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Upper left image: immunohistochemistry with fluorescent staining for ataxin-2 (mouse,
1:750, BD biosciences, red), GFAP (rabbit, 1:1000, DAKO, green) and DAPI (blue) in the
striatum of mice.

Upper right image: light immunohistochemistry with staining for ataxin-2 (rabbit, 1:500,
Millipore), in the striatum of WT mice injected with ATXN2MUT.

Lower left image: light immunohistochemistry with staining for DARPP32 (rabbit,
1:1000, Millipore) in the striatum of WT mice injected with ATXN2MUT.

Lower right image: immunohistochemistry with fluorescent staining for ataxin-2 (mouse,
1:750, BD biosciences, red), GFAP (rabbit, 1:1000, DAKO, green) and DAPI (blue) in the

cerebellum of mice.
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Abstract

Spinocerebellar ataxia type 2 (SCA2) is an autosomal dominant ataxia caused by an
expansion of ‘CAG’ repeats in the exon 1 of the gene ATXNZ2, conferring a gain of toxic
function that triggers the appearance of the disease phenotype. The disease is characterized
by several symptoms including progressive gait ataxia and dysarthria, slow saccadic eye
movements, sleep disturbances, cognitive impairments and psychological dysfunctions
such as insomnia and depression, among others. The available treatments rely on palliative
care alone, which mitigate some of the major symptoms but ultimately fails to block the
disease progression. This current lack of effective therapies highlight the need to create
new platforms, allowing the study of the disease molecular basis and the development of
new therapeutic strategies. For many years, this depended upon the analysis of postmortem
tissues from deceased patients, which can provide data with great biological significance
but are limited to the terminal stages of this disease. However, the identification of the
causative mutation related to SCA2 and the development of state-of-the-art molecular
technologies paved the way for the creation of some models in yeast, C. elegans, D.
melanogaster and mice. These models have provided the researchers with greater insight
into the molecular pathways of the disorder to reinforce the human patient’s data.
Furthermore, a set of 4 transgenic and 1 knock-in mouse successfully recreated many of
the SCA2 major symptoms, including gait ataxia, motor incoordination and
neuropathological features such as ataxin-2 inclusions and cerebellar degeneration. This set
of characteristics make these mice invaluable to deepen our understanding of the human
disease and also reliable platforms to test for new therapeutic alternatives.
Notwithstanding this, the available models have focused mainly on the cerebellar
dysfunctions that characterize SCA2, while other brain regions and their contributions to
the pathophysiology of this disease remain generally unexplored. Indeed, the anomalies in
the cerebellum cannot explain all of the symptoms displayed by the human patients,
suggesting that other brain areas might be affected as well. One of these areas is the
striatum, which has been reported to display mutant ataxin-2 inclusions and
neurodegeneration, that might be responsible for the cognitive impairments and the
parkinsonism often observed in patients.

In this work, we have used lentiviral vectors to overexpress a full-length mutated version

of ataxin-2 in the striatum of C57BL/6 mice, successfully inducing a neuronal dysfunction

Xi



phenotype. However, no ubiquitinated inclusions were detected nor a neuroinflammatory
response was observable at 8 weeks of age. Interestingly, this time point was enough to
detect a clear synaptic dysfunction in the striatum, which could be the cause for the
hyperactive exploratory behavior displayed by these mice. Furthermore, the unilateral
injection of ATXN2MUT in the striatum induced a mild ipsilateral turning behavior that
suggests impairment in the dopaminergic transmission. In conclusion, we present an
alternative modeling strategy for SCA2 that might disclose the contribution of the striatum
to disease progression and study particular characteristics of this disorder that were not

possible with the existing models.

Keywords: Spinocerebellar ataxia type 2 (SCAZ2), ataxin-2, striatum, lentivirus, animal
models of disease
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Resumo

A ataxia espinocerebelosa do tipo 2 (SCA2) é uma doenca genética autossomica dominante
gue tem como causa uma expansdo do trinucleotido ‘CAG’ no exdo 1 do gene ATXN2.
Este nimero anormal de repeticBes confere propriedades toxicas a proteina ataxina-2,
resultando em morte e disfungéo neuronal e induzindo assim o desenrolar da patologia.
Esta doenca € caracterizada por uma série de sintomas de caracter progressivo, como por
exmplo: ataxia locomotora, disartria, distirbio dos movimentos oculares sacadicos,
perturbacdes do sono, disfungdes cognitivas e perturbacdes psiquiatricas como depressao,
insénias, entre outros. Até a data, ndo existe nenhum tratamento que modifique a
progressdo da doenca, sendo que as Unicas opc¢des terapéuticas consistem em medidas de
cuidados paliativos e de melhoria da qualidade de vida. Esta situacdo apela a criacdo de
novas plataformas de estudo da SCA2 que permitam estudar em maior detalhe o
desenvolvimento da doenga, bem como testar novas alternativas terapéuticas. Durante
varios anos, estes estudos estavam limitados a andlise de tecidos post-mortem de doentes,
que naturalmente estavam limitados ao estadio terminal da doenca. Este facto
impossibilitava o estudo dos primeiros mecanismos moleculares que levam ao seu
desenvolvimento. No entanto, esta situacdo foi revertida com a descoberta da mutagéo
causadora de SCA2, e a consequente criacdo de varios modelos celulares e animais em
leveduras (Saccharomyces cerevisiae), nematodes (Caenorhabditis elegans), mosca-da-
fruta (Drosophila melanogaster) e ratinho (Mus musculus). Estes estudos permitiram
aprofundar os mecanismos moleculares por detras da doenca e também as fun¢des celulares
da proteina ataxina-2, reforcando assim os dados provenientes de tecido humano. Por fim,
o0 desenvolvimento de varios modelos transgénicos e de knock-in em ratinhos possibilitou
recriar varios sintomas de SCA2 nos animais, incluindo descoordenagdo motora,
degenerescéncia do cerebelo e a formacdo de agregados de ataxina-2. Estes animais
constituem assim um recurso valioso para aprofundar o0 nosso conhecimento desta
patologia bem como para testar o efeito de novos farmacos e estratégias terapéuticas.

No entanto, os modelos descritos ate a0 momento focam-se quase exclusivamente numa
unica zona do céerebro — o cerebelo — relegando para segundo plano outras regides que
também estdo envolvidas em SCA2. Uma destas zonas € o estriado, no qual ja foi descrito
em doentes a presenca de inclus6es ubiquitinadas bem como neurodegenerescéncia. O facto

de muitos doentes sofrerem de Parkinsonismo, chegando até a responder positivamente ao
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tratamento com Levodopa, parece reforcar a tese de que o estriado contribui para o
desenvolvimento da patologia, apesar deste topico ndo estar de todo esclarecido.

No decorrer deste projeto, usamos lentivirus recombinantes para induzir a expressdo de
ataxina-2 mutante no estriado de ratinhos WT, e gerdmos com sucesso um fenétipo de
disfuncdo neuronal nesta regido cerebral. Apesar de ndo termos observado a presenca de
inclusBes ubiquitinadas nem de uma resposta neuroinflamatoria clara, descrevemos uma
série de alteracBes nos niveis de proteina e RNA de varios constituintes sinaticos, bem
como alteracfes comportamentais exibidas por estes animais. Por fim, também observdmos
que os animais injetados unilateralmente com ataxina-2 mutante possuem um
comportamento rotativo tendencioso, indicando uma possivel disfuncdo na transmisséo
dopaminérgica do estriado. Em resumo, nesta dissertacdo apresentamos uma estratégia
alternativa para modelar a ataxia espinocerebelosa do tipo 2 em ratinho, que contribuiu para
aprofundar o papel do estriado no desenvolvimento da patologia. Também acreditamos que
no futuro sera um modelo valioso para estudar determinadas caracteristicas desta doenca

que ndo seriam possiveis com outros modelos existentes.

Palavras-chave: Ataxia espinocerebelosa do tipo 2 (SCA2), ataxina-2, estriado,
lentivirus, modelos animais de doenca
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Development of a striatal lentiviral mouse model of Spinocerebellar ataxia type 2 - Introduction

Tri-nucleotide expansion diseases

The beginning of the 1990’s was marked by the identification of a particular set of
neurological and muscular diseases that are caused by an expansion of unstable
trinucleotide repeats [1, 2]. These triplet repeats are highly polymorphic and unstable in the
human population, making them susceptible for expansion during mitosis and/or meiosis
[3]. Based on this fact, scientists soon related the size of those expansions with the
phenotypic variability found in the disorders: bigger tri-nucleotide expansions results in an
earlier disease onset and severer symptoms. Since then, a total of 16 neurological disorders
have been causally correlated to mutations of this kind, including the Fragile-X mental
retardation syndrome, myotonic dystrophy and Huntington’s disease (HD) [4, 5]. This last
one is included in a particular group called the polyglutamine (PolyQ) diseases that are
caused by an expansion of the ‘CAG’ triplet, resulting in an expanded polyglutamine tract
in the affected protein (see figure 1). Together with HD, other traits such as Machado-
Joseph disease and 5 other spinocerebellar ataxias (SCA-1, 2, 6, 7, 17) as well as
Dentatorubral Pallidoluysian Atrophy (DRPLA) and Spinal Bulbar Muscular Atrophy X-
linked type (SBMA) were determined to constitute the PolyQ disorders known to date [6].
With the exception of SBMA, PolyQ’s are autosomal dominant and inherited in a
mendelian manner with a frequency of 1-10 affected individuals per each 100’000 people
[7]. This work will focus in spinocerebellar ataxia diseases with a particular emphasis in
SCA2.

(GAA)

Friedreich’s ataxia
(GGCCTG)
(CGG) SCA36
Fragile-X Syndrome
J © Aé) (CAG) - polyQ (CTG)
SCAL2 Huntington’s disease SCA8
SCAL1, SCA2, Machado-Joseph Myotonic dystrophy type 1

disease, SCA6, SCA7, SCA17

Figure 1. Trinucleotide expansion diseases. Schematic representation of the tri-nucleotide expansion
diseases, including the location (intronic, exonic, UTRs) and the expanded tri-nucleotides associated with the

disorders.



Development of a striatal lentiviral mouse model of Spinocerebellar ataxia type 2 - Introduction

Spinocerebellar ataxias

SCAs are a group of autosomal dominant neurodegenerative diseases characterized by a
wide variety of cerebellar as well as extracerebellar symptoms that usually manifest during
adulthood. This body of disorders display clinical, genetic, and neuropathological
heterogeneity, depending on the affected gene and on the size of the expansion [8].
However, they all share the common end point of cerebellar, and particularly Purkinje cell
(PC) degeneration, resulting in a panel of symptoms that include gait ataxia, cerebellar
dysarthria, dysmetria, adiadochokinesia, and postural tremor. These often come together
with extracerebellar manifestations such as cognitive dysfunction, pyramidal and
extrapyramidal signs, visual impairment, peripheral neuropathy and psychiatric alterations,
comprising the panel of the most common symptoms associated with SCAs [9]. From this
point forward, and for the purposes of this work, we will apply the general term - SCAs —
to refer to the large subgroup of SCAs that belong to the PolyQ disorders, caused by an
expansion of the ‘CAG’ triplet. Nevertheless, there are other varieties such as SCA10,
SCA12 or SCA36 that are caused by conventional mutations in critical genes, or expansions
in non-translated regions of the DNA like introns or the UTRs [10].

The prevalence of SCAs is considerably variable around the world, mostly due to particular
phenomena of population’s genetics in certain regions of the globe. One of these
phenomena is the founder effect, which is directly related to colonization events. Indeed, if
one of these founders has a very rare allele, the frequency of that allele in the colonized
region will be highly increased, when compared to the population of origin. A very well-
known example is the Azores Island “Flores” that has a considerably high prevalence
(1:140) of Machado-Joseph disease, or SCA3, when compared to the global population (1-
2 per 100°000 people) [11]. Another well-studied example is that of the Cuban province
Holguin that has a SCA2 prevalence that reaches 141.66 affected individuals per 100’000
inhabitants (in the Baguanos municipality) due to the same peculiar event [12]. At the
global scale, SCA3 is the most common ataxia in the world, with 21 % of cases, followed
closely by SCA2 and SCAG6 with 15 % [13].

Each of these diseases has a specific threshold — a given number of ‘CAG’ repeats — that
delineates the border between the disease condition and the normal healthy condition (see
table 1). This limit is variable between the different SCAs but any individual with a number
of triplets above this threshold will develop the pathological phenotype [13]. In some of

these diseases there is the so-called “pre-mutation” range, which corresponds to a number
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Development of a striatal lentiviral mouse model of Spinocerebellar ataxia type 2 - Introduction

of ‘CAG’ repeats that is higher than the average population but it still does not reach the
threshold. Indeed, an individual with a triplet expansion that fits in this intermediate “pre-
mutation” range does not develop the disorder, but has a high probability of having an
affected progeny. This is due to the instability of this genetic region that can suffer an
expansion in-between generations to reach the disease threshold [14]. Also, individuals
affected with SCAs tend to have progeny with earlier disease onset and severer clinical
manifestations, provoked by this increase in the number of ‘CAG’ repeats between
generations [7]. This work will focus on a particular type of spinocerebellar ataxia - SCA2.

Table 1. Threshold values for the number of CAG repeats above which the SCA disease will
develop. Table adapted from [6].

Expanded CAG Repeats

Poly(Q Diseases Locus Protein Normal Pathological
SCAIl 6p23 Ataxin-1 6-39 41-83
SCA2 12q24 Ataxin-2 14-32 34-77
SCA6 19p13 CACNAILA 4-18 21-30)
SCA7 3p21-pl2 Ataxin-7 7-18 38-200
SCA17 6q27 TBP 2543 45-63
MID/SCA3 14q24—q31 Ataxin-3 1240 62-86

Spinocerebellar ataxia type 2

SCA2 was first known as Wadia—Swami type ataxia owed to the two Indian researchers
that first reported this disorder [15, 16]. Later on, it became known as SCA2, after the
identification of ATXNZ2 as the affected gene by three different groups [17-19]. The study
of this disease assumes a central relevance in Hispano-American and Indian populations,
since it has been demonstrated to be the most prevalent form of ataxia in Mexico, Holguin
(Cuba) and eastern India [16, 20, 21]. However, the existence of large SCA2 families has
also been reported in the UK [22, 23] and Spain [24, 25], where it is probably the most
common SCA, and many other countries such as Australia, Germany, Italy, and Brazil.
Worldwide, it is considered the second most common form of autosomal dominant
cerebellar ataxia, together with SCAG6, with 15% of total cases [13, 26].
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Before the identification of the ATXN2 mutation, the diagnosis of this disease was based
on observations of its major symptoms, which have little variation to the other SCAs.
Thereby, SCA2 clinical manifestations include a slow and progressive gait ataxia and
dysarthria accompanied by leg cramps, postural tremors, decreased muscle tone and
decreased tendon reflexes [27]. These most often come together with visual impairments
such as nystagmus, slow saccadic eye movements [28], sleep disturbances and, in some
individuals, ophthalmoparesis [26, 27]. These clinical manifestations are usually triggered
in the fourth decade of life in an affected individual and they tend to worsen in a progressive
manner until the death of the patient, which typically occurs within 21 to 25 years after the
onset of the disease phenotype [29]. In most cases, the physical symptoms come together
with cognitive impairments like fronto-executive dysfunction, altered short-term memory,
lack of attention [30], and psychological dysfunctions that end up in insomnia, depression,
and suicidal impulses, as it was first uncovered by Reynaldo-Armifian [cited in 15]. A more
recent work by Raymond Lo and colleagues [31] included a follow-up of 64 SCA2 patients
that revealed a strong prevalence of clinically relevant depression (22% of all patients) and
suicidal ideation (almost 50%), similarly to other SCAs.

These clinical manifestations are usually the result of a neurodegenerative process that can
be confirmed through the assessment of the neuropathology. In fact, the early post-mortem
observations reported what would become one of the hallmarks of this disease: the
anomalies in the cerebellum [32]. Indeed, this region of the brain that plays an important
role in the motor coordination is consistently atrophied in post-mortem analysis of SCA2
patients, together with other regions such as the cerebral frontal lobes, brainstem, cranial
nerves and spinal cord [32—34]. Interestingly, in vivo brain MRI of SCA2 patients has also
revealed a significant atrophy of regions like the pontine base, the middle cerebellar
peduncles and the cerebellar hemispheres, even when compared with SCA1 and SCA3
patients [28]. Also, recent studies have also found degeneration in the striatum, pallidum
and the neocortex [32, 35].

At the cellular level, there is a severe reduction in the number of cerebellar PCs as well as
its arborization [32, 36]. The cells of the granular layer also suffer neuronal loss, together
with the brain stem and the substantia nigra, which might explain the parkinsonism
observed in some patients [27]. This is a critical point, since SCA2 is the subtype of SCA
that is most commonly associated with levodopa-responsive Parkinson’s disease (PD) and
atypical parkinsonism worldwide [37]. This overall degeneration in the brain of SCA2
patients goes far beyond the purely cerebellar alterations that its name might imply and it
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ends up affecting the whole brain. This might somehow explain the variety of neurological
symptoms associated with this disorder.

Although the presence of ataxin-2 aggregates remained quite controversial at first, several
groups have presented compelling evidence for the existence of nuclear and cytoplasmic
inclusions, similar to what happens in other polyQ diseases [33, 34, 38]. However, on an
interesting note, these inclusions are often present in different regions of the brain except

the cerebellum, which seems to remain clear of these aggregated structures.

Ataxin-2

The ATXNZ gene has 25 exons that encode for a 140 KDa protein, with 1312 amino acid
residues (when it possesses 22 glutamines) and no sequence similarity to other polyQ
proteins apart from the glutamine-rich domain [13]. Healthy individuals possess alleles of
ATXN2 with 13-31 repeats of the ‘CAG’ triplets, located in exon 1, whereas a bigger
number of repeats (that can go up to 200) results in the development of the disease [26].
Only one alternative spliced isoform has been conclusively identified so far [39], that
encodes for a protein with 70 aa less than the canonical one. Interestingly, this alternative
isoform seems to be the predominant form that exists in the cerebellum, which is the most
affected brain region in SCA2. Subsequent studies are needed to deepen our understanding
of this subject, namely an assessment of the toxicity of this isoform and its role in the
pathophysiology of SCA2. The canonical isoform has two globular domains (see figure 2):
the Lsm (Like Sm domain), associated with RNA binding functions such as decapping,
splicing and degradation; and the LsmAD (Lsm-associated domain), that contains an exit
signal for the rough endoplasmic reticulum (rER) [40, 41]. Other characteristic features of
the ataxin-2 protein include the existence of proline-rich regions in the C- and N-terminals
and the PAM2 motif in the exon 16. This last one is responsible for the interaction with the
poly(A)-binding protein (PABP) [26]. The known structure of the protein together with
several experiments made in simple models like yeast, C. elegans and D. melanogaster
gave enough clues to infer on the ubiquitous functions of ataxin-2, such as: the embryonic
development [42, 43]; the translation regulation and mMRNA metabolism [44]; the
regulation of circadian rhythms [45]; and modulating the formation of stress granules [46].
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Figure 2. Schematic representation of the protein ataxin-2, with 22 glutamines. The protein has 1312
amino acids and a polyQ domain close to the N-terminal. The Lsm globular domain is conserved among RNA
binding proteins, and is related with multiple functions such as decapping, splicing and degradation. The
globular Lsm-Associated domain contains an exit signal for the rER. The Pam2 and the A2D domains are
responsible for binding to the Poly(A) bindin protein 1 and to the Ataxin-2 binding protein 1, respectively.

Likewise, the creation and characterization of two murine KO models of ATXN2 have
provided precious new insights into the functions and pathways of this protein [47-50]
including a putative role in insulin resistance and obesity. All of these mechanisms related
to ataxin-2 revealed a complex network of interactions and pathways regulated by this
protein that somehow could explain the variety and the severity of SCA2 symptoms. This
network, however, would become even more complex after several studies implicated
ataxin-2 in the pathological process of amyotrophic lateral sclerosis (ALS) [51-53], SCAL
[54] and Machado-Joseph disease (MJD) [55-57]. These discoveries naturally increased
the interest on this protein and its molecular pathways, since the deep understanding of its
biology might help to devise strategies not only to SCA2, but also to other
neurodegenerative conditions.

The existing therapies for SCA2 and other neurodegenerative diseases rely basically on
palliative care and non-specific medication to alleviate the major symptoms, which is

inefficient to halt the disease progression. This fact results in a huge social and emotional
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impact to the families of the patients as well as an enormous financial burden to the public
health systems of the so-called first world countries, where these diseases are more
prevalent [58, 59]. Thereby, in the last two decades, several authors created transgenic and
Knock-in mice with the purpose of testing more effective therapeutic strategies that might
be translated into the clinic. The efforts of these authors are described in the following
chapter together with a comprehensive comparison of their models, based on the motor
impairments and neuropathology, highlighting the main advantages and disadvantages of

each one.

SCA2 mouse models

The following models will be discussed chronologically according to their publication year,
consisting of 4 transgenic and 1 Knock-in (KI) mice: Q58 [60]; Q75 [61]; Q42KI [62];
Q127 [63]; BAC-Q72 [64].

Q58
This is the first report of a mouse model of SCA2, where the authors created a transgenic

line that expresses a full length version of the human ATXN2, with 58 ‘CAG’s [60]. This
mutant gene is regulated by a heterologous promoter (Purkinje cell protein 2 — Pcp2) that
directs the expression of the transgene to the PCs of the mice, which are the primary targets
of degeneration in this disease. The authors used the hybrid B6D2F1 as the genetic
background for both the model and the control group, which expresses the cDNA of the
human ataxin-2 with 22 glutamines (Q22). The most characterized mouse line was the Q58-
11, which incorporated three copies of the human transgene, contrary to the Q22 lines, with
just one copy. After confirming the expression of the mutant protein in the cerebellum of
the transgenic mice, the authors characterized these animals using a panel of behavioral

tests that included clasping, footprinting and rotarod.

Motor impairments

The mice expressing the mutant ATXN2 exhibited clasping at 8 months of age, contrary to
the control group (Q22). Also, the same animals showed a 19% reduction in the stride
length at 16 weeks of age, when compared with the control and the WT. Likewise, the
rotarod test showed a significant worse performance for the homozygous Q58 when
comparing with the control group and the WT, with a smaller latency to fall (around 50%)

9
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at the 16 weeks of age. These motor deficits were progressive, with both the homozygous
and the heterozygous Q58 showing severe impairment at 26 weeks of age. There were no
differences detected between the Q22 lines and the WT, in any of the tests. In a subsequent
characterization done by Liu and co-workers [65], a general lack of balance and
coordination was reported in the Q58 mice, as measured by the beam walk test, when
comparing with WT mice. These differences became significant at 8 months of age,
including longer latencies to cross the beam and an increased number of foot slips, which

worsened in a progressive manner with aging.

Neuropathology

The neuropathology in this model showed a decrease in the immunoreactivity with
Calbindin-28K - a marker for neuronal dysfunction — at four weeks of age for the
homozygous Q58. Similarly to the motor dysfunction, the loss of Calbindin-28K was
progressive and worsened from 7-14 weeks. At 24-27 weeks of age, the authors also
detected a significant loss of 50% in the number of PCs in the mutant lines, contrasting
with the control lines that showed no signs of neuropathology at any time point. In a
different work [66], these Q58 transgenic mice were further characterized and an abnormal
electrophysiological profile of these cells was reported at 24 weeks, worsening in a
progressive manner with aging. This profile includes a decrease in the number of firing PCs
and a reduced firing frequency of PCs in SCA2 mice, when compared with the WT.

Overview

The Q58 transgenic mice have a very well-characterized ataxic phenotype and
neuropathology as its greatest advantages. In fact, these mice exhibit not only a strong
motor impairment in the rotarod, but they are also the only described model with a reported
ataxic gait, lack of balance and clasping. Besides that, they have a marked
neuropathological phenotype, being the only SCA2 mice with clear signs of neuronal
dysfunction, neuronal loss, ataxin-2 aggregates and electrophysiological dysfunctions in
PCs.

This severe and demarked phenotype makes this mouse model appropriate to study the
effect of new therapeutic strategies in different aspects of the SCA2 phenotype, as it was
demonstrated already by some interesting works: in 2009, Liu and co-workers [65] treated
the Q58 mice with a pharmacological inhibitor of the Ryanodine receptor, successfully
improving the performance of the mutant animals in the beam walk and the rotarod, and

10
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establishing this receptor as a potential therapeutic target for SCA2; Chang and colleagues,
in 2011 [67], rescued some of the Q58 motor symptoms by injecting these mice
intravenously with human mesenchymal stem cells; in 2012, Kasumu and co-workers [68]
used a selective modulator of the SK2/3 channels, administered orally, to alleviate the
motor dysfunctions of this model, achieving a significant improvement in the beamwalk
and accelerated rotarod; on a different work, Kasumu and colleagues [66] relied on a
phosphatase, delivered by adeno-associated viruses, to inhibit the 1,4,5-triphosphate
receptor-mediated calcium release. This strategy was successful in preventing the PC
dysfunction and rescuing some of the motor impairments of the SCA2 mice. Besides this
importance for therapy the Q58 transgenic mice are the only ones, together with the Q127,
that have reported electrophysiological impairments in the PCs, which make them
appealing for the study of PCs degeneration in SCA2 (table 2).

Nevertheless, there are some issues worth of notice in this model. First, it uses a
heterologous promoter that, unlike the human patients that have expression of mutant
ATXNZ2 across the whole body, directs the expression exclusively to the PCs. This feature,
although useful for the study of cerebellar dysfunctions, makes the analysis of other brain
regions, such as the striatum and substantia nigra, virtually impossible. Second, the method
of pronuclear injection by which this model was generated results in the integration of the
transgene in a random location of the genome, which might be disrupting the function of
endogenous genes. Finally, the three Q58 founder mice integrated two, three or four copies

of the transgene, leading to expression levels that might not be physiological (table 2).

Q75

Another model was developed in 2006, when Aguiar and colleagues [61] used the same
methodology of pronuclear microinjection to create a mouse model with a human full-
length version of the ATXN2. The human gene was isolated from a Cuban patient with
75CAG using RT-PCR and obtaining an amplicon of 4.477 Kb corresponding to the cDNA
of the ataxin-2 isoform 1. This transgene was then expressed in the transgenic model under
the regulation of the self human SCA2 promoter. This approach allowed obtaining
ubiquitous expression of the transgene across the entire body of the animal, as it was
detected at the transcript level in the lungs, kidney, muscle tissue, brain and liver, and at
the protein level in the cerebellum. The authors used the mouse hybrid strain B6D2F1 X

OF1 as the genetic background for this model, and as a control strain for the behavioral
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tests, WT littermates. FO66, that integrated one or two copies of the SCA2 transgene, was

the most characterized line.

Motor impairments

An ataxic behavior was observed in the Q75 mice when subjected to the rotarod assay.
Indeed, a significant worse performance by the heterozygous transgenic animals was
observed at 12 weeks, and by the homozygous at 6 weeks of age, when compared with the
WT.

Neuropathology

Interestingly, the neuropathology revealed that, despite the ubiquitous expression
throughout the body, only the PCs showed signs of degeneration, exhibiting a somewhat

targeted effect.

Overview

The Q75 model has an increased biological relevance when comparing with the Q58 since
it exhibits the expression of the transgene in several tissues across the whole body.
Moreover, these mice display a severe motor impairment, with an earlier onset of those
symptoms than any other model. This rapid disease progression makes the Q75 mice more
suitable and affordable to test new therapies and assess its effects in the motor coordination
and neuropathology (table 2).

The major disadvantages lie with the method of pronuclear injection that promotes random
integration, and also to the lack of a transgenic animal line with wild-type ATXN2, to serve
as a suitable control. Although the motor incoordination is quite severe, there is no
information available of any other behavior and the neuropathology is not as well
characterized as in the Q127 or in the Q58 (table 2).

Q42KI
The first and only report so far of a knock-in mouse model of SCA2 was published in 2012,

by Damrath and colleagues [62]. In this work, the authors used the basic concept of the
homologous recombination in embryonic stem cells to replace the normal murine atxn2
gene with a mutagenized version with 42CAG repeats. This mutant form is under the
control of the endogenous murine atxn2 promoter and was transmitted stably to the progeny
for over nine consecutive generations. Moreover, the gene product was detected in the
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cortex and cerebellum at the transcript and protein level, demonstrating that the ‘CAG’
expansion does not impair the atxn2 transcription and translation. The C57BL/6 mice strain
was used as the genetic background and the WT littermates served as the controls for

phenotypic evaluation.

Motor impairments

The mutant mice exhibited a very mild ataxic behavior: no differences were found in the
open field, grip or footprint analysis between the Knock-ins and the WT. As for the
accelerating rotarod, the differences became significant only at 18 months of age, for the
homozygous mice. On its turn, the heterozygous didn’t show any impairment at all when

compared with the WT, at any time point analyzed.

Neuropathology

The neuropathological assessment also revealed very mild and late-onset alterations,
consistent with the behavioral results. In fact, the only perceptible alterations were
cytoplasmic ataxin-2-containing insoluble aggregates, identified in the PCs of the Knock-
in mice. These aggregates first became detectable at 14 months of age, and then at 24
months in much higher number. There were no signs of neuronal loss, neurodegeneration

or nuclear inclusion bodies.

Overview

By analyzing the phenotype of these Knock-ins, Damrath and co-workers detected a
significant 19% reduction in the weight of these animals as early as 10 days of age, when
comparing with the WT group. This significant difference remained for their entire life and
serves as an extra piece of evidence for the role of ataxin-2 in metabolism and body weight,
which will be discussed in more detail in the discussion.

Contrasting with every other model, the Q42KI mice present a faint and very late-onset
phenotype, probably due to the reduced number of ‘CAG’s. Indeed, although they have a
reduced body weight starting in the first week of age, the first behavioral symptoms appear
at 18 months, with a mild impairment in motor coordination, and only for the homozygous
animals. Likewise, the only neuropathological hallmarks detected were the presence of
cytoplasmic ataxin-2 aggregates, at 56 weeks. This makes up the biggest disadvantages for
this model, especially for research into new therapeutic strategies, where a strong and early-
onset ataxia is preferable. Also, the heterozygous Q42KI did not show any motor
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impairment when compared with the WT, contrary to what happens in human SCA2
patients (table 2).

Notwithstanding this, a huge advantage comes to mind in this model, which is its
faithfulness to the human condition: physiological levels of expression, targeted insertion,
and a very late onset of the symptoms. This makes it suitable to study the very early
molecular mechanisms involved in the pathology of SCA2. The authors of this work did
exactly that, by performing a genome-wide transcriptomic analysis in the cerebellum, brain
stem and liver of the Knock-in and the WT mice, and identifying one gene — Cyp4al4,
involved in cholesterol biosynthesis - differentially expressed in the liver at 6 months of
age. In a subsequent study in 2016, Halbach and colleagues [69] investigated the cerebellar
transcriptome of these Q42KI, finding deregulated expression levels of two genes involved
in calcium homeostasis. Indeed, Atp2a2 and Itprl transcripts appear to be downregulated
in the cerebellum of the Q42KI mice as well as in a SCA2 KO mice [49], giving strength
to the hypothesis that deranged calcium signaling is a fundamental process in the PCs
degeneration found in the Q58 and the Q127 model [65]. These experiments are in
accordance with similar studies in HD [70] and MJD [71] and demonstrate the importance
and applicability of this model, which might reveal new insights into the early mechanisms

of SCA2 and identify new therapeutic targets (table 2).

Q127
Another transgenic mouse model was created in 2013 [63] with a slightly different

objective and thereby a distinct approach. The purpose was to evaluate the
electrophysiological and gene expression changes in PCs in SCA2, and to correlate those
variations with the onset of the motor phenotype. With this objective in mind, Hansen and
co-workers created a mouse model with 127 ‘CAG’ repeats under the Pcp2 promoter to
obtain a strong and targeted degeneration in the PCs as well as a robust ataxic phenotype.
The authors used the mouse strain B6D2F1 as the genetic background for this model and,

as a control strain for the behavioral tests, WT littermates were used.

Motor impairments

As early as 8 weeks was enough to show a motor dysfunction in the accelerating rotarod in
the transgenic mice, which worsened in a progressive manner until 36 weeks of age. By
this time point, the latency to fall of the mutant animals showed a significant reduction of
50% when compared with the WT littermates.
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Neuropathology

The neuropathology of the Q127 mice was also altered, with the presence of ataxin-2
aggregates in the PCs at 4 weeks, and increasing in number in subsequent time points.
Another important feature was the decrease in the molecular layer thickness, which became
significant at 12 weeks of age and progressively aggravated, becoming over 60% reduced
comparing with the WT littermates. Neuronal loss was also observed in the transgenic
animals, at 40 weeks of age, with a reduction in the number of PCs. Finally, the
electrophysiological profile of these cells also showed differences in the mutant animals,

namely a slower firing frequency that was significant at 6 weeks and worsened with age.

Overview

The Q127 transgenic shows a very robust and well-characterized phenotype, with an early-
onset severe dysfunction in the motor coordination of these mice and a well-studied
neuropathology including an evaluation of the electrophysiological impairments in the PCs.
This particular feature is an important new insight that has only been reported in the Q58
model before. Indeed, an electrophysiological profile of SCA2 had been made in several
studies involving human patients [72, 73], but the recording of firing patterns in PCs is not
possible in humans for obvious reasons. All in all, these features make the Q127 animals
quite suitable for testing therapeutic strategies and also to study the electrophysiology of
SCAZ2 Purkinje neurons (table 2).

The biggest disadvantage of this model, to our understanding, lies with aspects that confer
low biological relevance when comparing with the Q42KI or the BAC-Q72: a targeted
expression of the mutant ataxin-2 to the PCs; the very high number of ‘CAG’s, which is
rarely found in the population; the method of pronuclear injection; and the lack of a

transgenic animal line with wild-type ATXN2, to serve as a suitable control (table 2).

BAC-Q72
Finally, in 2015, Dansithong and co-workers developed the most recent transgenic mouse

model of SCA2 available, with 72 ‘CAG’ repeats [64]. This model was created with
Bacterial Artificial Chromosomes (BAC), which are DNA constructs based on a functional
fertility plasmid (or F-plasmid). In recent years, these large-insert DNA clones have been

used to create transgenic animals mainly due to its capacity to include an entire gene
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sequence, including non-coding regions [74, 75]. This feature should allow the
transcription, by alternative splicing, of both isoforms of ataxin-2 although there was no
reference to this topic in the publication. As for the genetic background, the authors used
the FVB mouse strain for both the model and the control group, which contains the entire
gene of the human ATXN2 with 22 ‘CAG’s (BAC-Q22). Also, the BAC-Q72 and the BAC-
Q22 integrated 4 and 10 copies of the corresponding transgenes, respectively, and the
endogenous human promoter regulates them both. This strategy allowed obtaining
ubiquitous expression of the transgenes across the entire body of the animal, as it was
detected at the transcript level in the heart, liver, and the entire central nervous system
(CNS) and at the protein level in the cerebellum. The most characterized mutant line was
the BAC-ATXN2-Q72.

Motor impairments

The transgenic with the mutant ataxin-2 suffered impairments in the motor coordination,
showing a decreased latency to fall in the accelerating rotarod, which started at 16 weeks

of age and progressively worsened until the 36 weeks.

Neuropathology

The neuropathological analysis also showed dysfunctions in these BAC-Q72 mice, at 24
months of age, with loss of the calbindin and Pcp2 proteins in the cerebellum.

Overview

The most recent transgenic model of SCA2 presents a new approach, which is the use of
the BACs to insert the mutant ATXN2 transgene. This strategy has been used to create
some very robust models of disease [76, 77] and its advantages include the insertion of the
entire gene sequence into the host genome. This constitutes an important breakthrough
since it allows for the normal splicing events and the regulation by non-coding regions of
ATXNZ2 to take place. Together with the more physiological levels of transgene expression
that are obtained, these aspects make the BAC-transgenic models very reliable and faithful
to the human condition. In addition to this, the ataxic behavior had a sooner onset and was
more pronounced than the Q42KI, which combines two desirable characteristics to test for
new therapies in a single SCA2 model (table 2).

Interestingly, both the BAC-Q72 and the BAC-Q22 also weighted significantly less than
the WT, starting at 8 weeks of age and progressing until a 30% reduction when comparing
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to the WT littermates. Once again, this topic will be explored with further detail in the
discussion, but this result reinforces the role that ataxin-2 plays in metabolism and body
weight.

As disadvantages, we refer to the very mild neuropathology and to the lack of other
behavior/symptoms, such as clasping or ataxic gait (table 2). Given its characteristics, this
model might also be suitable to unravel the role of the different isoforms of ataxin-2 in the
pathophysiology of SCA2, a topic that is still poorly understood.

To conclude, all the transgenic/Knock-in mouse models of SCA2 have advantages and
disadvantages, which we summarized in table 2, taking into account all the main features
of the models in a global perspective. Nevertheless, all of them have proven very useful to
the understanding of this terrible neurodegenerative disease. Indeed, some of these models
are extremely faithful to the human condition, especially the most recent ones like the BAC-
Q72 transgenic or the Q42KI, with physiological levels of expression and a late onset of
symptoms. On the other hand, the other transgenic mice (Q58, Q75 and Q127) might lack
some biological relevance, but became extremely powerful tools to investigate new
therapeutic strategies, possessing robust phenotypes and early onset of symptoms.

As it was mentioned before, other cellular and animal models of SCA2 have been made,
appart from the transgenic and KI mice here described in detail. These other models include
experiments done in S. cerevisiae [44, 46, 78], C. elegans [42, 43] and D. melanogaster
[45, 79], as well as a celular model derived from human induced pluripotent stem cells [80]
and two KO mice [47, 49]. These studies have provided an invaluable insight into the
pathways regulated by ataxin-2 and its role in the disease progression, with some of them
helping to understand and explain many results obtained in our own model.

Despite the high quality and useful SCA2 mouse models created so far, there are other
modeling strategies that have never been used for this disease, such as the viral-based
overexpression of ataxin-2, which presents some advantages over the transgenic and
Knock-in mice. As a matter of fact, this kind of strategy is quite useful to generate robust
and long-term expression of the transgenes in well-defined regions of the brain. This allows
to study the specific contribution of each brain region to the whole disease process, without
the interference of other sectors. It also allows to test different variations of the transgene,
such as truncated, full-length, WT or mutant ATXN2 (with variable number of ‘CAG’s),

as well as different mammalian species like nonhuman primates.
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Table 2 — The major advantages and downsides of SCA2 mouse models

Mouse  Representative Advantages Disadvantages
models line
Robust, well-characterized Unable to study other brain
behavioral impairments and regions: targeted expression to
neuropathology; PCs;

Q58 Q58-11 Suitable to study PCs Non-physiological expression
degeneration; levels of ataxin-2;

Suitable for research into new Pronuclear injection: random
therapeutic strategies; integration;

Ubiquitous expression of mutant

ataxin-2; Pronuclear injection: random
Integrated only 1 or 2 copies of Integration;

Q75 F066 the transgene; Lack of control transgenic line;
Early onset of symptoms and No other symptom besides motor
robust motor impairment — incoordination;
suitable to test for new therapies;

Very.f_althful 15 2 ED Mild ataxia phenotype with late
condition in terms of ?
. . . onset of symptoms;
physiological expression levels
Q 42 KI | cAGa2 and age of onset; mggtrgusr;ﬁ]aggonlqc;gy with late
Ideal to study early differential '
gene expression levels; Unsuitable to test new therapies
Targeted insertion: that alleviate symptoms;
Vvery r_obus? Impairments in Unable to study other brain
behavior with early onset of L .
. regions: targeted expression to
symptoms; .
PCs;
Q127 | ATXN2®? ;/;:y gc;]t;gftor;iurrzp?g&l?gy with Non-physiological number of
y ymp ' CAG repeats — 127Q;
Suitable to study S
- . . Pronuclear injection: random
electrophysiological dysfunctions . S
. 0N integration;
in PCs and new therapies;
The entire gene (introns
included) was inserted into the
s (glsnlelins; No other symptoms besides
BAC-Q72 BAC-ATXN2-Q72 More physiological levels of motor incoordination;

ataxin-2 expression;

Ubiquitous expression of mutant
ataxin-2;

Very mild neuropathology;

The SCA2 mouse models created so far have focused mainly on the cerebelllum, leaving

other brain regions with a well-described neuropathology (in autopsies of human patients)

generally unexplored. Based on the viral-based approach previously described, we aimed

to study the contribution of the striatum to the pathophysiology of SCA2 and hopefully

18



Development of a striatal lentiviral mouse model of Spinocerebellar ataxia type 2 - Introduction

create a relatively cheap and quick model to easily evaluate new therapeutic options.
Indeed, not only has the striatum been reported to show mutant ataxin-2 inclusions [33, 38]
and neurodegeneration [26], but the high frequency of parkinsonism in SCA2 patients also
suggests that the role of this brain region in the disease might be more important than what

was first thought.
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Objectives

The global objective of this work was to investigate the specific contribution of the striatum
to the pathophysiology of SCA2, concerning a wide range of neuropathological features
and behavioral alterations.

The specified objectives were:

e To investigate the propensity of mutant ataxin-2 to aggregate in the striatum.

e To ascertain whether the overexpression of mutant ataxin-2 induced neuronal
dysfunction in the striatum.

e To research the effects of overexpressing mutant ataxin-2 in striatal
neuroinflammation.

e To evaluate the implications of overexpressing mutant ataxin-2 in striatal synaptic
components.

e To assess whether the overexpression of mutant ataxin-2 in the striatum induced

cognitive or metabolic alterations.
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Lentiviral vectors

The cDNAs encoding for human full-length wild-type ataxin-2 (ATXN2-22CAG), and
mutant ataxin-2 (ATXN2-104CAG) were kindly provided by Prof. Stephan Pulst and
cloned in a self-inactivating (SIN) lentiviral vector under the regulation of the
Phosphoglycerate Kinase 1 (PGK) housekeeping promoter, as described previously [81].
Each one of these plasmids were transfected into human embryonic kidney (HEK) 293T
cells for lentiviral particles production, using a four plasmid system described previously
[82]. The lentiviral particles were produced and resuspended in 0.1M phosphate-buffered
saline (PBS) with 0.5% Bovine Serum Albumin (BSA). Viral titer was assessed by
measuring HIV-1 p24 antigen content through an enzyme-linked immunosorbent assay,
which estimates the number of p24 positive particles per pl of solution (ng/ pl) (RETROtek,
Gentaur, Belgium). Viral stocks were stored at -80 °C until use.

Animals

8-week-old C57/BL6 male mice (Charles River) were used in this experiment. The animals
were housed in a temperature controlled room maintained on a 12h light/ 12h dark cycle.
Food and water were provided ad libitum. The experiments were carried out in accordance
with the European Community directive (86/609/EEC) for the care and use of laboratory

animals.

Stereotaxic injections in the striatum

Concentrated viral stocks were thawed on ice and resuspended by repeated pipetting. For
the bilateral injections, lentiviral vectors encoding for mutant ataxin-2 (ATXN2-104CAG)
were stereotaxically injected into the right hemisphere of the striatum in the following
coordinates: antero-posterior: +0.6mm; lateral; +1.8mm; ventral: -3.3mm; mouth bar: 0. As
an internal control, the left side of the striatum was injected with lentiviral particles
encoding for WT ataxin-2 (ATXN2-22CAG) in the following coordinates: antero-
posterior: +0.6mm; lateral; -1.8mm; ventral: -3.3mm; mouth bar: 0. The animals were

anesthetized by administration of a mixture of ketamine (100mg/kg, Clorketam 1000,
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Vétaquinol) with xylazine (10mg/kg, Rompun®, Bayer) by intraperitoneal injection (ip).
A single 2 pl injection of 400’000 ng viral particles was injected on each hemisphere at a
rate of 0.25 ul/min by means of an automatic injector (Stoelting Co., Wood Dale, IL, USA)
through a 34-gauge blunt-tip needle linked to a Hamilton syringe (Hamilton, Reno, NV,
USA). After injection, the syringe needle was elevated for 0.2 mm and left in place for an
additional 5 min to maximize the viral vector diffusion and to minimize backflow. As for
the unilateral injections, only the right side of the striatum was injected with 500’000 ng of
lentiviral vectors (adjusted for 2ul of volume) encoding for either mutant or WT ataxin-2.

Mice were kept in their home cages for 8 weeks before being sacrificed.

Tissue preparation

Animals were sacrificed by sodium pentobarbital overdose, transcardially perfused with
0.1 M phosphate buffer solution and a 4% paraformaldehyde fixative solution (Fluka,
Sigma) followed by brain removal. The brains were post-fixed in 4% paraformaldehyde for
24 h and later incubated in 20% sucrose/phosphate buffer for 48 h. The brains were then
frozen at -80 °C and coronal slices of 25 um were sectioned using a cryostat (LEICA
CM3050 S). Slices were collected and stored in 48 multi-well plates, free-floating in 0.1 M
phosphate buffer solution supplemented with 0.12 mmol/L sodium azide. The plates were
kept at 4°C until their posterior analysis by either fluorescence or light
immunohistochemistry.

For western-blot and gRT-PCR purposes, animals were sacrificed by sodium pentobarbital
overdose and the brains were directly removed without perfusion. Brains were dissected
fresh and the whole striatum was removed and frozen at -80 °C until further processing.
For posterior analysis, the whole striatum of each mouse was cut in half, with one of the

parts being used for total RNA extraction and the other one for total protein extraction.

Immunohistochemistry

The immunohistochemical procedure for light microscopy was initiated by incubating free-
floating sections for 30 min at 37°C in phenylhydrazine diluted in 0.1 M phosphate buffer

solution (1:1000) to inhibit endogenous peroxidases. The sections were then incubated at
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RT for 1h in a blocking solution containing 0.1% Triton X-100 and 10% Normal Goat
Serum (NGS, Gibco) in PBS, to block non-specific interactions of the antibody and
preventing background staining. The same blocking solution was used to dilute the
appropriate primary antibodies: anti-ubiquitin (Rabbit, 1:300; Enzo), anti-DARPP-32
(Rabbit, 1:1000, Millipore), anti-ataxin-2 (Rabbit, 1:500, Millipore). These incubations
were performed over-night at 4°C. A biotinylated secondary antibody (anti-rabbit, 1:200,
Vector Laboratories) diluted in blocking solution was used to incubate the sections at RT
for 2h, followed by an amplification step. This was done by a reaction with the Vectastain
ABC kit (Vector Laboratories, West Grove, USA). To visualize bound antibodies, the free-
floating sections were incubated with 3,3’-diaminobenzidine substrate (Vector
Laboratories, West Grove, USA) that is oxidized and acquires a brown color in the presence
of the peroxidase-bound antibodies. Incubation was performed for a maximum of 5 minutes
to avoid excessive background staining, after which the sections were mounted on
microscope slides. Before the final step of cover slipping with Eukitt® (O. Kindler GmbH
& CO, Freiburg, Germany) as a mounting medium, the tissue was first hydrated for 30 s,
followed by 4 subsequent steps of complete dehydration. This was achieved by incubating
the sections in solutions with an increased percentage of ethanol (EtOH 75%, 96%, 100%)
and a xylene substitute solution (Sigma) for 3 min each. The coverslipped microscope
slides were then allowed to dry in a fume hood for 24 h. Images were acquired in a Zeiss
open-field PALM Microbeam imaging microscope (Carl Zeiss Microimaging, Germany),
equipped with AxioCam HR colour digital cameras (Carl Zeiss Microimaging) using a 5x

and 20x Plan-Neofluar objectives (0.25 and 0.4 numerical amplitude, respectively).

For the fluorescence immunohistochemistry, an initial blocking step was done by
incubating the sections with a solution containing 0.1% Triton X-100 and 10% Normal
Goat Serum (NGS, Gibco) in PBS for 1h at RT. This same blocking solution was then used
to dilute the appropriate primary antibodies: anti-IBA-1 (rabbit, 1:250, Wako), anti -GFAP
(rabbit, 1:1000, DAKO), anti-VGLUT (guinea-pig, 1:1000, Millipore), anti-synaptophysin
(rabbit, 1:1000, Millipore). These incubations were performed over-night at 4°C, except for
the incubation with anti- VGLUT which was done for 72 h at 4°C. The correspondent
secondary antibody was also diluted in blocking solution (anti-rabbit, anti-mouse, 1:200;
anti-guinea pig, 1:500 Alexa Fluor®, Invitrogen) and was coupled to a fluorophore (either
488, 594 or 647 nm). The sections were incubated in this solution for 2h at RT, except for
the staining of VGLUT which was left over-night at 4°C. After a washing step, the sections
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were mounted on microscope slides and coverslipped with the Mowiol mounting medium.
The visualization of the fluorescent sections required 3 different microscopes, depending
on the experiment. The staining of Iba-1 and GFAP were visualized in the Zeiss open-field
PALM Microbeam imaging microscope (Carl Zeiss Microimaging, Germany), equipped
with AxioCam HR colour digital cameras (Carl Zeiss Microimaging) using a 5x and 20x
Plan-Neofluar objectives (0.25 and 0.4 numerical amplitude, respectively). The staining of
VGLUT was visualized on a Zeiss Axio Observer Z1 microscope (CCD digital Axiocam
HRm camera; ZEN Blue software; Carl Zeiss AG, Oberkochen, Germany) with a 63x oil
objective (Plan-Apochromat, 1.4 numerical amplitude). One field per section was analyzed,
in a total of 6 sections per animal (n=3). The staining of synaptophysin (SYP) was
visualized in a laser scanning confocal microscope Zeiss LSM 510 Meta (Carl Zeiss
Microscopy) using the blue (405nm) and green (488nm) lasers and a 63x oil immersion
objective. A total of 3 sections per animal (n=4) were scanned, with 3 different fields per
section imaged using the LSM 510 META software. All fluorescence parameters were
maintained constant to enable sample comparison. The 3 referred microscopes use the ZEN

digital imaging software package (Carl Zeiss Microimaging).

Quantification using the CellProfiler software

The sections stained for ataxin-2 were analyzed using the CellProfiler software [83], which
allows to measure the mean and maximum intensity of ataxin-2 staining, exclusively on the
transduced cells. After introducing a series of parameters (intensity, size, shape, texture) as
thresholds, which we defined as transduced cells, the software scans the black and white
images for these parameters and automatically converts them into a system of colors. These
colors indicate the intensity displayed by each cell expressing exogenous ataxin-2, which
is demonstrated in the supplementary figures S2A-C, as an example. The fluorescent
images of SYP and VGLUT staining were also analyzed with this software, calculating the
number of puncta and their intensity. All quantifications were performed with the same

settings for each measurement and using CellProfiler’s object identification modules.
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Quantification of the neuroinflammatory response

The sections stained for GFAP and Iba-1 were analyzed with the ImageJ software package
(Image J software, USA). The “area” and the “intensity per area” of astrogliosis was
quantified by delineating the area of activation of GFAP-positive “activated” astrocytes
close to the injection site, and then measuring the immunoreactivity within that area. The
intensity for Iba-1-positive “reactive” microglia was quantified by measuring the

immunoreactivity displayed throughout the entire image.

Evaluation of the extent of DARPP-32 depleted volume

The extent of either the ATXN2WT or ATXN2MUT lesions in the striatum was analyzed
by photographing, with a 5x objective, 8 DARPP-32 stained sections per animal (25 um
thickness sections at 200 um intervals), specifically selected to acquire the complete rostro-
caudal sampling of the striatum. For each of the sections, the lesioned area was quantified
with the Image J software (Image J software, USA) and then extrapolated into the lesioned
volume by applying the following equation: volume = d*(al+a2+a3...a8), where d is the
distance between subsequent sections (200 pm) and al/+a2+a3...a8 are DARPP-32

depleted areas for individual sections.

Behavioral assessment

For the assessment of mice exploratory behavior and motor horizontal activity, open field
tests were performed in an activity cage (Panlab, Barcelona, Spain). Mice were placed in a
50x50 cm arena with 50 cm-high walls and their movement activity was recorded for 40
min using the Acti-Track System (Panlab, Barcelona, Spain). The collected data were
analyzed for the first 10 min in the arena and for the last 30 min. The statistical analysis
was performed by multiple student’s t-test using the GraphPad software (La Jolla, USA).

The cognitive behavior was evaluated through an adapted T-maze test described previously
[84]. Briefly, each animal was left to walk and freely explore the arena for 10 min, to
minimize the “exploratory effect” during the actual test. This habituation day was done 3

times with one week interval between them, before the 8" week (when the behavioral
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assessment was performed). The test was separated in a “learning day” and a “switch task
day”. The first consisted in 8 trials, each one of them composed by a forced and a free
choice. In the forced step, one arm of the arena was obstructed and the mice were therefore
compelled to enter the only accessible one, which had a food reward and a visual cue (white
rectangle attached to the wall). After a 10 min resting break, the free choice part was
conducted, which is equal to the forced part with the exception that both arms of the maze
were available. The mice were thereby trained to turn in the same direction as the forced
part. No more than two consecutive turns in the same direction were allowed, and the
animals were left in the maze until they found the reward, up to a maximum of 5 min (for
the forced and the free choice steps). See supplementary figure S2D for a schematic
representation.

Finally, the switch task day consisted of 18 free choice trials, where the white rectangle
was the only indication of the “correct answer”. Likewise, an equal number of turns to the
left and to the right were required, and no more than two consecutive turns in the same
direction were allowed.

All behavioral tests were performed in a dark room after at least 1h acclimatization.

Quantitative real-time PCR

Total RNA was extracted from the striatum with the Nucleospin RNA kit (Macherey-
Nagel) according to the manufacturer’s instructions, after a first step of dissociating the
tissue with Trizol (TRI reagent, sigma) and chloroform. The RNA concentration and purity
were determined with NanoDropTM 2000 (Thermo Scientific). After RNA quantification,
1 pg of total RNA was converted into cDNA using iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA), in a Veriti 96-well thermocycler (Applied Biosystems). RNA extraction
and cDNA synthesis for mRNA quantification were performed following the
manufacturer’s instructions. Quantitative RT-PCR was performed using SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad), in a Step One Plus Real-Time PCR System
from Applied Biosystems. The primers used were the following (all mouse): IL-1 Beta
(QT01048355); HPRT (QT00166768); SQSTM1/P62 (QT00127855); PABP
(QT01673315); Beclin-1 (QT00139006); all pre-designed (QuantiTect Primer Assays,
Qiagen); and EIF4E: Forward (5’-GCTCTATACAACCATATCCAG-3’), Reverse (5°-
AATCCCGTCCTTAAAAAGTG-3’) EIF3E: Forward (5-CAATGTGTCCACATA-
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TTCTACG-3’), Reverse (5’-GTGTAAGACTCCTGTTGAATC-3’); RPL14: Forward
(5’-AAATTGATGCCAGAGAAAGG-3’), Reverse (5>~ CTGTTCCTCATTTTCTTTGC-
3’); GADPH: Forward (5'-TGGAGAAACCTGCCAAGTATGA-3’), Reverse (5'—
GGTCCTCAGTGTAGCCCAAG-3’); DIg4/PSD-95 (ref NM_001109752) from Sigma;
and CD11B: Forward (5’- TCGCTACGTAATTGGGGTGG-3’), Reverse (5°-
TAGATGCGATGGTGTCGAGC-3’) from Invitrogen; Briefly, 2.5 pl of the cDNA
obtained in the reverse transcription reaction diluted 10-fold with DNase free deionized
water were used. The quantitative PCR was performed as follows: one single cycle at 95
°C for 30 s, followed by 45 cycles of two steps: first step of 5 s at 95 °C, second step of 15
s at 57 °C (for EIFAE, EIF3E and RPL14) or at 58 °C (for CD11B) or at 60 °C (for the
remaining genes). The melting curve protocol started immediately after the quantitative
PCR and consisted of 5 s heating at 65 °C with a 0.5 °C temperature increase in each step
until 95 °C was reached. The threshold cycle (Ct) values were generated automatically by
the StepOneTM Software (Applied Biosystems). To each gene, and in each experiment, a
standard curve was performed and quantitative PCR efficiency was determined by the
software. The geneX program (version 4.1.7, MultiD Analyses) was used to choose the
most adequate reference genes for normalization. We uploaded a list of 18 duplicate Ct
values for HPRT, GADPH and EIF4E and used both the GeNorm [85] and the NormFinder
[86] software (included in geneX) to choose the best reference genes. These two published
and validated algorithms function by analyzing the stability among samples and
experimental conditions, and they both identified EIF4E and GADPH as the most suitable
reference genes (see figs S2E and S2F). Based on these results, each target gene was
normalized to these two housekeepings and the values of the mice injected with
ATXN2MUT were compared to those injected with ATXN2WT.

Western-blot

For the protein extraction protocol, striatal tissue was liquefied and lysed in Radio-
Immunoprecipitation Assay (RIPA) buffer 3540 solution (50mM Tris HCI, pH 8, 150nM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate) containing
proteases inhibitors (Roche diagnostics GmbH) followed by 3 series of 4-s ultra-sound
pulse (1 pulse/s). Total protein lysates were stored at -80°C, and protein concentration was

determined with the Pierce™ BCA Protein Assay Kit (Thermo). 60 pg of protein extract
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were resolved in sodium dodecyl sulphate-polyacrylamide gels (4% stacking, 10%
resolving), transferred onto PVDF (polyvinylidene fluoride) membranes. The membranes
were blocked by incubation in 5% non-fat milk powder or 5% BSA in 0.1% Tween 20 in
Tris buffered saline (TBS-T) for 1h at room temperature. Immunoblotting was performed
using the following antibodies: anti-ataxin-2 (rabbit, 1:500, Millipore), anti-GFAP (rabbit,
1:1000, DAKO), anti-Calreticulin (rabbit, 1:1000, abcam), anti-PSD-95 (rabbit, 1:1000,
Cell signaling), anti-GM130 (rabbit, 1:1000, Abcam), anti-Synaptophysin (rabbit, 1:1000,
Millipore), anti-SQSTM/P62 (rabbit, 1:1000, Abgent). Incubations with the primary
antibodies were performed over-night at 4°C followed by incubation with the anti-rabbit
alkaline phosphatase-linked secondary antibody for 2h at RT. Bands were visualized with
Enhanced Chemifluorescence substrate (ECF, GE Healthcare) and chemi-fluorescence
imaging (VersaDoc Imaging System Model 3000, Bio-Rad). One of the membranes was
normalized to soluble human ataxin-2 and the other 2 were normalized to DARPP32 levels.
DARPP32 was chosen for normalization upon confirming that its levels remained overall
unchanged (fig. S2G). Densitometric analysis was carried out in the same gel using ImageJ
software (Image J software, USA).

Statistical analysis

Statistical analysis was performed using the GraphPad software (La Jolla, USA) to identify
outliers (Grubbs test with a= 0.05) or significant differences between two groups (paired
Student’s t-test for the immunohistochemistry images; unpaired Student’s t-test for the
behavioral analysis, g°PCR and western-blot). Statistical differences are considered either
significant (* p<0.05, **p<0.01, ***p<0.001) or non-significant (ns). All the
quantifications were made by the same operator, blindly.
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Striatal bilateral injection of lentiviruses encoding for ATXN2WT or
ATXN2MUT induces widespread transduction levels and significant
differences in neuropathology features

The high tropism for neurons and long-term stable expression of transgenes by the SIN-W
lentiviral vectors has been well demonstrated in previous studies [87, 88]. Therefore, they
have been extensively used in CNS diseases modeling, due to their ability to overexpress a
mutated gene in specific parts of the brain, allowing for a more targeted study of those traits
[89, 90]. Moreover, this strategy has been particularly successful in modelling HD and MJD
in the striatum, creating very useful and reproducible models to understand disease
progression and evaluate new therapeutic strategies [82, 91]. These reasons led us to choose
this vector to study the involvement of the striatum in SCA2 and hopefully establish a new
animal model of this trait. The ~4200 bp cDNA of human ATXNZ2 either with 22CAG (WT
gene) or 104CAG (mutant gene) was successfully cloned in the SIN-W lentiviral vector
under the regulation of the Phosphoglycerate Kinase 1 (PGK) promoter and the lentiviral
vectors were produced (fig. 3A). The stereotactic injections were performed bilaterally in
8 C57BL/6 mice, so that the left side of the striatum overexpressed ATXN2WT to serve as
an internal control for the right side, overexpressing ATXN2MUT.

The animals were perfused and sacrificed at 8 weeks post-injection and their brains
removed for further processing (see materials and methods). The light
immunohistochemical analysis of the tissue revealed a widely dispersed expression of
Ataxin-2 in both sides of the striatum (fig. S1A) although displaying a very distinct pattern
between the WT and the mutant hemisphere (fig. 3B). In order to quantify this difference,
a series of 8 sections per animal were scanned with the CellProfiler software [92], which
we used to count all the transfected cells for each image and then determine the mean and
the maximum intensity displayed by those cells. Both these measurements presented a
statistically significant increase in the side injected with ATXN2MUT, when comparing
with the control side (fig. 3C), suggesting that the mutated form of ataxin-2 accumulates
abnormally in the striatum. Surprisingly, staining with an antibody against ubiquitin did
not reveal any inclusion, neither nuclear nor cytoplasmic, and therefore no differences
between the two hemispheres (fig. 3D). This result suggests that the accumulated species
of mutant ataxin-2 might be degraded by an ubiquitin-independent selective autophagy

process.
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Figure 3. The overexpression of the mutant form of Ataxin-2 induces the formation of non-
ubiquitinated high molecular weight species and DARPP-32 loss in the striatum. (A) Representative
outline of the experiment. ATXN2WT with 22CAG and ATXN2MUT with 104CAG were cloned in the SIN-
PGK lentiviral backbone and transfected into HEK293T cells to produce lentiviruses (see materials and
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methods). Viruses encoding for ATXN2WT were injected in the left side of the striatum to serve as a control
to the right side, injected with ATXN2MUT. (B and C) The cells transduced with the mutant form of the
protein displayed a significantly higher intensity, on average per section, and also higher maximum levels per
section when compared to the ones transduced with the WT form. The results were obtained with the
CellProfiler software, using 8 sections of each bilaterally injected animal (n=8). (D) Staining with an anti-
ubiquitin antibody revealed no ubiquitinated inclusions on either side of the striatum (n=4). (E and F) The
side of the striatum that was injected with ATXN2MUT presented a significantly higher neuronal dysfunction
than the side injected with either ATXN2WT or PBS. A total of 8 sections from 8 bilaterally injected animals
(n=8) were stained with an anti-DARPP32 antibody and the lesion area was quantified with the ImageJ

software. Data is presented as mean £ SEM. **p<0.01, paired student’s t-test.

In order to explore whether the mutant protein induced neuronal dysfunction, we used an
antibody against DARPP32, whose staining delineates the striatum perfectly and facilitates
the visualization of lesions. Indeed, similarly to other striatal models of disease [82, 91, 93]
the expression of the mutant form of ataxin-2 induced a lesion in the area stained for
DARPP32, which was quantified with the ImageJ software [94] (figs. 3E and 3F).

So, the injection of ATXN2MUT in the striatum did not produce ubiquitinated inclusions
of the mutant protein but induced neuronal dysfunction, when compared with the control
hemisphere (injected with ATXN2WT).

Striatal injection of lentiviruses encoding for ATXN2MUT does not
trigger neuroinflammation but leads to moderate synaptic dysfunction

With the purpose of assembling a more complete picture of the neuropathological
alterations induced by ATXN2MUT, we performed a series of fluorescent
immunohistochemical staining’s. We began by looking into neuroinflammation, since it
plays a decisive role in several neurodegenerative disorders, sometimes even in pre-
symptomatic stages, through the activation of astrocytes and microglia [95].

Despite this fact, we found no differences in the area of astrogliosis between both sides of
the striatum (figs. 4B and S2A). Instead, the hemisphere that overexpressed the mutant
protein revealed a slight decrease in the staining of GFAP, a cytoskeletal constituent of
astrocytes, when comparing with the side that overexpressed ATXN2WT (n=4). This
tendency was quantified by delineating the area of activation of astrocytes close to the

injection site, using the ImageJ software, and then measuring the immunoreactivity within
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that area (figs. 4B and 4C). The immunoreactivity given by Iba-1 was also quantified but
presented no differences between the mutant hemisphere and the control one, suggesting
that there is no activation of microglia (figs 4B and 4D).

The effect of mutant ataxin-2 in synapses was investigated by staining with antibodies
against the pre-synaptic protein Synaptophysin and the glutamate transporter VGLUT. For
synaptophysin, confocal images were taken from 3 different fields per section, using 3
sections per animal in a total of 4 bilaterally injected mice (n=4) and then these images
were analyzed using the CellProfiler software [92]. Both the number of SYP puncta and
their mean intensity per field per section, appear to be significantly reduced in the
hemispheres overexpressing mutant ataxin-2 (figs. 4B, 4E and 4F). As for the VGLUT
staining, 6 sections per animal were analyzed, in a total of 3 bilaterally injected mice (n=3).
There is a tendency for a decreased number of puncta in the hemisphere overexpressing
mutant ataxin-2, when comparing with the side expressing the WT form of the protein (figs.
4B and 4G). Although this difference is not significant, these are not confocal images and
only 1 field per section was analyzed. Considering this, it is our belief that a greater number
of fields and a greater number of animals analyzed on a confocal microscope might have
rendered a more robust difference.

In conclusion, the overexpression of mutant ataxin-2 in the striatum does not trigger a
neuroinflammatory response but it induces several synaptic alterations, significantly
decreasing the number of puncta of synaptophysin and a tendency for decreasing the

number of puncta of the glutamate transporter VGLUT.
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Figure 4. Mutant Ataxin-2 decreases astrocytic activation and causes a moderate dysfunction of
synapses in the striatum. (A) Schematic representation of the bilateral injection for this experiment. WT
animals were injected with ATXN2WT in the left side of the striatum and ATXN2MUT in the right side. (B)
Representative images of the WT and mutant side, stained with GFAP (upper panel), Iba-1 (second panel),
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Synaptophysin (third panel) and VGLUT (lower panel). For each staining, the representative image consists
of the mutant side and the respective WT control. (C) The hemisphere of the striatum that overexpresses the
mutant protein shows a decreased immunoreactivity for GFAP within the area of astrocytic activation, when
compared with the control hemisphere. A total of 8 sections from 4 bilaterally injected mice were used (n=4)
and quantified with the ImageJ software. (D) The Iba-1 immunoreactivity didn’t show any differences
between the WT and the mutant side of the striatum (n=4). (E) Both the mean intensity and the number of
puncta (F) of synaptophysin are significantly decreased in each field analyzed of the mutant side of the
striatum, when compared with the control. A total of 4 animals (n=4), 3 sections per animal and 3 fields per
section were analyzed and quantified in the CellProfiler software. (G) There is a tendency for a decrease in
the number of puncta in the VGLUT staining for the hemisphere that overexpresses mutant ataxin-2, when
comparing with the control side. A total of 3 animal (n=3), 6 sections per animal and 1 field per section were
analyzed and quantified in the CellProfiler software. Data is presented as mean + SEM. *p<0.05, paired

student’s t-test.

Striatal unilateral injection of lentiviruses encoding for ATXN2MUT
results in hyperactivity, reduced anxiety and ipsilateral turning behavior

Given the previous results that indicated synaptic alterations in the striatum upon injection
of ATXN2MUT, we wanted to investigate what implications this could have in the
behavior. Indeed, the role of ataxin-2 in metabolism and obesity has been well-documented
before — driven from the two KO models [47, 49] and the Q42KI model [62] — and the
importance of the dorsolateral striatum in cognitive behavior, especially in habit learning
processes is also well-established [84, 96]. Considering these facts, we had good reasons
to suspect a behavioral phenotype would arise from the ATXN2MUT-injected animals.

In order to investigate this, we performed a new set of experiments that included the
unilateral injection of C57BL/6 mice with lentiviruses encoding for ATXN2WT (n=9) or
ATXN2MUT (n=9) in the right side of the striatum. During the 8th week post-injection,
these animals together with 5 WT mice were tested in the open field to uncover any
alterations in the metabolism or anxiety and were also tested in an adapted T-maze, to
explore the existence of cognitive impairments. The most striking conclusion is that the
group injected with ATXN2MUT presented a hyperactive behavior, when compared with
both the WT and the group injected with ATXN2WT. Indeed, the mutant mice
systematically covered higher distances in all time points and zones analyzed (figs. 5B, 5F
and S3A-D) and performed a higher number of rearings than the control groups (fig. 5E),
clearly demonstrating a hyperactive exploratory behavior.
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Figure 5. The injection of ATXN2MUT in the right side of the striatum induces a hyperactive behavior,
as well as decreased anxiety and ipsilateral turning behavior. (A) Schematic representation of the
unilateral injections for this experiment. WT animals were injected either with ATXN2WT or ATXN2MUT

in the right side of the striatum. (B) The mice expressing mutant ataxin-2 (n=8) tended to cover longer
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distances in the final 30 min of the open field test, when compared to the animals expressing WT ataxin-2
(n=9) and significantly longer comparing with their WT littermates (n=5). (C and D) The animals that
overexpressed the mutant form of the protein preferred the central area of the open field (Zone 2) instead of
the periphery (Zone 1), as indicated by the distance traveled in each zone relative to the total distance (E) The
mice injected with ATXN2MUT (n=8) had an increased exploratory behavior indicated by a significantly
increased number of rearings, when compared with both the WT (n=5) and the animals injected with
ATXN2WT (n=9). (F) When analyzing only the first 10 min of the task, again there was a tendency for
mutant mice to cover longer distances then their control counterparts. (G) In the Switch task day of the T-
maze test, the animals expressing mutant ataxin-2 (n=5) showed a strong tendency to fail such test, when it
involved turning to the left side of the maze while turning to the right (H) did not show any differences
between these and the mice expressing ATXN2WT (n=4). Data is presented as mean + SEM. *p<0.05,

**p<(.01, unpaired student’s t-test.

A different illation to be drawn from these behavioral tests is a reduced anxiety exhibited
by the animals overexpressing mutant ataxin-2. In fact, while the WT and the group
overexpressing WT ataxin-2 preferred to walk by the peripheries and corners, that is
believed to give the animals a sense of protection, the mutant mice demonstrated to be more
fearless and prone to explore the central area of the activity box (figs 5C and 5D). We also
analyzed the first 10 minutes of habituation to the task, but found no significant differences,
except for a consistent tendency to travel longer distances (figs. 5F, S3C and S3D).

The T-maze test was performed on a smaller number of animals to allow for a bigger
number of trials: 5 mice injected with ATXN2MUT and 4 mice injected with ATXN2WT.
The task was divided in two different days: the habituation day, intended for learning,
consisted of 8 trials; and the Switch task day consisted in 18 trials. Although there were no
differences in habit-learning ability (figs. S3E and S3F), the test revealed a very strong
tendency towards an ipsilateral turning behavior of the mutant mice. In fact, whenever the
“correct” answer consisted in turning left, the mice overexpressing mutant ataxin-2 failed
considerably more than the control group (fig. 5G). However, when the “correct” answer
required turning to the right side, there were no differences between the two groups (fig.
5H).

To summarize, the overexpression of the mutated form of ataxin-2 in the striatum of mice
induces hyperactive exploratory activity and dissociated fear/ reduced anxiety. Another

effect is an abnormal turning behavior to the ipsilateral side of the injection.
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Striatal unilateral injection of lentiviruses encoding for ATXN2MUT
alters the expression levels of genes involved in synaptic activity,
autophagy, and the regulation of translation

It is fairly consensual that in many neurodegenerative diseases, alterations in mRNA levels
can occur in very early stages of the disease and often precede the appearance of the first
symptoms [97]. The Q42KI model starts showing the first ataxic symptoms at 18 months
of age, but as early as 6 weeks of age is enough to display dysregulated mMRNA levels [62,
69]. Considering the lack of ubiquitinated aggregates of mutant ataxin-2 in the striatum,
the modest degeneration shown by the staining with DARPP32 and the synaptic
dysfunction of this striatal model, we set out to measure the expression levels of particular
genes related with: autophagy (Beclin-1 and P62), inflammation (IL-1 Beta and CD11B),
synaptic activity (PSD-95) and the regulation of translation (EIF3E, PABP, RPL14). We
expected to get a more precise picture of the transcriptomic changes in the striatum of
SCAZ2, in an early stage of disease, and shine some light over previous results.

With this purpose in mind, the unilaterally injected mice of the previous experiments were
sacrificed by the end of the 8" week post-injection, and the total mMRNA was extracted and
converted into cDNA (see materials and methods). We used quantitative real-time PCR to
compare the gene expression values from mice overexpressing WT ataxin-2 with the group
overexpressing the mutated form. The mRNA levels of the post-synaptic protein PSD-95
were significantly increased in the mutant group, suggesting some sort of compensation
mechanism to the dysfunctions in synapses (fig. 6B). Also, the injection of ATXN2MUT
in the striatum apparently dysregulates the expression levels of genes involved in
translation, as can be seen by a strong tendency to increased levels of RPL14 and a
significant increase in the levels of PABP (fig. 6C). We also found evidence for the
upregulation of P62 and Beclin-1 (fig. 6D), two genes involved in autophagy, which gives
us a clue about the degradation pathway of the accumulated mutant ataxin-2, quantified in
the figure 3C. Finally, the unaltered expression levels of CD11B and the minor tendency
for upregulation of IL-1 Beta was in agreement with the general lack of a
neuroinflammatory response depicted in figure 4.

To sum up, the animals injected with ATXN2MUT in the striatum have upregulated
expression levels of PSD-95 and Beclin-1 and tendencies for P62 and RPL14. On its turn,
the PABP gene is downregulated, demonstrating that the overexpression of mutant ataxin-2
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is interfering directly with the cellular mechanisms of autophagy, synaptic activity and

regulation of translation.
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Figure 6. The injection of ATXN2MUT in the right side of the striatum induces a series of alterations
at the mRNA level of genes involved in synaptic activity, autophagy and the regulation of translation.
(A) Schematic representation of the unilateral injections for this experiment. WT animals were injected either
with ATXN2WT or ATXN2MUT in the right side of the striatum. (B) The mRNA levels of PSD-95 were
significantly increased in the animals injected with ATXN2MUT (n=8), as opposed to those injected with
ATXN2WT (n=7). (C) The mice expressing mutant ataxin-2 presented dysregulated mRNA levels of genes
involved in the regulation of translation, including tendencies for EIF3E and RPL14 and reaching statistical

significance for PABP (n=8). The values are normalized for those of the mice expressing the WT protein
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(n=9). (D) The injection of ATXN2MUT also induced an increase in autophagy-related genes, namely in P62
(n=4) and Beclin 1 (n=8), when comparing with the injection of ATXN2WT (n=7 for P62 and n=9 for Beclin
1). (E) Although the expression level of the gene CD11B showed no differences whatsoever between the
mutant animals (n=8) and the ones expressing WT ataxin-2 (n=9), IL-1 Beta shows a tendency to appear
upregulated in the animals injected with ATXN2MUT (n=8), demonstrating an inflammatory response of
some kind. All gPCR results were normalized to two housekeeping genes (EIFAE and GADPH). Data is

presented as mean + SEM. *p<0.05, unpaired student’s t-test.

The unilateral injection of ATXN2MUT in the striatum leads to the
formation of high molecular weight species and altered levels of many
endogenous proteins

The same samples that were used for the mRNA extraction in the previous experiments
were also processed for total protein extracts to run western-blots. The purpose was to
compare protein levels of the mice expressing mutant ataxin-2 with the control group
(expressing WT ataxin-2) and compare those results with those obtained in previous
sections.

In a first set of experiments with 4 animals injected with ATXN2WT and 5 injected with
ATXN2MUT, we began by measuring the protein levels of human ataxin-2 and those of
mouse PSD-95, Calreticulin and GFAP (fig. 7A). The gquantification of this blot revealed a
significant increase in the high molecular weight species of ataxin-2 in the animals injected
with the mutant protein. This somehow validates the results obtained in the figure 3C,
confirming that the mutant form of ataxin-2 has a higher propensity to form high molecular
weight species and might accumulate abnormally in striatal neurons (fig. 7B). The protein
levels of PSD-95 remain unchanged (fig. 7C), despite the significant increase in the
transcript levels (fig. 6B), suggesting some type of dysfunction in the translation of this
mRNA. Given the previously described association of ataxin-2 with the Endoplasmic
reticulum, we checked the protein levels of Calreticulin, which were significantly
downregulated in the mice injected with ATXN2MUT (fig. 7D). Interestingly, the western-
blot not only confirmed the lack of astrocytic activation, but also shows a strong tendency
for decreased levels of GFAP in the group overexpressing the mutant protein (fig. 7E). This
result was somehow unexpected and suggests some existing dysfunction in the mechanism

of astrocytes activation.
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Figure 7. The overexpression of human ATXN2MUT in the striatum leads to the formation of high

molecular weight species as well as several alterations in the levels of endogenous proteins. (A) Western-

blot of the right side of the striatum, either injected with viruses encoding for ATXN2WT (n=4) or
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ATXN2MUT (n=5). All bands of this blot were normalized to the overexpressed human Ataxin-2 (~148
KDa) (B) The overexpression of the mutant form of the protein leads to a significant increase in the levels of
high molecular weight species, when comparing with WT form. (C) The protein levels of PSD-95 appear to
be unchanged between animals injected with ATXN2WT or ATXN2MUT. (D and E) The injection of
ATXN2MUT led to a significant decrease in the protein levels of both Calreticulin and GFAP, compared to
the injection of ATXN2WT. (F) Western-blot analysis of the right side of the striatum, either injected with
viruses encoding for ATXN2WT (n=9) or ATXN2MUT (n=9). All the bands of these blots were normalized
to the protein levels of endogenous DARPP32 (~32 KDa). (G) The protein levels of GM130 are unaltered
between animals overexpressing the mutant protein and those that overexpress the WT form. (H and 1) Both
the levels of Synaptophysin and P62 are significantly increased in the mice injected with ATXN2MUT, when
comparing with the control group. All western-blot results were analyzed and quantified with the ImageLab

software. Data is presented as mean = SEM. *p<0.05, **p<0.01, ***p<0.001, unpaired student’s t-test.

In a second set of experiments with 9 mice injected with ATXN2WT and 9 injected with
ATXN2MUT (fig. 7F) we observed unaltered expression levels of GM130 but significantly
increased levels of synaptophysin and P62 (figs. 7G-l). The detected levels for
synaptophysin were somehow unexpected, taking into account the results described in
figures 4E and 4F, but at the same time confirms the overall panel of total synaptic
dysregulation.

To conclude, the overexpression of the mutant form of ataxin-2 in the striatum alters the
expression levels of several endogenous proteins, similarly to what happens at the transcript

level.
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The purpose of this work was to develop and characterize a lentiviral-based striatal model
of SCA2 in order to clarify the role of the striatum in the disease and hopefully serve as a
platform to test new therapeutic strategies. Due to the very scarce information regarding
the theme of this work, any outcome of the experiments would always be new and original.
Even so, there were some unanticipated results which we will discuss in the following

section along with the 3 aspects of this model that we consider to be fundamental.

Aggregation and neuronal dysfunction

This study was pioneer in clarifying that the mutated form of the protein ataxin-2 is
significantly more prone to form high molecular weight species and consequently
accumulate abnormally in the striatum. The lack of any ubiquitin-labeled inclusions (fig.
3D) was a surprising result, taking into account the results of the staining with anti-ataxin-
2 (fig. 3C) and the western-blot (fig. 7B) as well as published autopsies in human patients
describing striatal ubiquitinated aggregates [33, 38]. A possible explanation is that the
mutant ataxin-2 is abnormally accumulated in the transfected cells but is being degraded
by an ubiquitin-independent mechanism. In fact, although the majority of autophagic
signals are ubiquitin-dependent, there are some cargoes delivered to the selective
autophagy pathway through ubiquitin-like modifiers or lipids/sugars exposed on the
cargoes [98]. In PD-related studies, some authors have shown evidence of Lewy bodies
that were non-ubiquitinated and positive for the lysosomal protein LAMP-1 [99], which
might strengthen this hypothesis. Besides, our own findings of significant increase in the
protein levels of P62 (fig. 71) together with upregulated mMRNAs of autophagy-related genes
like Beclin-1 and P62 (fig. 6D) also reinforces this theory.

Two autopsies performed in SCA2 patients have described that the staining with anti-
ubiquitin antibodies revealed considerably less aggregates than staining with 1C2 (an
antibody that recognizes expanded polyQ chains). This result contradicted the findings in
other polyQ diseases, where inclusions are almost always ubiquitinated, and the authors
theorize that this phenomena could be caused by incomplete proteolysis [33]. Also, no
mouse model of SCA2 created so far ever reported the presence of ubiquitinated
aggregates, and instead always relied on 1C2 or anti-ataxin-2 antibodies. For confirming
or disregarding the incomplete proteolysis hypothesis, it would be interesting to perform

immunohistochemistry on our striatal model and check for 1C2-positive inclusions.
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Some authors studying PD have suggested a different explanation when confronted with
an analogous situation of non-ubiquitinated a-synuclein inclusions. They have
hypothesized that the spectrum of inclusions with variable morphology and distinct a-
synuclein and ubiquitin staining that they observed, could represent different stages in
Lewy bodies formation [100, 101]. According to this theory, it could be that waiting for a
longer time after the injection of ATXN2MUT could have facilitated the detection of
ubiquitinated ataxin-2 inclusions.

The DARPP32 protein is involved in the signaling cascades of dopamine receptors and
therefore is highly concentrated in areas enriched in dopaminergic nerve terminals, such as
the striatum and the olfactory tubercle [102, 103]. Its staining usually provides a highly
reliable and quantifiable measurement of neuronal dysfunction, which can be useful to
determine the ameliorating effect of new therapies. However, this type of lesion can be a
reversible process, which make it tricky to analyze and highlights the importance of timings
when modelling neurodegenerative diseases. Although the injection of ATXN2MUT
induces a clear lesion in the DARPP32-stained area (figs. 3E and 3F), this is a very modest
one when compared with previous models of striatal degeneration [82, 91, 93]. This fact,
together with the total absence of ubiquitinated inclusions raises the question of whether or
not 8 weeks is long enough for the maximum expression of the SCA2 phenotype in the
striatum. This topic could be further explored in the future by performing several

experiments with multiple time points post-injection.

Neuroinflammation

Another key feature of this model is the apparent lack of any mutant ataxin-2-triggered
neuroinflammatory reaction, when comparing with the WT form of the protein. Due to the
selectivity of the blood-brain barrier (BBB), the brain represents an immunologically-
privileged site, where immune cells only enter upon a series of signaling cascades triggered
mainly by astrocytes and microglia. This is the so-called neuroinflammation, which has the
main purpose of fighting infections but is often responsible itself for an increased toxicity
and increased neuronal loss in many neurodegenerative disorders [95]. Upon almost any
kind of injury to the CNS including acute and progressive diseases [104, 105], both the
astrocytes and microglia can go from a “resting” state of vigilance, into a “reactive” state,
characterized by hypertrophy and overexpression of markers like GFAP (astrocytes) and

Iba-1 and CD11b (microglia) [106, 107]. Although several neurodegenerative traits show
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a clear neuroinflammatory response, the animal models of those diseases not always
recreate this characteristic, causing uncertainty as to the exact role — beneficial or harmful
— that neuroinflammation plays in neurodegeneration. Chances are that it could play a little
bit of both parts, depending on the stage of the disease or the type of mutation, among other
factors. A clear example is Huntington’s disease, whose pre-symptomatic carriers present
“reactive” astrocytes in the striatum while several animal models fail to do so in a
convincing manner [104]. Regarding SCAZ2, neuroinflammation is not a striking
characteristict, with little information available apart from a few studies that mention
gliosis in the brains of SCA2 patients [33, 108]. None of the SCA2 mouse models created
so far reported any neuroinflammation and this is in agreement with our own results that
show no differences in the area of astrogliosis between both sides of the striatum (figs. 4B
and S2A). Remarkably, the western-blot showed a strong tendency for a reduction in GFAP
expression (fig. 7E), suggesting some kind of dysfunction in the ability of astrocytes to
become “reactive”. Nevertheless, this constitutes to be insufficient data and further studies

would be needed to deepen our understanding on the subject.

Synaptic activity and behavior

The evident synaptic dysfunctions and the behavioral changes displayed by the mice
injected with ATXN2MUT are also key characteristics of this SCA2 lentiviral model of the
striatum. We discuss them together as we think the first might help to explain the second,
at least in part. In fact, synaptophysin is the most abundant constituent of synaptic vesicles,
and was the first one to be cloned and fully studied. Furthermore, since its expression is
mostly limited to these vesicles, anti-SYP antibodies are excellent markers of pre-synaptic
terminals [109]. In spite of these characteristics, the exact role of this protein in synapses
remained enigmatic for a long time, especially after the first SYP KO mice were created
and deemed perfectly healthy [110, 111]. However, subsequent experiments highlighted
the importance of SYP in synaptic plasticity [112] and the endocytosis of synaptic vesicles
[109], concluding that it plays a discrete but crucial role in normal synaptic activity. Finally,
an interesting study by Schmitt and colleagues [113] reported that mice deficient in SYP
exhibited an increased exploratory behavior and impaired learning and memory. The SCA2
striatal model that we present in this study shows a significant decrease in the number of
SYP puncta (fig. 4F) and also an exacerbated exploratory behavior, covering significantly

longer distances in the open field than the control group (figs. 5B, 5D and 5F). They also
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perform a higher number of rearings, which is a good indicator of exploratory behavior
(fig. 5E). In addition to all this, the mRNA levels of PSD-95, a protein that is mostly
expressed in post-synaptic terminals is significantly increased (fig. 6B), which suggests a
cellular compensation mechanism in response to dysfunctional synapses. Although no
major conclusions can be drawn from the study of VGLUT puncta due to the reduced
number of animals and images analyzed, there is a tendency for a decreased number of
these puncta in the hemispheres overexpressing mutant ataxin-2 (figs. 4B and 4G). All of
these results confirm the panel of synaptic alterations induced by ATXN2MUT in the
striatum and the behavioral characteristics fit perfectly with those of Schmitt and co-
workers [113].

On an interesting note, the protein levels of synaptophysin appear significantly increased
in the animals injected with ATXN2MUT (fig. 7H), which is contradictory with the
immunohistochemical procedures (figs. 4E and 4F). This most puzzling result seems to
suggest that, despite the upregulated protein levels (fig. 7H) of this pre-synaptic protein, it
is still unable to assemble functional synapses. Due to insufficient data, we could only
speculate as to the reasons behind this phenomena and came out with one possible
hypothesis:

Ataxin-2 has been previously implicated in the polymerization of cytoskeletal filaments of
actin, studied in D. melanogaster [79], and it is suspected of involvement in the dynamics
of tubulin as well. Based on this information, we can theorize that the mutant form of
ataxin-2 interferes with the transport of synaptophysin along the axons and into the axon
terminals, inducing in this way several synaptic alterations in the striatum and resulting in
the behavioral phenotype observed.

In addition to the SYP contradictory expression levels, the protein levels of PSD-95 and
GFAP also showed incongruent results, as to what was initially expected. There is a
different explanation from that of the cytoskeletal dynamics that can also clarify these
unexpected protein expression levels: the mRNA-binding characteristics of ataxin-2 and
the role that it plays in regulating translation. Indeed, a huge number of studies explored
this particular characteristic of ataxin-2 and described that: it associates with polyribosomes
and localizes in the rER under normal conditions [114]; it binds to several mMRNAs and
translation initiation factors to stall translation under stress conditions — forming stress
granules [46]; it interacts with PABP1 to regulate the initiation of translation, most likely
through the binding of the former to the translation initiation factor EIFAG [115]; it
modulates neurodegeneration, either enhancing [56] or ameliorating it [57]. Despite these
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investigations, there are still many open questions such as the true role that ataxin-2 plays
in global translation, the specific mMRNAs that it binds to, or what is the real effect of the
polyQ stretch in its ubiquitous function. Nevertheless, it is still quite clear that disrupting
the normal function of ataxin-2 globally dysregulates the translation machinery of the cell,
leading to abnormally up- and down-regulated mRNAs and proteins. Our SCA2 lentiviral
model of the striatum shows dysregulated mRNA levels for PABP and RPL14 (fig. 5C), as
well as severely decreased levels of calreticulin (fig. 7D). Taking this into account, one
could hypothesize that the mutant form of ataxin-2 is toxic to the polyribosomes, as
demonstrated by the decrease of calreticulin and RPL14, and downregulates RNA-binding
proteins, like PABP, with a generalized dysregulation of MRNA and protein levels as a
consequence.

Another important factor has to be taken under consideration when analyzing the behavior
of the animals injected with ATXN2MUT. The significantly longer distances covered and
the increased number of rearings performed by these mice (figs. 5B-F), when comparing
with the control group, could also be interpreted as hyperactive behavior, resulting from an
abnormal metabolism. In fact, weight loss is often present in many SCAZ2 patients, although
its true causes are difficult to discern [116], and there are also reports of obesity in middle
stages of the disease [117] which suggests that metabolic dysfunctions are a key
characteristic of this trait. At the molecular level, ataxin-2 was implicated in metabolism
and increased weight soon after the creation of the first SCA2 KO mouse model [118]. The
authors of that study observed a significant weight gain in the mutant mice as soon as 3
months of age, that ended up reaching a 66% increased weight comparing with their WT
littermates. Interestingly, a follow-up behavioral investigation on these mice revealed that
they were hyperactive and demonstrated a reduced fear conditioning as well as impaired
spatial learning [48], similarly to our own lentiviral striatal model (figs. 5B-F). The obesity
phenotype was later recreated by a second KO mouse model [49] in an intriguing study
where the authors hypothesized that the obesity could result from an insulin resistance
phenotype, caused by a reduction of insulin receptors in the CNS and liver. In addition to
this, a tissue-specific conditional Knockout of insulin receptors in rat brains surprisingly
resulted in a whole-body insulin resistance phenotype and obesity [119]. By putting all of
this compelling evidence together, we can formulate a different hypothesis to explain the
behavior of this striatal model. Indeed, the overexpression of the mutant and therefore

dysfunctional form of ataxin-2 may alter the frequency of insulin receptors in the striatum
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with consequences in the whole-body metabolism, and leading to the observed hyperactive
behavior.

On afinal note, the animals injected with ATXN2MUT exhibited a biased turning behavior,
while performing tasks to evaluate cognitive disabilities (figs. 5G and 5H). In fact, although
the adapted T-maze test did not show any learning impairments, it was still pretty useful to
display an interesting characteristic of SCA2 that was never reported in previous models of
the disease: the dysfunction of the striatal dopaminergic system. When comparing with the
group injected with ATXN2WT, the animals overexpressing the mutated protein showed
quite a strong tendency to fail the test, whenever the correct answer required turning left
(fig. 5G). This tendency was lost when the correct answer required turning to the right side
(fig. 5H). The classical theories of rotating behavior state that the animal tends to turn away
from the side with higher dopaminergic transmission [120, 121]. Considering that our
model exhibits ipsilateral rotations, this would suggest that the overexpression of mutant
ataxin-2 is interfering with dopaminergic signaling, probably by downregulating striatal
dopamine D2 receptors and/or the dopamine transporter (DAT). Due to the insufficient
data, this is merely a hypothesis, but there are some studies in humans that might reinforce
this theory. For example, SCA2 was recognized as an uncommon cause of Parkinsonism,
with patients responding positively to Levodopa and several authors advising for PD-
diagnosed patients to be screened for genetic defects in the ATXN2 gene [122, 123]. The
link between SCA2 and the impairment of the nigrostriatal dopaminergic signaling was
explored in subsequent studies [124, 125] but was never, to the best of our knowledge,

documented in any of the mouse models described so far.

Taking all these considerations into account, we believe that this work covers many features
of SCA2, including aggregation and neuronal dysfunction measured through the staining
with ataxin-2 and DARPP32, respectively. But most of all, this model shows promise by
allowing the research of poorly-studied characteristics of the disease like the synaptic
dysfunctions, the altered metabolism/cognition and the parkinsonism frequently observed

in the human patients.
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Development of a striatal lentiviral mouse model of Spinocerebellar ataxia type 2 — Conclusions
and future perspectives

In this work, we used lentiviral-mediated overexpression of mutant ataxin-2 as a strategy
to model SCA2 in the striatum, and uncover the contribution of this brain region to the
overall disease process. From the subsequent characterization, we have provided strong
evidence that mutant ataxin-2 accumulates abnormally in striatal neurons, but does not
form ubiquitinated inclusions. Taking into consideration the high number of ‘CAG’ repeats
used, we also show in a conclusive way that ubiquitination seems not to be a key feature in
SCAZ2 and that it is not causal/significant to neuropathology. Indeed, we have demonstrated
that non-ubiquitinated mutant ataxin-2 induces neuronal dysfunction and significant
alterations in synapses in the striatum, with behavioral alterations as a consequence.
Although the cognitive abilities seem to remain unchanged, there is a significant
hyperactivity and/or increased exploratory behavior as well as decreased anxiety exhibited
by these mice that fit within previous reports of SCA2 mouse models. Finally, a completely
new characteristic was observed in this model, which is a biased turning behavior, possibly
indicating a dysregulation of dopaminergic signaling. This possible explanation remains
purely hypothetical, but whatever the cause for this behavior is, it could only have been
possible to observe through a unilateral injection of the mutant protein, thus reinforcing the
importance and usefulness of this striatal model.

Nevertheless, there are still many dots that need connecting in this work, for which reason
it would be critical to, in the future:

e Investigate the mechanism of degradation behind this severely mutated form of
ataxin-2. To this end, several immunohistochemistry assays should be performed in
striatal sections, staining for 1C2, P62, Beclin-1, among others.

e Investigate the reason behind the biased turning behavior, and how it could relate
to the Parkinsonism symptoms observed in many human SCA2 patients. A staining
of striatal sections for the DAT should be performed, since it has been described to
be downregulated in the striatum of patients, and also for dopamine receptors. In
addition to this, the injection of lentiviral vectors encoding for mutant ataxin-2 in
the substantia nigra could also be a future experiment to help clarifying this subject.

e Further explore the incongruent results found in neuroinflammation by repeating
the immunohistochemical staining for GFAP in a larger number of sections and for

the entire cohort of animals
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Supplementary figure S1
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Figure S1. Ataxin-2 wide expression in the striatum. (A) This representative picture shows the robust and

wide expression of both WT and mutant ataxin-2 throughout the striatum.
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Figure S2. Representative figures and examples of several experimental procedures. (A) An original

image of a section stained with antibodies anti-ataxin-2 (B and C) and the output of CellProfiler after the
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analysis of that image. The software starts by converting the figure into a black and white format and then
into a system of colors, representing the intensity displayed by each transduced cell. (D) Schematic
representation of the “learning day” of the T-maze test. In the forced step, one arm of the arena is obstructed
and the mice is therefore compelled to enter the only accessible side, which has a food reward and a visual
cue (white rectangle attached to the wall). The free choice part is equal to the forced part with the exception
that both arms of the maze are available. This image was retrieved from [84] (E) Representative output files
of the geNorm and (F) NormFinder, both calculating HPRT as the least constant gene among different
conditions. (G) Non-normalized quantification of DARPP32 in western-blot analysis, showing stable values

in both experimental conditions. Data is presented as mean £ SEM, unpaired student’s t-test.
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Supplementary figure S3
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Figure S3. GFAP area per section. (A) There are no significant differences in the area of astrogliosis
between the two hemispheres of the striatum. A total of 8 sections from 4 bilaterally injected mice were used
(n=4) and quantified with ImageJ software. Data is presented as mean + SEM. *p<0.05, paired student’s t-

test.
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Supplementary figure S4
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Figure S4. The animals injected with ATXN2MUT systematically covered longer distances than the
control ones (injected with ATXN2WT) but showed no learning disabilities. (A-D) The animals
overexpressing the mutant form of ataxin-2 (n=8) systematically tended to cover longer distances than both

the control group (overexpressing the WT form of the protein) (n=9) and the WT littermates (n=5). This
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tendency is present in all the time points and the two different zones measured and is sometimes significant.

(E and F) There were no differences in cognitive behavior between the mice injected with ATXN2MUT

(n=5) and the ones injected with ATXN2WT (n=4). Data is presented as mean = SEM. *p<0.05, paired
student’s t-test.

80






