual df: Swim Speed 1 2098 5576 -1.8 27t0-1  <0.001
22 Latency on rotarod 1 1092 4571 -0.7 13t0-02 0012
Vision 1 11 3490 -1.6 -11to 9 n.s.
a P=0.1 b P=0.8 ¢ P<0.001
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Figure 7. Partial effects of final swim speed (a, d), the latency on the rotarod (b, e), and
retinal degeneration (¢, f) on the final performance of wild type (a-c; WT) and lurcher (d-
f; Lc) mice; predicted from linear models (Table 5). Grey areas and error bars= 95%
confidence intervals. Points show partial residuals scaled to the measured means.
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S RESEARCH #2 — BEHAVIOURAL IMPAIRMENTS IN MOUSE MODEL OF SCA1

As seen in other SCAs, many SCA1 patients demonstrate neuropsychiatric issues>*!~

393564 including cognitive impairments, anxiety, apathy and depression***>*®. However,
the question of whether these psychiatric impairments are causally linked to SCA
neuropathology, or specifically the cerebellum, or whether they represent an emotional

response to a diagnosis of the devastating incurable disease, remains controversial®.

Surprisingly, results shown in the previous chapter and other studies showed that mice
with cerebellar-specific degeneration display learning impairments but also unexpectedly
reduced anxiety- and/or depressive-like behaviour. This contradicts the high occurrence
of the depressive and anxious states in SCA patients. However, this discrepancy may be
explained by the fact that most of SCAs show complex neuropathology®® and the
depressive and anxiety issues may thus stem from pathology in other brain regions than
the cerebellum. To explore mechanisms of the psychiatric impairments in SCAs, research

on mouse models may be extremely useful.

Research on the SCA1 mouse model with 154 CAG repeats within the endogenous
ATXNI locus (SCA1 !3492Q; mice with brain-wide expression of the prolonged Atxnl)
has shown that these mice exhibit learning impairments and an alteration to hippocampal
plasticity-related functions such as synaptic dynamic disruption, synaptic loss and
impaired neural progenitor cell proliferation®’*412310 However, behavioural deficits
relevant to human states of depression, anxiety or apathy have not been reported to date
with respect to any specific SCA animal models so far. Similarly, the relationship between
the non-motor deficits and the specific neuropathology, including the hippocampal

pathology, has never been explored as well. This research has aimed to fill this gap.

5.1 Aims and hypotheses

This study aims to explore potential psychiatric-relevant behavioural impairments in
the SCA1 knock-in mouse model with the whole-brain expression of the diseased Atxnl.
Furthermore, it aims to clarify what is the relationship between the non-motor deficits
and ataxia in these mice and to identify the underlying neuropathology of the psychiatric-

relevant impairments found. Explicitly, this research aims:
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l. To find out whether the mouse model of SCA1 suffers from clearly detectable

psychiatric-relevant deficits, including altered emotional-related behaviour

2. To evaluate whether the psychiatric-relevant deficits depend on ataxia in the
SCA1 mice
3. To identify mouse behavioural tests that are robust toward confounding from

ataxia, and which detect the non-motor impairments in mice sensitively
4. To estimate the importance of cerebellar and out-of-cerebellar neuropathology in

psychiatric-relevant deficits in the mouse SCA1 model

5.2 Declaration of author contributions

The study has already been published as an original article’® (Article 4) with impact
factor (IF2020= 4.38). Figures and some text passages of the article have been directly re-
used here. All the figures and text passages re-used in this thesis have been

written/constructed by the author of this thesis. Full citation of the article:

Tichanek F, Salomova M, Jedlicka J, Kuncova J, Pitule P, Macanova T, Petrankova
Z, Zuma Z, Cendelin J. Hippocampal mitochondrial dysfunction and psychiatric-
relevant behavioral deficits in spinocerebellar ataxia 1 mouse model. Scientific

Reports. 2020;10:5418. doi:10.1038/s41598-020-62308-0

The author of this thesis was the first author. He conceptualized the study, performed
most of the behavioural experiments (with big help of technicians and minor help of co-
authors), performed the majority of work on histological and immunohistochemical
staining and its analysis (with help of technicians and co-authors), performed all statistical
analyses and visualizations and wrote the manuscript with comments of other co-authors.
The author performed ELISA for corticosterone and creatinine but not for BDNF (this
was performed by Martina Salomova). He had only a minor role in the evaluation of
mitochondrial functions (this was performed mainly by Jan Jedlicka and Jitka Kuncova).
He did not measure mitochondrial respiration, but only citrate-synthase activity (together

with Jan Jedlicka and Zdenek Tuma and with help of Renata Stastna).
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5.3 Methods and material
5.3.1 Animals

B6.129S-Atxn1™H2°/]  knock-in  mice (Jackson Laboratory)*? were used.
Heterozygous mice with 154 CAG repeats within exon 8 of the targeted endogenous
mouse ATXNI locus (SCAI %*Q2Q  hereinafter SCA1) were used along with
homozygous control mice with normal CAG repeats in both ATXN1 loci (SCA1 2?22,
hereinafter WT). For practical reasons, only males were used in the experiments unless
specified elsewhere (females were not available at the time in sufficient numbers for the
experiments (they were allocated to maximize breeding). The mice were group-housed
(<5 animals per cage) unless specified otherwise. The animals were kept under controlled
temperature (23 £ 1 °C) and humidity (30-70%) conditions with a 12 h light/dark cycle
with food and water available ad libitum. All the experiments were conducted in full
compliance with European Union Guidelines for Scientific Experimentation on Animals
and with the permission of the Ethical Commission of the Faculty of Medicine in Pilsen.
All the protocols followed in this study were approved by the Ethical Committee of the
Ministry of Education, Youth and Sports of the Czech Republic (approval no. MSMT-
10669/2016-4 and MSMT-27476/2016-2) according to the Guide for the Care and Use of
Laboratory Animals (Protection of Animals from Cruelty Law - Act No. 246/92, Czech

Republic). Maximal effort was made to minimize suffering.

5.3.2 Behavioural testing

Behavioural characterization involved the mice (SCA1 '3#Q2Q and their healthy
littermates [SCA1 292Q]) undergoing a 4-week-long battery of behavioural tests (Fig. 8).
4 age cohorts were tested, starting the experiment at the following ages: I) 6 weeks (+ 4
days), II) 10 weeks (£ 6 days), IIT) 17-18 weeks and 1V) 26-28 weeks. The numbers of
animals per cohort (WT, SCA1) were following: I) 13 and 16, II) 12 and 14, III) 14 and
14 and IV) 18 and 12. The design of the behavioural and motor characterization
experiment is shown in Fig. 8. Except for the 1st day, the mice were subjected to a

maximum of 1 test per day.

Besides the basic behavioural characterization, other behavioural experiments (with

new mice which had not undergone other behavioural tests) were done to validate the
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findings from the basic characterization stage. One cohort of mice was subjected to the
FST (11 WT and 11 SCA1) at the age of 6 weeks (+ 4 days). The second cohort of mice
underwent the sucrose preference test (21 WT and 7 SCA1) when aged between 10 and

12 weeks.

All the tests proceeded during the light period (6 am to 6 pm). All the mice were
habituated to contact with the experimenters for at least 1 week prior to the
commencement of the experiment. The following behavioural tests were used for

behavioural characterization:

Elevated plus maze test (EPM): Mice were placed in the centre of the EPM arena (50
cm above the floor) consisting of 4 arms — 2 opposing open arms (30 x 5 cm) and 2
opposing closed arms (30 x 5 cm; 15 cm high walls). Mice were left to explore the
platform for 6 minutes. The relative time spent in the open arms, expressed in % (EPM

open arms) was evaluated.

Open field test (OF): Mice were placed in the centre of a plastic opaque arena (50 x
50 x 50 cm; 3 white walls and 1 partially dark wall) to freely explore the arena for 10
minutes. the total distance moved (OF distance; m), relative distance walked in <5 cm
from the arena edge from the 1st to the 10th minute per total distance (OF thigmotaxis;
%) and relative time spent in the corners of 1 dm? of area, again from the 1st to the 10th

minute (OF corners; %) were evaluated.

Object-location memory test (OLM): Mice were left to explore the OF arena with 4
objects that differed in colour, shape and surface (~6 cm of diameter, 6 to 12 cm of height;
objects labelled A, B, C, D) for 6 minutes in each session (S). The test consisted of 4
sessions, with 2 sessions in 1 day with a 5-minute-long inter-session break. During the
break, the arena was cleaned with ethanol. On the 1st day (S1 and S2) and S3 of the 2nd
day, the object positions were stable. Before S4, the positions of 2 crosswise objects (B
and D) were changed. Mouse entrances to objects’ proximity (< 7 cm from the object;
body centre) were counted and expressed as relative B-D pair exploration (compared to
A-C pair exploration), separately for pre-exchange (S1-S3) and post-exchange (S4)
phases of the OLM.

Acoustic startle response (ASR): The Startle and Fear Combined System (Panlab,
Spain) device was used for the whole experiment. The device includes a sensor that
detects the strength of the movements of the mouse (whole-body as well as partial-body
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movement and utilizing a high-sensitivity weight transducer) in response to an acoustic
stimulus (arbitrary unit; the device has been described elsewhere in details****7). The
mice were placed in a small plexiglass cylinder restrainer (5 x 10 x 3.5 cm) mounted on
a grid floor in an acoustically-isolated box. Firstly, the mice were left to habituate to the
chamber for 300 seconds with a white noise of 60 dB. Next, the mice were exposed to 72
strong stimuli (120 dB, 100 ms, pseudorandom inter-stimuli intervals between 4-10
seconds). Of the 72 stimuli, 24 were preceded by a prepulse sound stimulus (80 dB, 40
ms duration; 250 ms before the strong stimuli) and were labelled predictable stimuli,
whereas 48 were not preceded by any sound (unpredictable stimuli). Following indices
were measured: Maximum startle response amplitude (startle amplitude; arbitrary unit),
the ratio between the startle response amplitudes after the predictable and relative to the
unpredictable stimuli, thus reflecting the prepulse inhibition (PPI; %), and the average
time between the unpredictable stimulus and the maximum startle amplitude (startle
latency; ms). Since the mice were unable to walk during the procedure, the test was not
affected by the abnormal mobility of the SCA1 mice. 3 individuals from the youngest
cohort (1 WT and 2 SCAL1) that showed persistent freezing with no movement were

removed from the ASR analysis.

Gait: Gait characteristics were evaluated using the DigiGait device (Mouse Specifics,
Inc., MA) with a continuously running belt, forcing the animals to walk at a speed set by
the experimenter. Belt speeds of 12 and 18 cm/s were used. For all mice and both speeds,
the aim was to get 5 records with > 10 steps. Animals that were not able to perform the
experiment (no continuous walk with > 10 steps for each of the speeds) were removed
from the gait data analysis (6 weeks of age: 1 WT mouse; 10 weeks of age: 1 WT and 4
SCA1 mice; 17 weeks of age: 2 SCA1 mice; 26 weeks of age: 2 SCA1 mice). Gait
parameters from multiple measurements and the left and right legs were averaged for each

individual. See Suppl. Table S1 for a list of evaluated gait parameters.

Rotarod: The RotaRod Advanced (TSE Systems GmbH, Germany) device was used,
with a rod diameter of 3.5 cm and slow acceleration from 0 to 60 RPM within 8 minutes.
Mice underwent the rotarod test on 5 consecutive days with 5 measurements per day and
an inter-trial interval of 20 minutes. Day-average values of latency to fall from the rotarod

(rotarod latency, s) were used.
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Morris water maze test MWM): Mice learned to locate a hidden platform (the centre
of the north-western quadrant) using intra-maze distant cues (pictures and symbols on the
arena wall) for 7 consecutive days. Water was made opaque by white non-toxic (food)
colouring and was at a temperature of 26(£1)°C. The pool had a diameter of 1 m, with a
water depth of 21 cm and the platform 0.5 to 1 cm under the water surface. The mice
underwent 4 trials per day, each with a different starting position and with 8-minute-long
inter-trial intervals. Next, the animals underwent the probe trial (one session with starting
position in the south: D8) with an absent escape platform. Thereafter, mice underwent a
test of navigation to the visually marked platform (two days D8 and D9) to verify that the
potential learning deficit is not caused by a visual deficit or lack of motivation. Each
session lasted a maximum of 1 minute. Unsuccessful mice were slowly put onto the
platform and forced to stay there for 30 seconds. . Latency to locate the platform (MWM
latency, s) and the proportion of time when the animal was non-moving (swimming speed

< 1.75 cm/s; MWM non-moving, %) averaged per day were assessed.

Water T-maze (WTM): The WTM test was performed as described elsewhere*?, with
some modifications. The mice learned to navigate to the hidden platform (0.5 cm under
the surface of the water) placed on one side of the T-shaped arena (arm width: 7 cm; arm
lengths: 38 and 30 cm). The arena was filled with 15 cm of opaque water at 25(£1)°C.
The test proceeded on 4 consecutive days (D1-D4) with 2 sessions (S1-S2) on D1 and 3
sessions on other days (D2-D4; 11 sessions in total). Each session consisted of 10 trials
with at least 1 hour between sessions. Before the S1, the mice were left to spontaneously
turn to one of the sides (repeated 5 times) to evaluate side preference. The platform was
then placed on the non-preferred side for S1-S7 and reversed to the opposite side for S8-
S11. After reaching the platform, the mice were left there for 15 seconds. The error rate
was assessed manually (error= the mouse turned to the wrong arm first). S1-S2 and S8-
S9 (2 sessions after the re-location) were considered training sessions, whereas the rest
were considered testing sessions (S3-S7 and S10-S11). After turning to one of the arena
arms, the mice were not allowed to return to the starting arm. If the mice demonstrated
immobile behaviour, they were motivated to move via noise or the gentle touching of the
tail, if necessary, until the mice reached the hidden platform. The overall error rate
averaged across all the festing sessions (T-maze errors, %, S3-S8 and S10-S11), the error
rate in the testing sessions specifically during the learning phase (7-maze learning e., %,

S3-S8) and the error rate in the S10-S11 (7T-maze inflexibility, %, S10-S11) were assessed.
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Forced swimming test (FST): The mice were placed in a cylindrical container (28 cm
high, 18 cm diameter) filled with 15 cm of water (25+1 °C) and left there for 6 minutes.
The duration of immobility across the whole of the test (FST immobility, %), but also
specifically during the 1st half of the test (FST initial immobility, %) were assessed.
Immobility was classified automatically according to a change in the pixels that reflected

the area shape of the bodies of the mice (<5% pixel change averaged over 5 seconds).

Sucrose preference test: was performed as described elsewhere*”?

. At first, separately
housed mice were being habituated to 2 bottles in the cage (for 5 days). Then, one bottle
was filled with 1% sucrose whereas the second contained water. Subsequently, fluid
intake was measured daily for 4 days. Positions of the bottles were switched daily. The
consumptions of both fluids were averaged over the 4 days and sucrose preference was

expressed as relative sucrose consumption over the total fluid intake (%).

The behaviour in the EPM, OF, OLM, MWM and FST tests was automatically tracked
and evaluated using EthoVision® XT 7.1 (Noldus Information Technology b.v.,
Netherlands). The pre-processed data obtained from the behavioural characterization are

shown in Suppl. Datal, including those measured parameters that were not statistically

evaluated.
EPM OF ASR Rotarod| |MWM I MWM Il WTM FST
3h o

T 3 ¥ 1" s
D1 A A D4 - "D8-D12  D13-D19 D20 D22-D25 D26
0 Gai:' Cognition & behavior
A _o .u. ' .0
./ - () Ataxia & motor functions

Figure 8. Design of the behavioural characterization experiments. D1 implies starting
day of the experiment (i.e. 6, 10, 17 or 26 weeks of age). It includes the elevated plus
maze test (EPM), the open field test (OF), object-location-memory test (OLM), the
acoustic startle response and prepulse inhibition (ASR), the gait analysis, the rotarod test,
the Morris water-maze test with the hidden (MWM 1) and visually marked (MWM II)
platform, the water T-maze test (WTM) and the forced swimming test (FST).
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Out of all evaluated indicators from behavioural and motor characterization, the
parameters which were highly sensitive toward the SCA1 genotype in at least two
consecutive age cohorts were selected. The criteria were defined by the statistical
significance of the difference between WT and SCA1 mice (P <0.01) and by Cliff's delta
effect size (> 0.6 or <-0.6). If there were several strongly correlating indicators from the
same test, the one with the highest sensitivity and/or better interpretability was chosen.
Following sensitive indicators were identified: OF distance, OF thigmotaxis, rotarod
latency (averaged over days and trials), MWM non-moving (average from hidden platform

phase; D1-D7); T-maze errors (average from S2-S7 and S10-S11) and FST immobility.

5.3.3 Histology

After completing the behavioural characterization, the mice were euthanized (aged 10,
15, 22 or 32 weeks) and transcardially perfused with Ringer’s solution followed by 4%
phosphate-buffered paraformaldehyde (PFA, pH 7.4). The brains were removed and left
in PFA for 2 hours and then in sucrose of increasing concentration (15, 20, 30%) for 2
days. Finally, they were weighed and stored at -80°C. They were then cryo-sliced into 40
pum wide frontal slices and stained using Cresyl Violet (Nissl staining) or

immunofluorescent methods.

The Nissl-stained slices were scanned using an Olympus DP70 digital camera coupled
to an Olympus BX5 1 microscope (Olympus, Japan) with a PlanApo N 2x/0.08 objective.
The volumes were assessed employing the point grid method and the Cavalieri principle
using Gimp software. The assessed brain regions were selected according to previously
published findings of the SCA1 pathology either in mice or human patients300-363:4304%
The selected regions are shown in figure 9. They include several cerebellar and
hippocampal sub-regions, the hypoglossal nucleus and the thickness of the parietal cortex.
Firstly, a preliminary analysis of the oldest age cohort (8 animals per group) was
performed and, subsequently, those brain regions identified as the most genotype-
sensitive were assessed across all the age cohorts (N = 8 WT and 10 SCA1 mice per

cohort). The Allen Brain Atlas (http://atlas.brain-map.org) was used for orientation in the

brain slices.
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Figure 9. Representative images of the brain regions (Nissl-stained) that were
histologically evaluated. (a) Representative image of the cerebellar VIII, IX and Copula
pyramidalis lobules including molecular (Cb-ML) and granular (Cb-GL) layers. (b)
Representative image of parietal cortex and various hippocampal subregions. CA= Cornu
ammonis. DG= dentate gyrus. GL= granular layer. ML= molecular layer. SPO= stratum
pyramidale and oriens. SRLM= stratum radiatum and lacunosum-moleculare. PL=
polymorph layer (hilus). (¢) Representative image of the hypoglossal nucleus in the
mouse brainstem. Scale bars (a-¢) = 500 pm.

To assess cerebellar volume, the volume of VIII, IX and Copula pyramidalis lobules,
separately for molecular and granular layers, were measured. Every 4th slice and grid
density of 200 um was used. As the caudal edge of the cerebellum was often damaged,
we started from the posterior part where both molecular and granular layers were present
and without damage. For evaluation of hippocampal subregions’ volumes, every 8th slice
was used for preliminary analysis and every 4th slice for final analysis. Grid density was
set at 200 um in the case of Cornu ammonis (CA) subregions and molecular layer of
dentate gyrus (DG) volume. A grid density of 66.7 um was used for DG polymorph and
DG granular layers’ volume estimation. The sampling density that was used has already
been shown to be sufficient to estimate the volume of different DG subregions in mice®,
Parietal cortex thickness was directly measured from the 2nd to the 6th cortical layers.

The 1st cortical layer was ignored as it was often damaged. The thickness was evaluated
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by 5 evenly distributed measurements per side and slice. The measured region was
defined as the cortex above the hippocampal DG where hippocampal CA extends under
DG but does not reach the lower edge of the brain. For hypoglossal nucleus volume
estimation, every 4th slice with a grid density of 200 um was used. All histological data
are shown in Suppl. Datal along with data from behavioural characterization. See Suppl.

Fig. S4 for representative images.

In the case of hippocampal volumes, absolute volumes were firstly evaluated. In the
subsequent analysis, the brain weight was included as a covariate in the general linear
model (supplemented by bootstrapping of partial regression coefficients) to obtain partial
effect of the genotype on the hippocampal volume, adjusted for the confounding effect of

the brain weight.

For evaluation of brain-behaviour correlations, only the most genotype-sensitive brain
regions were included (Cb-ML, CA-SRLM and DG-ML), along with total brain weight
(to investigate the association between the behaviour and non-specific brain atrophy) for
the analysis. Then, the associations between volumes of these brain measures and
sensitive indicators from the behavioural characterization were evaluated. Moreover,
because cognitive flexibility was more impaired than initial learning during the water T-
maze in young SCA1 mice and because the neurobiological substrate of the flexibility
could substantially differ from the initial learning, the association of the brain measures

with T-maze inflexibility was also explored.

5.3.4 Immunofluorescence staining

Immunofluorescent staining for the NeuN (a marker of mature neurons) and double
staining for the DCX and PSA-NCAM (a marker of immature neurons and neuroplasticity
processes respectively) were performed to assess a possible hippocampal neuronal loss

and/or impaired neurogenesis/neuroplasticity in SCA1 mice (Fig. 10).

For the immunofluorescence, 5 animals (4 males and 1 female, aged 13-15 weeks) per
group were used. None of the animals used for immunofluorescence had been previously

exposed to behavioural tests.

The brains of the animals were perfused, processed, and cryo-sliced in the same way

as the brains used for histology (see section 5.3.3). Slices were 40 um thick.
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Staining proceeded on three different staining occasions (staining blocks). For each
staining block, 1 or 2 brains per group were sliced on a single day and stained at once
using the same solutions of chemicals. As brains stained in a single block cannot be
automatically considered independent samples (due to the effect of random inter-block
variation), the numbers of brains stained in each block were the same for both groups
(WT and SCA1). Every 6th slice was used for each animal and staining, commencing
from the 12" slice containing the hippocampus (from the frontal part); 4 slices per animal

in total.

NeuN staining was performed using mouse anti-NeuN primary antibodies (1/500,
Millipore, MAB377) and Alexa Fluor® 488 anti-mouse secondary antibodies (Abcam,
ab150117). For the DCX and PSA-NCAM double staining, rabbit anti-DCX (1/4000,
Abcam, ab18723) was used along with mouse anti-PSA-NCAM (1/400, Bioscience, 14-
9118-82) as the primary antibodies and Alexa Fluor® 594 goat anti-rabbit pre-adsorbed
(Abcam, ab150084) and goat anti-mouse IgM cross-adsorbed (Thermofisher, A-21042)
as the secondary antibodies. Finally, all slices were also co-stained with DAPI for

visualizing cell nuclei.

Imaging was performed using a fluorescent Olympus BX51 microscope and an
Olympus DP70 digital camera (Olympus, Japan). Detailed images were acquired using
an Olympus IX83 spinning disk confocal microscope (Olympus, Germany). The images
were acquired using a constant setting of the camera (e.g., in terms of exposition time).

Images were analysed using Fiji software>®.

The NeuN staining was analysed by measuring the colour intensity while subtracting
the immunofluorescent intensity in neighbouring sites without the presence of neuronal
bodies (the CA strata oriens; Fig. 10) and via the manual estimation of the neuronal
density in the pyramidal layers of two hippocampal sub-regions: CAl and CA2/3.
Concerning each of the assessed sub-regions, the NeuN fluorescent intensity was
measured in 2 to 3 pairs of evenly distributed sampling circles, with diameters of
approximately half the width of the given layer, in 1 of the hippocampi from each of the
stained slices (Fig. 10). Estimation of densities of the pyramidal neurons proceeded in the
same hippocampal regions as fluorescence intensity (in at least 1 depth of focus and on
at least 2500 um? of the CA pyramidal layer). Since the inclusion of the block as a

covariate improved an estimated predictive accuracy in the case of NeuN
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immunofluorescence in the CA2/3 (evaluated via Bayesian Information Criterium; see
the description of the statistical methods below), the NeuN signal in the CA2/3
hippocampal subfield was adjusted for the effect of the block (the factor was included in

the model as a fixed-effect covariate).

The PSA-NCAM 'DCX" neuronal densities in subgranular layer of DG were estimated
at 4 slices per animal, using image sequences containing 3 to 8 depths of focus in at least
250 um (390 um on average) of the DG subgranular zone per slice. The DCX" neuronal
dendrites were quantified using the number of crossing lines (at least 250 um per
evaluated DG; 425 um on average) located in three positions: 1) the border between the
DG granular and molecular layers (M/G); ii) the inner half of the DG-ML (closer to the
granular layer; M-inr); and iii) the outer half of the DG-ML (M-out). Finally, the PSA-
NCAM immunofluorescent signal was measured in the DG hilus (DG-PL), DG-ML, CA4
pyramidal and CA1 lacunosum-moleculare (CA1-SLM) layers (Fig. 10).
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PSA-NCAM

Figure 10. (a) Representative image of the hippocampus stained for NeuN. The circles
show the area of the measurement of the fluorescence intensity (blue= measurements of
interest; red= measurements of the background intensity for correction) and counting of
NeuN" neurons. (b) Representative image of the hippocampus stained for PSA-NCAM.
The circles represent the areas where the fluorescent intensity of the PSA-NCAM
fluorescence signal was measured.
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5.3.5 ELISA

To determine the hippocampal BDNF levels, the BDNF SimpleStep commercial
enzyme-linked immunosorbent assay (ELISA) kit (ab212166, Abcam) was used
according to the manufacturer’s instructions. The data were normalized to the protein
content measured via the use of a BCA1 kit (B9643; Sigma-Aldrich, Saint Louis, USA).
The absorbance was measured using a Tecan Infinite M200 Pro microplate reader. The
specimens were processed in duplicates and the values were averaged. The BDNF was
originally measured in 8 animals per group (11-13 weeks of age). Since two of the animals
(1 WT and 1 SCA1) evinced distinctly lower amounts of proteins than the other mice,
and two other animals (1 WT and 1 SCA1) exhibited unexplainably high differences
between the duplicates (tens of %), these cases were considered unreliable and were

excluded.

Another independent cohort of mice (N =9 WT and 9 SCAI; 10 weeks + 4 days of age;
housed individually for at least 2 weeks before the experiment) were restrained by hand
(inducing substantial stress) for 40 seconds (between 07:30 and 08:00 am, i.e., 1.5 to 2
hours after the start of a light period) and their spontaneously released urine was sucked
from a clean plastic container with a pipette. The procedure was repeated 65 (£ 5) minutes
later (1 hour is sufficient time for an increase of corticosterone after stress from the
previous restrain). The urine was stored at -80°C until further processing. ELISA kits
were used according to the manufacturer’s instructions to measure the corticosterone
(Arbor Assays; KO014-HS) and creatinine (Arbor Assays; KO002-HS) levels. The

absorbance was measured using a Tecan Infinite M200 Pro microplate reader.

5.3.6 Mitochondrial high-resolution respirometry

The mitochondrial respiration was examined in the cerebellar and hippocampal tissue
of another cohort of group-housed mice without previous exposition to any test (11-13
weeks of age; N =5 WT and 6 SCA1 mice). All the mitochondrial experiments were

performed in quadruplicate (4 measurements per mouse and brain structure).

Following cervical dislocation, the whole of the brain was extracted rapidly and the

cerebellum and one hippocampus were dissected, dried and weighed and subsequently

5570

homogenized in MiR0 respiration medium using a PBI-Shredder O2k-Set
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(OROBOROS INSTRUMENTS, Innsbruck, Austria). The entire procedure was

performed on ice and all the buffer solutions were ice-cold.

The tissue homogenates were transferred into 4 calibrated Oxygraphs (O2k,
OROBOROS INSTRUMENTS, Innsbruck, Austria), each equipped with 2 chambers (2
ml). The oxygen polarography was measured at 37°C in the O2k-chambers and the
oxygen concentration (WM), as well as the oxygen flux per volume (pmol O2/s/ml), were
recorded in real-time wusing DatlLab software, version 7.3.0.3 (OROBOROS
INSTRUMENTS, Innsbruck, Austria). The substrate—uncoupler—inhibitor titration
(SUIT)>"! protocol was employed. The mitochondrial respiration was assessed in the
following respiratory states: 1) complex I OXPHOS capacity in the ADP-activated state
of oxidative phosphorylation (P [), 2) complex I + II OXPHOS capacity (P [+I]), 3)
maximum capacity for electron transport (£ /+11), 4) complex II uncoupled capacity (£
1) and 5) complex IV capacity. The oxygen concentration in the chambers was kept high
enough to avoid oxygen limitation of respiration. The mitochondrial respiration was
expressed in pmolO/s/mg of homogenized tissue. In subsequent analysis, the respiration
was also adjusted for specific citrate synthase activity (log [mIU/mg]) by the inclusion of
the factor as a covariate in mixed-effects model. When respiration of one sample
distinctly differed from another three samples of the same animal across at least three
parameters of respiration, it was removed as an outlier (a total of 4 samples for
hippocampal and 2 for cerebellar data). See supplementary material of the published

articles®®® for details.

5.3.7 Statistical analyses

All the statistical analyses and data visualizations were performed in R statistical
software®’?. The parametric statistical analyses were extended by permutational or
bootstrapping techniques (10 000 — 20 000 permutations/resampling; these extensions of
parametric statistical methods are less sensitive to small sample size, do not rely on
assumptions of parametric methods and are more robust toward outlier values®’).
Generally, the comparisons between the SCA1 and WT mice were conducted using the
permutation t-test. The effect size was determined via Cliff’s d and/or the standardized

regression coefficient (3), and their 95% confidence intervals (CI) were based on the

d559 t560

bias-corrected and accelerated (BCa) bootstrap method>° using the effsize>’* and boo
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R packages. The repeated/multiple measurements data were analysed via the permutation
test of the /inear mixed-effects model (LME), with the subject coded as a random factor
(with random intercept) and with the autoregressive 1 (ARI1) variance-covariance
structure in the case of the serial data, using the nlme®! and predictmeans®®* R packages.
The (paired) permutation t-test followed by the False Discovery Rate correction for

3

multiple comparisons®®® was used as the posthoc test when required.

The multidimensional data were analysed via the permutational multivariate analysis
of the variance (PERMANOVA) and visualized using non-metric multidimensional
scaling (NMDS) using the vegan®”® R package in both cases. To identify those
behavioural measures that might be affected by signs of ataxia in the young SCA1 mice,
we examined whether the sensitive indicators correlated to abnormal gait. To reduce the
dimensionality of the gait data, the principal components (PCs; using the vegan R
package®”) were extracted and subjected to principal component regression. The PCs
were based on those gait parameters that differed between the genotypes significantly in
at least 1 of the young cohorts and the direction of the genotype-related difference was
stable across both cohorts. 4 parameters were chosen: 3 describing the stride lengths and
1 representing the coefficient of variance in the stride length (hind leg, 18 cm/s). The PC1
axis correlated principally with the stride length (thus explaining 48% of the variance),
whereas the PC2 correlated with the variance coefficient of the stride length (hind leg, 18
cm/s; explaining 27% of the variance). Only the axis with a higher effect on the given

parameter is presented.

The ROC curve, the area under the ROC curve (AUC), its 95% CI and the
bootstrapping-based test of the difference between the AUCs were computed using
PROC®’® R package. The ROC-AUC ranges from 0.5 (i.e., the parameter does not give
bring any information about the genotype) to 1 (no overlap between WT and SCA1 mice).
The linear model (LM) or the generalized additive model’’’ (GAM), extended via the
BCa bootstrapping of the (partial) regression coefficient(s) (13), were used to evaluate

(dissociate) the effect(s) of the numerical predictor(s) on a single response variable.

The Box-whisker plots indicate the inter-quartile (IQ) intervals (box), 1.5*IQ range

(whiskers) and medians (middle lines). P < 0.05 was defined as significant.
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5.4 Results
5.4.1 Emotional-related behavioural abnormalities in SCAI mice

Results of a complex behavioural and motor characterization (performed across four

age cohorts: aged 6, 10, 17 and 26 weeks) are shown in Suppl. Table S1.

The SCA1 mice exhibited abnormal behaviour in the open field test (OF; Fig. 11a-d).
Specifically, the SCA1 mice were less active than the WT mice (Suppl. Table S1) and
preferred moving along the walls (thigmotaxis; relative distance walked <5 cm from arena
walls per total distance [0-1]) in all the age cohorts (Fig. 11a,d). Although the thigmotaxis
partially correlated with the distance moved (Fig 11b), it remained significant even after
adjustment for the distance moved (OF adj. thigmotaxis, Suppl. Table S1) and 25% of
the most mobile SCA1 mice (from all cohorts together; distance moved: 40.2-68.71 m)
were still more thigmotaxic than the comparably active WT mice (Fig. 11c). Similarly,
the SCA1 mice exhibited higher avoidance of the open arms during the elevated plus
maze test (EPM), although the effect was statistically significant only at the ages of 10
and 17 weeks (Suppl. Fig. S1). Overall, the results obtained from the OF and EPM

indicate increased anxiety-like behaviour in the SCA1 mice.

The SCA1 mice had also reduced prepulse inhibition of the startle response in 3 of the
4 age cohorts (Fig. 11e). The older cohorts (17 and 26 weeks of age) also evinced a
reduced startle amplitude and a prolonged latency of the startle response (Suppl. Fig. S1).

Finally, the SCA1 mice exhibited a significantly higher immobility time during the
forced swimming test (FST) in the two youngest age cohorts (9 and 13 weeks of age; Fig.
11f). The increased duration of immobility was most pronounced in the first half (0-3
minutes) of the test when the genotype differences attained statistical significance across
all the age cohorts (Suppl. Table S1). To investigate depressive-like behaviour without
the effect of exposure to previous tests, a new cohort of mice (11 animals per group, 6
weeks of age) underwent the FST only. SCA1 mice were significantly more immobile
than the WT mice only during the first half of the test (P-value: 0.2 [immobility averaged
over 6 minutes] and 0.049 [the first 3 minutes of the FST]). To assess anhedonia-like
emotionality, another cohort of mice underwent sucrose preference test. The SCA1 mice
evinced a lower sucrose preference (Fig. 11g), supporting depressive-like behaviour in

the SCA1 mice.
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Figure 11. Psychiatric-relevant behavioural deficits in the SCA1 mice. (a) Representative
OF trajectories for the WT and SCA1 mice (6 weeks of age). (b) Association between
thigmotaxis and locomotion during the open field test. The P-value is based on the general
additive model and reflects the significance of the partial effect of the distance moved
adjusted for genotype. (¢) Thigmotaxis in 25% of the most mobile SCA1 mice and
comparably mobile WT controls (distance moved during OF: 40.2 — 68.71 m; all cohorts
together; N =14 SCA1 and 38 WT mice). (d) Thigmotaxis in the OF, indicating anxiety-
like behaviour. (e) Relative change in the startle response amplitude following a prepulse
stimulus, reflecting prepulse inhibition. (f) Relative immobility time during the FST,
indicating depressive-like behaviour. (g) Relative 1% sucrose consumption in the sucrose
preference test. * P <0.05, ** P <0.01, *** P <0.001. The statistical significances are
based on the permutation t-test. See Suppl. Table S1 for the detailed results.

5.4.2 Altered behaviour in cognitive tasks in the SCAI mice

The object-location memory test did not reveal any genotype-related difference in

terms of the exploration of newly replaced objects (Table 6).

Although SCA1 mice needed a longer time to reach both the hidden and visible
platforms in the MWM (Suppl. Tables S2 and S3, Suppl. Fig. 1), they evinced a seemingly
stronger tendency to non-moving behaviour during the MWM (Fig. 12a, Suppl. Tables
S4 and S5). Whereas the genotype-related difference in the latency to find the hidden
platform was minimal in the young mice (8 and 12 weeks of age) at the commencement

of the MWM (Suppl. Table S3), the tendency to non-moving behaviour was profoundly
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higher in the SCA1 mice from the 1st day of testing (Fig. 12a). This suggests that non-
moving behaviour is not a secondary consequence of poor learning skills. Thus, the
increased latency to find the platform in the MWM could not be interpreted as a cognitive
deficit in the SCA1 mice. However, the SCA1 mice also learned more slowly to navigate
toward the hidden platform in the water T-maze and demonstrated a profound inability to
re-learn once the platform had been relocated to the opposite side (Fig. 12b, Suppl. Tables
S6 and S7), suggesting substantially reduced memory and cognitive flexibility.

Table 6. Permutational linear mixed-effect models describing the relative exploration of
object pairs during the object-location memory test in relation to phase (before the change
of objects’ position [pre-exchange] or after the change [post-exchange)), genotype (WT
or SCAL1) and their interaction. Individual subjects are included as a random factor.
W.A. =weeks of age. d.f. = degrees of freedom. d.d.f. = denominator degrees of freedom.
P = significance derived from linear mixed-effect model (LME). Perm. P= significance
from permutation test of LME model.

(a) 6 W.A. Variable df. d.d.f. F P Perm. P
intercept 1 27 1364
Phase 1 27 6.7 0.0156  0.0134
Genotype 1 27 1.1 0.2959  0.2969
Phase*Genotype 1 27 33 0.0808  0.0722
(b) 10 W.A. Variable df. ddf. F P Perm. P
intercept 1 24 854
Phase 1 24 23.5 <0.001  <0.001
Genotype 1 24 1.9 0.1801  0.1642
Phase*Genotype 1 24 34 0.0767  0.0686
(c) 17 W.A. Variable df. dd.f. F P Perm. P
intercept 1 26 757
Phase 1 26 0.6 0.4339  0.4342
Genotype 1 26 0.06 0.805 0.8101
Phase*Genotype 1 26 0.19 0.6671  0.6738
(d) 26 W.A. Variable df. ddf. F P Perm. P
intercept 1 28 1078
Phase 1 28 13.5 0.001 <0.001
Genotype 1 28 1.8 0.1858  0.1944
Phase*Genotype 1 28 0.05 0.8195  0.8261
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Figure 12. Altered behaviour and learning during the cognitive tasks in the SCA1 mice.
(a) Relative non-moving time during the MWM, averaged over the first 7 days (D1-D7)
of the experiment (top) and shown per each session specifically (below). (b) Error rate
during the water T-maze test averaged over all the testing sessions (S3-S7 and S10-S11)
of the experiment (top) and shown per each session specifically (below). The grey areas
in the day/session-specific plots show the visible platform phase of the MWM (a) or the
reversal phase of the water T-maze test (b). The day/session-specific plots (below) show
the means = SEMs. * P < 0.05, *** P < 0.001. The statistical significances are based on
the permutation t-test. w.a.= age in weeks.

5.4.3 Non-motor deficits dominate over ataxia in young SCAI mice

Although the older cohorts of SCA1 mice exhibited substantial motor impairments
(tested at 18 and 27 weeks of age), the younger mice (tested at 7 and 11 weeks of age)
performed only mildly or insignificantly worse on the accelerating rotarod than did the
WT mice (Fig. 13a; Suppl. Tables S8 and S9). Similarly, the older SCA1 mice (tested at
17 and 26 weeks of age) had substantially abnormal gaits, whereas the younger SCA1
mice (tested at 6 and 10 weeks of age) evinced no significant gait dissimilarities from the

controls (Fig. 13b, Suppl. Table S10).

Of all the indicators assessed in the characterization experiments (Suppl. Table S1),
those with the highest sensitivity to the genotype (sensitive indicators) were selected.
Following sensitive indicators were identified: distance moved in the OF, thigmotaxis in
the OF, averaged rotarod latency, non-moving behaviour in the MWM (average from D1-
D7), error rate in the water T-maze (average from S2-S7 and S10-S11) and immobility
time in the FST.
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Figure 13. (a) Latency on the accelerating rotarod over 5 days (D) of the rotarod
experiment. The points are means = SEMs. The P-values are based on comparing the
averaged values from the whole experiment via the permutation t-test. (b) Visualization
of the dissimilarities in the gait parameters using non-metric multidimensional scaling
(NMDS). The P-values are based on the permutational multivariate analysis of variance
(PERMANOVA). The ellipses show the 90% confidence intervals for point occurrence
(each point= 1 animal).

Generally, the sensitive indicators differed significantly between young (6-14 weeks)
and old (17-31 weeks) SCA1 mice (Suppl. Table S11; Fig. 14). Since the functional
impairment patterns did not differ significantly within these two groups, the data were
merged into two datasets only (young and old mice) for further analysis. Since the young
SCA1 mice did not exhibit profound ataxia (as a potential confounder of the behavioural
results), greater attention was devoted to these age cohorts when analysing the behaviour

and underlying neuropathology of the SCA1 mice.

To identify the behavioural measures which might be affected by signs of ataxia in the
young SCA1 mice, it was examined whether the sensitive indicators correlated with
decreased rotarod performance and/or abnormal gait (expressed via the principal
components from the 4 most sensitive gait parameters; Suppl. Table S1). Gait and rotarod
performance were inter-correlated and both revealed indications of their effect on the
distance moved in the OF (Table 7), suggesting that the activity in the OF might be
confounded even by subtle signs of ataxia in young SCA 1 mice whereas other behavioural

measures are not substantially affected by the subtle motor deficits.
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Behavior of SCA1 mice in multidimensional space
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Figure 14. Non-metric multidimensional scaling (NMDS) showing the similarity of the
functional impairments of SCA1 mice from differing age cohorts in multidimensional
space. Each point represents one SCA1 mouse. The closer the points, the more similar
were the mice in terms of their functional impairments. The significances of the effect of
the age cohort on the sensitive indicators (based on the permutational analysis of variance,
PERMANOVA) were as follows: P < 0.001 when all the data were used (age explains
more than 17% of the variance in data), P = 0.65 for the dataset that included specifically
mice < 14 weeks of age (explained variance: 2.3%) and P = 0.21 (explained variance:
5.8%) for the dataset that included specifically mice > 17 weeks of age.

To test whether the non-motor sensitive indicators characterize the early SCA1 mice
significantly better than do their motor functions, a ROC curve visualising and
quantifying the ability of the sensitive indicators to successfully classify the mice into
genotypes (WT vs. SCA1) was constructed. All the non-motor sensitive indicators, except
for distance walked in OF, distinguished the SCA1 mice from the WT mice more
accurately than did rotarod latency at younger ages (Fig. 15a). In contrast, in older mice
(>17 weeks of age), ataxia worsened rapidly and latency to rotarod thus differentiated
older mice more accurately than most behavioural deficits (Fig. 15b). Taken together, the
results suggest that the early SCA1 stage in the mouse model is characterized particularly

by non-motor behavioural and cognitive deficits.
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Table 7. Linear models describing an effect of indicators potentially sensitive to
physical/motor deterioration (rotarod latency, activity in open field, gait and MWM non-
moving) on the sensitive indicators in young (< 14 weeks of age) SCA1 mice. In the case
of gait, the principal components (PrCs) were extracted and subjected to principal
component regression. The PrCs were based on those gait parameters that differed
between the genotypes significantly in at least 1 of the young cohorts and the direction of
the genotype-related difference was stable across both cohorts. 4 parameters were chosen:
3 describing the stride lengths and 1 representing the coefficient of variance in the stride
length (hind leg, belt speed 18 cm/s). The PrC1 axis correlated principally with the stride
length (explaining 48% of the variance), whereas the PrC2 correlated with the variance
coefficient of the stride length (hind leg, belt speed 18 cm/s; explaining 27% of the
variance). Only the axis with a higher effect on the given parameter is presented. d.f =
degrees of freedom. (3= standardized regression coefficient. CI= limits for 95%
confidence intervals (CI-L: lower limit, CI-U: upper limit) based on bias-corrected and
accelerated (BCa) bootstrap. P= significance based on parametric approach. boot. P=
significance based on percentile bootstrap.

Model Fuy B CI-L CI-U P boot. P
OF distance ~ Rotarod latency 4113 036 -0.06 0.72 0.052 0.20
OF thigmotaxis ~ Rotarod latency 0.00;s 0.01 -0.29 0.64 098 0.97

MWM non-moving ~ Rotarod latency  2.613 -0.29 -0.77 0.24 0.12 0.41
T-maze errors rate ~ Rotarod latency 02613 -0.1 -0.37 027 0.61 047

FST immobility ~ Rotarod latency 1128 -0.09 -046 040 0.63 0.71
Rotarod latency ~ Gait PrC2 1114 -0.56 -0.98 -0.25 0.003 0.003
OF distance ~ Gait PrC2 4914 -04 -0.81 -0.04 0.045 0.062
OF thigmotaxis ~ Gait PrC2 0.02124 0.03 -039 047 09 0.86
MWM non-moving ~ Gait PrC2 22124 029 -0.1 0.8 0.15 0.22
T-maze errors rate ~ Gait PrC1 2124 -0.28 -0.67 022 0.17 0.19
FST immobility ~ Gait PrC2 0.7124 024 -026 052 042 039
OF thigmotaxis ~ OF distance 03123 -0.1 -0.39 024 058 046
MWM non-moving ~ OF distance 12.6128 -0.56 -0.93 -0.19 0.001 0.004
T-maze errors rate ~ OF distance 093, 0.17 -0.18 0.70 035 042
FST immobility ~ OF distance 1.251s -0.2 -0.57 020 027 0.33

T-maze errors rate ~ MWM non-mov.  0.07;s 0.05 -041 037 080 0.78
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Figure 15. (a-b) ROC curve and area under the ROC curve showing the ability of the
sensitive indicators to correctly classify the mice into genotypes. The vertical lines imply
95% confidence intervals. The significances are based on bootstrapping and indicate the
difference between the AUC of a given indicator versus the AUC of rotarod latency. * P
<0.05, ** P <0.01, *** P <0.001. n.s. = not significant. w.a. = age in weeks. OF= open
field. MWM= Morris water maze. FST= forced swimming test.

5.4.4 Hippocampal atrophy precedes cerebellar degeneration

To explore region-specific brain volumetric atrophy in the SCA1 mice, brain
volumetry analyses were performed via the histological examination of the mouse brains
from the behavioural characterization experiments. At first, a preliminary analysis (based
on the oldest age cohorts, 8 animals per group) was performed. It identified the molecular
layer of the cerebellum (its relative volume per granular layer volume [Cb-ML]) and two
regions of the hippocampus (the dentate gyrus molecular layer [DG-ML] and the inner
layers of the Cornu ammonis [stratum radiatum + lacunosum-moleculare; CA-SRLM)])
as those regions of the brain most sensitive to volumetric atrophy in the SCA1 mice (Fig.
16a, Suppl. Table S12). Thus, these brain regions were assessed across all the age cohorts

(N=8 WT and 10 SCA1 mice per age cohort, 9 per group in the youngest cohort).

The relative Cb-ML volume gradually decreased as the disease progressed in the SCA1
mice. Whereas it was found to be only insignificantly or mildly reduced in the young
(pre-ataxic) age cohorts, it was seen to have decreased dramatically in the older (ataxic)

SCA1 mice (Fig. 16b).

In contrast, the hippocampal volumes (both CA-SRLM and DG-ML) were found to be
significantly reduced in the SCA1 mice across all the age cohorts (Fig. 16¢) and, thus,
preceded the significant Cb-ML atrophy. However, the SCA1 mice also evinced reduced
overall brain weight with respect to all the age cohorts (P< 0.05), and the hippocampal
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volumes correlated with overall brain weight (Suppl. Tables S13 and S14). When the total
brain weight was taken into account (included as a covariate in the general linear model
along with the genotype effect), the significant genotype effect disappeared with concern
to the CA-SRLM in 1 of the age cohorts (Suppl. Table S13). However, with respect to
the DG-ML volume, the volumetric reduction in the SCA1 mice remained statistically
significant for all the age cohorts (Suppl. Table S14), thus implying that the DG-ML

atrophy in the SCA1 mice is not simply a consequence of overall brain tissue loss.

Subsequently, the association between the region-specific volumes and the individual
severity of the functional impairments (the sensitive parameters) was investigated. For
this, the focus was dedicated specifically to the pre-ataxic SCA1 mice without substantial
ataxia and thus with a low risk of confounding by motor deficits. The Cb-ML and CA-
SRLM volumes and total brain weight were not found to be associated with any of the
functional impairments at the statistically significant level, although an apparent trend
was evident toward a positive association between the error rate in the water T-maze test
and the Cb-ML volume (Fig. 16d; Table 8). When the same analysis was repeated also
for the absolute volume of the Cb-ML, a significant association with rotarod latency was
found (Table 8). It supports that the cerebellar volume and cerebellar degeneration affect

the motor-related measures but not the non-motor behavioural indicators in SCA1 mice.

On the other hand, DG-ML atrophy was associated with an increased tendency toward
non-moving (unmotivated) behaviour in the MWM, more severe impairments in
cognitive flexibility in the water T-maze test and increased depressive-like behaviour

during the FST (Fig. 16d,e, Table 8).
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Figure 16. Hippocampal atrophy precedes cerebellar degeneration and reflects the
severity of the behavioural deficits. (a) Standardized regression coefficients (13) and 95%
confidence intervals (95% CI) for the effect of the SCA1 genotype on brain volumes or
thickness (for parietal cortex). The thickness of the line indicates that 95% CI did not
cross zero. Cb= cerebellum. CA= Cornu ammonis. DG= dentate gyrus. GL= granular
layer. ML= molecular layer. SPO= stratum pyramidale and oriens. SRLM= stratum
radiatum and lacunosum-moleculare. PL= polymorph layer. (b) Cerebellar molecular per
granular layer volumes ratio (Cb-ML). (¢) CA-SRLM and DG-ML hippocampal volumes.
* P <0.05, ** P <0.01, *** P <0.001. n.s. = not significant. The P-values are based on
the permutation t-test (b-c). (d) 3 for the effect of the Cb-ML (left) and DG-ML (right)
volumes on the sensitive indicators, with 95% CI. The thickness indicates that 95% CI
did not cross zero. The black lines show the results of the models that included both the
WT and SCA1 mice with the genotype as a covariate, whereas the red lines show the
results obtained from the SCAI mice-specific data (Suppl. Tables S15-S18). (e)
Relationship between the DG-ML volumes and the senmsitive indicators which were
significantly associated with the DG-ML in the SCA1 mice: non-moving time in the
MWM (D1-D7 average; left), error rate during the flexible phase of the water T-maze test
(middle) and the immobility time during the FST (right). The lines indicate model fits and
their standard errors. The P-values are based on percentile bootstrapping (d-e)
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Table 8. Models describing the association between volume in a given brain region
(cerebellar molecular layer volumes [a, b] stratum radiatum and lacunosum-moleculare
of Cornu ammonis [¢, CA-SRLM], overall brain weight [d], Dentate gyrus molecular
layer [DG-ML, e]) and sensitive indicators in young SCA1 mice (N= 20 animals). 3=
regression coefficient. CI= limits for 95% confidence intervals. P= parametric P-value.
boot. P= percentile bootstrap-derived P-value.

a) Cb-ML yéi CI-L CI-U P boot. P
OF thigmotaxis -0.22 -0.78 0.21 0.38 0.29
OF distance 0.03 -0.66 0.43 0.92 0.94
Rotarod latency 0.2 -0.37 0.61 0.42 0.57
MWM non-moving -0.02 -0.3 0.64 0.95 0.93
T-maze errors rate 0.31 -0.002  0.89 0.19 0.054
T-maze inflexibility -0.27 -0.65 0.35 0.29 0.24
FST immobility -0.15 -0.7 0.2 0.51 0.41
b) Absolute CB-ML yéi CI-L CI-U P boot. P
OF thigmotaxis -0.46 -0.97 0.05 0.047 0.059
OF distance 0.51 -0.12 0.81 0.014 0.15
Rotarod latency 0.72 0.15 0.94 <0.001 0.044
MWM non-moving -0.62 -0.93 0.12 0.005 0.18
T-maze errors rate 0.18 -0.5 0.61 0.47 0.33
T-maze inflexibility -0.33 -0.66 0.37 0.14 0.21
FST immobility -0.28 -0.81 0.59 0.28 0.5

c) CA-SRLM yéi CI-L CI-U P boot. P
OF thigmotaxis -0.10 -0.60 0.30 0.66 0.60
OF distance -0.1 -0.66 0.31 0.68 0.58
Rotarod latency 0.12 -0.33 0.66 0.63 0.72
MWM non-moving -0.2 -0.37 0.27 0.36 0.18
T-maze errors rate 0.1 -0.42 0.43 0.66 0.55
T-maze inflexibility -0.15 -0.61 0.38 0.54 0.54
FST immobility 0 -0.41 0.54 1 0.96

d) Brain weight yéi CI-L CI-U P boot. P
OF thigmotaxis -0.26 -0.57 0.16 0.62 0.13
OF distance -0.24 -0.52 0.16 0.2 0.14
Rotarod latency 0.1 -0.2 0.59 0.61 0.60
MWM non-moving -0.05 -0.45 0.42 0.79 0.80
T-maze errors rate 0.04 -0.34 0.34 0.84 0.80
T-maze inflexibility -0.13 -0.49 0.22 0.50 0.47
FST immobility -0.11 -0.47 0.42 0.57 0.63

e) DG-ML yéi CI-L CI-U P boot. P
OF thigmotaxis -0.31 -0.70 0.31 0.29 0.23
OF distance -0.31 -0.55 0.49 0.38 0.40
Rotarod latency 0.27 -0.04 1.01 0.25 0.16
MWM non-moving -0.33 -0.96 -0.06 0.12 0.044
T-maze errors rate 0.17 -0.21 0.49 0.46 0.35
T-maze inflexibility -0.48 -0.86 -0.03 0.045 0.019
FST immobility -0.49 -0.74 -0.08 0.024 0.026
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The association between non-motivated/despaired behaviour (concerning both MWM
and FST) and the DG-ML volume was not found to be specific to the SCA1 mice, since
including the WT mice in the analysis even strengthened the association (Suppl. Table
S15). In contrast, the association of the DG-ML volume with cognitive flexibility in the
water T-maze test was seen to be specific only to the SCA1 mice since it disappeared
once the WT mice were included. In a similar way to the SCA1-specific brain behaviour
association, the Cb-ML, CA-SRLM and brain weight were not significantly associated
with any of the sensitive indicators when all the animals (WT and SCAT1) were included

(Suppl. Tables S16-S18).

In conclusion, the brain volumetry data indicate hippocampal, particularly DG-ML,
volumetric atrophy that is directly linked to the individual severity of some of the

behavioural deficits observed in the young SCA1 mice.

5.4.5 Impaired hippocampal neurogenesis in the SCA1 mice

To evaluate whether neuronal loss accompanies the hippocampal atrophy, the
immunofluorescence staining of CA mature (NeuN") pyramidal neurons and immature
(DCXPSA-NCAM") neurons in the DG (sub)granular layer (N= 5 per group; 13-15
weeks of age) were performed. The SCA1 mice exhibited a significant reduction in NeuN
immunofluorescence in both the evaluated subregions (CA1 and CA2/3). However, the
density of the NeuN" neurons evinced only an insignificant trend toward decreased
neuronal densities in the SCA1 mice (Fig. 17a,c, Table 9), thus suggesting decreased

NeuN expression/antigenicity without marked neuronal loss.

Interestingly, the SCA1 mice also evinced distinctly lower numbers of immature
(DCX" PSA-NCAM") neurons in the DG subgranular layer (Fig. 17b,d, Table 10). In
addition, the dendrites of the immature (DCX") neurons were dramatically impoverished
and were practically absent in the outer parts of the DG-ML in the SCA1 mice (Fig.
17b,e). These results thus suggest that profoundly diminished neurogenesis accompanies

hippocampal volumetric atrophy in the SCA1 mice.
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Table 9. Results of linear mixed-effect models describing the (partial) effect of the SCA1
genotype on the density of NeuN+ neurons (a, b) and NeuN immunofluorescence
intensity (¢, d) in CAl (a, ¢) and CA2/3 (b, d) hippocampal pyramidal layer. The
fluorescence intensity was subtracted by the fluorescence of the background. Because
adding a grouping factor (block) improved model fit (measured by BIC) in the case of
NeuN signal in CA2/3, it was included in the model as a covariate. N= 5 mice per group
with 4 evaluated sections per mouse. 3= standardized partial regression coefficient. CI=
limits for 95% confidence intervals of 3 based on percentile bootstrap. P= significance
based on parametric approach. boot. P= significance based on percentile bootstrap.

(a) Neuronal density — CA1 ¥é; CI-L CI-U P boot. P
Genotype -0.28 -0.63 0.08 0.16 0.13
(b) Neuronal density — CA2/3 G CI-L CI-U P boot. P
Genotype -0.38 -0.75 0.01 0.09 0.054
(¢) NeuN signal — CA1 ¥é; CI-L CI-U P boot. P
Genotype -0.53 -0.86 -0.21 0.013 <0.001
(d) NeuN signal — CA2/3 3 CI-L CIl-U P boot. P
Block 0.014

Genotype -0.58 -0.81 -0.37 0.002 <0.001

Since the PSA-NCAM fluorescence of the non-neuronal morphology indicates the
occurrence of neuroplasticity processes, such as neurite growth and formation of
synapses’ 58! the PSA-NCAM immunofluorescence was measured in four hippocampal
areas: the DG hilus, DG-ML, CA4 pyramidal and CA1 stratum lacunosum-moleculare
(CA1-SLM) layers. The fluorescence was reduced in one (the CA1-SLM) but not in the
other hippocampal areas (Fig. 17f. Table 10), suggesting that reduced neuroplasticity

processes may also partially contribute to the hippocampal atrophy in the SCA1 mice.

Table 10. Results of linear mixed-effect models describing the effect of the genotype on
immunofluorescent indicators of neurogenesis or neuroplasticity. The DCX+ neuronal
dendrites were quantified by means of the number of crossing lines in three positions: 1)
molecular-granular layers border (M/G); i1) the inner half of the DG-ML (M-in) and ii1)
the outer half of the DG-ML (M-out). See Table 9 for abbreviations.

B Cl-L CLU P boot. P
DCX'PSA-NCAM' neurons 0.67  -099 -035 0004 <0.001
DCX" dendrites (M/G) 085  -1.08 -0.62 <0.001 <0.001
DCX" dendrites (M-in) 0.84  -1.08  -0.60 <0.001 <0.001
DCX" dendrites (M-out) 072  -1.02  -044  0.001  <0.001
PSA-NCAM signal (DG-PL) 034 088 021 026 023
PSA-NCAM signal (DG-ML) 048  -092 005 012  0.074
PSA-NCAM signal (CA4-PL) 036 -0.79 007 015 0.1
PSA-NCAM signal (CA1-SLM) 049  -0.83 -0.15 0.022  0.005
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Figure 17. Impaired hippocampal neurogenesis in the SCA1 mice. (a) Representative
images of hippocampal sections stained for NeuN. Scale bars (a-b) = 400 um. (b)
Representative images of the DG double-stained for DCX and PSA-NCAM (with DAPI).
(¢) NeuN immunofluorescence intensity in the CA1l (left) and CA2/3 (middle-left)
pyramidal layers and the density of NeuN+ neurons (per 1,000 pm?2) in the same
hippocampal regions (right). (d) The density of DCX+PSA-NCAM-+ neurons per 100 um
of the DG subgranular zone. (e) The density of DCX+ dendrites crossing the line on the
border of the DG-G and DG-ML (M/G; left), inner part of the DG-ML (M-in; middle)
and outer part of the DG-ML (M-out; right), per 100 pm. (f) PSA-NCAM
immunofluorescence in the DG polymorph layer (left; DG-P), DG-ML (middle-left),
CA4 pyramidal (middle-right; CA4-P) and CAl stratum lacunosum-moleculare (right;
CA1) hippocampal layers.
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Since neuronal survival, neurogenesis and neurite growth depend on sufficient levels
of neurotrophic factors, ELISA was subsequently employed to measure the hippocampal
levels of brain-derived neurotrophic factor (BDNF) as a pivotal representative of the
neurotrophic factor class. The hippocampal BDNF level was reduced in the SCA1 mice
(Fig. 17g) which suggests the possible role of reduced BDNF levels in the aforementioned

hippocampal impairments observed in these mice.

4.4.6 Normal urinary corticosterone level in the SCAI mice

To test whether the increased stress response and the consequent increase in the
corticosterone concentration contribute to the hippocampal impairments and abnormal
behaviour or the correlation thereof, urinary corticosterone was measured at the basal
state and 1 hour following the initiation of stress. While the corticosterone concentration
(standardized per creatinine) was affected by the acute stress (within-subject factor; F1,15=
79, P< 0.001), it was not significantly influenced by the genotype (Fi,13= 0.78, P= 0.4)
nor the stress*genotype interaction (Fi,15= 0.48, P=0.5; Fig. 18).
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Figure 18. Urinary corticosterone (per creatinine) before and 1 hour after acute stress.
The lines connect data points from the same animal.
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5.4.6 Hippocampal mitochondrial dysfunction in the young SCAI mice

To investigate whether the brain abnormalities and behavioural deficits identified
might be related to mitochondrial dysfunction, high-resolution respirometry was
employed to measure mitochondrial respiration and citrate synthase activity

measurements in the cerebellar and the hippocampal tissue (Fig. 19a)

The SCA1 mice showed an apparent trend toward a decreased citrate synthase
activity in the hippocampus of the SCA1 mice although this trend was not statistically
significant (Fig. 19b, Table 11). However, the SCA1 mice did suffer from a reduction in
mitochondrial respiration, which was surprisingly seen only in the hippocampus but was
not detected in the cerebellum. Interestingly, the hippocampal tissue of the SCA1 mice
exhibited compromised respiration in all the evaluated respiratory states, including
reduced complex I OXPHOS capacity in the ADP-activated state of oxidative
phosphorylation (P 1), complex I + I OXPHOS capacity (P /+1I), maximum capacity for
electron transport (E [+1I), complex Il uncoupled capacity (E 1) and complex IV capacity
(Fig. 19c, Table 11). Moreover, when the citrate synthase activity was taken into account
(included as a covariate in the mixed-effects model) the genotype effect on hippocampal
respiration remained significant concerning all respiratory states except for P I (Suppl.
Table S19). To validate the results of the previous study which pointed out the reduced
complex I/maximal respiration ratio in the cerebellum of the SCA1 mice’”, the same

analysis was performed. This analysis did not find evidence of a difference (P= 0.44).

These results suggest that a hippocampal mitochondrial deficit may provide an
essential driver of hippocampal impairment and the related behavioural deficits in SCA1

mice.
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Figure 19: (a) Substrate-uncoupler-inhibitor titration protocol for measuring the
mitochondrial respiratory capacity. (b) Enzymatic activity of citrate synthase in the
cerebellar (Cb) and hippocampal (Hp) tissues (log [mIU/mg of tissue]). (¢) Mitochondrial
respiration (pmolO2/s/mg of homogenized tissue) in different states of the substrate-
uncoupler-inhibitor protocol, reflecting complex I OXPHOS capacity in the ADP-
activated state of oxidative phosphorylation (P /), complex I + II OXPHOS capacity (P
I+1]), maximum capacity for electron transport (£ /+1), complex II uncoupled capacity
(E II) and complex IV capacity. * P<0.05, ** P<0.01, *** P<0.001. n.s.= not significant.

Table 11. Results of linear mixed-effect models describing an effect of SCA1 genotype
on the specific citrate synthase activity (log[mIU/mg of tissue]) and mitochondrial
respiration (pmolO2/s/mg) in cerebellar (a) and hippocampal (b) tissue. See Table 9 for
abbreviations.

(a) Cerebellum ¥é; CI-L CI-U P boot. P perm. P
Citrate synthase activity  0.04 -0.54  0.59 0.90 0.90 0.91

PI -0.09  -0.60 0.42 0.72 0.78 0.72

P I+II -0.06  -0.58  0.45 0.82 0.81 0.83

E I+1I -0.12  -0.62 0.4l 0.67 0.66 0.67
EIl -0.02  -0.55 0.54 0.93 0.92 0.93
Complex IV 0.06 -0.47  0.59 0.83 0.83 0.82
(b) Hippocampus ¥é; CI-L CI-U P boot. P perm. P
Citrate synthase activity  -0.49 -1.00  0.00 0.08 0.05 0.058
PI -0.62  -1.03 -0.20  0.018  0.004 0.007

P I+II -0.63 -1.05  -0.21 0.016  0.003 0.005
E I+1I -0.65 -1.06 -0.25 0.011  0.002 0.003
E 1l -0.67 -1.10 -0.23  0.014  0.002 0.006
Complex IV -0.64  -1.09 -0.24 0.013  0.001 0.004
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6 DISCUSSION
6.1 Combined effect of vision and cerebellar degeneration on motor skills

In lurcher mice, the result from rotarod latency was not affected by vision, suggesting
that lurcher mice are not able to utilize the visual inputs for the motor command and that
the vision is not capable to provide efficient compensation for the loss of motor
coordination. This corresponds to a previous study where lurcher rotarod performance
was also not affected by the vision®®?. Similarly, in WT mice, rotarod performance was
also not dependent on retinal degeneration. However, the finding in WT mice was more
surprising because previous experiments, including the study in the same mouse model,

582 and studies in human subjects also suggested an obligatory role

suggested the opposite
of the vision for equilibrium>**>4, It is therefore difficult to draw a conclusion about the

role of vision for motor skills and equilibrium in subjects with normal cerebellum.

6.2 Combination of retinal and cerebellar degeneration in spatial navigation

Concerning the MWM experiment with mice presenting with retinal and/or cerebellar
degeneration, it revealed that blind mice are not capable to navigate to the hidden platform
in the MWM even though the position between the start and the target is stable, allowing
the usage of idiothetic navigational cues. This was also supported by the results from the
probe trial, where the sighted WT mice represented the only group that preferred the target
quadrant during the probe trial. This partially contrasts with previous studies on rats and
mice, where a similar design was used and the animals were able to navigate in darkness
efficiently after training**>>’. On the other hand, rats are generally better learners

compared to mice®® and the mice in the study of Rochefort et al.*?

had been firstly learnt
under the light and only then did the test proceeds during darkness. This may represent a
substantial advantage compared to blind mice in the experiment of this thesis. Moreover,
various mouse strains differ in terms of cognition substantially — the strain used for the
experiment of this thesis (C3H) has already been shown to have poorer learning capability
compared to some other mouse strains’*®. On the other hand, in both the above-cited

experiments, the animals still evinced better navigation under a light**3’

, confirming that
the visual cues provide extremely useful information not only for the allocentric
navigation but also for path integration, where information about optic flow (without the

use of specific spatial landmarks) can be utilised to visual-vestibular integration®’ %,
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Although lurcher mice also preserved mild learning over testing days, they did not
show a preference for the target quadrant during the probe trial, implying procedural
rather than explicit spatial learning. Moreover, their performance was very poor
compared to the sighted WT mice over almost all testing days and did not improve with
vision. This suggests that lurcher mice struggle to efficiently utilize visual stimuli for
navigation. This corresponds with the previous studies showing that lurcher mice have
impaired navigation to both the hidden as well as a visually marked

87,149,164,586,590

platform , supporting the crucial role of the cerebellum in the coordination

of eyes movements, visuospatial and visual-vestibular integration and higher-order spatial

COgl’litiOl’ll55’156’589’591’592.

The performance of the lurcher mice in the MWM was not affected by vision but was
influenced by swim speed and surprisingly also correlated with individual performance
on the rotarod. The latency to locate the platform during the MWM was the most strongly
affected by swim speed in lurchers. The swim speed may be coupled with exacerbated
stress response as the acute stress commonly induces hyperlocomotion in rodents*’!->3,
Although the found association may be expected given that swim speed increases the
chance of finding the platform just due to stochastic reasons (i.e., even during a random
non-directed swim), it partially supports a finding that the exacerbated stress response is
not the main factor of poor performance in the MWM!'®. The finding of the correlation
between the MWM and motor performance on the rotarod also contrasts with the study

by Lolande et al.>**

, which found no correlation between the motor performance and
spatial performance in the MWM and assumed that the motor and spatial performance
are independent deficits in mouse models of cerebellar degenerations. We can speculate
that the found correlation may be associated with struggles to get on the platform or to
keep a directed swim. However, the extremely strong magnitude of the ataxia in the
lurcher mice does not allow any serious conclusions about the relationship. The
contribution of the motor impairment to the reduced MWM performance will thus be
better addressed using the mouse models with ‘softer’ motor dysfunction and wider inter-
individual variability. Research focusing on behaviour and cognition in diverse mouse

models of SCAs may therefore yield deeper insight into the relationship between ataxia

and non-motor impairments. This topic is thus further discussed below.
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6.3 Behavioural disinhibition in lurcher mice

WT mice with retinal degeneration did not learn in the MWM and developed
behavioural despair, the passive floating on the water surface. Although this may be
considered a possible cause of the poor performance, the linear model estimating the
partial effects of swim speed and blindness, adjusting the effect of each other, pointed out
the blindness as the primary driver of the poor performance. The behavioural despair thus

seems to be a secondary consequence of the overly difficult task in the blind WT mice.

Most interestingly, there was a huge contrast in the response of the blind lurcher mice
to the overly difficult task: blind lurchers did not develop any despair and continued to
swim despite the difficulty of the task. This finding corresponds to the results of previous
studies demonstrating reduced anxiety-like behaviour in EPM and OF and a dramatically
mitigated behavioural despair during FST in the mouse models of cerebellar

149.130595 " However, as some studies have shown, the apparently lower

degeneration
anxiety-like behaviour may have another cause than truly altered anxiety-like emotions:
it has been shown that when the lurcher mice explore the open arms in EPM, their

165 1t was, therefore, suggested that this

corticosterone level increases dramatically
behaviour is not driven by the reduced anxiety-like emotions but rather behavioural
disinhibition, the disability of behavioural control that is also present in diverse rodent
models of ADHD>**7 From this perspective, cerebellar degeneration results in
behavioural abnormality that resembles behavioural disinhibition and impulsivity seen in
human patients with spinocerebellar ataxias and other cerebellar dysfunctions’. As an
alternative explanation, the reduced anxiety-like and despaired behaviour may be due to
higher perseveration (inability to stop the actions which have already begun), mirroring

stereotyped and inflexible behaviour of the patients with cerebellar dysfunction®®2%-3%8,

6.4 Motor deficits and cerebellar atrophy in SCA1 mice

In contrast to the previous study*’, but correspondingly to the results of other
studies**®>%, the results of this thesis revealed only minor and statistically insignificant
deterioration in the rotarod performance of the young SCA1 mice (7 and 11 weeks of
age). The discrepancy may stem from the different designs of the rotarod test: the rotarod
used for experiments which did not find any difference in young mice employed a
progressively accelerating rotarod (0-60 rpm). In contrast, the finding of the reduced
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rotarod performance in young SCA1 mice was based on a combined rotarod setting with
progressive acceleration till 30 rotations per minute (rpm) followed by a non-accelerating
phase (constant speed of 30 rpm) till the end of testing. Congruently with the rotarod
results, global analysis of gait using multivariate statistical techniques did not detect

abnormal gait in young mice aged 6 and 10 weeks.

The conclusion from rotarod and gait analysis, that the noticeable motor deficits start
after 11 weeks of age, is also supported by the histological results. The histological
findings (see section 5.4.4) indicated that the noticeable cerebellar atrophy starts after 10
weeks of age and that the absolute volume of the cerebellar molecular layer correlates
with the rotarod performance, suggesting that the motor deficit and the timing of its onset
closely mirror the cerebellar atrophy and is congruent with the essential role of the

cerebellum in motor functions!.

There may be several reasons why other studies could find the genotype-related
difference in the young SCA1 mice using the combined or constant-speed rotarod. Firstly,

Bl and more

the rotarod test with constant speed is considered to be less specific
influenced by endurance>®. Therefore, it may be expected that the results from constant-
speed or combined rotarod settings are more prone to confounding by the level of
motivation, which is apparently reduced in SCA1 mice (see result section 5.4.1).
Secondly, given the presumably higher sensitivity of the stationary rotarod, we can also
expect that the combined rotarod setting better detects unspecific brain impairments (see
result section 5.4.1) or hypothetic brain developmental abnormality in SCA1 mice (so far

found only in the cerebellum®®).

6.4 Cognitive impairments in SCA-relevant mouse models

Besides the motor deficits, the behavioural experiments with a mouse model of SCA1
revealed also cognitive deficits. Some of these impairments have not been previously
described in any mouse SCA model (reduced cognitive flexibility and prepulse inhibition)
whereas reduced spatial performance in the MWM has been, along with fear conditioning

deficit, repeatedly reported in the same mouse model**%>10,

However, the results of this thesis imply that MWM performance is confounded by

increased immobility and thus cannot reliably reflect cognitive impairments in the SCA1
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mice. This is further supported by the result of the probe trial, where the SCA1 mice
remained in the proximity of the start position whereas WT mice moved randomly and
did not prefer any quadrant. Interestingly, the result of another study of the same mouse
model showed a similar pattern: persistence of SCA1 mice around the ‘starting’ point and
random movement of WT mice with a preference of the target quadrant below 25%>!°,
incorrectly interpreted by authors as a learning deficit of SCA1 mice. However, the
absence of the preference of the target quadrant in WT mice suggests that the MWM may
be too difficult for the given mouse strain. This is in line with information that visual
abilities and spatial learning differ across mouse strains and that these abilities are poor

in 129S-related mouse strains, which has been used for the experiment in this thesis**%¢°!,

Similarly to the MWM, the object-location memory task was shown to be too difficult
even for WT mice as they did not robustly discriminate between the relocated and stable
objects. Given the fact that this test is generally more difficult than other similar tests,
such as the novel object recognition test, using a simpler test should be preferred when

working with the 129S-related mouse strains®’?.

On the other hand, the T-test was very simple for WT mice but SCA1 strongly
struggled in the test. The magnitude of the difficulties seemed to be age-dependent:
whereas young SCA1 mice evinced a minimal dysfunction during the learning phase of
the test, they strongly struggled to flexibly re-learn when the position of the hidden
platform was changed, implying robustly reduced cognitive flexibility. In older cohorts,
SCA1 mice evinced problems even with the initial learning. However, given the complex
phenotype of the old SCA1 mice, including strong ataxia, the results from old cohorts are
difficult to interpret. On the other hand, in young mice, impaired cognitive flexibility was
present in mice without substantial ataxia and with a relatively preserved capability to
learn the initial phase of the task. Moreover, the T-maze performance did correlate with
neither motivation nor motor skills in young SCA1 mice (data not shown). It suggests
that the cognitive flexibility deficit may be independent of other functional impairments
in young SCA1 mice. Although the cognitive inflexibility was not previously reported in

0377

any SCA mouse model, it was reported in human patients with SCA10°"’, in mice after

the PCs loss>* and in mice after chemogenetic inactivation of the posterior cerebellum®®.

The fact that knock-outs for Atxnl have a profound cognitive deficit (despite lack of

cerebellar degeneration and no motor impairments) corresponds well with the previous
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findings of the role of the ATXNI/Atxnl gene in cognition and cognitive-related
disroders®>%33%3%0 Moreover, it is congruent with the fact that loss of Atxn-1 function in
mice induces impairments in hippocampal plasticity and neurogenesis, without causing a
marked motor deficit or cerebellar degeneration®>7%*3° This finding may thus have
serious implications for the treatment of the SCA1 a possibly also other SCA types, as

will be discussed below (section 6.5).

Very interesting is the finding of reduced prepulse inhibition in the SCA1 mice which
may be considered neither purely cognitive nor emotional-related, but rather as an
indicator of impaired sensorimotor gating®®*. The reduced prepulse inhibition is present
in human patients with diverse neurodegenerative and psychiatric diseases, namely

450,605,606

schizophrenia 607,608

, and their mouse models®®-1°.

and Alzheimer's disease
Although prepulse inhibition has not been demonstrated in the SCA mouse models so far,
it has been reported in lurcher mice®’. The finding also corresponds to the conclusion of
several studies identifying the cerebellum as one of the structures partially contributing

to prepulse inhibition®! 612,

The finding of learning-related impairments fits well with further studies of SCA1 and
other cerebellar-relevant mouse models. Recently, a study by Asher et al. explored
cognitive performance across different SCA1-relevant mouse models: the SCA1 mice
with complex neuropathology (SCA1'34Q2Q) a2 SCA1 mouse with cerebellar-specific
pathology (Pcp2-ATXN1[82Q)]), and either complete (Atxnl—|-) or partial (Atxnl—|+)
knock-outs for Atxn1*1°. The study used two cognitive tasks — the Barnes Maze and Fear
Conditioning. The study found that the complex model of SCA1, as well as Atxnl—|—

mice, show robust deficits in spatial memory*!®

. Although spatial deficit was present in
cerebellar-specific SCA1 mice too, it was noticeably milder. Similarly, SCA1'3*??Q and
Atxnl—|— mice evinced profound impairment in recall 24 hours after Fear Conditioning
and this deficit was, again, milder in cerebellar-specific SCA1 model*". Atxnl—|+ did
not evince any cognitive deficit. These findings suggest that although cerebellar
dysfunction contributes to the cognitive deficits, out-of-cerebellar neuropathology and
loss of Atxn-1 function may play an additional and relatively important role in the
cognitive deficits of mouse SCA models. This is also congruent with human studies,

revealing that the cognitive deficit has a larger magnitude in the SCA types with complex

neuropathology (SCA types 1-3), compared to the SCAs which are primarily cerebellar
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(SCA6)**!. The contribution of the cerebellum could be expected given the learning
disabilities of other mice with cerebellar-specific dysfunction!#*3¥4¢ and the well-
known role of the cerebellum in the visuospatial integration and cognitive

ﬁlnctionsl3,53,155,555

Results of this thesis and other studies collectively suggest that mouse models of SCAs
and mouse models of selective cerebellar degeneration suffer from a complex cognitive
deficit, possibly mirroring analogous deficit in human SCA patients. The mouse studies
thus support the findings from human patients, reporting substantial cognitive
impairments in many SCA types®”239>-399:400564 Most probably, the cerebellar dysfunction
causally contributes to the cognitive deficits although complex out-of-cerebellar

neuropathology plays a crucial role.

6.5 Emotional-related abnormalities in SCA1 mice

Besides the cognitive and motor deficits, SCA1 mice evinced also other non-motor
impairments, such as depressive- and anxiety-like behaviour, which have not been
previously demonstrated in any SCA model. These impairments had different time
development in SCA1 mice than motor deficits: they occurred from the youngest age of
testing and did not show signs of deterioration compared to ataxia. This is in agreement
with studies on human SCA patients that have demonstrated that human SCA patients
often suffer from emotional-related psychiatric issues, such as anxiety, depression and
apathy***13% The similarity between the emotional-related impairments in human SCA
patients and the SCA1 mouse model is also supported by the observation that some
psychiatric issues commonly emerge at or shortly after the disease’s onset and their

severity remains relatively stable over time in contrast to physical disability*>°!.

The results of this thesis partially agree with a recent study by Asher et al.®'>. The
study explored emotional-related behaviour using EPM, FST and the Sucrose Test, across
different SCA1-relevant mouse models®'®. In line with the results of this thesis, they
detected signs of increased anxiety in complex SCA1!%4?2Q mice, but not depressive-like
tendencies. This discrepancy may stem from several methodological differences: mouse
strain background (B6.129S vs. C57/Bl6), sex (male vs. mixed), different sucrose
concentration (1% vs. 4%), or previous exposure of mice to water (in case of FST results).

Moreover, the age also slightly differed (10-29 vs. 8 weeks of age) and data from the
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additional cohort of mice (6 weeks of age) also did not reveal robust genotype-related
differences, suggesting that the robust depressive-like behaviour may start shortly before
10 weeks of age. Increased anxiety was also surprisingly detected in partial Atxnl KO
mice®!®. In contrast, cerebellar-specific SCA1 mice showed the opposite tendency, i.e. a
higher exploration of the open arms in the EPM, suggesting a reduced anxiety-like
phenotype®'3. These results thus support the indication of the contrasting effect of
cerebellar vs. out-of-cerebellar pathology within SCA1, the former leading to behavioural
disinhibition and apparently reduced anxiety-like behaviour (as discussed in the 6.3
section), whereas the latter induces the anxiety-like phenotype congruent with increased

anxiety in SCA1 patients®!*,

The contrast between the apparent anxiety in the SCA1 mice with complex vs.
cerebellar-specific neuropathology collaborates with studies in mice with other SCAs or
cerebellar-related diseases. For example, Kv3.1/Kv3.3 double KO, a model of SCA13
with cerebellar neuropathology, showed hyperactivity and reduced signs of anxiety*®’.
Similarly, other mouse models with cerebellar-specific degeneration, e.g. lurcher mutant
mice, also show numerous signs of seemingly reduced anxiety- and depressive-like
behaviour in OF, EPM and/or FST, corresponding to reduced anxiety-like phenotype in

cerebellar-specific SCA1 mice!4? 151165512

, as discussed above (6.3). Congruently, both
cerebellar granule- and Purkinje-cell-specific mouse models of episodic ataxia type 2
evinced reduced signs of anxiety in OF*® Recently, reduced anxiety was also
documented in a purely cerebellar mouse model of SCAG6, interpreted aptly as ‘impaired
defensive escape responses’®!®. These findings thus support the previously suggested
interpretation (see section 6.3) that cerebellar-specific damage causes behavioural
disinhibition, or impaired defensive response®'®, which may be analogous to disinhibition
and impulsivity in patients with cerebellar dysfunction®'®. The cerebellar degeneration
thus seems to not induce, but rather hide an anxiety-like phenotype presenting in SCA1
models with complex neuropathology. As partial Atxnl knocked-out (Atxnl—|+) mice
also present with an anxiety-like phenotype (despite the absence of other impairments),
it suggests that the SCA1-related anxiety constitutes a separate component of the disease,
independent of other functional impairments and cerebellar degeneration. Finally, all

these results collectively suggest that the anxiolytic effect of the selective cerebellar

dysfunction could be generalized beyond SCA1 mice.
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The finding that partial or complete loss of Atxnl function may be associated with a
cognitive deficit or anxiety-like behaviour may have important consequences for the
treatment of the psychiatric aspects of SCA1. Currently, a reduction of Ataxin-1 by
molecular approaches has been proposed as a promising treatment of cerebellar and
brainstem degeneration and related symptoms in SCA1°!7. If complete or even partial loss
of ATXNI1 function causes neuropsychiatric impairments, Ataxin-1 reduction via modern

molecular approaches may not necessarily resolve this psychiatric aspect of SCAs.

6.6 Brain abnormalities in SCA1 mice

In line with the behavioural findings, this thesis identified atrophy and impaired
plasticity in the hippocampus (the key brain structure in terms of cognition and
emotions'*’) of the SCA1 mice. The reduced numbers of immature neurons, coupled with
a complete impoverishment of their dendrites, imply hugely impaired neurogenesis in the
SCA1 mice. This finding is congruent with the previously reported inhibition of the

proliferation of hippocampal progenitor cells**®

. Moreover, the reduced intensity of the
PSA-NCAM immunofluorescent signal in one of the hippocampal sub-regions suggests
that reduced neurite growth and synapses formation may also contribute to the
hippocampal atrophy of the SCA1 mice>’® %, This corresponds to the reported dendrite
pathology in hippocampal CA3 pyramidal neurons and altered the synaptic dynamics in
the cerebral cortex of the same mouse model*'>°!°. Finally, the results of this thesis
showed the reduced NeuN immunofluorescence in the CA pyramidal layer without a
significant reduction in the NeuN" neuronal density. It suggests that NeuN expression or
antigenicity are reduced in SCA1 mice, possibly mirroring a diseased neuronal phenotype
in the hippocampus of the SCA1 mice®'® ¢!, On the other hand, there was an insignificant
trend toward decreased neuronal density in the SCA1 mice, which may indicate the
commencement of neuronal loss, which has already been reported from the CA2
hippocampal region in SCA1 mice of old age*®’. On the other hand, this trend may be
also caused by the confounding effect of significantly decreased NeuN expression which
has been already demonstrated to lead to underestimation of the cell densities®'. Finally,
ELISA revealed a decrease in the hippocampal BDNF level. Although it has been

demonstrated that BDNF level is reduced in the cerebellum of SCA1 mice®??, its reduction

in the hippocampus has not been described in any other SCA animal model so far. Given
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the crucial role of BDNF in neurite growth, neuronal survival and neurogenesis®?* 2,

one can speculate that BDNF deficiency may partially contribute to the hippocampal
neuropathology described above and may represent a hopeful target for hippocampal-
focused SCA1 therapy. In conclusion, the SCA1 mice suffer from hippocampal atrophy
from a young age, which may be caused by a combination of impaired neuroplasticity
processes, dendrite atrophy, suppressed proliferation of neuronal progenitors and
markedly impaired neurogenesis; all of these mechanisms may be fastened by the

reduction in neuroprotective proteins such as BDNF.

Furthermore, results also indicate a direct correlation between the DG-ML volume and
the individual severity of some behavioural deficits, i.e. depressive-like behaviour and
cognitive inflexibility. Although such a direct correlation has not previously been
described in any SCA model, these results may be expectable given the reported DG

626,627

atrophy in mouse models of mood disorders and the correlation between DG

volumetric atrophy and depression severity/duration in depressed humans®? %3,
Similarly, the revealed correlation between DG-ML atrophy and inflexibility in the SCA1
mice fit well with the known role of hippocampal neurogenesis, which is also related to

the DG volume®?S, for cognitive flexibility!*.

Moreover, stress is another factor that may, hypothetically, cause the hippocampal
impairment as well as its correlation with abnormal behaviour. Stress leads to the release
of corticosteroids (particularly corticosterone in mice) whose chronically elevated levels
decrease the expression of pro-neuroplastic proteins, damage hippocampal neuronal
bodies as well as dendrites, limit neurogenesis and consequently cause hippocampal

169,170.626.631 ' The increased corticosterone release, either at baseline or after a

atrophy
stress event, thus could explain the behavioural and hippocampal observation in SCA1
mice. However, the young SCA1 mice evinced normal corticosterone levels and the CA-
SRLM volume was not associated with behavioural deficits, despite the high sensitivity
of CA to increased levels of corticosterone®?®%*!, thus suggesting that the elevated stress
and subsequent increases of corticosterone do not mediate hippocampal atrophy and its
direct link to the abnormal behaviour of the SCA1 mice. This finding may seem to
contradict the behavioural findings of the increased anxiety- and depressive-like

behaviour, which is usually associated with the increased humoral response to stress

event®276%* On the other hand, a subtype of depressive disorder, the atypical depression
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(representing approximately 15-30% of depressive disorders®3%3¢) is known to be
associated with a normal or even decreased level of corticosteroids in response to

StI'CSS637’638

. Therefore, the lack of a humoral over-reactivity to stress does not
automatically contradict the depressive(-like) state in humans or animals. Interestingly,
the finding of the normal corticosterone in SCA1 mice differs from findings from lurcher
mutant mice, which evince an increased corticosterone level both at baseline and after
stress event'®*. The mechanism of this increase in lurcher mice is however unclear. It may
be hypothetically caused by very strong ataxia, disturbing day-to-day functioning and
thus posing potentially huge stress. In contrast to lurcher mice, the SCA1 mice (at least

at a young age, when the corticosterone was measured) evince only weak or no ataxia and

their daily functioning in a cage is thus not substantially disturbed at a young age.

Although the results of this thesis suggest that the cerebellum is not hugely impacted
at a young age, and the individual volume of cerebellar ML does not correlate with
behaviour, there are several reasons why these findings must be interpreted with caution.
One of the reasons is that even young SCA1 mice may suffer from alterations of the
cerebellum without noticeable atrophy, potentially affecting the behaviour. For example,
the SCA1 mice were shown to suffer from cerebellar inflammation even before the onset
of cerebellar degeneration®™. As cerebellar inflammation can induce depressive-like
behaviour in mice®, there is a possibility that cerebellar inflammation may contribute to
the non-motor deficits in the SCA1 mice. Further, both SCA1 mice®?? and lurcher mice®’
were reported to evince reduced cerebellar BDNF levels which, in turn, was shown to

affect explorative behaviour”

. Moreover, specific abnormalities in systems of
neurotransmitters in PCs may also affect diverse aspects of non-motor behaviour even
without apparent alteration of motor functions?®**!. Moreover, the cerebellum is part of
the wide brain networks and exerts many functional connections to many brain regions,
including the diverse regions of the cerebral cortex, limbic system, hippocampus, basal

ganglia and many others!>7:160:161.642

. Therefore, even subtle and easily undetected
changes in cerebellar activity may result in wide alteration of wide brain networks and
modify complex behaviour!7>!78643_ For all these reasons, it could be expected that a ‘soft’
and undetected cerebellar dysfunction may be present in SCA1 mice and can contribute

to behavioural and cognitive deficits.
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In conclusion, this thesis points to hippocampal impairments as the neuropathology
that underlay some of the behavioural deficits seen in the SCA1 mice. These impairments
do not seem to be caused by elevated stress hormone levels. This finding offers a potential
biological explanation for the occurrence of psychiatric issues in human SCA1 patients.
Although the finding must be validated directly via trials involving human patients, it
corresponds to the essential role of the hippocampus in human emotion, cognition and

psychiatric disorders'*’.

6.7 Contribution of mitochondrial dysfunction to SCA1 neuropathology

The results of this thesis revealed mitochondrial dysfunction in the hippocampus, but
not in the cerebellum, of the young SCA1 mice. Although mitochondrial dysfunction
represents one of the common pathological mechanisms shared by various

644

neurodegenerative diseases®™, it has been studied sparsely in spinocerebellar ataxias and

most of the relevant studies focused exclusively on cerebellar tissue/cells’?®%%% The
data did not support the previous studies which documented cerebellar mitochondrial
dysfunction in SCA1 mice’®***. This could stem from the use of different methods (e.g.
mass spectroscopy®*®) or differences in the SCA1 mouse models (Purkinje cell-specific
SCA1 model®”). However, considering the high ATXN1 gene expression in the
hippocampus and the suggested role of ataxin-1 in mitochondrial bioenergetics®’,
hippocampal mitochondrial dysfunction was not unexpected. Moreover, it is important to
note that the plasticity-related functions in the hippocampus, such as neurogenesis and
neurite growth, are energetically extremely demanding and crucially depend on proper

mitochondrial functioning®#6-65

whereas the mitochondrial dysfunction inhibits the
hippocampal plasticity and leads to hippocampal atrophy and impaired behavior®!, i.e.
the condition observed in the SCAI1 mice. It may be therefore suggested that the
mitochondrial dysfunction in SCA1 extends beyond the cerebellum and might be even
more severe in the hippocampus, at least during the early (pre-ataxic) stages of SCAL. In
this respect, mitochondrial dysfunctions may constitute an essential driver of plasticity-
related hippocampal impairment, subsequent tissue atrophy and abnormal behaviour in

SCAL.

Given this perspective, one may hypothesise that targeting the mitochondrial function

represents a promising approach to enhancing hippocampal-related functions in SCAL.
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Substances stimulating some mitochondrial functions have already been shown to
improve cerebellar neuropathology in SCA1 mice>**%*. Moreover, lithium, a drug that
stimulates mitochondrial functions in various brain and mitochondrial diseases®> %%, has
been shown to improve learning and hippocampal neuropathology in SCA1 mice®'’. On

656 which is

the other hand, the mitochondrial function depends on physical activity
reduced in SCA1 mice from an early age as shown by behavioural tests, and this lack of
activity may lead to a secondary reduction in the mitochondrial function. In this case,
forced physical activity would alleviate some of the deficits. Finally, it would be advisable
to validate the role of hippocampal bioenergetics disruption directly on human SCAI
patients and/or a human-induced pluripotent stem cell neuronal culture derived from

patients®7:6%,

6.8 Relationship between behavioural impairments and cerebellar symptoms

The finding of a correlation between rotarod performance and spatial performance in
MWM demonstrates the intuitive fact that the clear distinction between motor
impairments and non-motor behavioural deficits is often hardly achievable. For example,
the performance of lurcher mice in MWM has been considered to be affected by multiple
factors, including the motor deficit, visuospatial integration and stress level!¢*>!2,
Therefore, careful interpretation of the results of cognitive or emotional-related tests is

thus necessary and the combination of multiple tests is strongly warranted.

Although it could not be completely excluded that some subtle signs of physical
deterioration (e.g. subtle motor deficits or fatigue) remained undetected even in young
SCA1 mice and contribute to the observed behavioural abnormalities, there are reasons
to assume that at least some of the psychiatric-relevant impairments of the mouse model
of SCA1 are independent of ataxia and related cerebellar dysfunction. At first, the
experiments showed that the psychiatric-relevant impairments preceded the apparent
ataxia in the SCA1 mice and results from the non-motor tests had significantly better
performance in terms of ability to predict genotype. Secondly, the risk of confounding
was eliminated as possible using statistical models adjusting for the effects of
confounders. For example, analysis of thigmotaxis data from the open field included
statistical adjustment for the effect of activity. Moreover, additional analysis was

performed only with animals of comparable activity in both groups. All these analyses
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led to the same conclusion that the SCA1 mice preferred to move along the walls of the
arena. Moreover, this was further supported by a correlational analysis that revealed that
some of the non-motor impairments are associated with hippocampal but not cerebellar
atrophy. Moreover, scores in FST, T-maze and relative thigmotaxis in the open field were
neither correlated with the results of motor-related tests (gait, rotarod performance) nor
with overall activation (distance walked) in the open field. Interestingly, the fact that the
mice with cerebellar-specific neuropathology exhibit several opposite abnormalities (lack
of immobility in the FST and MWM, reduced thigmotaxis in the OF and higher relative

times in the open arms in the EPM)!4%-165512.586.659

provides further support that the
psychiatric-relevant impairments in the SCA1 constitute a separate aspect of the disease,

independent on the cerebellar degeneration and motor dysfunction.

Still, data from this thesis should be interpreted carefully. As the relationship between
behaviour and neuropathology is complex, the found correlation between behavioural
impairments and hippocampal dysfunction is suggestive only. Deeper insight and more
certainty may be achieved by inducing the expression of the implicated genes (e.g.
prolonged Atxnl) in narrowly specified regions, e.g., the hippocampus or cerebral cortex.
This will enable to study of the specific contribution of the out-of-cerebellar brain regions
to neuropsychiatric-like deficits in SCAs without confounding by even subtle motor

deficits and complex neuropathology.

Taken together, experiments of this thesis identified highly-sensitive and easily-
measurable behavioural deficits in the SCA1 mice, analogous to psychiatric issues in
humans, that seem partially independent of the ataxia and cerebellar degeneration: FST
immobility, T-maze scores and thigmotaxis in OF. These tests thus will be useful for
further rodent studies of psychiatric-relevant impairments in SCAs and the relevant

therapeutic strategies.
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7 CONCLUSION

1.

This thesis identified several psychiatric-relevant abnormalities in the mouse model
of SCA1 that have not been described so far in any SCA model. These include reduced
prepulse inhibition, markedly impaired cognitive flexibility and anxiety- and

depressive-like behaviour, which mirror issues in human patients.

Results of this thesis as well as further research by other authors!4%415438

collectively
suggest that mouse models of SCAs and mice with cerebellar-specific degeneration
(lurcher mice) evince robust cognitive deficits, analogously to the patients with SCAs
and cerebellar dysfunctions. The results imply that both cerebellar dysfunction and
out-of-cerebellar neuropathology jointly contribute to the cognitive deficits in these

mice and possibly also in human SCAs patients.

Results of this thesis and other relevant research!>%:613-615

collectively imply the
presence of emotional-related abnormalities in SCA-relevant mouse models.
However, they seem to be less robust and more affected by the specific distribution
and character of the neuropathology compared to the cognitive deficits. For example,
whereas cerebellar-specific pathology seems to reduce signs of anxiety and
depressive-like behaviour, possibly throughout inducing behavioural disinhibition,
complex SCA1 phenotype induces the opposite behavioural pattern, i.e. anxiety- and
depressive-like behaviour. It indicates that also emotional-related behavioural

abnormalities have a significant out-of-cerebellar contribution which may be

qualitatively different from the impact of cerebellar degeneration.

Research of this thesis revealed marked hippocampal neuropathology in the mouse
model of SCAI, including reduced hippocampal neuroplasticity and neurogenesis,
hippocampal atrophy and impaired hippocampal mitochondrial bioenergetics. Results
also identified the hippocampal atrophy as a correlate of some psychiatric-relevant
deficits, namely depressive-like behaviour and cognitive inflexibility. Although this
association is suggestive, the possible role of the hippocampal impairments in SCA1
(and possibly also other SCA types) deserves further scientific efforts and validation

in human patients.
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5. At least in SCA1 mice, the psychiatric-relevant impairments seem to be relatively
independent of motor deficits and cerebellar degeneration. Some of these deficits
occur before the onset of marked ataxia and cerebellar degeneration. Moreover, most
of the deficits do not correlate with the magnitude of the ataxia and cerebellar
degeneration. Finally, the behavioural and hippocampal impairments occur also in
partial or complete Atxnl KO mice which do not suffer from cerebellar degeneration
and ataxia®>. These findings thus suggest that the psychiatric impairments in SCA1
may stem from out-of-cerebellar dysfunctions. From this perspective, the presence of
psychiatric impairments in SCA1 patients should not be automatically interpreted as

a result of the cerebellar cognitive-affective syndrome.

6. As psychiatric issues impose a huge burden on SCA patients, affecting overall health
outcomes and disease progression, they deserve increased scientific attention aimed
at identifying an effective treatment, which might potentially be not the same for
disturbances of the cerebellar and out-of-cerebellar origin. Detailed research of mouse
models relevant to SCAs may be indispensable for understanding the nature of the

psychiatric impairments in SCAs.
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Table S1. List of parameters from behavioural characterization. N = Number of animals
per group. & = Cliff’s non-parametric effect size. 3 = standardized effect of SCA1
genotype. L,U = limits of 95% confidence interval. EPM = elevated plus maze test. OF =
open field test. PPI = prepulse inhibition. MWM = Morris water maze. FST = Forced
swimming test. P-values are based on permutation t-test. Gait parameters were evaluated
separately for hind (H) and fore (F) legs and using 2 belt speeds (12 or 18 cm/s). Rotarod
latency is average over 5 days of the experiment. MWM-hidden latency is average from
days 2-7 of the experiment. MWM-visible latency is average from days 8 and 9. MWM
non-moving is average from days 1-7. T-maze errors= average from all testing sessions
(S3-S7 and S10-S11). T-maze learning e. is the average error rate from all testing sessions
of the learning phase (S3-S7), whereas inflexibility reflects errors during testing sessions
in the reversal phase (S10-S11). FST initial immobility is relative time in immobility state
during the first 3 minutes of FST.

a) 6-9 weeks of age

Behavioural N | Mean | | ciifts and95% c1 | B and 95% cI
parameter WT  SCA1 WT SCA1 P o) L u B L u
EPM open (%) 13 16 6.6 4.6 0.3282  -0.17  -058 | 034 -0.19  -058 0.8
OF distance (m) 13 16 54.4 38.9 0.0104  -0.57 -0.83 | -0.12 | -047  -08 | -0.17
OF thigmotaxis (%) 13 16 71.5 80.4 0.0012 0.66 0.23 0.90 0.58 0.27 0.90
OF adj. thigmotaxis 13 16 -0.11 | -0.02 | <0.001 0.71 0.28 0.92 0.61 0.32 0.93
OF corners (%) 13 16 54.2 60.9 0.0463 | 0.40 -0.05 | 0.75 0.36 0.04 0.71
PPI (%) 12 14 47.0 55.8 0.0304  0.48 0.00 0.80 0.40 0.09 0.80
Startle amplitude 12 14 19.6 16.7 0.1484 | 0.16 -0.2 0.70 0.28 -0.07 0.65
Startle latency (ms) 12 14 76.7 81.5 0.3744 | 0.38 -023 | 0.70 0.19 024 | 055
Stance/Stride (%) [H12] 12 16 77.4 76.6 03692  -029  -0.66 | 021 -0.17 051 021
Stride length (cm) [H12] 12 16 4.2 4.0 0.1265 | -0.28 | -0.65 | 021 032 | -075 | 0.2
Paw angle (abs°) [H12] 12 16 20.1 21.1 0.3246 | 0.19 030 | 0.60 0.19 -0.18 | 0.56
Stance width (cm) [H12] 12 16 2.2 2.2 0.8556 | -0.02 | -047 | 047 0.04 -033 | 0.50
Stride length CV [H12] 12 16 19.2 13.3 0.0081 -0.57 -0.85 | -0.01  -049  -090 @ -0.19
Stance width CV [H12] 12 16 18.6 14.1 0.3406 | -0.24 | -0.65 | 0.26 020 | -070 | 0.3
Stance/Stride (%) [F12] 12 16 69.2 70.9 0.1354 | 0.35 012 071 0.29 -0.08  0.65
Stride length (cm) [F12] 12 16 4.1 3.8 0.1955 | -0.25 | -0.62 | 0.26 026 | -066 @ 0.11
Stride length CV [F12] 12 16 29.4 24.8 0.1794  -030  -0.66 | 0.22 -027 | -066 0.3
Stance/Stride (%) [H18] 13 16 74.0 73.1 0.5767 | -0.08 | -0.52 | 038 011 | -050 @ 0.27
Stride length (mm) [H18] 13 16 5.1 4.9 0.0902  -041  -0.72 | 0.09 032 | -066 | 0.04
Paw angle (abs°) [H12] 13 16 19.2 18.8 0.6717 | -0.12 | -0.53 | 034 -0.08 | -041 | 037
Stance width (cm) [H18] 13 16 21 2.1 0.9718 | -0.03  -0.47 045 0.01 -0.38 | 040
Stride length CV [H18] 13 16 11.4 11.4 0.9995 | 0.19 -0.25 | 0.60 0.00 056 | 0.29
Stance width CV [H18] 13 16 16.0 18.9 0.4994 | 0.13 033 | 054 0.13 -0.25 | 048
Stance/Stride (%) [F18] 13 16 65.3 66.3 0.3608 0.18 -031 | 059 0.18 020 | 055
Stride length (cm) [F18] 13 16 5.1 4.7 0.0177  -0.51  -0.78 | -0.02  -045  -0.79 @ -0.12
Stride length CV [F18] 13 16 19.8 23.4 0.0829 | 0.30 -0.17 | 0.67 0.33 -0.01 | 0.68
Rotarod latency (s) 13 16 178 158 0.1043 -0.41 -0.76 0.07 -0.31 -0.62 0.09
MWM-hidden latency (s) 13 16 44.8 53.9 0.0029 | 0.60 0.08 0.90 0.56 0.21 0.86
MWM-visible latency (s) 13 16 26.7 45.5 0.0015  0.63 0.13 0.92 0.60 0.22 0.87
MWM non-moving (%) 13 16 313 60.3 <0.001 | 0.65 0.15 0.91 0.63 0.28 0.88
T-maze errors (%) 13 16 10.4 30.8 <0.001  0.84 0.46 1.00 0.74 0.50 0.97
T-maze learning e. (%) 13 16 4.8 18.4 0.0024  0.59 0.16 0.85 0.45 0.20 0.84
T-maze inflexibility (%) 13 16 24.6 61.9 0.0047 | 0.49 0.00 0.82 0.51 0.18 0.79
FST immobility (%) 13 16 26.4 52.5 0.0028 | 0.61 0.16 0.87 0.54 0.21 0.85
FST initial immobility (%) 13 16 13.9 29.0 0.0078 0.58 0.14 0.84 0.50 0.15 0.79
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b) 10-14 weeks of age

Behavioural N Mean | | ciiff & and 95% c1 | B and 95% ci
parameter WT  SCA1 WT SCA1 P Fe) L u B L u
EPM open (%) 12 14 9.8 2.9 0.0154 -0.45 -0.81 0.07 -0.48 -0.87 -0.14
OF distance (m) 12 14 51.3 324 0.0074 -0.58 | -087  -0.10  -0.53  -0.85  -0.17
OF thigmotaxis (%) 12 14 72.6 81.4 0.0095  0.57 0.06 0.88 0.51 0.15 0.84
OF adj. thigmotaxis 12 14 -0.11 -0.02 0.0097 0.58 0.11 0.88 0.51 0.16 0.84
OF corners (%) 12 14 60.6 63.5 0.4945 | 0.19 032 062 0.14 028 | 0.52
PPI (%) 12 14 52.6 64.8 0.0060 0.58 0.08 0.87 0.52 0.18 0.85
Startle amplitude 12 14 19.9 183 0.5792 0.17 -0.32 0.60 0.11 -0.25 0.52
Startle latency (ms) 12 14 85.0 87.1 0.6877 | 0.01 047 | 048 0.08 027 | 051
Stance/Stride (%) [H12] 11 10 79.4 79.0 0.8401 0.07 -0.57 0.48 -0.05 -0.47 0.43
stride length (cm) [H12] 11 10 4.6 4.2 0.0106 -0.65 | -0.89  -0.19  -048  -0.99  -0.19
Paw angle (abs®) [H12] 11 10 17.8 17.2 0.7277 0.2 069 037 -0.08  -045 | 042
Stance width (cm) [H12] 1 10 2.2 2.1 0.1003 | -035 | -0.76 | 0.22 038 | -0.80 | 0.02
stride length CV [H12] 11 10 14.5 17.4 0.3204  0.29 027 073 0.23 020 | 0.66
Stance width CV [H12] 11 10 23.5 25.1 0.8213 | -001 | -054  0.50 0.06 034 | 057
Stance/Stride (%) [F12] 11 10 70.2 67.3 0.0541  -0.4 078  0.18 043  -085  -0.03
stride length (cm) [F12] 11 10 4.4 3.8 0.0019  -0.73 | -092  -032  -0.60  -1.04  -031
Stride length CV [F12] 11 10 25.0 27.3 0.6043 0.05 -0.49 0.58 0.12 -0.27 0.61
Stance/Stride (%) [H18] 12 10 74.7 74.4 0.8800 | -0.05 | -0.56  0.49 -0.04 | -047 | 042
stride length (mm) [H18] 12 10 5.6 5.3 0.0596  -051 | -0.83  0.05 041 -082  -001
Paw angle (abs®) [H12] 12 10 17.4 16.5 0.3631 -0.15 -0.65 0.45 -0.21 -0.67 0.22
Stance width (cm) [H18] 12 10 2.0 2.1 0.4963  0.08 -045 | 0.58 0.15 022 | 062
Stride length CV [H18] 12 10 10.1 14.5 0.0449 | 0.38 029 | 0.82 0.47 0.04 0.85
Stance width CV [H18] 12 10 183 15.7 0.6063 -0.1 061 | 0.43 012  -050 038
Stance/Stride (%) [F18] 12 10 65.0 68.1 0.0464 | 0.47 -0.08 | 0.82 0.45 0.07 0.88
stride length (cm) [F18] 12 10 5.5 5.3 02559  -024 | -0.67  0.30 026  -073 | 013
stride length CV [F18] 12 10 222 24.6 0.6228 | 0.03 -0.50 | 0.58 0.12 028 | 0.63
Rotarod latency (s) 12 14 152 124 0.1456  -0.26 | -0.66  0.26 031  -073 004
MWM-hidden latency (s) 12 14 39.2 53.3 <0.001  0.83 0.47 0.97 0.75 0.47 0.99
MWM-visible latency (s) 12 14 23.2 415 0.0068  0.65 0.14 0.92 0.53 0.16 0.84
MWM non-moving (%) 12 14 25.5 58.8 <0.001  0.76 0.36 0.95 0.67 0.36 0.95
T-maze errors (%) 12 14 7.7 29.9 <0.001 0.88 0.51 0.99 0.70 0.45 0.99
T-maze learning e. (%) 12 14 4.7 20.4 0.0174 0.45 -0.02 0.78 0.40 0.15 0.86
T-maze inflexibility (%) 12 14 15.4 53.6 0.0030 0.50 0.01 0.84 0.55 0.22 0.84
FST immobility (%) 12 14 24.2 49.5 0.0053 | 0.61 0.15 0.88 0.53 0.18 0.83
FST initial immobility (%) 12 14 8.2 21.0 0.0042 0.64 0.18 0.89 0.55 0.20 0.85
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c) 17-21 weeks of age

Behavioural N Mean | | ciiff & and 95% c1 | B and 95% ci
parameter WT  SCA1 WT SCA1 P Fe) L u B L u
EPM open (%) 14 14 12.2 5.6 0.0525 -0.66 -0.89 -0.16 -0.36 -0.60 0.23
OF distance (m) 14 14 61.2 27.3 <0.001  -0.93 | -098  -0.87  -0.80  -1.01  -0.55
OF thigmotaxis (%) 14 14 73.2 85.8 <0.001 0.84 0.29 1.00 0.67 0.35 0.92
OF adj. thigmotaxis 14 14 -0.10 0.01 <0.001 0.74 0.22 0.96 0.61 0.24 0.85
OF corners (%) 14 14 54.7 63.5 0.0453  0.62 0.14 0.89 0.38 -0.09 | 0.65
PPI (%) 14 14 47.9 59.0 0.0742 | 0.44 -0.07 0.79 0.34 -0.04 0.68
Startle amplitude 14 14 18.7 12.8 0.0125 0.54 0.09 0.82 0.47 0.15 0.81
Startle latency (ms) 14 14 92.6 100 0.4441 | 0.02 043 | 047 0.16 -0.15 | 0.62
Stance/Stride (%) [H12] 14 13 77.8 80.3 0.0649 @ 0.36 -0.14 0.72 0.37 0.05 0.80
stride length (mm) [H12] 14 13 4.2 4.4 0.1591 | 0.3 -0.18 | 0.69 0.28 -0.10 | 064
Paw angle (abs®) [H12] 14 13 17.7 16.8 0.4340  -020 | -061  0.29 016  -053 024
Stance width (cm) [H12] 14 13 2.5 2.2 0.0066 -0.61 | -086  -0.19 | -0.52 | -0.84 | -0.20
stride length CV [H12] 14 13 20.4 14.2 0.0021 -0.60 | -086  -0.19  -0.57  -0.88  -0.26
Stance width CV [H12] 14 13 11.4 16.5 0.0432  0.40 -0.09 | 0.75 0.40 0.07 0.78
Stance/Stride (%) [F12] 14 13 66.3 66.0 07526 | -012 | -056  0.35 006  -041 038
stride length (cm) [F12] 14 13 4.1 4.2 0.3149 | 0.34 015 | 0.72 0.20 024 | 052
Stride length CV [F12] 14 13 28.5 29.2 0.8210  0.07 043 054 0.05 036  0.43
Stance/Stride (%) [H18] 14 12 73.6 75.5 0.4034 | 0.30 032 | 076 0.18 024 058
stride length (mm) [H18] 14 12 5.4 5.6 0.4296  0.16 037  0.60 0.16 025 | 0.53
Paw angle (abs®) [H12] 14 12 16.8 15.3 0.2784  -0.27 -0.68 0.23 -0.22 -0.59 0.19
Stance width (cm) [H18] 14 12 25 2.2 <0.001 -0.76  -093  -039  -0.64 -093  -035
Stride length CV [H18] 14 12 13.0 13.0 0.9748 | 0.01 046 | 0.46 0.01 038 | 041
Stance width CV [H18] 14 12 10.4 12.2 0.7046 -0.04 -0.49 0.44 0.10 -0.20 0.70
Stance/Stride (%) [F18] 14 12 62.8 64.4 0.0676 | 0.32 -0.18  0.70 0.34 0.04 0.74
Stride length (cm) [F18] 14 12 5.4 5.5 0.5148 0.12 -0.37 0.57 0.13 -0.28 0.51
stride length CV [F18] 14 12 26.8 21.9 0.0304 -0.54 | -082  -005 | -043  -076 | -0.04
Rotarod latency (s) 14 14 203 92 <0.001 -0.93  -094  -0.88  -0.87  -1.06  -0.69
MWM-hidden latency (s) 14 14 413 55.2 <0.001  0.81 0.47 0.96 0.70 0.41 0.96
MWM-visible latency (s) 14 14 23.6 53.5 <0.001 0.97 0.78 1.00 0.84 0.62 1.03
MWM non-moving (%) 14 14 18.9 64.4 <0.001  0.90 0.60 0.99 0.80 0.55 1.01
T-maze errors (%) 14 14 13.6 39.8 <0.001 0.90 0.54 1.00 0.76 0.52 1.01
T-maze learning e. (%) 14 14 8.6 33.6 0.0026 = 0.57 0.05 0.87 0.54 0.24 0.88
T-maze inflexibility (%) 14 14 26.1 55.4 0.0266 0.47 -0.03 | 0.79 0.43 0.06 0.74
FST immobility (%) 14 14 31.2 51.4 0.0819 | 0.35 013 | 071 0.34 004 | 067
FST initial immobility (%) 14 14 11.8 23.6 0.0282 0.48 0.04 0.80 0.42 0.07 0.75
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d) 26-31 weeks of age

Behavioural N Mean | | Cliff 3 and 95% CI | B and 95% CI
parameter WT  SCA1 WT SCA1 P Fe) L u B L u
EPM open (%) 18 12 11.2 6.3 0.2348 | -0.33 -0.69 0.16 -0.23 -0.55 0.18
OF distance (m) 18 12 57.5 24.7 <0.001 | -0.89 -0.98 -0.72 -0.80 -0.99 -0.53
OF thigmotaxis (%) 18 12 70.5 89.3 <0.001 | 0.89 0.59 0.99 0.75 0.52 0.99
OF adj. thigmotaxis 18 12 -0.12 0.04 <0.001 | 0.84 0.54 0.97 0.71 0.44 0.94
OF corners (%) 18 12 53.3 71.0 <0.001 | 0.71 0.20 0.94 0.64 0.32 0.95
PPI (%) 18 12 42.7 76.4 <0.001 | 0.79 0.38 0.95 0.67 0.39 0.92
Startle amplitude 18 12 19.2 10.5 0.0027 | 0.73 0.26 0.92 0.51 0.23 0.8
Startle latency (ms) 18 12 92.4 123 0.0042 | 0.68 0.25 0.90 0.56 0.23 0.92
Stance/Stride (%) [H12] 18 12 79.5 83.1 0.0507 0.42 -0.09 0.78 0.38 0.00 0.71
Stride length (mm) [H12] 18 12 46 43 0.0302 -0.45 -0.76 0.04 -0.40 -0.73 -0.06
Paw angle (abs®) [H12] 18 12 20.5 13.7 <0.001 -0.88 -0.97 -0.64 -0.69 -0.94 -0.46
Stance width (cm) [H12] 18 12 2.6 2.4 0.1139 | -0.31 -0.67 0.11 -0.27 -0.60 0.03
Stride length CV [H12] 18 12 14.1 13.3 0.7007 -0.10 -0.52 0.35 -0.07 -0.43 0.29
Stance width CV [H12] 18 12 10.7 11.3 0.8320 | -0.14 -0.59 0.36 0.04 -0.30 0.51
Stance/Stride (%) [F12] 18 12 65.2 65.7 0.7880 0.13 -0.38 0.58 0.06 -0.40 0.42
Stride length (cm) [F12] 18 12 4.5 4.2 0.1535 -0.31 -0.68 0.17 -0.27 -0.61 0.10
Stride length CV [F12] 18 12 311 27.0 02722 | -0.27 -0.69 0.24 -0.23 -0.64 0.15
Stance/Stride (%) [H18] 18 10 75.7 80.4 0.0051 0.59 0.14 0.85 0.51 0.17 0.81
Stride length (mm) [H18] 18 10 5.9 5.4 <0.001 -0.73 -0.93 -0.43 -0.61 -0.97 -0.32
Paw angle (abs®) [H12] 18 10 19.3 15.1 0.0031 | -0.61 -0.86 -0.20 -0.51 -0.78 -0.22
Stance width (cm) [H18] 18 10 2.5 2.3 0.0475 -0.44 -0.77 -0.01 -0.36 -0.67 -0.02
Stride length CV [H18] 18 10 10.7 12.3 0.4419 | 0.23 -0.27 0.64 0.19 -0.13 0.82
Stance width CV [H18] 18 10 8.9 9.9 0.6329 | 0.23 -0.25 0.63 0.10 -0.30 0.42
Stance/Stride (%) [F18] 18 10 64.0 64.9 0.4668 0.23 -0.36 0.71 0.17 -0.33 0.58
Stride length (cm) [F18] 18 10 5.9 5.4 0.0314 | -0.44 -0.79 0.03 -0.47 -0.88 -0.09
Stride length CV [F18] 18 10 25.2 29.4 0.1510 0.36 -0.16 0.74 0.28 -0.13 0.60
Rotarod latency (s) 18 12 205 92.6 <0.001  -0.90 -0.95 -0.79 -0.81 -1.00 -0.62
MWM-hidden latency (s) 18 12 40.0 53.0 <0.001 | 0.86 0.46 0.98 0.65 0.43 0.91
MWM-visible latency (s) 18 12 23.1 54.4 <0.001  0.90 0.48 1.00 0.82 0.59 0.97
MWM non-moving (%) 18 12 27.9 46.3 0.0161 | 0.53 0.08 0.81 0.44 0.10 0.75
T-maze errors (%) 18 12 11.2 34.8 <0.001 | 0.89 0.60 0.98 0.76 0.53 1.04
T-maze learning e. (%) 18 12 8.8 31.0 <0.001 0.72 0.30 0.93 0.63 0.33 0.97
T-maze inflexibility (%) 18 12 17.2 44.2 0.0054 | 0.51 -0.03 0.86 0.55 0.17 0.85
FST immobility (%) 18 12 23.0 38.0 0.0897 | 0.36 -0.14 0.74 034 -0.03 0.71
FST initial immobility (%) 18 12 7.0 16.5 0.0189 054 0.07 0.83 0.46 0.10 0.80
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Table S2. Permutational linear mixed-effect models with autoregressive 1 variance-covariance
structure modelling latency to reach the platform during the Morris water maze test. Individual
subjects represent a random factor. W.A.= weeks of age. d.f= degrees of freedom. d.d.f=
denominator degrees of freedom. P= significance derived from LME. Perm. P=significance from
permutation test of LME model.

(a) 8 W.A. Variable df. d.d.f F P Perm. P
intercept 1 216 1375.9521
Day 8 216 10.2172 <0.001  <0.001
Genotype 1 27 12.201 0.0017  0.002
Day*Genotype 8 216 3.183 0.002 0.0044
(b) 12 W.A. Variable df. d.d.f F P Perm. P
intercept 1 192 787.7302
Day 8 192 10.0637 <0.001  <0.001
Genotype 1 24 20.2114 <0.001  <0.001
Day*Genotype 8 192 1.4877 0.1639  0.1608
(c) 19 W.A. Variable df. d.df. F P Perm. P
intercept 1 208 1274.7291
Day 8 208 7.4903 <0.001  <0.001
Genotype 1 26 46.3835 <0.001  <0.001
Day*Genotype 8 208 6.527 <0.001  <0.001
(d) 28 W.A. Variable df. d.df. F P Perm. P
intercept 1 224 1201.2753
Day 8 224 5.703 <0.001  <0.001
Genotype 1 28 45.4089 <0.001  <0.001
Day*Genotype 8 224 4.9505 <0.001  <0.001

Table S3. Table of contrasts in latency to reach the platform during Morris water maze test
between genotypes (WT vs. SCAL; first 9 rows) and within-subject comparisons between given
days of the experiment. The statistical significance is based on permutation t-test or paired
permutation t-test (within-subject comparison). Tests were followed by false discovery rate
correction for multiple comparisons (Adj. P). W.A.= weeks of age.

8 W.A. 12 W.A. 19 W.A. 28 W.A.
Contrast RawP Adj.P RawP Adj.P RawP Adj.P RawP Adj.P
D1 0.0136 0.0268 0.0707 0.0836 0.0481 0.0695 0.0022 0.0048
D2 0.6897 0.6897 0.0138 0.0180 0.2648 0.2648 0.0039 0.0063
D3 0.0065 0.0210 0.0025 0.0047 0.0092 0.0160 0.0047 0.0067
D4 0.0145 0.0268 <0.001 0.0010 0.0099 0.0160 0.0039 0.0063
D5 0.0165 0.0268 0.0010 0.0026 <0.001 <0.001 0.0390 0.0506
D6 <0.001 0.0039 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
D7 0.0242 0.0349 0.0001 0.0009 <0.001 <0.001 <0.001 <0.001
D8 0.0120 0.0268 0.0074 0.0107 <0.001 <0.001 <0.001 <0.001
D9 <0.001 0.0039 0.0020 0.0043 <0.001 <0.001 <0.001 <0.001

D1:D7 SCA1  0.0274 0.0356 0.4767 0.4767 0.1725 0.2039 0.2889 0.3130
D1:D7 WT 0.0470 0.0509 0.0813 0.0881 0.2027 0.2196 0.0634 0.0750
D7:D9 SCA1  0.0392 0.0464 <0.001 0.0026 0.1298 0.1687 0.8157 0.8157
D7:D9 WT <0.001 0.0012 0.0052 0.0084 0.0000 0.0002 <0.001 <0.001
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Table S4. Permutational linear mixed-effect models with autoregressive 1 variance-covariance
structure modelling relative non-moving time during Morris water maze test. Individual subjects
represent a random factor. W.A.= weeks of age. d.f.= degrees of freedom. d.d.f= denominator
degrees of freedom. P= significance derived from LME. Perm. P= significance from permutation
test of LME model.

(a) 8 W.A. Variable df. d.d.f F P Perm. P
intercept 1 216 1375.9521
Day 8 216 10.2172 <0.001  <0.001
Genotype 1 27 12.201 0.0017  0.002
Day*Genotype 8 216 3.183 0.002 0.0044
(b) 12 W.A. Variable df. d.d.f F P Perm. P
intercept 1 192 787.7302
Day 8 192 10.0637 <0.001  <0.001
Genotype 1 24 20.2114 <0.001  <0.001
Day*Genotype 8 192 1.4877 0.1639  0.1608
(c) 19 W.A. Variable df. d.df. F P Perm. P
intercept 1 208 1274.7291
Day 8 208 7.4903 <0.001  <0.001
Genotype 1 26 46.3835 <0.001  <0.001
Day*Genotype 8 208 6.527 <0.001  <0.001
(d) 28 W.A. Variable df. d.df. F P Perm. P
intercept 1 224 1201.2753
Day 8 224 5.703 <0.001  <0.001
Genotype 1 28 45.4089 <0.001  <0.001
Day*Genotype 8 224 4.9505 <0.001  <0.001

Table S5. Table of contrasts in relative non-moving time during Morris water maze test between
genotypes (WT vs. SCAL; first 9 rows) and within-subject comparisons between given days (D)
of the experiment. The statistical significance is based on permutation t-test or paired permutation
t-test (within-subject comparison). Tests were followed by false discovery rate correction for
multiple comparisons (Adj. P). W.A.= weeks of age.

8 W.A. 12 W.A. 19 W.A. 28 W.A.
Contrast RawP Adj.P RawP Adj. P Raw P Adj.P RawP Adj.P
D1 <0.001 0.0018 0.0011 0.0015 0.0014 0.0023  0.0036  0.0093
D2 <0.001  0.0018  <0.001 <0.001 0.0317 0.0457  0.0026  0.0084
D3 <0.001  0.0018  <0.001 <0.001 0.0420 0.0546  0.0011  0.0047
D4 <0.001  0.0028 <0.001 <0.001 0.0012 0.0023  0.0122  0.0177
D5 <0.001 0.0018 <0.001 <0.001 <0.001 <0.001 0.0053 0.0115
D6 0.0046  0.0066  <0.001 <0.001 <0.001 <0.001 0.0364 0.0430
D7 0.0145 0.0172  <0.001 <0.001 <0.001 <0.001 0.0078 0.0144
D8 <0.001 0.0018 <0.001 <0.001 <0.001 <0.001 0.0108 0.0175
D9 0.0013  0.0024  <0.001 <0.001 <0.001 <0.001 0.0348  0.0430

D1:D7 SCA1  0.0676 0.0733  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
D1:D7 WT 0.0098  0.0127 0.3516 0.3516 0.7192 0.7192  <0.001 <0.001
D7:D9 SCA1  <0.001 0.0018 0.0261 0.0309 0.4687 0.5077  0.4992  0.4992
D7:D9 WT 0.7775  0.7775  0.0498 0.0539 0.4393 0.5077  0.0931  0.1008
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Table S6. Permutational linear mixed-effect models with autoregressive 1 variance-covariance
structure modelling error rate during the water T-maze test. W.A.= weeks of age. d.f.= degrees of
freedom. d.d.f= denominator degrees of freedom. P= significance derived from LME. Perm. P=
significance from permutation test of LME model.

(a) 9 W.A. Variable df. d.d.f. F P Perm. P
intercept 1 270 4254
Session 10 270 41.6 <0.001  <0.001
Genotype 1 27 11.4 0.0022  <0.001
Session*Genotype 10 270 2.7 0.0034  0.0016
(b) 13 W.A. Variable df. d.d.f. F P Perm. P
intercept 1 240 249.3222
Session 10 240 35.5306 <0.001  0.005
Genotype 1 24 9.269 0.0056  0.01
Session*Genotype 10 240 2.4731 0.0078  0.005
(c) 20 W.A. Variable df. d.d.f F P Perm. P
intercept 1 260 326.6989
Session 10 260 16.9003 <0.001  <0.001
Genotype 1 26 11.1879 0.0025  0.001
Session*Genotype 10 260 3.3454 <0.001  <0.001
(d) 29 W.A. Variable df. d.d.f F P Perm. P
intercept 1 280 447.5031
Session 10 280 21.8456 <0.001  <0.001
Genotype 1 28 21.3227 <0.001  <0.001
Session*Genotype 10 280 7.0813 <0.001  <0.001

Table S7. Table of contrasts in error rate during the water T-maze test between WT and SCA1

mice, specifically for each session (S) of the experiment. The statistical significances are based
on permutation t-test. Tests were followed by false discovery rate correction for multiple

comparisons (Adj. P). W.A.= weeks of age.

9 W.A. 13 W.A. 20 W.A. 29 W.A.
Contrast Raw P Adj. P Raw P Adj. P Raw P Adj. P Raw P Adj. P
S1 0.3582  0.3940  0.7957  0.7957  0.5319  0.5851  0.6599  0.6738
S2 0.0027  0.0293  0.0637  0.1709  0.1193  0.1641  0.0079  0.0173
S3 0.0223  0.0529  0.0131  0.0723  0.0066 ~ 0.0243  <0.001  0.0021
S4 0.0087  0.0431  0.1243  0.1919  0.0060  0.0243  0.0186  0.0341
S5 0.2278  0.2784  0.0514  0.1709  0.0417  0.0765  0.0849  0.1167
S6 0.0627  0.1150  0.1324  0.1919  0.0291  0.0641  <0.001  0.0010
S7 0.0240  0.0529  0.1396  0.1919  0.0033  0.0243  0.0016  0.0058
S8 0.1126  0.1548  0.4902  0.5991  0.2138  0.2614  0.1055  0.1290
S9 0.7592  0.7592  0.6950  0.7645  0.7759  0.7759  0.6738  0.6738
S10 0.1057  0.1548  0.0777  0.1709  0.0948  0.1489  0.0789  0.1167
S11 0.0118  0.0431 0.0018  0.0199  0.0195 0.0536  0.0030  0.0081
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Table S8. Permutational linear mixed-effect models with autoregressive 1 variance-covariance

structure modelling latency on accelerating rotarod. W.A.= weeks of age. d.f= degrees of
freedom. d.d.f= denominator degrees of freedom. P= significance derived from LME. Perm. P=
significance from permutation test of LME model.

(a) 7 W.A. Variable df. d.d.f. F P Perm. P
intercept 1 108 613.0018
Day 4 108 8.9994 <0.001  <0.001
Genotype 1 27 1.2183 0.2794  0.2486
Day*Genotype 4 108 2.9436 0.0236  0.0158
(b) 11 W.A. Variable df. d.d.f. F P Perm. P
intercept 1 96 903.682
Day 4 96 15.7475 <0.001  <0.001
Genotype 1 24 1.947 0.1757  0.1536
Day*Genotype 4 96 0.064 0.9923  0.9908
(c) I8 W.A. Variable df. d.d.f F P Perm. P
intercept 1 104 2363.8692
Day 4 104 18.2746 <0.001  <0.001
Genotype 1 26 88.5653 <0.001  <0.001
Day*Genotype 4 104 4.7874 0.0014  <0.001
(d) 27 W.A. Variable df. d.d.f F P Perm. P
intercept 1 112 1844.6508
Day 4 112 20.838 <0.001  <0.001
Genotype 1 28 59.3181 <0.001  <0.001
Day*Genotype 4 112 3.9682 0.0048  0.0016

Table S9. Table of contrasts in rotarod latency between genotypes (WT vs. SCA1; first 5 rows)

and within-subject comparisons between the first and the last day (D) of the experiment. Contrasts

were computed by permutation t-test or paired permutation t-test (within-subject comparison).

Tests were followed by false discovery rate correction for multiple comparisons (Adj. P). W.A =

weeks of age.

7 W.A. 11 W.A. 18 W.A. 27 W.A.
Contrast RawP Adj.P RawP Adj.P RawP Adj.P RawP Adj.P
D1 0.8492 0.8512 0.2398 0.2822 <0.001 <0.001 <0.001 <0.001
D2 0.0287 0.1042 0.1500 0.2822 <0.001 <0.001 <0.001 <0.001
D3 0.0627 0.1265 0.1524 0.2822 <0.001 <0.001 <0.001 <0.001
D4 0.0819 0.1265 0.1818 0.2822 <0.001 <0.001 <0.001 <0.001
DS 0.5664 0.6578 0.2337 0.2998 <0.001 <0.001 <0.001 <0.001
D1:DS WT 0.0281 0.1042 0.0042 0.0147 <0.001 <0.001 <0.001 <0.001
D1:D5 SCA1  0.0869 0.1265 0.0013  0.0093 0.0013 0.0013 0.0026  0.0026
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Table S10. Results of permutational multivariate analysis of variance (PERMANOVA)
describing similarity in general gait pattern (WT vs. SCA1 mice) based on gait parameters
measured using DigiGait device. W.A.= weeks of age. d.f.= degrees of freedom. s.s.= sum of
squares. m.5.= mean squares.

(a) 6 W.A. Variable df. s.S. m.s. F R? P
Genotype 1 0.01 0.01 1.56 0.06 0.1068
Residuals 26 0.17 0.0064 0.94

(b) 10 W.A. Variable S.S. m.s. F P
Genotype 1 0.01 0.01 1.74 0.08 0.0726
Residuals 19 0.12 0.0064 0.92

(¢) 17 W.A.  Variable S.S. m.s. F P
Genotype 1 0.02 0.02 3.88 0.14 <0.001
Residuals 24 0.14 0.0059 0.86

(d) 26 W.A. Variable S.S. m.s. F P
Genotype 1 0.03 0.03 5.04 0.16 <0.001
Residuals 26 0.15 0.0059 0.84

Table S11. Results of permutational multivariate analysis of variance (PERMANOVA)
comparing the pattern of functional impairments in SCA1 mice of different age cohorts. (a) All
age cohorts together. (b) Pre-ataxic mice only (age < 14 weeks of age). (¢) Ataxic mice only (age>
17 weeks of age). W.A.= weeks of age. d.f= degrees of freedom. s.s.= sum of squares. m.s.=
mean squares.

(a)all SCA1  Variable df.  s.s. m.s. F R? P
Age 3 0.068 0.023 3.6 0.17 <0.001
Residuals 52 0.329 0.006 0.83

(b) <14W.A. Variable s.8. m.s. F P
Age 1 0.005 0.005 0.7 0.02 0.65
Residuals 28 0.209 0.008 0.98

(c)>17W.A. Variable S.8. m.s. F P
Age 1 0.010 0.010 1.5 0.06 0.21
Residuals 24 0.162 0.007 0.94<
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Table S12. Brain regions which were evaluated in terms of their volume or thickness in WT and
SCA1 mice (32 weeks of age; N = 8 animals/group). WT, SCA 1= genotype-specific means (mm?
or mm). 3= standardized regression coefficient for SCA1 genotype. CI= limits for 95%
confidence intervals (CI-L: lower limit, CI-U: upper limit) based on BCa bootstrap. perm.P=
significance based on permutation t-test. CA= Cornu ammonis hippocampal region. DG= dentate

gyrus.

Brain area WT SCA1 0 CI-L CI-U perm. P
Cerebellar granular layer 2.5 2.4 -0.24 -0.81 0.20 0.3691
Cerebellar molecular layer 2.9 2.1 -0.77 -1.14 -0.50 <0.001
Molecular/granular cb. layers ~ 1.16 0.87 -0.92 -1.10 -0.74 <0.001
Hypoglossal nucleus 0.0144  0.0150 0.18 -0.27 0.75 0.4913
Parietal cortex thickness 0.534 0.524 -0.11 -0.61 0.40 0.6691
CA strata pyramidalis + oriens ~ 4.32 4.04 -0.27 -0.79 0.18 0.3027
CA strata radiatum + lac. mol. 5.1 4.4 -0.85 -1.09 -0.58 <0.001
DG granular layer 0.61 0.57 -0.28 -0.85 0.27 0.7433
DG polymorph layer 0.56 0.55 -0.12 -0.62 0.42 0.4710
DG molecular layer 3.0 2.6 -0.69 -1.08 -0.34 0.0043

Table S13. Results of general linear models describing the effect of total brain weight and SCA1
genotype on the volume of stratum radiatum and lacunosum-moleculare of Cornu ammonis (CA-
SRLM). (a-d) Age cohort-specific models (N=8 WT and 10 SCA1 mice). (e-f) Models are based
on merged data from two age cohorts (N=16 WT and 20 SCA1 mice). 3= standardized regression
coefficient. CI= limits for 95% confidence intervals based on BCa bootstrap. P= significance
based on parametric approach. boot. P=significance based on percentile bootstrap.

(a) 10 W.A. 3 CI-L CI-U P boot. P
Brain weight 0.34 -0.1 0.76 0.12 0.13
Genotype -0.5 -0.93 0.01 0.036 0.028
(b) 15 W.A. 3 CI-L CI-U P boot. P
Brain weight 0.55 0.12 0.91 0.022 0.01
Genotype -0.33 -0.84 -0.04 0.12 0.041
()22 W.A. 3 CI-L CI-U P boot. P
Brain weight 0.44 0.05 0.09 0.073 0.055
Genotype -0.44 -0.83 0.09 0.075 0.068
(d) 32 W.A. 3 CI-L CI-U P boot. P
Brain weight 0.3 -0.09 0.5 0.052 0.076
Genotype -0.72 -1.08 -0.48 <0.001 <0.001
(e)< 15 W.A. V6] CI-L CI-U P boot. P
Brain weight 0.48 0.26 0.7 0.002 <0.001
Genotype -0.38 -0.69 -0.15 0.009 0.002
(H)>22 W.A. V6] CI-L CI-U P boot. P
Brain weight 0.35 0.11 0.57 0.007 0.011
Genotype -0.57 -0.82 -0.34 <0.001 <0.001
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Table S14. Results of general linear models describing the effects of total brain weight and SCA1
genotype on the volume of the molecular layer of the dentate gyrus (DG-ML) of the hippocampus.
(a-d) Age cohort-specific models (N=8 WT and 10 SCA1 mice). (e-f) Models based on merged
data (N = 16 WT and 20 SCA1 mice). W.A. = weeks of age. See Suppl. Table S13 for
abbreviations.

(a) 10 W.A. 3 CI-L CI-U P boot. P
Brain weight 0.56 0.24 0.97 0.001 0.007
Genotype -0.4 -0.80 -0.02 0.018 0.025
(b) 15 W.A. 3 CI-L CI-U P boot. P
Brain weight 0.45 0.04 0.85 0.025 0.024
Genotype -0.53 -0.86 -0.22 0.006 <0.001
()22 W.A. 3 CI-L CI-U P boot. P
Brain weight 0.47 0.22 0.75 0.003 0.01
Genotype -0.53 -0.8 -0.25 <0.001 <0.001
(d) 32 W.A. ¥é; CI-L CI-U P boot. P
Brain weight 0.4 -0.06 0.68 0.062 0.078
Genotype -0.49 -0.9 -0.16 0.019 0.007
(e)<15W.A. yéi CI-L CI-U P boot. P
Brain weight 0.46 0.24 0.65 <0.001 <0.001
Genotype -0.51 -0.75 -0.28 <0.001 <0.001
(H)>22 W.A. yéi CI-L CI-U P boot. P
Brain weight 0.46 0.2 0.65 <0.001 0.001
Genotype -0.49 -0.74 -0.26 <0.001 <0.001
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Table S15. Results of models describing an association between DG-ML volume and given
sensitive indicator adjusted for the effect of SCA1 genotype, specifically for young mice (age <15
weeks) of both genotypes (N = 16 WT and 20 SCA1 mice). See Suppl. Table S13 for
abbreviations.

(a) OF thigmotaxis yéi CI-L CI-U P boot. P
Genotype 0.27 0.21

DG-ML volume -0.49 -0.89  -0.05 0.025  0.032
(b) OF distance yéi CI-L CI-U P boot. P
moved

Genotype -0.58 0.02

DG-ML volume 0.02 -0.35 0.47 0.93 0.94
(c) Rotarod latency 8 CI-L CI-U P boot. P
Genotype -0.22 0.42

DG-ML volume 0.15 -0.42 0.7 0.60 0.58
(d) MWM non- yéi CI-L CI-U P boot. P
moving

Genotype 0.52 0.003

DG-ML volume -0.39 -0.78 -0.13 0.02 0.005
(e) T-maze errors yéi CI-L CI-U P boot. P
Genotype 0.83 <0.001

DG-ML volume 0.14 -0.11 0.42 0.43 0.28
(f) T-maze V6] CI-L CI-U P boot. P
inflexibility

Genotype 0.19 0.41

DG-ML volume -0.34 -0.76  0.09 0.16 0.10
(e) FST immobility B CI-L CI-U P boot. P
Genotype 0.21 0.26

DG-ML volume -0.66 -1.04  -0.19  0.001 0.001
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Table S16. Results of models describing an association between Cb-ML volume and given
sensitive indicator adjusted for the effect of SCA1 genotype, specifically for young mice (age <15
weeks) of both genotypes (N= 16 WT and 20 SCA1 mice). See Suppl. Table S13 for
abbreviations.

(a) OF thigmotaxis ¥é; CI-L CI-U P boot. P
Genotype 0.46 0.009

Cb-ML volume -0.24  -0.53 0.05 0.17 0.09
(b) OF distance moved ¥é; CI-L CI-U P boot. P
Genotype -0.41 0.008

Cb-ML volume 0.00 -0.35 0.29 0.99 0.98
(c) Rotarod latency ¥é; CI-L CI-U P boot. P
Genotype -0.33 0.11

Cb-ML volume 0.06 -0.40 045 0.78 0.84
(d) MWM non-moving 3 CI-L CI-U P boot. P
Genotype 0.67 <0.001

Cb-ML volume -0.12  -0.35 0.12 0.45 0.31
(e) T-maze errors ¥é; CI-L CI-U P boot. P
Genotype 0.84 <0.001

Cb-ML volume 0.14 -0.05 0.42 0.29 0.18
(f) T-maze inflexibility 3 CI-L Cl-u P boot. P
Genotype 0.35 0.049

Cb-ML volume -0.25 -0.51 0.12 0.17 0.13
(e) FST immobility ¥é; CI-L CI-U P boot. P
Genotype 0.47 0.004

Cb-ML volume -0.27  -0.63 0.02 0.09 0.07

192



Table S17. Results of models describing an association between CA-SRLM volume and given
sensitive indicator adjusted for the effect of SCA1 genotype, specifically for young mice (age <15
weeks) of both genotypes (N= 16 WT and 20 SCA1 mice). See Suppl. Table S13 for
abbreviations.

(a) OF thigmotaxis V] CI-L CI-U P boot. P
Genotype 0.50 0.012

CA-SRLM volume -0.21 -0.61 0.22 0.27 0.29
(b) OF distance moved V] CI-L CI-U P boot. P
Genotype -0.45 0.023

CA-SRLM volume 0.22 -0.11 0.65 0.26 0.25
(c) Rotarod latency V] CI-L CI-U P boot. P
Genotype -0.31 0.2

CA-SRLM volume 0.04 -0.45 0.52 0.85 0.87
(d) MWM non-moving V6] CI-L CI-U P boot. P
Genotype 0.73 <0.001

CA-SRLM volume -0.14 -0.36 0.13 0.36 0.24
(e) T-maze errors V] CI-L CI-U P boot. P
Genotype 0.78 <0.001

CA-SRLM volume 0.08 -0.20 0.31 0.59 0.48
(f) T-maze inflexibility V6] CI-L CI-U P boot. P
Genotype 0.36 0.083

CA-SRLM volume -0.13 -0.53 0.26 0.52 0.50
(e) FST immobility V] CI-L CI-U P boot. P
Genotype 0.58 0.003

CA-SRLM volume -0.20 -0.53 0.18 0.28 0.23
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Table S18. Results of models describing an association between brain weight and given sensitive
indicator adjusted for the effect of SCA1 genotype, specifically for young mice (age <15 weeks)
of both genotypes (N= 25 WT and 30 SCA1 mice). See Suppl. Table S13 for abbreviations.

(a) OF thigmotaxis ¥é; CI-L CI-U P boot. P
Genotype 0.54 <0.001

Brain weight 0.05 -0.31 0.27 0.87 0.87
(b) OF distance moved ¥é; CI-L CI-U P boot. P
Genotype -0.50 <0.001

Brain weight -0.01 -0.31 0.34 0.91 0.92
(c) Rotarod latency ¥é; CI-L CI-U P boot. P
Genotype -0.24 0.11

Brain weight 0.09 -0.24 0.38 0.58 0.56
(d) MWM non-moving ¥é; CI-L CI-U P boot. P
Genotype 0.64 <0.001

Brain weight -0.02 -0.31 0.24 0.84 0.88
(e) T-maze errors ¥é; CI-L CI-U P boot. P
Genotype 0.72 <0.001

Brain weight -0.002 -0.19 0.19 0.99 0.97
(f) T-maze inflexibility ¥é; CI-L CI-U P boot. P
Genotype 0.48

Brain weight -0.09 -0.34 0.14 0.51 0.45
(e) FST immobility ¥é; CI-L CI-U P boot. P
Genotype 0.42 0.002

Brain weight -0.24 -0.47 0.05 0.073 0.080
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Table S19. Results of linear mixed-effect models describing partial effects of SCA1 genotype
and specific citrate synthase activity (mIU/mg) on mitochondrial respiration (pmolO2/s/mg) in
cerebellar (a-e) and hippocampal (f-i) tissue. The following states of mitochondrial respiration
were evaluated: 1) complex I OXPHOS capacity in the ADP-activated state of oxidative
phosphorylation (P ). 2) Complex I + II OXPHOS capacity (P [+II). 3) Maximum capacity for
electron transport (£ /+1I). 4) Complex II uncoupled capacity (£ II). 5) Complex IV capacity. N
=5 WT and 6 SCAI animals (in quadruplicates). 3= standardized regression coefficient. CI=
limits for 95% confidence intervals based on BCa bootstrap. P= significance based on parametric
approach. boot. boot. P= significance based on percentile bootstrap. perm. P= statistical
significances from a permutational variant of the model.

(@)Cb—-PI 8 CI-L CI-U P boot. P perm. P
Citrate synthase activity 0.64 <0.001

Genotype -0.14 -0.74 044 0.65 0.66 0.66
b)Cb-PI+1I V] Cl-L CI-U P boot. P perm. P
Citrate synthase activity 0.67 <0.001

Genotype -0.11 -0.50 0.29 0.60 0.59 0.60
(c)Cb-EI+1I V] CI-L CI-U P boot. P perm. P
Citrate synthase activity 0.72 <0.001

Genotype -0.17 -0.53 020 0.39 0.38 0.38
(d)Cb-EII V] CI-L CI-U P boot. P perm. P
Citrate synthase activity 0.72 <0.001

Genotype -0.07 -0.32 0.17 0.57 0.57 0.59
(e) Cb — complex IV yéi Cl-L CI-U P boot. P perm. P
Citrate synthase activity 0.70 <0.001

Genotype 0.01 -028 030 0.93 0.93 0.93
®OHp-PI yéi Cl-L CI-U P boot. P perm. P
Citrate synthase activity 0.60 <0.001

Genotype -0.31 -0.69 0.06 0.14 0.10 0.12
(g)Hp-PI+1I B Cl-L CI-U P boot. P perm. P
Citrate synthase activity 0.68 <0.001

Genotype -0.29 -0.56 -0.01 0.07 0.039  0.048
(WhHp-EI+1I yéi Cl-L CI-U P boot. P perm. P
Citrate synthase activity 0.73 <0.001

Genotype -0.29 -048 -0.10 0.015 0.004  0.006
(Hp-EII B Cl-L CI-U P boot. P perm. P
Citrate synthase activity 0.60 <0.001

Genotype -0.36  -0.63 -0.08 0.031 0.010  0.022
(j) Hp — complex IV yéi Cl-L CI-U P boot. P perm. P
Citrate synthase activity 0.60 <0.001

Genotype -0.36  -0.62 -0.09 0.025 0.011  0.012
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10.2 Supplementary Figures

Morris water maze
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Figure S1. Mean latencies to find a platform during the Morris water maze test. The Gray
area indicates the phase of the test with a visually marked platform. Mean = SEM is
visualized.
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