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Abstract

ABSTRACT

Spinocerebellar ataxia type 1 (Scal) is an autosomal dominant, neurodegenerative
disease, emerging from a CAG repeat expansion mutation in the gene ATXN1. Classical
patient symptoms include motor incoordination and abnormal gait, which coincide with the
hallmark pathology of atrophy across the cerebellum and brainstem, in particular, degeneration
of the cerebellar cortex Purkinje neurons (PN). Given that there are currently no disease
modifying treatments for patients, it is imperative to understand the pathogenesis of Scal.
Research has primarily focussed on how the ATXN1 mutation leads to PN dysfunction and
ultimately degeneration. However, ATXN1 is ubiquitously expressed, and many cell types
other than PNs degenerate, thus are likely also altered in Scal (Seidel et al., 2012). Indeed,
recent evidence has shown that in the presymptomatic stage of a Scal mouse model there is
already an increase in synaptic connections from surrounding inhibitory neurons onto PNs
(Edamakanti et al., 2018). Despite such findings, early alterations in distinct neuronal
populations of the cerebellar cortex, and their interactions as a circuit, are poorly understood.
To investigate early cellular and circuit dysfunction in distinct neuronal populations of the
cerebellar cortex, | investigated a Scal mouse model as symptoms are emerging. Specifically,
| utilized in vivo two-photon calcium imaging, simultaneously recording the three primary
inhibitory neurons of the cerebellar cortex circuit; PNs, molecular layer interneurons (MLINS)
and Golgi cells. In order to unravel alterations in either spontaneous activity or response
properties to cerebellum-associated behaviours, we recorded neuronal calcium signals in
anesthetised mice and during a range of awake conditions. The most prominent deficits
emerged in the MLIN population, which were hyperactive during quiet wakefulness and
hyperresponsive to sensorimotor input MLIN dysfunction also appeared to drive a breakdown
in the capacity of the cerebellar cortex to encode sensorimotor information. The PN dendrites,
which receive extensive input from MLINs, also displayed enhanced calcium signals. To
establish the pathophysiological relevance of these findings to Scal, | used chemogenetic
tools to specifically inhibit MLINs. Acute prevention of MLIN hyperactivity in Scal mice reduced
aberrant PN dendrite calcium signals, restored network encoding, and most importantly,
improved motor coordination. Thirty-day chronic inhibition of MLINs induced lasting motor
improvements and delayed disease progression. The critical role of hyperactive MLIN in
triggering symptoms typical of Scal, was further corroborated by mimicking the increased
MLIN excitability through chemogenetic stimulation of MLINs in healthy mice. Acute stimulation
of MLINs disrupted motor function and could drive pathological features in PN dendrites, whilst
chronic MLIN stimulation in young healthy mice induced lasting motor impairments and
reduction of PN post-synapses reminiscent of Scal pathology, detectable over four months
after treatment end. These findings together show, for the first time, that aberrant MLIN activity
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Abstract

is a clear feature of early Scal, and can drive neuronal circuit dysfunction. Moreover, our
experiments revealed that non-cell autonomous mechanisms are sufficient in driving PN
pathology. Crucially, we showed that selectively targeting MLINs in the early stages of the

disorder alleviates classical motor symptoms in Scal mice, opening up a novel therapeutic

avenue.
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1. Introduction

1. INTRODUCTION

1.1. Spinocerebellar Ataxia
1.1.1. Background of the Spinocerebellar Ataxias

The term “ataxia” comes from the Greek word loosely translating to “without order”.
Originally, the term was used in medicine to refer to “irregularity of bodily functions”. Ataxia
became a prominent phrase following use by the French neurologist Guillaume-Benjamin
Duchenne in 1858, whilst providing early detailed descriptions of neurological movement
disorders (Barboi, 2000). Ataxia has since become a common phrase in medicine, both in
naming diseases and as a description of symptoms. Following decades of reports into such
conditions, by the mid 20" century there was an established group of diseases consisting of
spinocerebellar pathology, with a dominant hereditary component, as summarised by Joseph
Greenfield (Greenfield, 1954). Building upon the work of Greenfield and others, research led
to further classification of such hereditary spinocerebellar ataxias (SCA) based on clinical
appearance, onset, and brain regions affected (Rosenberg and Grossman, 1989). In the last
30 years, genetic research has allowed us to pinpoint mutations responsible for subgroups
within the SCAs, thus allowing distinct characterisations of patient cohorts and unprecedented
insight into molecular pathogenesis. Several SCAs, including SCA type | (Scal), contain a
CAG repeat expansion in the affected gene, referred to as polyglutamine SCAs (Paulson et
al., 2017). In Scal, an autosomal dominantly inherited expansion of CAG repeats in the gene
now known as ATXN1, encoding the protein ataxin-1 (Orr et al., 1993). This pioneering work
from Harry Orr and Huda Zoghbi paved the way to improving our understanding of Scal and

currently provides the foundation for the development of novel therapeutics.

Traditionally, research on neurodegenerative diseases was centred around neuronal
atrophy and loss of dedicated vulnerable neuronal populations; however, there is now a
growing consensus that understanding such diseases in earlier stages prior to cell death is
favourable in the search for medicinal intervention. With studies even focussing on the early
developmental period, far prior to symptom onset, in order to understand disease pathogenesis
(Braz et al., 2022). Recent evidence in a Scal mouse model showed an increased inhibitory
connectivity within the cerebellar cortex, already emerging in the weeks after birth and
contributing to an imbalance of excitation and inhibition in the cerebellar cortex (Edamakanti
et al., 2018). We therefore hypothesised that alterations to the inhibitory network of the
cerebellar cortex circuit contribute to early Scal pathogenesis.

To investigate the extent of dysfunction among inhibitory neurons caused by the

ATXN1 mutation, we harnessed in vivo two-photon calcium imaging in a Scal mouse model.

12



1. Introduction

Over this thesis, | will outline our research into three main inhibitory interneurons of the
cerebellar cortex, in mice carrying the ATXN1 mutation. To unravel dysfunction across these
distinct neuronal populations, we investigated neuronal activity of all three groups
simultaneously in a variety of conditions. We recorded calcium signals in awake animals, in
darkness and with visual feedback provided through a virtual reality, during sensorimotor input
relevant to the function of cerebellar neurons. Neuronal activity can be altered during the same
motor action dependent on the animal being in darkness or light (Helmchen and Buttner, 1995).
These recordings were complemented by monitoring the same set of neurons under light
anesthesia, which in the past was a standard investigation to probe alterations in neuronal
activity in mouse models of neurodegenerative diseases (Busche et al., 2008; Chapman et al.,
1999). Light anesthesia particularly reduces neuronal inhibition (Haider et al., 2013) and can
thus potentially ‘unmask’ alterations in intrinsic excitability or neuronal excitation, which are
otherwise covered during wakefulness. Due to such distinctions, alterations to neuronal activity
in a disease model that occur in one condition, may not be consistent in the other (Greenberg
et al., 2008), hence we investigated the same neurons during these distinct states. Additionally,
we assessed calcium signals in these conditions at different ages, to investigate how
alterations develop over the disease course. Finally, we provided functional insight into our

descriptive findings through chemogenetic modulation of neuronal activity.

Whilst traditionally the term “ataxia” commonly refers to the disorder of a patient’s

movements, here we shine light on the disorder of cerebellar cortex inhibitory neurons in Scal.

1.1.2. Clinical Features & Neuropathology of SCAs

Spinocerebellar ataxias (SCAs) comprise a group of genetically heterogeneous
neurodegenerative disorders, with wide-ranging clinical features. The points of convergence
in SCA patients are the slow progressing ataxic symptoms, which consist of perturbed balance,
and motor incoordination among others. The shared physical symptoms generally coincide
with a degeneration of the cerebellum and brainstem, however, cellular mechanisms and
pathology vary among distinct subgroups. Originally, these disorders were categorised by the
variations in ataxic symptoms, in combination with appearance of extrapyramidal, sensory and
cognitive deficits. Moving forward, research identified subgroups with hereditary components,
leading to the recognition of autosomal dominant SCAs. This led to the discoveries of distinct
genetic loci that are predominantly used to define such SCA subgroups, as is the case for the

Scal, the focus of our research.

The prevalence for all autosomal dominant SCAs is reported as high as 5-7 per 100,000
(Duenas et al., 2006). Symptom onset is commonly in the 3™ or 4" decade, however it can

also occur later in life (Duenas et al., 2006; Matilla-Duerias et al., 2008). Patients suffer
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1. Introduction

primarily from a dysfunction and degeneration of the cerebellum, brain stem and spinal cord
(Fig. 1), which manifests as progressive motor skill and balance impairment, muscle
weakness, alongside oculomotor deficits, speaking and swallowing difficulties
(dysarthria/dysphagia) (Tejwani and Lim, 2020). At later stages, muscle weakness and
breathing difficulties become debilitating, and death usually occurs 10-20 years after symptom
onset depending on the subtype (Matilla-Duenas et al., 2008). The collaboration between Huda
Zogbi and Harry Orr led to the characterisation of the Scal gene in the early 1990s, by
identifying the CAG repeat mutation on the gene ATXNL1, leading to the polyglutamine

expansion on the protein ataxin-1 (Orr et al., 1993).

The hallmark pathological feature of Scal, is the striking degeneration of the Purkinje
neurons (PNs) of the cerebellar cortex. Post-mortem studies of brain tissue show severe cell
death, and magnetic resonance imaging (MRI) in living patients revealed a decrease in
cerebellum volume, progressively throughout the disease course, even in very early stages of
symptom onset (Burk et al., 1996; Nigri et al., 2022; Seidel et al., 2012). Aggregation of
mutated protein, ataxin-1, is found in other regions, such as the brainstem, although it can be
challenging to identify in PNs given the degree cell loss by the time of death (Duyckaerts et
al., 1999; Skinner et al., 1997). However, studies in Scal mouse models have revealed that
localisation of the mutant ataxin-1 to the PN nucleus is essential to ataxia symptoms and
atrophy (Klement et al., 1998). Despite some reports of mild granule layer atrophy (Robitaille
et al., 1995), the other neurons of the cerebellar cortex are largely spared from cell death
across the autosomal dominant SCAs (Koeppen et al., 2005). Thinning of the molecular layer
occurs due to shrinkage of PN dendritic branches, there is also reports of lower parallel fiber
(PF) density within this layer, again without significant loss of the granule cells (GCs) these
axons originate from (Koeppen et al., 2005; Seidel et al., 2012). Clinical imaging studies in
patients have shown that alongside atrophy to the cerebellum, there is significant volume loss

A Control Sca1

§

= ™

— ~

Brainstem Cerebellum

Figure 1: Pathology of Scal (A) The cerebellum and brainstem are the primary affected regions in Scal
patients; patient brains post mortem show severe atrophy of both regions. Images on right are taken from Seidel,
etal., 2012, numbers indicate “(1) atrophic anterior lobe, (2) atrophic posterior lobe, (3) widened posterior fissure,
(4) widened posterolateral fissure, (5) enlarged fourth ventricle, (6) flattened pons, (7) atrophic medulla
oblongata” (Seidel et al 2012). Abbreviations used in (A); AL-anterior lobe, HF-horizontal fissure, PF-posterior
fissure, PL-posterior lobe, PLF-posterolateral fissure. Reprint from Acta Neuropathologica with permission from
Springer Nature (Seidel, et al., 2012).
14



1. Introduction

to the brainstem (Seidel et al., 2012). It is of note that studies with patients around symptom
onset showed the reductions in cerebellar volume actually occur to a lesser extent than

reductions to the brainstem regions (Nigri et al., 2022).

Itis therefore important to also consider the impact of the Scal mutation in areas away
from the cerebellar cortex. It is clear from post mortem analysis that alongside PN loss, atrophy
is prominent in the deep cerebellar nuclei and further brainstem regions including the inferior
olive and pontine nuclei (Seidel et al., 2012). Furthermore, case studies reveal widespread
degeneration throughout the brain encompassing cortical, midbrain, cholinergic and
dopaminergic systems (Rib et al., 2012). There is a strong argument that PNs are simply more
vulnerable to degeneration, than cell types around them, rather than the central feature driving
Scal symptoms (Hekman and Gomez, 2015). MRI and magnetic resonance scanning (MRS)
showed that the most significant changes in patients at the early-moderate stage of the disease
occurred in the pons, moreover, these findings could accurately predict the severity of disease
progression (Deelchand et al., 2019). The pons is connected to the GCs of the cerebellar
cortex through mossy fibers (MFs), indicating that input to the cerebellar cortex may be altered
early in Scal. In agreement with this, there is a correlation between brainstem degeneration
and disease severity (Guerrini et al., 2004). In addition to the brainstem, position emission
tomography has identified dysfunction in frontal regions also correlating with behavioural
severity (Wang et al., 2007). The authors propose such dysfunction could be caused by deficits
in projections from the cerebellum to these frontal regions (Wang et al., 2007). Indeed, the
three peduncles connecting the cerebellum and midbrain are certainly reduced in volume in
SCA patients (Seidel et al., 2012). Further indicating, that connections to and from the
cerebellum are altered. Corroborating these findings, degeneration of spinocerebellar and
corticospinal tracts is prominent in post mortem tissue (Zoghbi & Orr, 1995) and dysfunction in
SCA patients prior to severe symptoms onset has been shown through electromyography
(EMG)/electroencephalography (EEG) and transmagnetic stimulation (TMS) studies
(Rakowicz et al., 2019; Velazquez-Pérez et al.,, 2017). In addition, electrophysiological
characterisation has highlighted polyneuropathy as a common feature among SCA patients
with individual subtypes having distinct characteristics (Linnemann et al., 2016; Matilla-Duenhas
et al., 2008). Scal often shows prolonged peripheral and central motor conduction times
(Schals et al., 1997), with a more recent report suggesting 82% of peripheral nerves are
affected, compared to SCA6 with only 22% (Linnemann et al., 2016). These findings not only
highlight the variation between these genetically defined subgroups, but also further indicate

that dysfunction extends beyond the cerebellar cortex.

Itis clear that our research should avoid focussing entirely on one cell type alone, but

should consider circuits and cell-cell connectivity. With this in mind, we aimed to assess
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1. Introduction

multiple neuronal populations in the cerebellar cortex of Scal in unison, to unravel how
mutated ATXNL1 alters distinct groups and network function. In the next section, | outline the

neurons we focus our research on, and how they are connected within the cerebellar cortex.
1.2. The Cerebellum

The cerebellum is a part of the hindbrain and located dorsally to the brain stem, it is
named from the Latin for “mini brain”, given the relative small size in comparison to the
cerebrum in humans. Despite being considerably smaller in appearance and weight than the
neocortex, the cerebellum, captivatingly, contains over half the neurons of the entire brain and
has a far larger surface area than the cerebrum (Azevedo et al., 2009; Sereno et al., 2020).
The cerebellum is traditionally associated with facilitating coordinated motor function, largely
due to initial lesion experiments revealing breakdown in coordination and impaired
movements, without paralysis or clear disruption to sensory and cognitive function (Glickstein
et al., 2009). Research since, has not only confirmed an important role in motor function (Manto
et al., 2012), but also in handling sensory information (Baumann et al., 2015), and it has
become known that cerebellar output has strong influence in learning, emotional regulation
and other forms of higher cognitive function (Jacobi et al., 2021). With this, although indeed
dysfunction of the cerebellum causes the classical motor impairments, as is clearly observable
in SCA patients, understanding the complexities of this region is likewise highly relevant in a

variety of psychiatric disorders (Phillips et al., 2015).
1.2.1. Anatomical Divisions of the Cerebellum in Humans and Mice

Being an older region of the vertebrate brain, the function and cytoarchitecture of the
cerebellum is largely conserved across mammals, although varies considerably in size and
relative position to the cerebrum (Fig. 2A) (Narayanan and Thirumalai, 2019). Research into
cerebellar lesions and models of cerebellar disorders in animals have found remarkable
consistencies in symptoms with comparative cerebellar conditions in humans (Manto et al.,
2012).

A

Figure 2: The cerebellum in humans and mice (A) Graphical representation of the anatomical location of
the cerebellum in humans and mice indicated in the black shaded area (B) Divisions of the cerebellum, image
from White and Sillitoe, 2012. “LS, lobulus simplex; PML, paramedian lobule; COP, copulapyramidis (a,
anterior; p, posterior)“(B) Reprint from WILEY INTERDISCIPLINARY REVIEWS: MECHANISMS OF DISEASE
with permission from John Wiley and Sons (White and Sillitoe, 2012).
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1. Introduction

The macrostructure is split into a central column of lobules, the vermis, and two
hemispheres (Fig. 2B), originally delineated in the early 18" century by Johann Christian Reil
(1759-1813) and Karl Friedrich Burdach (1776—1847) (Reil, 1807). Three major white matter
tracts connect the brainstem and cerebrum to the cerebellum, the superior, middle and inferior
peduncles respectively. These consist of various afferent and efferent tracts. Output of the
cerebellum stems primarily from deep cerebellar nuclei (DCN) (the dentate, emboliform,
fastigial and globose nucleus). Two major excitatory inputs to both these nuclei and the
cerebellar cortex, are the climbing fibers (CFs) and MFs. CFs emerge from the inferior olive
(10), whilst MFs project from a number of regions including the pons and other brainstem
nuclei, and the spinal cord (Fig. 3A). The output of the DCN is modulated by the inhibitory
circuit of the cerebellar cortex (Prestori et al., 2019a). The cerebellar cortex circuit receives
excitatory input from the aforementioned climbing and MFs, and inhibits the DCN through the
PNs, the only output of the cortex (Fig. 3B).

Despite that cerebral gyrification is lacking from the rodent brain in comparison to
humans, the cerebellum macrostructure and folding is largely consistent across vertebrates,
from birds to rodents to humans (Larsell, 1970; Miterko et al., 2018; Semple et al., 2013). In
addition, the topographical structure and cytoarchitecture outlined here, is also conserved from
humans to mice. Furthermore, cerebellar deficits in mice provide comparable symptoms to
symptoms present in humans following cerebellar damage (Manto and Marmolino, 2009).
Recent work has provided detailed genetic insight into the comparisons between rodent and
humans cerebellar regions. Transcriptome mapping supports a high homogeneity between
human Crus | and every region of the mouse cerebellum (Beauchamp et al., 2022). On the
other hand, single cell sequencing has also indicated a large difference in genomic
expressions in the cerebellum between human and mice (Apsley and Becke, 2022). Whilst it
is important to understand further these differences to improve translation of preclinical
research, the anatomical, functional and transcriptomic similarities in the cerebellum from mice

to humans, indicates this is a valid model to better understand the human cerebellum.
1.2.2. Structural Architecture of the Cerebellar Cortex Circuit

The cerebellar cortex is divided into three layers, the most superficial molecular layer,
followed by the PN layer and finally the innermost granule layer (Fig. 3B). The MFs provide
excitatory drive onto the only glutamatergic cells of the circuit, the densely packed GCs of the
granule layer. Within this layer the primary inhibitory cells are the Golgi cells, which are one of
so-called “non-traditional large” neurons of the granule layer (Barmack and Yakhnitsa, 2011).
This group also comprise of the GABAergic/Glycinergic Lugaro cells and excitatory unipolar

brush cells (Flace et al., 2004). Lugaro cells are innervated by serotonergic inputs of MFs,

17



1. Introduction

inhibited by PNs and in turn inhibit MLINs, whilst unipolar brush cells excite GCs alongside the
MFs (Kalinichenko and Okhotin 2005; Miyazaki et al., 2021). Further small inhibitory neurons,
including globule cells have also been studied in this layer but are less abundant (Hirono et
al., 2012). GCs excite PNs and MLINs through PFs, so named as they project superficially and
form parallel tracts stretching along the molecular layer, innervating the dendrites of the PNs,
which also extend into the molecular layer from their deeper cell bodies (Fig. 3B). PNs are
also directly excited from CFs, their activity is temporally and spatially modulated through the
inhibitory MLINSs, residing in the most superficial layer. MLINs are divided morphologically into
deeper lying basket cells and superficial stellate cells, primarily inhibiting the PN somata and
dendrites respectively (Kim and Augustine, 2021). Physiologically they are difficult to
differentiate, therefore are commonly grouped together in research (Kim and Augustine, 2021;
Sultan and Bower, 1998). PNs are the sole output of the cerebellar cortex. Their unusually
large somata lie in between the granule and molecular layers, they each display extensive
tree-like dendritic branches extending into the molecular layer, whilst their inhibitory axon
projects deep to the DCN, modulating the overall output of the cerebellum (Fig. 3B). Also
predominantly residing in this PN layer, are the Candelabrum cells, another GABAergic
interneuron targeting MLINs, whilst receiving excitation from MFs and GCs and inhibition from
PNs (Osorno et al., 2022). For the purpose of this research we focus on the three primary

inhibitory cells of the cerebellar cortex; MLINs, PNs and Golgi cells.
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Figure 3: Connectivity of the cerebellum and cerebellar cortex circuit. (A) Primary inputs to the cerebellum are
climbing and mossy fibers. Climbing fibers originating from the inferior olive (I0) within the medulla oblongata
(medulla) region of the brainstem project directly to PNs of the cerebellar cortex in each of the lobules. Mossy fibers
originating from multiple areas including the pons and spinal cord (SC) synapse with the deep cerebellar nuclei
(DCN) as well as projecting directly to the granule cell layer of the cerebellar cortex of all lobules. The DCN are the
sole output of the entire cerebellum and project back to the spinal cord and brain stem, as well as targeting ventral
tegmental area (VTA) and several cortical regions via thalamic nuclei. (B) The cerebellar cortex of each lobule is
divided into 3 layers, molecular layer (ML), Purkinje neuron layer (PNL) and the granule cell layer (GCL). Mossy
fibers excite granule cells (1), which are the primary excitatory neuron of the cerebellar cortex. Granule cell axons
project into the molecular layer forming parallel fibers exciting PNs (2), which in turn provide the sole output of the
cerebellar cortex, an inhibitory drive onto the DCN (3). PNs each receive excitation from a singular climbing fiber (4),
glutamate spillover from this input can lead to MLIN excitation (5). Parallel fibers also excite MLINs (6), inhibitory
interneurons targeting Purkinje neurons, both at the somata (7) and the dendritic branch (8), PNs in turn provide
feedback inhibition onto MLINs (9). MLINs also provide inhibitory connections to each other (10), autaptic inhibition
(11), and have direct connections to Golgi cells (12). Dendrites of Golgi cells descend from the molecular layer to
their somata lying in the granule cell layer. They also receive excitatory drive from the parallel fibers (13) and mossy
fibers (14). Golgi cells provide the main inhibitory drive of the granule cell layer, inhibiting granule cells (15), and
provide inhibition onto one another (16). DCN - deep cerebellar nuclei, VTA - ventral tegmental area, 10 - inferior
olive, SC - spinal cord, ML - molecular layer, PNL — Purkinje neuron layer, GL — granule cell layer. V-IX in (B)
correspond to lobule numbers. + indicates excitatory input (descending size indicates spillover), -- indicates
inhibitory, colour of each indicates type of neuron input emerges from.
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1.2.3. Physiology & Function of Distinct Neuronal Populations of the

Cerebellar Cortex Circuit

Molecular layer interneurons

Basket and stellate cells comprise the MLINs, so named from their distinctive
morphological structures, stellates with star like formation and basket cell axons forming
specialised basket shaped web around the PN somata, which are referred to as pinceau
(Brown et al., 2019; Eccles et al., 1966). MLINs are parvalbumin positive GABAergic neurons,
which provide the primary inhibitory tone onto PNs, along with reportedly some inhibition of
Golgi cells (D’Angelo, 2008). The most superficial stellate cells, the soma of which reside in
the outer two thirds of the molecular layer have sagittal projecting dendrites and axons,
primarily targeting PN dendrites (Rizza et al., 2021). Lying deeper towards the PN layer, basket
cells form direct pericellular nets surrounding the PN axon initial segment, ideally positioned
to modulate PN output (Prestori et al., 2019a). These pinceau provide GABAergic inhibition,
but notably, activation of basket cells also creates an instant ephaptic inhibition preceding the
chemical interaction (Blot and Barbour, 2014). The inhibitory drive onto PNs, produced through
convergence of approximately 5-10 MLINs per PN, is the result of complex electrochemical
MLIN-MLIN coupling, autaptic inhibition and feedback inhibition from PN contacts directly onto
MLIN soma (Kim and Augustine, 2021). Both Stellate and Basket cells display fast spiking
action potential firing properties, reaching up to 300 Hz (Bao et al., 2010). In vivo recordings
reveal that MLINSs display irregular intrinsically modulated firing frequencies can range between
1-35 Hz, supporting findings in slices (Bao et al., 2011; Hausser and Clark 1997; Jorntell and
Ekerot, 2002; Kim and Augustine 2021). MLINs are interconnected electrically and chemically
to each other on a sagittal plane, with gap junctions likely to allow synchronous activity (Kim
et al., 2014; Mann-Metzer & Yarom, 2000). The organisation of local MLIN clusters together
modulate the spatial and temporal output of PNs primarily through lateral and feedforward
inhibition, driven by PFs from the GCs innervating both PNs and MLINS (Kim and Augustine,
2021). There is also glutamatergic excitation of MLINs from CFs, via glutamate spillover (Kim
and Augustine, 2021). Through the dendritic and somatic modification of PN activity, MLINs
regulate the pacemaker output and narrow the window for suprathreshold summation following
GC excitation (Buzséki, 1984; Prestori et al., 2019a). In addition, MLINs have direct functional
connections to Golgi cells (Dumoulin et al., 2001). However, the extent of this inhibition is
controversial, simultaneous electrophysiological recordings of MLINs and Golgi cells have
indicated there is no synaptic input, and optogenetic stimulation of MLINs with simultaneous
Golgi cell and PN recordings also showed inhibition of PNs but not Golgi cells (Hull and
Regehr, 2012). Therefore, the functional relevance of the direct MLIN-Golgi cell connections
is yet to be established (Prestori et al., 2019a).
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MLINs are highly driven by sensory stimulation and motor action (Kim and Augustine,
2021). For example, calcium imaging studies using genetically encoded calcium indicators
expressed in MLINs, show high correlation of neuronal activity with locomotion and orofacial
movements such as licking and bruxing (Astorga et al., 2017; Gaffield and Christie 2017;
Ozden et al., 2012). Furthermore, optogenetic stimulation of MLIN drives eyelid closure, which
shows a direct functional influence of MLIN activity on behaviour (Heiney et al., 2014).
Similarly, optogenetic inhibition of MLINs, through the light activated proton pump,
Archaerhodopsin 3.0, has also been shown to impair locomotion (Jelitai et al., 2016). Aside
from these traditionally associated cerebellar functions, MLINs are also implicated in the
facilitation of learning (Wulff et al., 2009). A mouse model in which PNs lack the GABAx
receptor, showed an impaired ability to modify the amplitude and timing of the optokinetic reflex
over multiple training sessions (Wulff et al., 2009). The stark reduction in vestibulo-ocular
learning was particularly interesting given that the initial impairment was significant but
relatively mild, which suggests the strongest consequence of the disrupted MLIN-PN inhibition,
is disrupted learning (Wulff et al., 2009). Electrophysiological and calcium recordings PN
dendrites later showed that MLINs inhibit CF driven calcium signals in the PN dendrite without
altering somatic activity (Rowan et al.,, 2018). When PFs and CFs were stimulated
simultaneously, MLIN inhibition of CF related activity in the PN dendrite was shown to facilitate
long-term potentiation (LTP) of PF-PN dendrite postsynaptic potentials. Whereas, lack of
MLIN inhibition, supported long-term depression (LTD) of PF potentials, thus showing that
MLIN activity has a range of influence on PN dendrite plasticity (Rowan et al 2018). Rowan
and colleagues also revealed the behavioural relevance of the MLIN influence in plasticity, with
simultaneous optogenetic activation of CFs and MLINs leading to a reduced vestibulo-ocular
reflex, whilst stimulation of CFs alone increased the reflex (Rowan et al., 2018). Therefore
showing that MLIN influence on functional PN plasticity could be the mechanism by which
MLINs facilitate motor learning. Furthermore, these data show that MLIN can drive differential
alterations of activity in distinct PN compartments. Through chemogenetic manipulation,
Badura and colleagues performed a fascinating functional segmentation of cerebellar regions
(Badura et al., 2018). They found that inhibition of MLINs in lobule VI blocked reversal learning,
whilst VII activity was required for novelty seeking behaviour and the Crus I/ll MLINs were
involved in social preference decision making (Badura et al., 2018). In addition two-photon
imaging in lobule VI also revealed that MLIN calcium responses encode preference information
during associative learning (Ma et al., 2020). These studies provide strong evidence that MLIN
activity is intertwined with a range of higher cognitive functions in rodents. The impact of
cerebellar cortex function on such behaviours has also been studied in humans, using non-

invasive techniques.
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Although not specific to MLINs, manipulation of cerebellar cortex excitability has been
shown to influence motor learning and higher cognitive function in humans (Pauly et al., 2021).
TMS protocols applied to the cerebellum have been documented to alter (increasing or
decreasing depending on the protocol) motor evoked potentials in downstream motor cortex,
which is suggested to be due to modulation of PN output (Pauly et al., 2021). Anodal
transcranial direct current stimulation (tDCS) of the posteromedial cerebellum in humans
improved results in a cognitive sequencing learning task, remaining up to one week post
stimulation (Ma et al., 2023). Furthermore, tDCS can also improve mental state recognition,
tested through the ability of subjects to match a description of an emotion to the corresponding
image of a human face (Clausi et al., 2022). Whilst changes to excitability in this region with
such broad stimulation methods are poorly understood, this indeed underscores the
importance of the output of the cerebellar cortex circuit to a wide range of behaviours in
humans, supporting the findings in rodents. As discussed research in mice shows that MLINs
are essential in governing the output of the cerebellar cortex through spatiotemporal regulation
of PN excitability. This is overall in line with growing evidence that MLINs and the cerebellum
per se are highly integrated in higher social and cognitive function, and potentially
compromised in psychiatric disorders, (Mapelli et al., 2022; Stoodley et al., 2016), alongside
the well-documented role in sensorimotor processing (Chu et al., 2012; Jorntell et al., 2010;
Ma et al., 2020). Understanding the interactions between the MLINs and their primary target
PNs, is crucial to mapping how the cerebellar cortex circuit breaks down leading to altered
behaviour in Scal; we therefore also examine the sole output cell of the network, the Purkinje

neurons.

Purkinje Neurons

PNs are one of the most recognisable neurons of the brain, characterised by their large
soma, tree-like dendritic branches and with the prominent axon, projecting to the DCN (Attwell
and Mehta, 2021). They are parvalbumin positive GABAergic neurons, and the only output of
the cerebellar cortex. PN are each stimulated by a singular CF, depolarizing the entire
membrane through voltage gated calcium channels. Remarkably, the dendritic branches
receive only individual or few synaptic contacts from over 100,000 different PFs in humans
and rodents (Hirano, 2018; Ito et al., 1982). Their inhibition of the DCN are the result of complex
computations of the densely packed cell—cell interactions within the cerebellar cortex. This
manifests in two activity forms, simple spiking, which is intrinsically generated pacemaker
activity, heavily influenced by GC input via PFs, or complex spikes, driven largely by CF input
(Beckinghausen and Sillitoe, 2019; Streng et al., 2018). Simple spiking is the dominant output,
resting around 40-50Hz in mice, however firing frequencies can increase up to above 200Hz
for example during locomotion, an effect that is largely modulated through the MF - GC - PF

pathway (Fig. 2) (Arancillo et al., 2015; de Solages et al., 2008; Thach, 1967). Complex spiking
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occurs at a low frequency of 0.5-1Hz (Arancillo et al., 2015; Streng et al., 2018) and are
suggested to encompass dendritic calcium spikes, contributing to LTD at the PF-PN synapse,
they occur in the form of a single fast spike followed by two-four slow spikes (Schmolesky et
al., 2002).

As the centrepiece of the cerebellar cortex, the PN output exhibits a major influence of
the initiation and maintenance of motor behaviour. Studies in multiple species have revealed
that the PN firing rate is coordinated with onset, intensity and timing of locomotion, thereby
varying widely across cycles of movement (Armstrong and Edgley, 1988; Chang et al., 2020;
Llinds, 2011; Sauerbrei et al., 2015; Tsutsumi et al., 2020). The IO drives large synchronous
generation of complex spikes across PNs during locomotion (Welsh, 2002) and simple spiking
is reported to coordinate with step cycles in cats (Apps and Lidierth, 1989). Complex spiking
drives a cessation of simple spiking, the functional relevance of these two distinct types, and
their intricate relationship with one another is gradually being unravelled by research
predominantly in rodent models (Burroughs et al., 2017; Horn et al., 2010). The balance of
excitation-inhibition at the PN dendrite orchestrates the output of the cerebellar cortex. GCs
drive depolarisation in the PN dendrites, which, modulated through MLINs, drives simple

spiking output facilitating locomotor function (Jelitai et al., 2016).

Training mice in sensorimotor tasks can reveal how PN firing facilitates information
processing. In a study by Tsutsumi and colleagues, mice were trained to lick within a 500ms
time frame in order to receive a reward, only if they received both air puff and auditory tone in
unison (Tsutsumi et al., 2020). The authors used optogenetic manipulation of PNs in
combination with silicon probe mediated electrophysiological recordings. They revealed that
the coordination of coherent complex spike activity provides the temporal accuracy to the
specific motor response following the sensory stimuli, whilst simple spikes modify the latency
and initiation (Tsutsumi et al., 2020). In rats, multi-electrode recordings unravelled further the
functional clustering of PNs across step cycles, revealing a dependency of PN firing on the
phase of step, supporting earlier findings that PN firing is rhythmically altered with step cycle
(Armstrong & Edgley, 1984; Powell et al., 2015; Orlovsky, 1972). Studies have shown that
locomotion speed can either negatively or positively drive PN firing (Sauerbrei et al., 2015).
Research using high density silicon probes recordings to study locomotion in vermis lobules
IV, V, Via of mice, identified the majority of neurons they recorded from (a combination of PNs,
Golgi and MFs) to indeed be modulated by stepping cycle (Muzzu et al., 2018). They found
that around 45% of neurons indeed increased their firing with locomotion speed, whilst others
were negatively correlated with it. Interestingly, of these positively modulated cells the firing

properties represented upcoming speeds, activity driving motor activity, as opposed to sensory
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response (Muzzu et al., 2018). This details a role in locomotion, particularly execution of motor

output.

Miniaturised head-mounted one-photon imaging was utilized to monitor vermis PNs in
lobule V of mice navigating a 3D environment (Lyu et al., 2023). This showed a counter balance
activity between MLINs and PNs, with calcium transients of the latter decreasing whilst moving
either up or down the environment on a population level, in time with augmented responses of
the MLINs (Lyu et al., 2023). Non-specific inhibition of all neurons within the superficial cortex
of lobule V, using chemogenetic tools, prevented running uphill in the mice. The authors
suggest that activation of MLINs in time with PN inhibition is therefore essential for adjusting
locomotion to a non-horizontal environment (Lyu et al., 2023). Evidence using more specific
inhibition of MLIN is required to verify the exact mechanism underlying the functional deficits,
however, this study already reveals how specific motor skills can breakdown following

compromised cerebellar cortex circuit function within one lobule alone.

PN activity has been shown to associate with numerous behaviours, including whisking
(Chen et al., 2016), visual and ocular motor responses (Norris et al., 2004), fine motor control
(Heiney et al., 2014; Hewitt et al., 2015) and a variety of learning tasks (Jirenhed et al., 2007;
Lisberger et al., 1994; Nguyen-Vu et al., 2013; Ojakangas and Ebner, 1992). The extensive
range of functional roles possibly shows why damage to these cells causes widespread
symptoms in diseases such as SCA. Lyu and colleagues here take advantage of studying
multiple cells simultaneously to reveal novel insights into cerebellar cortex functionality.
Similarly, in our own research, we wanted to not only explore the relationship between PNs
and MLINSs, but also consider the third major inhibitory neuron of the cerebellar cortex circuit,

the Golgi cells.

Golgi cells

The primary inhibitory neurons of the GC layer, Golgi cells, have a close connection to
central figures in the history of neuroscience, identified by and ultimately named after Camillo
Golgi with his pioneering stains (Golgi, 1883), and later detailed morphologically by Ramén y
Cajal (Garcia-Lopez et al., 2010; Sotelo, 2008). Golgi cells are primarily both GABAergic and
Glycinergic, although sub populations use either GABA (~20% of Golgi cells) or Glycine (~5%)
alone (Prestori et al., 2019a). Structurally, their sagittal arrangement of axon terminals form
approximately three to five inhibitory synapses per GC in their surrounding area, whilst they
receive excitation from MF inputs within the GC layer and have dendrites that reach into the
molecular layer, receiving input from both MLINs and PFs (D’Angelo, 2008; Duguid et al.,
2015). Furthermore, Golgi cells are electrically and chemically coupled to one another (Prestori
et al., 2019a). The electrical gap junctions connecting Golgi apical dendrites, characteristically

lying in the molecular layer, have been shown allow low frequency synchrony (Dugué et al.,
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2009). Yet, these junctions also facilitate the rapid de-synchrony, occurring with local MF

activation (Vervaeke et al., 2010).

Golgi cells are positioned to gate the excitatory drive of the 100 billion GCs within the
cerebellar cortex, thereby modulating the MF input to the cerebellar cortex (Eccles et al., 1967).
Physiologically described by Eccles in the 1960s, they also display pacemaker activity (Eccles
et al.,, 1967). Their firing properties identified with single unit recordings in vivo show
intrinsically generated rhythmic activity, which is maintained across species (Edgley and
Lidierth, 1987; Miles et al., 1980), in rodents occurring at roughly 2-30Hz (Holtzman et al.,
2006; Vos et al., 1999a). Golgi firing displays partial synchrony arranged over the parasagittal
axis in line with local PF tracts (D’Angelo, 2008; Vos et al., 1999b).

Golgi cell pacemaker activity is modulated through MF inputs following sensory
stimulation or motor behaviour occurring in two distinct forms. Frequency of Golgi cell
pacemaker firing may be adjusted, as with locomotion (Edgley and Lidierth, 1987). The second
form is a burst spiking activity over around 10 ms, in the pattern of 1-3 sequential spikes
(Galliano et al., 2010). This can be elicited by facial sensory stimulation (Holtzman et al., 2006),
following which an extended pause in activity occurs (Voz et al., 1999a; Galliano et al., 2010).
Itis suggested, that the three spikes reflect; (1) trigeminal MF input, (2) pons MFs from cortical
sensory motor processing and finally, (3) stimulation from PFs respectively (Galliano et al.,
2010). Two primary forms of Golgi cell activity that then inhibits GCs, can be grouped as
feedforward (MF - Golgi cell - GC) or feedback inhibition (MF - GC - Golgi cell - GC), thereby

modulating the sensorimotor responses of the GCs (Dugoid et al., 2015).

Golgi cell modulation of GC layer activity encompasses the regulation of plasticity at
the MF — GC synapse (Mapelli and D’Angelo 2007; Sgritta et al 2017). Golgi cells also provide
lateral inhibition that organises nearby GC activity into tight groups (referred to as “centre-
surround organisation”), thereby controlling depolarization in GCs, limiting NMDA receptor
opening and therefore LTP (D’Angelo et al., 2013). Higher inhibitory tones generally induce
LTD, whilst weaker would allow increased calcium influx and therefore encourage LTP in GCs,
slowing and increasing responsiveness to MFs respectively (D’Angelo, 2008; Lisman, 2003;
Nieus et al., 2006). Even sparse MF input directly onto Golgi cells can alter their pacemaker
activity with high precision, leading to a feedforward inhibition of GCs (Kanichay and Silver,
2008). Together, Golgi activity creates a precise reorganisation of MF information (D’Angelo
et al., 2013; Sudhakar et al., 2017). In vitro and in vivo recordings, along with computational
models, are gradually unravelling the complexities of how this fascinating input circuit is

balanced to facilitate cerebellar associated behaviours.
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Various sensory stimulation (tactile and air puff) and motor activity influences Golgi cell
activity, directly or indirectly through MF pathways (Holtzman et al., 2006; Prsa et al., 2009).
Indeed impairing the cerebellar network through targeting Golgi cells causes a range of
symptoms. Ablation of Golgi cells, for example, can cause severe motor impairments
(Watanabe et al., 1998). More specifically, a knock-out mouse model disrupting Golgi-GC
inhibition produces severe deficits not only in coordination but also motor learning (Meng et
al., 2019). These findings indicate multifaceted functional roles for Golgi cells. In support of
this, simultaneous in vivo recordings in monkeys of MF and Golgi cells reveal that the activity
in the latter does not simply reflect the behaviour driven MF discharge (Prsa et al., 2009).
Therefore arguing against the notion that Golgi cells simply provide “gain control” for GC
activity, indicating more complex roles. Indeed, a recent study using in vivo two-photon calcium
imaging, identified a collective slow behaviourally-associated (locomotion and whisking)
alteration in Golgi cell responses across the network, in both the vermis and Crus I/ll (Gurnani
and Silver, 2021). However, observing population responses under the shorter time-span of 1
second consisting of more heterogeneous Golgi activity encoded accurate behaviourally
relevant information (Gurnani and Silver, 2021). These data provide elegant descriptive
evidence that supports earlier observations that Golgi cells not only provide a general gain
control, but are essential to encoding of sensorimotor processing within the cerebellar cortex.
This is achieved by precise spatiotemporal modulation of MF inputs to the GC layer (D’Angelo
and De Zeeuw, 2009; Kanichay and Silver, 2008).

Overall, given these crucial roles in various behaviours relevant to Scal symptoms and
in the complex organisation of the input to the cerebellar cortex circuit, we therefore also

included Golgi cells in our analysis to understand circuit alterations in Scal.

1.3. Spinocerebellar Ataxia Type 1 (Scal).
1.3.1. Genetic Background of Scal.

After establishing a sub group of autosomal dominant SCAs, the causative gene for
Scal was identified on chromosome 6 in the HLA region in the 70s, a crucial step forward in
the field (Jackson et al., 1977; Orr, 2012; Yakura et al., 1974). Similar to work with trinucleotide
repeat expansion based-diseases such as Huntington’s disease (HD), Orr and colleagues
identified an unstable CAG repeat encoding a polyglutamine tract (polyQ tract) through cloning
of the Scal gene (Orr et al., 1993). In addition, they showed that an increased length of these
CAG repeats associated with greater severity and younger age of onset (Orr et al., 1993).
Identification and further study of the Scal gene revealed that it encoded the protein ataxin-1,
the gene became known as ATXN1 (Banfi et al., 1994). This research led to establishing a

variety of mouse models, propelling the understanding of the disorder forward. Importantly, it
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became clear that classical SCA features such as ataxic gait and motor deficits occurred prior
to cell death. Therefore, such symptoms are driven by neuronal dysfunction, rather than
atrophy (Orr & Zoghbi, 2001).

The ataxin-1 protein is ubiquitously expressed across the brain, with a healthy ATXN1
gene containing 6-42 CAG repeats (Fig. 4A) (Zoghbi & Orr, 1995). Repeat numbers exceeding
21 are however interrupted by one to three CAT trinucleotides. In Scal, there will be a
minimum of 39 uninterrupted CAG repeats (Olmos et al.,, 2022). In the healthy condition,
ataxin-1 can be shuttled between cytoplasm and nucleus, mutant ataxin-1 on the other hand,
can be transported to the nucleus, but cannot then move back (Irwin et al., 2005). The ataxin-
1 protein has been shown to be able to bind to chromatin, transcription factors and RNA, thus
being involved in repression in transcription via the Notch signalling pathway, and RNA splicing
(Didonna et al., 2020; Kohiyama and Lagalwar, 2015; Seidel et al., 2012; Tong et al., 2011;
Zoghbi and Orr, 2009). Studies have shown that the ATXN1 mutation is a gain-of-function
mutation, and indeed, the expanded CAG tractin ATXNL1 is required for pathogenesis (Burright
etal., 1995; Zoghbi and Orr, 2009). When a loss of function ATXN1 mutation was investigated
in mice, no classical disease symptoms were observed (Matilla et al., 1998). For the purpose
of this study, we utilised the knock-in mouse line, Scal'**?’?Q, based on the expression of an
expanded repeat of 154 CAGs in the Scal locus, inserted through homologous recombination
(Watase et al., 2002). These mice display symptoms closely mirroring the human disorder,
beginning with loss of motor skills, then displaying ataxic gait muscle wasting, cognitive
impairment and ultimately, premature death (Fig. 4A). Importantly, the mutated ATXN1 is
present in all cells as it is in the human disorder, as opposed to just PNs, which is common in
several models (Burright et al., 1995). Knock-in models with shorter CAG repeats have also
been utilised but do not induce the severity of muscle wasting and ultimately a decreased
lifespan that is reminiscent of the human disease. With this longer tract, Watase and
colleagues found, consistent with earlier models, the selective neuronal atrophy occurs only in
the late stage of the disorder, far after symptom onset (Watase et al., 2002). This suggests
that neuronal dysfunction, as opposed to neuron loss, is the driver of symptoms. Which leads
to the question, how does neuronal dysfunction manifest in Scal? As is a common feature of
neurodegenerative disorders, there is an accumulation of protein aggregates, in this case
suggested to be due to the mutant ataxin-1 protein-protein and protein-DNA interactions (Chen
et al., 2022). Earlier work investigated the relationship between such intracellular aggregates

and symptom onset in mouse models of Scal (Orr, 2001).
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Figure 4: Timeline of Scal disease progression. (A) CAG repeat expansions in the gene ATXN1 cause
a polyglutamine repeat expansion in the ataxin-1 protein. (B) Sca1!>*?2Qknock-in mice (referred to as Scal
mice throughout). Images show 28-week-old Scal mouse with wild type littermate and PN degeneration
occurring in Scal compared to WT at 34 weeks. Dashed line indicates age (weeks) of images in relation to
timeline of key behavioural deficits and visible symptoms. WT —wild type littermate. Scale bar in (B): 100 um.
Adapted from Neuron with permission from Elsevier (Watase et al., 2002).

1.3.2. Protein Aggregation in Scal

The specific nature of how the ATXN1 gene mutation leads to pathogenesis is unclear.
However much research has focused on the emergence of nuclear inclusions and protein
aggregates, a hallmark feature of several polyglutamine and neurodegenerative disorders (Orr,
2001; Ross and Pairier, 2004). Misfolded polyglutamine aggregates forming nuclear inclusions
in neurons were initially described in HD patients (Roizin, 1979), followed by the confirmation
in patients of Scal & SCA type 3 (Sca3) (Paulson et al., 1997; Skinner et al., 1997).

The ataxin-1 protein is present in both the cytoplasm and nucleus, given it readily binds

with a number of proteins regulating transcription, it is suggested that the primary function lies
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within transcriptional modification (Kohiyama and Lagalwar, 2015; Menon et al., 2013;
Servadio et al., 1995). In the process of translocation to the nucleus from the cytoplasm, ataxin-
1is phosphorylated and then associates with 14-3-3 (Jafar-Nejad et al., 2011; Lai et al., 2011),
a family of ubiquitously expressed multifunctional eukaryotic proteins that make up around 1%
of soluble brain protein (Cornell and Toyo-Oka, 2017). The ataxin-1/14-3-3 complex must
dissociate before entry to the nucleus (Lai et al., 2011). The cytoplasmic stabilisation of mutant
ataxin-1 protein via phosphorylation and 14-3-3 interaction leads to nuclear localisation and
ultimately aggregate formation (Irwin et al., 2005; Kohiyama and Lagalwar, 2015). Therefore,
understanding the mechanisms of nuclear translocation has been a major focus of research.
Phosphorylation of ataxin-1 occurs at the serine 776 (Ser-776) site, and evidence points
towards a role for this phosphorylation in directing protein complex formation, not only with 14-
3-3, but also the transcriptional repressor Capicua (CIC) and other complexes handling
transcription (de Chiara et al., 2009; Menon et al., 2012). Chen and colleges revealed in a fly
model, that the specific formation of Ser-776/ataxin-1 and 14-3-3 complex drives Scal nuclear
inclusions (Chen et al., 2003). Formation of this new complex is crucial to slowing cytoplasmic
degradation of mutant ataxin-1 and therefore leads to nuclear translocation and protein
accumulation (Chen et al., 2003). Further corroborating these findings, the generation of a
Scal mouse model with alanine at position 776 rather than serine, led to dramatic slowing of
nuclear inclusions and only minor disease state, with PN atrophy largely prevented (Emamian
et al., 2003). This suggests that a combination of polyglutamine expansion and protein-protein
interaction within the nucleus initiated through phosphorylation specifically at a serine site in
the cytoplasm may drive pathology (Emamian et al., 2003). Building upon these findings,
recent work has further implicated these protein interactions in the facilitation of Scal
pathogenesis. The mutant ataxin-1-CIC complex is indeed required for gain of function toxicity,
whereas preventing this interaction inhibits toxicity and Scal pathology (Rousseaux,
Tschumperlin, Lu et al.,, 2019). Furthermore, Chopra and colleagues showed that mutant
ataxin-1-CIC interaction can generate neuronal dysfunction in a region specific manner via
altered ion channel expression, consequently driving PN spiking abnormalities and
degeneration (Chopra et al., 2020). These findings are in agreement with earlier work which
showed exercise could alleviate Scal symptoms also through reduction of CIC levels (Fryer
et al., 2011). It is important to note however, success in mouse models through targeting 14-
3-3 or CIC appears to address specifically dysfunctional PN phenotypes, without alleviating
brainstem related pathology (Fryer et al., 2011; Jafar-Nejad et al., 2011; Rousseaux,
Tschumperlin, Lu et al., 2019). It is therefore unclear if these interactions can lead to genuine

therapeutic interventions in patients.

The exact nature of the relationship between protein-protein interaction, aggregation

and human Scal pathology remains elusive. Whilst strong evidence detailed above outlines
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the necessity for protein-protein interaction in driving disease state, nuclear inclusion
aggregation per se does not appear to cause Scal dysfunction and degeneration (Orr and
Zoghbi, 2001). The contrary to these findings was initially suspected, given large insoluble
ubiquitin positive intranuclear inclusions were identified in PNs of the cerebellum, the pons and
other neurons throughout the brains of Scal patients (Duyckaerts, et al., 1999; Skinner, et al.,
1997). Also in cell culture experiments such aggregates do raise the susceptibility to cell death,
along with inducing oxidative stress and derailing protein synthesis in induced pluripotent stem
cells (IPSCs) (Hackam et al.,1998; Laidou et al., 2020). However, in 1998, Klement and
colleagues studied a transgenic mouse model expressing mutant ataxin-1 in the nuclei of PNs,
but with a deletion in the self-associated region of ataxin-1 (Burright et al., 1997), which
prevented the formation of ataxin-1 aggregates (Klement et al., 1998). Crucially, these mice
presented ataxia and PN pathology despite the lack of nuclear aggregates. Conversely,
disrupting nuclear localisation of the mutant protein did indeed prevent disease course,
indicating nuclear localisation but not aggregation underlies pathogenesis (Klement et al.,
1998). In line with this, a mouse model preventing expression of ubiquitin E3 ligase of Ube3A,
which is required for degradation of ataxin-1 via ubiquitin-dependent proteasome complex,
again prevented nuclear inclusion formation but increases the severity of Scal like pathology
(Cummings et al., 1999). Additionally, in a knock in mouse model, in which, ataxin-1 is not
overexpressed, PNs remain highly vulnerable despite inclusions only occurring in the very late
stages of disease progression, long after symptom onset (Watase et al., 2002). In support of
these findings, research on post-mortem tissue has indicated that cells with inclusions are in
a better condition, suggesting a protective role (Nagaoka et al., 2003). More recent evidence
has supported this, suggesting these insoluble polyQ aggregates provide some
neuroprotective qualities, and it is in fact the soluble form that is cytotoxic (Todd and Lim,
2013). Indeed Takahashi and colleagues in 2008 showed that neuronally differentiated cells
survived longer with inclusion bodies than with soluble polyQ oligomers (Takahashi et al.,
2008), this has been shown in a HD model (Arrasate et al., 2004), however is currently lacking
in Scal. Overall, such mounting evidence points towards that these protein aggregates in the
form of nuclear inclusions are not causal in Scal dysfunction and degeneration (Orr H., 2001;
Takahashi, et al., 2008).

Protein aggregation has been a major focus of research in neurological disorders, with
no therapeutic benefit translating to the clinic. There are still potential therapies in clinical trials,
and prospects for aiding early diagnosis (Soto and Pritzkow, 2018; Takalo et al., 2013;
Takeuchi and Nagai, 2017), however, focus is moving to alternate targets for intervention.
Identifying dysfunction early in neurodegenerative disorders has become another important

area of research.
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1.3.3. Altered Calcium Dynamics and Neuronal Excitability in Scal

The development of neuronal dysfunction is a critical aspect to understand in Scal, as
it was shown to occur prior to neuronal atrophy, and independent of protein aggregation
(Dell’Orco et al., 2015; Orr, 2012; Orr & Zoghbi, 2001). It is common that such dysfunction
manifests in the form of altered action potential firing properties and intriguingly, across several
neurodegenerative diseases, there is now evidence to suggesting that neurodegeneration
could be delayed or even prevented by targeting early dysfunctional neuronal activity (Braz et
al., 2022; Palop et al., 2006; Tobin and Singer, 2000). So how does an expanded ataxin-1
protein affect the physiological properties of neurons and at what point do such abnormalities

emerge?

Mouse models are crucial to answer such questions. One element to understand is how
mutant ATXN1 alters gene expression, potentially highlighting the origin of downstream
pathophysiology. Pathogenic transcriptional reduction has been identified in multiple Scal
models of varying severity, which has allowed for a pinpointing of genes relevant to symptom
development (Crespo-Barreto et al., 2010; Ingram, et al., 2016; Serra et al., 2004). Studying
alterations in gene and protein expression, with particular focus on those highly expressed in
PNs, has consistently shone a spotlight on the regulation of glutamate and calcium signalling
(Serra et al., 2004). Disruption of PN calcium homeostasis and calcium mediated physiological
processes can drive dysfunction and cell death (Prestori et al., 2019b). Examples of such early
alterations in Scal were identified in the Scal BO5 mouse model, which expresses 82 CAG
repeat (82Q) mutant ataxin-1 (Pcp2-ATXN1[82Q)]), under the PCP promoter (therefore solely
in PNs). The mice then present Scal like symptoms and pathology (Burright et al., 1995). A
decrease in expression of several genes related to glutamate and calcium handling was
identified in these mice around the age of symptom onset (~ 5 weeks old/p35), as well as in
the later stages of the disorder. These findings were further supported by immunostaining in
Scal human tissue, revealing downregulation of excitatory amino acid transporter 4 (EAAT4)
and inositol 1,4,5-triphosphate receptor (IP3R1) as early as postnatal day (P) 10, and the
dendritic protein Homer-3 (Lin et al., 2000; Serra et al., 2004). In support of this, proteomic
studies of the knock-in mouse model Scall%4?/2, with universal expression of mutant ATXN1,
revealed widespread alterations to the PN synaptic proteome (Ruegsegger et al., 2016).
Proteins essential to regulation of glutamate signalling and intracellular calcium cascades were
again disrupted, once more including the dendritic protein Homer-3, which couples IP3R1 with

metabotropic glutamate receptor 1 (mGIuR1) (Shiraishi et al., 2004). Importantly, restoring
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Homer-3 expression could alleviate symptoms and prolong survival of the mice (Ruegsegger
et al., 2016).

IP3R1 is the predominant isoform in neurons of such calcium transporters, expressed
on the endoplasmic reticulum. Mice deficient of IP3R1 across the cerebellum and brainstem
show perturbed PN complex spikes firing, coinciding with dystonic movements (Hisatsune et
al., 2013). Additionally, computational modelling of the biochemical calcium balance and
membrane excitability in PNs, indicates a central role for IP3R1 in regulation of PN excitability,
through functional coupling with calcium-activated channels such as BK channels and
expression of dendritic AMPA receptors (Brown et al., 2014). Adapting this model to Scal,
based on mouse and clinical studies, suggests that with the lower abundance of IP3R1
expressed in Scal, the transporter is hypersensitive, contributing to PN dysfunction (Brown et
al., 2014).

The glutamate transporter EAAT4, reduces extracellular glutamate spillover (largely
following CF innervation of PN dendrites), given its distribution localising with mGIuR1
receptors on PN dendrites (Lin et al., 2000). Deficiency of EAAT4 can disrupt pacemaker
activity through enhanced mGIuR1 activation, induce ataxic phenotypes and trigger glutamate
medicated neuronal apoptosis of PN (Perkins et al., 2018). Inhibition of EAAT4 is indeed linked
to facilitation of LTD of PF-PN dendrite synapses downstream of mGIuR1 activation (Brashjo
and Otis, 2001; Serra et al., 2004). This was further corroborated with RNA sequencing data,
examining gene expression in the BO5 mice and Pcp2-ATXN1[30Q]D776 mice, which model
progressive PN pathology with ataxia, and ataxia independent of such pathology, respectively
(Ingram et al., 2016). “Weighted Gene Coexpression Network Analysis” revealed distinct
networks of co-expressed genes from the Scal transcriptome, two of which were significantly
disease-associated (Ingram et al., 2016). The expression profile of one module in particular
that mirrored the development of pathology in PNs, implicated genes crucial to synaptic LTD
and signalling pathways downstream of glutamate receptor activation (Ingram et al., 2016,
Tejwani and Lim, 2020). Thus supporting earlier findings which implicated of dysfunctional
signalling pathways intertwined with mGIuR and LTD (Ingram et al., 2016). These data clearly
outline a number of mechanisms by which calcium homeostasis is altered in Scal models,
which can drive changes in neuronal activity. Pathophysiology driven by aberrant calcium
handling is a common feature across SCAs (Prestori et al., 2019b), it is therefore important to

understand how pathophysiology manifests across the cerebellar cortex circuit in Scal.

Neuronal plasticity and excitability at the dendritic spine is typically altered early in
neurodegenerative disorders, contributing to symptomatic states (Tobin and Singer, 2000).
Furthermore, several types of ataxias with similar profiles to Scal, manifest specifically from

mutations leading dysfunction to, or altered expression of, ion channels (Dell’Orco et al., 2015).
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This includes calcium channels in episodic ataxia 2 and SCA type 6 (Ophoff et al., 1996;
Saegusa et al., 2007) and potassium channels in SCA types 13, 19 and 22 (Duarri et al., 2015;
Waters et al., 2006; Yalan and Kaczmarek, 2016). Implicating alterations in membrane

excitability in driving SCA symptoms.

In the BO5 model, both in slices and in vivo, PN simple spike firing was already reduced
at the presymptomatic stage (2-4 weeks), the severity of this decline correlated with increased
expansion of mutant ataxin-1 in PNs (Hourez et al., 2011). Furthermore, the complex spike
duration and pause between complex spikes were both significantly increased in Scal (Hourez
et al., 2011). Early loss of the PN pacemaker activity has been confirmed in further studies, by
5 weeks of age in other Scal mouse models, in addition to hyperexcitable PN dendrites
(Bushart et al., 2018; Dell'Orco et al., 2015). Fascinatingly, the PN firing seems to restore at a
later stage, (~15 weeks of age), in time with shrinkage of PN dendritic spines, a classical
pathological feature of Scal. The authors suggest that the dendritic shrinkage is therefore a
compensatory mechanism to restore PN pacemaker firing, potentially through increasing the
relative density of potassium channels with reduced expression in the model. This mechanism
was confirmed through showing restoration of the density of calcium activated potassium
channel, BK, and subthreshold-activated potassium channels, underlies the firing recovery
(Dell’'Orco et al., 2015). Furthermore, raising PN BK channel expression in the BO5 mice also
alleviated motor symptoms (DellOrco et al.,, 2015). In support of these findings,
pharmacologically stimulating calcium activated potassium and subthreshold potassium
channels was also shown to improve spike firing, and stimulating of the latter alone reduced
PN dendritic hyperpolarization (Bushart et al., 2018). Exploring the relationship between BK
channels and Scal further, PN dendrites display increased calcium spikes (Chopra et al.,
2018), potentially due to increased cytosolic calcium that can occur when BK channel numbers
are reduced (Trombetta-Lima et al., 2020). The dendritic hyperexcitability can be recovered by
increasing BK expression, in combination with pharmacologically stimulating other potassium
channels (Baclofen), again improving motor performance and reducing dendritic shrinking
(Chopra et al., 2018) and stimulating BK channels alone restores PN firing (Srinivasen et al.,
2022). These data provide compelling evidence that reduction in BK channels provides a novel
therapeutic target and further intertwines Scal pathophysiology with calcium homeostasis.
Alongside and tightly linked to calcium handling, many of the studies investigating alterations
in Scal gene expression discussed above also implicated glutamatergic signalling,

downstream of mGIuR1 activation.
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1.3.4. Metabotropic Glutamate Receptor Signalling in Scal

Aberrant calcium handling is closely tied to pathological adaptations downstream of
metabotropic glutamate receptor (mGluRs) activation in Scal (Shuvaev et al., 2017). PFto PN
synapse communication occurs primarily through  a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) (fast excitation) and mGIuR1 (slower excitation) (Batchelor
and Garthwaite, 1997; Serra et al., 2004). Signalling downstream of mGIuR1 modulates
intracellular calcium stores via the phospholipase C (PLC)-IP3, protein kinase C (PKC) and
short transient receptor potential channel 3 (TRPC3) pathways (Hartmann et al., 2011; Serra
et al., 2004). Dysfunctional signalling cascades that regulate calcium can drive neuronal
dysfunction and have been investigated in Scal animal models (Lin et al., 2000; Power et al.,
2016; Serra et al., 2004; Wu and Kapfhammer, 2022). A mouse model of moderate ataxia
(Scal 82Q Tre/Tre;tTA/tTA), displayed enhanced PF-mGIluR1 activity at PN dendrites (Power
et al., 2016). In the healthy cerebellar cortex circuit PF driven mGluR1 activation can lead to
local calcium signals around the PN dendrite synapse (Canepari and Ogden, 2006). Power
and colleagues showed that in the ataxic mice, there was an increase in the localised PF driven
calcium signals in the PN dendrites, implicating amplified mGIuR1 activation (Power et al,
2016). Importantly, motor symptoms of Scal mice, are alleviated following mGIuR1 inhibition
(Power et al., 2016). Thus associating dysfunction of mGIluR1-calcium pathways in PN

dendrites in early or mild ataxic symptoms.

Conversely, there is also evidence that stimulation of mGIuR1 can alleviate late stage
symptoms in knock-in Scal'4?"2Q mice (Notartomaso et al., 2013). In addition slow mGIuR
calcium responses in PN dendrites, following PF stimulation, have also been reported at 5
weeks in a lentivirus Scal model, 82Q expanded repeat (Shuvaev et al., 2017) and motor
impairment could again be temporarily improved through baclofen administration to stimulate
MGIuUR1 (Shuvaev et al., 2017). The y-Aminobutyric acid receptor-b (GABAb) agonist,
baclofen, used at a low concentration (lower than the reported threshold dose for GABADb
stimulation, 1um), is closely tied to mGIuR1 stimulation without mediating classical GABAb
pathways (Tabata & Kano, 2006). The vastly contrasting reports in these studies could be in
partial due to the differences in ages and models. Moreover, baclofen is also not a “clean”
drug, with most likely many off target affects, whereas Power and colleagues used a less tested
but reportedly more specific inhibitor of mGIuR1 (Power et al., 2016). It is also of note that all
studies were completed in slices, whilst these recordings provide strong insight into Scal
circuit dysfunction, there is evidence to suggest that recordings from slices can be variable
based on slice preparation and may alter again from in vivo recordings (Opitz et al., 2017).
These studies indeed show it is highly likely that mGIuR signalling is disrupted in Scal,
investigation into mGIuR1 dysfunction in vivo will provide important clarity. Alongside this,
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calcium dynamics within PN and their dendrites in vivo is required, to further unravel
glutamatergic dysfunction, but also investigate GABAergic mechanisms. Indeed, GABAergic
inputs onto PNs are far less studied, but have recently reported to be increased in the early
weeks after birth in Scal mice (Edamakanti et al., 2018). The functional impact of the increased
inhibition, remains elusive. Furthermore, many of the mouse models discussed here rely on
selective PN expression of mutant ataxin-1. This produces an unrealistic methodological bias,
as the mutant ataxin-1 in human patients is ubiquitously expressed. To understand circuit
balance in the cerebellum knock-in models such as developed by Watase and colleagues
(Watase et al., 2002), present a useful insight by providing a representative universal

expression seen in patient populations.

We hope to gain a novel insight into Scal pathophysiology and calcium dynamics, not
just in PNs, but also across the cerebellar cortex circuit by also investigating MLINs and Golgi

cells in the knock-in Scal'%*?/2Q model, by means of in vivo two-photon calcium imaging.
1.4. Calcium Imaging in the Cerebellum in vivo

Imaging calcium signals with genetically encoded calcium indicators (GECIs) of high
spatial and temporal resolution in vivo allows recording of neuronal activity at single cell and
population level together over time (Holtmaat et al., 2009; Russel et al., 2011). Modern
indicators with rapid kinetics such as GCaMP7 or GCaMP8, allow for accurate detection of
individual action potentials when imaged through two-photon microscopy (Dana et al., 2019).
Furthermore, given that intracellular calcium pathways are essential to neuron health and
function, identifying perturbed calcium signals in disease models can be important to
understanding pathogenesis in neurological disorders (Liebscher and Meyer-Luehmann,
2012). The GCaMP family of indicators are single fluorophore GECIs. They consist of the
enhanced green fluorescent protein (eGFP), calmodulin (calcium binding protein), and
calmodulin-binding peptide M13 (Grienberger and Konnerth, 2012; Nakai et al., 2001). Binding
with free calcium ions leads to a conformational change in the structure resulting in an
enhanced fluoresce emitted (Grienberger and Konnerth 2012; Tian et al., 2009). The other
major class of GECls, are Forster or fluorescence resonance energy transfer (FRET) based
indicators, known also as ratiometric indicators, containing two fluorophores. In the absence
of calcium, there is emittance of the first fluorophore, the “donor” fluorophore. Upon binding to
free calcium there is a conformational change in the structure, leading to energy transfer from
donor to “acceptor” fluorophore, resulting in a shift in the ratio from donor to acceptor
fluorophore fluorescence intensity (Thestrup et al., 2014). The ratio of fluorescence intensity is
therefore dependent on calcium concentration, independent of highly heterogeneous GECI

expression volume and concentration (Thestruo et al., 2014). Importantly for studies of disease
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models, this allow recordings from FRET GECIs to give a more accurate measure of cytosolic
basal calcium levels (Thestrup et al., 2014; Rose et al., 2014), alterations in calcium handling
can be indicative of neurodegenerative diseases, in particular Scal as discussed above (see
1.3.3)).

Calcium imaging can be performed in anesthetised, or awake and behaving mice.
Freely moving animals can be imaged using one-photon imaging utilising miniaturised 1-
photon microscopes, mounted on the head of the mouse (Resendez et al., 2016). Alternatively,
as is used in our research, one may use two-photon imaging in head fixed mice, running on
treadmills (Fig. 5A). Two-photon imaging provides the higher spatial resolution and is
advantageous to visually identify individual neurons, compartments of neurons and distinct
neuronal populations based on morphology. Imaging in the cerebellum however does present
several challenges. The inhibitory neurons of the cerebellum have fast baseline-firing rates
that are too fast to resolve individual action potentials given the temporal resolution of our
GECIs (Dana et al., 2019). However, the rapid spiking leads to scaling of fluorescence signal,
which was shown by simultaneous patch-clamping and calcium imaging of PNs, and revealed
that distinct transients emerge with breaks in the simple spike train (Ramirez & Stell, 2016).
PNs display a particularly fast pacemaker firing, Ramirez and Stell showed that although this
is too fast for GEClIs to record individual action potentials, longer trains do indeed increase the
amplitude of the recorded calcium signal (Ramirez & Stell, 2016). Quantifying the area under
the curve of these calcium transients, as a measure of neuronal activity, reflects the
accumulation of calcium resulting from these spike trains, with a larger area reflecting higher
frequency trains of simple spike firing. As both MLINs and Golgis also display fast spiking
properties, we thus opt to utilise this to quantify activity of all cell types. Notably, it has also
been established through simultaneous calcium imaging and electrophysiological recordings
that calcium signals in PN dendrites reflect complex spiking in healthy mice (Wagner et al.,
2021). Therefore, by investigating calcium signal in both of these compartments, one can

gather insight into distinct forms of PN activity.
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2. OBJECTIVES

My research aimed to identify alterations in the activity of distinct inhibitory neurons of the
cerebellar cortex in a Scal mouse model. | initially studied these neurons under multiple
conditions and distinct stages of the disease course, then investigated the functional
implications of our initial descriptive data. The research can thus be broken down into

answering the following points of investigation:

Is neuronal activity of inhibitory neurons in the cerebellar cortex circuit affected

in Scal mice?

Are these changes dependent upon age and disease stage?

Can such alterations be manipulated, to restore circuit function and alleviate

Scal disease features?

In the following sections 3.1.-3.16. | will outline all the methods and materials used throughout
this thesis. | then detail the results initially of our descriptive recordings in sections 4.1.1.-4.1.6.,
then the series of experiments exploring functional manipulation of this circuit in sections
4.2.1.-4.2.6. These results are accepted for publication in: Pilotto, Douthwaite et al., “Early
molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCAL1.”

Neuron / 17 May 2023. The discussion of this project then follows in section 5.
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3. MATERIALS & METHODS

Partial text included here is accepted for publication in: Pilotto, Douthwaite et al., “Early
molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.”
Neuron / 17 May 2023.

Experiments conducted for this research were completed in collaboration between labs
at Ludwig-Maximillians University of Munich (LMU) and University of Bern (UniBE). Materials
and methods related to work completed at University of Bern will be indicated by “UniBE”

throughout.

3.1. Mice Strains

The Atxn11%4Q2Q knock-in mice (B6.129S-Atxn1tm1Hzo/J) (Scal, Watase et al., 2002),
and the PV-IRES-cre mice (B6;129P2-Pvalbtml(cre)Arbr/J) were obtained from Jackson
Laboratory. To establish an Scal::PV-cre mouse line, Atxn1%4?2Q males were crossed with
PV-cre homozygous females. Animals of both genders were equally used in the study. Mice
were kept at a 12/12-hour light/dark cycle with ad libitum access to food and water and were
group housed. Animal care, housing and procedures were approved by the government of

upper Bavaria (LMU) and in accordance with the Swiss Veterinary Law guidelines (UniBE).
3.2. Pharmacological Treatments

Clozapine-N-oxide (CNO) (Tocris, Cat. No. # 4936), was administered via
intraperitoneal (i.p.) injection using the dosage 3 mg/kg, 45 minutes preceding either
behavioural or imaging experiments (during acute MLIN modulation protocols). For chronic
modulation experiments, CNO was administered at a concentration 40 ug/ml (Urban et al.,

2016), through drinking water with 1% sucrose.
3.3. Adeno-Associated Virus Mediated Gene Delivery

All adeno-associated viruses (AAVs) were purchased from Addgene: AAV2/8-hSyn-
DIO-hM4D(Gi)-mCherry (# 44362) viral titer 1x10* vg/ml, AAV2/8-hSyn-DIO-hM3D(Gq)—
mCherry (# 44361) viral titer 4x10'? vg/mL, AAV2/8-hSyn-mCherry (# 114472) viral titer 1x10*3
vg/ml, AAV2/8-hSyn-DIO-mCherry (# 50459) viral titer 1x10® vg/ml, AAV2/1-hSyn-
jGCaMP7s-WPRE (# 104487) viral titer 1x10® vg/ml and AAV2/1-hSynl-Twitch2B-
WPRE.SV40 (# 100040) viral titer 1x10% vg/ml.
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3.4. Cranial Window Implantation and Virus Injection for Single Fluorophore

GECI Experiments

Mice of both sexes were implanted with a cranial window at P42 + 6.70 (mean * SD,
P60 cohort) for imaging of early symptomatic mice, and at P174 = 2.91 for imaging of late
symptomatic mice (P200 cohort). The mice received stereotaxic injections of AAV2/1-hSyn-
jGCaMP7s-WPRE, diluted 1:10 in saline, Addgene viral prep # 104487-AAV1; RRID:
Addgene_104487-AAV1 into lobule V (5Cb) & VI (6Cb) of the cerebellar vermis. Mice were
administered orally with Metacam (10 mg/kg) and Metamizol (200 mg/kg) 30 minutes prior to
surgery and were then anesthetized with Fentanyl (0.05 mg/kg), Midazolam (5.0 mg/kg), and
Metedomidin (0.5 mg/kg), delivered i.p. A circular craniotomy of 3 mm diameter was centred at
1.5 mm lateral from the midline and -6.5 mm posterior to bregma overlying lobule V & VI and
injections were made at two sites at -6.5mm anterior/posterior (AP) and 0.5 mm lateral and -
6.8 mm AP and 1mm lateral from the midline (Fig. 5B), with 200nl AAV injected at a depth of
both 500um and 150um from the cortical surface at each site, using a flow rate of 50nl/min. A
3 mm round glass coverslip (Warner Instruments) was placed over the craniotomy and sealed
flush to the surrounding skull using UV-curable dental acrylic (Venus Diamond Flow, Heraeus
Kulzer GmbH). To allow head fixation during two-photon imaging, a custom metal head bar
was then attached onto the skull using dental acrylic (Paladur, Heraeus Kulzer GmbH). At the
end of the procedure the anesthesia was antagonized through application of Atipamezol (2.5
mg/kg), Flumazenil (0.5 mg/kg) und Naloxon (1.2 mg/kg, all i.p.) and Metacam (10 mg/kg) was
then administered orally at 12, 24, 48 and 72 hours post-op.

3.5. Two-Photon Imaging in Awake and Anesthetized Mice

Early symptomatic mice were imaged at P63 + 3.85 (mean = SD), and late symptomatic
mice at P204 + 3.60. In order to habituate the mice to the imaging setup and air-supported
treadmill, each was given a minimum of three training sessions of 20 minutes each across the
7 days prior to first imaging time point. This allowed them to become comfortable running head
restricted on the air-supported treadmill and engaging with the virtual reality environment. In
vivo two-photon imaging was performed using a two-photon microscope (Hyperscope,
Scientifica, equipped with an 8 kHz resonant scanner) at a frame rate of 30 Hz and a resolution
of 512 x 512 pixels. Light source was a Ti:Sapphire laser with a DeepSee pre-chirp unit
(Spectra Physics MaiTai eHP). GCaMP7s was excited at 910 nm, with a laser power around
30-70 mW and emitted photons detected by a GaAsP PMT with a bandpass filter in front
(525/50 nm). Using a 16x water-immersion objective (Nikon), stacks consisting of 15,000
frames (equivalent to ~8 min) were acquired covering a field of view (FOV) of 453 x 453um to

simultaneously image molecular layer interneurons, Purkinje neurons and Golgi cells. Two-
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three FOVs at this resolution were imaged per mouse, each under three distinct conditions, (1)
in a virtual reality environment depicting a linear track with patterned walls consisting of lines
and dots of contrasting colour, providing visual feedback for locomotion (fb), (2) in darkness

(dark), and (3) under light isoflurane anesthesia (iso).

Mice were anesthetized with isoflurane initially at a volume of 2-2.5 Vol % in pure O, at
a flow rate of 0.5 I/min. This was gradually reduced to 1.0-1.5 Vol % over a minimum of 30
minutes induction period in order to establish a respiratory rate of between 110-130 breaths
per minute, which was then maintained throughout the recording. A physiological monitoring
system (Harvard Apparatus) was used to ensure body temperature was stable at 37 degrees.
During awake recordings, several behavioural parameters were recorded synchronized with
the imaging data acquisition. The speed of the mouse on the ball was tracked by an optical
mouse sensor (Logitech G500s Laser Gaming Mouse) placed in front of the styrofoam ball.
Pupil position and width as well as whisking events were detected in video recordings acquired
with an infrared camera (The Imaging Source, DMK 22BUCO03, USB 2.0 monochrome
industrial camera), positioned to the front right of the mouse to visualize the right eye and
whiskers on this side. Information of pupil position and pupil width were derived online using
custom-build software (National Instruments). Pupil width was computed post hoc using a
custom-written script (Math Works). Whisking was tracked by superimposing a detection
window over snout area of the mice. Brief puffs of pressurized air were applied through a thin

tube positioned at the right side of the mouse’s body.
3.6. Two-Photon Imaging - Image Processing and Data Analysis

Image analyses were performed in Matlab (R2021a, Math Works) using custom-written
routines (Liebscher et al., 2016). In brief, full frame images were corrected for potential x and
y brain displacement, and regions of interests (ROIs) were semi-automatically selected based
on the maximum and mean projection of all frames. Fluorescence intensity of all pixels within
a selected ROI were averaged in each frame, and the resulting time series (traces) low pass
filtered at 10Hz and smoothed over 3 frames. Potential neuropil signal contamination was
addressed with the following equation (FROI_comp, neuropil-compensated fluorescence of
the ROI; FROI, initial fluorescence signal of the ROI; Fneuropil, signal from the neuropil
(modified after (Chen et al., 2013; Liebscher et al., 2016; Scekic-Zahirovic et al., 2021)).

FROI_comp = FROI - 0.8 x Fneuropil

In case the median of Fneuropil was higher than the median of FROI, we opted for a
neuropil compensation factor of 0.7. To estimate the noise and to compute the baseline of
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each trace (F0), we subtracted the 8th percentile in a sliding window of 30 frames. The
standard deviation of this trace divided by its median and after subtracting 1, yields the noise
of each trace. FO corresponds to the median of all values lower than the 70% percentile of the
noise band. All further analyses are performed on (FROI_comp/F0)-1 traces, reflecting the
AF/F. The activity of dedicated neurons is given as area under the curve (AUC) of the AF/F
per time unit. To minimize contributions of noise fluctuations to this metric, we only considered
values exceeding 2x the noise. Running responsiveness was assessed by randomly circularly
shifting the AF/F trace with respect to the speed vector 1000 times and computing the ratio of
the median AF/F during locomotion and during quiet wakefulness and comparing it to the actual
activity ratio of a given ROI. Neurons for which the actual ‘locomotion/quiet wakefulness’
activity ratio exceeded the 95 percentile of the shuffled data were considered running
responsive. Spontaneous activity reflects the AUC during quiet wakefulness. Only experiments
with a minimum quiet wakefulness epoch of 4000 frames, corresponding to 2.7 min, were
considered in this analysis. Air puff responses were assessed in experiments with at least 2
air puffs, which were not followed by a running response in a window of 3 seconds following
the puff application to avoid crosstalk between modalities. Due to these varying sets of criteria,

the effective number of neurons differs across analyses.
3.7. Population Activity Dimensionality and Manifold Analysis

To reduce the dimensionality, we applied principal component analysis (PCA) to the 0-
centered and z-scored F/F traces of all neurons or of selected cell-types in each FOV in the
feedback imaging sessions (Kato et al., 2015; Lanore et al., 2021). To assess the correlation
between the population response pattern and the conjunct recorded behaviour, a linear
regression was performed for the principal components and the different behavioural
parameters, i.e. locomotion, pupil width, whisking and air puff and all measured behaviour

combined, to separate active from quiescent states.

To further explore the structure of the behaviourally-associated population response
patterns, we conducted a PCA-based manifold analysis by projecting high dimensional
population response pattern trajectories into 3 dimensional PCA space. The manifold
subspace clearly segregated into two distinct clusters, corresponding to quiet wakefulness and
active state (dominated by locomotion). The centre of mass for the respective subspaces was
computed as the mean of the coordinates within each subspace. The Euclidean distance within
a given subspace corresponds to the average length of each dot to the centre of mass. The
Euclidean distance between two subspaces reflects the distance between the centre of mass
of each subspace. To compare the Euclidean distances between WT and Scal, only

experiments with at least 30% of the time spent stationary and a minimum of 20% of the time
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spent running were included. Of note, as the number of ROIs in a given FOV varied significantly
within the acute chemogenetic stimulation data set, we bootstrapped by subsampling 70
pseudorandomly selected ROIls in each FOV for each of the 100 iterations and computed the

mean values of the derived centre of mass.
3.8. Ratiometric Calcium Imaging

A circular 3mm in diameter craniotomy was performed, centred at 1.5 mm lateral from
the midline and -6.5 mm posterior to bregma on mice aged P42 (+ 7.27). Overall surgical
procedure is as described above (see 3.4.). Stereotaxic injections of AAV2/1-hSyn-Twitch-2B-
WPRE (containing the two fluorescent proteins mCerulean3 and cpVenusCD as a FRET pair)
at two sites of -6.5mm anterior/posterior (AP) and 0.5 mm lateral and -6.8 AP and 1mm lateral
from the midline, with 200nl AAV injected at a depth of both 500um and 150um from the cortical
surface at each site (50nl/min, diluted 1:3 in saline). The following recovery time and
habituation for imaging experiments was consistent as initially described above. Twitch-2B
was excited at 860 nm, with a laser power around 30-70 mW, emitted photons were detected
via two PMTs (passing through bandpass filters: 460/80nm (CFP) and 560/80 nm (YFP) using
identical voltage settings (800 for the blue channel, 830 for the yellow channel) for all
animals. Stacks consisted of 15,000 frames and were acquired with a FOV of 453 x 453um to
simultaneously image molecular layer interneurons, Purkinje neurons and Golgi cells. Imaging
condition used was isoflurane anesthesia, as described above (see 3.5.). Imaging experiments
were conducted at ages P73 (+ 8.20). Imaging data was processed and analysed in a similar
fashion as the GCaMP7s recordings (see 3.5. & 3.6.), including motion correction and
semimanual segmentation to identify regions of interest. The calcium trace here corresponds

to the ratio between the yellow channel and the cyan channel (Y/C ratio).
3.9. Calcium Imaging with Acute CNO Administration

All surgical procedures were performed as described above (see 3.4.) now conducted
in WT::PV mice and Scal::PV mice at p73 (+ 4.46). A circular craniotomy of 3 mm diameter,
centred at 1.5 mm lateral from the midline and -6.5 mm posterior to bregma was drilled.
Injections of AAV2/1-hSyn-GCaMP7s-WPRE were then made at two sites of -6.5mm
anterior/posterior (AP) and 0.5 mm lateral and -6.8 mm AP and 1mm lateral from the midline,
with 200nl AAV injected at a depth of both 500um and 150um from the cortical surface at each
site (50nl/min, diluted 1:10 in saline). Injections of AAV2/8-hSyn-DIO-hM4Gi-WPRE were also
made, bilaterally at -6.8 AP, +/-1mm from the midline, 150um from the cortical surface at each
site, and again bilaterally at AP -8.25mm, DV 2.5, ML +/-1mm. The latter two injections at AP

-8.25mm were made at a 57° angle to a 0.3-0.4 mm depth from touching the dura surface
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(50nl/min, diluted 1:3 in saline), in order to target the posterior lobule VIII. Mice were then
imaged at p110 (£ 5.26) (habituation protocol as described above) and then the same neurons
were again imaged at p114 (£ 4.47) 45 minutes following an i.p. injection of CNO (3mk/kg).
Mice were imaged as described above (see 3.5.), using the same imaging equipment, however
we only assessed neuronal activity during feedback as well as under isoflurane anesthesia
(isoflurane 1.0-1.5 Vol % at a flow rate of 0.5 I/min to establish respiratory rates between 110-
130 breaths per minute, induction process and physiological monitoring, as described in initial
two-photon imaging experiments, see 3.5.). For control acute CNO experiments without
injection of DREADDSs, Scal mice at age P80 underwent the exact same surgical procedures
with viral injections AAV2/1-hSyn-GCaMP7s-WPRE and AAV2/8-hSyn-mCherry. The mice
were then imaged at P120 and P121 for baseline and CNO experiments respectively following

procedures and conditions as the DREADDs mice.
3.10. Surgical Procedure for Acute CNO Treatment Experiments (UniBe)

To induce analgesia, animals were injected i.p. with 0.1 mg/kg Buprenorphine 20
minutes prior to the surgical procedure. Anesthesia was induced using an induction chamber
with 5% isoflurane, animals were then placed onto the stereotaxic frame and anesthesia was
maintained at 1.5-2% isoflurane throughout the surgical procedure. Body temperature was
maintained using a heating pad, and a lubricating eye cream was applied to avoid dehydration
of the corneas. The head of the animal was fixed with ear bars. Under a dissecting microscope
(Olympus, Tokyo, Japan) a medial skin incision was performed to expose the skull, the incision
was extended in order to expose bregma and lambda to align the skull. In order to expose the
occipital part of the cerebellum, muscles were cut over the medial line and muscles fibers were
gently opened to access the injection site. A drill was used to make two holes in the occipital
bone. For DREADDs-mediated circuit modulation experiments, the following coordinates were
used to inject AAV2/8-hSyn-DIO-hM4D(Gi)}-mCherry, AAV2/8-hSyn-DIO-hM3D(Gqg)-mCherry
and AAV2/8- hSyn-DIO-mCherry: AP -8.25mm, DV -2.5mm, ML +/- Imm, angle 57 °, depth
0.3-0.4 mm from the dura. Methods courtesy of Federico Pilotto & Smita Saxena, Inselspital

University Hospital, Bern, Switzerland.
3.11. Accelerating Rotarod

In order to be consistent with circadian rhythms, the rotarod test was always completed
between 1 pm and 6 pm. Habituation to the experimenter and environment began with handling
in the weeks leading up to the experiments, mice were then trained on the rotating rod at fixed
speed of 5 rpm for three consecutive days prior to the first rotarod experiment. The protocol

consisted of 4 trials per day, in which the rotating rod accelerated from 5 to 40 rpm within 300s,
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followed by 300s rest in between trials. Mice were handled and given habituation sessions in
the middle of 10 day breaks between trials for chronic experiments. Experimenters were
blinded for treatment condition throughout the study. Rotarod experiments for chronic CNO
administration studies were completed between LMU and UniBe. The protocol was consistent

across both labs, data was merged and presented together.

3.12. Chronic CNO Treatment

To investigate the effects of chronic MLIN inhibition, we either injected AAV2/8-hSyn-
DIO-hM4Gi-WPRE (inhibitory DREADD(GIi)) or AAV2/8-hSyn-DIO-mCherry, diluted 1:6 in
saline into the cerebellar vermis at the age of P40-45. For induction of anesthesia and
application of analgesics, the surgery protocol was as described for imaging experiments (in
3.6.). Two small holes (approximately 300um diameter) were drilled on either side of the
midline to allow injection via micropipette at the following coordinates AP -8.25mm, DV 2.5,
ML +/-Imm. Injections were made at a 57° angle to a 0.3-0.4 depth from touching the dura
surface (rate 50nl/min). CNO (40pg/ml) was administered through the drinking water with 1%
sucrose, to mask the CNO taste, over a 30-day period (P60-P90). Mice were given 1% sucrose
water 3 days prior to start of treatment to get used to the taste, every 3 days throughout the
treatment CNO solution was prepared fresh, mice were weighed and assessed for any physical
impairments. Rotarod (as described above/5-40 RPM, 300 seconds) was performed prior to
treatment start, with 4 trials (300 second intervals) over 3 days (beginning at p53-56), then 4
trials on 2 consecutive days at P70, P80 and P90, then every two weeks after the treatment
ended until P150. Handling of mice (minimum twice per week) and habituation around rotarod
(minimum once per week) was performed regularly throughout. The Protocols were identical

at both LMU and UniBE, the data was then merged for results.

For chronic stimulation of MLINs in healthy mice, WT::PV mice were injected (as
described above for chronic CNO inhibition experiments) with either AAV2/8-hSyn-DIO-
hM3Dg-WPRE (DREADD(Gq) or AAV2/8-hSyn-DIO-mCherry at P30-33. Chronic CNO
treatment (as described for chronic inhibition experiments) was applied from P40-P70. Rotarod
(see 3.11.) was performed at p50 (4 trials on 3 consecutive days), P60, P70, P75 and P90 (4
trials, 2 consecutive days). To assess the impact of chronic chemogenetic stimulation on PN
health, mice injected with AAV2/8-hSyn-DIO-hM3Dg-WPRE (DREADD(GQq)) were kept after
the discontinuation of CNO and euthanized at P200 for immunohistological analysis. Surgery,
CNO treatment and behavioural experiments were here entirely performed at LMU, brains

were then sent to UniBE for the immunohistological analysis.
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3.13. Hindlimb Clasping and Survival

To assess the Scal clasping phenotype, mice were lifted from the base of the tail and
suspended in the air for 20 seconds. In the case that both hindlimbs were steadily extended
outwards, away from the abdomen, the mouse would be assigned the score of “0”. If only a
singular hindlimb was withdrawn towards the abdomen, consistently over time suspended, the
mouse would be assigned a score of “1”. If the hindlimbs were retracted together nearing the
abdomen, the score assigned would be “2”. Finally, if both hindlimbs were clasped and
interlocked together at the abdomen, the mouse would be given a score of “3”. The clasping
phenotype for chronic DREADD(Gi) experiments was measured independently at the LMU and
UniBE, data was merged and presented together. For survival measurement after chronic
CNO treatment, animals’ disease progression was monitored at least once a week, at the LMU
at least every 4 days, 10% reduction in body weight was used as humane endpoint for
euthanasia in both colonies from LMU and UniBE, that are presented in this study.

3.14. Immunohistochemistry

For LMU experiments animals were transcardially perfused with 1x PBS 0.05%
Heparin, followed by 4% PFA; the cerebellum was isolated and kept overnight at 4°C in the
same fixative solution, followed by 30% sucrose in PBS for cryoprotection until samples were
used. After embedding in Tissue Tek O.C.T compound (Bio system, #4583), sagittal cerebellar
sections (50 uym) were sliced on a cryostat (Leica CM1850). Amplification of mCherry signal in
combination with NeuroTrace staining was then completed on free floating sections at room
temperature unless stated otherwise. Sections were washed three times (x3) in 1% PBS with
0.5% TritonX-100 (Sigma-Aldrich, #9036-19-5) (PBST). Then left in a blocking buffer solution
of 0.05% bovine serum albumin (BSA, Sigma, #A9418-10G), 7% Horse Serum (Thermo Fisher
Scientific, #16050130), PBST, for 1 hour. The sections were then incubated overnight at 4
degrees with the primary antibody goat-anti-mCherry (1:500, Origene, #AB0081-200) in fresh
blocking buffer solution. The following day, following a 3x 15 min PBST wash, the sections
were incubated for 2 hours with blocking buffer solution also containing the secondary antibody
donkey-anti-goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 594
(Invitrogen, Thermo Fisher Scientific, #A-11058) and NeuroTrace 435/455 blue fluorescent
Nissl stain (Invitrogen, Thermo Fisher Scientific, #N21479). Then washed for 15 minutes in
PBST. Sections were then mounted on slides with Polyvinyl alcohol mounting medium with
DABCO®, antifading immersion oil (Sigma-Aldrich, #10981).

For UniBE experiments animals were transcardially perfused with 4%

paraformaldehyde (PFA) in 1X PBS; Tissue processing is as stated above. Antibodies used
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for immunofluorescence were: mouse anti-Parvalbumin (1:1000, Swant, # 235), goat anti-
Parvalbumin (1:1000, Swant, # PVG213), mouse anti-Calbindin (1:1000, Abcam, # ab82812),
rabbit anti-Calbindin (1:1000, Abcam, # ab108404), rabbit anti-pCaMKII-a, (1:200, Santa cruz,
sc-12886), rabbit anti-CaMKII-a, 1:500 (LSB1178, Lifespan Bio), goat anti-mCherry (1:1000,
Origene, # AB0081-200), rabbit anti-mCherry (1:1000, Abcam, # ab183628), rabbit anti-
Homer-3 (1:500, Origine, # TA308627), rabbit anti-Homer-3 (1:1000, SYSY, # 160303) mouse.
Sections were kept for 2h in PBS solution containing 0.05% Triton X-100 and 10% normal
donkey serum (NDS, Jackson immunoresearch, #017-000-121), after the antibodies were
applied in PBS, 3% NDS, 0.05% Triton X-100, and incubated overnight at 4°C. Sections were
then briefly washed with PBS and incubated for 120 min at room temperature (RT), with

appropriate combinations of secondary antibodies from Invitrogen.
3.15. Confocal Microscopy and Image Analysis

Confocal images were acquired using a Leica Malpighi TCS SP8 confocal microscope
to confirm expression of viral injections in target sites (either 5x air objective, or 20x, 40x oil
objective) For quantification of mCherry expression following chemogenetic experiments, field
of views used were 350x350 um (40x oil objective, resolution of 1024x1024, z stack of 8 um
with 2 um steps). Within lobule VIII, 3-4 FOVs were analysed in two sections per mouse. Six
mice in total were used, three with DREADDS (Gi) and three from mCherry control injections.
Percentage of NeuroTrace positive neurons that co-expressed mCherry were counted for
MLINs and PNs.

For UniBE experiments, confocal images were acquired using an Olympus Fluoview
1000-BX61 (Olympus, Tokyo) microscope (20X, 40X air objective or 60X immersion oil
objective). For the analysis of intensities, data were acquired using identical confocal settings,
with signals at the brightest cells being non-saturated. For parvalbumin, P-CaMKII, CaMKII,
Calbindin signal intensity values were calculated over a maximal intensity projection of several
consecutive Z-stack spaced 0.5 pm. Cells were manually ROl and average intensity was
measured with Fiji. For parvalbumin neurons with values of intensity below 50 arbitrary units
(a.u.) were considered as low expressing, between 50 and 100 a.u. as medium expressing
and above 100 a.u. as high expressing. Intensity values were plotted using GraphPad Prism
9. For Homer-3 synapses analysis 3 Z-stacks spaced 0.5 ym were used. Puncta were
reconstructed in 3D using Imaris software within a ROl of 35.4 ym2 and the number of

synapses was plotted using GraphPad Prism 9.
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3.16. Statistical Analysis

Analysis was done using GraphPad Prism and Matlab (R2021a, Mathworks). Statistical
significances throughout the paper were evaluated by two-tailed, unpaired Student’s t test,
Two-way ANOVA or Kolmogorov-Smirnov (KS) tests to assess differences in distributions.
Post ANOVA Sidak or Tukey test was used to evaluate statistical significance throughout the
paper as indicated in the respective figure legend. Values are expressed as mean * standard
error of the mean (SEM). A p-value <0.05 was considered as statistically significant (*p <0.05,
**p<0.01, ***p<0.001).
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4. RESULTS

Results from this work were accepted for publication in: Pilotto, Douthwaite et al., “Early
molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.”
Neuron / 17 May 2023.

4.1. Alterations in Neuronal Calcium Signals in the Cerebellar Cortex of Scal
mice

4.1.1. Neuronal Activity is Altered in the Cerebellar Cortex of Early
Symptomatic Scal Mice

To assess functional deficits in distinct neuron types of the cerebellar cortex circuit
during the early symptomatic phase in Scal mice, we performed in vivo two-photon calcium
imaging in behaving mice running on a spherical treadmill (Fig. 5A). Through expression of
the genetically encoded calcium indicator (GECI) GCaMP7s in the three main inhibitory
neuronal subtypes in the cerebellar cortex, we were able to record calcium signals from these
distinct neurons in unison. Molecular layer interneurons (MLIN), Purkinje neurons (PNs) and
morphologically putative Golgi cells (Golgi) (Fig 5A-D), could be tracked whilst mice engaged
with a virtual environment (VR), facilitated by the speed of treadmill locomotion being fed back
to the visual flow of the VR (feedback, fb), or running in darkness (Fig. 5A, 5D).
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Figure 5: Simultaneous monitoring of diverse neuronal subtypes in cerebellar cortex of behaving mice. (A)
Left: Experimental design. Mice were injected with AAV2/1-syn-jGCaMP7s into cerebellar cortex of lobule V and VI
and imaged 20 days later (fb — feedback, dark — darkness, iso — isoflurane anesthesia). Centre: Scheme of imaging
setup, air supported treadmill surrounded by toroidal screen, environment is projected onto the screen via curved
mirrors and movement on the treadmill is detected via mouse sensor on the front of the ball. Right: Three distinct cell
types in the cerebellar cortex were recorded across the molecular layer (ML), Purkinje neuron layer (PNL) and Granule
cell layer (GCL). (B) From left to right: Scheme of the cerebellar window, depicting the location of AAV —injection and
in vivo imaging) and scheme showing the two-photon microscope objective focussing on lobule VI. Enlarged sagittal
plane of imaging site on lobule VI, depicting cerebellar cortex layers (ML — molecular layer, PNL — Purkinje neuron
layer, GCL — granule cell layer. Figure legend continued on next page.
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(C) Average projection of an episode of quiet wakefulness (QW, left) and locomation (loco, right) of the same field
of view (FOV) in a WT and a Scal mouse (cerebellar layers are indicated by dashed lines, see (B). (D) Exemplary
calcium traces of selected molecular layer interneurons (MLIN, magenta), Golgi cells (Gol, yellow) and Purkinje
neurons (PN, gray) in a fb session and in darkness in a WT (upper panel) and a Scal mouse (lower panel).
Locomotion epochs are delineated by areas shaded in gray. Scale bars (B) 1 mm in cranial window scheme, 50 um
in example FOV (C) 50 um. Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron
hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.

Monitoring neuronal activity in awake behaving mice revealed differential alterations in
baseline fluorescence (indicative of changes in resting cytoplasmic calcium concentration),
neuronal activity levels and response properties, across the three neuronal populations in Scal
animals (Fig. 6). Action potential rates of the neuron groups we monitor here exceed the
temporal resolution that can be achieved using GECIs, however, the fluorescence signals
scale with overall neuronal firing (Chen et al., 2013; Dana et al., 2019). Therefore, we
computed the area under curve (AUC) of the AF/F trace as a measure of neuronal activity. We
defined periods of our recordings where mice were not engaging in recorded behaviours
(stationary on treadmill and no air puff stimulation), as the behavioural state quiet wakefulness
(QW).

During QW, our recordings revealed not only a significantly lower baseline fluorescence
in MLINs of Scal mice (Fig. 6A), but these neurons were also more active in both the feedback
and dark sessions (Fig. 6B). Conversely, there were no observed alterations in the baseline
fluorescence and a slight decrease in spontaneous neuronal activity levels (measured as
AUC/min) during QW in Golgi cells (Fig. 6C-D). The PNs of Scal mice showed no change to
their wild type (WT) littermates in either parameter (Fig. 6E-F) at this early phase of the disease
in P60 old mice. When investigating locomotion related neuronal activity, we found a strong
increase in the locomotion-associated neuronal activity specifically in the MLIN group of Scal
mice (Fig. 6G, 6J), and overall an increase in the proportion of MLINs displaying locomotion-
associated responses (Fig. 6K). In contrast to the hyperresponsiveness found in MLIN, we
identified Golgi cells in Scal to be less strongly driven by locomotion than in WT mice (Fig.
6H, 6L), and no change in the fraction of running responsive neurons (Fig. 6M). We could not
detect any alteration in the response to locomotion in PNs at this early stage of the disease
(Fig. 61, 6N-O). It is however worth noting, that across our experiments the number of Golgi
cells and PNs we recorded from were considerably lower than those of MLIN. Thus, it is
possible that there are indeed alterations to these populations that we fail to detect with our

method.
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Figure 6. Altered calcium signals during quiet wakefulness and locomotion in awake Scal mice. (A)
Quantification of baseline fluorescence in MLIN (p < 10-!%). (B) Quantification of spontaneously occurring neuronal
activity (area under the curve (AUC)/min) during quiet wakefulness in MLIN (p = 0.0005, WT 1386 MLIN, Scal 714
MLIN). (C) Same as in (A) for Golgi cells, baseline fluorescence (p = 0.17), (D) Same as in (B) for Golgi cells; neuronal
activity (p = 0.048, WT 114 Gol, Scal 48 Gol). (E) PN baseline fluorescence (p = 0.21) and (F) spontaneous neuronal
activity (p = 0.21, WT 112 PN, Scal 132 PN, all KS test (A-F). (G) Heat map depicting the average neuronal activity in
response to running onset for all MLIN in WT (left, blue frame) and Scal mice (right, red frame). (H) Same as in (G) for
Golgi cells and () Purkinje neurons. (J) Average population activity as function of instantaneous running velocity in
MLIN (genotype effect: F12002) = 71.89, p < 0.001, 2-way repeated measures ANOVA, superimposed by sigmoidal fit),
(K) fraction running responsive MLIN per FOV (p = 0.034, Wilcoxon rank sum test, WT: 16 FOV (8 mice), Scal: 9 FOV
(6 mice)), (L) as in (J) for Golgi cells (genotype effect: F,163) = 12.18, p < 0.001, 2-way repeated measures ANOVA),
(M) as in (k) for Golgi cells (p =0.62, WT 16 FOV (8 mice)), Scal 6 FOV (4 mice)), (N) as in (J) for PN (genotype effect:
F250) = 0.17, p = 0.68, 2-way repeated measures ANOVA), (O) asin (K) for PN (p = 0.59, WT 14 FOV (8 mice), Scal
9 FOV (6 mice)). Data in J, L and N are mean + SEM. * p < 0.05, *** p < 0.001. Figure adapted from Pilotto, Douthwaite

et al., “Early molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In
Press.
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To probe sensorimotor integration we assessed the calcium signal responses
associated to an applied air puff, which elicits sensory-driven as well as arousal and startle-
response-associated signals in the cerebellar cortex (Gurnani and Silver, 2021). We thus
guantified neuronal activity in response to an air puff, applied to the side of the mouse’s body
(when no locomotion occurred within a window of 3 seconds after the air puff to avoid
contamination of the neuronal signal) in all three cell types (Fig. 7). In comparison to WT mice,
we observed a significant increase in the Scal MLIN neuronal activity following air puff
stimulation (Fig. 7A, 7D), a decreased response in mutant Golgi cells (Fig. 7B, 7E) and an
increase in mutant PNs (Fig. 7C, 7F).
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Figure 7: Air puff driven responses are altered in Scal mice. (A) Heat maps depicting responses of all MLIN aligned
to the application of an air puffs in WT (left, blue frame, 1152 MLIN) and Scal (red frame, 719 MLIN) mice, (B) the same
in Golgi cells (WT 90 Gol, Scal 55 Gol), (C) and in PN (WT 95 PN, Scal 140 PN). (D) Population response to air puff in
MLIN normalised to the average neuronal activity within 1 second prior to air puff (p < 0.001, Wilcoxon rank sum test of
average 0 — 2 sec after air puff, gray area). (H) Air puff population response in Golgi cells (p = 0.03) and (l) Purkinje cells
(p = 0.04). Data in D, E, F are mean + SEM. * p < 0.05, *** p < 0.001. Figure adapted from Pilotto, Douthwaite et al.,
“Early molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.
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To further investigate impairments of sensorimotor integration, we compared neuronal
activity levels elicited during sessions with visual input (feedback) to those without any visual
input (darkness, Fig. 8). We observed an overall strong positive linear correlation between the
neuronal activity during feedback and during darkness. However, we found MLIN in Scal mice
displayed a leftward shift in the ratio of fb/dark activity (Fig. 8A). Conversely, we found Golgi
cells to be less active in Scal mice during both fb and darkness settings (Fig. 8B), while PNs
were slightly more active in Scal mice (Fig. 8C) during feedback.
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Figure 8: Scal mice neuronal responses properties are differentially altered between light and dark
environments. (A) Neuronal activity (AUC) of the same MLINs across the entire recording session with visual
feedback provided by virtual reality (feedback) and in darkness, displayed with a scatter plot and histograms along
with a cumulative distribution of the ratio between the AUC during the distinct conditions for each MLIN in WT and
Scal mice (fb: p < 0.001, dark: p < 0.001, ratio fb/dark: p < 0.001, all KS tests, WT: 1386 MLIN, 16 FOV, 8 mice;
Scal: 804 MLIN, 10 FOV, 6 mice). (B) Same as in (A) for Golgi cells (fb: p = 0.028, dark: p = 0.13, ratio fb/dark: p
=0.22, all KS tests, WT: 114 Golgi, 16 FOV, 8 mice; Scal: 55 Golgi, 7 FOV, 4 mice). (C) Same as in (A) for PN (fb:
p = 0.029, dark: p = 0.94, ratio fb/dark: p = 0.65, all KS tests, WT: 112 PN, 14 FOV, 8 mice; Scal: 157 PN, 10 FOV,
6 mice). Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron hyperactivity triggers
Purkinje neuron degeneration in SCA1.” Neuron. In Press.

Together, these data show that the neuronal dysfunction in Scal mice is based on a
combination of altered spontaneous activity and differentially impaired responsiveness to
sensorimotor signals. Importantly, the cell type showing the strongest change in Scal mice
are MLIN, which in contrast to other neuronal types display increased activity levels, arguing

for MLIN being hyperexcitable already in early symptomatic Scal mice
4.1.2. Neuronal Coding Space is Strongly Reduced in Scal Mice

To further unravel how cerebellar network function is compromised in early
symptomatic Scal mice, we next addressed how behavioural states are represented by the
network consisting of the three main inhibitory cell types in WT and Scal mice and how distinct
these network representations are. Earlier work has reported that neuronal populations in the
cerebellar cortex encode a variety of sensorimotor signals in a multidimensional manner
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(Cayco-Gajic and Silver, 2019; Gurnani and Silver, 2021; Lanore et al., 2021). We thus utilized
a principal component analysis (PCA)-based method to explore the dimensionality of the
population dynamics in behaving mice. To this end, we assembled an input matrix, which
consisted of 0-centered, z scored AF/F traces of all cells identified in a given field of view (FOV)
and we aligned this matrix with the recordings of running speed, whisking activity, pupil width
and applied air puffs (Fig. 9A). Analyses of the variance explained of the population activity
revealed a multidimensional nature (Fig. 9B). The first component alone could explain about
~50% of the variance of the population activity in both WT and Scal (Fig. 9C, WT 51.9 + 8.6%;
Scal 54.63 + 11.6%). We next sought to unravel the main drivers of PC1. PC1 was dominated
by locomotion and whisking. However, in Scal mice, the variance of PC1l explained by
locomotion, air puff and whisking, was reduced compared to WT (Fig. 9D). Cell-type specific
regression analyses of the PC1 also identified a significant reduction of the aforementioned
behavioural parameters for MLIN only, in regards to Golgi cells primarily the contribution of the
air puff representation that was altered (Fig. 9D). In PNs, there was no significant difference

in the encoding of behavioural parameters (Fig. 9D).
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Figure 9: Coding space of behavioural parameters is compromised in cerebellar cortex of Scal mice. (A)
Example of an input matrix consisting of 0-centered and z-scored AF/F traces used for dimensionality reduction aligned
with behavioural parameters (lower traces) derived from all cells in one field of view (FOV) of a feedback session of a
WT mouse. Cell types are indicated by coloured boxes on the left side (magenta — MLIN, molecular layer interneurons,
gray — P, purkinje neurons, yellow — G, Golgi cells). Figure legend continued on next page.
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(B) Exemplary PC1, PC2 and PC3 time series derived from the input matrix shown in (A). (C) Variance explained of
the neuronal activity as a function of the number of principal components in WT (blue, thin lines represent individual
FOV, thick line corresponds to the mean) and Scal mice (red). PC1 alone explains about ~50% of the variance in both
WT and Scal (WT 51.9 + 8.6%, 16 FOV, 8 mice; Scal 54.63 + 11.6%, 14 FOV, 7 mice; two-way ANOVA Test, F2g)
= 2.07, p = 0.16 for genotype effect). (D) Variance of PC1, derived either from all cells observed in a FOV (all cells) or
from individual cell types only, explained by the respective behavioural parameters in WT and Scal. PC1 derived from
all cell types combined: the variance explained by locomotion (p = 0.009), air puff (p = 0.0098), pupil width (p = 0.14),
whisking (p = 0.04), and all behaviour combined (p = 0.068); PC1 derived from MLIN only: locomotion (p = 0.013), air
puff (p = 0.015), pupil width (p = 0.25), whisking (p = 0.048), and all behaviour combined (p = 0.068); PC1 from PN:
locomotion (p = 0.053), air puff p = 0.085), pupil width (p = 0.068), whisking (p = 0.095) and all behaviour combined (p
= 0.11), and PC1 from for Golgi cells only: locomotion (p = 0.069), air puff (p = 0.018), pupil width (p = 0.19), whisking
(p = 0.53) and all behaviour combined (p = 0.37), all Wilcoxon rank sum tests. (E) Representative manifold of quiet
wakefulness and active states (as a function of locomotion speed, colour coded) for WT and Scal mice. (F) Euclidean
distance in PC space is shown within and across brain states (within quiet wakefulness, p = 0.009, within locomotion
p = 0.36, between subspaces P < 0.001, all Wilcoxon rank sum test; WT: 12 FOV, 8 mice, Scal: 10 FOV, 5 mice). *p
< 0.05, * p < 0.01, *** p < 0.001. Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron
hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.

As we identified multi-dimensional neuronal activity profiles based on at least 10
components, we next probed how the geometry of these neuronal representations might be
changed in Scal mice. To gain insight into brain state-dependent geometry, we computed the
manifolds by projecting the multi-dimensional neuronal population activity to low dimensional
space, consisting of the first three components (Gobbo et al., 2022; Lanore et al., 2021, Vyas
et al.,, 2020). In WT mice two distinct structures were visible, clearly separating quiet
wakefulness from locomotion (Fig. 9E), which corroborates previous reports (Lanore et al.,
2021). Notably, we found that the PC space representing quiet wakefulness was significantly
reduced in Scal mice (Fig. 9F) while, overall, the two subspaces were less segregated, as
quantified by the reduced Euclidean distance between the two manifolds in Scal mice (Fig.
9F). Together these data highlight a compromised encoding capacity of the cerebellar cortex
circuit already in early symptomatic Scal mice, an effect that appears primarily driven by MLIN

dysfunction.

4.1.3. Neuronal Activity in Scal Mice is Altered Under Anesthesia

Our findings in awake and active mice were further corroborated by recordings of the
same neurons conducted under light isoflurane anesthesia (Fig. 10). Alterations in the degree
of neuronal activity correlation can be an indication of an unstable neural network (Rosenbaum
et al., 2014). To assess neuronal activity correlation in Scal mice, we computed the degree of
correlation of neuronal activity within our cell populations and between neuronal groups (Fig.
10E-J). We found a significant decrease of activity correlation within the MLIN population in
Scal mice (Fig. 10E), whilst Golgi and PNs displayed no alterations (Fig. 10F-G). When
comparing the correlation between groups, there was again no change in the correlation
between PNs and MLINs (Fig. 10H), and PNs with Golgi (Fig. 101), however there was indeed
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a shift to a higher correlation levels between MLINs and Golgi cells (Fig. 10J). Pointing towards

primary alterations occurring in MLIN firing properties.
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Figure 10: Degree of correlation of neuronal activity within and between distinct neuronal subtypes under
anesthesia. (A) Average projection of a recording in a WT mouse together with the corresponding correlogram (for
average projection: ML — molecular layer, PNL — Purkinje neuron layer, GCL — granule cell layer. For correlogram: ROI
— region of interest, MLIN - molecular layer interneuron, PN - Purkinje neuron, G - Golgi cell, R — Pearson correlation
coefficient). (B) Same as in (A) for a Scal mouse. (C) Representative example traces of all three main cell types in a
WT and (D) Scal mouse. (E) Median pairwise correlation of MLIN in individual field of views (FOV) (p = 0.039, WT 16
FOV, Scal 13 FOV). (F) Average pairwise correlation of Golgi cells (p = 0.13, WT 15 FOV, Scal 7 FOV), (G) Purkinje
neurons (p = 0.24, WT 16 FOV, Scal 13 FOV), (H) PN und MLIN (p = 0.55, WT 16 FOV, Scal 13 FOV), (1) Purkinje
neurons and Golgi cells (p = 0.66, WT 16 FOV, Scal 7 FOV) and (J) MLIN and Golgi cells (p = 0.032, WT 16 FOV,
Scal 7 FOV, all two-tailed, unpaired Students t-test). Scale bar: (A) 100 um. Figure adapted from Pilotto, Douthwaite
et al., “Early molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In
Press.

Supporting our findings in awake mice, we observed a clear decrease in the baseline
fluorescence of MLIN in Scal mice (Fig. 11A). Such a drop likely reflects a reduction in resting
cytoplasmic calcium levels, while baseline fluorescence was neither altered in Golgi cells (Fig.
11B) nor PNs (Fig. 11C). In line once more with awake recordings, we identified a rise in

spontaneous neuronal activity of MLIN (Fig. 11D), but a decrease in Golgi cell activity (Fig.
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11E) and no change in spontaneous activity in PNs in this early symptomatic cohort (Fig. 11F).
However, we acknowledge that as stated above this method lacks the resolution to detect fine
changes in the rapid intrinsic firing rates of the PNs, with pacemaker firing of 40-60 Hz
(Arancillo et al., 2015). Despite this shortcoming, we were able to resolve larger fluctuations in
the PN fluorescence traces, likely caused by pauses in simple spike firing (Ramirez and Stell,
2016). Thus, a reflection of major alterations in PN firing rate. Such fluctuations in our
experiments, however, were not significantly different between the Scal mice and their WT
littermates at P60.
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Figure 11: Calcium signals of diverse neuronal subtypes of the cerebellar cortex under anesthesia in early
symptomatic Scal mice. (A) Baseline fluorescence of MLIN in both Scal mice and their WT littermates (p < 10-23),
(B) same as in (A) for Golgi cells (p = 0.29) and (C) same as in (A) for Purkinje neurons (p = 0.66, all KS tests). (D)
Average neuronal activity (area under the curve (AUC) across the entire recording) of MLIN in Scal mice and their
WT littermates (p<107, WT 1022, Scal 702 MLIN), (E) format as in (D) average activity of Golgi cells (p = 0.028, WT
90, Scal 46 Golgi cells) and (F) as in (D) for PN (p = 0.67, WT 155, Scal 219 PN, all KS test). * p < 0.05, ** p <
0.001. Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron hyperactivity triggers Purkinje
neuron degeneration in SCA1.” Neuron. In Press.

4.1.4. Cytoplasmic Calcium Levels are Altered in Scal Mice

Single fluorophore genetically encoded calcium indicators such as GCaMP only allow
for an approximation of calcium levels. We therefore also performed in vivo two-photon
imaging experiments in early symptomatic mice utilising a genetically encoded ratiometric
calcium indicator Twitch2B (Thestrup et al., 2014) (Fig. 12). Ratiometric imaging allows for a
more accurate measurement of actual calcium concentrations, independent of indicator
expression levels. We again targeted the distinct neuronal subgroups recorded in earlier
experiments for both WT and Scal mice and assessed baseline fluorescence under light
isoflurane anesthesia at the age of P60. The analysis here confirmed the reduced resting
calcium concentration in the cytoplasm of MLIN (Fig. 12D) and identified previously unseen
reduced levels in Golgi cells (Fig. 12E). However, we failed to detect alterations in PNs at this
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early symptomatic stage (Fig. 12F). We also assessed neuronal activity levels and once more
found significantly increased activity in MLIN in Scal (Fig. 12G), however no change in Golgi
cell activity (Fig. 12H) and a slight, yet significant, increase in PNs (Fig. 12I). As discussed
above, due to the high baseline firing rates (pacemaker activity) of PNs in combination with the
slow kinetics of genetically encoded calcium indicators, we very likely mainly detected larger
fluctuations (pauses in firing) in neuronal activity levels (see 1.4.). Consequently, a decrease
in pacemaker activity, as described for PNs in Scal mice (Dell'Orco et al., 2015), could
potentially even appear as greater fluctuations in the fluorescent signal.
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Figure 12: Measuring cytoplasmic calcium levels in anesthetized mice using a ratiometric calcium

indicator. (A) Timeline of experiments. The genetically encoded ratiometric calcium indicator Twitch2B was
expressed and baseline cytoplasmic fluorescence assessed under light isoflurane anesthesia in early
symptomatic mice at the age of P70.Figure legend continued on next page.
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(B) Donor (D, mCerulean3) and acceptor (A, cpVenus) fluorophores were excited at 860nm. (C) Average
projection of the blue and yellow channel and the corresponding ratiometric image (Y/C ratio) are shown for
one example field of view in a Scal mouse. Cerebellar layers are indicated by dashed lines (ML — molecular
layer, PNL — Purkinje neuron layer, GCL — granule cell layer). (D) Baseline fluorescence in MLIN (p < 0.001),
(E) of Golgi cells (p = 0.011) and (F) PN (p = 0.17). (G) Neuronal activity (assessed as area under the curve
(AUC)/min) of MLIN (p < 1018 , WT: 535 MLIN, Scal: 445 MLIN), (H) of Golgi cells (p = 0.57, WT: 45 Gol, Scal:
24 Gol) and (1) Purkinje neurons (p = 0.0011, WT: 117 PN, Scal: 161 PN, all tests are KS tests). Data in (D-I)
are from WT: 9 FOV, 3 mice, Scal: 5 FOV, 3 mice. * p < 0.05, ** p< 0.01, *** p < 0.001. Scale bar: (C) 50 um.
Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron hyperactivity triggers Purkinje
neuron degeneration in SCA1.” Neuron. In Press.

4.1.5. MLIN Dysfunctionis Conserved in Late Symptomatic Mice in Both Awake

and Anesthetized Conditions

Given that we found strong evidence for neuronal dysfunction across the cerebellar
cortex in the early stage of Scal, we sought to investigate how this would develop over the
course of ageing into later disease stages. To this end, we again utilised the calcium indicator
GCaMP7s, applying our in vivo two-photon imaging paradigm in P200 Scal mice and their WT
littermates (Fig. 13).
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Figure 13: In vivo two-photon calcium imaging in late symptomatic Scal mice. (A) Experimental design. Mice were
injected with AAV2/1-syn-jGCaMP7s into cerebellar cortex of lobule V and VI and imaged 30 days later (fb — feedback,
dark — darkness, iso — isoflurane anesthesia). (B) Left: Scheme of the cerebellar window, depicting the location of AAV —
injection and in vivo imaging, matching the experiments in younger cohorts. Centre, right: example confocal images of
AAV2/1-syn-jGCaMP7s expression in distinct cell types in the cerebellar cortex. (C) Representative calcium traces of
molecular layer interneurons (MLIN, magenta), Golgi cells (Gol, yellow) and Purkinje neurons (PN, gray) acquired in a
P200 old WT (left) and (B) a Scal (right) behaving mouse. Locomotion (lower trace, black) with visual feedback (fb) and
during darkness (dark) is indicated by gray areas. Figure legend continued on next page.
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Scale bar: (B) left; 20um, right; 10um. Arrows in right image indicate expression of GCaMP7 in MLIN (magenta), PN
(white) and putative Golgi (yellow). Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron
hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.

We found differential alterations to neuronal response properties in distinct behavioural
states. Strongly enhanced MLIN activity during epochs of QW was conserved in late stage
mice (Fig. 14A). Similarly, MLINs again displayed large hyperresponsiveness in calcium
signals to locomotion (Fig. 14D). We found a significant drop in Golgi cell activity during QW
(Fig. 14B). Similarly, hypo-responsiveness of Golgi cell to locomotion was also conserved in
P200 mice (Fig. 14E). We also identified decreased calcium fluctuations in PNs during QW,
and a trend towards hyporesponsive properties to locomotion, however this was not significant
(Fig 14C, 14F).
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Figure 14: Altered neuronal function in late symptomatic Scal mice across distinct behavioural states. (A)
Significant changes in neuronal activity were observed during epochs of quiet wakefulness for MLIN (p < 108, WT:
894 MLIN, Scal: 1212 MLIN), (B) Golgi cells (p = 0.0052, WT: 105 Golgi, Scal: 106 Golgi cells) and (C) Purkinje
neurons (p = 0.0054, WT: 128 PN, Scal: 231 PN, all KS tests). (D) Average population response as function of
instantaneous running speed in MLIN superimposed by sigmoidal fit (genotype group effect: F(1 2301y = 37.69, p <
0.001), (E) Golgi cells (genotype group effect: F1,220) = 13.99, p < 0.001) and (F) PN (genotype group effect: F( 367
=2.48, p = 0.12, all 2-way repeated measures ANOVA). (G) Population response to air puffin MLIN normalised to
the average activity within 1 second prior to air puff (p < 0.0356), Wilcoxon rank sum test of average 0 — 2 sec after
air puff, gray area). (H) Same as in (G) with Golgi cells (p = 0.5). (I) same as in (G) with Purkinje neurons (p = 0.0079).
Datain G, H, | are mean £+ SEM. *p < 0.05, **p < 0.01. Figure adapted from Pilotto, Douthwaite et al., “Early molecular
layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.

To further explore alterations in calcium signals in the neuron groups at the late
symptomatic stage, we again recorded from the same set of neurons under anesthesia. As in
our recordings of early symptomatic mice, we found MLINs in late symptomatic displayed a
slightly lower but significant baseline fluorescence (Fig. 15A), in combination with strong rise

in spontaneous activity (Fig. 15D). Golgi cell baseline was here not altered (Fig. 15B), but
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interestingly our recordings revealed a shift to enhanced Golgi activity under anesthesia (Fig
15E). PNs now revealed a substantial increase in baseline fluorescence (Fig. 15C) along with
a decrease in calcium fluctuations (Fig. 15F). These findings were largely in line with the
activity levels seen in awake mice during quiet wakefulness. Furthermore, these late
symptomatic data clearly show that our initial observations of hyperexcitability in MLIN remain
consistent over the disease course in Scal mice and at the same time, PNs pathology

worsens.
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Figure 15: Alterations in calcium signals in late symptomatic Scal mice under anesthesia. (A) Baseline
fluorescence under light isoflurane anesthesia in MLIN (p < 10-%), (B) Golgi cells (0.79) and (C) Purkinje neurons (p
< 101%). Spontaneous neuronal activity (AUC across the entire recording) under light isoflurane anesthesia in (D)
MLIN (p = 0.009, WT: 611 MLIN, Scal: 1228 MLIN; (E) Golgi cells (p = 0.021, WT: 95 Golgi, Scal: 138 Golgi, and
in (F) Purkinje neurons (p =0.032, WT: 103 PN, Scal: 281 PN, all comparisons are based on data from WT: 9 FOV,
5 mice and Scal: 18 FOV, 9 mice, all KS tests). * p < 0.05, *** p < 0.001. Figure adapted from Pilotto, Douthwaite
et al., “Early molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In
Press.

4.1.6. Purkinje Neuron Dendrites Display Aberrant Calcium Signals

Earlier work has identified excitability changes in PN dendrites as a critical contributor
to PN degeneration and loss (Chopra et al., 2020). We thus, assessed calcium signals within
PN dendrites (which previous work has shown to primarily reflect complex spiking activity
(Wagner et al., 2021)), during both early and late disease stages in Scal mice (Fig. 16A-B).
In the early symptomatic P60 cohort we already detected an increase in dendritic excitability,
as seen in a higher fraction of active dendrites (defined as a dendrite which display at least
one clear calcium transient) (Fig. 16C). In addition, we identified elevated dendritic calcium
signals, assessed as fluctuations in the fluorescence trace (in AUC/min) (Fig. 16D) and
increased amplitudes of calcium transients (Fig. 16E). These alterations in calcium signals

persisted until the late disease stage at P200, where we again found a higher proportion of
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active dendrites (Fig. 16F), higher activity levels (Fig. 16G) and calcium transients with higher
amplitudes (Fig. 16H). Overall whilst we could not detect clear changes in calcium signals in
the PN somata at P60 in Scal mice, there is a clear increase in dendritic calcium signals,

indicating dendritic hyperexcitability of PNs at that disease stage.

PN Dendrite Figure 16:. Purkinje cell dendrites

display increased spontaneous calcium
transients

(A) Left: Experimental design. Calcium
signals in Purkinje neuron dendrites were
assessed under light isoflurane anesthesia
at the age of P60 and P200. Centre:
Scheme depicting cerebellar cortical layers
and orientation of Purkinje neurons and their
dendrites extending across the molecular
layer (ML — molecular layer, PNL — Purkinje
neuron layer, GCL — granule cell layer).
Right: Confocal image of a GCaMP7s -
expressing Purkinje neuron. The apical
dendrite is marked (right most image). (B)
Example average projection of
representative field of view of a WT (upper
row) and Scal (lower row) mouse
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Overall, these data show strong evidence that neuronal function is disturbed early in
Scal mice, across multiple cell types and behavioural states. The primarily affected neuron

type appears to be the MLIN population. With this is mind, we aimed to investigate the
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functional relevance of these descriptive findings through manipulation of the MLIN, to unravel

the extent by which changes in MLIN activity can directly influence the Scal disease state.

4.2. Chemogenetic Modulation of MLIN Activity
4.2.1. Selective Manipulation of MLIN with Designer Receptors Exclusively

Activated by Designer Drugs (DREADDs)

To determine the functional impact of MLIN hyperactivity on Scal pathology and
symptoms, we carried out chemogenetic experiments in vivo. To selectively target the MLIN
population with this method, we therefore crossed our Scal mouse line with homozygous PV-
Cre mice to generate Scal:PV or WT::PV animals. To validate that expression was only
present in MLINs and not PNs we performed quantitative analysis to assess mCherry
expression in these neurons across both Scal::PV mice and WT::PV mice following injection
of either AAV2/8-hSyn-DIO-mCherry or AAV2/8-hSyn-DIO-DREADDs(Gi)-mCherry (Fig. 17).
We found in the lobule of injection around ~70% of MLINs expressed mCherry. Whereas PN
expression was 0% in the DREADDs and 0-5% with mCherry alone (N=3 mice, each data point
is the mean of the 3-4 FOVs per mouse used for analysis) (Fig. 17D). We therefore concluded

that this was suitable to selectively manipulate MLIN function in our designed paradigms.
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(A) Left: Outline of experimental procedures for acute treatment of clozapine-N-oxide (CNO), targeting
specifically MLINs, with simultaneous two-photon imaging. DREADDSs can be selectively expressed in MLINs
of cerebellar cortex using AAV2/8-syn-DIO-DREADD(Gi)-mCherry or AAV2/8-syn-DIO-mCherry in Scal::PV or
WT::PV mice. (B) Representative confocal image of cerebellum from Scal::PV mouse, following imaging
cerebellar cortex circuit with acute MLIN inhibition. Mice are coinjected with AAV2/8-syn-DIO-DREADD(Gi)-
mCherry in lobules VIII & VI and AAV2/1-syn-jGCaMP7s in lobule VI. (C) Representative confocal image of
lobule VIII following AAV2/8-syn-DIO-DREADD(Gi)-mCherry and NeuroTrace (NT) staining. Expression of
mCherry is localised to MLINs. (D) Quantification of mCherry expression in MLINs (above) and PNs (below) as
a percentage of counted NT positive neurons in 350umx350um field of views. N = 3 mice, each data point is
mean percentage of MLIN/PN from 3-4 FOVs per mouse. (C) Arrows indicate MLINs (magenta) and PNs
(white). Scale bars: (A) 500 um, (B) 50 um, 50 um. Figure adapted from Pilotto, Douthwaite et al., “Early
molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.

4.2.2. CNO Induced Inhibition of MLINs Modulates Scal Circuit Dysfunction

We probed the impact of chemogenetic reduction of MLIN excitability on the activity
levels of all three neuronal subtypes and the network encoding of sensorimotor behaviours, by
means of in vivo calcium imaging. We co-injected AAV2/8-hSyn-DIO-hM4D(Gi)-mCherry
(inhibitory DREADD) and AAV2/1-syn-jGCaMP7s into Scal::PV and WT::PV control mice at
the age of P75 to study the main inhibitory neuronal subtypes in ~P110 aged mice (Fig. 17A).
DREADDSs were activated following i.p. injection of exogenous ligand clozapine-N-oxide (CNO,
3mg/kg). This method resulted in ~50% of the identified MLINs in DREADD-injected mice
displaying a decreased neuronal activity under light anesthesia (Fig. 18A). The overall
distribution of absolute activity changes upon CNO shows a clear left shoulder, illustrating the
reduction of activity levels in a substantial proportion of MLIN (Fig. 18B), exemplified in a
representative activity map (maximum projection of the same FOV before and after CNO, Fig.
18C).

Upon gquantifying neuronal activity levels under anesthesia in WT::PV and Scal::PV
mice, comparing the same set of neurons before and after CNO administration, revealed a
strong reduction in calcium signals from the MLINs in the CNO recordings (Fig. 18D). In
addition, we discovered a similar activity drop in Golgi cells exclusively in WT::PV mice (Fig.
18E), whilst calcium signals in PNs somata appeared unaffected by the CNO-triggered MLIN
inhibition (Fig. 18F). However, we indeed uncovered a significant reduction in calcium signals
within PN dendrites both in WT::PV and Scal::PV mice (Fig. 18G).
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Figure 18: Acute inhibition of MLIN alters calcium signals across cerebellar cortex neurons in anesthetised mice.
(A) Change in neuronal activity of MLIN in Scal::PV injected with AAV2/1-syn-GCaMP7s-WPRE, following CNO
intraperitoneal (i.p.) application. (B) Absolute activity changes in MLIN upon CNO application. (C) Example of maximum
intensity projection of an awake recording in a Scal::PV mouse before and after CNO application. (D) MLIN activity under
anesthesia before and after CNO in WT::PV (left, p < 102, 1088 MLIN) and in Scal::PV (right, p < 10®, 548 MLIN). (E)
Golgi cell activity before and after CNO in WT::PV (p = 0.0017, 78 Golgi) and Scal::PV (p = 0.87, 38 Golgi), (F) neuronal
activity of PN upon CNO in WT::PV (p = 0.27, 102 PN) and Scal::PV (p =0.17, 83 PN) and (G) calcium signals in PN
dendrites in WT::PV (p = 0.013, 83 PN dendrites) and Scal::PV (p = 0.043, 88 PN dendrites, all KS tests, data in D-G is
derived from WT::PV: 12 FOV, 5 mice and Scal::PV: 8 FOV, 5 mice). Scale bar: (C) 50 um. * p < 0.05, ** p < 0.01, *** p
< 0.001. Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron hyperactivity triggers Purkinje
neuron degeneration in SCA1.” Neuron. In Press.
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Recordings in awake mice overall upheld these findings, a clear activity reduction upon

CNO mainly of the spontaneous activity of MLIN was observed during quiet wakefulness (Fig.

19A). In awake mice also Golgi cell activity decreased upon CNO in WT::PV and as a trend in

Scal::PV mice (Fig. 19B), as did the calcium signal fluctuations in PN somata (Fig. 19C),

potentially reflecting a more stable pacemaker firing activity, which would cause less

fluctuations in the fluorescence trace. Despite a trend in both groups matching our

anesthetised data, PN dendrites were not significantly decreased upon CNO in awake mice

(Fig. 19D). However, in the awake mice the PN dendrites displayed a lower baseline calcium

signal, likely due to increased activity in particular of MLINs, driven by sensory and motor input
(Haider et al., 2013). It was therefore more challenging to faithfully identify PN dendrites from

recordings whilst mice were awake, leading to a considerably lower number of defined regions

of interest (ROIs) corresponding to PN dendrites included in the analysis.
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Figure 19: Acute inhibition of MLIN alters calcium signals across cerebellar cortex neurons in awake mice.
(A) Spontaneous activity during quiet wakefulness (QW) of MLIN before and after CNO in WT::PV (p < 10,1316 MLIN)
and Scal:PV (p < 102, 813 MLIN), (B) of Golgi cells in WT::PV (p < 105, 82 Golgi) and Scal:PV (p = 0.094, 56
Golgi), (C) of PN in WT::PV (p < 10%,49 PN) and Scal::PV (p < 10%, 76 PN) and (D) calcium signals in PN dendrites
in WT::PV (p = 0.19, 12 PN dendrites) and Scal::PV (p = 0.12, 19 PN dendrites, all KS tests, data is derived from
WT::PV: 17 FOV, 7 mice and Scal::PV: 17 FOV, 7 mice. * p < 0.05, ** p < 0.01, *** p < 0.001. Figure adapted from
Pilotto, Douthwaite et al., “Early molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in

SCA1.” Neuron. In Press.

In a separate set of control experiments with Scal mice coinjected with AAV2/8-hSyn-
mCherry and AAV2/1-syn-jGCaMP7s (Fig. 20A-B), we confirmed that CNO application alone
had no effect on neuronal activity levels (Fig. 20C-F).
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Figure 20: Acute CNO administration alone has no impact on neuronal activity in Scal mice. (A) Experimental
scheme. Scal mice received co-injections of AAV2/1-syn-jGCaMP7s and AAV2/8-syn-mCherry into the cerebellar
cortex. Mice were imaged at the age of p120 (first a baseline (BL, prior to CNO) and subsequently the same neurons
were imaged after CNO application). (B) From left to right images display average mean projection of a representative
FOV, followed by the maximum projection of the same FOV in the baseline recording and the recording following CNO
administration. (C) Neuronal activity levels under light anesthesia (isoflurane) were unaltered in MLIN (P = 0.31, 344
MLIN), (D) Golgi cells and (p = 0.53, 21 Golgi) (E) PN (p = 0.8, 80 PN, all KS tests, data from 6 FOV, 2 mice). Scale bar:
(B) 20 um. Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer interneuron hyperactivity triggers
Purkinje neuron degeneration in SCA1.” Neuron. In Press.

With confirmation that the alterations in neuronal activity were due to CNO-DREADD
interaction, we aimed to identify how the induced changes to neuronal activity alter the network
coding properties. We therefore probed if the previously compromised coding capacity could
be restored upon chemogenetic dampening of the overactive MLIN population. Once more

computing the manifolds of all neurons in a given FOV again revealed 2 subspaces (Fig. 21A).
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Figure 21: Network behavioural state representation is restored in behaving Scal mice following acute MLIN
inhibition. (A) Example manifold of all neurons in a FOV in a Scal::PV mouse, depicting the less discrete segregation of
quiet wakefulness and active states (color-coded for running speed), which is improved after CNO application (PC space on
the right). (B) Euclidean distance in PC space between the centre of mass of quiet wakefulness and locomotion before CNO:
p = 0.027, WT::PV: 10 FOV, 5 mice, Scal::PV: 12 FOV, 5 mice and after CNO p = 0.97, WT::PV: 9 FOV, 5 mice, Scal::PV
11 FOV, 6 mice, Wilcoxon rank sum test). * p < 0.05. Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer
interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.
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These were less discrete in Scal::PV mice, which is quantifiable in the form of reduced
Euclidean distance between the centre of mass for quiet wakefulness and locomotion.
Intriguingly, after CNO application, the subspaces became more distinguished, the Euclidean
distance between both states was no longer significantly different between WT::PV and
Scal::PV mice (Fig. 21B). Together these data demonstrate that inhibition of MLINs can drive

restoration of not only activity levels in distinct cell types but also the network’s coding capacity

4.2.3. Acute MLIN Inhibition Can Alleviate Motor impairment and Molecular

Pathology

To investigate the reduction in MLIN excitability further, we stereotaxically injected
AAV2/8-hSyn-DIO-hM4D(Gi)-mCherry, bilaterally into the posterior cerebellum of P70
Scal::PV and WT::PV animals, as outlined in the experimental timeline (Fig 22A). We tested
whether the improved network encoding of behavioural state coincides with improvement of
motor symptoms, by means of the classical coordination test, the rotarod. To confirm the
surgical procedure did not affect motor control, mice were tested prior to after following the
stereotaxic injection (Fig. 22A-B). At P85, mice injected with the inhibitory DREADD were
tested for 3 consecutive days on the rotarod, where a single i.p. injection of CNO (3mg/kg) or
saline was administrated 45 minutes before the test. Intriguingly, reducing MLIN excitability did
not hinder WT::PV animals, but did indeed lead to a substantial improvement of motor
performance in the Scal::PV animals that received the CNO injections compared with the
saline group (Fig. 22B). After the CNO wash out period of 24h, Scal::PV mice previously
injected with CNO still displayed improved rotarod performance compared to the saline group,
suggesting some form of lasting implications resulting from the three day treatment (Fig. 22B).
Importantly this CNO concentration did not cause any adverse effects in relation to rotarod
performance in mice not injected with DREADDs (Fig. 22C).

To further understand the impact of the reduction on excitability on MLINs, we
evaluated the expression levels of the calcium binding protein parvalbumin (PV), a well-
established marker for MLINs in adult mice (Collin et al., 2005). PV expression levels in
inhibitory interneurons correlate with their neuronal activity levels (Donato et al., 2013), and
can modulate calcium signals and paired-pulse facilitation in the cerebellar cortex (Caillard et
al., 2000; Schwaller, 2020). Our earlier experiments had revealed that by P30, the proportion
of MLIN expressing high levels of PV was already significantly elevated in Scal mice when
compared to their WT littermates (Fig. 22D). The fraction of mutant MLIN expressing high
levels of PV increased over disease progression with 49% at P90 and 60% at P200 (Fig. 22D).
Intriguingly, CNO treatment in Scal::PV injected with inhibitory DREAD(Gi) (Scal::PV-
DREADD(GI)) but not saline application, led to reduced PV expression within MLIN. The
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reduction following acute reduction of excitability suggests that higher PV expression in Scal

MLIN is a dynamic process, which can be reversed by reducing MLIN excitation (Fig. 22D).
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Figure 22: Acute MLIN inhibition alleviates motor symptoms and MLIN Scal molecular pathology. (A)
Timeline of the experimental design for acute cerebellar MLIN inhibition in WT::PV and SCA1::PV mice via AAV2/8-
syn-DIO-DREADD(Gi)-mCherry with behavioural experiments. (B) Rotarod experiment following CNO administration
(two-way ANOVA time points F(11,192)= 9.76, p<0.0001, treatment F(1,192)= 97.34, p<0.0001, interaction F1,192)= 12.35,
p<0.0001; P85-87 Scal::PV + saline vs Scal::PV + CNO; P90 Scal::PV + saline vs Scal::PV + CNO. WT::PV +
saline n=9 mice; WT::PV + CNO n=8 mice; Scal::PV + saline n=8 mice; Scal::PV + CNO n=10 mice). Figure legend
continued on next page. (C) Rotarod test indicating latency to fall of naive WT::PV, Scal::PV and WT::PV-mCherry
and Scal::PV-mCherry animals after CNO injection. n= 5 animals per condition. (D) Representative confocal images
of MLIN PV immunostaining from WT and Scal cerebellum at P30. Percentage of neuronal fractions expressing low,
medium, and high levels of PV at P30 (presymptomatic), P90 (symptomatic), and P200 (end stage), (Chi-square P30:
P=0.0025; Chi-square P90: P<0.0001, P200: P<0.0001. PV expression at P88 following i.p. injection of CNO or saline
(Chi-square WT::PV + saline vs Scal::PV + CNO: P = 0.19 n.s.; Scal::PV + saline vs Scal::PV + CNO: P<0.0001).
**p < 0.01, ** p < 0.001. Scale bar: (C) 20 um. Yellow arrowheads in (C) indicate MLIN. Data courtesy of Federico
Pilotto & Smita Saxena, Inselspital University Hospital, Bern, Switzerland. Figure adapted from Pilotto, Douthwaite et
al., “Early molecular layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.
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4.2.4. Chronic inhibition of MLINs Induces Lasting Alleviation of Scal Motor

and Molecular Features

Following the distinct positive impact of acute MLIN inhibition in Scal mice, we
investigated whether prolonged reduction in MLIN activity could further alleviate molecular
pathology and motor symptoms. Accordingly, we selectively expressed the inhibitory
hM4D(Gi)-mCherry or mCherry using AAV2/8, in WT::PV and Scal::PV MLIN at P40, then
exposed the groups to chronic administration of CNO in drinking water (40 pug/ml) for 30 days
(from P60 to P90). Following the treatment, mice were behaviourally assessed and monitored
until the end stage of the disease (Fig. 23A). A subgroup of late-stage symptomatic mice were
sacrificed for analysis of molecular Scal pathological features. The chronic reduction of MLIN
activity, led to a sustained reduction of PV expression, specifically within the mutant MLIN

population, a striking 90 days following the completion of the CNO treatment (Fig. 23B).

MLIN inhibition primarily targets PNs, therefore hyperactivity of MLINs could be driving
alterations in PNs, we thus investigated if the well documented PN pathology in Scal mice
was altered following a reduction in MLIN activity. Studies have consistently found dysfunction
in Scal mice at the site of PN dendrites, a feature of which is the downregulation of proteins
regulating calcium homeostasis, such as the scaffold protein Homer-3 (Ruegsegger et al.,
2016; Serra et al., 2004). Furthermore, decreased expression of phosphorylated calcium-
calmodulin kinases Il (CAMKII) in the PN soma has been reported in this model, reflecting
altered PN calcium handling, and is restored following increased Homer-3 expression
(Ruegsegger et al., 2016). We therefore measured the expression of dendritic Homer-3 and
somatic P-CAMKII to gain insight into PN molecular state following MLIN inhibition. A striking
90 days following the end of the chronic treatment, the calcium buffer precursor P-CAMKII was
increased to a similar level in WT mice (Fig. 23C). Importantly, given the degeneration of PNs
that occurs in late stage Scal mice (Watase, et al., 2002), the total number of PNs was also
raised (Fig. 23D). Finally, within PN dendritic spines, there was an increase in Homer-3
immunoreactive puncta at P180 (Fig. 23E). These findings suggest that a chemogenetic-
mediated reduction in MLIN hyperactivity alleviates PN molecular Scal features, and promotes
PN survival, sustained long after the CNO treatment ends. Through recording rotarod
performance throughout CNO application and the following months, we observed an
improvement in motor coordination deficits in Scal::PV-DREADD(Gi) mice, in comparison to
the mCherry control group (Fig. 23F). Notably, following the end of CNO application at P90,
although both symptomatic Scal groups showed a gradual decline in rotarod performance, the
Scal::PV-DREADD(Gi) mice maintained a significantly improved latency to fall over their

control counterparts, for two further months. In addition, there were no visible deficits in motor
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coordination in either of the WT::PV groups (Fig. 23F). A classical phenotype and
measurement of disease severity in Scal mice is a clasping of the hindlimbs when suspended
from the tail (Watase et al., 2002). Chronic suppression of MLIN activity deferred the onset of
full clasped together hindlimbs with interlocked rear claws upon tail suspension (Fig. 23G).
The humane termination criteria for our Scal mice was a 10% decrease from the maximum
weight of each individual mouse. We found the chronic MLIN inhibition delayed the drop of
weight to reach this criteria in Scal::PV-DREADD(Gi) animals, with an increase in survival
(based on weight loss criteria) of 22 days later than the control group (Fig. 23H). These findings
show that 4 months after the CNO application was discontinued, late stage symptomatic
Scal::PV-DREADD(Gi) mice still display improvements in condition. Further underlining our
earlier data to show that acute reductions in MLIN activity can have beneficial impact on
various Scal-like features in the cerebellar cortex, and brings to light that early, chronic, MLIN

modulation can drive improvements remaining for the entire Scal disease course.
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Figure 23: Suppression of MLINs delays appearance of hallmark Scal features. (A) The experimental design
for chronic cerebellar MLIN inhibition. Bold arrows mark longitudinal rotarod measurement. (B) PV expression levels
in MLIN following chronic inhibition (Chi-square WT::PV-mCherry vs Scal::PV-DREADD(Gi), P=0.56, Scal::PV-
mCherry vs Scal::PV-DREADD(Gi) P<0.0001). Figure legend continued on next page.
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(C) P-CAMKII expression levels in PN soma (unpaired t-test WT::PV-mCherry vs WT::PV-DREADD(Gi): P=0.48,
Scal::PV-mCherry vs Scal::PV-DREADD(Gi): P=0.0066). (D) P180 PN numbers across the four groups labelled
via calbindin immunostaining (unpaired t-test WT::PV-mCherry vs WT::PV-DREADD(Gi): P=0.50, n.s.; Scal::PV-
mCherry vs Scal::PV-DREADD(Gi): P=0.0002). (E) Homer-3 expression within the molecular layer (unpaired t-test
WT::PV-mCherry vs WT::PV-DREADD(Gi): P=0.49; Scal::PV-mCherry vs Scal::PV-DREADD(Gi): P<0.0001). (F)
Rotarod performance plotted as latency to fall (two-way ANOVA time points F,215=1.030, P=0.3929, treatment
F@3,215= 28,59, P<0.0001, interaction F2215= 1.039, P=0.4146 ; Tukey’s multiple comparison: Scal::PV-mCherry
vs Scal:PV-DREADD(Gi) P90-P115-P145; WT:PV-mCherry n=13; WT:PV-DREADD(Gi) n=11; Scal:PV-
mCherry n=13; Scal::PV-DREADD(Gi) n=10). (G) Clasping phenotype scores at distinct time points in Scal::PV-
mCherry and Scal::PV-DREADD(Gi). (H) Survival curve of Scal::PV-DREADD(Gi) compared to Scal:PV-
mCherry (Scal::PV-mCherry (n=5 female/6 male) median survival: 198 days, Scal::PV-DREADD(Gi) (n=6 female/6
male) median survival: 220.5 days; Log- rank test: Chi square: 14.15, P=0.0002). n=3-5 for immunofluorescence
analysis. Graphs (B-E) depict mean values per animal, * p < 0.05, ** p < 0.01, *** p < 0.001. Data in (B)-(E) courtesy
of Federico Pilotto & Smita Saxena, Inselspital University Hospital, Bern, Switzerland. Data in (F)-(H) from combined
experiments from ourselves and Federico Pilotto & Smita Saxena, analysed & arranged by Federico Pilotto,
Inselspital University Hospital, Bern, Switzerland. Figure adapted from Pilotto, Douthwaite et al., “Early molecular
layer interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.

4.2.5. Enhancing MLIN Activity is Sufficient to Induce Scal-like Motor and

Molecular Alterations in WT Mice

To investigate the notion that MLIN hyperactivity can drive Scal pathology, rather than
a bystander among many dysfunctional elements, we injected WT::PV with an excitatory
DREADD (AAV2/8-hSyn-DIO-hM3D(Gq)-mCherry) to selectively enhance MLIN activity.
Upon acute CNO application there is an increased excitability of MLIN, and as a result raised
inhibition of PN, mimicking our findings in Scal mice (Fig. 24A). Using the same experimental
paradigm as described previously, we found that increasing inhibition on to the PNs can affect
motor behaviour in WT mice, as rotarod performance of WT::PV that received CNO injections
dropped (Fig. 24B). Furthermore, we found expression of PV within MLINs in WT::PV PNs,
was similar to those in Scal::PV MLIN, after CNO administration (Fig. 24C).

ﬁAAVZIB-syn-DIO-DREADD(Gq)
= Figure 24: Acute stimulation of MLINs induces
Rotarod ot +*CNO motor deficits and Scal like

Ve prpy \AA} YHE washour ¥4 N - -
— — -_— ) pathology.(A) Timeline of experimental design for
P65-67 P70 P80-82 P85-87 P90-92 acute cerebellar MLIN activation in WT::PV animals.(B)
Rotarod experiments indicating latency to fall in both
groups; prior to and following surgery, then following
- WTPV WT--PV C | MLIN M administration of either CNO or saline, then washout
DREADD(Gq) + saline DREADD(Gq) + CN g o (two-way ANOVA timepoints Fq1,180= 10.55, P<0.0001,
300 - . % 100 - — I Low treatment F,180)= 37.88, P<0.0001, interaction F11,180)=
- ! = 80 @ Medium 12.09, P<0.0001; Multiple comparison P85-87 WT::PV
%2(}0_ ' z ] = High + saline vs WT::PV + CNO; n=7 WT::PV + saline, n=10
“é ) % 60 WT::PV + CNO). (C) Percentage of low, medium and

E* i g 40 - high parvalbumin expressing MLINS,
2 1004 : oy ? treatment with either CNO or saline (Chi-square WT::PV
~ ! £ 20 4 + saline vs WT::PV + CNO: P<0.0001). Data courtesy
0 I : — . . ;’5 o - ) of Federico Pilotto & Smita Saxena,

P65 @& P80 P85 P90 a M. 2?\"'89 University Hospital, Bern, Switzerland. Figure adapted
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degeneration in SCA1.” Neuron. In Press.
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4.2.6. Chronic Stimulation of MLINs Induces Lasting Scal-like Pathological

Alterations

Given that acutely increasing the excitability of MLINs induced motor deficits and
influenced MLIN parvalbumin levels, we investigated the impact of chronic enhanced
excitability of MLINs to explore the functional implications of our findings in a healthy network.
We used a 30-day CNO treatment paradigm (Fig. 25A). We performed regular rotarod tests,
beginning at 10 days into receiving CNO via drinking water. The tests revealed a consistent
decline in the latency to fall in WT::PV-DREADD(Gq) mice, as opposed to an initial increase
in latency on the rod, and then maintenance of performance from the WT::PC-mCherry group
(Fig. 25B). Motor coordination deficits remained for 20 days following the end of the CNO
treatment. The lack of improvement in rotarod performance indicates that hyperexcitable
MLINs can not only provokes Scal-like phenotypes, but prolonging this state in MLINs induces
lasting deficits, even in the absence of CNO stimulation (Fig. 25B). Importantly, we found
decreased PN dendritic expression of Homer-3 in WT::PV-DREADD(Gq) (Fig. 25C), while in
the PN soma there was no difference in P-CAMKII or CAMKII levels in comparison to WT::PV
mice (Fig. 25C). Taken together, these results provide evidence that MLIN-mediated, elevated
inhibition of PNs, non-cell autonomously, promotes cellular pathology within PNs, and triggers
manifestations of ataxia-like symptoms in WT::PV mice, lacking disease causing mutations. In
addition, manipulating MLIN activation is capable of having a long-term effect on PN spines,

which are considered as highly vulnerable in the context of Scal pathology.
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Figure 25: Chronic Stimulation of MLINs in WT mice Induces Prolonged Scal Motor Deficits and
Scal-like Molecular Alterations. (A) Experimental timeline for chronic 30 day MLIN activation (treatment

from P40-P70) in WT::PV animals, culminating in sacrifice of the animals at P200 for analysis. Bold arrows
mark longitudinal rotarod measurements. Figure legend continued on next page.
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(B) Rotarod performance plotted as latency to fall. Chronic CNO administration significantly affects motor
performance in WT::PV-DREADD(Gq) mice (Two-way ANOVA time points F 70= 0.9894, P=0.42, treatment
F1,70= 38.49, P<0.0001, interaction F,70= 1.095, P=0.37; Sidak’s multiple comparison: WT::PV-mCherry vs
WT::PV-DREADD(GQ), n=8 animals/group). (C) Homer-3 expression in WT::PV-DREADD(Gq) compared to
WT::PV-mCherry control (P=0.0074). P-CAMKII (P=0.34) and CAMKII (P=0.67), after chronic activation of
MLIN in WT::PV animals at P200, all unpaired t-test. n=3-5 for immunofluorescence analysis. Graphs in (C)
depict mean values per animal. * p < 0.05, ** p < 0.01, *** p < 0.001. (B) Surgery and following CNO treatment
with behavioural experiments was entirely completed at Ludwig-Maximilian University Munich, following
sacrifice of animals, brains were sent for analysis in (C) by Federico Pilotto & Smita Saxena, Inselspital
University Hospital, Bern, Switzerland. Figure adapted from Pilotto, Douthwaite et al., “Early molecular layer
interneuron hyperactivity triggers Purkinje neuron degeneration in SCA1.” Neuron. In Press.
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5. DISCUSSION

Our results reveal three key findings; (1) MLINs are hyperactive, and hyperresponsive
to sensorimotor input, in the early symptomatic phase of Scal mice. (2) Encoding of
behavioural state across cerebellar cortex circuit is disrupted. (3) Reducing excessive MLIN
activity can restore network functionality, alleviate motor deficits, reduce molecular pathology
and delay disease progression (Fig. 26). For the first time, we identify circuit deficits in Scal
related to MLINs and show they can be targeted therapeutically. The finding of early circuit

dysfunction is also in line with emerging work across a number of neurodegenerative disorders.
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Figure 26: Summary of Key Findings. (A) MLINs are hyperactive and hyperresponsive to
sensorimotor input in Scal mice, PN dendrites display enhanced calcium signals. Network
encoding of behavioural state is disrupted. (B) CNO mediated inhibition of MLIN activity in
Scal::hM4DGi mice drives normlised dendritic calcium signals, restores cerebellar network
enconding of behavioural state, and improves motor coordination. Arrows in (A) indicate
increased MLIN activity. - - indicates inhibition of PN dendrite from MLIN, high in (A),
normailsed in (B). Ca?* indicates calcium signals, elevated in (A), normalised in (B).
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5.1. Cerebellar Cortex Circuit Dysfunction in Scal
5.1.1. Aberrant MLIN Activity is Implicated in Early Cerebellar Cortex Circuit

Dysfunction

The three major inhibitory interneurons of the cerebellar cortex each play essential
roles in the processing of sensory information, motor skills, balance, posture and higher
cognitive function (Apps and Garwicz, 2005; Hull and Regehr, 2022). Disruption to these
behaviours encompass a number of the wide range of symptoms that Scal patients can
endure. A hallmark feature of Scal is PN degeneration, which has previously been the major
focus of research in the field. It is however, neither the first nor only cell type to degenerate
(Deelchand et al., 2019; Guerrini, et al., 2004; Koscik et al., 2020; Seidel et al., 2012). Loss of
brainstem grey matter is one of the earliest features of Scal patients (Jacobi et al., 2013), and
in Scal mice, alterations to both CFs and inhibitory connectivity onto PNs has been reported
in the early and presymptomatic stages respectively (Edamakanti et al., 2018). Such evidence
led us to study the primary inhibitory neurons of the cerebellar cortex in the early stages of
Scal mice, calcium imaging has revealed the hyperactive and sensorimotor hyperresponsive,

properties of MLINSs, as the clearest pathophysiological features of these neuron groups.

MLINs are the sole inhibitors of PNs, therefore provide essential modulation to the
output cell of the cerebellar cortex. They modulate PN firing in local clusters with direct
inhibitory connections providing distinct modulation of PN dendrites and somata. MLIN circuits
can produce feedforward inhibition with the same parallel fibres (PFs) innervating both MLINs
and PNs, sagittal projecting MLIN axons also facilitate lateral inhibition of PNs that do not share
a PF input with, and finally PNs themselves have direct inputs onto MLINs shaping a feedback
inhibition (Kim and Augustine, 2021). Although less studied in relation to Scal symptoms, they
are functionally implicated in several relevant motor roles to this disease, including orofacial
movements (Astorga et al., 2017; Gaffield and Christie, 2017; Heinley et al., 2014; Wulff et al.,
2009). Deficits in orofacial control closely align with the established Scal symptoms dysarthria,
dysphagia and ophthalmoplegia (Seidel et al., 2012). Here, we identified a
hyperresponsiveness of MLIN calcium signals to locomotion and air puff stimulation, along with
hyperactivity during quiet wakefulness and under anesthesia, in the early symptomatic phase

of Scal development.

Yet what causes such aberrant MLIN function? We detected severely reduced
cytoplasmic calcium levels in MLIN, importantly, this finding was confirmed by using the FRET-
based GECI, Twitch2B (Thestrup et al., 2014). Ratiometric imaging is able to give a more
accurate insight into intracellular calcium levels, as the highly heterogeneous expression levels

of the indicator do not influence the readout of fluorescence ratio (Thestrup et al., 2014).
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Additionally, these data are in line with the finding of higher levels of the calcium buffer
parvalbumin in these cells, which likely reduces cytosolic calcium. It has been reported that
there is a decrease in parvalbumin immunoreactivity in surviving PNs of Scal patient brains
post-mortem (Vig et al.,1996), along with insight from mouse models showing decreased PN
parvalbumin and calbindin D28k (calbindin) immunoreactivity (Vig et al., 1998), and reduced
calbindin gene expression (Serra et al., 2004). Perhaps mutant ataxin-1 can drive increases in
PV in MLINs, however, further work would need to explore if such cell autonomous
mechanisms could be driving MLIN dysfunction. Altered MLIN firing properties and molecular
composition may also be due to compensatory mechanisms driven by aberrant upstream
inputs to the cerebellar cortex circuit. Certainly, CF synapses onto PNs are reduced in Scal,
actually in the early weeks of development (Ebner et al., 2013; Edamakanti et al., 2018). In
addition, PNs also provide inhibition onto MLINs (Prestori et al., 2019a), as reduction in PN
firing has been reported in Scal early in the disorder (Dell’Orco et al., 2015; Hourez et al.,
2011), there may be a role for reduced PN-MLIN feedback inhibition. Furthermore, the pons
and other brainstem areas are also affected early in Scal patients (Seidel et al., 2012).
Dysfunction within the brainstem could alter both CF (inferior olive nuclei) and a proportion of
the MF inputs to the cerebellar cortex circuit. Additionally, MLINs are partially through
“glutamate spillover”, from CF excitation of PNs. The EAAT4 transporter on PN dendrites are
important for glutamate clearance and given that these transporters are downregulated as
early as pP0 in Scal mice (Serraetal., 2004), reduced glutamate uptake could potentially lead

to increased spillover and co-excitation of MLINS.

Further research into the brainstem nuclei and CF/MF inputs, in the early phases of
Scal, could provide vital insight into the connectivity upstream of the cerebellar cortex. With
this in mind, it is important to understand the cerebellar cortex circuit as a whole, not simply

individual neuron groups, we therefore also investigated both PN and Golgi cells.

5.1.2. Altered Calcium Signals in Distinct Cerebellar Cortex Neuronal

Populations

Golgi cells represent the primary inhibitory neurons within the granule cell (GC) layer —
the input layer of the cerebellar cortex. Afferent MFs from oculomotor areas, the brainstem and
spinal cord, among others, enter here, exciting the GCs, which then provide the glutamatergic
drive to the cerebellar cortex, exciting both MLINs and PNs (Barmack and Yakhnitsa, 2011).
Golgi cells are crucial components to regulate the granular layer dynamics. As summarized by
D’Angelo, Golgi cell regulation of the granule layer can be categorised into key distinct forms;
feed-forward inhibition creating a “time-windowing effect”, lateral inhibition underlying “centre-

surround organisation”, “inhibition controlled plasticity” of local GCs, and finally feedback

77



5. Discussion

inhibition from PF-Golgi cell activation that facilitates the “synchronous oscillations over large
granular layer fields” (D’Angelo, 2008). Electrically coupled gap junctions can supports the
loosely synchronous oscillations between Golgi cells but also allows rapid desynchronization
and resultant independent activity following local MF stimulation (D’Angelo et al., 2013).
Additionally, recent in vivo calcium imaging has indeed revealed multidimensional activity,
underlying the encoding of sensorimotor behaviour (Gurnani and Silver, 2021). These findings
makes it clear that Golgi cells are integral to the complex multifaceted processing of information

conducted by the cerebellar cortex (Prestori et al., 2019a).

Here we found Golgi cells to be hyporesponsive to sensorimotor actions, early in
symptomatic development. How might reduced Golgi activity alter circuit function and
behaviour? Ablation of Golgi cells can induce ataxia (Watanabe et al., 1998), and in stargazer
mutant mice, which present ataxic stance and oculomotor deficits, Golgi cells have reduced
GABAergic immunoreactivity and decreased inhibitory synapses onto GCs (Richardson and
Leitch, 2002). Interestingly, in a Sca8 mouse model, emerging from CTG CAG expansions,
there is a reported upregulation of the gene for GABA-A transporter 4 (Gabt4), at both the RNA
and protein level, which is central to facilitating GABA clearance in the granular cell layer. The
authors then show that upregulated Gabt4 can underlie a reduced inhibition of MF - GC
synapse following whisker sensory stimulation (Daugthers et al., 2009). These studies reveal
a comparable reduction in Golgi cell inhibition and symptoms similar to those seen in Scal
mice. It could therefore be of interest to explore underlying mechanisms of this Scal Golgi
hypo-responsiveness in further detail to understand the functional impact of our findings. It is
reasonable that reduced regulation of MF input can contribute to a disrupted cerebellar cortex

network, contributing to MLINs hyperresponsiveness.

Studies have indicated a direct inhibitory connection from MLINs to Golgi cells
(Dumoulin et al., 2001; Eccles et al., 1967), although there is also counter evidence indicating
Golgi cell inhibition is independent of MLINs (Hull and Regehr, 2012). If MLINs do play a role
in modulating Golgi cell activity, the excessive MLIN inhibitory drive we uncover here, could
reduce Golgi cell firing, in turn enhancing GC activity, which would then excite MLINs further,
and once more inhibit Golgi cells. Which could lead to a cyclic incrementing of glutamatergic
drive and MLIN stimulation, due to the loss of gain control, as well as disrupting other forms
granular layer network dynamics. Further work would be required to explore the plausibility of
this hypothesis. Firstly, to understand the discrepancies in the literature regarding the
relationship between MLINs and Golgi cells in the healthy cerebellar circuit. Then secondly, to
unravel how the connectivity between these cells might be altered and contribute to Scal

circuit dysfunction.

78



5. Discussion

PNs are by far the most extensively studied neuronal population in Scal. The timeline
of PN pathology is well outlined, beginning with altered gene/protein expression as early as
pl10 (Serra et al., 2006), then over 2-5 weeks follows decreases in pacemaker firing properties
(Barnes et al., 2011; Dell’Orco et al., 2015; Hourez et al., 2011) and altered connectivity with
CFs and basket cells (Edamakanti et al., 2018). Later at around 15 weeks, there is a shrinkage
of the dendritic tree (Dell’Orco et al., 2015), followed by severe PN atrophy and loss in both
patients and animal models (Burright et al., 1995; Seidel et al., 2012; Watase et al., 2002). Cell
autonomous (Pérez Ortiz and Orr, 2018; Serra et al., 2006) and non-cell autonomous
mechanisms (Edamakanti et al., 2018) have been explored to unravel the pathogenesis of PNs
in Scal. As the sole output of the cerebellar cortex, modulating the signals from the deep
cerebellar nuclei (DCN) to the rest of the brain, PN firing properties are essential to the
coordination of movements and other cerebellar functions. Here we identify disrupted calcium
signals in the early symptomatic phase of the disorder, particularly in PN dendrites, which

showed both more frequent and greater strength of calcium signals.

Aberrant calcium handling in PNs is frequently reported in Scal mouse models and
across other SCAs (Prestori et al., 2019b). Here we saw fewer clear alterations to calcium
signals at the level of PN somata, than in Golgi cells or MLINs, in early symptomatic Scal
cohort. However, it is highly likely that this is due to methodological limitations, given that the
fast firing properties of PNs results in AP trains of 20-70Hz (Arancillo et al., 2015). The kinetics
of GCaMP7s (time to rise for a single AP 50% AF/F is ~70ms, half decay time ~1,690 ms), do
not allow us to record individual action potentials in PNs. Despite this limitation, AF/F scales
with neuronal AP firing (~320% AF/F at 10 Hz to 620 AF/F at 160 Hz (Dana et al., 2019)).
Therefore, we detect larger changes in firing frequency such as simple spike pauses (Ramirez
and Stell, 2016), but more subtle changes could be lost. Indeed, the previous studies showing
drops in PN firing in young Scal mice, only show decreases to 15-20 Hz, from ~50 Hz
(Dell'Orco et al., 2015; Hourez et al., 2011), which we may not be able to resolve using
GCaMP7s.

Despite these limitations, there are varying reports of using genetically encoded
calcium indicators to image Purkinje activity. Imaging of somatic calcium signals in PNs,
utilising GCaMP6f in anesthetised mice, in combination with extracellular electrode recordings,
showed a close correlation with continuous simple spike trains and rise in calcium transients,
but not with complex spikes (Ramirez and Stell, 2016). Upon simple spike pauses, the calcium
signal would decrease (Ramirez and Stell, 2016), which indicates that calcium imaging can
reflect longer trains and pauses in PN pacemaker activity. We did pick up several clear
alterations in somatic PN calcium signals. There was an enhanced response upon air puff

application, a disproportional calcium signal associated with the air puff stimulation may reflect
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dysfunctional processing of sensory information by PNs. Such alterations in sensory encoding
in the cerebellar cortex are reported in several types of SCAs (Chandran et al., 2014). In
addition, there was a significant shift to an increased overall PN activity, while mice were
running in darkness to when running with visual feedback. The raised activity in darkness, was
something we observed for each distinct cell type in the younger cohort. The cerebellum does
indeed have a role in processing visual information, with visual evoked potentials recorded in
lobule VI of the vermis in animals (Snider, and Stowell, 1944, Stein and Glickstein, 1992),
alongside clinical reports and imaging studies indicating cerebellar neuronal circuits facilitate
eye movement and visual attention (Striemer et al., 2015; Thier and Markanday, 2019).
Intriguingly, electrophysiological recordings from the monkey lobule VI, revealed saccade-
related PNs, that have elevated saccade-related peak burst activity in light when compared to
saccade-related burst activity of the same amplitude in darkness (Helmchen and Bittner,
1995). Thus showing, in the healthy cerebellum, there is differential PN activity associated with
eye movement, depending on light or dark environments. Therefore, our findings that each
Scal neuronal population displays a shift towards more activity in darkness when compared
to WT, potentially underlies a breakdown in circuit differentiation between light and dark
environments, or perhaps an inability of Scal mice to focus on the VR screen. Eye movements,
including visually guided saccades, have been shown to be altered in Scal patients, underlying
hypermetria (Rivaud-Pechoux et al., 1998), our findings may reflect neuron dysfunction related

to these symptoms.

Interestingly, in contradiction with our GCaMP7s recordings, the ratiometric imaging
found an elevated activity in Purkinje neuron somata of early symptomatic Scal mice. Such
an increase may be reflective of the reported longer trains of complex spikes reported in early
slice recordings of a Scal mouse model (Hourez et al., 2011). Previous studies could not
reliably detect complex spike generation (Ramirez and Stell, 2016), however, it is plausible
that elongated complex spike trains sufficiently increase intracellular calcium levels to be
picked up by using the FRET based indicator, emerging as a prolonged increase in AF/F

activity and therefore, increased area under the curve.

A previous study performing calcium imaging in the PN somata in Scal, similarly found
little deficits in comparison to WT mice (Inoue et al., 2001). These data appear contradictory
to alterations in several genes that encode proteins regulating calcium homeostasis in PNs,
and may be due to similar limitations in GECIs we have discussed here. However, it was
speculated by Serra and colleagues, that alterations in calcium signals may be occurring in
localised compartments, for example within the PN dendrites (Serra et al., 2004).
Simultaneous electrophysiological recordings from PN dendrites and somata have revealed

distinct excitatory postsynaptic currents occurring in both locations (Ohtsuki, 2020). With more
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proximal dendritic recordings displaying a more similar profile to somatic activity, although
there is only mild passive back-propagation, occurring from axon initial segment to dendrites
in PNs (Bower, 2015; Stuart and Hausser, 1994; Ohtsuki, 2020). It is suggested that calcium
currents in dendrites of healthy rodents are largely drive by CF innervation (Bower, 2015).
Interestingly, calcium imaging studies indeed support that notion, combined
electrophysiological recordings and calcium imaging in vivo of PN dendrites loaded with the
calcium indicator Oregon Green BAPTA-1/AM (Mukamel et al., 2009; Ozden et al., 2009;
Schultz et al., 2009) or labelled with GCaMP6f (Wagner et al., 2021) consistently correlate
complex spiking with calcium imaging transients from PN dendrites. Thus analysis of PN

dendritic calcium signals may provide an alternate insight into PN dysfunction in Scal.

As a site of PN interaction with PFs, MLINs and CFs, PN dendrites have also been a
major focus of research. In Scal patients and mouse models, there is a distinctive shrinkage
of the dendritic branch preceding PN loss (Seidel et al., 2012; Watase et al., 1998). Studies
have shown that genes whose products are involved in PN dendritic function, such as Homer-
3, EAAT4 or IP3R1, are reduced in the Scal BO5 mouse model (Serra et al., 2004). More
precisely, these genes all implicate a role in glutamatergic signalling and calcium homeostasis,
further research has indeed shown PN dendrite glutamate receptor related synaptic
dysfunction, aberrant calcium handling and dendritic hyperexcitability in Scal mice (Bushart
et al., 2018; Lin et al., 2000; Ruegsegger et al., 2016; Serra et al., 2004). In line with these
findings, and the notion that PN dendritic calcium signals may be altered differentially to signals
from PN somata, our data show a higher resting calcium concentration, increased
spontaneous activity and higher amplitude of calcium transients in early symptomatic mice,
under anesthesia. Patch-clamp recordings from dendrites in ATXN1[82Q] mice also showed
hyperexcitability, through increased back-propagation and raised susceptibility to calcium
spiking, attributed to lower expression of calcium gated potassium channels (Chopra et al.,
2018). Another cell-autonomous mechanisms may be that raised cytoplasmic calcium levels
in PN dendrites is a result of reduced expression of calcium buffers calbindin and parvalbumin
(Chopra et al., 2018). Such alterations in calcium handling, may lead to calcium signals that
mask CF elicited responses, which have previously been shown to drive calcium transients in
the wild type PN dendrite (Wagner et al., 2021). Investigation into CFs actually show reduced
excitation of PN in the same Scal model used in our experiments and at a similar age to the
early symptomatic cohort (Edamakanti et al., 2018). These alterations in CFs suggest non-
cell-autonomous mechanisms may also contribute to hyperexcitability in PN dendrites.
Crucially, our identification of highly increased inhibition onto PNs from MLINs may also
facilitate altered dendritic excitability. MLIN activation can present a CF driven rise in dendritic
calcium, this mechanism has been shown to simultaneously facilitate LTP at the PF-PN

dendrite (Rowan et al., 2018). These findings reveal that MLIN inhibition can modulate various
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forms of plasticity in the PN dendrite, which includes support of potentiation. Sustained
inhibition onto PN dendrites may also drive internal PN adaptions, studies have shown that
neurons receiving increased and prolonged inhibition or excitation, can undergo adaptive
changes to compensate and restore intrinsic firing rates (Nelson et al., 2003). Indeed, in rodent
slices, PN excitability is increased following induction of LTD at the PF-PN synapse, occurring
through downregulation of the hyperpolarization-activated cyclic nucleotide-gated (HCN)-
mediated h current (Yang and Santamaria, 2016). The authors propose that this raised
excitability is linked to biochemical pathways intertwined with LTD at the PN dendrite (Yang
and Santamaria, 2016). Itis therefore likely that a sustained increased inhibition onto PNs, can
lead to internal adaptions to increase PN excitability, which then becomes maladaptive. An
example of such maladaptive changes in PN dendrites has been shown in a Scal mouse
model (Dell’Orco et al., 2015). After recording a reduced PN simple spike firing, the authors
observed that activity was partially restored following the PN dendritic branch shrinkage that
classically occurs in Scal (Dell’Orco et al., 2015). They suggest that this shrinkage is therefore

an adaption to restore pacemaker activity.

Abnormal calcium regulation is a common feature across SCAs and models of ataxia
disorders (Prestori et al., 2019b). Two polyglutamine SCAs, types 2 (Sca2) and 7 (Sca7), show
downregulation of genes encoding voltage -dependent calcium channels and calcium activated
potassium channels in mice models (Niewiadomska-Cimicka et al., 2021). Furthermore, the
expansion of the ataxin-2 protein in PNs in a Sca2 mouse model associated with IP3R1 and
calcium imaging in PN cultures derived from the Sca2 mice showed enhanced calcium
discharge from endoplasmic reticulum stores (Liu et al., 2009). The excessive calcium
discharge occurred via mGIuR-IP3R1 pathway, and suppression of IP3R1 related calcium
restored PN firing properties, reduced PN atrophy and alleviated motor symptoms (Kasumu et
al., 2012). A mouse model of SCA type 3 (Sca3) also shows hypersensitive IP3R1 calcium
release, stabilising intracellular calcium levels similarly reduced brainstem neuron loss and
improved motor deficits (Chen et al., 2008). In line with these findings, in a Sca7 model,
restoration of calcium handling following the increase of Sirtuin-1 expression, a protein
facilitating the transcriptional activation of downregulated genes, to boost calcium channel
expression, prevented neurodegeneration (Stoyas et al., 2020). Additionally in Scal, boosting
the PN expression of calcium gated potassium channels BK channels in re-establishes PN
simple spiking rhythm, rescues dendritic hyperexcitability, prevents dendritic branch shrinkage

and restores motor symptoms (Bushart et al., 2018; Chopra et al., 2018; Del’Orco et al., 2015).

These are examples from a number of papers that have presented calcium related
therapeutic options for a number of SCA types (Prestori et al., 2019b). Our work also supports

the notion that aberrant calcium regulation is involved in Scal pathophysiology. To understand
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how the observed alterations in calcium signals develop later in the disease course, we also

examined Scal mice at the late symptomatic stage.
5.1.3. Age Dependent Changes in Calcium Signals in Scal mice

Scal is classified as neurodegenerative disorder, nevertheless, the mutation in the
ATXNL1 gene is of course always present throughout pre- and post-natal development. Recent
findings argue that neurodegenerative disorders based on genetic mutations, such as HD, may
well be classified as neurodevelopmental disorders (Barnat et al., 2020). Research in animal
models has clearly shown that the pathogenesis of Scal can be detected in the early weeks
after birth, both in the form of protein expression changes (Lin et al., 2000; Serra et al., 2006;
Serra et al., 2004) and firing properties of PNs (Edamakanti et al., 2018; Hourez et al., 2011).
However, there is also evidence that shows physiological and molecular alterations are
occurring throughout the disease course (Dell'Ocro et al., 2015). With this in mind, we also
studied late symptomatic Scal mice, to observe if the deficits we identified in early
symptomatic mice are maintained across a lifespan, thus giving a more detailed insight into

how these alterations match with increasing symptom severity.

We found that hyperresponsive MLIN detected in the early symptomatic phase indeed
remained until the late symptomatic phase (P200), along with spontaneous hyperactivity both
in quiet wakefulness and under anesthesia, compared to age matched healthy littermates.
These findings demonstrate that these deficits do not adjust throughout disease stage.
Similarly, decreased quiet wakefulness activity and reduced locomotion responses of Golgi
cells were also maintained until the late stage. Conversely, under anesthesia, spontaneous
Golgi activity appeared to be increased compared to P200 wild type mice, a finding not
previously apparent. Although these data may initially appear opposing, there are of course
significant differences between spontaneous activity under anesthesia and during quiet
wakefulness. Awake “spontaneous” firing may be driven by behaviour not recorded in our
setup. Indeed these mice are awake on a treadmill, the behaviour that we can measure is
limited to forwards and backwards movements, along with whisking and changes in pupil width
and position. It could be that later stage Scal mice exhibit different muscle contractions to
balance when they are static or different sensory processing not picked up in our recordings.
We thus cannot exclude that aberrant spontaneous activity in fact actually reflects changes in

balance or behaviour not recorded.

Golgi cells also display pacemaker activity (D’Angelo et al., 2013). The shift from hypo-
activity under anesthesia early in the disorder hyperactive at later disease stage, could be an
adaptive process to return to usual pacemaker frequency, which overcorrects later in the
disease. Further study is required to identify the nature of such a shift. Recordings from PN
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dendrites showed the same higher fraction of active dendrites, accompanied with even a
stronger rise in hyperactivity and again larger increase in amplitude of calcium transients. In
regards to PN somata, a notable finding is that there was a dramatically increased baseline
calcium level. Raised cytoplasmic calcium supports earlier work, indicating a disruption in the
expression of calcium buffering proteins (Serra et al., 2004) and is likely a reflection of the
augmented PN pathology throughout ageing leading to PN atrophy (Prestori et al., 2019b).
Recording from PN somata now also showed significantly reduced activity under anesthesia
and during quiet wakefulness. This supports the understanding in the field that throughout

ageing PNs in Scal become gradually dysfunctional and display disrupted calcium handling.

Overall, we present evidence that the GABAergic network in Scal is disrupted across
the cerebellar cortex circuit, affecting the neural network representations of behavioural state.
Given that loss of sensorimotor control underlies classical behavioural deficits in Scal mice
and indeed patients, we hypothesised that the network dysfunction we identified may underlie
such symptoms. Therefore, correcting such circuit alterations could alleviate impaired
behaviour and present a novel therapeutic target. To investigate this, we utilized chemogenetic
tools to selectively modulate the neuronal population that we found displaying clearest deficits

in the early symptomatic stage of Scal mice, the molecular layer interneurons.

5.2. MLINs as a Novel Therapeutic Target in Scal
5.2.1. Selective Expression of DREADDs in MLINs

Chemogenetic manipulation of neuronal activity using Designer Receptors Exclusively
Activated by Designer Drugs (DREADDS) - based chemogenetic techniques are now well-
established tools to unravel the direct functional roles of neural circuits. Use of adeno
associated virus (AAV) delivery allows specific targeting of selected cell populations through
combinations of serotype, promoter and also cre/loxP systems (Haery et al., 2019). Cre/loxP
recombination is a common method in neuroscience that we took advantage of here, with PV-
Cre knock-in mice, that express the protein Cre recombinase in parvalbumin positive
interneurons (Hippenmeyer et al., 2005). Injection of AAVs that contain the gene of interest
flanked by LoxP-variant recombination sites (referred to as “floxed”), requires interaction with
Cre recombinase to allow expression of the gene in cells the virus enters. Therefore, in PV-
Cre mice, despite the virus entering many cells around the injection site, the gene of interest
is only expressed in parvalbumin positive interneurons (PV INs). These PV-Cre mice can be
used in combination with DREADDSs, with injection of AAVs containing floxed G - protein
coupled receptors (GPCR), namely hM3Dg or hM4Di, allowing specific expression of these
GPCRs in the PV INs. Thus, specific manipulation of PV INs with administration of so-called

designer drugs, specifically targeting these receptors. The GPCRs are activated by the
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designer drug clozapine-N-oxide (CNO), a metabolite of clozapine (Baldessarini et al., 1993;
Beerentzen et al., 2019), which is inert when used within standard does of typically 0.1-3 mg/kg
in mice (Roth, 2016). The G-protein coupled receptor hM3Dq increases excitability of the
neuron following ligand binding, through mobilisation of intracellular calcium (Armbruster et al.,
2007). The G-protein coupled hM4Di receptor on the other hand decreases neuronal activity
via two pathways (Roth, 2016). Firstly, it induces modest hyperpolarisation, dependent upon
Gi B/y subunit mediated activation of Gi-coupled inwardly rectifying potassium channels
(GIRKSs). The second mechanism is inhibition of presynaptic release (Roth, 2016; Stachniak
et al., 2014).

This system has been previously utilised for the selective targeting MLINs in the
cerebellar cortex (Ma et al., 2020). Previous studies have shown that viral delivery of
DREADDs into PV-Cre mice, specifically with AAV serotype 2/8, into the adult mouse
cerebellum results in the receptor expression specifically in MLINS, as opposed to other PV IN
in the cerebellum cortex (Astorga et al., 2015; Ma et al., 2020). We indeed confirmed this
finding in our own mice, with quantification of viral expression in the injection lobule revealing
selective MLIN labelling. In order to explore the impact of aberrant MLIN activity on behaviour
and the cerebellar cortex network in Scal mice, we utilized this technique both in acute and

chronic settings.

5.2.2. Acute and Chronic Inhibition of MLINs Influences Cerebellar Network

Activity and Alleviates Motor Deficits

We identified that reducing the activity of MLINs acutely (1) alleviates motor symptoms,
(2) reduces PN dendritic hyperactivity and (3) corrects network encoding sensorimotor
behaviour. Chronic MLIN inhibition over 30 days induces similar benefits to behavioural
symptoms over a prolonged period, sustained long after the treatment end, and delays late

stage disease severity.

Our gquantification of DREADD expression around the injection site revealed that
approximately 70% of MLINs expressed the receptor. When we compared MLIN activity in our
baseline recordings to the same group of neurons under CNO, there was a reduction in activity
of approximately 47% of MLINs following CNO administration. Inhibition of around half the
target neurons is likely in part due to reciprocal MLIN-MLIN inhibition (Prestori et al., 2019a).
It is well documented that MLIN are connected to surrounding MLINs via several chemical,
electrical and synaptic connections, therefore silencing of some, likely causes disinhibition and
resultant increased activity in others (Kim and Augustine, 2021). Furthermore, it is important

to consider that Gi-coupled DREADDSs, as detailed above, do not drive an absolute
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hyperpolarisation, they are primarily blocking presynaptic release from MLINs (Roth, 2016;
Stachniak et al., 2014). Thereby, it would still be possible to observe somatic calcium transients
in these MLINSs, but there may still not be downstream inhibition of their target neurons.
Additionally, as these recordings are made over several hours, it is possible that there is some
decrease in CNO-receptor interaction over this time. Early reports of CNO-DREADD
interaction in mice, using similar dose concentration, showed that neurons peak modulation is
at 1-2 hours, gradually reducing over the following 5 hours (Alexander et al., 2009). However,
a recent reports show that CNO levels in the mouse brain tissue following a comparable i.p.
injection are significantly reduced over one hour (Jendryka et al., 2019). Longer lasting
inhibition possibly comes from clozapine, which CNO is converted to, via back-transformation
(Manvich et al., 2018). The concentration of clozapine does not decrease in brain tissue over
the first hour after CNO administration and has a high affinity for the receptors HM4Di/HM3Dq
(Jendryka et al., 2019). Alternative designer drugs are available, however, off target binding is
a common limitation. Compound-21 effectively penetrates the brain and has high affinity to
hM4Di, but also binds to endogenous dopaminergic, serotonergic and muscarinic GPCRs,
amongst others (Jendryka et al.,, 2019). The off target effects of CNO/clozapine and
compound-21 do not limit their utility per se, as the behavioural impact, when used in
appropriate doses, is limited (Jendryka et al., 2019). Nevertheless, it is essential to provide
appropriate controls, such as administering CNO to mice lacking DREADDs as we have

utilized here.

This reduction in activity across subsets of MLINSs, did reduce activity across the MLIN
population, both in anesthetised recordings and periods of quiet wakefulness, towards activity
levels observed in wild type mice. As detailed above, hM4Di stimulation induces partial
suppression of neuronal activity, rather than absolute silencing; this may support the
intervention in being corrective rather than dysfunctional. Similarly, we do not observe
behavioural deficits in wild type mice under the same treatment, the healthy cerebellar cortex
network is likely able to compensate for decreased firing of MLIN. Strikingly, the reduced MLIN
activity in Scal mice led to an improvement motor and balance related symptoms, identified
via an improved performance in the rotarod task. Additionally, CNO administration alleviated
the Scal-related molecular pathology in the MLIN population, reducing the percentage of high
parvalbumin expressing MLINs. These data indicate that modifying neuronal activity can drive

beneficial symptomatic improvements and intracellular molecular alterations.

Chemogenetic inhibition of MLINs also altered calcium signals of the downstream PNs.
During quiet wakefulness, we observed a reduction in spontaneous activity in both the soma
and dendrites of PN, however only activity in the somata was significantly altered. This may

be due to limitations in imaging calcium signals from PN dendrites in awake mice. The general
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expression of GCaMP7 across the cerebellar cortex results in diverse fluorescence signal from
many cell types. During wakefulness the broad increase in fluorescence signal, due to sensory
and motor input, and in particular from inhibitory neurons such as MLINs (Haider et al., 2013),
made it challenging to isolate signal from PN dendrites also lying in the molecular layer. In the
anesthetised recordings, the PN dendrites became clearly visible with a higher baseline
calcium signal. Hence why we primarily used this condition for our initial analysis of PN
dendrites. To further investigate calcium signals in PN dendrites of awake mice, selective
expression of the GECI under a PN promoter would likely prove advantageous. In anesthetised
mice, there was indeed a strong significant reduction in dendritic calcium activity whilst the
soma remained largely unchanged. The reduction of aberrant calcium signals in PN dendrites
through chemogenetic modulation of MLINs, could contribute to the clear behavioural
improvements in Scal mice. This is a crucial finding as it shows non-cell autonomous
alleviation of a Scal PN feature, supporting our earlier hypothesis (see 5.1.3.) that altered

inputs onto PNs can drive maladaptive intrinsic changes to dendrite excitability.

Naturally, alterations to the MLIN population drives changes in PN action potential
firing, for example, in healthy mice PN pacemaker activity has been shown to be increased
following the selective depletion of MLIN input (Brown et al., 2019). Future work could utilize
electrophysiological recordings from PNs to reveal the precise nature of how the Scal
mediated increase in MLIN inhibition alters PN simple and complex spiking. A study
investigating a model of chronic ethanol exposure found that, amplified spontaneous MLIN
activity disrupted the PN pacemaker simple spike rhythm (Dong et al., 2022). The authors then
revealed that reducing the MLIN input restored PN simple spike activity in the disease model,
and the same MLIN inhibition did not disrupt the healthy control PN pacemaker activity (Dong,
et al., 2022). Although these findings are in relation to a different disease model, and in ex vivo
sections rather than in vivo, they present intriguing similarities. The data supports the principle
that impact of aberrant MLIN firing disrupts PN activity, that reducing MLIN input can restore
PN function, and that inhibition of MLINs in a healthy circuit is not sufficient to disrupt PN firing

properties.

Intriguingly, overall encoding of behavioural state across the circuit was improved
following acute MLIN inhibition. This insight gives an overall reflection of the ability of this
network to encode sensorimotor behaviour; improvement here may underlie the stark
behavioural improvement in the rotarod task. This supports the notion that the intervention

provides a restoration to the balance of circuit excitation/inhibition.

With such clear alterations to Scal features in the acute setting, we addressed whether
chronic inhibition of MLINs would drive lasting changes to Scal mice. A 30-day CNO treatment

in early symptomatic Scal mice, produced a prolonged improvement of motor symptoms and
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molecular pathology. The latter was quantifiable 90 days after treatment ended via reduction
in high parvalbumin expressing interneurons. Notably, the chronic treatment also resulted in a
reduction in severe weight loss in the latest stage of disease progression. Furthermore, the
reduction of MLIN activity also induced a sustained chronic restoration of molecular pathology
in Scal PNs. Scal::PV-DREADD(GIi) mice displayed increased somatic p-CAMKII and
synaptic Homer-3 expression, towards WT level, against Scal::PV-mCherry mice also treated
with CNO. Given that these proteins are highly linked to calcium homeostasis, this is important
further evidence to support the notion that our observations of improved calcium signals in PN
dendrites are underlined by intracellular adaptions in PNs that improve calcium handling, which
is supported by the reduced inhibition from MLIN. Homer-3 is involved in PN dendritic spines
mGIuR1 signalling and plasticity (Ruegsegger et al., 2016), showing that the Scal
glutamatergic system associated deficits, also benefit from the decrease in GABAergic activity.

That inhibition of MLINs can restore their firing properties in distinct populations but
also induce lasting molecular and behavioural symptom improvement is an important finding.
Previous research had focussed on glutamatergic disruption in Scal, showing a progressive
dysfunction to mGIuR1 signalling at the PN dendrite, which encompassed reduced synaptic
response and impaired mGIluR-plasticity (Shuvaev et al., 2017). By showing the GABAergic
network is also disrupted presents an improved overall understanding of Scal pathophysiology
and opens up novel therapeutic avenues. To further understand the extent of how hyperactive
MLIN may cause circuit alterations and symptoms, we aimed to recreate our observations from

Scal mice, in healthy WT mice.

5.2.3. Acute and Chronic Excitation of MLINs in Healthy Mice Drives Scal-like

Motor Symptoms and Molecular Pathology

We have shown that modulating hyperactive MLIN can have a beneficial effect on the
cerebellar cortex circuit in Scal. However, this poses the question whether hyperactive MLIN

alone would be sufficient to trigger Scal-like disease in healthy mice?

To this end, we selectively targeted MLINs with the HM4Dq excitatory DREADD
(Alexander et al., 2009), allowing both acute and chronic stimulation of MLINs. Acute
administration of CNO to raise excitability of MLINs and thus, mimic the conditions of our initial
findings, indeed triggered motor coordination deficits. Not only this, but the treatment induced
a higher percentage of high parvalbumin expressing MLINs, similar to our observations in Scal
mice. This experiment indicated that excessive MLIN activity alone, could indeed induce Scal
like behavioural symptoms in the form of reduced motor control, alongside intracellular MLIN

molecular alterations that we also detected in our Scal mice.
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Furthermore, chronic MLIN stimulation in WT mice induced prolonged motor deficits.
Earliest reports of motor deficits in Scal mice are around 5 weeks old (P35). We aimed to
induce the chronic MLIN stimulation as near as possible to this age, in order to closely match
the disease timeline in Scal mice. Allowing time for viral expression we therefore began the
30 day treatment at P40, ending at P70, around the same age as our early symptomatic
cohorts used during imaging experiments. We found reduced performance in the rotarod task
in the WT::PV-DREADD(Gq) mice in comparison to WT::PV-mCherry controls over the course
of the CNO treatment. The performance of the WT::PV-DREADD(Gq) mice very gradually
decreased, however the control group increased performance significantly following the first
time point. This may suggest a prevention of motor learning, alongside balance deficits in the
treated mice. Furthermore, the WT::PV-DREADD(Gq) mice showed no recovery in this task
over the next three weeks following treatment ending. Mice were then observed until P200,
and did not display any further Scal-like features. However, upon analysis of the brain tissue
we indeed found a reduced number Homer-3 puncta in the PN dendrites of the injected lobule

VI, a striking 130 days following the treatment end.

That a 30-day excitation of MLIN can induce chronic Scal PN dendrite molecular
pathology in healthy mice, is a critical insight, as it is direct evidence that Scal PN alterations
can be driven by non-cell autonomous mechanisms. Whilst there are certainly cell autonomous
elements to Scal PN pathology (Chopra et al 2020; Serra et al 2006), we reveal for the first
time that PNs are indeed susceptible to upstream MLIN pathophysiological activity in Scal.
This non-cell autonomous drive of PN dysfunction not only implicates involvement of MLINSs,
as we have shown here, but could also apply to other cell types within the circuit and the input
fiber tracts. For example CF inputs have been shown to be dysfunctional in presymptomatic
Scal mice (Edamakanti et al., 2018). Additionally this supports evidence that suggests PNs
are a highly vulnerable cell population, which has been proposed as a reason as to why these
show such dramatic atrophy in SCAs and several other disorders (Huang and Verbeek, 2019;
Welsh et al., 2002).

Our findings also present a curious similarity in pathophysiology to episodic ataxia type
1 (EA1). EAL is similar to Scal in that it is also autosomal dominant and patients have some
overlapping ataxia symptoms (Graves et al., 2014). However, EA1 patients only display short
intense episodes of symptoms, which include spastic contractions along with the classical
motor and balance dysfunction (Graves et al., 2014). Furthermore, EA1l is a potassium
channelopathy, with point mutations on the voltage-dependent potassium channel gene
KCNA1 (Kv1l.1) (Hasan et al., 2017). Kv1.1 channels in terminals of MLINs regulate GABA
release, and the mutations have been shown to enhance amplitude and frequency of inhibitory

post-synaptic currents recorded at the MLIN-PN synapse (D’Adamo et al., 2015). Such
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increased inhibitory tone from MLINS, is akin to our findings here. Notably, EA1 does not lead
to degeneration of PNs or other atrophy (D’Adamo et al., 2015), which may be due to the
intermittent nature of the disease, similarly, in our experiments stimulating MLINs, we observed
motor deficits, without PN degeneration. It may be that our chronic stimulation protocol lacks

the longevity to induce severe PN deficits and atrophy.

Overall, our findings here provide functional evidence that strongly supports our initial
descriptive data. Highlighting the relevance of the aberrant MLIN activity, and intriguingly

opens up the potential for targeting MLINs in the in the SCA patients as a therapeutic strategy.
5.2.4. Modulation of Neuronal Circuit Dysfunction as a Therapeutic Strategy

How might modulation of neuronal populations be performed in a clinical setting? AAV
mediated gene transfer has fascinating potential for the treatment of a variety of complex
diseases (Hudry and Vandenberghe, 2019). Clinical trials have been performed with positive
safety results in a number of neurological disorders including Alzheimer's disease (AD),
Parkin’s disease (PD) and spinal muscular atrophy (Hudry and Vandenberghe, 2019). An
example of this was a trial with PD patients displaying moderately advanced symptoms, who
were treated with bilateral infusions of the gene aromatic I-amino acid decarboxylase (AADC)
via AAV2 (AAV2-CMV-hAADC) (Christine et al., 2009). The AADC enzyme that allows the
conversation of levodopa into dopamine, is progressively lost with PD degeneration of
nigrostriatal neurons, and the treatment resulted in an improvement of dyskinesia symptoms
over 12 months (Christine et al., 2009). There have also been phase I, and are ongoing sham-
controlled phase Il, clinical trials using AAV mediated expression of nerve growth factor (NGF)
to treat AD patients (Rafii et al., 2018; Rafii et al., 2014). The proposed mechanism was to
reduce alterations in basal cholinergic neurons, which are susceptible to dysfunction in AD
(Hudry and Vandenberghe, 2019). There were no clear efficacious results from the treatment
as of yet, however this is partially due to low sample sizes. Importantly they were able to
confirm chronic, localised expression of NGF and that the treatment was well tolerated and
logistically possible in elderly patients (Rafii et al., 2018; Rafii et al., 2014). Despite these trials,
and several others, showing promising results in terms of feasibility and safety, there is still
evidence in animal studies that raises questions around adverse effects. A study using non-
human primates and piglets showed an intravenous infusion of an AAV variant to induce
toxicity, including degeneration of the dorsal root ganglia and ataxia (Hinderer et al., 2018;
Hudry and Vandenberghe, 2019). Such finding implies caution show be taken especially
considering the lack of chronic data and the lack of clear efficacy in neurodegenerative patients
thus far (Hudry and Vandenberghe, 2019).
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If a safe delivery was established, chemogenetic modulation of neurons could be
applied to humans via AAV mediated delivery. Whilst this has to date not been trialled,
inhibitory DREADDSs are a major focus in treatment of epilepsy (Drew, 2018; Lieb et al., 2019).
Localised suppression of hyperexcitable neurons generating seizures is highly desirable.
Given that CNO is a metabolite of clozapine, an already clinically approved drug, it is
favourable against lesser used compounds, and receptors such as hM4DGi are mutated from
a human receptor which reduces immunogenicity (Lieb et al., 2019). Indeed, chemogenetic
modulation has been shown to effectively suppress widespread seizures in non-human

primates (Miyakawa et al., 2023).

Other methods of neuronal modulation have also shown potential in human patients.
Repeated transmagnetic stimulation (rTMS) is a non-invasive approach that has been shown
to have some benefit in SCA patients (Wang et al., 2023). An example of this was shown in
Sca3 patients. Although small scale, this double blind and sham controlled trial improved
Standard Ataxia Rating Assessment (SARA), up to one month following treatment end (Manor
et al., 2019). The treatment encompassed 20 sessions over a month, with each session made
up of 10 pulses per cerebellar region, reaching 30 pulses per session. Interestingly the benefits
were largely due to differences in the “stance” sub category of SARA assessment, which was
supported with improved measures of postural sway (Manor et al.,, 2019). The exact
mechanisms of rTMS remain elusive, hence, one cannot actually draw specific conclusions to
how this alters physiology. However, the authors speculate that targeting the cerebellum in this
way drives PN output to the DCN (Manor et al., 2019). Similarities to our techniques cannot be
certain given how little is understood about the physiology of rTMS, although it is of note that
it has been suggested that rTMS stimulates excitatory tone and reduces inhibition (Lenz and
Vlachos, 2016). A number of similar small-scale TMS studies across a variety of SCAs have
been completed. A recent systematic review of eight studies comprising 272 SCA patients
recently concluded that there are significant improvements seen in patient symptoms, via
alteration excitability of the cerebellar-thalamus-cortical pathways (Wang et al., 2023). The
authors suggest that a large-scale trial is now required to build upon this valuable research.
Developments in technology that allow more specific and localised modulation will likely also
provide novel therapeutic options here. What is clear is that understanding dysfunction of
neural circuits across neurodegenerative diseases is becoming a crucial area to develop novel

therapeutics.
5.2.5. Circuit Mechanisms of Neurodegenerative Diseases

In the mammalian brain, coordination of neural networks, both within regional circuits

and on the macro scale, is essential to facilitate behaviour. In neurodegenerative disorders,

91



5. Discussion

neuronal function is altered, leading to synaptic dysfunction and disturbed action potential
firing, which has downstream consequences for connecting neurons, and creates large-scale
disruption of circuits. Detection of aberrant neuronal activity in the form of alterations to
individual neuronal firing, neuronal populations within and across brain regions, has been
identified in animal models for a number of neurodegenerative disorders (Saxena and
Liebscher, 2020). Emphasising the relevance of these findings to disease progression, such
dysfunction is often reported independent of atrophy and occurring prior to symptom onset.
This has been identified in models of AD (Frere and Slutsky, 2018; Mufson et al., 2015; Palop
and Mucke, 2016), PD (McGregor and Nelson, 2019; Meles et al., 2021) and HD (Braz et al.,
2022; Capizzi et al., 2022; Schippling et al., 2009). These findings of altered circuit activity in
animal models are supported by work with patient populations in the clinic, which are gradually
mapping aberrant neuronal activity patterns within and between brain regions (de Tommaso
et al., 2003; Houmani et al., 2018; Seeley et al., 2009; Teipel et al., 2016). There is a notion
that correcting neuronal firing early in the disease course, may delay further pathophysiology,
symptom onset and have a higher success rate than trying to recover the brain from a later
stage in the disease. Likewise, despite the onset of symptoms occurring late in life, it is likely
that for genetic disorders such as HD and the autosomal dominant SCAs, the pathogenesis
could begin during development (Barnat et al 2020; Braz et al., 2022). Therefore, itis plausible

that earlier treatment options may be more fruitful.

Our data here shows neuronal dysfunction, manifesting as altered firing properties
across distinct cell populations, along with disrupted encoding of behaviours across the
network, in early stages of Scal. Crucially, we show a direct causal link to motor incoordination,
a central feature of SCAs, with a correction of aberrant neuronal activity, leading to
simultaneous improvement of network behavioural encoding and motor coordination.
Furthermore, motor coordination impairment can be induced in the healthy mouse, by
mimicking hyperactive MLINs we initially identified in Scal mice.

This is highly relevant to similar findings in other neurodegenerative diseases outlined
above, neuronal dysfunction leads to altered firing of action potentials, which has downstream
consequences for network function, which in turn can drive symptoms, as opposed to simply
being a passive consequence of other pathology. Similarly, recent work from Braz and
colleagues showed in a HD mouse model, excitatory transmission was reduced already just
one week after birth in somatosensory neurons, in time with delayed dendritic development
(Braz et al., 2022). Importantly, over the following weeks there appeared to be compensatory
adaptions in HD mice that resulted in normalised amplitude and frequency of neuronal firing
and dendritic development. Indistinguishable from their wild type littermates by P21-26. The

authors suggest that these early developmental alterations during the establishment of
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neuronal structure and function, although they appear to have normalised, set the disease
course, therefore are in fact maladaptive. Indeed, when HD pups were treated with an
ampakine, enhancing AMPA receptor signalling, the model mice did not develop the otherwise
HD typical sensory, motor or cognitive symptoms and prevented altered brain morphology
(Braz et al., 2022). In agreement with our own findings, that early manipulation of neuronal

activity can have long-term effects on the disease course.

To effectively modulate neuronal activity for therapeutic benefit, it is important to
understand the regions and neuron types that are affected in these disorders. Deficits in
inhibitory interneuron (IN) function can drive network disruption, creating an imbalance of
excitation and inhibition and represents an interesting overlap between several neurological
disorders, in particular neurodegenerative diseases (Ferguson and Gao, 2018; Ruden et al
2021). A common feature in neurological disorders is reduced activity of parvalbumin
expressing interneurons (PV INs) (Liu et al., 2021; Ruden et al., 2021). Amyotrophic lateral
sclerosis (ALS) and Fragile X syndrome both display hypo-excitable cortical PV INs, suggested
to add to hyperexcitable circuits (Khademullah et al., 2020; Liu et al., 2021). In AD, numerous
studies have shown a decrease in PV IN numbers in the hippocampus, entorhinal cortex and
cortical regions, both in patients and mice models, which is suggested to drive cognitive
symptoms and epileptoform activity (Verret et al., 2012; Xu et al., 2020). However, a recent
study from Hijaz and colleagues focussed on early stage of AD in mice at 16 weeks old found
hyperactive PV INs in the CALl region of the hippocampus (Hijazi et al., 2020). Preventing
these neurons becoming hyperexcitable, via chemogenetic inhibition of PN INs, maintained
hippocampal circuit balance, reduced protein aggregation, and improved memory (Hijazi et al.,
2020). Indeed, at already 1-3 weeks old in the Scal1!%4?/2Q model, there is an increased number
of inhibitory connections from MLINs (which are also PV INs) onto PNs (Edamakanti et al.,
2018). In line with these findings, we also outline early circuit PV IN pathophysiology in Scal.
We identified hyperexcitable MLINs, and further unravelled how modulating aberrant MLIN

activity, can have a positive impact on network balance and behavioural symptoms.

Alongside chemogenetic modulation of hippocampal PV INs as described by Hijazi and
colleagues, optogenetic modulation of hippocampal neurons has also been explored to
alleviate early breakdown of long-term memory (Roy et al.,, 2016). A symptom that is
reminiscent of early the mild cognitive dysfunction that emerges first AD in patients. In a
transgenic mouse model of early AD, optogenetic stimulation of performant path synapses
onto engram cells in the dentate gyrus, targeted to facilitate LTP, supported the restoration of
long-term memory deficits (Roy et al., 2016). Furthermore, the stimulation protocol also
induced an increase in spine density on engram cells, which had been shown to decrease in

correlation with development of long-term memory symptoms (Roy et al., 2016). Thus
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providing further evidence to support the notion that early modulation of neuronal activity is
valuable in neurodegenerative disorders. Modulation of neuronal activity in the later stages of
such diseases is also important to explore, as early interventions as performed in some of the

studies above is unrealistic in many patients.

Several studies have investigated such treatments alleviate symptoms in later disease
stages, in AD mouse models the classical pathological feature of amyloid-beta (AB)
accumulation can be reduced by chemogenetic inhibition of hippocampal neurons (Yuan and
Grutzendler, 2016). In 16 months old AD mice, a 6-week chemogenetic attenuation of
entorhinal cortex activity reduced not only amyloid-beta (AB) aggregation but also the spread
of pathological tau across the hippocampus (Rodriguez et al., 2020). Similarly, in PD mouse
models chemogenetic excitation of direct striatal projecting neurons can improve forelimb
impairment (Alcacer et al., 2017), whilst similar stimulation of external globus pallidus also
improves motor function (Assaf and Schiller, 2019). Furthermore, stimulation of cortical inputs
to the subthalamic nucleus via optogenetic tools also alleviates bradykinesia (Sanders and
Jaeger, 2016).

Optogenetic tools are not yet useable in patients, however, are valuable to research
deep brain stimulation (DBS), a current form of neuromodulation that whilst invasive, proves
highly successful in reducing motor symptoms of PD patients (Gittis and Yttri, 2018). DBS
involves a generation of electrical pulses in a specific brain region, whilst the exact
mechanisms are unclear, it is suggested that this can normalise neuronal firing patterns
(Chiken and Nambu, 2016). This is comparable to a selective manipulation of neuronal
populations via techniques applied to the mouse models. DBS can be highly effective in easing
PD symptoms, and is suggested to alleviate abnormal burst firing and beta frequency activity
in the substantia nigra (Ashkan et al., 2017). The success of DBS in some PD patients,
emphasises how valuable a strong understanding of aberrant neuronal activity can be, when
combined with techniques to specifically correct such alterations. As improvements to our
technology broadens the available tools in neuromodulation, identifying and correcting circuit
dysfunction in neurodegenerative disorders could prove to be an invaluable element of

therapeutic options.
5.3. Concluding Remarks & Outlook

The findings shown over this thesis reveal direct functional evidence as to how
hyperactivity of MLINs drive dysfunction across the cerebellar cortex circuit in Scal, and that
mimicking these circuit alterations can induce Scal-like pathology and symptoms in WT mice.
These findings underline the importance of understanding how the ubiquitously expressed
mutant ataxin-1 protein may affect different cell populations, and how these alterations may
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5. Discussion

contribute to Scal pathogenesis. We indeed showed some alterations to the intracellular
calcium handling of MLINs, however, future work should focus on understanding cell-
autonomous mechanisms that may drive this hyperexcitability. Whilst this is worthy of
exploration, we also revealed the significance of non-cell autonomous mechanisms in driving
changes in excitability. It is therefore interesting also to look at the inputs to the cerebellar
cortex. Reduced CF connectivity to PNs has been reported in Scal already by 5 weeks old
(Edamakanti et al., 2018) and volumetric alterations in regions from which MFs occur early and
are predicative of Scal severity in patients (Deelchand, et al., 2019; Koscik et al., 2020).
Further investigation into these excitatory sources during presymptomatic Scal, would provide
valuable insight into dysfunction outside of the cerebellar cortex circuit, which could exacerbate

the alterations we observe in our own findings.

Together, our results have provided a novel insight into how cerebellar cortex circuit
dysfunction manifests in Scal. For the first time we directly show early aberrant MLIN activity,
which can directly induce non-cell autonomous pathological changes in PNs, and that this
pathway can be targeted for long - term therapeutic benefit. Knowing that PNs are vulnerable
to upstream pathophysiology, it is therefore essential moving forward to further unravel in detalil
distinct circuit elements and how they interact with one another, within the cerebellar cortex

and beyond, during the pathogenesis of Scal.
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