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Introduction

Gross anatomy of the cerebellum and neuroanatomic connections

The cerebellum, meaning "The little brain", is a structure in the lower posterior part of the brain (posterior cranial foss). It resides on the rostral roof of the 4 th ventricle, and it is in direct contact with the brainstem (Figure 1) 1,2 . The anatomic description of the cerebellum dates back to Purkinje, Golgi, and Cajal in the early 19 th century. It consist s of 2 lateral hemispheres also called the cerebrocerebellum, and a midline zone called paravermis with its narrow center called vermis (Figure 2A) [1][2][3][4] . The paravermis and vermis together consist the spinocerebellum. Finally, the smallest, lower and most primitive part of the cerebellum is called the flocculonodular lobe (Figure 2A). The cerebellum is also divided by transverse zones from 2 transverse fissures. The primary fissure divides the cerebellum into anterior and posterior lobes, and the posterolateral fissure between the posterior and flocculonodular lobes [1][2][3][4] . On the outer surface of the cerebellum, there are many parallel thin transverse folds of highly convoluted gray matter called cerebellar cortex [2][3][4] . Deeper inside, surrounded by the gray matter, there is a highly branched body of white matter known as the arbor vitae (Latin for "tree of life") (Figure 2B) [2][3][4] . In the middle of this white matter, three pairs of deep cerebellar nuclei (DCNs) exist. From the lateral to medial, these nuclei are the dentate nucleus, the interposed nucleus (composed of the emboliform and the globose nuclei), and the fastigial nucleus [2][3][4] . The cerebellar cortex projects to the deep nuclei in a systematic lateral to median manner so that the lateral hemispheres project to the dentate nuclei, the paravermal regions project to the emboliform and globose nuclei and the midline vermis to the medial fastigial nuclei (Figure 2B) 3 .

In terms of connectivity, three main peduncles connect the cerebellum with the brainstem.

They are positioned dorsoventrally to the cerebellum, and are called the superior, medium, and inferior peduncles (Figure 2A) [2][3][4] . All the input and output of the cerebellum pass through these three peduncles to reach their targets. The middle cerebellar peduncle is the largest and is composed almost exclusively of pontocerebellar fibers that stem from the pons and brings motor signals from the cerebral cortex. The inferior peduncle consists of restiform and juxtarestiform bodies 4 . The juxtarestiform body is mainly composed of efferent fibers connecting cerebellar projections from the flocculonodular lobe and the fastigial nucleus to the vestibular nuclei in medulla oblongata and the lower part of pons 4 . The few afferent fibers are connecting the vestibular ganglia to the cerebellum. 
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The restiform body consists of afferent fibers including, olivo-, reticulo-, cuneo-, trigemino-, and dorsal spinocerebellar fibers from medulla oblongata 4 . The superior peduncle is mainly composed of efferent fibers originating from the dentate and interposed nuclei and, to a smaller extent, the fastigial nucleus, carrying information from the cerebellum to contralateral red nucleus, to the thalamus, where they synapse before being transmitted to the cerebral cortex (Figure 3) 3,4 .

The cerebellum projects to topographically precise cerebral, brainstem, and spinal cord destinations, and receives input back from these same regions, thus forming multiple closed loops [1][2][3][4][5] . The simplest circuit is the one of the flocculonodular lobe. It receives vestibular inputs from the vestibular nuclei through the inferior peduncle. It also receives visual inputs from the visual cortex through the midbrain. Interestingly, the output of the flocculonodular lobe totally bypass the deep cerebellar nuclei and innervates directly the vestibular nuclei 1- 5 . The median part of the flocculonodular lobe primarily controls axial muscular control, whereas the lateral part of it is involved in the control of eye pursuit movement and coordination of eye and head. It is therefore responsible for the compensatory counterrotation of the eyes during head movement that functions to stabilize images on the retina [1][2][3][4][5] .

The spinocerebellum is the part that receives mostly somatosensory information from the body and the limbs, the face but also from the visual and auditory systems [1][2][3][4][5] . Efferent and afferent fibers are connecting the spinocerebellum with the spinal cord and thalamus. More specifically, the posterior spinothalamic tracts transmit proprioceptive inputs from lower and upper extremities, whereas the anterior and rostral spinothalamic tracts convey efference copies of the spinal motor discharges from lower and upper extremities [1][2][3][4][5] . The vermis receives inputs from the trunk and proximal portions of limbs, whereas the intermediate parts (paravermis) of the hemispheres receive inputs from the distal portions of limbs (Figure 4).

The vermis modulates vestibulospinal and reticulospinal activity through the fastigial nucleus.

The outputs of these pathways are important in motor outputs to axial and proximal musculature, and thereby contribute to postural control and balance [1][2][3][4][5] . The neurons located in the paravermal cortex project to the interposed nucleus, which in turn projects to the red nucleus and the ventrolateral thalamus to regulate distal limb movements through modulation of rubrospinal and corticospinal activity, respectively [1][2][3][4][5] .

The cerebrocerebellum consists by far the largest part of the cerebellum and is connected with the cerebral cortex [1][2][3][4][5] . The cerebrocerebellum is the part of the cerebellum that has expanded tremendously in humans compared to the rest of mammals 6 . It receives inputs exclusively from the cerebral cortex (parietal lobe in particular) through neurons in the pontine nuclei, forming the cortico-pontocerebellar pathway (Figure 3). Lateral cerebellar hemispheres project through the dentate nuclei to the red nuclei. Axons of these thalamic nuclei terminate in motor areas of the premotor cortex and primary motor cortex. 

The cerebellar cortex

Although weighting only the 1/10 of the brain, the cerebellum contains the 80% of total neurons 6 . The cerebellar cortex is organized in 3 layers (Figure 5) and the cytoarchitecture and the micro-circuity is identical in every part of the cerebellar cortex regardless of the function or connectivity of the area. 4 .

The deepest of the three layers called the granule cell (GC) layer, is made of densely packed small glutamatergic neurons, the granule cells (Figure 5). Different types of GABAergic interneurons are also found in this layer, namely the Golgi, but also Lugaro and unipolar cells depending the area of the cerebellum 3,4 . The granule cell layer receives the major input from the two afferent pathways of the cerebellum, the mossy fibers (Figure 5) [1][2][3][4][5][6] . These fibers originate from several different sources, the largest of which is the cerebral cortex, that inputs into the cerebellum via the pontocerebellar pathway. Other contributors include the vestibular nerve and nuclei, the spinal cord, the reticular formation and the deep cerebellar nuclei. Mossy fibers enter the cerebellum via the middle and inferior cerebellar peduncles, and some of them branch to form connections with deep cerebellar nuclei (Figure 5) [1][2][3][4][5][6] . The majority of them ascend into the white matter of the cerebellum, where each axon branches to innervate multiple granule cells forming highly branched terminals called "the mossy fiber rosette", which in turn make contact with the dendritic enlargement of the granule cells (dendritic claw) to form cerebellar glomeruli (Figure 5) 2,4 . The terminals from Golgi interneurons also infiltrate these structures and make inhibitory synaptic contacts with the granule cell dendrites. A sheath of glial cells encases the entire complex. Each mossy fiber diverges substantially as it reaches the granular layer by sending collateral branches to several cerebellar folia, with each collateral generating multiple rosettes 1,2,4 . The thin middle layer of the cerebellar cortex is called the Purkinje cells (PNs) layer, and very importantly, it is the only output of the cerebellum (Figure 5). This layer, as the name implies, Inferior Olivary neurons 2 . These closed loops of circuity are known as microzones (Figure 6),

and each microzone has a strict somatotopic receptive field. They are activated essentially always by the same stimulus, and the Purkinje neurons of one microzone is responsible for the output information for the associated stimulus, exclusively for this part of the body [2][3][4] .

Moreover, molecular layer interneurons and Golgi cells inputs and outputs are also limited to the microzones they belong to. However, microzones do not exist for the mossy fiber inputs, given that the parallel fibers tend to span multiple sagittal zones in a way that connects the different existing microzones (Figure 6). That means that a cluster of Purkinje neurons belonging to a microzone, before sending its output for a particular somatotopic compartment, will also receive and process inputs from multiple parallel fibers, which in turn transmit signals from several mossy fibers, bringing information from different parts of the body. Thus, microzones are composing different functional modules with an outstanding capacity for parallel processing of information. With its enormous complexity, a single Purkinje neuron can process information from more than 200.000 synapses. In other words, cerebellum could be regarded as an incomparable computational machine, consisting of a large number of almost independent modules, which are similar in terms of internal structure but, are responsible for the computation of information for a particular somatic compartment, while taking into account the inputs and outputs from all the rest of the body. The function of the cerebellum During evolution, the cerebellum has undergone an extreme size increase in humans and apes 11 . In apes, the neocortex and cerebellum underwent roughly similar growth rates. In humans however, the cerebellum growth rate was higher than the neocortex in comparison to other primates 6,11 . This fact underlies the significant importance of the cerebellum for primates and more specifically for humans. Although today we have solid data regarding the anatomy, connectivity and circuity of the cerebellum, despite more than 100 years of scientific research, the function of the cerebellum remains elusive.

Most of our knowledge on cerebellar function today arrived indirectly from studies on patients with cerebellar lesions or damage. Furthermore, computational modeling and experimental animal studies using pharmacologic interventions, lesions, and genetic manipulations have also contributed importantly 2,6,12,13 .

Roughly, dysfunction or damage of the vestibulocerebellum impairs body balance and control of eye movements (saccadic alterations, nystagmus). Lesions of the spinocerebellum causes a typical ataxic phenotype, with impaired gait in a drunken-like way, uncertain start and stop, lateral deviations and unequal steps. More specifically, damages to the spinocerebellum and to the vestibullocerebellum are causing the so called Inhibitory cerebellar syndrome. It is caracterised by: 1) increased muscle passivity and weakness, intention tremor and ataxia, 2) lack of movement coordination, 3) dysmetria during voluntary goal-directed tasks, Ataxias can be caused by genetic mutations, either dominant (SCAs) or recessive (ARCAS and Friedreich's ataxia), but also from acquired and environmental reasons (Alcohol, toxins, trauma, infections) 6,12,13 . The main characteristic is the dysfunction and progressive degeneration of Purkinje neurons and its corresponding retrograde (ION) or anterograde neurons (DCN). An enormous amount of scientific data has been produced through the years, offering convincing results on the identification and physiopathology of ataxias. By typing the word "Ataxia" on the MalaCards database for human diseases results in the stunning number of 5000 and more hits, with a steady increase every month. More extensive analysis on ataxias will continue on the following chapters. Interestingly, functional imaging has revealed cerebellar activity during numerous cognitive tasks, including working memory and abstract reasoning 2,6,12,[14][15][16][17] Interesting examples are the attention deficit hyperactivity disorder (ADHD), schizophrenia, and autism spectrum disorders (ASD). Patients with ADHD have been reported in numerous studies to present decreased size of cerebellum and methylphenidate, one of the most effective treatments for ADHD, increased cerebellar activity after a single dose 6,[18][19][20][21][22] .

Similarly, patients with Schizophrenia presented reduced cerebellar size, reductions in Purkinje cell size and abnormal white matter connectivity 6,[23][24][25] . The most convincing data from all the later neurodevelopmental pathologies are coming from studies on the cerebellum of patients with ASD. A consistent pathologic feature identified in post-mortem tissue from individuals with ASD is increased oxidative stress in cerebellum, Purkinje cell loss and/or reductions in Purkinje cell size 6,26,27 .

But here comes the real question. How does the cerebellum work and contributes to the later motor and non-motor pathologies? Two popular models exist on how the cerebellum functions. The first proposal is presenting the cerebellum as an internal clock, a type of timer that contributes to motor and nonmotor control 6,28 . Correct timing is essential for any motor movement. By the definition of timer, the model proposes an "autonomous, self-paced" system controlling any temporal features of the movement. Any muscle activity, for example reaching a glass of water with the arm, requires precise timing and coordination of the muscle activity.

The second and more popular proposal states that the cerebellum functions by creating an internal model of senses and body dynamics 6,[29][30][31][32][33] . In other terms, it saves and offers information of the environment in order to calculate and predict the consequences of a future motor command on the body and its surroundings. This type of model is important for a fast movement control, because the body is not relying on the long and slow sensory delays from the eyes and the body periphery 6,[29][30][31][32] . For example, we are able to stop our hand just at the point where a glass of water is, before we need to hit it and feel the sensory information to stop. Similarly, even with closed eyes, a healthy individual is able to use saved proprioceptive information, make a model of the body and environment dynamics, to finally reach the glass of water. Therefore, this type of feedforward internal model, could be used without any need of peripheral feedback, and in our example, successfully grab the glass of water. Interestingly very recent data are proposing that the cerebellum is able to output signal based on a future input, further supporting the internal model of prediction 33 .

Finally, we could say that in an extremely complicated biological system, it is rather difficult to distinguish between a defective timing mechanism from an impaired internal simulator.

Both could lead to unprecise movements.

Ataxias

Ataxias (meaning absence of order) is a heterogenous group of pathologies affecting the cerebellum and the sensory system. Ataxias can manifest from genetic, immune or environmental origin and are leading to the absence of movement coordination as primary or secondary symptom 12,13 . Most ataxias have a severe impact on daily life, including difficulties with mobility and communication, and in some cases reduced lifespan. Treatment does not exist for most of them and especially for the genetic ones.

Most often, the first symptom that patients with cerebellar ataxia recognize is gait imbalance.

Symptoms usually arrive in adulthood, adolescence, and in fewer cases or types of ataxias during childhood. Often, patients at the very beginning will have difficulty performing fairly easy tasks like going upstairs and downstairs, running or performing sports. Other common early symptoms include trouble walking in high-heels, or barefoot on the beach. Early patients are reporting feeling offended by comments of people asking them if they are drunk.

Moreover, double vision or blurry vision is often reported especially during a quick head movement. In the later stage of the disease, frequent falling, slurred speech can develop, bad handwriting and difficulty performing delicate hand tasks are encountered 13 .

Ataxias can be categorized and distinguished in many different ways. A first and important way to separate them is the timing of occurrence. In this case, ataxias can be divided in acute, subacute, chronic and episodic. 13 . However, in another way, ataxias can be categorized depending on the causative factor into genetic and non-genetic. I will further focus my introduction on genetic ataxias.

Spinocerebellar Ataxias (SCAs)

The SCAs (Spinocerebellar Ataxias) represent the autosomal dominantly inherited diseases.

SCAs are on their own very heterogeneous, and as for today, there are at least 49 genetically distinct subtypes of SCA 34,35 . Each subtype is named SCA followed by a number. The numbers are progressive and represent the chronological order in which the disease locus or causative gene of the subtype was identified.

Genetically, the SCAs can be divided in two major groups: those caused by repeat expansions, and those caused by non-repeat, conventional mutations. Twelve of the known SCAs are caused by nucleotide repeat expansions. For seven of them, the causative expansion is a CAG that encodes for a toxic poly-glutaine (Poly-Q) protein (Annex table 1), and are often referred as Polyglutamine SCAs. In addition, four known SCAs are caused by repeat expansions but in this case in introns. The intronic associated repeats are much larger compared to the rest of exon-repeat SCAs. The pathogenicity of intronic repeat SCAs is probably due to toxic RNA, whereas for PolyQ SCAs is due to loss of function and/or protein toxic gain of function [35][36][37] .

All remaining SCAs are due to conventional non-repeat mutations (missense mutations, nonsense mutations, insertions or deletions). It is important to note that repeat expansions are also encountered in non-SCA (dominant) inherited ataxias like FA and CANVAS, but also non neurological diseases. Moreover, many non-SCA dominant ataxia syndromes exist and more information can be found at https://neuromuscular.wustl.edu/ataxia/domatax.html.

Interestingly, as it will be discussed further on, several SCAs are due to mutations involved in intracellular Ca2+ homeostasis or mitochondrial function.

Autosomal Recessive Ataxias (ARCAS)

Autosomal-recessive cerebellar ataxias (ARCAs) are a heterogeneous group of rare progressive neurodegenerative genetic diseases. A systematic review in 2016 resulted in more than 2350 recessive disorders presenting ataxia 38 . In contrast to spinocerebellar ataxias (SCAs), the scientific community has not concluded on a single type of nomenclature. In addition to ARCAs, the term SCARs also exist (from, Spinocerebellar Ataxias Recessive).

Moreover, many of the ARCAs have totally different names and they do not belong to any ARCA or SCAR families. There are good reasons for this confusion in nomenclature, and are all based on the fact that ARCAs are extremely variable conditions [39][40][41] . Many ARCAs are multisystemic disorders and the neurodegeneration is not limited to the cerebellum, but includes a broader motor and sensory neuropathy with several additional neurologic as well as non-neurologic systems affected 38,40,42,43 . Thus, many recessive disorders presenting with ataxia have been named according to clinical features, physicians' surname, or regions of high prevalence 38 . However, regardless of their heterogeneity, they do share the clinical feature of predominant ataxia resulting from progressive damage to the cerebellum and/or retrograde and anterograde tracts. 38,42,43 . Although there is not yet consensus for the final number of the different ARCAs, the exclusion of metabolic or mitochondrial disorders where ataxia is only a secondary nonspecific finding in a multisystemic phenotype, has decreased the number to somewhere between 59 and 89 (Beaudin et al., 2019b; Synofzik et al., 2019).

From this number about 15 of them (Annex table 2) are more prevalent and widely distributed. The rest of them are less frequent and reported only in certain populations or few families.

Classification of ARCAs

Recently, review articles have proposed the functional classification of SCAs and ARCAs depending on the pathogenic mechanism 34,37,38,42 . Accordingly, ARCAS fall into four categories affecting:

• Mitochondrial metabolism • DNA repair/Transcription regulation • Complex lipid metabolism
• Ion permeable channels and signal transduction

Mitochondrial metabolism

Ataxia is one of the most frequent symptoms of mitochondrial disease, but it is seldom present in isolation. In most cases it is part of a syndromic disorder and occurs with other neurologic and non-neurologic symptoms and signs 44 . ARCAs due to primary mutations in mitochondrial proteins lead to abnormal mitochondrial DNA maintenance, defective mitochondrial protein synthesis and quality control, increased levels of reactive oxygen species, deficient coenzyme Q10 metabolism, altered mitochondrial dynamics, and defective respiration.

DNA repair/genome stability

Ataxias related to DNA repair mechanisms are also common. These usually involve doublestrand break repair or single-strand break repair complexes. In some cases, the pathogenic mutations in these genes are associated with a susceptibility and predisposition for cancers, and neurological ataxic syndromes. How the defective DNA repair mechanisms are involved in the pathogenicity of ataxias is still not understood, but the fact that several mutated genes in these pathways are involved in degenerative cerebellar ataxias, suggests that the cerebellum and in particular Purkinje neurons have a sensitivity to DNA damage 38 .

Lipid metabolism

ARCAs, but also a vast variety of neurological disorders have been associated with mutations in genes encoding for proteins involved in lipid biosynthesis and transport 42,45 . The result is the accumulation of lipids inside cellular organelles, accompanied by reduced autophagic flux, impaired endosomal clearance, disrupted calcium homeostasis in the endoplasmic reticulum (ER), mitochondria dysfunction and increased oxidative stress.

Although ARCAs have been classically divided in the latter categories of functional pathogenicity, there are solid data showing that irrespectively to the basic function of the mutated protein, the cellular pathology converges to aberrant primary Ca 2+ regulation and/or mitochondrial function in Purkinje neurons. In addition, mutations or secondary dysfunctions of ion channels has been implicated in the pathogenesis of several SCAs.

Deregulation of Ca 2+ homeostasis. A signature for most SCAs and ARCAs

Ca 2+ is a key molecule in signal transduction. It activates several biochemical cascades and participates in a variety of physiological processes 46 . Signaling pathways utilizing Ca 2+ are present during all stages of life, from egg fertilization to death. Ca 2+ signals controls both short-term biological processes that occur in milli-seconds, such as muscle contraction and neurotransmission, as well as long-term processes that require hours or several days, such as cell proliferation, differentiation, metabolism, death, autophagy and organ development 47,48 .

In neurons, Ca 2+ mediates essential signaling processes and plays an important role in synaptic plasticity 48 . Increases in Ca 2+ levels can be highly localized, for example at the synaptic region, or can diffuse across the cell as a wave and affect distant sites 49 . Moreover, increases in Ca 2+ are timely regulated, with oscillatory Ca2+ elevations of different frequencies, defined as 'temporal' Ca 2+ signatures. Two different sources of Ca2+ exist for this tight spatiotemporal regulation. The extracellular medium, a presumably unlimited reservoir with a Ca 2+ concentration of ~1 mM, and the endoplasmic reticulum (ER), an intracellular pool of Ca 2+ , which is endowed with Ca2+ concentrations of >100 μM, allowing a rapid release through Ca 2+ channels. Moreover, our understanding on the role on Ca 2+ storage in other membranebound compartments such as the mitochondria, Golgi apparatus, endosomes and lysosomes is also increasing. Thus, following an electrical or receptor mediated stimulation, Ca 2+ cytoplasmic levels can increase 2.5 times through influx from voltage gated calcium channels (VGCCs), Glutamate receptors such as N-Methyl-d-Aspartate receptors (NMDARs) or metabotropic glutamate receptors (mGluRs), and from transient receptor potential channels (TRPCs). Additionally, Ca2+ levels can rise from the intracellular calcium pools of the endoplasmic reticulum (ER) through ryanodine (RyR) and inositol-1,4,5-triphosphate (IP3R) receptors (Figure 7). Equally important as the rise of Ca 2+ concentration in neurons is the tightly regulated return to basal levels in order to prevent Ca 2+ toxicity and neuronal death 50 . This is accomplished by Ca 2+ binding proteins (i.e. calbindin, parvalbumin, calmodulin, calretinin, calcineurin), plasma membrane Ca 2+ transporters (Ca 2+ ATPase, sodium calcium exchanger) and organelle uptake via the sarcoplasmic-endoreticulum Ca 2+ ATPase (SERCA) and mitochondrial uniporter (MCU) 8,47,[49][50][51][52][53] .

Figure 7. Calcium signaling in Purkinje neurons. Rises in intracellular calcium levels in cerebellar

Purkinje neurons can occur by either an electrical stimulation which activates voltage gated calcium channels (VGCC), or by G protein coupled receptor stimulation (GPCR) such as mGluR1a. Following a receptor mediated stimulation, the neurotransmitter glutamate is released, and NMDAR and AMPAR contribute to the depolarization of the cell and through the entry of Na+ and Ca2+. Activation of mGluR1a by glutamate initiates the G protein Gq cascade where phospholipase C (PLC) activation produces diacylglycerol (DAG) and inositol triphosphate (IP3). DAG remains in the membrane where it can stimulate the calcium channel, transient receptor potential channels (TRPC) to further increase intracellular calcium levels. IP3 diffuses in the cytoplasm and binds to IP3R on the endoplasmic reticulum (ER) to trigger the release of internal calcium stores. Additional calcium increases from ER stores by ryanodine receptors (RyR) are initiated by calcium itself. Calcium can also stimulate the calcium activated potassium channels (VGKCs) which have been shown to be important for maintaining the pacemaking activity in PNs. Equally important is the return of intracellular calcium to basal levels. The increased Ca 2+ at this point will activate PKCγ which will lead to TRPC3 phosphorylation and closing of the channel. Also, Ca 2+ removal is achieved by binding to proteins such as calbindin and parvalbumin, Ca 2+ transporters and organelle uptake such as ER and mitochondrial. Similarly to Ca2+, Glutamate needs to be removed from the synapltic cleft in order to avoid excitotoxicity and abnormal high Ca 2+ levels. This is being achieved by the glial-specific EAAT1 transporters and the PC-specific EAAT4 transporters.

There are extensive evidences that the dysregulation of Ca 2+ signaling is one of the key events in the development of neurodegenerative processes, an idea called the "calcium hypothesis" of neurodegeneration 54 . Notably, disruption of intracellular Ca 2+ signaling in Purkinje neurons is thought to be a prominent mechanism in the pathogenesis of cerebellar ataxias [50][51][52] . Ca 2+ signaling is of particular importance in these neurons proven by the fact that in order to tightly maintain Ca 2+ homeostasis, PNs neurons express a variety of Ca 2+ channels, Ca 2+ -dependent kinases, phosphatases, and Ca 2+ -binding proteins 52 . Conversely, mutations in Ca 2+ channels and Ca 2+ -dependent proteins are primarily affecting Purkinje neurons, often in a cell autonomous manner, and cause hereditary ataxias (Figure 8). In addition to Ca 2+ channels, ataxias are caused by mutations on ion channels (Na+/K+) that are indirectly linked to calcium release, through the depolarization of the membrane and the activation of the voltage gated Ca 2+ channels (Figure 8). Furthermore, we could not discuss about pathological Ca 2+ signaling without mentioning the role of Glutamate and its receptors in the control of Ca 2+ influx in the cytoplasm. Indeed, mutations in glutamate receptors or their downstream signaling counterparts are intrinsic causes of cerebellar ataxias (Figure 8) 8,51,53 .

At least 11 SCAs are caused due to pathogenic mutations in genes encoding for ion channels or in genes regulating their expression, function and signaling pathways (Anexes Table 1, Figure 8). For example, SCA6 and SCA42 are caused by mutations the voltage-gated calcium channels (CACNA11, CACNA1G) (Figure 8) [50][51][52] . 50,52,55 . SCA15/16 and SCA29 are all due to IP3R1 mutations, encoding inositol 1,4,5-trisphosphate receptor type 1 (Figure 8). This calcium channel, in addition to being primary mutated in 2 different ataxias, is probably the most commonly deregulated protein amongst different ataxias (deregulation reported in at least 8 SCAs). SCA14 is caused by mutations in protein kinase C (PKCγ) protein (Figure 8). PKCγ is activated by diacylglycerol (DAG) and IP3R1 dependent Ca 2+ , and PKCγ is necessary for the regulation of TRPC3 Ca 2+ channel which in turn is mutated in SCA41 (Figure 7,8) 51,[56][57][58] . Finally, recently discovered mutations in the GRM1 gene encoding metabotropic glutamate receptor1 are responsible for SCA44 (Figure 8).

Box 1. Inositol Triphosphate Receptor 1 (IP3R1)

IP3Rs are membrane glycoproteins activated by inositol trisphosphate (IP3) and function as a ion channel that releases Ca 2+ from intracellular stores 51,52 . IP3 receptor type 1 (IP3R1) is primarily expressed in the cerebellum, especially in Purkinje neurons, but it is also found moderately expressed in other brain areas, including the cerebral cortex, basal ganglia, thalamus, and hippocampus 52 . In fact, IP3R1 is one of the most highly expressed proteins in cerebellar PNs. Today, there exists constitutive KO mice and two spontaneous mutants that naturally possess an IP3R1 gene mutation, the opt mice and the ∆18 mice. Although the total KO is reported to be more severe, all models develop ataxia starting around 10 days after birth and they die within 4 weeks of age.

Mutations in IP3R1 have been reported to cause both increased and Ca 2+ release from ER 51,[59][60][61][62] .

The different results from IP3R1 mutations in the various mouse models but also in SCA15/16 and SCA29 patients suggest that the disease mechanism might be due to haploinsufficiency and/or dominant negative effect.

In addition, 3 more SCAs have shown alteration in the expression levels and functionality of these channels. For example, in SCA1 (ATAXIN1, a DNA transcription cofactor and RNA splicing modulator), ATXN1polyQ82 mice have decreased expression of mGLUR1a, IP3R1, SERCA2, TRPC3 and glutamate transporter EAAT4 51,52,62,63 . In SCA2 (ATAXIN2, involved in endocytosis and vesicles trafficking), the mutant form of ataxin 2 (Atx2-58Q), but not WT Atx2, specifically binds to IP3R1 and modulates its function 51,52,62 . Moreover, both ATXN2Q58 and ATXN2Q127 mouse models show increased mGLUR1a pathway sensitivity and Ca2+ release. In addition, in ATXN2Q127 mice, several altered transcripts involved in Purkinje neurons Ca 2+ homeostasis were found deregulated such as Calb1, Pcp2 and GluRδ2 51,52,62,63 . In SCA3 (ATXN3, a deubiquitylating enzyme involved in protein quality control), similar to the polyQ-expanded mutant form of Atx2, mutant forms of Atx3 interacts with IP3R1 in a polyQ-length dependent manner, affecting the opening of the channel and leading to increased intracellular Ca2+ 51,52,62 .

Similarly to SCAs, at least 12 ARCAs are caused due to pathogenic mutations in genes encoding for Ca 2+ /ion Channels or in genes regulating Ca 2+ expression, function and signaling pathways 38 . However, the impact of ARCA mutated genes on Ca 2+ homeostasis is much less investigated compared to SCAs. Interestingly, three of the mutations in Ca 2+ signaling components that are causing SCAs, are also responsible for ARCAs. For example, homozygous mutations in SPTBN2, IP3R1 and GRM1 (normally involved in SCA5, SCA15/16/29 and SCA44, respectively) can causing severe forms of ARCAs (Table 2).

Mutations in CA8 (encoding for carbonic anhydrase related protein 8) cause a rare ataxia syndrome (CAMRQ3). This protein is highly expressed in cerebellar Purkinje neurons and influences inositol triphosphate (IP3) binding to its receptor IP3R1 on the endoplasmic reticulum and thereby modulates calcium signaling 64 . SCAR18 (due to mutation in GRID2, encoding for Glurδ2 or GLUD2) is a form of ARCA in which the mutated protein belongs to the family of ionotropic glutamate receptors that works as part of the same signaling complex with mGLUR1a 8,56,65 . Glurδ2 is highly expressed at the PF-PC synapses and loss or gain of function mutations in Glurδ2 are causing mirror phenotypes with mGLUR1 mutations, further supporting their functional interaction. Altered Ca 2+ homeostasis due to mitochondrial dysfunction in Ataxias

Mitochondrial function and Ca 2+ signaling have been intimately linked. On one side, Ca 2+ uptake by mitochondria is absolutely necessary for their normal function. Increase in the Ca 2+ concentration within the mitochondrial matrix, activates several dehydrogenases of the TCA cycle, resulting in increased respiratory rate, H+ and ATP production. 47 . On the other side, mitochondria protect neurons through uptake of cytosolic Ca 2+ bursts generated by neuronal activation 48,54 .

In order to regulate Ca 2+ levels, the position of mitochondria inside the cells is crucial.

Mitochondria are concentrated at the mouth of Voltage gated calcium channels (VGCCs) and glutamate receptors at the plasma membrane of synapses. These synapse-located mitochondria are buffering the increased magnitude of the local Ca 2+ dynamics, shaping the neurotransmitter release and frequency of action potentials. 47,49 . In addition, endoplasmic reticulum (ER) and mitochondria make close contacts called mitochondrial associated membranes (MAMs). These contacts facilitate Ca2+ uptake by mitochondria at the ERmitochondria contact sites, where local Ca 2+ can reach levels 100 times more than in the rest of the cytosol. Proteins localized to MAMs include those mediating Ca 2+ transfer, such as IP3R1 at the ER, voltage-dependent anion-selective channel (VDAC) at the mitochondrial outer membrane (MOM), and mitochondrial Ca 2+ uniporter (MCU) at the mitochondrial inner membrane (MIM). Interestingly, following Ca 2+ release from Ca 2+ channels, the available cytosolic Ca 2+ provides a regulatory feedback that can be activatory or inhibitory, depending on the Ca 2+ levels 49 . For example, low and high Ca 2+ concentrations inhibit the opening of IP3R1, whereas intermediate Ca 2+ levels promote IP3R1 Ca 2+ release. Thus, mitochondrial not only can buffer the intracellular Ca 2+ levels but, can modulate the activity and expression levels of Ca 2+ channels by influencing their spatiotemporal properties. The mechanism by which mitochondria absorb calcium is driven by the electron transport chain. During respiration, the mitochondrial translocates H+ ions across the MIM in a reaction coupled to the generation of ATP 47,49 . The resulting protons in the mitochondrial matrix are creating a negative electrochemical membrane potential (Δψm) which in turn is a very large driving force for Ca 2+ accumulation and any alteration on mitochondria respiration, can ultimately lead to increased intracellular Ca 2+ levels.

The interplay between proper mitochondria respiration and Ca 2+ absorption is extremely important for the function Purkinje neurons. This is due to the fact that Purkinje neurons receive an incredibly high number of glutamatergic synapses and metabolic demands [96][97][98][99] .

Conversely, mutations on mitochondria proteins are often associated with PNs dysfunction and ataxia. SPG7 results from loss of function of the mitochondrial protein paraplegin, a part of the ubiquitously expressed m-AAA protease at the inner mitochondrial membrane.

Mutations in m-AAA impairs mitochondrial protein control, leading to multiple secondary mitochondrial and extra-mitochondrial defects, such as respiratory deficiencies, abnormal mitochondrial morphology and dynamics 42 . A recent publication reported that SPG7 directs POLG-related ataxia (POLG-A) is due to mutations in the gene encoding for the catalytic subunit of the mitochondrial polymerase gamma (POLG) which replicates and repairs mitochondrial DNA (mtDNA). Therefore, mutations in POLG result in mtDNA replication deficiency and depletion, affecting all the mitochondrial encoded proteins, and therefore mitochondrial respiration 42,43,107 . Ataxia telangiectasia is caused due to mutations in ATM gene encoding for the ATM serine threonine kinase. It is involved in the regulation of cell cycle by activating checkpoint signaling after double strand breaks (DSBs), apoptosis and genotoxic stresses such as ionizing ultraviolet A light (UVA). Interestingly, although AT is a DNA repair related ataxia, ATM acts as a sensor for mitochondrial derived ROS and regulates ROS accumulation in cells. Evidence from cellular and mouse models suggest that ATM also modulates mitochondrial gene expression and function 108,109 . Similarly, Ataxia with oculomotor apraxia type 1 (AOA1) is caused due to mutation in Aprataxin (APTX), another protein involved in DNA single-and double-strand repair 110 . Interestingly, a variant of APTX localizes in mitochondria and is highly expressed in the cerebellum. Deletion of APTX in multiple cell lines showed mitochondrial dysfunction with reduced mtDNA copy number, impaired mitochondrial DNA repair, altered morphology, network formation, and mitophagy 111,112 . Finally, even ataxias caused by mutations in proteins involved in lipid metabolism are reported with mitochondrial disfunction. Niemann Pick Disease (NPD) results due to mutations in two genes encoding for two distinct cholesterol-binding proteins, Niemann-Pick C1 (NPC1) and C2 (NPC2) 45,113,114 . These proteins mediate intracellular cholesterol trafficking through cholesterol binding 42,113,114 . There is extensive research linking NPC1 deficiency to primary mitochondrial dysfunction with mitochondrial cholesterol accumulation and finally mitochondrial induced apoptosis [115][116][117] . Interestingly, conditional mice models with deletion of NPC1 in PNs presents cell autonomous ataxia with age-dependent impairment in motor tasks, including rotarod and balance beam performance 118 . For NPC1/2, AOA1 and POLG ataxias no studies up to date have concentrated on the Ca 2+ deregulation that might be caused due to mitochondria dysfunction, however it is likely that Ca 2+ could play a role in these pathologies. and CoQ10 deficiency 120,121,131,133 . However, the only consistent element found in all patients, is the progressive ataxia with cerebellar atrophy. Epilepsy, seizures or stroke like episodes were reported in about half of the patients. The same frequency was also observed for the exercise intolerance and intellectual disability, although there is no correlation between these symptoms. No genotype-phenotype correlation exists in patients, and different types of mutations can occur practically all along the sequence of the gene 121 . Namely, so far, missense mutations, nonsense mutations, frameshift mutations, deletions, insertions and duplications have been identified. Paradoxically, patients with same mutations have heterogeneous phenotypes 134 . For example, two patients carrying the same mutation, the one did not show epileptic crisis neither intellectual disability, whereas, the other patient presented both epilepsy and a mild intellectual disability 135 . The same is also true for patients with the same compound heterozygous mutations. Furthermore, big deletions do not lead to more severe phenotypes, whereas certain point mutations do 136 . Only very recently it was shown that loss of function mutations may somehow correlate with patients having pure cerebellar ataxia whereas multisystemic involvement was more prevalent in missense than biallelic loss-of-function variants 121 .These facts are implying that environment or epigenetic regulations are important for the clinical manifestation of the disease.

Table 3. Ataxias caused by mutations affecting mitochondrial function and their consequences on Ca

At the molecular level, some patients show decreased levels of CoQ10 either in their fibroblasts or in their muscle with variable levels of decrease 121,133 . In some cases, COQ10 was decreased only in muscles and not in the fibroblasts when both measurements were performed on the same patient 120 which is probably reflecting tissue specificity of CoQ deficiency. Some patients tested in their muscles or fibroblasts for mitochondrial respiration, showed reduced respiratory enzymes activity from complex I and II to complex III 120,137 .

Surprisingly, results obtained from one patient, showed normal CoQ10 content, but still significant reduced mitochondrial complex I and III activity 120,137 . However, even in studies

showing that CoQ10 levels are not decreased, CoQ measurements were not normalized to the mitochondrial mass content of the cells. In his study with patients derived fibroblasts,

Cullen and colleagues showed that seemingly normal CoQ measurements from patients were significantly decreased when normalized to mitochondria mass content 138 .

COQ8A

COQ8A, the protein encoded by the gene mutated in ARCA2, belongs to the ancient UbiB family. In vertebrates, this unorthodox kinase-like (uPKL) group of proteins is composed of five paralogs (ADCK1-5) 139139 . There have been several characterized functions for COQ8A, from cell migration to tumor cell viability and lipid metabolism 140, . However, one of the main known functions of COQ8A is probably to regulate the CoQ10 biosynthesis. It is probably due to this regulatory function and the existence of the conserved paralogs (ADCK1- 5) that the phenotype of ARCA2 is milder than mutations in the other genes encoding for COQ proteins. COQ8A retains 5 out of the 12 typical kinase motifs found in protein kinases (Lagier-Tourenne et al., 2008). A KxGQ domain is also conserved among the ADCK family in the Nterminal part. From studies mainly in bacteria and yeasts, but lately also from mice and humans, COQ8A is part of a bigger complex (COQ1-10) in the inner mitochondrial membrane, and plays a crucial role in regulating and stabilizing it 132,145-147 .

Different models have been proposed regarding the way COQ8A is stabilizing and regulating this complex. In yeast, Coq8, the homolog of COA8A and COQ8B/ADCK4, has been identified in two different CoQ complexes by independent groups. Although the Coq proteins of the two distinct complexes are varying depending the author, these groups do agree that Coq8 exists in a sub-complex of about 700KDa, and a full complex of more than 1MDa 145,148,149 . In these complexes, Coq8 was shown to affect the phosphorylation state of Coq3, Coq5 and Coq7

which is important for the functional formation of the full complex. The stabilizing and regulatory role of Coq8 was also demonstrated by the fact that in yeast, overexpression of Coq8 was able to stabilize and rescue Complex Q in different Coq null yeast mutants 132,146,150 .

However, more recent results demonstrated that Coq8 and COQ8A are only able to autophosphorylate, ruling out any possibility that they can phosphorylate protein substrates in trans 147,151 . The most recent biochemical experiments are suggesting that COQ8A might finally act as an ATPase with conserved kinase motifs 147,152 . Like COQ8A, Coq8 preferentially binds adenine nucleotides, with selectivity for ADP over ATP. Mutating in the most conserved motifs across species, the so called invariant KxGQ motif, enhanced Coq8a autophosphorylation activity. However, mutating the Coq8 autophosphorylation sites did not inhibit respiratory yeast growth, showing that the autophosphorylation observed in vitro is not important for its function in vivo 147 . Interestingly, KxGQ invariant motif of Coq8 is also important for ATPase activity, and mutations in this motif can completely deplete ATPase activity 147 . Moreover, our collaborators in this article showed that mutating a specific residue (K134H) in KxGQ motif can decrease ATPase but dramatically increasing autophosphorylation activity at the same time. This mutation totally eliminated CoQ production in yeasts (Stefely et al., 2015). This is suggesting that contrary to autophosphorylation, the ATPase activity is likely related to the endogenous activity of Coq8. Moreover, the same authors showed that COQ8A and Coq8 are able to bound CoQ10 intermediates (and phenolic agonists) which increases their ATPase activity 152 . Cardiolipin, an abundant lipid of the inner mitochondrial membrane was also shown to increase ATPase activity of Coq8 and COQ8A. However, like binding with phenols and CoQ10 intermediates, binding to cardiolipin did not increase autophosphorylation or lipid phosphorylation. In addition to that, no increased phosphorylation of purified protein substrates including Complex Q proteins and myelin basic protein was observed. This is further supporting the hypothesis that COQ8A acts as an ATPase ATPase activity is also stabilizing the Complex Q (Figure 9) 152 . The ability of COQ8A to stabilize the Complex Q when ATPase activity is favored, was also shown by a previous postdoc of our lab. After immunoprecipitation, the association of COQ8A -FLAG with COQ5-HA and COQ4-HA was stronger in the presence of ADP. However, in the end, the exact role and mechanism on how COQ8A regulates Coenzyme Q biosynthesis is still not known. 

Coenzyme Q10

Coenzyme Q is a lipophilic molecule that is composed of a substituted benzoquinone and a long isoprenoid side chain. CoQ exists in different redox forms: a form that is completely oxidized called ubiquinone, a form that is partially oxidized called ubisemiquinone, and a reduced form called ubiquinol. The length of the lateral chain varies in different species and the most abundant form contains six units in S. cerevisiae (Q6), eight (Q8) in E. coli, nine in mouse and rat (Q9) and ten in humans (Q10). In most species, one chain length of CoQ is dominating and in a minor extent a CoQ with a shorter or longer side chain is also found.

Biosynthesis of CoQ occurs within the mitochondria has been extensively studied, although not all steps are characterized. Moreover, it has been reported that CoQ biosynthesis could also be localized in the endoplasmic reticulum (ER) and the Golgi, but without enough evidences supporting these statements [154][155][156] . Due to its wide distribution in the cell, Coenzyme Q is involved in a number of cellular functions. The most extensively investigated role of Coenzyme Q is its involvement in cellular energy production, participating in oxidative phosphorylation (OXPHOS) by carrying electrons from mitochondrial complexes I and II to complex III. CoQ also acts as an electron transporter in the plasma membrane 157,158 , and maybe in other cell compartments such as lysosomes 159 . Furthermore, it is a lipid-soluble antioxidant, a cofactor for uncoupling proteins and is implicated in the mitochondrial transition pore modulation, but also in pyrimidine synthesis 160 . The biochemical pathway responsible for CoQ biosynthesis is highly conserved but still incompletely characterized 147,[161][162][163] . The precursor of the quinone ring of the Coq10 is 4-hydroxybenzoate (4HB), which is derived from tyrosine 161,164 (Figure 10). The isoprenoid tail is synthesized through the mevalonate pathway, which is common also to cholesterol biosynthesis and its polymerized by COQ1/PDSS1 and PDSS2 161 (Figure 10). This poly-isoprene tail is then linked to a benzoquinone ring by COQ2 while COQ3, COQ5, COQ6, and COQ7 are involved in a series of methylation, decarboxylation, hydroxylation and deamination reactions during the maturation process of CoQ10 60,163 (Figure 10). COQ8A as mentioned before is involved in the regulation of the integrity of the biosynthetic complex and the availability of CoQ10 Cerebellar ataxia; IV) Nephrotic syndrome 161,163,165 . The explanation of this marked clinical heterogeneity is still unclear, but it might reflect a tissue specific regulation of CoQ10 biosynthesis, tissue specific functions or different expression levels of the of COQ proteins.

Nevertheless, mitochondrial dysfunction with decreased respiration, ATP production and lactic acidosis is a common fact between the different clinical manifestations. Moreover, ataxia is present in most of these complex syndromes. assess the effect of their absence on the cerebellum 180 . In the Coq8a -/-mouse model, no gross cerebellar atrophy was found in comprehensive histological analysis. However, although there is no cerebellar atrophy, depletion of COQ8A protein specifically affects the function and the morphology of the Purkinje neurons (Figure 11) 147 . At 30 weeks of age, PNs of Coq8a -/-mice were found to be black and shrunken, a pathology similar to other neurodegenerative diseases (Figure 11). Ultrastructural analysis of Purkinje neurons showed that a significant amount of cells (around 10-20%) were found to be dark and shrunken with irregular nucleus and membrane structures (Figure 11) 147 . Interestingly, most Coq8a -/- Purkinje neurons, whether dark or not, showed dilated Golgi apparatus, with some presenting numerous vesicles, suggesting signs of Golgi fragmentation, and dilated cisternae of ribosomes-rich endoplasmic reticulum (Figure 11). Expression analysis for the PN marker calbindin did not show difference, suggesting that there is not massive cell loss. Furthermore, although most cerebellar granule cells were unaffected ultrastructurally, a few cerebellar granule neurons with degenerating mitochondria were observed.

Normal Purkinje neurons exhibit spontaneous and regular firing of pacemaking action potentials 181 . At 24 weeks of age, using whole-cell recordings, Coq8a -/-Purkinje neurons exhibited a significant increase in the interspike interval (ISI), while the coefficient of variation between two adjacent spikes (CV2) remained unchanged 147 . These data suggested that Coq8a -/-deficient Purkinje neurons showed an altered peacemaker activity characterized by regular but less frequent spikes.

To identify molecular pathways that are deregulated, the expression profile in adult cerebella

Coq8a -/-mice was determined by RNA deep sequencing. Interestingly, the gene expression variations between WT and mutant samples were very small. Significant changes (adjusted p-value<0.05) in the expression of 74 genes were found, with equal distribution between genes that showed increased or decreased expression (Licitra et al, unpublished). The subset of overall differentially expressed genes was classified according to GO biological process, cellular component and molecular function, using the DAVID resources. Interesting, the secretory pathway annotation showed a significant over-representation in cerebellum. From the 74 candidates found in the RNA-seq on cerebellum, 11 of them were dysregulated from as early as 5 weeks of age (Asns, Atf4, βIII-GalT2, Cars, Faim2, Nudt3, Plch1, Ret, Sccpdh, Sesn2 and Snhg11).

To identify protein candidates and pathways involved in the pathology, we performed a postsymptomatic proteomic analysis on the cerebellum (at 30 weeks of age, n=4) 147 . Yet, only a few identified proteins had strong log2 difference compared to the WT. As the Purkinje neurons are specifically affected, this could be probably due to the dilution of the signal from cell types that are not affected. Thus, a more targeted omic approach is needed. A B

Results

Biological questions and objectives of my project

When I arrived in the lab, the first study on the constitutive Coq8a -/-mouse model was just published. This mouse model recapitulated many of the features of ARCA2, and in accordance to the human disease, the prominent phenotype was the cerebellar ataxia. While no gross cerebellar atrophy was observed, depletion of COQ8A protein specifically affected the function and the morphology of the PNs. Then, an effort started to identify molecular pathways that are deregulated in the cerebellum of Coq8a -/-mice. To achieve that, previous students of the lab determined the RNA and protein expression profile by RNA deep sequencing and mass spectrometry. Interestingly, the results showed that the expression variations between WT and mutant samples were very small.

Since the histological and electrophysiological analysis showed that the Purkinje neurons were specifically affected, it was suggested that Complex Q might be of a particular importance in these neurons. In the same sense, the small fold change variations of deregulated genes that resulted from the omics approaches could be probably due to the dilution of the signal from cell types that are not affected.

Thus, we asked the following questions:

1) Why Purkinje neurons are specifically affected in the cerebellum of Coq8a -/-mice?

2) What could be the underlying mechanism for this neuron-specific degeneration?

To advance these biological questions into answers, three working objectives were developed in parallel:

1) To understand the molecular pathways and mechanisms involved in PNs of Coq8a -/- mice through a candidate approach as well as PNs-enriched transcriptomics approach.

2) To generate and characterize a PNs-specific Coq8a -/-mice to investigate the role of PNs in the development of the ataxic phenotype.

3) To generate and characterize primary cerebellar cultures, and to pre-clinically test the effect of CoQ10 in Coq8a -/-PNs.
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Disruption of the CoQ10 biosynthetic Complex Q causes mitochondrial dysfunction and neurodegeneration specifically in Purkinje neurons in COQ8A-ataxia.

Ioannis Manolaras 1-4 , Laurence Reutenauer 1-6 , Celine Keime 1-4 , Aurelie Eisenmann 1-4 , Nadia Messaddec 1-4 , Olivier Griso (Reidenbach et al., 2017; Stefely et al., 2016, 2015; Xie et al., 2011). Low CoQ10 levels have been identified in skeletal muscle and fibroblasts from patients, and fibroblast lines derived from COQ8A-ataxia patients display defects in mitochondrial homeostasis and signs of oxidative stress 121,138 .

Although rare, COQ8A-ataxia is the most common form of primary CoQ10 deficiencies, a heterogeneous group of disorders ranging from severe infantile multisystemic disease to adult-onset isolated myopathy 161,163 . The phenotypic variability of primary CoQ10 deficiencies likely reflects cell-type-specific differences in COQ proteins expression, CoQ10 production, uptake, and demand. Despite the great heterogeneity, CoQ10 deficiency causes mitochondrial dysfunction in the affected tissues 120 . The closest paralog of COQ8A is COQ8B/ADCK4 whose mutations manifest as steroid-resistant nephrotic syndrome 182 .

COQ8B also interacts with Complex Q and is also required for its integrity 183 , suggesting possible redundant/similar role as COQ8A.

We have recently generated a Coq8a -/-KO mouse model that recapitulates most hallmarks of the human disease, including a mild progressive cerebellar ataxia, exercise intolerance, increased epileptic susceptibility and mild memory impairment 147 . In vivo, loss of COQ8A in mouse leads to complex Q destabilization and a variable reduction of CoQ in some tissues 147 . We have demonstrated that cerebellar ataxia in COQ8A is due to degenerating Purkinje Neurons (PNs), with an alteration in the pacemaking activity 147 .

Interestingly, 10-20% of PNs were characterized by dark and shrunken morphology 147 , a specific type of cellular degeneration that has been associated with excitotoxicity and high levels of intracellular Ca 2+ in other forms of spinocerebellar ataxias 46,103,184 . Despite the constitutive knockout of COQ8A, granule cells did not show any morphological nor ultrastructural defects.

Here, we demonstrated that COQ8A is highly expressed in PNs, whereas its closest paralog COQ8B in granule cells. Furthermore, we demonstreated that specific deletion of COQ8A in PNs was sufficient to cause ataxia in a conditional mouse model. Moreover, we uncovered that Coq8a -/-PNs exhibited mitochondrial dysfunction and Ca 2+ deregulation, phenotypes that could be rescued by CoQ10 treatment in vitro. These results allow to better understand the molecular pathways involved in the cerebellar pathophysiology of COQ8Aataxia and provide strong rational for using CoQ10 as a possible treatment.

Results

COQ8A depletion in PN leads to cerebellar ataxia and PN degeneration

We have previously shown specific morphological and functional defects in cerebellar PNs in Coq8a -/-mice 147 . Consistent to our previous observations of abundant Coq8a mRNA in PNs 147 , immunofluorescence experiments on cerebellar acute slices showed a specific COQ8A expression pattern in the cerebellum, with high expression levels in PNs (Fig. 1A). In addition, while no expression of COQ8A was seen in granule cell (GC), low levels of expression was observed in mossy fibers rosettes in the granule cell layer (Fig. 1A). The specificity of the antibody was validated by the complete absence of staining in the Coq8a -/-cerebellum (Fig. 1A,E). Similarly to COQ8A, high expression of COQ7 and COQ5 was observed in PNs as well as in the mossy fibers rosettes (Fig. 1B-C). As previously demonstrated by proteomic and western blot analysis 147 , a strong decrease in COQ7 and COQ5 staining was observed in the Coq8a -/-cerebellum (Fig. 1B-C,E). In contrast to COQ8A, its closest paralog COQ8B was not detected in PNs while it was highly expressed in GCs (Fig. 1D). Furthermore, no compensatory COQ8B expression was seen in the Coq8a -/-cerebellum (Fig. 1D,E).

Considering the specific expression pattern of COQ8A in the cerebellum, we sought to determine whether PNs-specific deletion of COQ8A was sufficient to cause cerebellar ataxia.

We thus generated a conditional KO mouse model deleted for COQ8A specifically in PNs (Pcp2-Cre;Coq8a -/-) (Figure S1). To assess the neurological consequences of COQ8A depletion, we conducted behavioral analyses. By 20 weeks of age, Pcp2-Cre;Coq8a -/-mice showed decreased performance on accelerating rotarod (Figure 2A). Moreover, footprint analysis showed increased in non-linear movement and decreased overlap of hind and front limbs at 20 weeks of age, features characteristic of ataxia (Figure 2B). Similarly to the constitutive Coq8a -/-mice 147 , Pcp2-Cre;Coq8a -/-mice showed specific defects in the cerebellar PN layer, with the presence of dark shrunken neurons and patches of gaps in calbindin staining, suggesting neuronal degeneration (Figure 2C). Together, these results demonstrate that PNspecific deletion of COQ8A can lead to cerebellar ataxia and PN degeneration. However, it is likely that depletion of COQ8A in other cerebellar cells contribute to the cerebellar ataxia since the constitutive COQ8A knockout show a more severe phenotype.

To further investigate the role of COQ8A in PNs, we generated primary cerebellar cultures from Ctrl and Coq8a -/-P0 pups. As a first observation, after 21 days in vitro (DIV21), the number of PNs in Coq8a -/-cultures was significantly lower compared to Ctrl cultures (Figure 2D). In addition, morphological analysis of PNs indicated a lower complexity of dendritic arborizations in Coq8a -/-PNs (Figure 2D-E). Specifically, the number of primary dendritic nodes was found significantly lower in Coq8a -/-compared to the Ctrl PNs (Figure 2E).

However, no difference was observed in the thickness of the main dendrite between Ctrl and Coq8a -/-PNs (Figure 2E). Furthermore, the area covered by each individual dendrite was comparable between the two genotypes (Figure 2E). Thus, dendritic complexity was decreased in Coq8a -/-PNs, although the thickness and the area that they cover was similar to the Ctrl PNs.

COQ8A deletion causes altered transcript expression related to OXPHOS in PNs

To understand the early molecular signatures in constitutive Coq8a -/-animals, bulk RNA sequencing analysis was performed after laser capture microdissection (LCM) of PNs layer as well as GCs layer from 5 weeks old animals. The number of deregulated transcripts was considerably higher in Coq8a -/-PNs (330) compared to GCs (17) (Figure 3A and Tables S1-2), with only 7 transcripts overlapping, further validating the specific role of PNs in the pathology. Gene Ontology (GO) pathways analysis using the online tool PANTHER (Protein ANalysis THrough Evolutionary Relationships) revealed an over-representation of altered transcripts encoding proteins involved in oxidative phosphorylation (OXPHOS), specifically ATP synthesis, Ubiquinol to Cytochrome C and Cytochrome C to oxygen electron transport in the PNs deregulated transcripts (Table S3). As COQ8A is a mitochondrial protein, to further analyze the RNA sequencing data with a particular focus on mitochondrial pathways, we used MitoXplorer, an online tool for visualization and analysis of mitochondrial gene expression dynamics 185 . MitoXplorer revealed several deregulated pathways in PNs, involved in various mitochondrial functions. Similarly to GO pathways analysis, OXPHOS was the most highly and significantly deregulated pathway in PNs (Figure 3B and Figure S2). In addition, transcripts from pathways such as Translation, ROS defense and Apoptosis were also overrepresented in PNs (Figure 3B). In contrast, no transcripts related to OXPHOS were significantly deregulated in GCs (Fig. 3B and Table S3). We then further validated using RT-qPCR experiments that subunits from Complexes I-IV were downregulated in PNs of Coq8a -/-mice (Figure 3C). As one of the highest deregulated transcripts was Cox6a2 (COXIV) (Cox4i1, Cox5b, Cox6a2), COXIV immunostaining showed a significant decrease in PN of 30 weeks old Coq8a -/-cerebellum compared to Ctrl animals (Figure 3D).

COQ8A deletion causes mitochondrial dysfunction and increased mitochondrial stress in PNs

To investigate mitochondrial dysfunction upon COQ8A deletion, we performed histoenzymatic reactions to visualize and quantify endogenous respiratory Complex I, II and IV activities in cerebellar slices of Coq8a -/-and Ctrl mice. All three respiratory complexes I, II and IV activities were found significantly decreased in PNs of Coq8a -/-mice compared to Ctrl at 30 weeks of age (Fig. 4A). These data prompted us to further evaluate mitochondria respiration and health status in Coq8a -/-and Ctrl primary cerebellar cultures. To measure the mitochondrial membrane potential, we used live imaging with the potentiometric dye tetramethyl-rhodamine methyl ester (TMRM) in primary cultures at DIV21. PNs from Coq8a -/- mice showed substantially decreased fluorescence intensity of TMRM compared to Ctrl PNs, indicating aberrant mitochondrial membrane potential (Figure 4B). In addition, to evaluate the mitochondrial oxidative stress levels, we used the mitochondrial superoxide indicator MitoSOX TM Red. Primary PNs from Coq8a -/-mice had significantly increased fluorescence intensity of MitoSOX TM Red, indicating elevated mitochondrial stress (Figure 4C). Altogether, these data demonstrate that COQ8A depletion in cerebellar PN leads to a mitochondrial dysfunction and increase mitochondrial oxidative stress.

COQ8A deletion causes Ca 2+ concentration alterations in PNs

Mitochondrial function and intracellular Ca 2+ homeostasis are tightly linked 47,49,186 . To evaluate if COQ8A deletion and the subsequent mitochondrial dysfunction would affect Ca 2+

homeostasis in PNs, we evaluated the expression levels of Ca 2+ related proteins previously described to be involved in cerebellar ataxias. Western blot and immunofluorescence experiments for Inositol 1,4,5-trisphosphate receptor type 1 (IP3R1), an endoplasmic reticulum (ER) Ca 2+ channel highly expressed in cerebellar PNs, was found more than two-fold decreased in Coq8a -/-mice compared to controls (Fig. 5A-B). Moreover, Western blot experiments on Pcp2-Cre;Coq8a -/-cerebellar extracts further validated the decreased levels of IP3R1 in Coq8a -/-PNs (Figure S3). On the other hand, the PNs-enriched ER calcium channel SERCA1 was not found to be deregulated in Coq8a -/-mice, demonstrating the specificity for pointing IP3R1 (Fig. 5C). To further explore Ca 2+ homeostasis in PNs, we evaluated the phosphorylation of CAMKIIa, a calmodulin-depended kinase which upon increased intracellular Ca 2+ levels auto-phosphorylates to become constitutively active. Although CAMKIIa expression levels were not changed, the phosphorylated form was found significantly increased in Coq8a -/-at 30 weeks of age, suggesting increased cytosolic Ca 2+ levels (Figure 5D). Interestingly, mitochondrial associated-ER membranes (MAMs), highly specialized subcellular compartments important for Ca 2+ transport and signaling, were found to be dilated and fragmented in PNs of Coq8a -/-animals (Figure 5E). Finally, to validate the altered Ca 2+ levels in Coq8a -/-PNs, we performed live Ca 2+ imaging using the next generation Ca 2+ probe Calbryte TM 520 in primary cerebellar cultures at DIV21. Upon stimulation with 30mM KCl, Coq8a -/-PNs exhibited more than 3-fold increased intracellular Ca 2+ levels compared to the Ctrl PNs (Figure 5F, S5). Altogether, these results indicate altered intracellular Ca 2+ concentration in Coq8a -/-PNs.

Altered glutamate pathways in Coq8a -/-mice cerebellum.

Glutamate neurotoxicity or alterations in its release and uptake are often reported in cerebellar ataxias 53,187,188 . Thus, we sought to determine the integrity of the glutamatergic synapses between PN and climbing fibers. The presynaptic glutamate transporter vGlut2 is expressed in the synaptic vesicles of climbing and mossy fibers and often serves as a marker of climbing fiber synapses with PN's dendrites. Immunofluorescence experiments revealed significantly decreased number of puncta/synapses in the cerebellum of Coq8a -/-mice at 30 weeks of age (Fig. 6A,B). Moreover, the territory of the climbing fibers in molecular layer was found significantly decreased in Coq8a -/-mice (Fig. 6C). vGLUT2 was also found significantly decreased by western blot analysis in Coq8a -/-mice cerebellum (Fig. 6D). In contrast, vGLUT1, the presynaptic glutamate transporters of the parallel fibers, showed no significant difference between Coq8a -/-and Ctrl mice (Figure 6D). Finally, vGAT, the presynaptic GABA transporter expressed in the presynaptic terminals of cerebellar interneurons, was also not found differentially expressed in Coq8a -/-cerebellar extracts (Fig 6D). To further investigate glutamate transport, we evaluated the expression levels of glutamate transporters in cerebellum. Although the expression of EAAT1, the glial glutamate transporter was not found altered, the expression levels of EAAT4, the PNs-specific glutamate transporter, were found significantly downregulated in Coq8a -/-mice cerebellum (Figure 6E). Altogether, these data indicate that vGLUT2 signal is specifically decreased, with PNs glutamate uptake defective in Coq8a -/-mice cerebellum. However, results from the Pcp2-Cre;Coq8a -/-mice show that this defect was independent of COQ8A depletion in PNs, and thus is probably adding to the phenotype (Figure S4).

CoQ10 rescues PNs cell number, morphology and mitochondria dysfunction in primary cerebellar cultures.

Although CoQ10 deficiency was not observed in the cerebellum of Coq8a -/-mice, (probably due to the complexity of the tissues and signal dilution by unaffected granule cells), considering the primary role of COQ8A in CoQ biosynthesis, we sought to determine if CoQ10 treatment could rescue the observed phenotype in PNs. Primary cerebellar cultures treated with 10 μM of CoQ10 showed a complete rescued of Coq8a -/-PNs number (Fig. 7A-B).

Furthermore, Coq8a -/-PNs treated with CoQ10 were indistinguishable in terms of number and morphology from Ctrl PNs (Fig. 7C-E). Moreover, CoQ10 treatment restored the mitochondrial membrane potential of Coq8a -/-PNs to levels similar to Ctrl PNs (Fig. 7A,F) and only partially recued the mitochondrial oxidative stress in Coq8a -/-PNs (Fig. 7A,G). Together, these results

give strong evidence defects in PN are primarily linked to CoQ deficiency.

Materials and methods

Mice and cell culture

Coq8a -/-mice deleted for exons 9-14 were generated by homologous recombination. Footprint Analysis (Linear Movement). The test was performed as previously described (Simon et al., 2004). Briefly, after coating of the hind and front feet with nontoxic ink, mice were allowed to walk through a tunnel (50×9×6 cm) with paper lining the floor. Five parameters were quantified: step length, the average distance of forward movement between alternate steps; σ, describing the regularity of step length; gait width, the average lateral distance between opposite left and right steps; alternation coefficient, describing the uniformity of step alternation; linearity, average change in angle between consecutive right-right steps. A high linearity score is indicative of nonlinear movement.

Primary Cerebellar cultures. Primary cerebellar cultures were generated from P0 Ctrl and

Coq8a -/-cerebellum as previously described 103,189 .

Immunofluorescence, electron and live imaging microscopy

Immunofluorescence. Whole brains from mice were extracted and perfused in 4% PFA overnight (ON). Brains were cryoprotected in 30% sucrose in PBS for 48 hours, embedded in OCT and snap frozen in dry ice-cold isopentane. Sections of 30µm were cut using Cryostat and floating IHC protocol was followed as previously described 10,190 . Thhe primary antibodies used are referred to the next section. Images were acquired using SP5 confocal and spinning disk LEICA microscopes.

Electron Microscopy. Animals were intracardiac perfused with 4% PFA. Tissues were fixed in 

Antibodies and Western Blots

An anti-Coq8a antibody (targeting the murine COQ8A protein) was generated in-house (IGBMC) against the following peptide: KQMTKTLNSDLGPHWRDKC.

Western blots were performed according to standard protocol, including separation of proteins by SDS Tris-Glycine PAGE. Antibodies were diluted as follows: anti-GAPDH (1/40000, Millipore), anti-COQ7 (1/1000, Santa cruz), anti-COQ5 (Proteintech 17453-1-AP, 1/1000), IP3R1 (Novus biologicals 1/1000), CAMKIIa (Millipore 1/1000), p-CAMKIIa (Millipore 1/1000), EAAT4 (Abcam 1/1000), EAAT1 (Abcam 1/1000), vGLUT2 (Millipore 1/3000), vGLUT1

(Millipore 1/3000), vGAT (Santa Cruz 1/1000).

Laser Capture Microdissection (LCM) coupled to RNA-seq

Laser capture microdissection of Purkinje neurons and granule cells was performed using Zeiss PALM MicroBeam. Fresh frozen cerebellar tissues embedded in OCT were cut sagittally at 12μm then fixed and stained according to Zeiss protocol. For each cell layer minimum of 3.000.000.000 μm2 were microdissected and RNA extraction was performed using RNAeasy micro kit from Qiagen (Cat No./ID: 74004).

Pre-processing of reads. Reads were preprocessed in order to remove adapter, polyA and lowquality sequences (Phred quality score below 20). After this preprocessing, reads shorter than 40 bases were discarded for further analysis. These preprocessing steps were performed using cutadapt version 1.10.

Mapping. Reads were mapped onto the mm10 assembly of Mus musculus genome using STAR version 2.5.3a.

Gene expression quantification was performed from uniquely aligned reads using htseq-count version 0.6.1p1, with annotations from Ensembl version 94 and "union" mode. Only nonambiguously assigned reads have been retained for further analyses.

Quantitative RT-qPCR

Total RNA was extracted from frozen tissues with the Precellys homogeniser (Bertin Technologies) and using TRI Reagent (MRC) according to the manufacturer's protocol. cDNA was generated by reverse transcription using the Transcriptor First strand cDNA synthesis kit (Roche). Quantitative RT-PCR was performed using the SYBR Green I Master (Roche) and light

Cycler 480 (Roche) with the primers described below. Gapdh or Hprt was used as internal standard for the quantification. Primers: cox4i1 F-TGAATGGAAGACAGTTGTGGG, R-

GATCGAAAGTATGAGGGATGGG, cox5b F-ACCCTAATCTAGTCCCGTCC, RCAGCCAAAACCAGATGACAG, Uqcrq F-GTGATCTCCTACAGCTTGTCG, R- CCCATGTGTAGATCAGGTAGAC, Ndufa7 F-GCTACTCGCGTTATCCAAAAG, R- TGTTGGACAGCTTGTGACTG, Hprt F-GTAATGATCAGTCAACGGGGGAC, R-

CCAGCAAGCTTGCAACCTTAACCA

Discussion

Primary CoQ deficiencies are characterized by an extraordinary range of tissue specificities and clinical severities for so far unknown reasons 163 . Variable expression of COQ proteins could reflect the increased tissue susceptibility of some a primary CoQ deficiency over another. The differential expression of COQ8A and COQ8B in cerebellum provide a molecular explanation for the specific PNs dysfunction observed in the Coq8a -/-mouse model and thus the cerebellar ataxia in patients. The very low levels or complete absence of COQ8B in PNs in addition to the high levels of COQ8A expression, could possibly explain the particular vulnerability of these neurons upon COQ8A deletion. The generation of Pcp2-Cre;Coq8a -/- mouse model and its resulting ataxic phenotype further solidifies the central role of PNs in COQ8A-ataxia's pathology. Pcp2-Cre;Coq8a -/-mice motor dysfunction started at the age of 15 weeks, a timepoint slightly delayed compared to the constitutive Coq8a -/-mice 147 . These data suggest that deletion of COQ8A in the other cells, and/or the muscles contribute to the motor phenotype in the constitutive knockout.

Our results demonstrate for the first time that COQ8A is necessary for PN's proper mitochondrial function. Consistent to our previous observations, the laser microdissection enrichment approach specifically showed that the number of deregulated transcripts in PNs Mitochondrial function and Ca 2+ signaling have been intimately linked. On one hand, Ca 2+ uptake by mitochondria is indispensable for their normal function, as increases in the

[Ca2+] within the mitochondrial matrix activates several dehydrogenases of the TCA cycle, resulting to increased respiratory rate, H+ and ATP production 47 . On the other hand, mitochondria protect neurons through uptake of cytosolic Ca 2+ bursts generated by neuronal activation [47][48][49]102 . The mechanism by which mitochondria absorb calcium is driven by the electron transport chain 47,49 . During respiration, the mitochondria translocate H+ ions across the inner mitochondrial membrane (IMM) in a reaction coupled to the generation of ATP. The resulting protons in the mitochondrial matrix are creating a negative electrochemical membrane potential (Δψm) which in turn is a very large driving force for Ca 2+ accumulation.

Therefore, any alteration on mitochondria respiration can ultimately lead to increased intracellular Ca 2+ levels.

Purkinje neurons are probably the neurons with the highest metabolic activity in the CNS 191 . They receive hundreds of thousands of glutamatergic synapses and in order to tightly maintain Ca 2+ homeostasis, they express a variety of Ca 2+ channels, Ca 2+-dependent kinases, phosphatases, and Ca 2+-binding proteins 52,97 . Defective mitochondrial function in PNs is followed by inefficient shaping of [CA2+] raises 102,103 . Thus, the interplay between proper mitochondria respiration and Ca 2+ absorption is extremely important for their function.

Conversely, mutations on calcium channels, glutamate receptors and mitochondria proteins are often associated with PNs dysfunction and ataxia 42,51,52,62 .

In this study we show for the first time that Coq8a -/-PNs are characterized by dysregulated Ca 2+ homeostasis, a cellular pathology encountered in many cerebellar ataxias.

Interestingly, we found decreased expression levels of IP3R1, the Ca 2+ channel involved in the pathology of most dominant and recessive ataxias. There are 3 known allosteric modulators of IP3R1 so far, IP3, Ca 2+ and ATP 192 . Although little is known about the regulation of IP3R1 by ATP, increased activation of glutamatergic synapses and IP3 release, as well as increased intracellular [Ca 2+ ] negatively regulate IP3R1 expression 62,[192][193][194] . Such mechanisms are protecting neurons from toxic levels of Ca 2+ , by desensitizing endoplasmic reticulum to Ca 2+ release. Interestingly, the observed dark cell degeneration of Coq8a -/-PNs 147 has also been shown to occur under mitochondrial dysfunction and the subsequent Ca 2+ deregulation in a mouse model of SCA28 103,195 . Thus, our results on glutamate release and recycling may indicate that glutamate might not be properly recycled in PNs synapses. The latter event could also contribute to increased Ca 2+ influx and IP3 release in PNs, further negatively regulating IP3R1.

Due to its antioxidant function, CoQ10 and its analogs such as Mito-Q have been used

for therapy in a variety of neurodegenerative disorders ranging from ataxias such as SCA1 to

Purkinson's disease and amyotrophic lateral sclerosis [167][168][169][170] . In contrast to the later neurodegenerative disorders, treatment with CoQ10 in CoQ10-defiencies targets the primary source of the pathology and not just to reduce the load of the toxic free radicals. Up to date, promising results are coming from studies reporting that CoQ10 supplementation can stop the progression of the encephalopathy, ataxia and nephrotic syndromes in patients with CoQ10 deficiencies 171,172,177,182,196 . In the largest study, 30 COQ8A-ataxia patients with various COQ8A mutations were treated with CoQ10 using a mean cumulative daily dose of 11 mg/kg/day 121 . Based on the clinical reports, 13/30 patients responded positively and 15/30 did not. Qualitative measurements of the treatment follow up showed improvement of ataxia, but also of tremor, dystonia, epilepsy, mental speed and muscle weakness 121 . The relatively high number of non-responders could be addressed by the poor biodistribution of pure CoQ10 in the CNS. In the present study, we demonstrated for the first time that direct application of 10 μM of CoQ10 on primary cerebellar cultures almost completely reverses the morphological and mitochondrial phenotype of Coq8a -/-PNs. The number and the complexity of Coq8a -/-PNs is indistinguishable to the Ctrl after CoQ10 application. Furthermore, CoQ10

completely rescued the mitochondrial membrane potential, and to a lesser extent, reduced the oxidative stress inside mitochondria. Our results suggest that blood brain barrier penetrant CoQ10 analogs could be very beneficial treatments for COQ8A-ataxia patients.

Author contribution: Habermann conducted data analysis.
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Figure1. RNA-sequencing after LCM in PNs and GCs. Representative images of immunofluorescence

on sagittal cerebellar slices from control (Ctrl) and Coq8a -/-mice at 30 weeks of age for COQ8A (A),

COQ7 (B), COQ5 (C) COQ8B (D). E) Western blot analysis on cerebellar extracts from control (Ctrl) and

Coq8a -/-mice at 30 weeks of age. 

0181). C) Measurement of the ratio between the length of vGLUT2 territory and the total ML length (n=6, mean ± SEM, Student t test, *p-value= 0.0168). D) Western blot experiments and quantifications for vGLUT2, vGLUT1 and vGAT, respectively (n=6, mean ± SEM, Student t test, *p-value=0.0161). E) Western blots for EAAT1 and EAAT4

and their quantification (n=6, mean ± SEM, Student t test, **p-value < 0.01). Additional Results -Candidates approach

The marker of glial cells activation GFAP is elevated in PNs of Coq8a -/-mice.

Activation of glial cells or "glial scaring" is a commonly observed consequence in neurodegenerative diseases, usually describing an early indication of neuroinflammation and excitotoxicity. To investigate if the deletion of COQ8A could lead to activation of glial cells in the cerebellum of Coq8a -/-mice, I performed immunofluorescence for GFAP, a marker of active astrocytes. At 30 weeks of age, Coq8a -/-mice showed increased intensity of GFAP staining compared to WT mice (Figure 24). Interestingly, the elevated signal was localized all along the PNs layer, most probably arising from Bergmann glia which are supporting synaptic and metabolic activity of PNs. 

Disturbed glutamate neurotransmission

Glutamate has a central role in cerebellar neurotransmission and disturbances in its homeostasis are known to cause excitotoxicity 46,197 . In addition, primary mutations in most of the components of glutamatergic neurotransmission are known to cause ataxias 8,53 . Thus, upstream of glutamate release, I performed immunofluorescence for vGLUT2, which is the vesicular glutamate transporter located exclusively at the synaptic vesicles of the climbing fibers at the CF-PNs synapses. As shown in the previous section (Manuscript Figure 5), the Ctrl Coq8a -/- CALB1 DAPI Merge GFAP number of vGLUT2 puncta was found to be significantly decreased in the Coq8a -/-mice at 30 weeks of age. To identify the timepoint where vGLUT2 disturbances occur, I performed vGLUT2 immunofluorescence and puncta counting at the earlier timepoints of 10 and 5 weeks of age. At 10 weeks of age, vGLUT2 puncta were found significantly decreased in Coq8a -/-mice (Figure 9A,B). In addition, western blot for vGLUT2 at 10 weeks of age also validated a slight but significant decreased vGLUT2 expression (Figure 25C). Fold change and significance was constantly lower at 10 weeks of age compared to 30 weeks of age, further indicating the progressive nature of the pathology upon COQ8A deletion (Manuscript Figure 5, Figure 25). Expression analysis on vGLUT1, the vesicular glutamate transporter expressed in cerebellar Parallel fibers, showed no difference at 30 or 10 weeks of age between Ctrl and Coq8a -/-mice (Figure 25D,E). These results are indicating a specific alteration of vGLUT2 at the CF-PNs level, either due to decreased expression or decreased number of synapses. Interestingly, vGLUT2 deficits have been also reported in mouse models of other ataxias such as SCA1, SCA7, SCA14, SCA23 97,198 . 

Glutamate receptors downregulated in Coq8a-/-mice

Immediately after release, glutamate exerts its signaling role by acting on glutamate receptors 199 . To determine the expression levels of glutamate receptors, I performed western blot on cerebellar tissue extracts from Coq8a -/-and Ctrl mice. GluRδ2 receptor whose primary mutations are found in Lurcher mouse and in SCAR18, was also found significantly decreased at 30 weeks of age (Figure 10B). Similarly, In Coq8a -/-mice, the expression levels of NMDAR1 subunit which is highly expressed in PNs was found significantly downregulated at 30 weeks of age (Figure 26C). However, expression analysis for the AMPA receptor subunit 1 which is also highly expressed in PNs showed no difference (Figure 26D). Similar results were obtained from metabotropic glutamate receptor 1a (mGLUR1) (data not shown). Overall, these data as well as the results shown in the manuscript Figure 5, are demonstrating altered expression of glutamate vesicular transporters, transporters and receptors in the cerebellum of Coq8a -/- mice. 

Additional results -Unbiased approach

Exploring RNA sequencing data from diverse tissues.

In parallel to our laser capture microdissection approach, I started analyzing some published Mass Spectrometry 147 , and unpublished RNA-sequencing data of the lab. The Mass Spectrometry analysis included data generated from 30 weeks old Cerebellum, muscle, heart and kidney tissues. Interestingly, the analysis showed unique dysregulation profile in every tissue. Nearly only the proteins from Complex Q were found to be commonly deregulated in these different tissues (Figure 27A). Similarly, RNA sequencing in Cerebellar and muscle tissues indicated mostly non overlapping deregulated transcripts (Figure 27B). Focusing my analysis of Mass Spectrometry data only in the cerebellum, I performed Gene Ontology (GO) pathways analysis using the online tool PANTHER. In agreement with the mitochondrial localization and function of COQ8A, results of GO showed as overrepresented deregulated pathways the electron transport chain and ATP synthesis, cell redox homeostasis, regulation of neuronal plasticity and chaperone mediated protein folding (Table 1).
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Table 1. Gene Ontology (GO) analysis for overrepresented pathways of Mass spectrometry data

from total cerebellum at 30 weeks of age.

Interestingly, GO analysis from total cerebellum RNA sequencing also revealed electron transport chain as an overrepresented pathway, as well as synaptic transmission and Ca 2+ regulation (Figure 28A,B). Overall, these data are indicating that COQ8A deletion affects cellular pathways such as mitochondrial function and synaptic activity/plasticity in both proteomic and transcriptomic levels (Results table 1, Figure 28A, B)

To our surprise, although overrepresented pathways were similar between the proteomic and transcriptomic analysis, the overlapping candidates between these two approaches were only a few. Moreover, probably due to the fact that COQ8A is highly expressed mostly in PNs, the majority of candidates had rather small fold changes. Based on our observations on PNs specific dysfunction, our hypothesis was that the cellular heterogeneity of the cerebellum and the low percentage (0.1%) of PNs, are masking the possible deregulation by diluting the signal.

As shown in the manuscript, to overcome this signal dilution and to better understand the pathways involved in the dysfunction of Purkinje neurons, I set up a laser capture microdissection protocol and used the PNs enriched samples for RNA-sequencing.

Laser Capture Microdissection of PNs for RNA-sequencing A gender balanced cohort of six wild-type and six Coq8a -/-mice was prepared at the age of 5 weeks. We chose this time point as it represents an early pre-symptomatic stage, offering the possibility to identify early candidates involved in the pathogenesis of ARCA2. To achieve high quantity and quality of RNA, I microdissected about 4.500.000 μm 2 of vermal PNs (Figure 29A). In parallel, for every cerebellum, the granule cells (that based on our observations so far seemed to be unaffected) were also microdissected to serve as controls (Figure 29A). After several optimizations, LCM for RNA isolation was set-up, with high RNA integrity number (Figure 29B). To validate the enrichment after LCM, I used part of the RNA from the samples to performed RT-qPCR on CALB1 (Figure 29C). Indeed, a more than threefold enrichment was observer, which is suitable for further PNs enriched transcriptomic analysis 200 . Expression analysis on total and microdissected cerebellum Thus, as a next step, I performed a brief expression analysis between the dysregulated genes found on microdissected PNs and GCs and total cerebellum. The number of resulted genes was substantially higher in PNs at 5 weeks compared even to the total cerebellum at 30 weeks of age (Figure 30A). Moreover, deregulated genes were considerably higher in PNs than in GCs at 5 weeks of age, with only a few overlapping genes between the two neuronal cell types (Figure 30B). GO analysis of the altered transcripts from microdissected PNs, indicated mitochondrial electron transport and ATP synthesis as highly overrepresented pathways (Manuscript Table S3). Interestingly, for GCs, no pathway analysis could be performed due to low number of deregulated transcripts. Discussion and perspectives.

About three years ago when this project started, the main objective was to understand the mechanisms underlying the specific dysfunction of PNs in Coq8a -/-cerebellum. At that time, our knowledge on the expression pattern of COQ proteins in cerebellum was incomplete, and all our information relied on in situ hybridization and immunoblots from total cerebellar extracts 147 . My hypothesis on the defect seen in PNs, was around the idea that COQ8A could have an unknown function, further away from mitochondria and the regulation of CoQ10 biosynthesis. The data available at that point were clearly showing that, although the levels of Complex Q proteins were decreased in Coq8a -/-mice cerebellum, the levels of CoQ10 were not. In contrast, muscle and liver tissue CoQ10 levels were found altered already at 5 weeks of age. Moreover, ultrastructure analysis of mitochondria from Coq8a -/-cerebellar neurons including PNs, were showing that their mitochondria shape, number and membrane structures were indifferent to those of Ctrl neurons. Further distracting was the fact that in the same ultrastructural analysis, the membranes of Golgi and ER but not of mitochondria, were swollen with multiple stacks of cristae. In addition, the available Mass spectrometry and RNA-seq data from the total cerebellum of Coq8a -/-mice were indicating an important A B number of candidates involved in retrograde vesicle transport from Golgi to ER, and recent published data from another laboratory were implying that the ortholog of COQ2 was also localized in Golgi except mitochondria in zebrafish 155 . Taking into consideration all the above facts, I was convinced that no mitochondrial or CoQ10 biosynthesis related dysfunction were responsible for the degeneration of PNs. Thus, I could say that the following results have changed our understanding on ARCA2 pathology and that today, three years later since the beginning this PhD, we have a substantially better picture on the mechanisms involved in PNsspecific degeneration.

Expression pattern of COQ proteins in Ctrl and Coq8a -/-mice

The important role of COQ8A for the mammalian Complex Q regulation and stability has been previously described 147 , however, the spatial expression of Complex Q proteins in cerebellum was unknown. Indeed, our immunofluorescence experiments have shown that COQ8A expression is more in PNs compared to GCs for example. At the same time, COQ8A expression is higher in PNs compared to the rest of the COQ proteins tested (Manuscript Figure 1). Thus, the high COQ8A expression in PNs could be indeed an indicator for the functional importance of this protein in this cell type. At the same time, the high COQ8A expression in PNs could explain the predominant cerebellar phenotype seen in ARCA2 patients after COQ8A mutations compared to other COQ deficiencies. We could speculate then, that the variability in the severity of the affected tissues in different primary CoQ10 deficiencies could correlate to the expression levels of the mutated protein in this particular tissue or cell types. This is also shown with COQ8B mutations/deletions which are responsible for a form of Steroid Resistant Nephroid Syndrome (SRNS), while the highest COQ8B expression is found in the podocytes of kidneys 179 . In contrast, the high expression levels of COQ8B in GCs layer shown here, together with the resistance of GCs upon COQ8A deletion, could point towards the direction that COQ8B expression in GCs is compensating the deletion of COQ8A. We were always hypothesizing based on the 61% homology between COQ8A and COQ8B that these two proteins could have redundant functions. Interestingly, a very recent publication indicated that COQ8B deletion is necessary for Complex Q integrity and mitochondrial function in mouse podocytes, data very similar to ours on the importance of COQ8A for PNs 176 . However, we could not ignore that despite their relative high sequence homology, the rest 39% could grant them unique specific functions. Nevertheless, data illustrating the expression pattern and tissue specificity of COQ proteins are crucial because until today, there

were not enough evidences explaining the variability of severity in different organs and tissues between primary COQ deficiencies. However, disease severity in COQ deficiencies could be relative not only to the expression pattern of the corresponding COQ protein, but also to the disruption of an essential enzymatic activity versus the loss of a general regulation of the complex. For example, the embryonic lethality of the Coq8b -/-mice, and the very strong renal phenotype in the podocyte-specific conditional Coq8b -/-mice could suggest that COQ8B

has not only a regulatory function in the Complex Q, but also an indispensable enzymatic activity 161,180 . Finally, the existence of very severe multisystemic forms of ARCA2 and other Mitochondrial dysfunction after COQ8A deletion.

The laser microdissection approach at the pre-symptomatic stage of 5 weeks enabled us to significantly enrich in PNs population. This enrichment led to the identification of a high number of deregulated transcripts specifically in these neurons, which by total RNA-seq could have been masked. Indeed, LCM is a suitable technique especially when needed to enrich on minor cellular populations which are forming well-structured and organized cellular layers 200,201 . Today, it would have been probably more interesting to perform Single Cell RNA-Sequencing instead. This is due to the fact that the Single Cell RNA-Sequencing results are free of contaminations form other cellular populations. However, other technical difficulties exist in Single Cell Sequencing, although such techniques are becoming commonly used and the technical problems are being overpassed. Nevertheless, our results indicated that PNs were specifically affected with deregulated pathways involving mainly mitochondrial respiration but also translation, and ROS defense. Many subunits from all the respiratory complexes were found significantly downregulated (Manuscript Figure 3, Table 1). These results at presymptomatic stages were validated in older mice cerebellar tissues, using histo-enzymatic stainings for four out of five complexes that were found deregulated (Manuscript Figure 4).

Interestingly, the highest downregulation in both enzymatic and transcriptomic approaches was observed for complex IV, whose function is CoQ10 independent. In addition, Cox6a2, the complex IV subunit which was the most downregulated is expressed considerably higher in PNs compared to GCs. For example, RPKM values for Cox6a2 in PNs were several thousand whereas for GCs were hardly attaining 10. This is important because Cox6a2 was also the most downregulated transcript in the RNA-sequencing experiment performed in the total cerebellum at 30 weeks of age. Thus, PNs seem to highly or exclusively express COX6a2 subunit which upon COQ8A deletion is strongly downregulated too. Importantly, in a recent study, COX6a1 was found to be a direct interactor of COQ8A in HEK293 and HepG2 human cell lines 202 . It is possible then, that instead of COX6A1, the COX6a2 subunit is expressed in PNs and due to the high homology with COX6A1, there is direct interaction between COQ8A and COX6a2 (Figure 31). shows that COQ8A is able to directly interact with a subunit of the respiratory complex IV 202 .

Moreover, it seems that mitochondria in different neuronal cells are expressing a variety of different proteins, such as COQ8A or OXPHOS related subunits. Indeed, it has been shown that mitochondrial proteome is adapted to the needs of the cell-type that they exist, and that they can highly modulate their expression profile 186,187 . Intriguing was also the fact that the laser microdissection approach resulted in no OXPHOS related and almost no other deregulated transcripts in Coq8a -/-GCs at 5 weeks of age. As explained in pervious sections it could be due to the compensation of COQ8B expression in.

At this point it would be interesting to generate a double knock out mice for COQ8A and COQ8B. However, most probably such a double knockout mouse line would be embryonic lethal 180 . In this case, crossings of the Coq8a -/-mouse line with a conditional GCs-specific Coq8a -/-mice showed strongly decreased dendrite's complexity compared to the Ctrl neurons.

However, the length or the thickness of the dendrites did not seem to be affected. Thus, dendrites of PNs in Coq8a -/-cerebellum could achieve their final length, but with decreased complexity. All my efforts on measuring dendrites complexity directly in the cerebellum of Coq8a -/-and Ctrl mice did not yield to any result. This was probably due to the already massive complexity of the ML by the numerous PNs existing in the cerebellum. In every analysis attempted, I found it difficult to reconstruct the dendritic arborizations of single PNs. Thus, I was unable to notice a possible reduction of the dendrite's complexity in Coq8a -/-mice.

Stainings such as Golgi could give a more representative image of dendrite's complexity in the cerebellar tissue, due to the resulting small number of stained neurons. However, the massive variability in the staining of even Ctrl PNs, made it impossible for me to draw any conclusions.

Intraperitoneal injections of low dose AAV9 vectors expressing GFP could be another solution.

The high tropism of these vectors to PNs in combination to a low dose would stain sparse and not adjacent PNs, reveling their dendritic arborizations.

Calcium deregulation in Coq8a -/-PNs.

As discussed in the introduction, mitochondria are necessary for shaping and buffering [Ca 2+ ] rises coming from neuronal activity. Especially in Purkinje neurons, Ca 2+ homeostasis is extremely important due to their hundreds of thousands excitatory glutamatergic synapses that they receive 191 . The result of this tremendous synaptic activity is a very rapid influx and removal of Ca 2+ ions. The importance of this tight Ca 2+ regulation is proven by the numerous Ca 2+ channels, transporters and calcium binding proteins that are highly expressed (e.g CALB1, CAMK2A, IP3R1, TRPC3 etc.). In addition, the importance of Ca2+ regulation in PNs is also indicated by the fact that most of mutations in glutamate receptors, transporters and Ca 2+ channels are responsible for cerebellar ataxias. Moreover, despite the primary mutations, in every cerebellar ataxia studied until today, a series of glutamate and calcium pathways are showing altered expression 46,50,52 . A great example is IP3R1. Although primary mutations in IP3R1 are causing SCA15/16 and SCA41, IP3R1 has been found downregulated in cerebellar tissue of patients and mouse models of most well studied ataxias, such as SCA1, SCA2, SCA3 and SCA7 46,50,52 . Similarly, in the Coq8a -/-mouse model, IP3R1 was found downregulated by both immunofluorescence and western blot experiments. While in SCA1, 2 and 3 the decreased IP3R1 expression levels was due to direct interaction between the poly-Q mutated proteins and IP3R1 46,50,52 , in Coq8a -/-mice, it remains unknown why IP3R1 was found downregulated. An explanation could involve an allosteric regulation of IP3R1 stability and activity through elevated Ca 2+ levels 49,60,62,[192][193][194] . Although little is known about the regulation of IP3R1 by Ca 2+ , it has been shown that excessive binding of Ca 2+ in the regulatory domain of IP3R1 reduced its activity while simultaneously increased its recycling 60,62,[192][193][194] .

Indeed, live imaging results showed that the levels of intracellular Ca 2+ are substantially increased in primary Coq8a -/-PNs compared to Ctrl after KCL stimulation. In addition, increased phosphorylation levels of CAMK2a also indicated an increase of Ca 2+ levels in the cerebellum of Coq8a -/-mice. Thus, the observed downregulation of IP3R1 could act as a protective mechanism against further Ca 2+ release from the ER, reducing the toxic consequences for the cell 60,62,[192][193][194]205 . For example, it has been shown that NMDA induced Ca 2+ entry, induced a dose-dependent neuronal death, which was significantly decreased by ER-Ca 2+ release inhibitors in cortical neurons as well as in organotypic slices 205 . Finally, IP3R1

is also known as an indispensable component of the Mitochondrial Associated Membranes (MAMs), the tunnels of communication between ER and mitochondria 47,49,206 . Calcium but also other molecules such as cholesterol and CoQ10 precursor amino-acids (tyrosine), are transferred from ER to mitochondria 47,206,207 . Recent published results demonstrated that Complex Q is localizing in MAMs suggesting that it may be part of the mitochondrial side of MAMs 153 . The functional hypothesis is that Complex Q localizes in a substrate dependent manner at the ER-mitochondria contact sites, to promote access to CoQ lipid intermediates coming from ER, for efficient CoQ production and distribution 153 . Noteworthy, ultrastructural analysis of PNs indicated that mitochondrial associated membranes had altered structures presenting enlarged -swollen spaces between the two organelles (Manuscript Figure 5).

Interestingly, increased intracellular Ca 2+ levels have been associated with defects and elevated ER-stress 205 . In addition, a recent publication indicated that deletion of Rmdn3 (also known as PTPIP51), a tether involved in calcium handling and lipid transfer between the endoplasmic reticulum (ER) and mitochondria, also induced reduced contact frequency and proximity between ER and mitochondria 204 . Nevertheless, whether COQ8A deletion and disruption of the Complex Q could also lead to a partial loss of MAMs integrity is something that remains to be investigated. For example, it would be very interesting to perform 97 . The input from the climbing fibers is so strong that a single action potential from a single fiber is capable of generating a prolonged complex depolarization (complex spike,) and therefore exerting enormous amount of control on PNs 97 . Noteworthy is the fact that CFs are responsible for the control of synaptic plasticity in PNs.

Of course, the PF-PN synapse is also clearly a very plastic synapse, however, neither the parallel fiber nor the PN have much control over this plasticity. The regulation of these processes seems to be mostly outsourced by the climbing fiber, which acts as a control switch 208 . Climbing fiber activation evokes complex spikes and, consequently, large dendritic calcium transients that are triggering postsynaptic PF-LTD induction, whereas the absence of complex spikes during climbing fiber inactivity leads to the induction of postsynaptic PF-LTP 97,98,191 .

Changes in climbing fibers (over or under activation) can therefore lead to altered synaptic plasticity and cause an ataxic phenotype 97,98 . It would be very interesting to characterize complex spikes and synaptic plasticity of Coq8a -/-PNs by performing electrophysiological measurements on acute cerebellar slices. Unfortunately, previous collaborative efforts to patch Coq8a -/-PNs were unsuccessful, maybe due to the membrane related phenotype of the neurons.

Importantly, after climbing fibers activation and glutamate release there are at least three types of glutamate receptors present: AMPA receptors, NMDA receptors and mGluRs. The AMPA receptors located at the CF-PΝ do not directly contribute to the PΝ calcium surge, because they contain the GluD2 subunit, which makes them impermeable to Ca 2+ 97,209 .

However, NMDA receptors are permeable to Ca 2+ and contribute to the postsynaptic Ca 2+

influx which is also associated with climbing fiber activation 97,210,211 . Interestingly, the PNs predominantly expressed NMDAR1 subunit was found downregulated in 30 weeks Coq8a In addition, in my investigation for altered glutamate receptors, the orphan glutamate receptor GluRδ2 was also found to be significantly downregulated in Coq8a -/-PNs. Μutations of GluRδ2 are responsibe for SCA18 in humans and the spontaneously ataxic Lurcher mice.

GluRδ2 is also known to be involved in CF-and PF-PNs synapses maturation while when mutated, it results to altered LTD and CF multi innervation in PNs. It is difficult to assume why GluRδ2 is downregulated in Coq8a -/-mice cerebellum, however I could speculate that again, a negative feedback protective mechanism against Ca 2+ toxicity is involved. GluRδ2 as component of the GluRδ2-mGluR1a-PKCγ-TRPC3 is known to facilitate Ca 2+ and Na+ influx 65 .

For example, mutated GluRδ2 PNs in Lurcher mice have a high membrane depolarized resting potential due to the large inward currents from the continuous Na+ and Ca 2+ influx, through the constitutively open mutated GluRδ2 receptors even in the absence of ligand binding 52,65 .

Finally, the expression levels of the PNs-specific glutamate transporter EAAT4 were found downregulated whereas the expression levels of the glial-expressed EAAT1 were unchanged.

EAATs are responsible for the maintenance of low extracellular glutamate levels which prevents excitotoxicity and uncontrollable influx of Ca 2+ in the postsynaptic neurons 216 .

Several studies have implicated decreased levels of EAAT4 in the pathogenesis of spinocerebellar ataxias such as SCA1,5,7 68,217 . It is interesting that a recent study showed that both transporters have differential effects on PNs survival. The Zebrin-negative (which are also EAAT4 negative) PNs are more vulnerable to loss of EAAT1, and the zebrin-positive (which are also EAAT4 positive) PNs are more vulnerable to the loss of EAAT4 10 . Therefore, since EAAT4 was found altered in Coq8a -/-mice cerebellum, it would be interesting to investigate whether the PNs dysfunction that we observe is more prominent in Zebrin II positive PNs.

Thus, double immunofluorescence experiments in Coq8a -/-cerebellum using Zebrin II antibody in combination with any other altered candidate such as vGLUT2, or even IP3R1 could reveal a correlation between sensitive and more resistant PN layers.

Rescue of Coq8a-/-primary neurons using CoQ10

CoQ10 and CoQ10 analogs have been extensively used as antioxidants and promoters of mitochondrial health in several neurodegenerative disorders, such Parkinson disease, Huntington disease, amyotrophic lateral sclerosis, Alzheimer's disease and SCA1 168,218,219 .

Because of its facility at undergoing redox reactions, CoQ10 has an indispensable role in OXPHOS and in mitochondrial ROS defense [219][220][221] . Importantly, CoQ10 is the only endogenously synthesized lipid-soluble antioxidant, giving it unique roles in the membranes.

The endogenous synthesis is also contributing to the lack of major toxicity to CoQ10 supplementation even in high doses 218 . In addition to the later, the general positive research and clinical data have made CoQ10 a widely used therapy for mitochondrial and neurodegenerative disorders 222,223 . Particularly in primary CoQ10 deficiencies, CoQ10 supplementation is not only acting as a potent antioxidant but it directly targets the suggested source of the pathology. As mentioned in the introduction section, there is a handful number of studies showing the beneficial effects on CoQ10 supplementation in primary CoQ10 deficiencies 121,133,161,[171][172][173]175 . Notably promising are the results of CoQ10 in the renal and muscular pathology of CoQ10 deficiencies 171,172,182 . In addition, studies using yeast and cellular COQ-null models have shown impressive results after CoQ10 supplementation 174- 176,178,182,196,224 . For example, regarding the cerebellar and cerebral aspects in CoQ10 deficiencies such as ataxia, encephalopathy, seizures and tremors, CoQ10 supplementation studies have shown more mitigated results 121,133,173 . For example, although CoQ10 had a beneficial role in many ARCA2 patients by improving ataxia, tremor, dystonia, epilepsy and mental speed, there was always a significant part of treated patients characterized as nonresponders to the CoQ10 treatment 121,133 . Interestingly, in these studies on CoQ10 therapy, a few mutations recurred often in the responders group, maybe suggesting that the type of mutation could also play a role in the treatment efficiency. However, the rest of the mutations were equally represented in responders and non-responders and thus not enough data exist in order to draw conclusions on the genotype-therapy correlation 133 . Based on our knowledge on CoQ10 biodistribution and its lipophilic nature, the high number of nonresponders could be most probably associated to poor availability of CoQ10 in the central nervous system. The extent of coenzyme CoQ10 passage across the blood-brain barrier remains controversial. Oral administration of co-enzyme CoQ10 in mice and rats (200 mg/day) resulted in significantly increased levels (up to 30%) of CoQ10 in the brain compared to controls 167,225 . When CoQ10 was given intra-peritoneally to rats, it was detectable in the brain although in much lower concentrations than in liver, spleen, white blood cells, and other tissues 167,225 . To our knowledge, central nervous system penetration of oral CoQ10 has not been evaluated in humans, although levels in the CSF can be determined. Thus, biodistribution studies on CoQ10 and CoQ10 analogs are missing in the field of neurosciences.

Nevertheless, the results using CoQ10 on Coq8a -/-primary cerebellar cultures clearly indicated that CoQ10 consists a very effective treatment on the cellular pathology of Coq8a -/-PNs. 10 μM of CoQ10 rescued Coq8a -/-PNs number, morphology, the mitochondrial membrane potential and oxidative stress. Thus, this study is contributing to the so far debated topic on the potential of CoQ10 as a treatment for the neuronal phenotype of ARCA2 and maybe the rest of CoQ10 deficiencies and is further indicating the need of CoQ10 analogs or delivery methods that are passing the blood brain barrier.

Treatment of Coq8a -/-mice using CoQ 10 or Ceftriaxone.

Based on the promising results of CoQ10 treatment in Coq8a -/-primary PNs, it would very important to use CoQ10 as a therapeutic approach for Coq8a -/-mice as well. Gender balanced cohorts of Ctrl and Coq8a -/-mice could be used for application of about 200 mg/kg of CoQ10 for a period of 30 weeks 167,225 . During the treatment period, monthly behavioral experiments such as rotarod, footprint and bar-test could be performed in order to compare the performance between the Ctrl and treated groups. By the time-point of 30 weeks, where a possible effect of the drug should be already noticeable, the mice could be sacrificed and their Finally, as mentioned in the introduction part, Ca 2+ stabilizers and chelators have been extensively used for the treatment of neurodegenerative disorders including ataxias.

Recently, Ceftriaxone has been shown to be one of the most promising compounds for the reduction of glutamate excitotoxicity, the restoration of intracellular Ca2+ levels and ultimately the alleviation of motor deficits in mouse models of ataxias and other neurodegenerative disorders 103,[226][227][228][229][230][231] . In the case of Coq8a -/-mice, the increased expression of the glial glutamate transporter EAAT2 by ceftriaxone, could maybe counter-act the decreased expression of EAAT4 glutamate transporters found in the cerebellum of Coq8a -/- mice (Manuscript Figure 7). Moreover, Ceftriaxone could reduce the intracellular Ca 2+ load through the reduction of the available glutamate in the synaptic clefts of Coq8a -/-PNs. Thus, similarly to CoQ10 treatment, gender balanced cohorts of Ctrl and Coq8a -/-mice could be used for application of daily 200 mg/Kg of Ceftriaxone 195 . As it has been previously reported, the treatment could be applied for 5 consecutive days with repetition in every two months for 30 weeks. Monthly behavioral experiments could be performed for the assessment of the motor behavior of the treated versus the Ctrl mice. Finally, treated and Ctrl mice could be sacrificed in order to evaluate the expression levels important deregulated Ca 2+ -related candidates such as IP3R1 and the phosphorylation levels of CAMK2a.

Hopefully, the results produced on either CoQ10 or Ceftriaxone treatment in Coq8a -/-mice could help for the design of studies targeting the translation of these therapies in humans with ARCA2. 

ANEXES

Résumé en Français

Résumé en anglais

Autosomal recessive cerebellar ataxia 2, or ARCA2 is a rare form of neurodegenerative disorder due to mutations on the gene COQ8A. The encoded protein is involved in the regulation of the mitochondrial biosynthesis of Coenzyme Q10 (CoQ10). From previous studies, histological and functional analysis on the cerebellar Purkinje neurons (PNs) of the ataxic Coq8a-/-mice indicated specific alterations involving dark cell degeneration and altered electrophysiological function. In our study, we are showing that COQ8A is highly expressed in PNs neurons whereas its closest paralog COQ8B is expressed in cerebellar granule cells (GCs). Moreover, we are demonstrating that deletion of COQ8A specifically in PNs is enough to cause cerebellar ataxia and motor deficits in PN-specific Coq8a-/-mouse model. By employing a laser capture microdissection (LCM) coupled to RNA-sequencing, we are indicating that the underlying mechanism of the Coq8a-/-PNs -specific degeneration involves mitochondrial dysfunction that precedes the ataxic phenotype. Furthermore, Coq8a-/-PNs present abnormal dendritic arborizations, oxidative stress and altered Ca2+ homeostasis. Finally, application of 10um CoQ10 rescues the mitochondrial and morphological phenotype of Coq8a-/-primary cerebellar PNs, suggesting that CoQ10 could be a beneficial treatment for ARCA2, while underlying the importance of CoQ10 analogs with increased biodistribution in the brain.

Mots clés : ARCA2, Ataxia, Purkinje Neurons, COQ8A, CoQ10, Mitochondria, Calcium, Therapy
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 1 Figure 1. The position of human cerebellum (Adapted from kenhub.com).

Figure 2 .

 2 Figure 2. Gross anatomy of the cerebellum. A) Overview of the cerebellar cortex and the different areas. B) Deep cerebellar nuclei. From left to right: Dentate nuclei, interposed nuclei and fastigial nuclei. Adapted from kenhub.com.

Figure 3 .

 3 Figure 3. Simplified design of the afferent and efferent pathways of the cerebellum.

Figure 4 .

 4 Figure 4. Unfolded view of the cerebellar cortex showing lobes, fissures, lobules, along with the cerebellar somatotopy 7 .

Figure 5 .

 5 Figure 5. The cerebellar cortex and its connections (Left) Sagittal histologic section of the mouse cerebellum. (Right) Schematic diagram of cerebellar cortex and cerebellar neural circuitry. DN: deep cerebellar nucleus, Go: Golgi cell, GC: granule cell, IN: molecular layer inhibitory interneuron, IO: inferior olive, MF: mossy fibers, PN: Purkinje neuron (Modified from 4).

  contains mainly Purkinje cell bodies, but it also contains Bergmann glia supporting the function of Purkinje neurons. The axons of Purkinje neurons traverse the white matter to form connections with the deep cerebellar nuclei in a characteristic lateral to medial way. The only exception are the Purkinje neurons from the flocculonodular lobe, that form connections with vestibular nucleus directly, bypassing the deep cerebellar nuclei.The most superficial layer of the cerebellar cortex is called the molecular layer and consists of long and highly branched dendritic trees of Purkinje cells, two types of inhibitory interneurons called stellate and basket cells, and the axons of the granule cells that ascend to the molecular layer. These axons split in a characteristic "T" conformation to form parallel DN ) which make hundreds of thousands of synaptic contacts with the dendritic tress of the Purkinje cells as they move horizontally in the molecular layer (Figure5) 2 . The activity of these fibers generates the so-called simple spikes of the Purkinje cells. Parallel Fibers of Granule cells also target Golgi cells before leaving the granule cell layer, and Stellate cells and Basket cells in molecular layer. Stellate and Basket cells also form inhibitory GABAergic synapses onto Purkinje cell dendrites and cell bodies. The second excitatory input of the cerebellum arrives in the molecular layer from the climbing fibers (CF) (Figure5)[1][2][3][4][5][6]8 . They originate exclusively from the Inferior Olivary Nucleus (IO), and they form synapses directly with the Purkinje neuron dendrites. Each climbing fiber innervates up to approximately 10 closely placed Purkinje cells. However, in contrast to the parallel fibers, each Purkinje cell is exclusively innervated by the terminals of a single climbing fiber. Climbing fibers "climb" the dendritic tree of the Purkinje cells, making hundreds of synaptic connections 9 . The input from the climbing fibers is so strong that a single action potential from a single fiber is capable of generating a prolonged complex depolarization of the Purkinje cell, the so-called complex spike. Purkinje cells receive climbing fiber inputs from specific clusters of neurons from Inferior Olive. Collaterals of these climbing fibers are also innervating specific clusters of deep cerebellar nuclei neurons. In turn, Purkinje cells project to the same cell clusters of the deep cerebellar nuclei neurons, whose part of their output projects back to the same cluster of

Figure 6 .

 6 Figure 6. The circuity organization of cerebellum into closed loops called microzones 2 . The cerebellar cortex is subdivided into three layers, which contain different fibers and types of excitatory and inhibitory neurons (the signs indicate the excitatory or inhibitory nature of the cell or fiber). A cortical microzone is connected to IO and DCN forming a closed loop. Purkinje cells receive climbing fiber inputs from specific clusters of neurons from Inferior Olive. Collaterals of these climbing fibers are also innervating specific clusters of deep cerebellar nuclei neurons. In turn, Purkinje cells project to the same cell clusters of the deep cerebellar nuclei neurons, whose part of their output projects back to the same cluster of Inferior Olivary neurons (Modified from 2 ).

4 )

 4 speech disorders(slow, incoherent, slurred) Less frequently the Irritative Cerebellar Syndrome occurs with:

Finally

  , dysfunction of the cerebrocerebellum causes disturbances in carrying out planned voluntary movements and higher cognitive functions. It is often referred as Cognitiveaffective syndrome. These include:

Figure 8 .

 8 Figure 8. Ataxias caused by mutations in components of Ca2+ signaling in Purkinje neurons.

  the m-AAA complex to favor association with the MCU contributing to the regulation of the basal mitochondrial Ca 2+ concentration 100 . Similar to SPG7, AFG3L2 is also a part of the m-AAA complex in the inner mitochondrial membrane. Interestingly mutations in AFG3L2 are responsible for two forms of ataxias, a dominant and a recessive one (SCA28 and SPAX5, respectively) 101 . Both types are involving mitochondria deficits associated with decreased respiration and dynamics, ultimately leading also to elevated intracellular Ca 2+ levels 102,103 .Autosomal-recessive spastic ataxia of Charlevoix-Saguenay or ARSACs is another interesting type of Cerebellar ataxia leading to mitochondrial impairment. Although sacsin (SACs) is a cytosolic chaperon protein involved in the dynamics of intermediate filaments, when mutated it has been shown to alter drastically the function of mitochondria[104][105][106] . The molecular hallmark of ARSACs is the accumulation of neurofilaments in neurons, which in turn causes defects in mitochondria transport, fission/fusion, respiration, autophagy and mitophagy 106 . Moreover, the synapses of purkinje neurons from the ARSACs mouse model are presenting decreased number of synapse-located mitochondrial leading to altered Ca 2+ buffering and increased intracellular Ca 2+ levels (unpublished data. Oral communication with Dr. Francesca Maltecca).

Figure 9 .

 9 Figure 9. Schematic representation of the proposed function of Coq8 (yeast homolog of COQ8A) and Complex Q in MAMs. The Complex Q placed close to MAMs achieves high availability of CoQ10 precursors from the ER. Coq8 is hydrolyzing ATP to pull the hydrophobic CoQ10 precursors from MIM in order to be further modified by Complex Q.

Figure 10 .

 10 Figure 10. Biochemistry of CoQ10 biosynthesis in yeasts and Humans 164 . Scheme of eukaryotic CoQ biosynthesis with currently unidentified enzymes indicated by circled question marks. The primary CoQ pathway, which is conserved from yeast to humans, is depicted. '+' symbol by the arrow from COQ8 and COQ9 indicates a hypothesized supportive role for the indicated reaction. Abbreviations: 4-HBz, 4hydroxybenzaldehyde; 4-HPP, 4-hydroxyphenylpyruvate; AADAT, mitochondrial alpha-aminoadipate amino-transferase; ALDH3A1, aldehyde dehydrogenase 3A1; DDMQ, demethoxy-demethyl-coenzyme Q; DMQ, demethoxy-coenzyme Q; DMeQ, demethyl-coenzyme Q; DMAPP, dimethylallyl pyrophosphate; FDX2 (FDX1L), mitochondrial ferredoxin 2 (ferredoxin 1-like); FDXR, adrenodoxin reductase; FPP, farnesyl pyrophosphate; GPP, geranyl pyrophosphate; IPP, isopentenyl pyrophosphate; PDSS1, prenyl (decaprenyl) diphosphate synthase subunit 1; PPDHB, polyprenyl-dihydroxybenzoate; PPHB, polyprenyl-hydroxybenzoate; PPVA, polyprenyl-vanillic acid; TAT, tyrosine aminotransferase. (Adapted and modified from 164 ).

Figure 11 .

 11 Figure 11. Histological and ultrastructural pathology of Coq8a -/-PNs. A) Hematoxylin and eosin (H&E) (top) and Nissl staining (bottom) of cerebellar sections of 15-and 40-week-old mice, respectively. *Shrunken Purkinje neurons. The scale bar represents 20 mm. B) Electron microscopy of 30-week-old cerebella. G, Golgi apparatus. *Dilated Golgi. The scale bars represent 5 mm (top) and 1 mm (bottom).

  Pcp2-Cre;Coq8a -/-mice were generated by crossing conditional Coq8a Flox/Flox mice with Pcp2-Cre expressing mice. Housing animal facility was controlled for temperature and humidity, with a 12 hours light/dark cycle and free access to water and a standard rodent chow (D03, SAFE, Villemoisson-sur-Orge, France). All animal procedures and experiments were approved by the local ethical committee for Animal Care and Use (APAFIS#4217-2016022318157919). They were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health).Accelerating Rotarod. Coordination, balance, and motor skill acquisition were tested using an accelerating rotating rod (Panlab, Barcelona, Spain) test as described previously(Clark et al., 1997). Briefly, mice were placed on the rod in 4 trials every day for a period of 4 days (10 WT and 10 Coq8a -/-mutants). The rod accelerated from 4 rpm to 40 rpm in 5 min and remained at maximum speed for the next 5 min. Animals were scored for their latency to fall for each trial and rested a minimum of 10 min between trials to avoid fatigue. Results were analyzed by a repeated-measure ANOVA test considering three factors: days (fixed); genotype (fixed); animals (variable), nested in genotype and crossed with days.

  are substantially more compared to GCs. Already at this early and pre-symptomatic stage, Gene ontology (GO) and MitoXplorer pathways analysis showed dysfunctional mitochondrial respiration, translation, ROS defense and apoptosis exclusively in PNs, further supporting that COQ8B could substitute COQ8A in GCs. Interestingly, recent published data are demonstrating that COQ8B deletion is destabilizing Complex Q and causing mitochondrial membrane potential defects with elevated ROS in mouse podocytes 183 . Altogether, our results are demonstrating the unique role of COQ8A for the proper function of mitochondria in PNs.

  Manolaras and H. Puccio conceived the project and wrote the manuscript. I. Manolaras conducted and analyzed the experiments. L. Reutenauer managed mice production. N. Messaddeq performed transmitted electron microscopy. O. Griso conducted experiments, B.

Figure 2 .

 2 Figure 2. Coq8a-/-deletion in PNs causes ataxia and alters their morphology . A) Accerelating rotarod retention time from 10 weeks until 25 weeks in PCP2-Cre;Coq8a -/-and Ctrl animals (females n=12,

Figure 3 .Figure 4 .

 34 Figure 3. RNA-sequencing after LCM in PNs and GCs. A) Venn diagram for the comparison of significantly deregulated transcripts after RNA-Sequencing of Laser Capture Microdissection (LCM) of PNs and GCs from Ctrl and Coq8a -/-mice (n=6) at the pre-symptomatic stage of 5 weeks of age. Number of deregulated transcripts are substantially higher for PNs compared to GCs. B) Graphical illustration of the deregulated genes found in PNs and GCs of Coq8a -/-mice, grouped in 35 mitochondrial pathways using MitoXplorer tool. Red or blue color represents down-or up-regulation of the transcripts and the size of the circle shows the fold change of the transcripts. C) RT-qPCR validation of the deregulated transcripts involved in ATP synthesis. n=6, mean ± SEM, Student t test, ***p-value<0.001. D) Immunofluorescence using COXIV antibody and quantification of fluorescence intensity in PNs from cerebellar slices at 30 weeks of age.

Figure 5 .

 5 Figure 5. Live Ca2+ imaging in primary Coq8a-/-cerebellar cultures. A) Double immunofluorescence using CALB1 and IP3R1 antibodies in Ctrl and Coq8a -/-cerebellum from mice at 30 weeks of age (Scale bars = 25 um). B,C,D) Western blot for IP3R, SERCA1 and p-CAMKIIa (n=6, mean ± SEM , Student t test,**p-value <0.01). E) Electron microscopy from Ctrl and Coq8a -/-PNs at 30 weeks of age (Scale bars

Figure 6 .

 6 Figure 6. COQ8A deletion alters the expression of glutamate transporters. A) Double immunofluorescence using CALB1 and vGLUT2 antibodies in Ctrl and Coq8a -/-cerebellum from mice at 30 weeks of age (Scale bars = 25 um). B) Number of vGLUT2 synapses in the molecular layer (ML) of Ctrl and Coq8a -/-mice (n=6, mean ± SEM, Student t test, *p-value=0.0181). C) Measurement of the

Figure 7 .PNs

 7 Figure 7. Rescue of primary PNs using CoQ10. A-E) Immunofluorescence using CALB1 antibody in Ctrl,Coq8a -/-and Coq8a -/-+CoQ10 primary cultures at DIV21(Scale bar = 25 um). Effect of 10 μm CoQ10

Figure S1 .Figure S2 .

 S1S2 Figure S1. Specific deletion of COQ8A in PNs of Pcp2-Cre;Coq8a-/-mice. Immunofluorescence using COQ8A antibody in sagittal cerebellar slices of Ctrl and Pcp2-Cre;Coq8a -/-mice.

Figure S5 .

 S5 Figure S5. Live Ca2+ imaging in primary Coq8a-/-cerebellar cultures. Live Ca 2+ imaging using Calbryte520TM in primary Coq8a -/-cerebellar cultures at DIV21. Acquisitions indicate the Ca 2+ response of the primary cultures before, during and after stimulation with 30 mM KCl. Ctrl and Coq8a -/-PNs are indicated.

Figure 12 .

 12 Figure 12. Glial scaring in PNs layer. Immunofluorescence using GFAP antibody on Coq8a -/-and Ctrl mice.

Figure 13 .

 13 Figure 13. Vesicular Glutamate Transporters. A,B) Immunofluorescence and synapses quantification for vGLUT2 at 10 weeks of age (n=5 per genotype,* p-value = 0.0152). C) Western blot and relative quantification for vGLUT2 at 10 weeks of age (n = 6 per genotype, * p value = 0.036). D,E) Immunofluorescence and western blot experiments for vGLUT1 at 30 and 10 weeks of age.

Figure 14 .

 14 Figure 14. Glutamate receptors. A) In situ hybridization experiment from Allen Brain Atlas showing the expression profiles of GluRδ2, NMDA and AMPA receptors subunits. GluRδ2 and AMPAR1 subunit are exclusively expressed in PNs. NMDA1 receptor subunit is highly enriched in PNs. B) Western blot for GluRδ2 (n=6, Student t test, **p value = 0.0054). C) Western blot for NMDAR1 (n=6, Student t test,* p value = 0.035). D) Western blot for AMPAR1 (p-value = n.s).

  These results are clearly indicating that the molecular signature upon COQ8A deletion varies among different tissues, further implying specific needs for COQ8A and CoQ10 biosynthesis in different cell types and tissues.

Figure 15 .

 15 Figure 15. Omics data from different tissues. A) Venn diagram of Mass spectrometry significantly deregulated results from heart, muscle, kidney and Cerebellum. Candidates are not overlapping in different tissues. B) RNA-Sequencing from total cerebellum and muscle. Again, the vast majority of deregulated transcripts are unique for the two different tissues.

Figure 16 .

 16 Figure 16. GO analysis for overrepresented pathways of RNA-Sequencing data from total cerebellum. Pathways resulting from RNA-sequencing data from total cerebellum at 30 weeks of age. B) RPKM values from deregulated candidates included in the indicated GO overrepresented pathways.

Figure 17 .

 17 Figure 17. Laser Capture Miscrodissection LCM on cerebellar cortex. A) Representative image during laser capture microdissetion of PNs and GCs. B) RNA Integrity Number (RIN) after RNA extraction of laser microdissected PNs. C) RT-qPCR Enrichment of Calb1 expression from total cerebellum and microdissected PNs of Ctrl mice at 5 weeks of age.

Figure 18 .

 18 Figure 18. Comparison of different RNA-sequencing data. A) Venn diagram comparing the number of dysregulated transcripts in total cerebellum and LCM-PNs of Coq8a -/-mice. B) Venn diagram comparing the number of dysregulated transcripts in LCM-PNs and LCM-GCs of Coq8a -/-mice.

  CoQ deficiencies, or the differences in disease severity of the same mutations is still reminding us that other factors and mechanisms other than the expression pattern, the type of the mutation, and the enzymatic activity of the mutated protein are underlying these pathologies.Nevertheless, based on the expression pattern of COQ proteins and the particular vulnerability of PNs upon COQ8A deletion, it would be interesting to over-express COQ8B in PNs of Coq8a -/-mice or primary cerebellar cultures. Western blot and immunofluorescence experiments could demonstrate if the expression levels of COQ proteins can be rescued in PNs after COQ8B overexpression using AAV viruses for example. These experiments would shed light not only on the functional homology of COQ8A and COQ8B or the interaction of COQ8B with the rest of the Complex Q (as It has been previously showed in yeasts) , but also if COQ8B could rescue the Ataxic and cellular phenotype of Coq8a -/-mice and primary cerebellar cultures.Finally, It would also be interesting to study the effect of CoQ10 on the integrity of the mammalian Complex Q. Interestingly, He et al., demonstrated that CoQ10 supplementation rescued the Complex Q in yeast COQ-null mutants, in a similar way to COQ8A overexpression 146 . Thus, CoQ10 supplementation could on its own maintain the integrity of the mammalian Complex Q in Coq8a -/-mice or primary cerebellar cultures.

Figure 31 .

 31 Figure 31. Alignment of COX6a1 and COX6a2 using Protein Blast tool of NCBI.

Coq8b

  -/-mice could generate a double knock out line only for GCs, with decreased chances to be embryonic lethal. If immunofluorescence experiments or RT-qPCR from LCM-GCs demonstrate a downregulation of respiratory complexes in the double knock out GCs, indeed COQ8B is the reason for the mitochondrial resistance of GCs in Coq8a -/-mice. Of course, such experiments are complementary to the COQ8B over-expression in Coq8a -/-PNs using AAVs that is proposed in the above section. In the same way, COQ8B overexpression in PNs could rescue the downregulation of respiratory complexes. These experiments could very well demonstrate if COQ8B can functionally replace COQ8A and would definitely shed light into the mechanism of PNs specific degeneration in the cerebellum of Coq8a -/-mice. Mitochondrial dysfunction has also been linked to PNs altered dendritic complexity 104-106 . Interestingly, dysfunctional mitochondria in Sacsin depleted neurons were shown to accumulate in the soma and proximal dendrites 104 . The disruption of mitochondrial function and transport into dendrites of Sacsin depleted neurons led to abnormal dendritic morphology, but also to striking alterations in the organization of dendritic fields that preceded Purkinje cell death 104 . It would be interesting to perform a similar analysis on mitochondrial number and localization in Coq8a -/-PNs since in our study, primary PNs from COX6a1 COX6a2

  cerebellum to be extracted. The measurement of CoQ10 in cerebellum using HPLC would indicate the increased levels of CoQ10 in the treated Ctrl and Coq8a -/-mice compared to nontreated controls. Then, protein and RNA extraction from the cerebellum could be used in order to perform western blot and RT-qPCR experiments for the expression levels of COQ proteins 146 . The comparison of the treated and non-treated groups of mice could show if CoQ10 by itself could stabilize the mammalian Complex Q as it has been previously shown in yeast models of CoQ deficiencies 146 . As a next step, it would be very interesting to perform histo-enzymatic essays for the activity of respiratory complexes such as COXI, COXII/SDH and COXIV in sagittal cerebellar sections. This particular experiment could specifically indicate if CoQ10-treated Coq8a -/-PNs have improved activity of respiratory complexes compared to non-treated littermates. Finally, evaluation of the expression levels of important deregulated candidates such as vGLUT2 and IP3R1 as well as the phosphorylation levels of CAMK2a would indicate if the possible improvement of mitochondrial function from CoQ10-treatment could restore their expression pattern.

Introduction

  ARCA2 (autosomal recessive cerebellar ataxia type 2) est une forme rare d'ataxie cérébelleuse progressive d'apparition précoce, avec environ 60 familles rapportées à ce jour.Elle est le résultat de mutations du gène COQ8A / ADCK3 conduisant à une perte de fonction de la protéine COQ8A, qui est impliquée dans la régulation de la biosynthèse du coenzyme Q 10 (CoQ10). ARCA2 se caractérise par une ataxie, une atrophie cérébelleuse, une déficience intellectuelle variable, des crises d'épilepsie, une intolérance à l'exercice et un déficit en CoQ10. ARCA2 est la forme la plus courante de carences primaires en CoQ10.Pour mieux comprendre la physiopathologie de la maladie, notre laboratoire a généré un modèle murin pour ARCA2. La construction initiale était un allèle conditionnel afin de générer des délétions spécifiques aux tissus. Le modèle constitutif de la souris Coq8a -/- récapitule de nombreuses caractéristiques de la maladie, notamment une ataxie progressive, une intolérance à l'exercice, une épilepsie et une diminution de CoQ10 dans certains tissus.Bien qu'aucune atrophie cérébelleuse macroscopique n'ait été observée, la perte de la protéine COQ8A affecte spécifiquement la fonction et la morphologie des cellules de Purkinje (PNs). Fait intéressant, la plupart des cellules de Purkinje Coq8a -/-présentaient une dilatation de l'appareil de Golgi avec de nombreuses vésicules, et des citernes dilatées de réticulum endoplasmique (ER) riche en ribosomes. Afin d'identifier les voies moléculaires qui sont dérégulées, le profil d'expression de l'ARN et des protéines des cerveaux adultes de souris Coq8a -/-a été déterminé par séquençage profond de l'ARN et spectrométrie de masse. Intéressement, les variations d'expression entre les échantillons contrôles (Ctrl) et mutants étaient très faibles. Cependant, les données protéomiques indiquent une perte du complexe de biosynthèse CoQ (complexe Q). Ces données ont souligné une fonction de COQ8A dans la stabilisation du complexe protéique en plus de son rôle régulateur. Surtout, comme les neurones de Purkinje sont spécifiquement affectés, le complexe Q pourrait jouer un rôle important dans ces neurones.De plus, les petites variations de gènes dérégulés résultant des approches -omiques pourraient probablement être dues à la dilution du signal provenant de types cellulaires non affectés. Une approche -omique plus ciblée est donc nécessaire.Compte tenu du profil d'expression spécifique de COQ8A dans le cervelet, nous avons cherché à déterminer si la suppression spécifique de COQ8A dans les PN était suffisante pour provoquer une ataxie cérébelleuse. Nous avons ainsi généré un modèle de souris KO conditionnel portant une délétion de COQ8A spécifiquement dans les PN (Pcp2-Cre; Coq8a -/- ). L'analyse comportementale a démontré que les souris Pcp2-Cre;Coq8a -/-présentent une ataxie et un déficit de coordination motrice, démontrant ainsi que le déficit en COQ8A limité au PNs était suffisant pour provoquer l'ataxie. Similairement aux souris constitutives Coq8a -/- , les souris Pcp2-Cre;Coq8a -/-ont montré des défauts spécifiques dans la couche cérébelleuse de PNs, avec la présence de neurones résorbés et sombres et de manque de marquage de calbindin, suggérant une dégénérescence neuronale. Ensemble, ces résultats démontrent que la suppression spécifique de COQ8A peut entraîner une ataxie cérébelleuse et une dégénérescence des PNs. Pour étudier plus en détail le rôle de COQ8A dans les PNs, nous avons généré des cultures cérébelleuses primaires à partir de souriceaux P0 Ctrl et Coq8a -/-. Comme première observation, après 21 jours in vitro, le nombre de PN dans les cultures Coq8a -/-était significativement plus faible par rapport aux cultures Ctrl. En outre, l'analyse morphologique des PNs a indiqué une plus faible complexité des arborisations dendritiques dans les Coq8a -/- PNs. Plus précisément, le nombre de noeuds dendritiques primaires a été trouvé significativement plus faible par rapport aux PN Ctrl. Ainsi, la complexité dendritique a été diminuée dans les PN Coq8a -/- Afin de comprendre les signatures moléculaires précoces chez les animaux constitutifs Coq8a -/-, un séquençage ARN a été réalisé après microdissection par capture laser (LCM) de la couche de PNs des animaux âgés de 5 semaines. De même, les GCs ont également été microdissequées pour servir de contrôle. Fait intéressant, le nombre de transcripts dérégulés dans les PN a été considérablement augmenté par rapport aux GCs. De plus, l'analyse de l'interactome par mitoXplorer a montré une altération de la fonction des mitochondries seulement dans les PNs. L' ARN le plus dérégulé a été la sous-unité du complexe respiratoire IV Cox6a2. De manière importante, Cox6a2 était dérégulé dans les neurones de Purkinje et non dans les cellules granulaires. Des expériences histo-enzymatiques pour l'activité des complexes respiratoires dans les PNs Coq8a -/-ont clairement indiqué que les complexes I, II et IV avaient une activité significativement diminuée par rapport au Ctrl. De plus, la fonction mitochondriale était affectée dans les cultures cérébelleuses primaires déficientes en COQ8A après marquage au TMRM (Tetramethylrhodamine). Finalement, l'intensité du marquage MitoSOX a été remarquablement augmentée dans les cultures cérébelleuses primaires démontrant la présence d'un stress oxydant mitochondrial. Ces données ont renforcé nos observations sur l'implication du phénotype mitochondrial dans la pathologie des neurones de Purkinje et ont indiqué que COQ8A est crucial pour le bon fonctionnement mitochondrial. La fonction mitochondriale et l'homéostasie intracellulaire du Ca 2+ sont étroitement liées. Afin d'évaluer si la suppression de COQ8A et le dysfonctionnement mitochondrial ultérieur affectent l'homéostasie du Ca 2+ dans les PN, nous avons évalué les niveaux d'expression des protéines liées au Ca 2+ précédemment décrites comme étant impliquées dans les ataxies cérébelleuses. Divers candidats tels que le canal calcique de l'ER IP3R1 et la kinase dépendante du Ca 2+ CAMK2a se sont avérés dérégulés dans le cervelet des souris Coq8a-/-. Afin de valider ces résultats, j'ai mis en place des expériences d'imagerie Ca2+ en utilisant les cultures cérébelleuses primaires. Les résultats ont indiqué une augmentation significative du Ca 2+ cytosolique après stimulation avec 30 mM de KCL. Dans l'ensemble, ces résultats indiquent une modification de la concentration intracellulaire de Ca 2+ dans les PN Coq8a -/-. La neurotoxicité du glutamate ou des altérations de sa libération et de son absorption sont souvent rapportées dans les ataxies cérébelleuses. Tout d'abord, j'ai concentré mon exploration sur les candidats en amont de la libération de glutamate. Grâce à des analyses d'immunomarquage ainsi que des western blot, vGLUT2, qui est aussi un marqueur de synapses entre les fibres grimpantes et les neurones de Purkinje, s'est avéré être diminué dans le cervelet de souris Coq8a -/-. De plus, le transporteur EAAT4 qui est spécifiquement exprimée dans les PNs avait également une expression diminuée. Enfin, une diminution de l'expression des récepteurs du glutamate tels que NMDA et GlurD2 a été mesurée. De manière intéressante, une perturbation de l'expression de ces protéines a été relevée chez les humains et d'autres modèles animaux ataxiques. Ces résultats suggèrent que les souris Coq8a -/-présentent une neurotransmission glutaminergique déficiente. Bien qu'une carence en CoQ10 n'a pas pu être observée dans le cervelet des souris Coq8a -/-(probablement en raison de la complexité des tissus et de la dilution du signal par les cellules granulaires non affectées), nous avons tout de même cherché à déterminer si un traitement avec CoQ10 pourrait améliorer le phénotype observé dans les PNs, compte tenu du rôle principal de COQ8A dans la biosynthèse du CoQ10. Les cultures cérébelleuses primaires traitées avec 10 μM de CoQ10 ont montré un sauvetage complet du nombre des Coq8a -/-PNs . En outre, les PNs Coq8a -/-traitées avec le CoQ10 étaient indiscernables du Ctrl en terme de nombre et de morphologie des cellules. De plus, le traitement CoQ10 a rétabli le potentiel de membrane mitochondrial des PN Coq8a -/-à des niveaux similaires à ceux du Ctrl et a pu diminuer partiellement le stress oxydant mitochondrial. Ensemble, ces résultats indiquent que CoQ10 a des effets bénéfiques sur les PN Coq8a -/-. Conclusions Au cours de ma thèse, j'ai démontré le rôle central des neurones de Purkinje dans la pathologie ARCA2 et découvert des altérations importantes des voies moléculaires qui pourraient être responsables du phénotype ataxique. Mes résultats sur les profils d'expression de COQ8A et COQ8B dans le cervelet fournissent des preuves biologiques sur le phénotype cérébelleux caractéristique de l'ARCA2, associé au dysfonctionnement des PNs observé dans le modèle de souris déplétées en COQ8A. L'absence totale de COQ8B dans les PN, en plus des niveaux élevés d'expression de COQ8A, pourrait éventuellement expliquer la vulnérabilité particulière de ces neurones lors de la suppression de COQ8A. De plus, nos résultats démontrent pour la première fois que COQ8A est nécessaire à la fonction mitochondriale et que sa suppression affecte également l'homéostasie calcique et la neurotransmission glutamatergique. Dans notre étude, nous montrons pour la première fois que l'application directe de 10 μM de CoQ10 sur des cultures cérébelleuses primaires inverse presque complètement le phénotype morphologique et mitochondrial des PNs Coq8a -/-. Nous proposons donc que des analogues du CoQ10 capables de passer la barrière hémato-encéphalique pourraient être envisagés en tant que stratégie thérapeutique pour les patients ARCA2. cérébelleuse autosomique récessive 2, ou ARCA2, est une maladie rare neurodégénérative due à des mutations sur le gène COQ8A. La protéine codée est impliquée dans la régulation de la biosynthèse mitochondriale de la coenzyme Q10 (CoQ10). D'après des études antérieures des souris ataxiques Coq8a-/-, l'analyse histologique et fonctionnelle des neurones cérébelleux de Purkinje (PN) a indiqué des altérations spécifiques impliquant une dégénérescence et une fonction électrophysiologique altérée. Dans notre étude, nous montrons que la COQ8A est fortement exprimée dans les PNs alors que son paralogue le plus proche, la COQ8B, est exprimé dans les cellules granulaires cérébelleuses (GC). De plus, nous démontrons que la suppression de COQ8A spécifiquement dans les PNs est suffisante pour provoquer des déficits moteurs et une ataxie cérébelleuse dans un modèle souris spécifiquement délété pour la COQ8A dans les PN. En utilisant une microdissection par capture laser (LCM) couplée au séquençage d'ARN, nous indiquons que le mécanisme sous-jacent de la dégénérescence spécifique des PNs implique un dysfonctionnement mitochondrial qui précède le phénotype ataxique. De plus, les PN Coq8a-/présentent des arborisations dendritiques anormales, un stress oxydatif et une homéostasie du Ca2+ altérée. Enfin, l'application de 10um CoQ10 sauve le phénotype mitochondrial et morphologique des PN cérébelleux primaires Coq8a-/-, suggérant que CoQ10 pourrait être un traitement bénéfique pour l'ARCA2, tout en soulignant l'importance des analogues de la CoQ10 avec une biodistribution accrue dans le cerveau. Mots clés : ARCA2, Ataxia, Neurons de Purkinje, COQ8A, CoQ10, Mitochondrie, Calcium, Therapy

  

  

Table 9 . List of most prevalent ARCAs and their characteristics ..............................................
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	ER	Endoplasmic Reticulum
	FA	Friedreich Ataxia
	FGF14	Fibroblast growth factor 14
	FHF	Fibroblast growth factor homologous factors
	FXN	Frataxin
	GABA	Gamma-Aminobutyric acid
	GC	Granule Cells
	GFAP	Glial Fibrillary Acidic Protein
	GFP	Green Fluorescent Protein
	GLUD2	Glutamate dehydrogenase 2
	GLUR1	Glutamate Receptor 1
	GLUT	Glucose transporter
	GO	Gene Ontology
	GPCR	G protein coupled receptor
	GRID2	Glutamate Ionotropic Receptor Delta Type Subunit 2
	GRM1	Glutamate Receptor Metabotropic 1,
	GRP75	Glucose regulated protein 75
	IMM	Inner Mitochondrial Membrane
	IO	Inferior Olivary Nucleus
	IP3R	Inositol trisphosphate receptor
	ISI	Interspike Interval
	KCL	Potassium Chloride
	KCNC3	Potassium Voltage-Gated Channel Subfamily C Member 3
	KGA	Kidney-type glutaminase
	KO	Knockout
	LCM	Laser Capture Microdissection
	LDL	Low Density Lipoprotein
	LTD	Long-term Depression
	LTP	Long-term Potentiation
	MAM	Mitochondrial Associated Membrane
	MCU	Mitochondrial Uniporter
	MIM	Mitochondrial Inner Membrane
	MitoSOX	Mitochondrial superoxide indicator
	ML	Molecular Layer
	MOM	Mitochondrial Outer Membrane
	mPTP	1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
	NADH	Nicotinamide adenine dinucleotide
	NCLX	Na+/Ca2+ exchanger
	NMDA	N-methyl-D-aspartate
	NMDAR	N-methyl-D-aspartate receptor
	NOS	Nitric Oxide Synthase
	NPC	Niemann-Pick C
	NPD	Niemann Pick Disease
	NR2B	N-methyl D-aspartate receptor subtype 2B

  . Moreover, behavioral changes have been reported in patients with cerebrocerebellar dysfunction including apathy, decreased motivation, alterations in attention, anxiety, obsessive/compulsive and inappropriate behaviors. Examination of behavioral disorders has further supported a contributory role for the cerebellum in several neurodevelopmental and behavioral disorders.

Table 1 . SCAs due to mutations affecting Ca 2+ regulation NAME Gene Function related to Ca 2+ signal transduction Impact on Ca 2+ Reference SCA1

 1 

		ATXN1	Transcriptional and splicing	decreased expression of	Reviwed in 62
			regulator of sever genes	mGLUR1a, IP3R1,	
			including ones regulating	SERCA2, TRPC3 and	
			Ca 2+	glutamate transporter	
				EAAT4	
	SCA2	ATXN2	mutant form of ataxin 2	increased mGLUR1a	Reviwed in 62
			(Atx2-58Q), but not WT	pathway sensitivity and	
			Atx2, specifically binds to	Ca 2+ release	
			IP3R1 and modulates its		
			function		
	SCA3	ATXN3	mutant forms of Atx3	increased intracellular	Reviwed in 62
			interacts with IP3R1	Ca 2+	
	SCA5	SPTBN2/	Component of cells	decreased EAAT4	66-68
		β-III	cytoskeleton. It is involved	expression, failed	
		spectrin	in the stabilization of the	glutamate transport,	
			glutamate transporter	faster mGluR1-	
			EAAT4 in the cellular	mediated slow EPSCs,	
			membrane of PNs	mGluR1	
				mislocalization,altered	
				mGluR1-IP3R1 signaling	
	SCA6	CACNA1A voltage-dependent P/Q-	Reduced Ca2+ currents	69,7050
			type calcium channel while	in cerebellar Purkinje	
				neurons, impaired LTD	
				and LTP, altered	
				spontaneous PC activity	
	SCA13	KCNC3	potassium voltage-gated	Purkinje cell action	71
			channel subfamily C	potentials are broader	
			member 3. This K channel	in Kv3.3 -/-mice, and the	
			is expressed throughout	amplitude of	
			the brain but is enriched in	cytoplasmic Ca 2+ signals	
			Purkinje neurons	is also increased in	
				Purkinje neurons	
	SCA14	PKCγ	Activated by IP3R1,	Fails to inactivate TRPC3	51,56-58 .
			regulates the function of	channel, increased	
			TRPC3 and NMDAR1	cytosolic Ca 2+ levels	
	SCA15/SCA16	IP3R1	Activated by inositol	impaired LTD and	60,72,73
	SCA29		trisphosphate (IP3) and	synaptic transmission,	
			functions as a ligand-gated	increased or decrease	
			ion channel that releases	intracellular Ca 2+	

Table 2 . ARCAS due to mutations affecting in Ca 2+ regulation NAME Gene Function related to Ca 2+ signal transduction Impact on Ca 2+ Reference GILLESPIE SYNDROME

 2 

		IP3R1	Activated by inositol	impaired LTD and	78,79
			trisphosphate (IP3) and	synaptic transmission,	
			functions as a ligand-gated	increased or decrease	
			ion channel that releases	intracellular Ca 2+	
			Ca 2+ from intracellular		
			stores		
	CAMRQ3	CA8	Regulates inositol	Increased IP3R1	64
			triphosphate (IP3) binding	activation and Ca 2+	
			to its receptor IP3R1	release from ER	
	SPARCA1	SPTBN2	Component of cells	decreased EAAT4	80
			cytoskeleton. It is involved	expression, failed	
			in the stabilization of the	glutamate transport,	
			glutamate transporter	faster mGluR1-	
			EAAT4 in the cellular	mediated slow EPSCs,	
			membrane of PNs	mGluR1	
				mislocalization, altered	
				mGluR1-IP3R1	
				signaling	
	SCAR13	GRM1	metabotropic glutamate	Not reported, but due	81
			receptor 1, activates PKCγ	to loss of functions	
			and IP3R1	there is probably	
				reduced Ca 2+ influx	
				from IP3R1 and TRPC3	
				channels	
	LICHTENSTEI N-KNORR	SLC9A1	Na(+)/H(+) exchanger	Regulates pH, Such as Ca 2+ Excitability and ions	(Guissart et al., 2015)
	SYNDROME			concentration	
	SPAX9	CHP1	Calcineurin Like EF-Hand	Regulates pH,	83
			Protein 1, regulation of	Excitability and ions	
			vesicular trafficking,	suck as Ca 2+	
			plasma membrane	concentration	
			Na(+)/H(+) exchanger		
	SPG76	CAPN1	calcium-sensitive cysteine	interacts with CDK5	84-86
			proteases	and NR2B to control	
				NMDA-receptor	
				degradation and	
				synaptic plasticity. Also	
				interacts with AMPA	
				receptor	
	SCAR18	GRID2	Ionotropic glutamate	Increased mGLUR1	52,56,65
			receptor (GluRδ2) that	evoked currents and	
			works in as part of the	increased Ca 2+ levels,	

  Therapeutic approaches using Ca 2+ modulators in Ataxias Up to date, there is no preventive or curative treatment for most ARCAs or SCAs, but over the last few years, several pharmacological and genetic treatments have been tested in patients and ataxia models. Indeed, since dysregulated Ca 2+ signaling in Purkinje neurons has been identified as a common underlying mechanism in most of ataxias, many studies have used Ca 2+ blockers and stabilizers in an effort to rescue the ataxic phenotype. Dantrolene, perhaps the most commonly used Ca 2+ stabilizer so far, achieves its action by inhibiting Ca 2+ release from sarcoplasmic reticulum stores by antagonizing ryanodine receptors (RyR). In SCA2 and SCA3 mouse models, dantrolene resulted in improved motor performance and decreased Purkinje cell loss. Similarly, inhibition of Itpr1 using pharmacological or genetic manipulation

	ATAD3A;	ATAD3A Mitochondrial inner	Ca 2+ regulated protein. It	123
	HAREL-YOON SYNDROME	2+ signaling membrane ATPase, structure and controlling christae	is unknown the impact on Ca 2+ upon its absence.	
	NAME	Gene	Mitochondrial function mitochondrial DNA and cholesterol metabolism	IMPACT ON MITOchondrial AND CA 2+ FUNCTION	Reference
	FRIEDREICH	FXN	Fe-S biogenesis	calpain activation,	119
	ATAXIA (FA)			alteration in calcium	
				levels and decreased	
				content of the Na + /Ca 2+	
				exchanger (NCLX)	
	SCAR2	PMPCA	Alpha subunit of	Involved in the cleavage	124 j
	ARSACS	SACS	Facilitating mitochondrial	Altered mitochondria of nuclear encoded	Oral
			mitochondrial processing	localization/transport, mitochondrial proteins	communication
			fission, correct peptidase, cleavage	deficient mitochondria like frataxin	with Dr.
			mitochondrial of nuclear-encoded	Ca 2+ buffering in Purkinje	Francesca
			intracellular mitochondrial	neurons	Maltecca
			localization precursor proteins		
	SPG7	SPG7	Paraplegin is a	SPG7 directs the m-AAA	100
	607259		mitochondrial	complex to favor	
	MULTIPLE MITOCHONDRI AL DYSFUNCTIONS SYNDROME 6	PMPCB	protease Beta subunit of the mitochondrial processing peptidase	association with the Similarly to PMPCA, it is mitochondrial Ca 2+ involved in the cleavage uniporter (MCU), modulates mPTP through regulation of the basal mitochondrial Ca 2+ of nuclear encoded mitochondrial proteins like frataxin	
				concentration.	
	AFG3L2/SPAX5	AFG3L2 Mitochondrial	Absence of AFG3L2 is	103
	614487		protease	inducing altered	
				mitochondrial function	
				and trafficking to PC	
				dendrites leading to	
				increased Ca 2+ levels	
	COQ8A	COQ8A	CoQ10 biogenesis	Decreased mitochondrial	120,121
				respiration, unkown	
				impact on Ca 2+	
	POLG	POLG	Replication of	mtDNA replication	107
			mtDNA	deficiency, mtDNA	
				depletion, decreased	
				respiration	
	TWINKLE/MITO	TWNK	Mitochondrial	mtDNA depletion,	
	CHONDRIAL DNA DEPLETION SYNDROME 7		helicase associated with mitochondrial nucleoids	decreased respiration, unkown Ca 2+ level disturbances	

resulted in reduced Ca 2+ levels and rescue of the Purkinje neurons degeneration in mouse models of SCA2, SCA3 and SCA28

[126][127][128] 

. Finally, reduction of intercellular Ca 2+ has been achieved by the inhibition of glutamate binding to glutamate receptors. The glutamate release inhibitor and uptake activator riluzole improved ataxic symptoms in a randomized placebo-controlled clinical trial of SCA1, SCA2 and SCA6 patients 129 . Moreover, specific blockage of mGluR1 pathway activity with inhibitors or decreasing mGLuR1 gene dosage, shortened the prolonged mGluR1 currents, thereby reducing calcium signaling and rescuing ataxia

103,130 

. Furthermore, Ceftriaxone, a cephalosporin known to increase the expression of glutamate transporter EAAT2 and therefore decreasing glutamate excitotoxicity and thereafter Ca 2+ levels, attenuated the disease phenotype in a SCA28 mouse model. All these approaches are clearly indicating that glutamate and Ca 2+ modifiers are very promising therapeutic tools for a variety of ataxias.

Clinical and genetic features of ARCA2

ARCA2 (autosomal recessive ataxia type 2), is a rare form of early onset (mean age of onset is 7 years with most patients being less than 7 years old) slowly progressive degenerative ataxia, with approximately 60 families reported up to date. ARCA2 is also the most common form of primary CoQ10 deficiencies. It is caused by mutations on COQ8A/ADCK3 gene (also named CABC1 or just COQ8A) located on 1q41-42 in humans

120,131 

. This gene encodes a putative atypical kinase that is homologous to Coq8 in yeast and UbiB in bacteria 120 . Both Coq8 and UbiB proteins, encoded by these genes, were found to be implicated in the Coenzyme Q biosynthesis 132 . Patients with ARCA2 are characterized by a variable multisystemic, early-onset cerebellar ataxia, with complicating features ranging from epilepsy (32%), cognitive impairment (49%) and exercise intolerance (25%) to hyperkinetic movement disorders (41%)

  As a lipophilic molecule, CoQ10 absorption is similar to that of lipids in the gastrointestinal tract and is increased if ingested with a fatty meal 166 . It is absorbed in the small intestine and transported to the liver, where it is incorporated into very low-density lipoprotein (VLDL)/LDL particles and released into the circulation. Both ubiquinone and ubiquinol have been used so far through oral administration and the maximum plasma concentration to occur at around 6 to 8 hours with a half-life of over 30 hours 166 . Due to its antioxidant function, CoQ10 and its analogs such as MitoQ (which acts only as antioxidant and not in the electron transport chain 167 ) have been used in a variety of neurodegenerative disorders ranging from ataxias such as SCA1, Parkinsons disease and amyotrophic lateral sclerosis[167][168][169][170] . Importantly, treatment with CoQ10 in CoQ10-defiencies is targeting the source of the pathology and not just to reduce non-responders might be due to the poor biodistribution of pure CoQ10 in the CNS. For this reason, studies using blood-brain barrier-penetrant CoQ10 analogs are needed. Caq8a KO allele was produced by targeting LoxP sites in introns 9 and 15 to generate a conditional allele. Then, the conditional mice were crossed with a mouse strain expressing the Cre recombinase under the CMV promoter to generate a constitutive KO for Coq8a. In all tissues tested, Coq8a was undetectable by western blot. From p1 to 30 weeks of and II to III in quadriceps showed no difference between COQ8A-/and WT mice, suggesting that probably, the mild decrease in the endogenous pools of CoQ might not be sufficient to affect the mitochondrial respiratory chain in this model.

	CoQ10 treatment on CoQ-deficiencies
	Coq8a -/-mouse model
	To better understand ARCA2 pathophysiology, our laboratory has generated a mouse model for ARCA2 147 . In this model, in case of embryonic lethality or to generate tissue specific The cerebellum is one of the most often affected organs in CoQ deficiency, being involved in deletions, the Cerebellar pathology of COQ8A -/-mouse model 4 out of 5 subtypes of primary CoQ10 deficiencies 180 . Yet, most of Complex Q protein knock-
	out models are embryonic lethal (Pdss2, Coq2, Coq3, Coq4, Coq7), making impossible to
	addition, treatment with CoQ10 was effective to ameliorated renal symptoms in several
	studies with patients bearing ADCK4 mutations, but also to reversed the mobility of human
	podocytes lacking ADCK4 177-179 . In the biggest and most recent study so far, 30 patients with
	various COQ8A mutations were treated with CoQ10 using a mean cumulative daily dose of 11
	mg/kg/day. Based on the clinical reports, 13/30 patients responded positively and 15/30 did

4-HBz, 4- hydroxybenzaldehyde; 4-HPP, 4-hydroxyphenylpyruvate; 

AADAT, mitochondrial alpha-aminoadipate amino-transferase; ALDH3A1, aldehyde dehydrogenase 3A1; DDMQ, demethoxy-demethyl-coenzyme Q; DMQ, demethoxy-coenzyme Q; DMeQ, demethyl-coenzyme Q; DMAPP, dimethylallyl pyrophosphate; FDX2 (FDX1L), mitochondrial ferredoxin 2 (ferredoxin 1-like); FDXR, adrenodoxin reductase; FPP, farnesyl pyrophosphate; GPP, geranyl pyrophosphate; IPP, isopentenyl pyrophosphate; PDSS1, prenyl (decaprenyl) diphosphate synthase subunit 1; PPDHB, polyprenyl-dihydroxybenzoate; PPHB, polyprenyl-hydroxybenzoate; PPVA, polyprenyl-vanillic acid; TAT, tyrosine aminotransferase. (Adapted and modified from 164 ).

the load of the toxic free radicals. Promising results are coming from studies reporting that CoQ10 supplementation can stop the progression of the encephalopathy, ataxia and nephrotic syndromes in patients with CoQ10 deficiencies

171,172 

. For example, patients with PDSS1/2 mutations treated with oral CoQ10 (5 mg/kg per day) showed improved neurologic symptoms over 3 years of follow-up. However, in another case a child was treated with oral CoQ10 (50 mg per day) with no apparent clinical improvement maybe due to severity of the phenotype 173 . Furthermore, in a mouse model harboring a spontaneous homozygous missense mutation in Pdss2, CoQ10 supplementation was shown to be effective in preventing the onset of renal disease. High doses of CoQ10 (30 mg/kg) in COQ2 patients has been reported to halt the progression of the disease, substantially improve proteinuria and reverse the clinical manifestations related to nephrotic syndrome 171 . Similarly, vanillic acid or 2,4dihydroxybensoic acid (DHB) which is a precursor of CoQ10, was able to bypass the enzymatic defect and rescue yeast, mouse models and human cells with COQ6 mutations

[174][175][176] 

. In not. Qualitative measurements of the treatment follow up showed improvement of ataxia, but also of tremor, dystonia, epilepsy, mental speed and muscle weakness 121 . The relatively high number of age, COQ proteins were found to be decreased in various tissues when protein abundance changes were quantified by MS-based proteomics or western blot 147 . Proteins of the recently defined mammalian Complex Q (COQ3-9) 147 were significantly and specifically deficient across multiple Coq8a -/-tissues, including the skeletal muscle, cerebellum, but also unaffected tissues (e.g heart).

The phenotype of Coq8a -/-mouse model

The COQ8A-/mice seems indifferent to the WT in terms of body size and activity, but it develops a mild and slowly progressive loss of coordination and gait ataxia starting at 10 weeks up to 30 weeks of age without cerebellar atrophy 147 . Induced tonic-clonic seizures were more prominent for the COQ8A-/mice at 24 weeks of age. Using treadmill to test for exercise intolerance at 40 weeks of age, female mice had significantly reduced maximum speed with a small non-significant tendency for reduced endurance. No difference in muscle strength was observed by grip analysis. Spatial learning memory in Morris water maze was found to be significantly decreased at 20 weeks of age. Thus, although this mouse is not presenting gross cerebellar atrophy, it is overall recapitulating mildly the human phenotype by presenting progressive ataxia, exercise intolerance, epilepsy and mental retardation.

Measurement of coenzyme Q content had no difference at an early stage of the disease development yet, was found to be mildly but significantly reduced in kidney, liver and skeletal muscle (quadriceps and soleus) at an advanced stage of the disease (30 weeks of age). The liver is the first tissue presenting mild coenzyme Q10 deficiency already at 5 weeks of age, despite not having any obvious histological nor functional defects. The combined activity of the complexes I

1-4 , Bianca Habermann 7,8 , Helene Puccio* 1-6 .

  AbstractAutosomal recessive cerebellar ataxia 2, or ARCA2 is a rare form of neurodegenerative disorder due to mutations on the gene COQ8A. The encoded protein is involved in the regulation of the mitochondrial biosynthesis of Coenzyme Q10 (CoQ10). From previous studies, histological and functional analysis on the cerebellar Purkinje neurons (PNs) of the ataxic Coq8a -/-mice indicated specific alterations involving dark cell degeneration and altered electrophysiological function. In our study, we are showing that COQ8A is highly expressed in PNs neurons whereas its closest paralog COQ8B is expressed in cerebellar granule cells (GCs).Moreover, we are demonstrating that deletion of COQ8A specifically in PNs is enough to cause cerebellar ataxia and motor deficits in PN-specific Coq8a -/-mouse model. By employing ADCK3)120,131 . Although the exact function of COQ8A remains unclear, it is a mitochondrial atypical kinase/ATPase, activated by CoQ10 precursors and lipids of the inner mitochondrial membrane147,152 . COQ8A is required to ensure CoQ10 biosynthetic complex (Complex Q) integrity and enhances CoQ biogenesis
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8 CNRS, UMR7288, Marseille, France. *Corresponding author: Hélène Puccio, current address: Institut NeuroMyoGene, UMR5310 INSERM U1217, Université Claude Bernard Lyon I, Faculté de Médecine, 8 avenue Rockefeller, 69008 Lyon France. helene.puccio@inserm.fr; Tel: +33-426-688-210. a laser capture microdissection (LCM) coupled to RNA-sequencing, we are indicating that the underlying mechanism of the Coq8a -/-PNs -specific degeneration involves mitochondrial dysfunction that precedes the ataxic phenotype. Furthermore, Coq8a -/-PNs present abnormal dendritic arborizations, oxidative stress and altered Ca2+ homeostasis. Finally, application of 10um CoQ10 rescues the mitochondrial and morphological phenotype of Coq8a -/-primary cerebellar PNs, suggesting that CoQ10 could be a beneficial treatment for ARCA2, while underlying the importance of CoQ10 analogs with increased biodistribution in the brain. Introduction COQ8A-ataxia (former name: ARCA2, autosomal recessive ataxia type 2) is a rare recessive form of multisystemic ataxia characterized by slowly progressive early-onset ataxia, combined with variable features including exercise intolerance, epilepsy, intellectual disability and dystonia 120,121,131 . It is caused by biallelic loss of function mutations in COQ8A (former name:

  2.5% glutaraldehyde in PBS. After overnight fixation, tissues were rinsed in PBS, postfixed in 1% osmium tetroxide-PBS (2 hr, 4 °C), dehydrated, and embedded in Epon. Regions of interest were localized on 2 μm sections and stained with toluidine blue. Ultrathin sections from selected areas were stained with uranyl acetate and lead citrate and examined with a Philips 208 electron microscope, operating at 80 kV.

	Live imaging. Primary cerebellar cultures at DIV21 were used for live potentiometric (TMRM,
	T668, Thermofisher), oxidative stress (MitoSOX TM , M36008 Thermofisher) and calcium

(Calbryte520TM AAT Bioquest) imaging. All the probes were used based on the manufacture's protocols.

Table S1 . Significantly deregulated transcripts from RNA-sequencing after LCM in PNs Gene name Description Log2 FC (Coq8a -/- _5W_PNs vs WT_5W_PNs) P-value (Coq8a -/- _5W_PNs vs WT_5W_PNs) Adjusted p-value (Coq8a -/- _5W_PNs vs

 S1 

	Tomm40l Klhdc9 Slc7a3 Cdrt4 Smim18 Ndufa13 Mkln1 Zcchc14	translocase of outer kelch domain containing 9 solute carrier family 7 (cationic CMT1A duplicated region small integral membrane NADH:ubiquinone muskelin 1, intracellular zinc finger, CCHC domain	-0,597535917 -1,150122891 -3,067129068 -5,485382692 -0,603062669 -0,561222982 0,446097756 0,485078477	1,86E-08 7,48E-06 2,63E-05 7,57E-05 0,000148315 0,000244682 0,000346232 0,000441723	4,14E-05 0,003571222 0,007138626 0,013999809 0,020584549 0,027581757 0,032924863 0,037990457
	Catspere1 cation channel sperm associated auxiliary subunit epsilon 1 Apoa2 apolipoprotein A-II Before KCL 30mM While KCL 30 mM After KCL 30mM 7,241965713 -7,212749129 Ctrl Coq8a -/-mitochondrial membrane 40-like Asah1 N-acylsphingosine amidohydrolase 1 0,565092341 Bex2 brain expressed X-linked 2 -0,59494943 Zfas1 zinc finger, NFX1-type containing 1, antisense RNA 1 -0,968772882 Dnaja4 DnaJ heat shock protein family (Hsp40) member A4 0,872419429 Fcer1g Fc receptor, IgE, high affinity I, gamma polypeptide -1,478854796 Inpp5k inositol polyphosphate 5-phosphatase K 0,485933683 Sesn1 sestrin 1 0,662125045 Tsc22d3 TSC22 domain family, member 3 0,642820969 F3 coagulation factor III 0,71363789 Slc18a3 solute carrier family 18 (vesicular monoamine), member 3 28,38199399 Pex19 peroxisomal biogenesis factor 19 -0,419353477 Zfp511 zinc finger protein 511 -0,517491624 Plekha3 pleckstrin homology domain-containing, family A (phosphoinositide binding specific) member 3 0,433431278 Snrpd1 small nuclear ribonucleoprotein D1 -0,594675821 Dusp12 dual specificity phosphatase 12 0,690496542 Cabp2 calcium binding protein 2 -1,475103421 Elmo1 engulfment and cell motility 1 0,382791558 Acadvl acyl-Coenzyme A dehydrogenase, very long chain 0,638930529 Fancc Fanconi anemia, 0,769135197 Rho guanine nucleotide 5,919188647 amino acid transporter, y+ transcript 4 protein 18 oxidoreductase subunit A13 mediator containing kelch containing 14 Arhgef16 exchange factor (GEF) 16 Tlr2 toll-like receptor 2 5,679444124 Nt5dc1 5'-nucleotidase domain containing 1 1,237154132 Yjefn3 YjeF N-terminal domain containing 3 -0,781995852 Prr15 proline rich 15 -4,678359813 Tgtp2 T cell specific GTPase 2 4,716866153 Dock10 dedicator of cytokinesis 10 -1,769787432 Rsl1 regulator of sex limited protein 1 -1,24670993 Calb2 calbindin 2 -0,866811152 Uba52 ubiquitin A-52 residue ribosomal protein fusion product 1 -0,518460563 Uap1 UDP-N-acetylglucosamine pyrophosphorylase 1 -0,451134327 Eif2a eukaryotic translation initiation factor 2A 0,424951728 Hccs holocytochrome c synthetase 0,656185062 Zfp612 zinc finger protein 612 0,720166181 Igkv1-135 immunoglobulin kappa variable 1-135 -25,10371196 Polr2k polymerase (RNA) II (DNA directed) polypeptide K -0,790497876 Ggta1 glycoprotein galactosyltransferase alpha 1, 3 4,119008762 Hydin HYDIN, axonemal central pair apparatus protein -3,407871822 Abcc3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 -4,323213927 Zscan22 zinc finger and SCAN domain containing 22 0,673706732 system), member 3 Slc34a3 solute carrier family 34 (sodium -6,079498076 Prr22 proline rich 22 -4,716227598 Tesc tescalcin -0,681801238 Sdcbp syndecan binding protein 0,432221669 0,000147797 1,18E-15 7,44E-12 2,80E-08 6,65E-08 7,79E-08 1,14E-07 1,45E-07 2,31E-07 4,48E-07 4,96E-07 6,47E-07 1,20E-06 1,30E-06 1,50E-06 1,52E-06 2,07E-06 2,76E-06 3,31E-06 3,29E-06 3,61E-06 5,28E-06 7,77E-06 8,76E-06 9,54E-06 9,84E-06 1,05E-05 1,19E-05 1,47E-05 1,49E-05 1,35E-05 1,38E-05 1,51E-05 1,47E-05 1,48E-05 1,40E-05 1,67E-05 1,85E-05 1,85E-05 1,89E-05 2,02E-05 2,03E-05 2,78E-05 7,54E-05 7,61E-05 Rgs4 regulator of G-protein signaling 0,850964922 0,000157654 Sbk3 SH3 domain binding kinase 3,445883979 0,000251021 motifs Nars2 asparaginyl-tRNA synthetase 2 0,55550129 0,000466258 Gbp3 guanylate binding protein 3 1,623815981 0,000345507 (mitochondrial)(putative) family, member 3 phosphate), member 3 Npas4 neuronal PAS domain protein 4 -4,223669599 2,85E-05 Pcp4l1 Purkinje cell protein 4-like 1 -0,585735113 2,86E-05 Vsig8 V-set and immunoglobulin domain containing 8 -2,03909733 3,58E-05 LSM4 homolog, U6 small -0,436640418 3,59E-05 Itga9 integrin alpha 9 -4,264815987 7,70E-05 Snrpd3 small nuclear ribonucleoprotein D3 -0,478619681 7,95E-05 Malsu1 mitochondrial assembly of ribosomal large subunit 1 -0,522409409 8,10E-05 Sec31b Sec31 homolog B (S. cerevisiae) 5,568802956 8,26E-05 4 Otof otoferlin -3,266444052 0,000163605 Rps15a-ps4 ribosomal protein S15A, pseudogene 4 -1,373679084 0,000167781 Rps15 ribosomal protein S15 -0,609020632 0,000167139 Rpl13 ribosomal protein L13 -0,523264947 0,000169428 Romo1 reactive oxygen species -0,617867824 0,000264715 Kcnab3 potassium voltage-gated 0,554800137 0,000350796 patatin-like phospholipase 0,59409692 0,0004611 Pnpla2 channel, shaker-related domain containing 2 modulator 1 Zfp560 zinc finger protein 560 -0,571878007 0,000261249 Mis12 MIS12 kinetochore complex component 0,577032502 0,000265102 Cfap126 cilia and flagella associated -1,559982123 0,000271232 subfamily, beta member 3 Orc3 origin recognition complex, 0,367255371 0,000357182 Lfng LFNG O-fucosylpeptide 3-beta-0,760915754 0,000462873 N-subunit 3 Slc24a4 solute carrier family 24 (sodium/potassium/calcium 4,877886042 0,000360231 acetylglucosaminyltransferase Foxo1 forkhead box O1 0,835401633 0,000453194 Lsm4 nuclear RNA and mRNA degradation associated Homez homeodomain leucine zipper-encoding gene 0,738996836 3,47E-05 Robo3 roundabout guidance receptor 3 -5,625712911 3,80E-05 Hs6st1 heparan sulfate 6-O-sulfotransferase 1 0,677591361 3,77E-05 Evi2a ecotropic viral integration site -0,895353478 3,98E-05 Pigyl phosphatidylinositol glycan anchor biosynthesis, class Y-like -0,556003342 8,57E-05 Arf2 ADP-ribosylation factor 2 0,43949516 0,000168434 protein 126 exchanger), member 4 Gcnt2 glucosaminyl (N-acetyl) 1,619276264 0,000437635 Rpl41 ribosomal protein L41 -0,761256651 8,72E-05 D3Ertd254 e DNA segment, Chr 3, ERATO Doi 254, expressed 0,971628339 8,78E-05 Sh3bp4 SH3-domain binding protein 4 -0,963638988 9,68E-05 Strc stereocilin 3,394989144 9,77E-05 Tmsb15b1 thymosin beta 15b1 -1,024232781 0,000101812 Angptl7 angiopoietin-like 7 -5,914577768 0,000173812 D030025P 21Rik RIKEN cDNA D030025P21 gene -4,021056693 0,000173934 Tmem178 b transmembrane protein 178B 0,635587424 0,000171911 Cfap99 cilia and flagella associated protein 99 3,49793249 0,00018381 Ptger3 prostaglandin E receptor 3 -6,584348918 0,000189043 Ssna1 SS nuclear autoantigen 1 -0,466567558 0,00027151 transferase 2, I-branching Ccdc91 coiled-coil domain containing 91 0,430314106 0,000270328 Cdca7l cell division cycle associated 7 3,091676617 0,000268495 Mfsd4b1 major facilitator superfamily -2,462385712 0,000363367 enzyme domain containing 4B1 Itih2 inter-alpha trypsin inhibitor, 2,857723397 0,000457958 Gstm5 glutathione S-transferase, mu 5 -0,354352931 0,000373156 heavy chain 2 like Mrpl14 mitochondrial ribosomal protein L14 -0,447353017 0,000274755 Taf8 TATA-box binding protein 0,554472494 0,000274335 Ptpn14 protein tyrosine phosphatase, 2,940042589 0,000372284 Slc2a9 solute carrier family 2 3,65114503 0,000458672 (facilitated glucose transporter), non-receptor type 14 Crb2 crumbs family member 2 4,580118976 0,00037245 member 9 Cfap45 cilia and flagella associated 4,627813109 0,000453971 associated factor 8 Crocc ciliary rootlet coiled-coil, -1,075260817 0,000387481 protein 45 2a Rab2a RAB2A, member RAS oncogene family 0,246934243 4,03E-05 Rplp1 ribosomal protein, large, P1 -0,601944646 0,000102403 (subtype EP3) Bnipl BCL2/adenovirus E1B 19kD 3,690936194 0,00029107 rootletin Uqcrq ubiquinol-cytochrome c -0,578478277 0,000472242 Lrrn3 leucine rich repeat protein 3, neuronal 0,628137278 4,05E-05 Tfdp1 transcription factor Dp 1 0,481033404 4,26E-05 Calcb calcitonin-related polypeptide, beta 16,20358082 4,24E-05 Atf6 activating transcription factor 6 0,65556796 4,49E-05 Rps26 ribosomal protein S26 -0,596651153 4,59E-05 Plin4 perilipin 4 4,645202328 4,74E-05 Rps9 ribosomal protein S9 -0,414957475 5,03E-05 AC122335. 1 TEC -3,155896162 5,29E-05 syntaxin 1A (brain) -1,182211583 5,47E-05 activating transcription factor 4 -0,310224993 0,000103077 Syt6 synaptotagmin VI 2,859341278 0,000194234 interacting protein like Slc16a13 solute carrier family 16 1,057034618 0,000386554 reductase, complex III subunit Atf4 Hyi hydroxypyruvate isomerase (putative) -0,816857587 0,000104123 Gtf2h1 general transcription factor II H, polypeptide 1 0,424970877 0,000105065 Pdha1 pyruvate dehydrogenase E1 alpha 1 0,529287527 0,000111584 Zfp251 zinc finger protein 251 0,671537727 0,000109963 Sprn shadow of prion protein -0,626143387 0,000112783 Mansc1 MANSC domain containing 1 0,924868989 0,000122061 Chtf18 CTF18, chromosome transmission fidelity factor 18 -1,322826462 0,000124994 Cfc1 cripto, FRL-1, cryptic family 1 4,261661693 0,00012425 Lgals3bp lectin, galactoside-binding, soluble, 3 binding protein 1,17173168 0,000201805 Dhps deoxyhypusine synthase -0,33224612 0,00020386 Bex4 brain expressed X-linked 4 -0,924506421 0,000206058 Golph3 golgi phosphoprotein 3 0,36274916 0,000209348 Ccnj cyclin J -0,978911759 0,000220421 Fzd2 frizzled class receptor 2 -3,069622527 0,00022871 Plxnd1 plexin D1 -1,442038632 0,000227817 Vsir V-set immunoregulatory -1,086514345 0,000228402 Mcemp1 mast cell expressed membrane -2,258612568 0,000302087 (monocarboxylic acid VII transporters), member 13 Ccl27a chemokine (C-C motif) ligand -0,552540309 0,000473403 protein 1 slit guidance ligand 3 -1,628641584 0,000303399 Kat8 K(lysine) acetyltransferase 8 0,417848841 0,000402123 27A Slit3 Selenok selenoprotein K -0,370589562 0,000304387 Narf nuclear prelamin A recognition 0,440406324 0,000412524 Cdkl5 cyclin-dependent kinase-like 5 -0,90386651 0,000480698 Capza2 capping protein (actin filament) muscle Z-line, alpha 2 0,263232735 0,000302761 factor Tmem256 transmembrane protein 256 -0,766033821 0,000480929 Pgam5 phosphoglycerate mutase 0,508779221 0,000304334 Rps10-ps1 ribosomal protein S10, -1,066706765 0,000423204 Catspere2 catsper channel auxiliary 1,430601521 0,000485463 pseudogene 1 Rnf146 ring finger protein 146 0,458318173 0,000421432 subunit epsilon 2 Tet1 tet methylcytosine dioxygenase -0,8438588 0,000514453 family member 5 Tmem182 transmembrane protein 182 3,761631756 0,000306465 Nipa2 non imprinted in Prader-0,373480863 0,000428126 1 Pax8 paired box 8 4,892928216 0,000305882 Willi/Angelman syndrome 2 acylphosphatase 1, erythrocyte -0,681613599 0,000510995 Acyp1 homolog (human) (common) type receptor Chchd1 coiled-coil-helix-coiled-coil-helix domain containing 1 -0,558825244 0,000230063 Thoc5 THO complex 5 0,434931135 0,000310655 Slc30a2 solute carrier family 30 (zinc -5,465617497 0,000313829 F11r F11 receptor 0,707674181 0,000431128 Adrb3 adrenergic receptor, beta 3 -5,18685616 0,000443049 Mark3 MAP/microtubule affinity 0,346987603 0,000518704 regulating kinase 3 Stx1a Etaa1os Ewing tumor-associated antigen 1, opposite strand -1,005332218 5,44E-05 Spin1 spindlin 1 0,474391503 0,000127972 Apoc1 apolipoprotein C-I -1,349069947 0,000129757 Fxyd5 FXYD domain-containing ion transport regulator 5 -0,900520709 0,00023563 transporter), member 2 Elac2 elaC ribonuclease Z 2 0,661918345 0,000317645 Olfr456 olfactory receptor 456 -2,015281996 0,000441428 Snhg1 small nucleolar RNA host gene 1 -0,607818098 0,000467092 mitogen-activated protein 0,430418261 0,000515709 Map4k2 kinase kinase kinase kinase 2 Cox6a2 cytochrome c oxidase subunit 6A2 -3,460643273 7,42E-12 Bex1 brain expressed X-linked 1 -1,238256198 4,21E-12 Nuf2 NUF2, NDC80 kinetochore complex component -3,68359861 2,99E-11 Fcrlb Fc receptor-like B -2,173610699 1,03E-10 Rnf138rt1 ring finger protein 138, retrogene 1 -4,069347365 1,02E-09 complementation group C Large2 LARGE xylosyl-and glucuronyltransferase 2 -5,646684848 5,54E-06 Exoc6 exocyst complex component 6 0,832921302 5,87E-06 Mob1a MOB kinase activator 1A 0,877831364 5,75E-06 Adm2 adrenomedullin 2 -5,946981417 6,31E-06 Pcbd2 pterin 4 alpha carbinolamine dehydratase/dimerization cofactor of hepatocyte nuclear factor 1 alpha (TCF1) 2 -0,644144723 6,64E-06 Cdk4 cyclin-dependent kinase 4 -0,330450015 6,84E-06 Rtl9 retrotransposon Gag like 9 -5,759323665 2,10E-05 Gjb6 gap junction protein, beta 6 0,719027263 2,18E-05 Lpin3 lipin 3 2,304261072 2,14E-05 Ucma upper zone of growth plate and cartilage matrix associated -0,910524146 2,29E-05 Odf3b outer dense fiber of sperm tails 3B -1,128561128 2,47E-05 Ly6g6d lymphocyte antigen 6 complex, locus G6D -1,489562772 2,56E-05 Plk-ps1 polo like kinase, pseudogene 1 -4,999431066 2,67E-05 Tln1 talin 1 -0,538992327 5,54E-05 Spata3 spermatogenesis associated 3 -1,2015681 5,96E-05 Opalin oligodendrocytic myelin paranodal and inner loop protein -1,35445924 6,17E-05 Rev1 REV1, DNA directed polymerase 1,124783378 6,30E-05 Slc4a1 solute carrier family 4 (anion exchanger), member 1 -4,188996059 6,74E-05 Tmem163 transmembrane protein 163 -0,773283428 6,74E-05 Pnpo pyridoxine 5'-phosphate oxidase 0,3702084 6,80E-05 Vti1a vesicle transport through interaction with t-SNAREs 1A 0,604726412 0,000129862 Mgat3 mannoside acetylglucosaminyltransferase 3 0,339039403 0,000133625 Fxyd6 FXYD domain-containing ion transport regulator 6 -0,741880061 0,000140123 Asph aspartate-beta-hydroxylase 0,500216292 0,000139869 Hes5 hes family bHLH transcription factor 5 -1,643294411 0,000148755 Ndufb4 NADH:ubiquinone oxidoreductase subunit B4 -0,652045665 0,000239748 Rps19 ribosomal protein S19 -0,536289725 0,000239119 Dpf2 D4, zinc and double PHD fingers family 2 0,34169868 0,00023345 Sumf1 sulfatase modifying factor 1 0,548211124 0,000238286 Ppp4r1 protein phosphatase 4, regulatory subunit 1 0,740695036 0,000240059 Polr3f polymerase (RNA) III (DNA directed) polypeptide F 0,531276046 0,000320283 Nabp2 nucleic acid binding protein 2 -0,311750471 0,000324048 Snrpe small nuclear ribonucleoprotein -0,574774541 0,000453328 Gngt2 guanine nucleotide binding -1,612687188 0,000521876 E Set SET nuclear oncogene -0,568353032 0,000466202 protein (G protein), gamma transducing activity polypeptide Mycbpap MYCBP associated protein 2,274882823 0,000325323 Timm13 translocase of inner -0,528695632 0,00044914 2 Dapk2 death-associated protein kinase -0,950624357 0,000332475 mitochondrial membrane 13 Fam213b family with sequence similarity -0,450292668 0,000524929 Ndufb11 NADH:ubiquinone -0,444009847 0,000452685 213, member B 2 I830077J0 RIKEN cDNA I830077J02 gene -5,0200294 0,000339693 oxidoreductase subunit B11 Gadd45gip growth arrest and DNA--0,361690996 0,000533386 Recql RecQ protein-like 0,756238013 0,000242882 2Rik progestin and adipoQ receptor 0,459791107 0,000451266 1 damage-inducible, gamma Paqr8 family member VIII interacting protein 1 Rlbp1 retinaldehyde binding protein 1 -0,950854545 0,000539299	WT_5W_PNs) 2,36E-11 5,63E-05 0,000116126 0,000120184 0,000152225 0,000181986 0,000273207 0,000498975 0,000524134 0,000649522 0,001144375 0,001165841 0,001221682 0,001221682 0,001598667 0,001974476 0,002214269 0,002214269 0,002263609 0,003027165 0,003624471 0,003993219 0,004253506 0,004293577 0,004461635 0,004969707 0,005410645 0,005410645 0,005410645 0,005410645 0,005410645 0,005410645 0,005410645 0,005410645 0,005792091 0,006182083 0,006182083 0,006232303 0,006472861 0,006472861 0,007352583 0,013999809 0,013999809 0,020584549 0,02137382 0,037990457 0,028138221 0,032924863 0,00735815 0,00735815 0,008775443 0,008775443 0,014047521 0,014374636 0,014506743 0,014659092 0,022031837 0,022219382 0,022219382 0,022219382 0,029067048 0,033190666 0,037990457 0,029067048 0,029067048 0,029132857 0,037990457 0,033489981 0,033618724 0,037990457 0,008775443 0,009083636 0,009083636 0,009349314 0,022219382 0,037990457 0,015085972 0,015179313 0,015179313 0,016200386 0,016200386 0,016545911 0,022371668 0,022371668 0,022371668 0,023491438 0,024007206 0,029132857 0,029132857 0,033754408 0,037990457 0,029132857 0,034033504 0,029169147 0,029169147 0,037990457 0,034033504 0,034033504 0,037990457 0,035021685 0,016545911 0,030738497 0,038147953 0,009349314 0,009349314 0,00959903 0,00959903 0,010011108 0,010128681 0,01034396 0,010849502 0,011297073 0,011442063 0,016545911 0,024358147 0,035021685 0,016581253 0,016599436 0,01723689 0,01723689 0,017274776 0,018414711 0,018577765 0,018577765 0,025150454 0,02524972 0,025365418 0,025613214 0,026804527 0,027154152 0,027154152 0,027154152 0,031214341 0,038147953 0,031214341 0,036182011 0,036952178 0,038445612 0,031214341 0,038445612 0,031214341 0,031214341 0,037573383 0,03858877 0,037573383 0,039876636 0,03767699 0,031214341 0,039876636 0,031214341 0,027154152 0,031481298 0,031552215 0,037775472 0,039876636 0,037990457 0,011442063 0,018880638 0,01888169 0,027368053 0,031552215 0,037990457 0,039876636 0,037990457 3,73E-08 3,73E-08 3,73E-08 1,00E-07 2,95E-07 2,55E-06 0,003085748 0,003097083 0,003097083 0,003245124 0,003332739 0,003345072 0,006532681 0,006532681 0,006532681 0,006541097 0,006895864 0,007035349 0,007138626 0,011464499 0,012200036 0,0125039 0,012631273 0,013127277 0,013127277 0,013127277 0,01888169 0,019289111 0,019799828 0,019799828 0,020584549 0,027368053 0,027368053 0,027368053 0,027368053 0,031657542 0,037990457 0,039967322 0,037990457 0,031841988 0,037990457 0,031841988 0,040048283 0,032227565 0,037990457 0,03276896 0,040386358 0,027368053 0,037990457 0,027533495 0,040407952

Table S2 . Significantly deregulated transcripts from RNA-sequencing after LCM in GCs Gene name

 S2 

	Tmem141 transmembrane protein 141 Prg4 proteoglycan 4 (megakaryocyte Nfatc3 nuclear factor of activated T Rex1bd required for excision 1-B	-0,535145688 -1,547890039 0,664116113 -0,470007933	0,000539712 0,000617976 0,000722732 0,000909544	0,040407952 0,04133253 0,043840262 0,048880227
	Sgpp1 Tmem258 transmembrane protein 258 sphingosine-1-phosphate phosphatase 1 stimulating factor, articular cells, cytoplasmic, calcineurin domain containing superficial zone protein) Cox4i1 cytochrome c oxidase subunit dependent 3 Pcdhga1 protocadherin gamma Edf1 endothelial differentiation-related factor 1 Description Ss18l2 SS18, nBAF chromatin remodeling complex subunit 4I1 subfamily A, 1 Rpl7 ribosomal protein L7 Pea15a phosphoprotein enriched in astrocytes 15A Fxyd1 FXYD domain-containing ion G-rich RNA sequence binding Grsf1 transport regulator 1 factor 1 Kcnj10 potassium inwardly-rectifying like 2 Kcnd3os potassium voltage-gated channel, Shal-related family, member 3, opposite strand Naa60 N(alpha)-acetyltransferase 60, NatF catalytic subunit Tbata thymus, brain and testes Reep1 receptor accessory protein 1 Mertk c-mer proto-oncogene tyrosine kinase Slc12a7 solute carrier family 12, Cenpx centromere protein X Itpr3 inositol 1,4,5-triphosphate receptor 3 Pank3 pantothenate kinase 3 WASH complex subunit 5 channel, subfamily J, member Washc5 Ndufa7 NADH:ubiquinone 10 Catspere1 cation channel sperm oxidoreductase subunit A7 associated auxiliary subunit Eps8l1 EPS8-like 1 epsilon 1 member 7 cytochrome c oxidase subunit Rnaseh2b ribonuclease H2, subunit B Pet100 PET100 homolog Nectin4 nectin cell adhesion molecule 4 Cox5b 5B Jph1 junctophilin 1 Mrpl51 mitochondrial ribosomal Ttr transthyretin associated Inka1 inka box actin regulator 1 Rgs17 regulator of G-protein signaling 17 Hint2 histidine triad nucleotide binding protein 2 Fam162a family with sequence similarity 162, member A Ddrgk1 DDRGK domain containing 1 Kcng2 potassium voltage-gated channel, subfamily G, member 2 Lad1 ladinin Sgcg sarcoglycan, gamma (dystrophin-associated glycoprotein) Efna1 ephrin A1 Rpl37 ribosomal protein L37 Cox6c cytochrome c oxidase subunit 6C Pafah1b3 platelet-activating factor acetylhydrolase, isoform 1b, subunit 3 Paip1 polyadenylate binding protein-Rpl23 ribosomal protein L23 Dnal1 dynein, axonemal, light chain 1 C330007P RIKEN cDNA C330007P06 gene interacting protein 1 Tctn2 tectonic family member 2 formation of mitochondrial Ndufb1-ps NADH:ubiquinone oxidoreductase subunit B1 protein L51 Kctd7 potassium channel peroxisomal biogenesis factor Pex19 19 Fmc1 complex V assembly factor 1 Ntf3 neurotrophin 3 Tmem160 transmembrane protein 160 Snhg18 small nucleolar RNA host gene 18 Tm6sf2 transmembrane 6 superfamily member 2 Snrpd2 small nuclear ribonucleoprotein D2 Magix MAGI family member, X-linked Naxe NAD(P)HX epimerase Cd164 CD164 antigen Sox3 SRY (sex determining region Y)-box 3 Tprn taperin Selenom selenoprotein M tetramerisation domain Pea15a phosphoprotein enriched in containing 7 Vangl1 VANGL planar cell polarity 1 astrocytes 15A Rpl36 ribosomal protein L36 Apoa2 apolipoprotein A-II mt-Rnr1 mitochondrially encoded 12S Fam84a family with sequence similarity 84, member A rRNA Pip4p2 phosphatidylinositol-4,5-ATP synthase, H+ transporting, Nabp2 nucleic acid binding protein 2 Atp5k mitochondrial F1F0 complex, bone morphogenetic protein 15 Bmp15 bisphosphate 4-phosphatase 2 Uqcr10 ubiquinol-cytochrome c subunit E D230017M RIKEN cDNA D230017M19 gene brain expressed X-linked 1 Bex1 Cmbl carboxymethylenebutenolidase-like (Pseudomonas) Rps21 ribosomal protein S21 Tctn3 tectonic family member 3 Stmn1 stathmin 1 Adam21 a disintegrin and metallopeptidase domain 21 Mrnip MRN complex interacting protein AU040972 expressed sequence AU040972 reductase, complex III subunit X Gpr85 G protein-coupled receptor 85 19Rik Psd pleckstrin and Sec7 domain Ppox protoporphyrinogen oxidase Lifr leukemia inhibitory factor containing Gabpb1 GA repeat binding protein, beta desumoylating isopeptidase 2 Desi2 receptor Ndnf neuron-derived neurotrophic 1 Fau Finkel-Biskis-Reilly murine Marcks myristoylated alanine rich factor Cox17 cytochrome c oxidase assembly protein 17, copper chaperone sarcoma virus (FBR-MuSV) protein kinase C substrate Tspan1 tetraspanin 1 Snrpb small nuclear ribonucleoprotein B ubiquitously expressed (fox dual specificity phosphatase 23 Dusp23 derived) Abhd17a abhydrolase domain containing Prpsap1 phosphoribosyl pyrophosphate synthetase-associated protein 1 17A Pomk protein-O-mannose kinase A (SII)-like 8 Tceal8 transcription elongation factor	0,327057493 -0,700650758 -0,37147379 2,012131153 -0,434850837 Log2 FC (Coq8a -/--0,51710381 -0,296256197 _5W_GC vs 0,351284568 -0,605602103 0,255136816 Ctrl_5W_GC) 1,438606663 -1,003656899 0,329193958 -0,765607623 0,409096502 0,919021264 2,87131217 -0,50950412 -1,088413524 0,471412265 0,575900046 -0,493067934 7,408191289 -1,619086704 -0,486640926 -0,350397271 -0,748792569 -1,653433012 -0,961337631 -0,385521255 9,881298792 -0,980044727 -0,514114787 -0,500837568 -0,415923856 -0,344891449 1,142289151 4,836102834 3,129581864 -1,088707644 -0,666697893 -0,593211234 -0,451641331 -0,460971311 -0,675199274 0,581164596 -0,435903451 0,707169619 -0,639041467 -0,728908611 0,704627328 -0,479203321 -1,075472958 -0,479163633 -1,371457248 -2,90310545 -0,508773058 -1,838444196 -0,27236106 0,3063207 -2,561701072 -0,510451695 -0,442796085 0,296987123 1,085769019 -0,719367722 -5,751473171 -1,111558927 0,637309339 0,28684232 -0,758593969 -0,331779558 19,77063484 -0,627089868 -0,730042649 -0,703793642 -0,93898464 -0,687826507 -0,674641993 -0,357595594 3,611686733 -0,552276469 5,023023535 0,451110883 -0,59155767 -0,590717068 0,63024155 -0,549775898 -0,555999902 1,192664257 -0,507636975 -0,374571803 -0,532799538 4,046307712 -0,292022953 -0,626860803 -0,24705907 0,291975922 0,335647278 -0,413949234	0,000537345 0,000543766 0,00061798 0,000726891 0,000903439 P-value (Coq8a -/-_GC 0,000542151 0,000898484 vs 0,000614551 0,000734303 0,000913535 Ctrl_5W_GC) 5,19E-17 0,000549459 0,000550548 0,000555395 0,000622461 0,000625895 0,000628897 0,000733462 0,00073717 0,000740463 0,000906759 0,000922816 8,38E-15 0,000931585 0,000637488 0,000746252 0,000935575 6,78E-09 0,000754226 0,000941341 4,02E-08 0,00056775 0,000565468 0,000571708 0,000558566 0,000570097 0,000564585 0,000568103 0,000575014 0,000597966 0,000600921 0,000579503 0,00060116 0,000701849 0,000844441 0,00095544 0,000583654 0,00064966 0,0006538 0,000755936 0,000940892 7,76E-08 0,000659004 0,000663437 0,000665605 0,000669477 0,000670402 0,000676523 0,000759356 0,000763268 0,000778381 0,00077585 0,00078086 2,96E-06 0,000938989 0,000945671 1,76E-05 0,000974419 2,72E-05 0,000785802 0,000960769 3,10E-05 3,73E-05 0,00079735 0,000966944 5,18E-05 0,00068494 0,000686291 0,000687852 0,000678422 0,000686303 0,00069604 0,000696192 0,000796775 0,000974476 5,98E-05 0,0008085 0,000967731 6,97E-05 0,000817686 0,00095887 7,73E-05 0,000827406 0,000821797 0,000834828 8,44E-05 0,000972733 0,000127363 0,000970735 0,000138336	0,040407952 0,04133253 0,043840262 Adjusted p-value 0,048880227 (Coq8a -/-_5W_GC 0,04040984 0,048880227 vs Ctrl_5W_GC) 0,04040984 0,04133253 0,043981484 0,048880227 1,33E-13 0,040613028 0,040613028 0,040820503 0,041493949 0,041584679 0,041646234 0,043981484 0,044021754 0,048880227 0,049114865 1,65E-11 0,044085797 0,049315923 0,042076315 0,044169778 0,049315923 6,11E-06 0,044480505 0,049315923 3,20E-05 0,040823227 0,040823227 0,040823227 0,040823227 0,040823227 0,040823227 0,040823227 0,040913696 0,041024657 0,041024657 0,041024657 0,041024657 0,043441273 0,047065853 0,049626539 0,041024657 0,042723854 0,04273128 0,044480505 5,89E-05 0,049315923 0,042931523 0,043080464 0,043081828 0,043114127 0,043114127 0,044551108 0,044650067 0,045197417 0,045197417 0,001903383 0,049315923 0,009180416 0,049413768 0,013357559 0,049626539 0,045197417 0,049626539 0,015004805 0,045307803 0,017550928 0,045710945 0,023375501 0,049626539 0,043265706 0,043265706 0,043265706 0,043265706 0,043265706 0,043265706 0,043382247 0,043382247 0,026611932 0,049626539 0,045710945 0,046086809 0,049626539 0,029821614 0,046478393 0,049626539 0,032664724 0,046503904 0,046503904 0,046790038 0,034361854 0,048316846 0,049626539 0,049626539 0,051313495
	Cox16 Prdm10 06Rik Bax Pex2 Ppan Gnai3 Ripply2 Ppox Vhl Snhg15 Nbdy Efnb1 Egfl7 Usmg5 Mrpl33 Rpl31-ps8 ribosomal protein L31, cytochrome c oxidase assembly PR domain containing 10 BCL2-associated X protein protein 16 peroxisomal biogenesis factor 2 peter pan homolog guanine nucleotide binding ripply transcriptional repressor 2 protoporphyrinogen oxidase suppressor von Hippel-Lindau tumor 15 small nucleolar RNA host gene association negative regulator of P-body ephrin B1 inhibiting 3 muscle growth 5 EGF-like domain 7 protein (G protein), alpha upregulated during skeletal protein L33 pseudogene 8 mitochondrial ribosomal Gjb1 gap junction protein, beta 1 Gjc2 gap junction protein, gamma 2 Sdc3 syndecan 3 Zfp111 zinc finger protein 111	-0,420250204 0,545350291 -0,423853707 0,394012471 0,457851811 -0,648485517 -0,511484731 0,328891335 -0,754608636 -0,363431372 -1,241757827 -0,525969045 0,528422301 -0,683375551 -0,614267561 -0,817897534 -1,458266023 -1,520086358 0,463321796 0,866420049	0,0005973 0,000703634 0,000857983 0,000593859 0,000591809 0,000608322 0,000607231 0,000714565 0,000910308 0,000717754 0,000912819 0,000888104 0,000603153 0,000712896 0,000881191 0,000725362 0,000868677 0,000724377 0,000856968 0,000967145	0,041024657 0,043441273 0,047556451 0,041097558 0,043840262 0,048880227 0,041097558 0,043840262 0,048880227 0,048821399 0,043840262 0,041024657 0,048574444 0,041024657 0,043840262 0,048016523 0,041024657 0,043840262 0,047556451 0,049626539

Table S3 . GO pathways analysis of the resulting transcripts from RNA-sequencing after LCM in PNs

 S3 

	Panther	# Represented	# present	Fold	+/-	P value
	Panthways			Enrichment		
	SnRNP	13	5	>20	+	3.66E-06
	assembly					
	Cytochrome c	9	3	>20	+	5.29E-04
	to oxygen					
	Ubiquinol to	7	2	>20	+	6.47E-03
	Cytochrome c					
	ATP synthesis	36	6	>10	+	2.33E-05

  This is further shown from the RPKM values of Cox6a1 and Cox6a2 in the microdissected PNs and GCs. Cox6a2 in PNs has a high RPKM value, whereas in GCs is barely existing. The opposite relationship exists for Cox6a1. RPKM values of Cox6a1 in PNs are close to 0 whereas it is highly expressed in GCs. Anyhow, this is interesting because it

  immunoprecipitation experiments using tagged COQ proteins to evaluate if other components of the MAMs such as GRP75 and IP3R1 co-immunoprecipitate in primary cerebellar cultures. In addition, immunofluorescence experiments using MitoTracker, COQ proteins and IP3R1 could possibly indicate a triple colocalization. Similarly, the use of a superresolution microscopy technique such as STED or STORM would indicate in higher definition whether the mammalian Complex Q is part and important for the integrity of the MAMs.

	Altered glutamatergic neurotransmission
	Mutations in almost every component of glutamatergic neurotransmission lead to cerebellar
	ataxias. Based on this fact, I initiated a candidate approach to investigate important
	glutamatergic neurotransmission components. Interestingly, vesicular glutamate transporter
	2 (vGLUT2) was found strongly downregulated in the cerebellum of Coq8a -/-mice. Based on
	literature research, there are no information linking vGLUT2 mutations with known cerebellar
	ataxias. However, as vGLUT2 is a marker of climbing fibers, its decreased expression and
	number of puncta found in the molecular layer of Coq8a -/-mice could indicate a decreased
	number of CF-PNs synapses rather than just a decrease in vGLUT2 expression. In this case,
	several studies exploring SCA1, SCA7, SCA14 and SCA23 have shown problems in synaptic
	transmission of climbing fibers

  -/- cerebellum (Figure 10 A, C). Although it is difficult to understand why NMDA receptors are downregulated, evidence have recently accumulated showing that NMDAR was negatively regulated by intracellular calcium binding proteins. The calcium-dependent suppression of NMDAR functions as a feedback mechanism capable of regulating subsequent Ca 2+ entry into the postsynaptic cell, offering neuroprotection against toxic Ca 2+ levels 212 . Importantly, one of the major known negative regulators of NMDAR is CAMK2a 213,214 . Phosphorylated CAMK2a binds to NMDAR, inhibiting its activity and inducing LTD by promoting NMDAR removal from the post synaptic cleft. Evidences indicate that the abnormally increased intracellular Ca 2+ and consequently the increased CAMK2a phosphorylation and downregulation of NMDA receptor could result to memory alterations and seizures, which are all present pathologies in Coq8a -/-

	mice 147,215

Table 4 . Classification of ataxias based on the duration of the symptoms
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	Acute Causes of Cerebellar Ataxia (Minutes	◆ Vascular causes: ischemic or
	to a Few Days)	hemorrhagic cerebellar strokes
		◆ Ethanol intoxication
		◆ Toxins (mercury, thallium, toluene,
		solvents)
		◆ Medication (phenytoin, carbamazepine,
		phenobarbital, lithium)
		◆ Multiple sclerosis
		◆ Meningitis, particularly basilar meningitis
		◆ Viral cerebellitis
		◆ Cerebellar abscess
		◆ Wernicke encephalopathy/thiamine
		deficiency
	Subacute Causes of Cerebellar Ataxia	◆ Paraneoplastic cerebellar degeneration
	(Weeks to Months)	◆ Brain tumors
		◆ Creutzfeldt-Jakob disease
		◆ Superficial siderosis
		◆ Anti-glutamic acid decarboxylase ataxia
	Chronic Causes of Cerebellar Ataxia	◆ Ataxia associated with gluten sensitivity
	(Months to Years)	◆ Genetic ataxia
		◆ Mitochondrial disease
		◆ Multiple system atrophy
		◆ Idiopathic late-onset cerebellar ataxia
	Episodic Causes of Cerebellar Ataxia	◆ Genetic episodic ataxia
		◆ Psychogenic ataxia
		◆ Mitochondrial disease
		◆ Multiple sclerosis

Table 5 . List of all known SCAs and their characteristics
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	SCAs due to repeat
	mutations
	SCA2

Table 6 . List of most prevalent ARCAs and their characteristics

 6 

		Gene	Protein		
	Name	(type of mutation)	(wildtype protein function)	Neuropathology	Clinical phenotype
		FXN	FXN	Sensory	
				Neuropathy,	Ataxia, hypertrophic
	FRDA				
		(GAA		Spinal cord,	cardiomyopathy.
		expansion)	Biosynthesis of Fe-S clusters	Dentate nucleus	
		ATM	ATM		
					Ataxia
	AT	(Deletions, insertions,	Serine/threonine protein kinase which activates checkpoint signaling upon double strand breaks (DSBs), apoptosis	Cerebellum, neuropathy	immunodeficiency,c ancer, dystonia myoclonus,tremor,
		missense,	and genotoxic stresses. DNA damage		early onset
		nonsense)			
			sensor		
		APTX	APTX		
					Ataxia, oculomotor
	AOA1	(insertions,	DNA-binding protein involved in single-strand DNA break repair, double-strand	Cerebellum, neuropathy, eye	apraxia, cognitive impairment, early
		deletions,	DNA break repair and base excision		onset
		missense)			
			repair		
		SETX	SETX		
			RNA/DNA helicase involved in diverse		Ataxia, oculomotor
	AOA2		aspects of RNA metabolism and	Cerebellum,	apraxia, Dystonia,
		(Nonsense,	genomic integrity. Plays a role in	neuropathy, eye	early onset
		missense)	transcription regulation by its ability to		
			modulate RNA Polymerase II (Pol II)		
			binding to chromatin		
		SACS	SACS		
					Ataxia, spasticity,
				Cerebellum,	
	ARSACS	(Nonsense,	Co-chaperone which acts as a regulator of the Hsp70 chaperone	neuropathy,	slow progression, early onset
		missense)			
			machinery		
		POLG	POLG	Cerebellum,	Ataxia, mental
				Spinal cord,	retardation,
	SANDO-SCAE		DNA Polymerase Gamma catalytic	dorsal root	Ophthalmoplegia,
		(Missense)	Subunit, Involved in the replication of	ganglia,	myoclonus, reduced
			mitochondrial DNA	neuropathy	lifespan

(2,1%) 
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