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Summary 

Spinocerebellar ataxias (SCAs) are a group of hereditary neurodegenerative 

diseases which are caused by diverse genetic mutations in a variety of different 

genes. The genetic background of SCAs can be classified into two groups: Group I 

repeat expansion SCAs, are caused by dynamic repeat expansion mutations, such 

as SCA1 and SCA7, and Group II conventional mutation SCAs are caused by 

mutations in specific genes, such as Protein Kinase C gamma (PKCγ) in SCA14. In 

the moment it is still unclear by which mechanisms the genetic mutations cause the 

disease. Several genes have been identified to be dysregulated in SCAs, but it is not 

well understood how these genes contribute to the pathogenesis of the disease.  

An important open question is whether there are some key genes which are 

dysregulated in both Group I and Group II types of SCAs. Such genes might help us 

to pinpoint potential pathological mechanisms shared by all SCAs. As a starting point 

of my thesis I have compared microarray data from published SCA1 and SCA7 

mouse models (both Group I) and a transgenic mouse model of SCA14 from our 

own lab (Group II) with a constitutive activation of the PKCγ kinase (PKCγ S361G 

mice). With this comparison, I have identified three potential key molecules (RGS8, 

STK17B and INPP5A) dysregulated in all three SCA mouse models. Recently, 

INPP5A has been reported to contribute to neuropathology of SCA17, supporting our 

concept of key molecules being involved in SCA pathogenesis. 

In this thesis, the potential key molecules RGS8 and STK17B have been studied in 

more detail and their role for Purkinje cell dendritic development and for SCA 

pathogenesis has been explored. We showed that RGS8 is specifically expressed in 

Purkinje cells in the mouse cerebellum. Further studies showed that increased 

expression of RGS8 in Purkinje cells is associated with an increased activity of the 

mGluR1-PKCγ signaling pathway. Functional experiments showed that RGS8 

overexpression could protect Purkinje cells from the negative effects of mGluR1 

activation on dendritic growth. Our results indicate that RGS8 is an important 
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mediator of mGluR1 pathway dysregulation in Purkinje cells and it is well known that 

abnormal mGluR1 signaling is found in several different types of SCAs.  

STK17B is one of the molecules downstream of PKCγ signaling. STK17B is strongly 

expressed in Purkinje cells starting at early postnatal development. The expression 

of the STK17B protein was reduced in dissociated cerebellar cultures of SCA14 

S361G mice in parallel with a reduction of the dendritic tree size of Purkinje cells in 

this mouse model. We showed that PMA treatment induced a strong decrease of 

STK17B expression in Purkinje cells. As STK17B is known to be a substrate and 

phosphorylated by PKCγ, we overexpressed the phosphorylation mimetic form of 

STK17B(S351D) in Purkinje cells. We found that overexpression STK17B(S351D) in 

Purkinje cells did indeed inhibit dendritic growth of Purkinje cells. The regulation of 

its expression and our functional studies suggest that STK17B downregulation in the 

SCA14 mouse model might be a protective reaction protecting Purkinje cells from 

the constant activation of PKCγ signaling in the SCA14 PKCγ S361G mouse model.  

Our findings show that the study of molecules with a common dysregulation in SCAs 

caused by mutations in different genes is a fruitful strategy to learn more about the 

pathological mechanisms causing SCAs. 
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Chapter 1: Background 

1.1 Spinocerebellar ataxias (SCAs) 

1.1.1 SCAs overview  

Spinocerebellar ataxias (SCAs) are a heterogeneous group of the autosomal 

dominantly inherited progressive disorders with degeneration and dysfunction of the 

cerebellum (Durr, 2010; Klockgether et al., 2019; Seidel et al., 2012). The name of 

these disorders, “spinocerebellar ataxias”, consists of two terms. The word 

“spinocerebellar” is associated with the involvement of the “spinocerebellum”, 

yielding the typical pattern of the ataxia. The word “ataxia”, coming from the Greek 

word “a taxis”, means “lack of order” and it denotes a clinical syndrome of 

incoordination. So far, there are more than 40 genetically distinct subtypes of SCA. 

The names of each subtype are followed by progressive numbers that represent the 

chronological order by which the disease locus or the causative gene of this subtype 

was identified. The genetic background of SCAs can be classified into two groups: 

Group I repeat expansion SCAs, such as SCA1 and SCA2 which are caused by 

dynamic repeat expansion mutations, typically polyglutamine repeat expansions, and 

Group II conventional mutation SCAs (non-repeat expansion SCAs), which are 

caused by nonsense mutations, missense mutations, deletions or insertions, such as 

SCA5 or SCA14. In general, signs and symptoms can develop in patients with SCA 

at any time from childhood to late adulthood, but most common is the adult-onset 

(Durr, 2010; Klockgether et al., 2019; Seidel et al., 2012). Previous studies have 

shown that the age of onset of Group II conventional mutation SCAs is earlier than 

that of SCAs due to polyglutamine repeat expansions (Durr, 2010; Klockgether et al., 

2019). The clinical features of all SCAs include progressive loss of balance and 

coordination, accompanied by slurred speech. The mobility and communicative skills 

of individuals with SCA are reduced and many SCAs lead to premature death. As the 

name suggests, pathological changes of SCA occur primarily in the nervous system 

and the cerebellum is the principal affected part of the brain. Purkinje cell 
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degeneration, which leads to cerebellar atrophy, occurs in most SCAs (Durr, 2010; 

Klockgether et al., 2019; Seidel et al., 2012).  

 

1.1.2 Group I repeat expansion SCAs 

Group I repeat expansion SCAs are primarily caused by CAG repeat expansion 

mutations in the traditional open reading frames that encode stretches of pure 

glutamine in the respective disease proteins, such as Ataxin-1 protein in SCA1, 

Ataxin-2 protein in SCA2 and Ataxin-7 protein in SCA7. The mutations of the 

causative genes underlying the polyglutamine in SCA normally hold about 100 CAG 

repeats (Durr, 2010). Repeat expansions can also occur in non-coding regions. For 

example, SCA12 is caused by a CAG repeat expansion in the 5’UTR non-coding 

region of the PPP2R2B gene, which encodes the regulatory subunit B beta isoform 

(PR55β) of protein phosphatase 2A (PP2A) (Holmes et al., 1999). The PP2A is a 

trimeric enzyme that has been shown to be involved in many cellular functions 

(Millward et al., 1999) and the region of the CAG repeats is associated with the 

putative promoter region of PPP2R2B gene. The repeat expansion appears to 

increase the transcription of this variant from the promoter region and may influence 

the function of PP2A in brain, although the exact role of PR55β is not so clear with 

respect to the regulation of PP2A activity (Holmes et al., 1999). Non-coding 

expansions are not only CAG repeats. In contrast to translated CAG repeat 

expansions, in SCA10 patients the repeat of the ATXN10 gene in intron 9 consists of 

an expansion of the pentanucleotide ATTCT repeat and comprises up to 4500 

repeats (Alonso et al., 2006; Matsuura et al., 2000). These mutations suggest that 

the pathogenic mechanism of SCA10 should not only be considered as a loss of 

function but also as a gain of function. This large expansion could have effects on 

the transcriptional level or post-transcriptional steps (Klockgether et al., 2019; 

Matsuura et al., 2000). These studies show that the repeat mutations in the intronic 

regions or non-coding regions may primarily cause diseases at the transcriptional or 

regulatory level. 



 

13 

 

In Group I repeat expansion SCAs, polyglutamine-related SCAs are more widely 

studied than other types of SCA, and they belong to the class of polyglutamine 

diseases, such as Huntington’s disease (Havel et al., 2009; Ortega and Lucas, 

2014). Expanded CAG repeats occur in polyglutamine diseases, which produce 

abnormally long polyglutamine proteins that are associated with pathogenesis. 

Although the normal proteins also have glutamine stretches, they are in the right 

range and only long glutamine tract leads to severe disease symptoms (Klockgether 

et al., 2019). In this context, the disease-associated proteins often lead to an 

aggregation or accumulation that is deposited and increases the burden in cells 

(Wang et al., 2013). However, pathology of polyglutamine-related SCAs is more 

complicated and not only depends on toxic aggregation of the mutated proteins. 

Since glutamine has been reported to support conformational changes of normal 

proteins, the disease-associated proteins with polyglutamine repeats may lose the 

correct biological protein conformation which changes their interaction with the usual 

targets and may also lead to inappropriate interactions with other endogenous 

proteins (Ju et al., 2014; Lim et al., 2008). In SCA1, Ataxin-1 is a transcription co-

factor that interacts with numerous other proteins, including the transcriptional 

repressor protein that helps to regulate gene expression. The disease-associated 

polyglutamine Ataxin-1 protein has the ability to alter its normal conformational state 

(Lam et al., 2006). Instead of interacting with normal target proteins in the correct 

conformational state, the mutant Ataxin-1 protein can also interact with 

transcriptional repressor proteins, such as Capicua, which influences global gene 

expression (Fryer et al., 2011; Ingram et al., 2016; Lam et al., 2006). In addition, 

many important cellular signal transduction pathways are disrupted because many 

proteins are accumulated and become deposited in the cell nuclei (Havel et al., 

2009). For example, in SCA3, a mutated Ataxin-3 protein is aggregated to neuronal 

nuclear inclusion bodies. A large number of proteins, including transcriptional factors, 

are associated with Ataxin-3 (Seidel et al., 2010). Intracellular aberrant protein 

aggregation and inclusion body formation indirectly or directly interferes with 

membrane transport, e.g. an increased cargo load, which increases the pathological 

load on neurons (Wang et al., 2013).  
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1.1.3 Group II conventional mutation SCAs 

Group II conventional mutation SCAs have been studied recently as more and more 

types of SCA caused by conventional mutations in certain genes have been 

identified. These mutations offer researchers the opportunity to identify key pathways 

related to the pathogenic mechanism of SCAs and Purkinje cell degeneration.  

SCA5, as a representative of the Group II type of SCA, was a relatively early 

identified and is caused by conventional mutations of the SPTBN2 gene (Ikeda et al., 

2006), which encodes for the Beta-III spectrin protein highly expressed in cerebellar 

Purkinje cells (Ohara et al., 1998). The mutated Beta-III spectrin protein causes 

progressive motor deficits and cerebellar degeneration in an SCA5 mouse model. 

Since endogenous Beta-III spectrin interacts with metabotropic glutamate receptor 1 

(mGluR1), Beta-III spectrin mutant protein interferes with cell signaling by changing 

the mGluR1 localization and inducing dysfunction of mGluR1 at the dendritic spines 

of Purkinje cells (Armbrust et al., 2014). mGluR1 is encoded by GRM1 gene. 

Missense mutations of GRM1 were first reported to lead to an ataxia phenotype in 

mice (Rossi et al., 2010). Later, GRM1 has been identified as the causative gene of 

autosomal recessive cerebellar ataxia (ARCA) in humans (Guergueltcheva et al., 

2012). Recently, SCA44 has been found to be caused by heterozygous dominant 

mutations of GRM1 gene that cause different phenotypes. Truncation mutations of 

the GRM1 cause a dominant negative effect in juvenile-onset ataxia phenotypes, 

and point mutation of the GRM1 with increased receptor activity leads to an adult-

onset cerebellar ataxia phenotypes (Watson et al., 2017). 

The alteration of calcium channel is believed to be an important factor in the 

pathology of SCAs. SCA6, which is caused by a CAG repeat expansion in the 

CACNA1A gene, encoding the voltage-gated calcium channel subunit alpha 1A, 

belongs to the Group I type of SCA (Zhuchenko et al., 1997), but there are also a 

number of point mutations of CACNA1A in SCA6 patients (Alonso et al., 2003; Du 

and Gomez, 2018). Overlapping phenotypes have been reported for SCA6 caused 

by missense mutations, episodic ataxia type 2 (EA2) and familial hemiplegic 

migraine (FHM). The causative gene of EA2 and FHM is also CACNA1A, previously 
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called CACNL1A4 (Ophoff et al., 1996). Similar to SCA6 involving calcium channels, 

many genes causing Group II conventional mutation SCAs have been found to be 

involved in the regulation of the calcium equilibrium. SCA15 (Hara et al., 2008), also 

known as SCA16 (Iwaki et al., 2008), is caused by a heterozygous mutation in the 

ITPR1 gene and by deletions involving the ITPR1 gene. ITPR1 gene encodes 

inositol 1,4,5-trisphosphate receptor type 1, mediating intracellular calcium release. 

The ITPR1 protein had a decreased expression in lymphocytes of the patient, 

suggesting a loss of function or a haploinsufficiency of ITPR1 (Novak et al., 2010; 

Van De Leemput et al., 2007). SCA29 is also related to the ITPR1 gene, but has 

different single-nucleotide variants in ITPR1. The clinical feature of SCA29 differs 

significantly from SCA15. The SCA29 missense mutations of ITPR1 are localized in 

the functional domain that refers to coupling or regulatory events and 

phosphorylation sites to influence the regulation of ITPR1 signaling (Huang et al., 

2012). The causative gene for SCA41 is TRPC3, which encodes the short transient 

receptor potential channel 3, which also regulates intracellular calcium (Fogel et al., 

2015; Prestori et al., 2020). The causative gene for SCA42 is CACNA1G, which 

encodes voltage-dependent T-type calcium channel subunit α1 G, which is highly 

expressed in the cerebellum. The mutated CACNA1G protein causes a shift of the 

current-voltage and steady-state activation curves with a higher slope factor of the 

inactivation curve of the Cav3.1 channels (Coutelier et al., 2015). The SCA42 mouse 

model shows an adult-onset ataxic phenotype going together with cerebellar Purkinje 

cell loss, similar to the reported phenotype in SCA42 patients. The voltage-

dependence of T-type Ca2+ channels is altered with the expression of the mutant 

CACNA1G protein in Purkinje cells (Hashiguchi et al., 2019).  

Some genes causing SCAs are also linked to potassium channels, suggesting their 

importance in pathogenesis of SCAs. KCNC3, the causative gene of SCA13 

encodes the voltage-gated potassium channel subfamily C member 3 (Khare et al., 

2017; Waters et al., 2006). Although the mutant KCNC3 protein was shown to have 

a relatively normal membrane trafficking, electrophysiological experiments have 

shown a reduced inactivation and sensitivity to the actin depolymerizer latrunculin B 

(Khare et al., 2018). SCA19, also known as SCA22, is caused by mutations in the 

KCND3 gene (Lee et al., 2012), which encodes voltage-gated potassium channel 
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subfamily D member 3 (Duarri et al., 2012). A dominant negative effect on protein 

biosynthesis and voltage-dependent gating of Kv4.3 potassium channels of 

SCA19/22 mutants has been proposed based on the study of biophysical and 

biochemical properties of the mutant KCND3 protein. The mutant KCND3 protein 

showed a loss of function electrophysiological profile. KCND3 mutants have also 

increased protein degradation and obstruction of membrane trafficking (Hsiao et al., 

2019). It is expected that the associated pathways or channels associated with the 

genes of the conventional mutations will be found and it will eventually be possible to 

understand how the mutations induce the SCAs.  

1.1.4 SCA14 

The clinical manifestations of Spinocerebellar ataxia type 14 (SCA14) mainly include 

ataxia, oculomotor disturbance and dysarthria. In some cases, a psychological 

syndrome or cognitive deficit may also occur. Lifespan is relatively normal in SCA14 

patients, and the onset may extend from childhood to late adulthood. The PRKCG 

gene has been identified as the causative gene for SCA14, located on chromosome 

19q (Koht et al., 2012; Newton, 1995). The PRKCG gene encodes protein kinase C 

gamma (PKCγ), which is mainly expressed in the brain and is strongly expressed in 

cerebellar Purkinje cells (Barmack et al., 2000; Hirai, 2018; Moriya and Tanaka, 

1994). This expression pattern supports the marked loss of cerebellar Purkinje cells 

observed in a post-mortem study (Wong et al., 2018). To date, more than 40 

mutations of PRKCG gene have been identified in SCA14 patients (Figure 1.1). 

Although changes of kinase activity have been found based on functional studies of 

PKCγ mutant proteins expressed in cell lines, the pathogenesis of SCA14 is still 

unclear. Loss-of-function, gain-of-function and dominant-negative-function have 

been suggested, but none of them can explain the pathology sufficiently. PKCγ 

knockout mice show a relative normal cerebellar development and function making a 

simple loss of function explanation unlikely (Abeliovich et al., 1993). Indeed, 

inhibition of PKCγ activity by pharmacological inhibitors in cerebellar organotypic 

slice culture may even promote Purkinje cell dendritic development (Schrenk et al., 

2002). The hypothesis of a toxic gain-of-function has been suggested as the 

aggregation of PKCγ has been observed in some studies and induces a toxic effect 
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on the cells. For the H101Y PKCγ mutation it has been reported that the H101Y 

PKCγ transgenic mouse has an ataxic phenotype with altered morphology and loss 

of Purkinje cells. H101Y PKCγ protein leads to a reduction in total PKC enzyme 

activity (Zhang et al., 2009). In addition to the reduction of kinase activity of PKCγ 

mutations, several PKCγ mutants with increased kinase activity have been found 

(Adachi et al., 2008). PKC activator PMA does induce a reduction of the dendritic 

growth of Purkinje cells, suggesting that increased kinase activity could be an 

explanation for some of the cases. In our previously published S361G PKCγ 

transgenic mouse model of SCA14, Purkinje cells had severe morphological 

abnormalities similar to the inhibition of dendritic growth induced by PMA treatment. 

These findings support the concept that increased kinase activity of PKCγ is involved 

in SCA14 pathogenesis (Ji et al., 2014; Shimobayashi and Kapfhammer, 2017). 

More recently, a PKCγ mutant has been reported to be caused by the PKCγ(R76X), 

which produces a short peptide with a pseudosubstrate domain that served as a 

pan-PKC inhibitor. It is believed that the PKCγ(R76X) peptide functions in a 

dominant negative manner by inhibiting PKC activity and causing the death of 

Purkinje cells (Shirafuji et al., 2019).  

 

Figure 1.1 All reported SCA14-associated mutations in PKCγ are listed.  

In this study the transgenic mouse model of S361G in the kinase domain of PKCγ is 

used. 
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1.2 Cerebellar Purkinje cell (PC) development  

1.2.1 Cerebellum  

The cerebellum is an important part of the body’s motor control systems. It is also 

known as the little brain, which occupies only about 10% of the volume of the entire 

brain, but about half of all the neurons in the brain are located in the cerebellum 

(Azevedo et al., 2009; Yamazaki et al., 2019). The cerebellum receives input from 

motor regions and integrates the information for refining movements. 

The cerebellum is located in the posterior cranial fossa behind the brain stem, pons 

and medulla (Figure 1.2A and B). It is separated from the inferior portion of the 

occipital lobes by the cerebellar tentorium and is composed of an outer layer of gray 

matter, an inner layer of white matter and the deep cerebellar nuclei (DCN). The 

cerebellum is connected to the rest of the brain by three cerebellar peduncles called 

the inferior, the middle and the superior cerebellar peduncle which anchor to the 

dorsal part of the brain stem. The adult cerebellum is divided into three main 

anatomical regions along the mediolateral axis: Hemispheres, Paravermis, and 

Vermis. According to conserved foliation patterns, 10 lobules are formed along the 

sagittal axis of the cerebellum (Figure 1.2A). The cerebellum can also be divided into 

three functional regions (Klein et al., 2016; White and Sillitoe, 2013):  

Vestibulocerebellum, Spinocerebellum and Cerebrocerebellum (also called 

Pontocerebellum) (Figure 1.2B).  
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Figure 1.2 Anatomy and three functional regions of the cerebellum.  

(A) The adult cerebellum is divided into three major anatomical regions: 

hemispheres, paravermis, and vermis. 10 lobules are divided and indicated (labelled 

roman numerals) in the cerebellum. LS, lobulus simplex; PML, paramedian lobule; 

COP, copula pyramidis; a, anterior; p, posterior. The image is adapted from (White 

and Sillitoe, 2013). (B) The cerebellum can be divided into three functional regions: 
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The vestibulocerebellum (lobules IX/X), the oldest part of the cerebellum, receives its 

input from the vestibular nuclei of the brain stem. The spinocerebellum (vermis and 

paravermis) receives its inputs directly from the spinal cord. The cerebrocerebellum 

(lateral parts of the hemispheres), the largest and newest part of the cerebellum, 

receives its input mainly from the cortical areas of cerebrum. The picture is adapted 

from (Klein et al., 2016). 

 

The Vestibulocerebellum, phylogenetically the oldest part of the cerebellum, consists 

of the flocculonodular lobe that receives vestibular and visual input. The Purkinje 

cells of this region project their axon directly back to the vestibular nuclei. It is 

responsible for balance, eye movements and vestibular reflexes. The 

Spinocerebellum consists of the vermis and the adjacent intermediate zone of the 

cerebellum. It receives somatosensory input from brain stem motor centers. The 

output runs via the deep cerebellar nuclei. This functional region is responsible for 

integration of the sensory input to maintain balance and command movements. The 

Cerebrocerebellum (or Pontocerebellum), the largest part of cerebellum, consists of 

the lateral hemispheres and projects via the dentate nuclei. Input from the motor 

areas of cerebral cortex reach the cerebellum through the pontine nuclei (afferents). 

The cerebellar cortex of the Cerebrocerebellum projects to the dentate nuclei and 

continues into the red nucleus and returns to the cerebral cortex via the ventral 

lateral nucleus of the thalamus (efferents). This functional subdivision supports the 

motor functions of the cortex with regard to the arrangement and timing of 

movements (Klein et al., 2016; White and Sillitoe, 2013).  

The cerebellum is thought to have very specific functional roles due to its regular 

internal circuitry in the cerebellar cortex, which consists of three layers called the 

molecular layer, the Purkinje layer and the granule cell layer (Figure 1.3A and B). 

Within the cerebellum, there are several different types of cells, and the five most 

important cell types are Purkinje cells, granule cells, basket cells, stellate cells and 

Golgi cells. Out of these, the granule cells are the only excitatory neurons releasing 

the neurotransmitter glutamate and exciting the synapses to which they connect. The 
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other four types of cells are all inhibitory neurons, like the Purkinje cell mentioned 

above. It means that the primary output of the cerebellar cortex is inhibitory. In 

addition, there are several other types of cells in cerebellum. Unipolar brush cells 

(UBC) are a class of excitatory glutamatergic interneurons that are mainly present in 

the granule cell layer. Lugaro cells are primary sensory interneurons that are found 

under the Purkinje cell layer. The candelabrum cells are distributed throughout the 

cerebellar folia and the soma of candelabrum cells is squeezed between the cell 

bodies of Purkinje cells (Lainé and Axelrad, 1994). Glial cell types are also present in 

the cerebellum. Bergmann glia are unipolar astrocytes, associated with the 

organization of the molecular layer. They develop large processes in the plane of 

dendrites of Purkinje cells and their cell bodies are found in the Purkinje cell layer. 

Astrocytes are present in the granule cell layer. Oligodendrocytes are found in the 

granule cell layer and in the white matter of the cerebellum. All these cells occupy 

their place in the three-layer structure that is repeated throughout the cerebellum 

(Bihannic and Ayrault, 2016; Cerminara et al., 2015).  
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Figure 1.3 The cerebellar cytoarchitecture of rodents. 

(A) The cerebellum and its compartmentations (dashed outline) are shown in a 

mouse brain. The cerebellar vermis is divided by the anatomical midline and the 10 

cerebellar lobules (labeled I-X) are indicated in the picture (right side). Ant, Anterior; 
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IGL, Internal granule layer. The picture is adapted from (Bihannic and Ayrault, 2016). 

(B) The regular internal circuit in the cerebellar cortex comprising the molecular 

layer, the Purkinje layer and the granule cell layer. UBC, unipolar brush cell. The 

picture is adapted from (Cerminara et al., 2015). 

 

The molecular layer consists mainly of the dendrites of the Purkinje cells and the 

parallel fibers with some inhibitory interneurons, mainly basket cells and stellate 

cells, which are loosely distributed between the Purkinje cell dendritic ramifications 

and the axons of the parallel fibers (Bihannic and Ayrault, 2016; Cerminara et al., 

2015). 

The Purkinje cell layer consists of the cell bodies of Purkinje cells, which are the 

output neurons of the cerebellar cortex. Purkinje cells are very large, and the 

diameter of the cell body can be as much as 80 micrometers and they have one of 

the most widely branched dendritic trees in the brain. The large dendritic trees of 

Purkinje cells enter the molecular cell layer where they form an interface and receive 

the synapses from the parallel fibers (Napper and Harvey, 1988), which are derived 

from the granule cells. Only the Purkinje cells project out of the cerebellar cortex. 

The Purkinje cell axon projects to the deep cerebellar nuclei and release GABA as 

an inhibitory neurotransmitter. Dendritic trees of Purkinje cells also receive the 

excitatory inputs from the climbing fibers, which originate from the inferior olivary 

nucleus (Bihannic and Ayrault, 2016; Cerminara et al., 2015).  

The granule cell layer is the densest neuronal region in the cerebellum and is mainly 

formed by granule cells which are the most abundant neurons of the brains. Mossy 

fibers are the important excitatory input to the cerebellum and synapse on the 

granule cells. The granule cell sends an axon up through the Purkinje cell layer into 

the molecular cell layer. This axon then divides into two long fibers forming a T-

shaped axon, forming the parallel fibers, which synapse on the dendritic spines of 

Purkinje cells. The Golgi cells are GABAergic inhibitory interneurons and form 

inhibitory synapses with the granule cells. They also receive the excitatory synaptic 
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inputs from mossy fibers that form the cerebellar glomerular synapses (Bihannic and 

Ayrault, 2016; Cerminara et al., 2015). 

The deep cerebellar nuclei are the output structure of the cerebellum and project to 

many parts of the brain. They also send a feedback projection to the inferior olive 

and can suppress this signal at the subcortical level (Binda et al., 2020; D’Angelo 

and Casali, 2013).  

The feedforward excitatory chain refers mainly to mossy fiber and granule cells. The 

mossy fibers, which originate in brain stem and spinal cord nuclei, have their 

terminals in the granule cell layer and excite granule cells and Golgi cells. In 

addition, they have a collateral branch sending the same information directly to the 

deep cerebellar nuclei. Golgi cells are also activated by parallel fibers and thus 

provide both feed-forward and feedback regulation to granule cells. The axons of 

granule cells form the parallel fibers in the molecular layer and send the excitatory 

signal to the highly branched dendritic tree of Purkinje cells and other cells in the 

molecular layer. Basket cells and stellate cells, which are also activated by parallel 

fibers, inhibit the excitatory inputs on Purkinje cells and participate in the regulation 

during the integration of information. The dendrite of a Purkinje cell is innervated by 

a single excitatory climbing fiber derived from the cells of the inferior olive in the 

brainstem, and one climbing fiber can activate a Purkinje cells. The output of 

Purkinje cells projects to the cells of the deep cerebellar nuclei and then to the 

cerebral cortex, the brainstem and the spinal cord. Purkinje cells send out inhibitory 

signals and inhibit the spontaneous activity of the deep cerebellar nuclei, which in 

the final step send out excitatory signals and regulate the output of the cerebellum. 

Therefore, the inhibitory loop includes inhibition by Golgi cells in the granule cell 

layer, inhibition by basket cell and stellate cells in the molecular layer, and inhibition 

by Purkinje cells (Binda et al., 2020; D’Angelo and Casali, 2013) (Figure 1.4). 
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Figure 1.4 Wiring diagram of the cerebellar neuronal circuit organization. 

The mossy fibers are exciting granule cells and send an axon collateral directly to 

the cells of the deep cerebellar nuclei. The mossy fiber indirectly sends excitatory 

signals to Purkinje cells. Parallel fibers formed by axons of granule cells send the 

excitatory signals directly to the Purkinje cells. Basket cells and stellate cells 

participate in the regulation of Purkinje cells during the integration of information. 

Climbing fibers originating from the cells of the inferior olive and also activate 

Purkinje cells and deep cerebellar nuclei. Purkinje cells project onto the cells of the 

deep cerebellar nuclei and inhibit them. The picture is adapted from (Binda et al., 

2020). 
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1.2.2 PC growth and development  

In the cerebellum, Purkinje cells are cells which have a large and highly branched 

dendritic tree. During development, one of the most important processes in Purkinje 

cells is dendritic growth (Figure 1.5) (Sotelo, 2004). Purkinje cells are originally 

produced in the ventricular zone from embryonic day 11 to 13. During this period, 

many molecular signals and environmental cues are involved in the regulation of 

dendritic development. The thyroid hormone L-3,3',5-triiodothyronine (T3) plays an 

important role for growth and branching of Purkinje cell dendritic arbors, and directly 

regulates Purkinje cell differentiation via activation of the thyroid hormone receptors 

(Heuer and Mason, 2003; Oppenheimer and Schwartz, 1997). After Purkinje cells 

are born they have a bipolar shape in the migratory period. Immature Purkinje cells 

then enter a process of dendritic regression (Sotelo and Dusart, 2009; Sotelo, 2004). 

During this phase in rodents, bipolar cells retract their primitive processes and 

extend many short protrusions. Development of Purkinje cells in this period is slow 

with little expansion of the dendritic tree. This phase continues up to postnatal day  6 

or 7 in mice (Altman, 1972). When parallel fibers first appear in the immature 

molecular layer of the cerebellum, Purkinje cell development enters into a phase of 

rapid dendritic expansion (Armengol and Sotelo, 1991). RAR-related orphan receptor 

alpha (RORα) regulates the early dendritic differentiation and is critical for the 

progression to the phase of rapid dendritic expansion of Purkinje cells (Boukhtouche 

et al., 2006). Synaptogenesis between Purkinje cell dendrites and parallel fibers 

appears during this time (Armengol and Sotelo, 1991). Later, dendritic tree 

expansion becomes restricted to a single sagittal plane by dendritic reconstruction 

during the third to the fourth week. Mature dendritic trees of Purkinje cells are first 

present after four weeks. The maturation of electrophysiological properties in 

Purkinje cells proceeds in parallel to the dendritic expansion (McKay and Turner, 

2005). Purkinje cell dendritic growth is regulated by a variety of mechanisms 

including the action of growth factors, thyroid hormone, and further regulators 

controlling Purkinje cell development (Kapfhammer, 2004). 
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Figure 1.5 Morphological stages of Purkinje cell dendritic development from 
E20-Adult in rats.  

Immature Purkinje cell enters a regression period up to P5. From P6 on, the ultimate 

dendritic tree is expanded. Scale bar: 55 μm. The image is adapted from (Sotelo, 

2004). 

 

Many molecules participating in the regulation of different stages of Purkinje cell 

development have been indenified, including dendritic growth, differentiation and 

maintenance. SCLIP protein is a member of the stathmin family and SCLIP mRNA is 

prominently expressed in Purkinje cells. SCLIP is an important factor that controls 

Purkinje cell dendritic growth during the early and later phases. In early steps of 

development of Purkinje cells, SCLIP is involved in dendrite formation. In the later 

stages of differentiation, it regulates dendritic elongation and branching (Poulain et 

al., 2008). Celsr2 protein is distributed in postnatal Purkinje cells (Shima et al., 2002) 

and controls dendritic morphogenesis implying a role of adhesion molecules for 

maintenance of dendritic branches of Purkinje cells (Shima et al., 2004). TRPC3 is 

mainly distributed in the cerebellar Purkinje cell layer during the stage of dendritic 

growth and functions in both dendritic growth and survival of Purkinje cells (Becker et 

al., 2009). TRPC3 is highly expressed in the soma and dendrites of Purkinje cells 

during the postnatal development of the cerebellum (Becker et al., 2009; Huang et 

al., 2007), and the high level of TRPC3 expression continues to the period of 

adulthood, suggesting that TRPC3 may also regulate the growth and refinement of 

dendritic trees of Purkinje cells in the cerebellar cortex during adulthood (Becker et 
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al., 2009). Beta-III spectrin has been identified to play a critical role in the 

organization of the dendritic tree and the development of dendritic spines of Purkinje 

cells. Beta-III spectrin knockout mice have defects of the ordered dendritic 

arborization, particularly a loss of monoplanar organization, a decreased dendritic 

diameter, a reduction of the density of dendritic spines and a reduced number of 

synapses in Purkinje cells. Purkinje cells from Beta-III spectrin knockout mice also 

show strongly reduced dendritic areas compared to wildtype cells in dissociated 

cultures (Gao et al., 2011). Carbonic anhydrase related protein 8 (Car8) is 

abundantly expressed in Purkinje cells and is important for synaptogenesis and 

maintenance of synaptic morphology and function in the cerebellum (Hirasawa et al., 

2007). Car8 has been recently identified as a novel regulator of Purkinje cell 

dendritic development (Shimobayashi et al., 2016).  

mGluR1, a subtype of the group I mGluRs, is most strongly expressed in Purkinje 

cells starting during the embryonic period (Catania et al., 1994; Göres et al., 1993; 

Lein et al., 2007; Shigemoto et al., 1992). Although no marked abnormality in 

cerebellar anatomy of mGluR1 deficient mice was found, the Purkinje cell dendritic 

arbors were found to be smaller and have a reduced complexity of Purkinje dendritic 

branches (Alba et al., 1994). In dissociated cultures of rat cerebellar Purkinje cell and 

granule cells, pharmacological inhibition of mGluR1 by application of the subtype-

selective antagonist of group I metabotropic glutamate receptors 7-

(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester (CPCCOEt),reduced 

the number of surviving Purkinje cells and the size of their dendritic arbors. These 

findings have been confirmed by rat in vivo experiments via local injections of 

LY367385, a highly selective and competitive mGlu1a receptor antagonist, mGluR1 

antisense oligonucleotides, or systemic administration of CPCCOEt (Catania et al., 

2001). In contrast, in cerebellar organotypic slice cultures derived from P8 mouse 

pups and maintained for 12 days, pharmacological inhibition of mGluR1 by (RS)-

alpha-methyl-4-carboxyphenylglycine (MCPG), a competitive metabotropic 

glutamate receptor antagonist, had an only minor negative effect on Purkinje cell 

dendritic morphology (Adcock et al., 2004). These studies indicate that mGluR1 

signaling is essential for Purkinje cell growth and survival particularly at earlier 

developmental stages. At later developmental stages, mGluR1 signaling has an 
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important regulatory function in the period of rapid dendritic expansion in cerebellar 

slice cultures. When mGluR1 signaling was induced by treatment with  

Dihydroxyphenylglycine (DHPG), a group I mGluR activator, a severe reduction of 

Purkinje cell dendritic growth was found (Sirzen-Zelenskaya et al., 2006). 

Increased PKCγ activity was identified as a negative regulator for Purkinje cell 

dendritic development. Although many isoforms of PKC are expressed in the 

cerebellum, PKCγ is specifically and strongly expressed in Purkinje cells (Barmack 

et al., 2000; Huang et al., 1988; Kose et al., 1988). PKCγ expression is relatively low 

at birth and increases in the postnatal period (Hashimoto et al., 1988; Yoshida et al., 

1988). PKCγ can be activated by binding of diacylglycerol (DAG) and Ca2+ (Saito 

and Shirai, 2002). In rat organotypic slice cultures, Purkinje cells were shown to grow 

increased dendritic trees with more ramified dendritic branches with treatment of a 

general PKC inhibitor, GF109203X (Metzger and Kapfhammer, 2000). Treatment of 

an inhibitor specific for conventional PKC isoforms, Gö6976 also promoted extensive 

branching of Purkinje cells (Schrenk et al., 2002). In slice cultures from PKCγ 

deficient mice, Purkinje cells were shown to have expanded dendritic trees with an 

increased number of dendritic branching points compared to wildtype mice (Schrenk 

et al., 2002). When Purkinje cells are treated by phorbol-12-myristate-13-acetate 

(PMA), an activator of PKC, a marked reduction of the dendritic trees was shown in 

either organotypic slice cultures or dissociated cerebellar cultures (Ji et al., 2014; 

Metzger and Kapfhammer, 2000; Schrenk et al., 2002; Shimobayashi and 

Kapfhammer, 2017).  

 

1.2.3 SCA and PC development 

As many molecules are involved in the regulation of Purkinje cell development, some 

of them, which are highly expressed in Purkinje cells, such as Beta-III spectrin, 

TRPC3, mGluR1 and PKCγ, have also been identified as causative genes of SCAs 

and are probably associated with pathogenesis of SCAs. SCA5 is caused by gene 

mutations of SPTBN2 encoding Beta-III spectrin protein (Gao et al., 2011; Ikeda et 

al., 2006; Ohara et al., 1998). The mutant of Beta-III spectrin protein was strongly 
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expressed in Purkinje cells by immunofluorescence staining in a SCA5 mouse model 

with a phenotype of progressive cerebellar degeneration (Armbrust et al., 2014). The 

mutation Arg762His of TRPC3 has recently been identified to result in SCA41 (Fogel 

et al., 2015; Prestori et al., 2020). To date, no SCA41 disease-associated mouse 

model has reported, however, the moonwalker (Mwk) mouse mutant is caused by a 

different Trpc3 point mutation T635A and exhibits profound impairment of growth 

and differentiation of Purkinje cell dendrites (Becker et al., 2009). The TRPC3 

Arg762His mutation was shown to have a similar phenotype to the mouse Mwk 

Trpc3 mutation in cell experiments (Fogel et al., 2015). In addition, disrupted 

regulation of TRPC3 has been reported in other SCAs. TRPC3 downregulation has 

been reported in Purkinje cells of a SCA1 mouse model before the onset of Purkinje 

cell degeneration (Lin et al., 2000). Failure of TRPC3 phosphorylation by mutant 

SCA14 mutant PKCγ has been shown in cellular assays (Adachi et al., 2008). 

Mutations of PKCγ causes SCA14 and in a mouse model of SCA14 expression of 

mutated PKCγ leads to dendritic abnormalities of Purkinje cells (Ji et al., 2014; 

Shimobayashi and Kapfhammer, 2017; Trzesniewski et al., 2019). SCA44 is caused 

by mutations of mGluR1 and missense mGluR1 mutants result in increased receptor 

activity (Watson et al., 2017). Activation of the mGluR1 signaling has been reported 

in the moonwalker mouse model (Becker et al., 2009). These findings provide a 

possible link between molecules regulating Purkinje cell development and 

pathogenesis of SCAs. This hypothesis has been confirmed for some molecules, 

such as RORα, which is not a causative gene of SCAs but plays an important role 

during the progression of disease. The expression of RORα is downregulated in 

Purkinje cells from the SCA1 mouse model and RORα mediated Purkinje cell 

development determines disease severity of SCA1 (Boukhtouche et al., 2006; Serra 

et al., 2006). These results suggest that mutations in or dysregulation of the 

molecules that play a role for Purkinje cell development may contribute to SCAs and 

cerebellar diseases.  
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1.3 Common dysregulated molecules  

1.3.1 Dysregulated gene expression in SCAs 

The normal cellar pathway for growth, development and differentiation depend on 

the accurate gene expression. Dysregulation of gene expression is an acknowledged 

characteristic of several SCAs and has been proposed to trigger the pathogenesis of 

SCAs (Carlson et al., 2009; Helmlinger et al., 2006). Several mutant SCA causing 

proteins are recognized as key factors associated with the regulation of gene 

expression and contribute to gene regulation on the transcriptional level. In some 

representative types of SCAs caused by polyglutamines, such as SCA1 and SCA7, 

the causative protein are ataxins, which interact with transcriptional regulators. 

Ataxin-1 can directly interact with Capicua, the mammalian homolog of Drosophila 

Capicua and modulate the repressor activity of Capicua in mammalian cells. 

However, in the Ataxin-1 with polyglutamine expansion, the binding to and the 

repressor activity of Capicua are changed. Capicua is a key transcriptional regulator 

and plays an important role in gene expression especially for developmental 

processes (Atkey et al., 2006). In SCA7, the Ataxin-7 protein plays a role for gene 

expression through its interaction with the co-activator SAGA complex, an extremely 

conserved complex involved in gene expression (Lee et al., 2001; Yvert, 2000). 

SAGA is influenced by the mutant Ataxin7 and clusters in a dysfunctional negatively 

charged SAGA complex, that is proposed to be involved in the pathogenesis of 

expanded polyglutamine diseases (McMahon et al., 2005).  

Some SCA causative genes are directly responsible for gene expression regulation. 

The TATA-Box binding protein (TBP) is a general transcription factor and mutants of 

TBP cause a CAG repeat expansion resulting in SCA17 (Friedman et al., 2007). TBP 

contains polyglutamine regions and these regions play a role in the ability of TBP to 

promote or inhibit transcription by interaction with the regulators or by binding to the 

different promoter areas. Mutations of TBP cause reduced affinity for binding to the 

relative region of DNA (Friedman et al., 2008). These studies suggest that mutated 

proteins of SCAs can affect gene expression directly or indirectly by changing the 

activity of signaling proteins resulting in a dysregulation of transcription. Many 
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studies therefore have focused on the analysis of the gene expression on the global 

transcriptional level by the use of animal or cellular models and aimed to identify the 

genes with strongly altered expression. These genes are expected to pinpoint the 

pathways associated with SCAs.  

1.3.2 Common molecular mechanism 

Based on the global transcriptional data, several common molecules have been 

found from different mouse models with cerebellar ataxic phenotype, indicating 

potentially important pathways associated with pathogenesis of SCAs and cerebellar 

ataxia. For example, staggerer mice exhibit a characteristic severe cerebellar ataxia 

due to an underdeveloped cerebellar cortex and unaligned Purkinje cells (Steinmayr 

et al., 1998). Overlap based analysis of microarray data from the SCA1 mouse 

model (Serra et al., 2006) and staggerer mouse (Gold et al., 2003) was performed 

and many common genes have been identified (Table 1.1). These common 

molecules will provide a better understanding of the disease mechanisms of SCAs 

and cerebellar ataxia.   

Table 1.1 The common genes between microarray sets of SCA1 and staggerer 
mice. Adapted from (Serra et al., 2006). 
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Calbindin 1, belongs to the calbindin family of calcium-binding proteins and is known 

as a Purkinje marker in the cerebellum (Andressen et al., 1993; Celio, 1990). 

Calbindin 1 is on the top the molecules found by overlapping data between SCA1 

mouse model (Serra et al., 2006) and the staggerer mouse (Gold et al., 2003). 

Defects of calbindin D28K affect the physiology of Purkinje cell and the calcium 

pathway (Airaksinen et al., 1997; Vecellio et al., 2000) and loss of one copy of 

calbindin D28K causes enhanced ataxia of SCA1 mice (Vig et al., 2012). Although 

Calbindin 1 is identified as common molecule, highly expressed in Purkinje cells, 

relatively normal Purkinje cell development is found in calbindin null mutant mice. 

This may be due to the partial compensation by high levels of another calcium-

binding protein, parvalbumin (Schmidt et al., 2007), which is also strongly expressed 

in cerebellar Purkinje cells (Airaksinen et al., 1997; Celio, 1990; Kosaka et al., 1993; 

Toyoshi et al., 1985).   

Sptbn2, also known as brain-specific Beta-III spectrin encoded by Spnb3 gene, is 

identified in the overlapping set of genes of SCA1 and staggerer mice (Serra et al., 

2006). The dominant-negative mutations in the human homolog of SPTBN2 lead to 

SCA5 (Ikeda et al., 2006). Beta-III spectrin plays a role in basic membrane protein 

trafficking and localization in Purkinje cells and mutations in Beta-III spectrin causes 

SCA5  (for review see Perkins et al., 2016). 

mGluR1 is another common molecule from overlapping the data between SCA1 

mouse model and the staggerer mouse, and abnormalities of mGluR1 signaling have 

been found in different mouse models, referring to molecules including mGluR1, 

Gαq, PLC, PKCγ, ITPR1 and TRPC3 (Aiba et al., 1994; Conquet et al., 1994; 

Hartmann et al., 2004; Jana Hartmann et al., 2008, 2011; Kano et al., 1998; 

Matsumoto et al., 1996; Miyata et al., 2001; Offermanns, Toombs, et al., 1997; Van 

De Leemput et al., 2007). Some of these molecules are known to cause SCAs or 

other disorder relating to the cerebellum. For example, PKCγ mutants, mentioned in 

the previous section, cause SCA14 (Ji et al., 2014; Shimobayashi and Kapfhammer, 

2017; Trzesniewski et al., 2019) and PKCγ is downstream of mGluR1 signaling. 

SCA15 is caused by the mutation of ITPR1 (Hara et al., 2008), another downstream 

molecule of mGluR1. In SCA1, mGluR1, ITPR1, PKCγ and Homer3 have been found 



 

34 

 

to be downregulated on the transcriptional level (Lin et al., 2000; Serra et al., 2004, 

2006) and for mGluR1 this reduction of expression has been confirmed on the 

protein level (Zu et al., 2004). Disruption of mGluR1 has been reported in the mouse 

models of SCA3 (Konno et al., 2014) and SCA5 (Armbrust et al., 2014). Mutations 

within GRM1 coding for mGluR1 are relatively rare. Recently, SCA44 has been 

reported, with heterozygous dominant mutations in the GRM1 gene showing typical 

phenotypes of SCA disease, but with different characteristics, possibly due to 

different functional changes in different mutants (Watson et al., 2017). The function 

of an mGluR1 truncation mutation was tested by cellular experiments and this 

mutation resulted in a decreased receptor activity and decreased downstream target 

phosphorylation, suggesting that a loss of function of this mutation interferes with 

downstream signaling of mGluR1 (Watson et al., 2017). These findings demonstrate 

an important role of mGluR1 signaling in Purkinje cells and show the relationship of 

altered mGluR1 signaling and SCA pathogenesis.  

Evidence for enhanced mGluR1 signaling is also present in different types of SCA. 

For example, elevated calcium is reported in Purkinje cell in the SCA2 mouse model 

caused by ATXN2Q58 (Liu et al., 2009) and mutant ataxin2 can interact with IP3R 

(Kasumu et al., 2012). Our previous study has reported increased IP3R1 (encoded 

by ITPR1, causative gene of SCA15 and SCA29) expression in an SCA14 mouse 

model (Shimobayashi et al., 2016). The two other SCA44 causing mGluR1 missense 

mutations showed increased receptor activity compared to the wild type mGluR1, 

suggesting that increased activity of mGluR1 leads to increased ligand sensitivity 

and ligand-independent activation, which is related to the fact that both missense 

mutations are closely located in the area of mGluR1 activation, resulting in excessive 

mGluR1 signaling by positive feedback with increased intracellular calcium levels 

(Watson et al., 2017). The moonwalker (Mwk) mouse model with severe ataxia and 

abnormal Purkinje cell development, is caused by the point mutations of TRPC3 (the 

causative gene of SCA41). This mutant TRPC3 can activate the cation channel, 

downstream of mGluR1 signaling (Becker et al., 2009; Sekerková et al., 2013). 

These studies suggest that increased mGluR1 pathway might also be associated 

with pathogenesis in some types of SCAs. Therefore, researchers have used the 

strategy of overlapping microarray data from different types of SCAs. In a previous 
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study, SCA1 and SCA7 mouse models have been used to identify 27 common 

molecules which could contribute to uncover potentially shared molecular 

mechanisms relating to the pathogenesis of SCAs (Gatchel et al., 2008). 

 

1.4 Regulator of G-protein signaling 8 (RGS8) 

Regulator of G-protein signaling 8 (RGS8) is one of the identified common genes in 

the study of SCA1 and SCA7 mice models (Gatchel et al., 2008). Although the 

detailed function of RGS8 is not known, there are many members of the RGS family, 

which are relatively well studied and may help us to better understand the possible 

function of RGS8. 

1.4.1 RGS proteins  

RGS proteins not only have a highly conserved structure in mammals, but are 

already present in lower eukaryotes, such as yeast. The SST2 protein of yeast is the 

homologoue of mammalian RGS protein, and its function can be replaced by 

mammalian RGS4 (Chan and Otte, 1982; Dohlman et al., 1995; Druey et al., 1996; 

Weiner et al., 1993). Until now, more than 30 RGS family members have been found 

in the human genome. They share a conserved RGS domain which is about 120-130 

amino acids in length flanked by N-terminal and C-terminal domains of variable 

length, so the molecular weight range is variable from small size around 20kDa (e.g. 

RGS2, RGS10), medium size around 60kDa (e.g. RGS3, RGS9), and large size up 

to 160 kDa (De Vries et al., 2000; Hollinger and Hepler, 2002). The cellular 

distribution of RGS proteins is not well studied but it is assumed that most of them 

preferentially are present near the membrane because of their interaction with 

membrane proteins. The distribution of RGS proteins is related to and affected by 

the regulation of Gα-subunits. For example, RGS2 has a cytoplasmic or nuclear 

localization in HEK293 cells, but the localization will become plasma membrane 

associated when a Gα-subunit is expressed in the cells (Roy et al., 2003).  
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RGS proteins are classified into six sub-families according to the shared structure of 

the RGS domain forming the RZ, R4, R7, R12, RA and RL subfamily (Figure 1.6A) 

(Hollinger and Hepler, 2002; Ross and Wilkie, 2000). The RGS domain is a globular 

and mostly helical structure based on a four-helix bundle (helices 4–7) and a second 

subdomain composed of the N-terminal and C-terminal helices 1–3 and 8–9 (Figure 

1.6B). The interaction of the RGS domain with the Gα-subunit depends on three 

nearby interhelix loops 3/4, 5/6 and 7/8. The residues, which are necessary for the 

overall structure and for the Gα contact sites, are most frequent on the front face of 

helices 2 and 3, on the back face of helices 6 and 7, and on loops 4/5 and 5/6. 

Sizable inserts are included in 4/5 and 6/7 loops, which may mediate the interaction 

of other regulatory molecules (Ross and Wilkie, 2000).  

 

Figure 1.6 Structure and classification of RGS family proteins.  

(A) RGS proteins are classified into six subfamilies according to the arrangement of 

RGS domain and relative motifs. The picture is adapted from (Hollinger and Hepler, 

2002). (B) Top panel, conserved RGS domain structure from RGS4 is included in all 

members of RGS subfamilies. Identity at each position of RZ, R4, R7 and R12 
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subfamilies is shown. Bottom panel, same structure rotated by 180 degrees. The 

figure is adapted from (Ross and Wilkie, 2000). 

 

 

1.4.2 RGS proteins play a role as GAPs 

G protein coupled receptors (GPCRs) regulate cellular activity to adapt to the 

different cellular environment or internal stimuli. Guanine nucleotide exchange factor 

is an important protein after the steps of activation of GPCR and facilitates the 

replacement of GDP to GTP in the Gα-subunit of heterotrimeric G proteins. The 

phosphate of GTP can stabilize the Gα-subunit during a conformational change of 

heterotrimeric G proteins and the Gα-subunit is then dissociated from the dimeric 

Gβγ-subunit, and both of them are dissociated from the GPCR (Willars, 2006; Zhang 

and Mende, 2011). Next, the Gα-subunit and Gβγ-subunit interact with effector 

proteins. The Gα-subunit consists of the four main families Gαq/11, Gα12, Gαs and 

Gαi/o. All of them have an intrinsic GTPase activity and can hydrolyze GTP to GDP 

terminating the signaling. Afterward, the Gα-subunit and Gβγ-subunit reform into the 

heterotrimeric G protein (Willars, 2006; Zhang and Mende, 2011). The function of 

RGS proteins is the blockade of Gα signaling by preventing GTP binding to Gα or by 

limiting the period of GTP binding to Gα (Figure 1.7). Since the participation of RGS 

proteins can act as GTPase-activating proteins (GAPs), which dramatically 

accelerate the rate of Gα-GTP hydrolysis up to 1000-fold compared to the condition 

without RGS proteins. Accumulation of hydrolysis leads to reduction of the lifetime of 

the active Gα-GTP forms (Berman et al., 1996; Hepler et al., 1997; Hunt et al., 1996; 

Kozasa et al., 1998; N. Watson et al., 1996). 
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Figure 1.7 RGS proteins regulate G protein meditated signaling pathway.  

RGS proteins accelerate Gα activity which reduces the duration of the Gα mediated 

downstream signaling by step (1). RGS protein bind to activated Gα, which may 

cause competitive inhibition with downstream effectors by step (2). The picture is 

adapted from (Zhang and Mende, 2011).  

 

 

1.4.3 RGS tissue distribution  

Although some RGS proteins have ubiquitous expression pattern, the main feature 

for most RGS family members is a specific tissue distribution or enriched expression 

in a particular cell type. The restricted tissue expression indicates the specificity of 

function for the relevant cell types (Grafstein-Dunn et al., 2001). 

RGS2, RGS5 RGS12 and RGS16 are expressed ubiquitously or at least relatively 

widely in different types of tissue (Kurrasch et al., 2004). Expression of RGS2 is 
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strongest in the cardiovascular system and the brain. Similar to RGS2, RGS5 is 

widely expressed in many kinds of tissues with strong expression in the 

cardiovascular system and brain (Seki et al., 1998). RGS12 has a ubiquitous 

expression pattern, including bone, testis, spleen, heart, lung and brain (Snow et al., 

1997; Yang and Li, 2007). RGS16 is widely expressed in the immune system, liver, 

heart and brain (Grafstein-Dunn et al., 2001; Kveberg et al., 2005; Patten et al., 

2002). RGS19, also known as RGS-GAIP, is highly expressed in the liver, lung, 

heart with only weak expression in brain (De Vries et al., 1995; Ji et al., 2015).  

Many RGS family members tend to have a tissue-specific expression pattern. Except 

for RGS18, which is more specifically expressed in platelets (Gagnon et al., 2002), 

tissues of the eye and organs of the immune system have relatively enriched 

expression of RGS proteins. RGS11 is prominently expressed in bipolar cells in the 

retina (Cao et al., 2012). RGS1 (Han et al., 2005) and RGS13 (Shi et al., 2002) have 

a selective expression in the cell types of the immune system, but relatively less 

expression in the other tissues. RGS10 is not only highly expressed in the immune 

system, but is also expressed in the brain (Gold et al., 1997; Haller et al., 2002).  

Several RGS proteins have a selective expression in the heart, such as RGS3, 

RGS4, RGS6 and RGS14 (Hollinger et al., 2001; Ingi and Aoki, 2002; Li et al., 2016; 

Snow et al., 1997; Zhang et al., 1998). RGS4, RGS6 and RGS14 also have strong 

expression in the brain (Ahlers et al., 2016; Gold et al., 1997). These studies suggest 

that RGS proteins play an important role in the cardiovascular system and the 

nervous system. In contrast to the more general expression in the heart, RGS 

protein expression in the brain is enriched in particular brain regions or functional 

areas. For example, RGS7 is highly and selectively expressed in the brain stem, 

hippocampus, hypothalamus and amygdala (Hohoff et al., 2009; Larminie et al., 

2004). One splice isoform of RGS9 is particularly expressed in striatum (Gold et al., 

2007; Zhang et al., 1999). RGS17 is highly expressed in the cerebellum and also 

detectable in hippocampus and nucleus accumbens (Hayes and Roman, 2016; Mao 

et al., 2004). RGS20, also known as RGSZ1, is highly expressed in the caudate 

nucleus and the temporal lobe of the brain (Wang et al., 1998). 
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1.4.4 RGS function and diseases 

RGS proteins has been reported in different kinds of diseases and human health 

issues relating to the heart. Fox example, RGS4 is associated with atrial fibrillation 

(Opel et al., 2015) and RGS6 is related to severe bradycardia (Yang et al., 2010). 

RGS3 overexpression protects against cardiac hypertrophy in mice (Liu et al., 2014) 

and RGS12 has been found association with pathological cardiac hypertrophy 

(Huang et al., 2016). RGS proteins cause different diseases relating to their 

expression in organs and cells. For example, since RGS12 is also expressed in 

skeletal muscle, RGS12 is implied in osteoporosis based on the finding that RGS12 

conditional knockout mice exhibits abnormal bone mass (Yang et al., 2013). RGS5 

plays a role in vascular remodeling (Manzur and Ganss, 2009). Downregulation of 

RGS5 is detected in hypertensive mouse models (Grayson et al., 2007). RGS18 

knockout mice have reduced bleeding compared with wild-type mice due to hyper-

responsive platelet activation, supporting its tissue-specific function (Alshbool et al., 

2015). RGS16 knockout mice have increased expression of lipid metabolism and 

acid oxidation genes, higher rates of fatty acid oxidation in liver and elevated plasma 

β-ketone levels (Pashkov et al., 2011). Loss of RGS16 causes a dysregulation in 

circadian signaling in the suprachiasmatic nucleus. Attenuated food anticipatory 

activity and abnormal circadian locomotor rhythms were found in RGS16 knockdown 

mice (Hayasaka et al., 2011). RGS18 protein has been found to be elevated in 

amyotrophic lateral sclerosis patients (Häggmark et al., 2014).  

RGS proteins have been shown to have important functions in the nervous system 

and been implied in nervous system diseases. RGS2 appears to be involved in 

synaptic development and the regulation of electrical activity in hippocampal neurons 

based on the study of RGS2 knockout mice (Hutchison et al., 2009). RGS2 is 

associated also associated with post-traumatic stress symptoms (Amstadter et al., 

2009), suicide (Cui et al., 2008) and other disorders related to anxiety (Smoller et al., 

2008; Yalcin et al., 2004). RGS4 can participate in the regulation of dopamine 

receptors (Min et al., 2012) and was shown to have a decreased expression in the 

frontal cortex of schizophrenic patients (Mirnics et al., 2001). RGS4 is also linked to 

the development Alzheimer’s disease (Emilsson et al., 2006) and Parkinson’s 
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disease (Ko et al., 2014). RGS11 is localized at the dendritic tips of ON-bipolar cells 

and it interacts with mGluR6 suggesting that this complex could serve as a regulator 

for light-evoked responses (Cao et al., 2012). RGS7 is associated with panic 

disorders according to genetic analysis (Hohoff et al., 2009). RGS9 splice isoform 2 

regulates the dopamine receptor and plays a pivotal role in pathophysiology of L-

dopa-induced dyskinesia (Gold et al., 2007). RGS5 is linked to schizophrenia 

symptom severity as suggested by genome-wide association studies (Campbell et 

al., 2008). RGS14 was identified as a risk gene for multiple sclerosis based on 

genome-wide association studies (Ryu et al., 2014). 

RGS proteins are also linked to multiple diseases of the immune system. For 

example, RGS1 knockout mice exhibited abnormal B cell responses, exaggerated 

germinal center formation and partial disruption of the spleen (Moratz et al., 2004). 

RGS1 can be induced by interferonβ-1b to further reduce G-protein activation and 

immune cell migration (Croze et al., 2010) and has been associated with multiple 

sclerosis (Esposito et al., 2010), type 1 diabetes and celiac disease (Smyth et al., 

2008). RGS10 expression is closely related to the severity of experimental 

autoimmune encephalomyelitis (Lee et al., 2016). Dysregulation of RGS10 in 

peripheral and central immune cells may be associated with the risk for age-related 

degeneration (Kannarkat et al., 2015). RGS13 is another immune-specific modulator 

and is increasingly expressed in the adult period. RGS13 knockout mice exhibit 

enhanced B cell responses (Hwang et al., 2013). RGS13 is regulated by p53 to 

modulate immune responses in B cells and mast cells (Iwaki et al., 2011). RGS16 

knockout mice have an enhanced inflammatory response due to the accumulation of 

CCR10+ T cells in the lung (Shankar et al., 2012).  

In addition, RGS transcripts are dysregulated in cancer and RGS proteins may 

regulate the progression in different cancer types (Sethakorn and Dulin, 2013). 

RGS12 has been identified as a novel tumor suppressor gene in prostate cancer (Y. 

Wang et al., 2017). RGS17 has been found to be upregulated in prostate cancer and 

identified as a risk gene for the familial lung cancer susceptibility (Michael et al., 

2009; You et al., 2009). Expression of RGS16 has been linked to pancreatic cancer, 

breast cancer and colorectal cancer (Carper et al., 2014; Liang et al., 2009; Miyoshi 
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et al., 2009). RGS11 and RGS20 may be involved in tumor metastasis. Several 

samples of lung adenocarcinoma had an upregulation of RGS11 (Yang et al., 2016). 

RGS20 had elevated expression levels in melanoma and breast tumors (Yang et al., 

2016).  

 

1.4.5 RGS8 introduction 

RGS8 has been reported to be strongly expressed in rat cerebellar Purkinje cells and 

it appears to be enriched in brainstem and nucleus accumbens (Gold et al., 1997; 

Larminie et al., 2004; Osamu Saitoh et al., 2003; Osamu Saitoh and Odagiri, 2003). 

Since RGS8 is belonging to the R4 subfamily, its function is directly linked to Gq 

protein. RGS8 inhibits the M1 muscarinic acetylcholine receptor-Gq-mediated 

signaling in Xenopus oocytes (Itoh et al., 2006) and has a strong inhibitory function 

for Gαq- and Gαi/o-dependent receptor activity (Miyamoto-Matsubara et al., 2008). 

However, RGS8 was also demonstrated to function via direct interaction with the 

relative receptor. RGS8 is able to interact with the third intracellular loop of melanin-

concentrating hormone (MCH) receptor 1 (MCHR1) and inhibits the calcium 

mobilization induced by melanin-concentrating hormone (Miyamoto-Matsubara et al., 

2008). Increased RGS8 expression through the inhibition of the MCHR1 signaling in 

the hippocampal CA1 region may be related to the antidepressant-like behavior of 

RGS8 transgenic mice (Kobayashi et al., 2018). Although the expression of RGS8 

protein has been reported in the hippocampal CA1 region, RGS8 knockout mice 

have normal brain development and no major abnormalities in other organs 

(Kobayashi et al., 2018; Kuwata et al., 2007). RGS8 is also expressed in testis, but 

RGS8 knockout mice are viable and fertile (Kuwata et al., 2007). Electroconvulsive 

seizures in rats caused an increase in RGS8 mRNA expression in the prefrontal 

cortex (Gold et al., 2002), suggesting a potential role for RGS8 in seizures. RGS8 is 

transcriptionally downregulated in SCA1, SCA2 and SCA7, indicating a role in 

pathogenesis of SCAs (Dansithong et al., 2015; Gatchel et al., 2008). RGS8 mRNA 

selectively interacts with ATXN2 and mutant ATXN2 reduced RGS8 expression in 
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the SCA2 mouse model (Dansithong et al., 2015). However, the exact physiological 

role of RGS8 in nervous system remains still unknown.  

 

1.5 Serine/Threonine Kinase 17B (STK17B) 

1.5.1 STK17B introduction 

STK17B is another dysregulated molecule on the list of common genes between 

SCA1 and SCA7 mouse models (Gatchel et al., 2008). STK17B, also known as DAP 

kinase-related apoptotic kinase 2 (DRAK2), is located on chromosome 2 (2q32.3) 

and was first isolated from human placenta and liver cDNA libraries (Sanjo et al., 

1998), belongs to the serine/threonine kinase family of the death associated proteins 

(DAP). STK17B is related to STK17A, also known as DRAK1, and both of them may 

constitute of a novel sub-family, which was originally thought to have the function of 

inducing apoptosis (Sanjo et al., 1998). STK17B protein structure includes a N-

terminal autophosphorylation region and a C-terminal region, with a nuclear 

localization signal. Another putative nuclear localization signal has been reported in 

the kinase domain (Friedrich et al., 2005). 

1.5.2 STK17B expression 

STK17B has been reported to have a prominent expression in the brain, including 

the olfactory lobe, pituitary, superchiasmatic nuclei, ventricular zone and cerebellum 

(Mao et al., 2006). Although the the role of STK17B in brain is unclear, STK17B has 

been relatively well studied in immunology due to its expression in the immune 

system. STK17B is a key regulator for T cells with high expression in thymus, 

especially in T cells, and it is also highly enriches in lymph nodes, spleen and bone 

marrow (Gatzka and Walsh, 2008; Mao et al., 2006). Strong expression of STK17B 

has also been found in B cells of the spleen (Al-Qahtani et al., 2008; McGargill et al., 

2004). In stably transfected Jurkat cells and COS7 cells, STK17B has been shown to 

be localized in the nucleus (Friedrich et al., 2005). By use of cells from different 

species, Myc-tagged STK17B also showed a nuclear localization in rat NRK, mouse 
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NIH3T3 and human Caco-2 cells (Kuwahara et al., 2006). In contrast, STK17B has 

been reported to have a cytoplasmic distribution in ACL-15, HeLa and WI-38 cells 

(Kuwahara et al., 2006).  

1.5.3 STK17B function 

STK17B is important for the induction of apoptosis. Overexpression of STK17B can 

cause increased apoptosis in NIH 3T3 cells (Sanjo et al., 1998), rat NRK cells and 

human colon carcinoma cells (Caco-2) cells (Kuwahara et al., 2006). Knockdown of 

STK17B in ACL-15 and NRK cells partially prevents apoptosis under UV-light 

(Kuwahara et al., 2006). Moreover, transgenic STK17B overexpression lead to 

severe β‐cell apoptosis triggered by free fatty acids (Mao et al., 2008). 

STK17B has also been demonstrated to have non-apoptotic functions in cells. 

Although overexpression of STK17B is able to induce apoptosis in some cell types 

(Kuwahara et al., 2006; Sanjo et al., 1998), overexpression of STK17B does not lead 

to apoptosis in COS-7 cells (Sanjo et al., 1998), suggesting that STK17B-induced 

apoptosis is depending on the cell type. A transgenic mouse model with 

overexpression of STK17B shows no obvious defects in most organs with only an 

increased spleen size (Mao et al., 2006). A STK17B-deficient mouse model also 

does not shown any phenotypes related to apoptosis and shows relative normal 

development (McGargill et al., 2004). The reason for the mild phenotypes might be 

related to the relatively small homology of STK17B with other family members and 

the lack of the classical C-terminal kinase domain that functions for promoting 

apoptosis (Friedrich et al., 2005). Indeed, STK17B has been shown to have non-

apoptotic functions involving the modulation of T cell responses (Schaumburg et al., 

2007) and the deletion of STK17B causes survival defects of T cells in situations of 

chronic autoimmune stimulation (McGargill et al., 2008). 

The role of STK17B is closely related to the immune system. STK17B is a negative 

regulator of T cell activation via TCR signaling (Friedrich et al., 2005). The lack of 

this negative regulator of T cell activation causes increased probability for 

autoimmune diseases (Pentcheva-Hoang et al., 2009), STK17B knockout mice were 

expected to show some phenotypes related to the immune system, such as 



 

45 

 

autoimmunity or lymphadenopathy. However, STK17B knockout mice do not show 

such phenotypes and are not more vulnerable to autoimmune diseases. Surprisingly, 

STK17B knockout mice are even less susceptible to autoimmunity compared to wild-

type mice (McGargill et al., 2004). This finding was supported by a later study 

showing that STK17B knockout mice have a dramatic resistance to autoimmunity 

(Ramos et al., 2008). In contrast, transgenic STK17B mice have an enhanced 

reactivity toward self-antigens and an increased susceptibility to experimental 

autoimmune encephalomyelitis (Gatzka et al., 2009). In addition, STK17B also plays 

a role in the maturation of B cells. STK17B shows increased expression during B cell 

maturation (Friedrich et al., 2005; McGargill et al., 2004) and enhances B cell 

positive in the germinal center reaction, which is critical for the generation of mature 

immune responses (Al-Qahtani et al., 2008). 

STK17B is also linked to calcium mobilization and homeostasis. As STK17B has 

been found to regulate calcium flux in T cells (Friedrich et al., 2005; McGargill et al., 

2004), later studies have further focused on STK17B participation in controlling 

calcium mobilization (Friedrich et al., 2007; Newton et al., 2011). Enhanced calcium 

responses have also been reported in T cells after STK17B knockdown (Newton et 

al., 2011). The dysregulated calcium mobilization can be rescued by the expression 

of wildtype STK17B in STK17B-deficient T cells (Friedrich et al., 2007). In the 

STK17B transgenic mouse model calcium responses in immature T cells were 

inhibited (Gatzka et al., 2009). These studies support the function of STK17B in 

regulating calcium responses and calcium influx is able to in turn regulate STK17B 

function through affection of its autocatalytic activity and phosphorylation (Newton et 

al., 2011).  

Phosphorylation of STK17B is a key factor controlling its catalytic activity and 

biological functions. Ser12 autophosphorylation of STK17B has been shown to play 

an important role in T cell activation and the function of STK17B will be lost by 

introducing a Ser12Ala mutation (Friedrich et al., 2007). Transphosphorylation of 

STK17B mediated by protein kinase D is proposed to be dependent on calcium-

induced reactive oxygen generation in the mitochondria of T cells under the condition 

of antigen receptor stimulation (Newton et al., 2011). STK17B is primarily distributed 
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in the nucleus of transfected Jurkat cells but can translocate to the cytoplasm after 

treatment with the protein kinase C (PKC) activators PMA and PHA in Jurkat cells 

(Friedrich et al., 2005). The nuclear distribution of rat STK17B can also be affected 

by the phosphorylation of Ser350 through PKC gamma, indicating the localization of 

STK17B might reflect its functional activity (Kuwahara et al., 2008).  
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Chapter 2: Aim of the project 

2.1 Identification of key molecules of SCAs 

Some molecules showing dysregulated expression both in SCA1 and in SCA7 have 

been identified implying they might be essential components of cerebellar 

development (Gatchel et al., 2008). Since there is also increasing evidence that 

abnormal Purkinje cell development may contribute to cerebellar ataxia and Purkinje 

cell degeneration (Becker et al., 2009; Serra et al., 2006), one important aim of this 

thesis is to search for key molecules, i.e. molecules which are dysregulated in 

different forms of SCAs. For defining our strategy for identifying key molecules, an 

assumption has to be made: 

Assumption: The expression of key molecules is changed in different SCA mouse 

models.  

The aim of this thesis is to identify and better characterize molecules with 

dysregulated expression in diverse SCA mouse models. We start with the SCA14 

S361G mouse model from our own laboratory, for which dysregulated genes have 

been identified in a microarray screen. In order to identify candidate molecules, we 

will compare the transcriptional changes in SCA14 S361G mice with published data 

for dysregulated genes from SCA1 and SCA7. 

 

2.2 The role of the key molecules in Purkinje cell 
development and pathogenesis of SCAs 

The further aim of this project was to better characterize and study the function of the 

identified key molecules with a special focus on Purkinje cell dendritic development. 

Our central hypothesis is that the key molecules will be involved in controlling 
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Purkinje cell development, and that they will pinpoint the hypothetical shared 

pathways leading to pathogenesis of SCAs. 

We assume that at the functional level, key molecules are involved in controlling 

Purkinje cell development and their dysregulation will cause dysfunction of some 

shared signaling pathways associated with pathogenesis of SCAs.  

To investigate the role of key molecules for Purkinje cell development, we will 

examine the effects of an overexpression and if possible a knockdown or blockade of 

key molecules for Purkinje cell development by observing and analyzing dendritic 

tree expansion. The dysregulated key molecule will help us to identify the disrupted 

signaling pathways.  
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Chapter 3: RGS8 is regulating mGluR1 

signaling in a mouse model of 

spinocerebellar ataxia 

 

 

 

 

 

 

 

 

The following section is based on the work under revision in Frontiers in Cell and 
Developmental Biology. Some text, figures, the numbering of the figure legend and 

the title numbering have been adapted to this thesis.  
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3.1 Abstract 

Spinocerebellar ataxias (SCAs) are a group of hereditary neurodegenerative 

diseases which are caused by diverse genetic mutations in a variety of different 

genes. In contrast, transcriptional dysregulation is a typical hallmark of all the 

different forms, and some molecules have been identified which have a similar 

dysregulation in different forms of the disease indicating that these genes may be 

involved in SCA pathogenesis. We have identified RGS8, a regulator of G-protein 

signaling, as one of the genes which is dysregulated in different mouse models of 

SCA. In the moment, little is known about the role of RGS8 for Purkinje cell dendritic 

development and function. We have studied the expression of RGS8 in the 

cerebellum in more detail and show that it is specifically expressed in mouse 

cerebellar Purkinje cells and that its expression was increased in a mouse model of 

SCA14. We further present evidence that RGS8 upregulation in the SCA14 mouse 

model is related to increased mGluR1-PKCγ signaling. RGS8 overexpression could 

protect Purkinje cells from the negative effects of mGluR1 activation on dendritic 

growth. Our results suggest that RGS8 is an important mediator of mGluR1 pathway 

dysregulation in Purkinje cells and can protect them from negative effects of mGluR1 

overstimulation. These findings provide new insights in the role of RGS8 and 

mGluR1 signaling for the pathology of SCAs. 

3.2 Introduction 

Spinocerebellar ataxias (SCAs) are a heterogeneous group of progressive genetic 

disorders with degeneration and dysfunction of the cerebellum (Chen et al., 2005; 

Dansithong et al., 2015; Gatchel et al., 2008; Klockgether et al., 2019). The genetic 

background of SCAs can be classified into two groups: Group I, repeat expansion 

SCAs, are caused by dynamic repeat expansion mutations, such as SCA1 and SCA2, 

and Group II, conventional mutation SCAs (non-repeat expansion SCAs), are caused 

by mutations, deletions or insertions in specific genes, such as in beta-III Spectrin in 

SCA5 or in Protein Kinase C gamma (PKCγ) in SCA14 (Klockgether et al., 2019). Most 
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SCA mutations cause cerebellar damage and dysfunction typically resulting from 

Purkinje cell degeneration (Chen et al., 2005; Klockgether et al., 2019). 

Due to the diversity of the affected genes it is not clear in the moment, whether there 

is a single disease mechanism causing the diverse forms. However, transcriptional 

changes in molecules that mediate the development of Purkinje cells are a hallmark 

of SCAs and determine the severity of the disease (Serra et al., 2006). The 

identification of molecules with transcriptional changes in different SCAs could reveal 

molecular mechanisms underlying the pathogenesis of SCAs. Previously, SCA1 and 

SCA7 mouse models have been chosen as the representatives of group I repeat 

expansion SCAs, and 27 molecules with transcriptional changes in both mouse 

models have been identified by using a microarray-based gene profiling strategy 

(Gatchel et al., 2008).  

In the current study, we have used microarray data from an SCA14 mouse model 

(Shimobayashi et al., 2016) as a representative of Group II SCAs, and compared them 

with the common genes found in SCA1 and SCA7 (Gatchel et al., 2008) and genes 

found to be dysregulated in SCA2 (Dansithong et al., 2015). This approach identified 

RGS8 as the only molecule which was dysregulated in SCA1, SCA2, SCA7 and 

SCA14 mouse models. We studied the changes of RGS8 in the SCA14 mouse model 

in more detail and found that upregulation of RGS8 is associated with increased 

mGluR1 signaling. In addition, we present evidence suggesting that elevated RGS8 

acts as a protective mediator of increased mGluR1 signaling.  

3.3 Materials and methods 

Animals 

All experiments were carried out in accordance with the EU Directive 2010/63/EU for 

the care and use of laboratory animals, were approved by the veterinary office of the 

canton of Basel and permitted by Swiss authorities. FVB mice were used for primary 

cerebellar cell cultures. PKCγ knockout (KO) mice were constructed and generated by 
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CRISPR/Cas9-mediated gene editing technology in the Centre for Transgenic Models, 

University of Basel. The SCA14 conditional transgenic mice with FVB background 

used in this study have been described previously (Trzesniewski et al., 2019). Briefly, 

in order to generate a conditional transgenic mouse line to express the SCA14 

associated human PKCγ(S361G) mutation specifically in Purkinje cells, transgenic 

mice including PKCγ(S361G) with Tetracycline Response Element (TRE) and GFP 

reporter were crossed with Pcp2-tTA transgenic mice which express the Tet-

Transactivator under a Purkinje cell specific promoter.  

Organotypic slice cultures 

Organotypic slice cultures were made as described previously (Kapfhammer and 

Gugger, 2012). Mice were decapitated at postnatal day 8, and their brains were 

aseptically dissected. The cerebellum was separated in ice-cold minimal essential 

medium (MEM) supplemented with 1% glutamax (Gibco, Invitrogen) and sagittal slices 

of 350 μm thickness were cut with a Mcllwain tissue chopper under sterile conditions. 

Cerebellar slices were separated, transferred onto a permeable membrane (Millicell-

CM, Millipore), and incubated with incubation medium (50% MEM, 25% Basal Medium 

Eagle, 25% horse serum, 1% glutamax, 0.65% glucose) or Neurobasal medium (97% 

Neurobasal medium, 2% B27, 1% glutamax) under 5% CO2 at 37° C. The medium 

was refreshed every 2 or 3 days. 

Immunostainings 

Immunohistochemistry was performed as described previously (Trzesniewski et al., 

2019). For cerebellar sections, mice were sacrificed and perfused with 4% 

paraformaldehyde. Sagittal sections were cut with a cryostat (Leica) at 20 μm. 

Organotypic slice cultures were fixed after 7 days in vitro in 4% paraformaldehyde for 

6–24 h at 4° C. Primary dissociated cerebellar cultures were fixed in 4% 

paraformaldehyde for 30 min at room temperature. All reagents were diluted in 

100 mM phosphate buffer (PB). The sections or slices were incubated with primary 

antibody diluted in blocking solution (PB + 3% non-immune goat serum + 0.3% 
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TritonX-100) overnight at 4° C, dissociated cerebellar cultures for 1 h at room 

temperature. After washing with PB, the corresponding fluorescence-conjugated 

secondary antibodies were added to the slices in PB containing 0.1% Triton X-100 for 

2 h at room temperature. The following primary antibodies were used: rabbit anti-

Calbindin D-28K (1:500, Swant, Marly, Switzerland,); mouse anti-Calbindin D-28K 

(1:500, Swant, Marly, Switzerland); sheep anti-RGS8 (1:100, R&D Systems). The 

following secondary antibodies were used: goat anti-mouse Alexa 488 (1:500, 

Molecular Probes, Invitrogen); goat anti-rabbit Alexa 488 (1:500, Molecular Probes, 

Invitrogen); donkey anti-sheep Alexa 568 (1:500, Molecular Probes, Invitrogen). 

Stained slices or sections were mounted with Mowiol (Sigma-Aldrich, Buchs, 

Switzerland). The images were captured with an Olympus AX-70 microscope 

equipped with a Spot Insight digital camera or a Zeiss LSM700 upright confocal 

microscope. 

Western blot and immunoprecipitation 

Cerebellar slices were lysed with RIPA buffer in the presence of protease and 

phosphatase inhibitors. Samples were separated by SDS-PAGE and blotted on a 

nitrocellulose membrane. After blotting, membranes were incubated with 5% BSA in 

TBS for 1 h and incubated with the specific primary antibodies; After washing with 

TBS-T, membranes were incubated with HRP-labeled secondary antibodies. Proteins 

were visualized by ECL (Pierce, Thermo Scientific, Reinach, Switzerland). 

Alternatively, membranes were incubated with IRDye® Secondary Antibodies for 1 h. 

The proteins were quantified using C-Digit Western Blot software (LI-COR Biosciences, 

Bad Homburg, Germany). HEK293T cells were transfected with plasmids pCMV-

mGluR1, pCMV-PKCγ-tGFP or pCMV-PKCγ(S361G)-tGFP using Lipofectamin 3000 

(Invitrogen) according to manufacturer's instructions and incubated for 24-48 hours 

before harvest. tGFP trap agarose beads (Chromotek) were used for 

immunoprecipitation of tGFP-labelled PKCγ(S361G) or WT PKCγ proteins according 

to manufacturer's instructions. The following primary antibodies were used in this 

study: sheep anti-RGS8 (1:1000, R&D Systems), mouse anti-actin (1:2000, Millipore), 

rabbit anti-alpha Tubulin (1:1000, Proteintech), rabbit anti-phospho-PKC substrate 
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(1:1000, Cell Signaling), mouse anti-GAPDH (1:4000, Proteintech); rabbit anti-

mGluR1 (1:1000, Cell Signaling); mouse anti-Gαq/11 (1:300, Santa Cruz); mouse anti-

turboGFP (1:1000, Origene); rabbit anti-turboGFP (1:1000, Invitrogen); mouse anti-

Myc (1:1000, Origene). The following secondary antibodies were used in this study: 

anti-sheep HRP conjugate antibody (1:1000, R&D Systems); anti-mouse HRP 

conjugate antibody (1:10000, Promega); anti-rabbit HRP conjugate antibody (1:10000, 

Promega); IRDye® 680LT Goat anti-Rabbit IgG Secondary Antibody (1:10000, 

LICOR); IRDye® 800CW Goat anti-Mouse IgG Secondary Antibody (1:10000, LICOR).  

Microarray Study and Quantitative real-time PCR 

The data of genes whose expression is commonly altered in SCA1 and SCA7 mouse 

models was used from published data (Gatchel et al., 2008). The data of top 50 genes 

in SCA2 mouse models was used from the study of Dansithong et al. (2015). The data 

from organotypic cerebellar slice cultures of SCA14 PKCγ(S361G) and control mice 

were previously established in the laboratory (Shimobayashi et al., 2016). 

Plasmid construction 

pCMV-Rgs8 and pCMV-mGluR1 vectors were from Origene (Rockville, MD, USA). 

Plasmid L7-green fluorescent protein (GFP) was previously described and a gift  from 

Dr. Wolfgang Wagner (Wagner et al., 2011). Linearized pL7 vectors were produced 

by the restriction enzymes NotI and NcoI (New England BioLabs, Massachusetts, USA) 

and mouse Rgs8 gene insert fragments were generated by Polymerase chain reaction 

(PCR). pL7-Rgs8-GFP were produced by In-Fusion HD Cloning Kits (Clontech, 

Mountain View, CA). The following primers were used for PCR: Rgs8 forward CAG 

GAT CCA GCG GCC GCA TGG CTG CCT TAC TGA TGC CA; Rgs8 Reverse CCC 

TTG CTC ACC ATG GTG CTG AGC CTC CTC TGG CTC TG. pCMV-PKCγ-tGFP, 

pCMV-PKCγ(S361G)-tGFP and pL7-PKCγ(S361G)-GFP were gifts from Dr. Etsuko 

Shimobayashi (Shimobayashi and Kapfhammer, 2017). 

Primary cerebellar cell cultures and transfection 
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Primary cerebellar cell cultures were prepared from neonatal mice as described 

previously (Shimobayashi and Kapfhammer, 2017; Wagner, McCroskery, et al., 2011). 

Briefly, cerebella from postnatal day 0 mice were dissected, dissociated and plated on 

glass chambers coated with Poly-D-lysine. Indicated vectors were introduced into 

Purkinje cells by transfection with a Neon Transfection System (Thermo Fisher) using 

the following settings: Pulse voltage 1200 V, Pulse width 30 ms, Pulse number 1. Cells 

were incubated in incubation medium (90% Dulbecco’s modified Eagle medium/F-12 

nutrient-based medium, 1% N2 supplement, 1% glutamax, and 10% FBS). 2-4 hours 

after transfection, 500ul DFM supplemented 1% N2 and 1% glutamax was added to 

each well. After that, half of the medium was refreshed every 4 days. The media and 

supplements were from Life Technologies, Zug, Switzerland. Cells were kept in culture 

for two weeks before fixation. The following pharmacological compounds were added 

to the medium at 7 days in vitro: (S)-3,5-Dihydroxyphenylglycine hydrate (DHPG) 

(Sigma-Aldrich, St. Louis, Missouri, United States).  

Quantification of Purkinje cell dendritic expansion and fluorescence intensity of 

immunostainings in dissociated cerebellar cultures 

The quantification of Purkinje cell dendritic tree size was performed as previously 

described (Shimobayashi and Kapfhammer, 2017). The average value of control 

Purkinje cells was set as 1. In order to ensure a comparable growth environment, non-

transfected Purkinje cells close to the Purkinje cells transfected with the indicated 

vectors from the same well were taken as control in this study. An image analysis 

program (ImageJ) was used to trace the outline of the Purkinje cell dendritic trees 

yielding the area covered by the dendritic tree. The mean fluorescence intensity of the 

Purkinje cell soma was calculated by ImageJ and the raw images were used for the 

fluorescence intensity analysis. The shown images were linearly adjusted in 

brightness and contrast. The data were analysed using GraphPad Prism software 

(San Diego, USA). The statistical significance of differences in parameters was 

assessed by the nonparametric two-tailed Mann–Whitney's test. Confidence intervals 

were 95%, statistical significance was assumed with P < 0.05. 
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3.4 Results 

3.4.1 RGS8 is dysregulated in several SCAs  

By comparing the transcriptional expression of various genes in SCA1 and SCA7 

mouse models 27 common genes have been identified which were suggested to be 

involved in the pathogenesis of SCAs (Gatchel et al., 2008). We have now further 

compared these genes to transcriptional changes in a mouse model of SCA14 (Ji et 

al., 2014; Shimobayashi et al., 2016), and have identified 3 genes which were 

dysregulated in all three mouse models. Interestingly, these 3 molecules were strongly 

up-regulated in the SCA14 model but down-regulated in SCA1 and SCA7 models 

(Table 3.1 and Figure 3.1A).  

Table 3.1 Dysregulated genes in SCA1, SCA7 and SCA14 mouse models. 

 

 

Inpp5a has already been shown to play a crucial role for the survival of Purkinje cells 

(Liu et al., 2020; Yang et al., 2015). Stk17b, also known as Drak2, is strongly 

expressed in lymphoid organs and known to transmit non-apoptotic signals during 

thymocyte differentiation (Friedrich et al., 2005). We further compared the key 

molecules to the top 50 changed transcripts in the SCA2 mouse model (Dansithong 

et al., 2015) and found that RGS8 is the unique dysregulated gene in the 4 different 
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SCA mouse models (Figure 3.1B), with a reduced expression on SCA1, 2 and 7, but 

an increased expression in SCA14. In order to confirm the upregulation in the SCA14 

mouse model, we performed qPCR which confirmed Rgs8 upregulation at mRNA level 

(Figure 3.1C). These results demonstrate that RGS8 is unique in being a dysregulated 

molecule in at least 4 SCA mouse models. 
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Figure 3.1 Identification RGS8 as a molecule with dysregulated expression in 
different SCA mouse models.  
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(A) The relative transcriptional levels of Inpp5a, Rgs8 and Stk17b in SCA1, SCA7 

and SCA14 were evaluated by microarrays. The relative changes of Inpp5a are 

0.787, 0.926 and 1.399, respectively; The relative changes of Rgs8 are 0.766, 0.88 

and 1.499, respectively; The relative changes of Stk17b are 0.704, 0.825 and 1.791, 

respectively; The data of SCA1 and SCA7 were obtained from the published 

microarray data sets (Gatchel et al., 2008). (B) Comparison of the common 

dysregulated genes in SCA1, SCA7 and SCA14 with the top 50 altered genes in 

SCA2 mice. The data of SCA2 and the common genes of SCA1 and SCA7 were 

obtained from published studies (Dansithong et al., 2015; Gatchel et al., 2008). 

RGS8 is the only dysregulated gene in all 4 SCA mouse models. (C) Relative 

expression of Rgs8 in SCA14 evaluated by real-time qPCR. GAPDH was used as a 

housekeeping gene. The mean value of control is 1.000 ± 0.0659; the mean of 

SCA14 is 2.364 ± 0.8633. Two biological replicates were done in triplicate. Data are 

expressed as mean ± SD. 

 

3.4.2 RGS8 is expressed in Purkinje cells starting at early postnatal 
development 

The temporal expression profile of RGS8 was investigated in the developing 

cerebellum of the mouse from postnatal day 1 (P1) to adult by Western blot. No signal 

on Western blots of P1 to P7 suggested that RGS8 is not or only weakly expressed in 

cerebellar cells during the first postnatal week. It was mainly detectable in mouse 

cerebellum after P7 and remained expressed through adulthood (Figure 3.2A). In 

order to confirm that RGS8 was expressed in Purkinje cells, sagittal cerebellar 

sections were collected from the mouse cerebellum at P10 and P12. Purkinje cells, 

which were identified by labelling with the Purkinje cell marker Calbindin, were nicely 

stained by the RGS8 antibody. RGS8 staining extended from the Purkinje cell layer to 

the Molecular layer of the cerebellum, and RGS8 immunoreactivity was present in the 

cell body and the dendrites of Purkinje cells (Figure 3.2B and C). These data confirm 

that RGS8 is expressed in Purkinje cells from the second postnatal week on, 
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suggesting that it plays a role during postnatal Purkinje cell differentiation and 

maturation.  
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Figure 3.2 Expression of RGS8 protein in the postnatal mouse cerebellum.  

(A) Western blots from mouse cerebellum at different postnatal stages. Left side: RGS 

expression is first evident at P14. Actin used as loading control shown in bottom panel. 

Right side: Quantification of protein levels from Western blots. Data are expressed as 

mean ± SD, with three independent biological samples for P1 (three or four pups for 

one sample), P3 (three or four pups for one sample) and P7, and two independent 

biological samples for P14 and Adult. The mean value of RGS8 protein level at P14 

was set as 1, and values for the other stages were expressed relatives of this value. 

The mean values of P1, P3, P7 and adult were 0.034 ± 0.0410, 0.029 ± 0.0179, 0.041 

± 0.0386 and 1.191 ± 0.0217. (B) RGS8 immunoreactivity (red signal) is present in 

cerebellar Purkinje cells (identified by anti-Calbindin, green) at P10 and P12. Scale 

bar is 100 µm. (C) Viewed at higher magnification, RGS8 is present in dendrites and 

the soma of Purkinje cells at P10 and P12. Scale bar is 20 µm. 

 

3.4.3 Increased RGS8 protein expression in Purkinje cells of the PKCγ(S361G) 
transgenic SCA14 mouse model 

The gene array had indicated an increased expression of RGS8 mRNA and we now 

confirmed an increased expression on the protein level. We further found that RGS8 

protein expression was increased in Western blots of organotypic cerebellar cultures 

from SCA14 PKCγ(S361G) mice (Figure 3.3A and B). In mixed dissociated cultures 

from S361G transgenic and control mouse pups the transgenic Purkinje cells were 

identified by endogenous GFP expression. We then quantified RGS8 

immunoreactivity on GFP-positive Purkinje cells from S361G-transgenic mice versus 

GFP-negative Purkinje cells from control mice present in the same culture well (Figure 

3.3C). Purkinje cells from S361G-trangenic mice have an altered morphology with 

reduced and thickened dendrites as previously reported (Ji et al., 2014; Shimobayashi 

et al., 2016). RGS8 immunoreactivity was increased to a 1.68 ± 0.53 fold higher 

expression of RGS8 in Purkinje cells from S361G-transgenic mice versus GFP-
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negative Purkinje cells from control mice (Figure 3.3C) present in the same culture 

well. 

 

Figure 3.3 Increased RGS8 expression in Purkinje cells of the SCA14 S361G 
mouse model  

(A) Western blots of protein extracts from at least three different experiments with 

organotypic cerebellar slice cultures from SCA14 PKCγ(S361G) and control mice. The 

quantification of the Western blots showed a 1.89 ± 0.749-fold increased expression 

in slice cultures from SCA14 PKCγ(S361G) transgenic mice. Data from at least 3 

independent biological replicates. (B) RGS8 immunoreactivity was increased in 

Purkinje cells in cerebellar slice cultures from SCA14 PKCγ(S361G) mice versus 
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littermate controls. Scale bar is 20 µm. (C) RGS8 immunoreactivity was increased in 

in Purkinje cells from SCA14 PKCγ(S361G) transgenic mice in mixed dissociated 

cultures containing Purkinje cells derived from transgenic and control mice. Purkinje 

cells were identified by anti-calbindin staining (blue), and PKCγ(S361G)-transgenic 

cells by anti-GFP staining (green). The fluorescence of anti-RGS8 staining was 

quantified using ImageJ. The mean value of RGS8 expression for SCA14 

PKCγ(S361G) is increased 1.68 ± 0.533-fold compared to control cells. The n was 27, 

and the difference in expression was significant with P < 0.0001 in the two-tailed Mann-

Whitney test. Data are expressed as mean ± SD. Scale bar is 20 µm. Please note that 

PKCγ(S361G) transgenic Purkinje cells have a changed morphology as reported 

earlier. 

 

3.4.4 Increased RGS8 expression in the PKCγ(S361G) cerebellum is associated 
with elevated mGluR1 signaling 

In S361G mice there is a constitutive activation of PKCγ signaling. We verified the 

increased phosphorylation of PKCγ target proteins by antibodies that recognize 

phosphorylation of PKC substrates. In extracts from cerebellar slice cultures from 

SCA14 PKCγ(S361G) mice there was a strong increase of target phosphorylation. The 

mean value was increased to 1.67 ± 0.388-fold in S361G derived organotypic slice 

cultures compared to cultures from littermate controls (Figure 3.4A). 

RGS8 belongs to the R4 subfamily of RGS proteins, all of which accept Gαq/11 subunit 

as substrates, and the structure of RGS8-Gαq complex has been reported recently 

(Squires et al., 2018; Taylor et al., 2016). RGS8 can interact with Gαq/11 in brain 

membranes of rat (O. Saitoh et al., 1997). The metabotropic glutamate receptor 1 

(mGluR1) is coupled to the Gαq pathway and strongly expressed in cerebellar Purkinje 

cells (Tanaka et al., 2000), and it has been suggested that RGS8 is associated with 

activation of the mGluR1-Gαq pathway in an ataxin-2 mouse model (Dansithong et al., 

2015). As mGluR1 signaling is supposed to be upstream of PKCγ signaling, we 
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wondered whether it would be synergistically increased or as a compensation 

decreased in slice cultures from S361G mice. We found by immunohistochemistry that 

mGluR1 was as expected expressed in Purkinje cells in organotypic culture of SCA14 

mice (Figure 3.4B). In Western blots, two immunoreactive bands of mGluR1 were 

present representing monomeric and dimeric forms. mGluR1 monomer expression 

was strongly increased to 2.89 ± 1.345-fold of control. mGluR1 dimer expression was 

increased to 2.19 ± 0.546-fold of control. The associated increase of Gαq/11 was 1.78 

± 0.441-fold of control (Figure 3.4C). These results show that in the SCA14 

PKCγ(S361G) mouse model there is a complete activation of the mGluR1-PKCγ 

signaling pathway. 
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Figure 3.4 mGluR1-PKCγ signaling is elevated in SCA14 mouse model.  

(A) Western blot of cerebellar slice cultures of PKCγ(S361G) and control mice stained 

for phosphorylated PKC substrates. Quantification of protein levels from Western blots. 

The mean value of the phosphorylated PKC substrates for control is 1.00 ± 0.053; the 

mean value of the phosphorylated PKC substrates for SCA14 PKCγ(S361G) is 1.67 ± 
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0.388, three biological replicates. Data are expressed as mean ± SD. (B) Staining of 

cerebellar slice cultures from PKCγ(S361G) and littermate control mice with anti-

mGluR1 antibodies. mGluR is specifically expressed in Purkinje cells, and staining is 

more intense in Purkinje cells from PKCγ(S361G) mice. Scale bar is 20 µm. (C) 
mGluR1 and Gαq/11 expression in protein extracts from cerebellar slice cultures of 

PKCγ(S361G) and control mice, α-Tubulin is shown as loading control. The mean 

value of mGluR1 dimer in S361G-derived slice cultures is increased 2.19 ± 0.546 fold 

compared to control. The mean value of mGluR1 monomer in PKCγ(S361G) -derived 

slice cultures is increased 2.89 ± 1.345 fold compared to control, the mean value of 

Gαq/11 in PKCγ(S361G)-derived slice cultures is increased 1.78 ± 0.441 fold 

compared to control. Three biological replicates. 

 

3.4.5 mGluR1 interacts with mutant PKCγ(S361G) 

Activated PKCγ phosphorylates target proteins involved in diverse cellular signaling 

pathways and has been shown to phosphorylate mGluR1 mediating signaling in 

cerebellar Purkinje cells (Kato et al., 2012; Mao et al., 2008). We tested whether the 

mutated PKCγ protein from the PKCγ(S361G) mutant mouse can interact with 

mGluR1. Immunoprecipitation studies with proteins from transfected HEK293T cells 

confirmed that PKCγ(S361G) interacts with mGluR1 (Figure 3.5A). Colocalization of 

mGluR1 and wildtype PKCγ was confirmed in Purkinje cells (Figure 3.5B).  

Because wildtype PKCγ is co-expressed together with mutated PKCγ(S361G) in the 

transgenic mice, we used PKCγ knockout mice in order to confirm the interaction of 

mutated PKCγ protein and mGluR1 in Purkinje cells. When PKCγ(S361G) was 

transfected into Purkinje cells from PKCγ knockout mice we still observed the 

colocalization of PKCγ(S361G) and mGluR1 (Figure 3.5C). Our results indicate that 

the mutant PKCγ(S361G) with constitutively catalytic activity interacts with mGluR1 

and is likely to induce increased mGluR1 signaling. 
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Figure 3.5 Interaction of mGluR1 and mutated PKCγ(S361G).  

(A) HEK293T cells expressing mGluR1 were transiently transfected with either 

PKCγ(S361G)-tGFP or tGFP alone. Anti-tGFP immunoprecipitates (IPs), inputs, and 

supernatants (SUP) were analyzed by Western blot with anti-mGluR1 and Anti-tGFP 

antibodies. (B) Colocalization of mGluR1 and PKCγ in Purkinje cells from wildtype 

mice. (C) Colocalization of mGluR1 and PKCγ(S361G) in Purkinje cells from PKCγ 

knockout mice transfected with mutated PKCγ(S361G). Scale bar in B and C is 5 µm. 

 

3.4.6 RGS8 upregulation counteracts elevated mGluR1 signaling in Purkinje 
cells 

To explore the function of RGS8 in Purkinje cells, we transfected a RGS8-GFP 

fusion protein in Purkinje cells using a vector with the Purkinje cell specific L7 promoter 

(Shimobayashi et al., 2016; Wagner, McCroskery, et al., 2011). The dendritic 

expansion of Purkinje cells transfected with RGS8-GFP showed a trend towards 

decreasing dendritic tree size compared to non-transfected Purkinje cells in same 

culture well or Purkinje cells transfected with GFP tag alone, but the reduction did not 

reach statistical significance. Transfection of the GFP tag protein alone did not affect 

morphology of Purkinje cells compared to non-transfected Purkinje cells in the same 

culture well (Figure 3.6A and B). We then tested the effect of RGS8 overexpression 

on the mGluR1 signaling pathway. Treatment with the selective mGluR1 agonist, (S)-

3,5-Dihydroxyphenylglycine (DHPG), strongly decreased the dendritic area of Purkinje 

cells compared to control in dissociated cultures (Figure 3.6A and B) in agreement 

with previous studies (Gugger and Kapfhammer, 2010; Sirzen-Zelenskaya et al., 

2006). When Purkinje cells in dissociated cultures overexpressed RGS8-GFP, 

treatment with DHPG did not significantly change the dendritic area of overexpressing 

Purkinje cells showing that RGS8-GFP expression rescued the morphology of Purkinje 

cells after DHPG treatment and increased the size of the dendritic tree compared to 

control Purkinje cells treated with DHPG (Figure 3.6A and B). These results indicate 
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that RGS8 overexpression in Purkinje cells could protect the dendrites from the effects 

of mGluR1 activation. Our findings indicate that RGS8 has an inhibitory role for the 

mGluR1 signaling pathway in Purkinje cells. 
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Figure 3.6 RGS8 protects the Purkinje cell dendritic tree from overshooting 
mGluR1 signaling.  

(A) Representative images of Purkinje cells transfected with the indicated plasmids or 

treated with the indicated condition. (B) The mean values of the Purkinje cell dendritic 

area were measured in at least three independent culture wells, controls were the non-

transfected cells from the same culture well. Control: 1.00 ± 0.29, n = 28 cells; GFP 

transfection: 1.02 ± 0.37, n = 21 cells; RGS8-GFP transfection: 0.85 ± 0.41, n = 26 

cells; RGS8-GFP with DHPG treatment: 0.83 ± 0.40, n = 19 cells; Control cells with 

DHPG treatment: 0.56 ± 0.29, n = 24 cells. Control vs GFP, P = 0.8020; Control vs 

RGS8-GFP, P = 0.1455; GFP vs RGS8-GFP, P = 0.1101; RGS8-GFP vs DHPG + 

RGS8-GFP, P = 0.8547; DHPG + RGS8-GFP vs DHPG + Control, P = 0.0184; DHPG 

+ Control vs Control, P < 0.0001 in one-way ANOVA with Kruskal–Wallis test. RGS8 

transfection rescues the Purkinje cell dendritic tree from reduction by 2.5 µM DHPG 

treatment. Data are expressed as mean ± SD. Scale bars are 20 µm. 

 

3.5 Discussion 

Based on its transcriptional dysregulation in 4 different types of SCA we have identified 

RGS8 as a potential molecule involved in the pathology of SCAs. RGS8 is specifically 

expressed in Purkinje cells from early postnatal development. In the SCA14 

PKCγ(S361G) mouse model studied in our laboratory, RGS8 expression was strongly 

increased in organotypic slice cultures in parallel with a reduction of dendritic tree size 

of the Purkinje cells. While in this mouse model the mutation produces a constitutively 

active form of PKCγ, we have shown that mutated PKCγ binds to mGluR1 and that 

there is also a strong elevation of mGluR1 signaling linking SCA14 to changes in 

mGluR1 signaling. RGS8 is thought to negatively regulate G-protein mediated 

signaling. We could show that RGS8 overexpression can indeed protect Purkinje cells 

from the negative effects of mGluR1 activation on dendritic growth suggesting that 

RGS8 upregulation in the SCA14 mouse model may have a protective role for Purkinje 
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cells. In other SCAs the decreased expression of RGS8 may contribute to increased 

mGluR1 signaling. Our findings support a critical role of mGluR1 signaling and its 

regulation by RGS8 in different types of SCAs. 

3.5.1 RGS8 expression in the cerebellum 

We show that in the cerebellum RGS8 is specifically expressed in Purkinje cells 

starting after P7, and that Purkinje cells at P10 already express substantial amounts 

of RGS8 protein. This time sequence is in agreement with an earlier report about the 

developmental expression of RGS8 studied by in situ-hybridization. In this study, 

RGS8 mRNA was not detectable at P7, but substantial hybridization signal was found 

at P9 and later (Osamu Saitoh and Odagiri, 2003). The beginning of the expression 

goes together with the expansion and maturation of Purkinje cell dendrites and the 

maturation of Purkinje cell electrophysiological properties (Armengol and Sotelo, 1991; 

McKay and Turner, 2005) and is also correlated with the maturation of mGluR1 

expression and function in Purkinje cell dendrites (Ryo et al., 1993). This 

developmental expression profile is well compatible with a modulating role of RGS8 in 

mGluR1 signaling. 

3.5.2 Increase of RGS8 and mGluR1 expression in the SCA14 PKCγ(S361G) 
mouse model 

We show that RGS8 protein expression is increased in Purkinje cells with reduced 

dendritic expansion in organotypic slice cultures or dissociated cerebellar cultures 

from SCA14 PKCγ(S361G) mice. This increase is in contrast to the situation in SCA1, 

SCA2 and SCA7 where expression is decreased. The major change in PKCγ(S361G) 

Purkinje cells is a constitutive active kinase domain of PKCγ as reflected by the 

increased phosphorylation of PKC substrates in organotypic slice cultures from these 

mice (Figure 3.4A). Interestingly, this constitutive activation of PKCγ(S361G) also 

results in an increased expression of mGluR1 and Gαq/11 indicating elevated mGluR1 

signaling in Purkinje cells. An mGluR1-PKCγ signaling cascade including mGluR1, 

Gαq, PLC, and PKCγ, has been shown to be important in cerebellar Purkinje cells. 
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Genetic mouse models lacking either mGluR1, Gαq, PLC, or PKCγ all show similar 

phenotypes. Gαq regulates PLC which is activated and produces two intracellular 

messengers (inositol 1,4,5 trisphosphate) IP3 and diacylglycerol (DAG). IP3 binds to 

the IP3 receptor and induces the release of calcium. DAG together with increased 

calcium activates PKCγ (Kano et al., 1995, 1997; Offermanns, Hashimoto, et al., 1997). 

We have confirmed that the mutated PKCγ(S361G) can still bind to and interact with 

mGluR1 and does colocalize with mGluR1 in Purkinje cells. In the moment, we do not 

know whether the increase in mGluR1 signaling is the result of this direct interaction. 

While the role of mGluR1 phosphorylation for LTD is well studied (for review see Kano 

et al., 2008), little is known about the effects of PKCγ-mediated phosphorylation of 

mGluR1 on its expression and long-term signaling. From our experiments, we cannot 

tell whether the increase of mGluR1 expression is a direct effect of increased mGluR1 

phosphorylation by PKCγ(S361G) or is an indirect consequence of the chronically 

increased PKC activity present in the PKCγ(S361G) Purkinje cells. On the other hand, 

it seems very likely that the increased expression of RGS8 is due to the increase in 

mGluR1 signaling. This view is nicely compatible with the known function of RGS8 as 

a negative regulator of mGluR1 signaling. This model of RGS8 function in the SCA14 

PKCγ(S361G) mouse is illustrated in Figure 3.7. 

 

 

Figure 3.7 Model of the functional effect of RGS8 in SCA14. 
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 (Left panel), mGluR1-PKCγ signaling pathway in the normal situation. mGluR1 

activation via Gαq activates Phospholipase C (PLC) to produce inositol 1,4,5 

trisphosphate (IP3) and diacylglycerol (DAG). IP3 binds to the IP3 receptor and 

calcium ions (Ca2+) are released from the endoplasmic reticulum (ER). The 

combination of DAG and Ca2+ activates PKCγ and induces the phosphorylation of 

downstream substrates. RGS8 is involved in the regulation of mGluR1 signaling. 

(Right panel), In the SCA14 PKCγ(S361G) mutant with constitutively active kinase 

domain, the phosphorylation of PKC substrates is enhanced. PKCγ(S361G) can 

directly interact with mGluR1 (orange arrow) which may further promote mGluR1-

PKCγ signaling. Increased expression of RGS8 inhibits overshooting mGluR1 

signaling (red circle) and limits the mGluR1-PKCγ pathway activation in SCA14 

PKCγ(S361G). Dysregulated RGS8 has been reported in several SCAs implicating 

dysregulation of the mGluR1 pathway with in the pathogenesis of SCAs.   

 

3.5.3 RGS8 may function as a protective modifier of increased mGluR1 
signaling in Purkinje cells of SCA14 PKCγ(S361G) transgenic mice 

RGS8 is a member of the R4 subfamily of the regulator of G protein signaling (RGS) 

gene family and was shown to interact with Gαq/11. After binding, RGS8 is thought to 

accelerate the hydrolysis of GTP thereby limiting G protein activation (De Vries et al., 

2000). Overshooting mGluR1 activation in Purkinje cells by DHPG is well known to 

cause a marked reduction of Purkinje cell dendritic tree development (Sirzen-

Zelenskaya et al., 2006) similar to that found in PKCγ(S361G) Purkinje cells. We have 

now shown that overexpression of RGS8 in Purkinje cells does indeed protect the 

dendritic tree from DHPG induced reduction confirming the modulating role of RGS8 

on mGluR1 signaling in Purkinje cells. The increased expression of RGS8 found in 

Purkinje cells of SCA14 PKCγ(S361G) transgenic mice is thus likely to be a 

consequence of increased mGluR1 signaling and to counteract dendritic reduction due 

to increased mGluR1 signaling in these cells. The increased expression of RGS8 is 

therefore likely to be one of the molecular adjustments that does allow many Purkinje 
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cells in SCA14 PKCγ(S361G) transgenic mice to develop a rather normal dendritic 

tree in vivo (Ji et al., 2014; Trzesniewski et al., 2019) despite constitutively increased 

PKC activity and elevated mGluR1 signaling. 

3.5.4 RGS8 and disturbed mGluR1 signaling play important roles in the 
development of spinocerebellar ataxias 

RGS8 is the only molecule with a known transcriptional dysregulation in 4 different 

mouse models of SCA, i.e. SCA1, SCA2, SCA7 and SCA14. Interestingly, the type of 

regulation appears to be different in the different disease types. In SCA1, RGS8 is 

downregulated (Gatchel et al., 2008; Ingram et al., 2016) and there is also evidence 

for a reduced activity of mGluR1 signaling (Notartomaso et al., 2013; Shuvaev et al., 

2017) although in another study an increase in mGluR1 signaling was found (Power 

et al., 2016). The reduction of RGS8 expression in SCA1 has been attributed to 

regulation by microRNA (Rodriguez-Lebron et al., 2013). In contrast, in SCA2 there is 

evidence that RGS8 downregulation and the concomitant increase in mGluR1 

signaling are critical for disease development and progression (Dansithong et al., 2015; 

Meera et al., 2016). In this model, the reduced expression of RGS8 directly leads to 

increased mGluR1 signaling which is causing Ca2+ -dysregulation and cerebellar 

dysfunction. In SCA7, the contribution of mGluR1 signaling to disease development is 

less clear (Niewiadomska-Cimicka and Trottier, 2019), but the disruption of calcium 

homeostasis appears to be a critical aspect for Purkinje cell dysfunction and loss in 

the SCA7 mouse model. RGS8 was identified as one of the calcium regulatory genes 

with an altered expression in the SCA7 mouse model although its role for the observed 

disturbance in calcium regulation was not further explored in this study (Stoyas et al., 

2020). Mutations in the mGluR1 gene itself also cause spinocerebellar ataxia, 

irrespective of whether these mutations are gain or loss of function mutations (Watson 

et al., 2017) and autoantibodies against mGluR1 are a common cause of autoimmune 

or paraneoplastic cerebellar ataxia (Joubert and Honnorat, 2019). In the SCA14 

PKCγ(S361G) mice used in this study we have identified an increased mGluR1 

signaling which goes together with increased expression of RGS8. This suggests that 

the increase of RGS8 expression might be secondary to the elevation of mGluR1 



 

75 

 

signaling as RGS8 is known to be a negative regulator of G-protein mediated signaling. 

We have shown that overexpression of RGS8 does indeed protect the Purkinje cell 

dendritic tree from DHPG induced mGluR1 stimulation. It is well known that mGluR1 

stimulation is one of the major sources for a rise in intracellular calcium either by 

stimulating the IP3 receptor pathway or by Ca2+ entering through mGluR1-gated 

TRPC3 channels (Jana Hartmann et al., 2008). Both ways of calcium rise upon 

mGluR1 stimulation require G-protein activation mediated by RGS8, pinpointing the 

crucial role of RGS8 for intracellular calcium regulation in Purkinje cells. As increasing 

evidence points towards a crucial role of Purkinje cell calcium regulation, in particular 

via the IP3 receptor pathway for the development of SCAs (Schorge et al., 2010; 

Brown and Loew, 2015; Shimobayashi and Kapfhammer, 2018), RGS8 emerges now 

as a major regulator of this pathway and the Purkinje cell calcium equilibrium making 

it an important determinant of pathogenesis of diverse spinocerebellar ataxias. 

3.6 Conclusions 

We have identified RGS8 as a gene being dysregulated in different mouse models of 

SCA and being specifically expressed in mouse cerebellar Purkinje cells. RGS8 

upregulation in the SCA14 mouse model was related to increased mGluR1-PKCγ 

signaling and we show that RGS8 overexpression protects Purkinje cell dendrites from 

the negative effects of mGluR1 activation. Our findings support a critical role of 

mGluR1 signaling and its regulation by RGS8 in the pathogenesis of different types of 

SCAs. 
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Chapter 4: Exploration of STK17B 

associated with SCAs 

4.1 STK17B is most strongly expressed in the nucleus of 
Purkinje cells  

As seen in the previous chapter, STK17B is another key molecule with dysregulation 

in different SCA mouse models. We first investigated the temporal expression profile 

of STK17B in the developing cerebellum of the mouse from postnatal day 1 (P1) to 

adult by Western blot. There was no or only a very weak signal present at P1, but a 

clear signal present at P3, suggesting that STK17B is not or only weakly expressed 

in cerebellar cells before P3. Expression became stronger at P7 to a plateau around 

P14 and continued to be expressed through adulthood (Figure 4.1A). In order to 

confirm that STK17B was expressed in Purkinje cells, sagittal cerebellar sections 

from P10 and P12 were examined by immunohistochemistry. STK17B expression 

was detected in the Purkinje cell layer and there was only weak expression in other 

cells of cerebellum (Figure 4.1B). Although STK17B was present in the cell body and 

dendrites of Purkinje cells, the strongest expression was found in the nucleus of 

Purkinje cells (Figure 4.1C).  Immunostainings of primary cerebellar dissociated 

cultures confirmed that STK17B had strongest expression in the nucleus of Purkinje 

cells but was also present in other cerebellar cells (Figure 4.1D).     
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Figure 4.1 Immunostining of STK17B protein in the postnatal mouse 
cerebellum.  

(A) Western blots from mouse cerebellum at different postnatal stages. Top panel: 

STK17B expression is first evident at P3. Actin was used as loading control shown in 

bottom panel. Bottom panel: Quantification of protein levels from Western blots. Data 

are expressed as mean ± SD, with three independent biological samples for P1 

(three or four pups for one sample), P3 (three or four pups for one sample) and P7, 

and two independent biological samples for P14 and Adult. The mean value of 

STK17B protein level at P7 was set as 1, and values for the other stages were 

expressed as relatives of this value. The mean values of P1, P3, P14 and adult were 

0.1570 ± 0.1276, 0.6769 ± 0.3392, 5.745 ± 1.875 and 4.817 ± 1.722. (B) STK17B 
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immunoreactivity (red signal) is present in cerebellar Purkinje cells (identified by anti-

Calbindin, green) at P10 and P12. Scale bar is 100 µm. (C) Viewed at higher 

magnification, STK17B is mainly present in the soma of Purkinje cells at P10 and 

P12. Arrow indicates the strong expression of STK17B in the cell nucleus of Purkinje 

cells. Scale bar is 20 µm. (D) STK17B is expressed in Purkinje cells and other cells 

in cerebellar dissociated culture at DIV14. Insert shows that the STK17B is typically 

distributed in the cell nucleus of Purkinje cells. Scale bar is 50 µm.  

4.2 Downregulation of STK17B is associated with Purkinje 
cell dendritic abnormality in SCA14(S361G) mouse model 
and increasing PKCγ activity in Purkinje cells 

In order to look at the expression of STK17B in a SCA mouse model, we used the 

PKCγ(S361G) mutant mice present in the laboratory (Ji et al., 2014; Shimobayashi 

and Kapfhammer, 2017). In mixed dissociated cerebellar cultures from these mice 

and control mice, the transgenic Purkinje cells were identified by GFP staining and 

STK17B protein expression was compared between GFP-positive Purkinje cells from 

S361G-transgenic mice versus GFP-negative Purkinje cells from control mice 

present in the same culture well. STK17B immunoreactivity was decreased to 0.83 ± 

0.21-fold lower expression in Purkinje cells from S361G-transgenic mice versus 

GFP-negative Purkinje cells from control mice present in the same culture well 

(Figure 4.2A).   

In the PKCγ(S361G) mice, there is a constitutive activation of PKCγ. We tested 

whether the decreased expression of STK17B was linked to PKCγ activity in Purkinje 

cells. We treated Purkinje cells in DIV7 dissociated culture with PMA, an activator of 

PKC. The mean value of STK17B was decreased to 0.64 ± 0.13-fold lower 

expression in the Purkinje cells treated with PMA versus control Purkinje cells 

treated with DMSO (Figure 4.2B).  
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Figure 4.2 Decreased STK17B expression in Purkinje cells of the SCA14 S361G 
mouse model and in Purkinje cells with PMA treatment 

(A) In the transgenic PKCγ(S361G) mouse line, Purkinje cell specific expression of 

the transgene is achieved by a bidirectional CMV promoter which expresses both GFP 

and mutant PKCγ. This expression is under the control of a Tetracycline response 

element (TRE) which will only will start transcription in the presence of the tet 

TransActivator (tTA), Tet-off system. The tTA protein is expressed in a second 

transgenic locus under the control of the L7 promoter which only will be active in 

Purkinje cells. Only in mice which are double transgenic for GFP-TRE-PKCγ(S361G) 

and L7-tTA, Purkinje cells will show expression of GFP and mutant PKCγ. Purkinje 

cells were identified by anti-calbindin staining (blue), and PKCγ(S361G)-transgenic 

cells by anti-GFP staining (green). The arrows indicate expression of STK17B in the 

nucleus of Purkinje cells. The fluorescence of anti-STK17B immunostaining was 

quantified using ImageJ. The mean value of STK17B expression in PKCγ(S361G) 

Purkinje cells was decreased to 0.8303 ± 0.2117-fold compared to control cells. The 
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n was 28 for control and 21 for SCA14, and the difference in expression was significant 

with P = 0.0124 in the two-tailed Mann-Whitney test. Data are expressed as mean ± 

SD. Scale bar is 20 µm. Please note that PKCγ(S361G) transgenic Purkinje cells have 

a changed morphology as reported earlier. (B) STK17B immunoreactivity was 

decreased in Purkinje cells treated with 25 nM PMA at DIV7 in dissociated cultures. 

Purkinje cells were identified by anti-calbindin staining (green), and cell nuclei were 

stained by DAPI (blue). Arrows indicate the expression of STK17B in the nucleus of 

Purkinje cells. The fluorescence of anti-STK17B staining was quantified using ImageJ. 

The mean value of STK17B expression for PMA treatment is decreased to 0.6437 ± 

0.1331-fold compared to control cells. The n was 25, and the difference in expression 

was significant with P < 0.0001 in the two-tailed Mann-Whitney test. Data are 

expressed as mean ± SD. Scale bar is 20 µm. 

 

4.3 STK17B overexpression aggravates the reduction of 
denritic tree size of Purkinje cells after PKC activation 

As shown above, STK17B expression in Purkinje cells is reduced with increased 

PKC activity. As a next step, we wanted to see whether overexpression of STK17B 

could protect the morphology Purkinje cells after treatment with PMA. Purkinje cells 

were transfected with GFP-STK17B and exposed to a treatment of 0.75-1.25 nM. 

We found that overexpression of STK17B didn’t have a rescuing effect for the 

dendritic tree with treatment of this low concentration of PMA. Conversely, Purkinje 

cells with STK17B overexpression showed a severely reduced morphology 

compared to control Purkinje cells with the same PMA treatment in the same culture 

wells (Figure 4.3A) while overexpression of STK17B in the absence of PMA had no 

effect on the morphology of the Purkinje cell dendritic tree (Figure 4.3B). 
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Figure 4.3 Overexpression of STK17B in Purkinje cells enhances the PMA 
effect. 

(A) STK17B transfection enhances the reduction of the Purkinje cell dendritic tree by 

treatment with the PKC activator PMA. Top panel: representative images of control 

and STK17B-transfected Purkinje cells with 0.75-1.25 nM PMA treatment. Bottom 

panel: the mean values of the Purkinje cell dendritic area with PMA treatment of non-

transfected cells was 1.000 ± 0.1884, and was reduced to 0.7505 ± 0.2156 in 

STK17B-transfected cells. The n of control was 23 cells, the n of STK17B 

transfected cells was 15 cells, P = 0.0004 in the two-tailed Mann-Whitney test. (B) 
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Purkinje cell morphology is not or only mildly affected after STK17B transfection. Top 

panel: representative images of Purkinje cells after control or STK17B transfection. 

Bottom panel:  the mean values of the Purkinje cell dendritic area was measured, 

controls were the non-transfected cells from the same culture well: Control 1.000 ± 

0.2237 vs GFP-STK17B 0.9524 ± 0.2862. The n for control = 17 cells and for GFP-

STK17B = 19 cells from two independent transfection experiments, P = 0.7482 in the 

two-tailed Mann-Whitney test. Data are expressed as mean ± SD. Scale bars are 20 

µm.  

 

4.4 Serine 351 phosphorylation of STK17B mediates its 
localization and function in Purkinje cells 

STK17B has been shown to be a PKCγ phosphorylation substrate in NIH3T3 cells 

and PKCγ mediated S350 phosphorylation of rat STK17B has been reported and 

was shown to affect its localization in these cells (Kuwahara et al., 2008). By 

comparison of the sequence of mouse and rat, we found the same sequence and the 

corresponding residue Serine 351 in mouse STK17B. We use two forms, the 

phosphorylation mimetic form S351D and the non-phosphorylatable S351A form. 

After transfection of the respective constructs we can study their effects and the 

impact of phosphorylation in Purkinje cells. We found that S351D strongly affect 

Purkinje cell dendritic development with a strong reduction of dendritic tree size 

(Figure 4.4A). In contrast, STK17B(S351A) did not affect Purkinje cell dendritic 

development (Figure 4.4B). Both STK17B(S351D) and STK17B(S351A) showed 

nuclear and cytoplasm localization not similar to the distribution of wild-type GFP-

STK17B after overexpression and to the endogenous STK17B expression in 

Purkinje cells. The findings show that phosphorylation strongly affects the function of 

STK17B in Purkinje cells. 
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Figure 4.4 Phosphomimetic STK17B(S351D) inhibits Purkinje cell dendritic 
development. 

(A) Purkinje cell dendritic morphology is negatively affected after transfection of 

STK17B(S351D). Top panel: representative images of Purkinje cells after control or 

STK17B(S351D) transfection. Bottom panel:  The mean values of the Purkinje cell 

dendritic area were measured, controls were the non-transfected cells from the same 

culture well: Control 1.000 ± 0.1908 vs GFP-STK17B(S351D) 0.6017 ± 0.2059. The 

n of control = 27 cells and the n of GFP-STK17B(S351D) = 20 cells from at least 

three independent transfection experiments, P < 0.0001 in the two-tailed Mann-

Whitney test. (B) Purkinje cell dendritic morphology is not or only mildly affected after 
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STK17B(S351A) transfection. Top panel: representative images of Purkinje cells 

after control or STK17B(S351A) transfection. Bottom panel:  The mean values of the 

Purkinje cell dendritic area were measured, controls were the non-transfected cells 

from the same culture well: Control 1.000 ± 0.3688 vs GFP-STK17B(S351A) 0.9174 

± 0.2623 The n of control = 21 cells and the n of GFP-STK17B(S351A) = 16 cells 

from two independent transfection experiments, P = 0.4759 in the two-tailed Mann-

Whitney test. Data are expressed as mean ± SD. Scale bars are 20 µm. 

 

4.5 Inhibiting STK17B activity with a novel inhibitor of 
STK17B, Cpd41, does not affect Purkinje cell dendritic 
growth  

A novel inhibitor of STK17B has been published recently with an IC50 of 0.25 µM (S. 

Wang et al., 2017). The inhibitor Cpd41 has been synthesized based on the reported 

structure (Figure 4.5A). Purkinje cells treated with 10 µM or 20 µM Cpd41 did not 

show any changes of dendritic development (Figure 4.5B and C). Increasing the 

concentration to 50 µM of Cpd41 treatment still did not affect the size of the Purkinje 

cell dendritic tree, however, with the compound became toxic when used at a 

concentration of 286 µM of Cpd41 (Figure 4.5C). 

. 
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Figure 4.5 Purkinje cell morphology is not affected by treatment with the 
STK17B inhibitor Cpd41  

(A) Synthetic scheme and structure of STK17B inhibitor Cpd41. (B) 10 µM Cpd41 

treatment does not affect the size of the Purkinje cell dendritic tree. Left panel: 

representative images of Purkinje cells after control or STK17B inhibitor Cpd41 

treatment. Right panel: The mean values of the Purkinje cell dendritic area were: 

1.000 ± 0.2084 for control vs 1.002 ± 0.3110 for treatment with 10 µM Cpd41. The n 

for control = 16 cells and the n for 10 µM Cpd41 = 18 cells from two independent 

experiments, P > 0.9999 in the two-tailed Mann-Whitney test. (C) A 20-50 µM 
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concentration of Cpd41 treatment does not affect the size of the Purkinje cell 

dendritic tree, but death of Purkinje cells is observed at 286 µM high concentration of 

Cpd41. 

 

4.6 Inhibiting STK17B activity enhances the inhibition of 
dendritic growth seen in Purkinje cells from SCA14 
PKCγ(S361G) mice    

To know whether inhibition of STK17B might rescue the Purkinje cell dendritic 

morphology in SCA14 PKCγ(S361G) Purkinje cells, dissociated cultures from 

PKCγ(S361G) mice were treated with 10 µM Cpd41. We found that this treatment 

did not rescue the dendrites from PKCγ(S361G) cells but in contrast significantly 

further reduced the dendritic development of PKCγ(S361G) Purkinje cells (Figure 

4.6A). These results were further confirmed by treatment with 20 µM Cpd41 which 

had a similar inhibitory effect on dendritic growth (Figure 4.6B).  
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Figure 4.6 Cpd41 treatment enhances the reduction of Purkinje cell dendritic 
morphology from the SCA14 mouse model. 

(A) 10 µM Cpd41 treatment reduces the Purkinje cell dendritic tree in the SCA14 

mouse model. Top panel: representative images of Purkinje cells from SCA14 

PKCγ(S361G) mouse model with or without 10 µM Cpd41 treatment. Bottom panel: 

The mean values of the Purkinje cell dendritic area were: non-treated Purkinje cells 

from SCA14 mouse model 1.000 ± 0.2662 vs 10 µM Cpd41-treated Purkinje cells 

from SCA14 mouse model 0.8082 ± 0.2638, the n of SCA14 was 20 cells, the n of 10 

µM Cpd41-treated SCA14 was 21 cells, P = 0.0347 in the two-tailed Mann-Whitney 

test. (B) The Purkinje cell morphology of SCA14 mouse model is negatively affected 

after 20 µM Cpd41 treatment. Top panel: representative images of Purkinje cells 
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from SCA14 mouse model with or without 20 µM Cpd41 treatment. Bottom panel:  

The mean values of the Purkinje cell dendritic area were: non-treated Purkinje cells 

from SCA14 mouse model 1.000 ± 0.2261 vs 20 µM Cpd41-treated Purkinje cells 

from SCA14 mouse model 0.8089 ± 0.2181, the n of SCA14 was 27 cells, the n of 20 

µM Cpd41-treated SCA14 was 28 cells, P = 0.0014 in the two-tailed Mann-Whitney 

test. Data are expressed as mean ± SD. Scale bars are 20 µm. 
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Chapter 5: Additional Data: 

The CRISPR-Cas13a system 

interferes with Purkinje cell dendritic 

development 

 

 

 

 

 

 

 

 

The section 5.6 of this chapter is based on the work published in Biochimica et 
Biophysica Acta (BBA) - Molecular Cell Research, 2020, Volume 1867, Issue 7. 

Some text, figures, the numbering of the figure legend and the title numbering have 

been adapted to this thesis. 
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5.1 Preface  

Gene knockdown in cerebellar Purkinje neurons is a major challenge because 

Purkinje cells only make up a small percentage of the cerebellum. The CRISPR-

Cas13 system has been explored as a powerful new method for knockdown of 

transcripts in cell lines with high specificity. Little is known about the application of 

the knockdown efficiency and the resulting protein expression levels of the CRISPR-

Cas13 method in developing postmitotic neurons. In this chapter, we adapted the 

Cas13a-based conditional knockdown system for cerebellar Purkinje neurons and 

found that this system can achieve a suppression of the target proteins in the mixed 

cerebellar cultures for two weeks almost exclusively restricted to Purkinje cells. This 

could greatly facilitate the study of gene function in Purkinje cells. No classical 

collateral activity was observed but a cytotoxic phenotype that does not depend on 

trans-RNA cleavage. Our results demonstrate the feasibility of Cas13-based 

conditional knockdown in developing postmitotic neurons and establish CRISPR-

Cas13 as an example for a cell- or tissue-specific knockdown method. 

Purkinje cells are key players in the cerebellar circuitry, providing a unique output 

from the cerebellar cortex (Hansel et al., 2001). Specific gene silencing for functional 

studies in Purkinje cells is a huge challenge because Purkinje cells represent only a 

small percentage of the cerebellar cells, the majority of the cells are granule cells, 

glia and interneurons (Wagner, McCroskery, et al., 2011). An alternative strategy of 

target gene silencing is through RNA interference of short hairpin RNA (shRNA) 

(Brummelkamp et al., 2002), however, the mere expression of shRNA within Purkinje 

cells is difficult to specify. The uniform expression of shRNA across all cell types is 

present in dense heterogeneous cultures, which may induce unwanted knockdown in 

other cell types such as granule cells, which are critical for survival and development 

of Purkinje cells (Wagner, McCroskery, et al., 2011). Furthermore, complex neuronal 

cell types are highly sensitive to off-target effects, as off-target effects of shRNA 

have been shown to severely disrupt neuronal structure and function (Alvarez et al., 

2006) and shRNA-mediated knockdown may induce endogenous microRNA 
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dysregulation associated with changes of neurodevelopment and survival (Baek et 

al., 2014).  

The CRISPR-associated (Cas) effector, Cas13a, previously designated as Class II 

candidate 2 (C2c2), has been found in bacteria (Abudayyeh et al., 2016; Gootenberg 

et al., 2017a). Cas13 contains two nucleotide-binding domains (HEPN) for higher 

eukaryotes and prokaryotes exclusively associated with RNase activity (Abudayyeh 

et al., 2016; O’Connell, 2019). Cas13 can be viewed as a programmable RNA-

directed single-stranded RNA ribonuclease, forming Cas13-CRISPR RNA (crRNA) 

complex. Binding of target RNA by the Cas13-crRNA complexes activates the 

RNase activity. The Cas13-crRNA complex is capable of cleaving target RNA, 

referred to as cis-RNA cleavage. There also may be non-specific RNA cleavage 

called trans-RNA cleavage or collateral cleavage (Abudayyeh et al., 2016; Meeske 

and Marraffini, 2018; O’Connell, 2019). Trans-RNA cleavage can induce collateral 

effects such as inhibition of cell proliferation in bacteria, and this collateral effect is 

used to establish a Cas13a-based molecular detection platform for diagnostic use 

(Gootenberg et al., 2017a). Interestingly, unexpected collateral cleavage by the 

activated Cas13a-crRNA complexes was not observed in eukaryotic cells, so 

Cas13a guided by a crRNA with a 28-nt spacer sequence that cleaves target 

transcripts can be expressed in mammalian cells and plant cells for targeted gene 

silencing at knockdown levels comparable to small hairpin RNA (shRNA) with 

improved specificity (Abudayyeh et al., 2017). Due to the  significantly reduced off-

target effects, the Cas13a-based system has been suggested as a therapeutic tool 

for mutant KRAS for the treatment of pancreatic cancer (Zhao et al., 2018). More 

recently, the CRISPR-Cas13 system has been employed to achieve inhibition and 

detection of RNA viruses (Freije et al., 2019). 

In this chapter, we have developed a Purkinje cell-specific Cas13a-based system 

(PCSC13) and this system can be engineered for conditional knockdown of specific 

target proteins. The utility of PCSC13 was demonstrated for the prkcg gene 

encoding protein kinase C gamma (PKCγ), which is mainly expressed in cerebellar 

Purkinje neurons and has been served as a candidate Purkinje cell marker (Yang et 
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al., 2018). No detectable collateral effect of trans-RNA cleavage after knockdown of 

PKCγ was observed in Purkinje cells, but the use of this system was limited by 

cytotoxicity in Purkinje cells.  

5.2 Engineering of a Purkinje cell-specific Cas13a-based 
system (PCSC13) 

To engineer a Purkinje cell-specific Cas13a-based system (PCSC13), we cloned a 

mammalian codon-optimized Cas13a from Leptotrichia wadei with a C terminal 

monomeric GFP sequence into a vector with the Purkinje cell-specific L7 (Pcp2) 

promoter for selective expression in cerebellar Purkinje cells. Cas13a shows 

programmable RNA cleavage with a CRISPR RNA (crRNA) encoding a 28-

nucleotide (nt) spacer (Abudayyeh et al., 2017). Protein kinase C gamma (PKCγ), 

encoded by prkcg gene, is prominently expressed in cerebellar Purkinje cells and 

was used as target protein to facilitate the assessment of the gene silencing in 

Purkinje cells. We designed and constructed two PKCγ guide crRNAs (guide 1 and 

guide 2) complementary to sequences of two different regions of prkcg transcripts 

under the U6 promoter, as previously described (Figure 5.1A and B). The pL7-

Cas13a-mGFP and the guide crRNAs were co-transfected into Purkinje cells at the 

setup of the culture and gene knockdown was analyzed after a two week culture 

period (Figure 5.1B). Target-RNA (also known as activator-RNA) combines with the 

Cas13-crRNA complex to activate RNase activity (Figure 5.1C). In bacteria, the 

HEPN-nuclease becomes active and is able to cleave not only the target-RNA in cis 

but also any other RNAs present (collateral cleavage). Surprisingly, this collateral 

cleavage (also known as trans-RNA cleavage) effect has only been observed in 

bacteria but not in eukaryotic cells, so Cas13a-based methods could target gene 

silencing of either reporter or endogenous transcripts in mammalian cells high 

specificity (Abudayyeh et al., 2016, 2017; Gootenberg et al., 2017a; Meeske and 

Marraffini, 2018; O’Connell, 2019). 
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Figure 5.1 Construction of the programable CRISPR-Cas13a system in Purkinje 
cells. 

(A) Target RNA sequences paired with PKCγ guide 1 and PKCγ guide 2 crRNAs 

which contain 28-nt spacers and 36-nt direct repeats. (B) Schematic illustration of 

the construction and function of CRISPR-Cas13a in Purkinje cells. Purkinje cells 
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were transfected with Cas13a and crRNA at the setup of the culture. (C) 
Diagrammatic representation of the activated Cas13a–crRNA complex. Target RNA 

serves as activator RNA. Once the Cas13a–crRNA complex binds to target RNA, 

Cas13a-crRNA complex is activated and produce RNase activity to cleave target 

transcripts. 

 

5.3 PCSC13 is capable of conditional gene silencing 

To test whether the CRISPR-Cas13a system could knockdown PKCγ in Purkinje 

cells, we transfected the pL7-Cas13a-mGFP vector and guide vectors into cerebellar 

Purkinje cells and performed triple immunofluorescence staining two weeks after 

transfection. The complete CRISPR-Cas13a system was visualized by anti-GFP 

staining, which identifies the activated Cas13a-crRNA complex. The Purkinje cells 

were distinguished by anti-Calbindin staining. We observed that the Cas13a-guide 1 

complex resulted in a high level of knockdown. The mean level of PKCγ signal was 

significantly reduced to 27% in the cell body of Purkinje cells (P < 0.0001), 25.8% in 

the primary dendrites of Purkinje cells (P < 0.0001), to 24.1% in the secondary 

dendrites of Purkinje cells (P < 0.0001) and to 25% in the terminal dendrites of 

Purkinje cells (P < 0.0001), compared to non-transfected neighboring GFP-negative 

Purkinje cells in the same culture well (Figure 5.2A and B). Cas13a-guide 1 

mediated better knockdown compared to guide 2. A detectable reduction in the 

PKCγ signal was also observed with guide 2, A mean reduction to 54.9% in the level 

of PKCγ signal in the cell body of Purkinje cells (P = 0.0001), to 44.2% in the primary 

dendrites of Purkinje cells (P = 0.0004) , to 64.7% in the secondary dendrites (P = 

0.0532) and to 69% in the terminal dendrites of Purkinje cells (P = 0.0595) was 

achieved with Cas13a guide 1 (Figure 5.2A and C). We also performed Cas13a-

guide N (nontargeting) complex experiments. The mean level of PKCγ signal was 

not significantly changed in the cell body, the primary dendrites, the secondary 

dendrites and the terminal dendrites of Purkinje cells, compared to non-transfected 

neighboring GFP-negative Purkinje cells in the same culture well (Figure 5.3A and 
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D). These results show the ability of the CRISPR-Cas13a for endogenous gene 

silencing in cerebellar Purkinje cells.  

 

Figure 5.2 A Cas13a-based system is capable of conditional gene knockdown 
in Purkinje cells. 

(A) Triple immunofluorescence staining with anti-GFP (green), anti-PKCγ (blue) in 

Purkinje cells labelled by anti-Calbindin (red). Knockdown of PKCγ with guide 

crRNAs with Cas13a-mGFP. Purkinje cells expressing nontargeting guide RNA 

(lower panel) have PKCγ expression comparable to control cells. The outlines 

indicate cells targeted by the CRISPR-Cas13a knockdown system stained by GFP. 

Scale bar, 20 μm. (B) Comparison of Cas13a-guide 1 complex relative knockdown 

efficiencies in Purkinje cells. In the control group, the mean value of PKCγ signal in 

the cell body of Purkinje cells is 1.000 ± 0.1749; the mean value of PKCγ signal in 
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primary dendrites of Purkinje cells is 1.000 ± 0.2330; the mean value of PKCγ signal 

in the secondary dendrites is 1.000 ± 0.3327; the mean value of PKCγ signal in the 

terminal dendrites 1.000 ± 0.5194; n represents 16 cells from two independent 

transfection experiments. In the Cas13a-guide 1 complex group, the mean value of 

PKCγ signal in the cell body of Purkinje cells is 0.2700 ± 0.1423; the mean value of 

PKCγ signal in the primary dendrites of Purkinje cells is 0.2583 ± 0.1879; the mean 

value of PKCγ signal in the secondary dendrites is 0.2406 ± 0.1848; the mean value 

of PKCγ signal in the terminal dendrites is 0.2497 ± 0.2027; n represents 14 cells 

from two independent transfection experiments. The results were significant with the 

P values < 0.0001 respectively compared with the corresponding controls. Data are 

shown as the mean ± SD. The P values are according to the two-tailed Mann-

Whitney test. (C) Comparison of Cas13a-guide 2 complex relative knockdown 

efficiencies in Purkinje cells. In the control group, the mean value of PKCγ signal in 

the cell body of Purkinje cells is 1.000 ± 0.1965; the mean value of PKCγ signal in 

primary dendrites of Purkinje cells is 1.000 ± 0.3068; the mean value of PKCγ signal 

in the secondary dendrites is 1.000 ± 0.4220; the mean value of PKCγ signal in the 

terminal dendrites is 1.000 ± 0.3008; n represents 12 cells from two independent 

transfection experiments. In Cas13a-guide 2 complex group, the mean value of 

PKCγ signal in the cell body of Purkinje cells is 0.5492 ± 0.2266; the mean value of 

PKCγ signal in the primary dendrites of Purkinje cells is 0.4616 ± 0.1651; the results 

were significant in with the cell body and the primary dendrites with the P values of 

0.0001 and < 0.0001 respectively compared with the corresponding controls. The 

mean value of PKCγ signal in the secondary dendrites is 0.6716 ± 0.3084; The 

results were not significant in the secondary dendrites with the P value of 0.0530 

compared with the corresponding controls; The mean value of PKCγ signal in the 

terminal dendrites is 0.7099 ± 0.3657; The results were significant in the terminal 

dendrites with the P value of 0.0317 compared with the corresponding controls. n 

represents 11 cells from two independent transfection experiments. Data are shown 

as the mean ± SD. The P values are according to the two-tailed Mann-Whitney test. 

(D) Comparison of Cas13a-guide N complex relative knockdown efficiencies in 

Purkinje cells. In the control group, the mean value of PKCγ signal in the cell body of 

Purkinje cells is 1.000 ± 0.2496; the mean value of PKCγ signal in primary dendrites 
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of Purkinje cells is 1.000 ± 0.2370; the mean value of PKCγ signal in the secondary 

dendrites is 1.000 ± 0.3358; the mean value of PKCγ signal in the terminal dendrites 

is 1.000 ± 0.2824; n represents 11 cells from two independent transfection 

experiments. In the Cas13a-guide N complex group, the mean value of PKCγ signal 

in the cell body of Purkinje cells is 0.9183 ± 0.2506; the mean value of PKCγ signal 

in the primary dendrites of Purkinje cells is 1.047 ± 0.2645; the mean value of PKCγ 

signal in the secondary dendrites is 1.063 ± 0.3351; the mean value of PKCγ signal 

in the terminal dendrites is 1.094 ± 0.3542; n represents 10 cells from two 

independent transfection experiments. The results were not significant with the P 

values 0.5116, 0.6539, 0.7564 and 0.4262 respectively compared with the 

corresponding controls. Data are shown as the mean ± SD. The P values are 

according to the two-tailed Mann-Whitney test. 

 

5.4 Reduced dendritic growth of Purkinje cells occur after 
gene silencing by use of PCSC13 

Previous studies have shown that PKCγ activity is a negative regulator of dendritic 

growth and an increase of Purkinje cell dendritic development occurs in PKCγ-

deficient mice compared to wild-type mice (Schrenk et al., 2002). PKC inhibitors also 

can induce an increase of development of Purkinje cells in the wild type mice 

(Kapfhammer, 2004). The dendritic area from GFP-positive Cas13a-guide 1 complex 

transfected Purkinje cells was compared to non-transfected neighboring GFP-

negative Purkinje cells in the same culture well and showed no significant change (P 

= 0.1265) (Figure 5.2A and 3A). However, we noticed a reduction of dendritic growth 

two weeks after of co-transfection of guide 2 and Cas13a into Purkinje cells 

compared to non-transfected Cas13a neighboring GFP-negative Purkinje cells in the 

same culture well. We further confirmed this inhibition of dendritic growth by 

measuring the area of dendrites after PKCγ knockdown by use of guide 2. The size 

of the dendritic tree was reduced to 79% of control Purkinje cells (P = 0.0093) 
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(Figure 5.3A and B).  Expression of crRNAs alone did not affect Purkinje cell 

development compared to control Purkinje cells (Figure 5.3C).  

 

Figure 5.3 Cas13a-guide 2 complex suppresses dendritic growth in cerebellar 
Purkinje cells. 

(A) Purkinje cells expressing the Cas13a-guide 1 complex (right side) have no 

significant affection of dendritic trees compared to control cells (left side). The mean 

value of the dendritic area for control is 1.000 ± 0.2420, n represents 24 cells from 
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two independent transfection experiments. The mean value for Cas13a-guide 1 

complex is 0.8848 ± 0.2284.  n represents 16 cells from two independent transfection 

experiments. P = 0.1265 in the two-tailed Mann-Whitney test. (B) Purkinje cells 

expressing the Cas13a-guide 2 complex (right side) have reduced dendritic trees 

compared to control cells (left side). The mean value of the dendritic area for control 

is 1.000 ± 0.2551, n represents 22 cells from two independent transfection 

experiments. The mean value for Cas13a-guide 2 complex is 0.7868 ± 0.2603. n 

represents 16 cells from two independent transfection experiments. The results were 

significant with P = 0.0093 in the two-tailed Mann-Whitney test. (C) Purkinje cells 

expressing the guide alone have no affection of dendritic growth compared to control 

cells treated in the same transfection condition. The mean value of the dendritic area 

for control is 1.000 ± 0.2031, n represents 18 cells from two independent transfection 

experiments. The mean value for guide 1 is 1.014 ± 0.3035, n represents 21 cells 

from two independent transfection experiments. The mean value for guide 2 is 

1.062 ± 0.2715. n represents 20 cells from two independent transfection 

experiments. The P value is 0.6937 according to the non-parametric one-way 

ANOVA Kruskal-Wallis test. All Data are shown as the mean ± SD. Scale bar, 20 μm. 

 

5.5 The inhibition of Purkinje cell dendritic growth by the 
Cas13a-crRNA complex is not caused by collateral activity, 
i.e. unspecific RNA cleavage 

It is conceivable that the inhibition of dendritic growth of Purkinje cells observed in 

our experiments might be due to collateral activity of the Cas13-based system 

although such collateral activity was only shown in bacteria and was absent in 

mammalian cells (Abudayyeh et al., 2016; Meeske and Marraffini, 2018) 
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(Abudayyeh et al., 2016, 2017). In order to exclude the presence of collateral RNA 

cleavage we used a monoclonal anti-rRNA antibody (White et al., 2019) to test rRNA 

levels in Purkinje cells. We stained and measured the level of rRNA in Purkinje cells 

expressing the Cas13a-guide 1 complex, which showed the high RNase activity with 

the strong knockdown efficiency, and found no significant change of rRNA level 

compared with control cells (Figure 5.4A).  

To further investigate if collateral activity might contribute to the inhibition of Purkinje 

cell dendritic growth, we used the same PKCγ guide crRNAs in PKCγ knockout (KO) 

mice, in which no target RNA is present to activate the Cas13a-crRNA complex. No 

PKCγ staining in Purkinje cells could be detect in PKCγ knockout (KO) mice (Figure 

5.4B and C). Again, we observed a significant growth inhibition (P = 0.0139) of 

dendrites in Purkinje cells expressing the non-activated Cas13a-guide 1 complex 

(Figure 5.4B). Consistent with the observed inhibitory action of the Cas13a-guide 1, 

expression of Cas13a-guide 2 complex also demonstrates a significant reduction 

(P = 0.0010) of dendrites in Purkinje cells (Figure 5.4C). These data show that the 

inhibition of Purkinje cell dendritic growth by the Cas13 system cannot be due to the 

classical collateral activity, i.e. unspecific RNA cleavage, but rather must reflect an 

adverse or toxic effect of one of the components.  
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Figure 5.4 Inhibition of Purkinje cell dendritic growth is not related to collateral 
activity of the Cas13a-based method 

(A) Triple immunofluorescence staining with anti-GFP (green), anti-rRNA (red) in 

Purkinje cells labelled by anti-Calbindin (blue). No changes of rRNA expression are 

found in the Purkinje cells after gene silencing (lower panel) compared to control 

cells (upper panel). Quantification of relative average expression of rRNA in cells. In 

control Purkinje cells, the median value is 1.004 and the mean ± SD is 1.000 ± 

0.2574, n = 10 cells; in the Purkinje cells with expression of the CRISPR-Cas13a 

knockdown system, the median value is 1.003 and the mean ± SD is 1.038 ± 0.3128, 

n = 8 cells. Quantification of relative maximum intensity of rRNA in cells, in the 

control Purkinje cells, the median value is 1.001 and the mean ± SD is 1.000 ± 

0.2325, n = 10 cells; In the Purkinje cells with expression of CRISPR-Cas13a 

knockdown system, the median value is 1.031 and the mean ± SD is 1.114 ± 0.3646, 

n = 8 cells. Scatter dot plots show the line at median. Scale bar, 20 μm. (B) Purkinje 

cells from PKCγ KO mice expressing the Cas13a-guide 1 complex (downside) have 

a significant reduction of dendritic trees compared to control cells (upside). The 

mean value of the dendritic area for control is 1.000 ± 0.3596, n represents 25 cells 

from two independent transfection experiments. The mean value for the Cas13a-
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guide 1 complex is 0.7541 ± 0.2778. n represents 20 cells from two independent 

transfection experiments. P = 0.0139 in the two-tailed Mann-Whitney test. (C) 
Purkinje cells from PKCγ KO mice expressing the Cas13a-guide 2 complex 

(downside) have a significant reduction of dendritic trees compared to control cells 

(upside). The mean value of the dendritic area for control is 1.000 ± 0.2847, 

n represents 23 cells from two independent transfection experiments. The mean 

value for Cas13a-guide 2 complex is 0.7243 ± 0.1699. n represents 15 cells from two 

independent transfection experiments. P = 0.0010 in the two-tailed Mann-Whitney 

test. 

 

5.6 The CRISPR-Cas13a system interferes with Purkinje 
cell dendritic development 

CRISPR-Cas-based methods are now widely used for gene targeting (Pickar-Oliver 

and Gersbach, 2019). More recently, a variation of this method has been used for 

the knockdown of genes in mammalian cells based on CRISPR-Cas13a (Abudayyeh 

et al., 2017). The CRISPR-associated (Cas) enzyme, Cas13a, initially named C2c2, 

was found in bacteria, contains two higher eukaryote and prokaryote nucleotide-

binding domains associated with ribonucleases (Abudayyeh et al., 2017; Gootenberg 

et al., 2017b). Cas13a can be utilized as an RNA-guided RNA-targeting CRISPR-

Cas effector. Cas13a can be heterologously expressed in mammalian and plants 

cells and achieve knockdown of reporter or endogenous transcripts with levels of 

knockdown efficiency similar to RNAi but with substantially reduced off-target effects, 

making the CRISPR-Cas13a platform also suitable for therapeutic applications 

(Abudayyeh et al., 2017). Recent studies have already pioneered the use of the 

CRISPR-Cas13a system in the field of therapeutic agents. The CRISPR-Cas13a 

system recently have been engineered for the specific knockdown of mutant KRAS-

G12D mRNA in pancreatic cancer cells (Zhao et al., 2018) and the CRISPR-Cas13a 

system has also shown to have a strong tumor-eliminating potential in glioma cells 

(Wang et al., 2019). CRISPR-Cas13a system also have been explored for antiviral 
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drug development in infectious diseases (Freije et al., 2019). For using the system 

as a method for RNA knockdown, it is essential that no collateral activities or trans 

RNA cleavage occur. No such effects on cellular health and differentiation by using 

the CRISPR-Cas13a system for gene knockdown have been found in HEK293FT 

cells (Abudayyeh et al., 2017). However, in a recent study, it was reported that the 

CRISPR-Cas13a system induced collateral ribosomal RNA cleavage after 

knockdown of eGFP expression and induced cell death after targeting EGFRvIII 

mRNA in U87 glioblastoma cells (Wang et al., 2019).  

While two reports have studied the CRISPR-Cas13a system for different cancer 

cells, little is known about the potential effect of CRISPR-Cas13a system in normal 

mammalian cells. Considering the rapid advance of the CRISPR-Cas13a platform in 

therapeutic development (Freije et al., 2019; Zhao et al., 2018), we determined if the 

CRISPR-Cas13a system affects the development and health of primary mammalian 

neurons. We used cerebellar Purkinje neurons as a complex mammalian cell type 

and present findings suggesting an evident inhibitory effect of the CRISPR-Cas13a 

system during development of Purkinje neurons. Interestingly, the observed 

suppression of dendritic development of Purkinje neurons did not depend on 

collateral effect or trans RNA cleavage during target gene knockdown, but was 

caused by Cas13a itself.  

We used the mammalian codon-optimized Cas13a vector consisting of LwaCas13a 

with C terminal monomeric GFP together with a guide CRISPR RNA (crRNA) 

encoding a 28-nucleotide (nt) spacer sequence originally described by the published 

research (Abudayyeh et al., 2017). The Cas13a vector (Plasmid #91902) and the 

crRNA were obtained from Addgene (Cambridge, MA, USA). Cerebellar Purkinje 

cells were maintained in cerebellar dissociated culture and transfected by 

electroporation with the pL7 vector, an expression vector containing the L7 (Pcp2) 

promoter directing Purkinje cell specific expression of the insert (Shimobayashi and 

Kapfhammer, 2017; Wagner, Brenowitz, et al., 2011; Wagner, McCroskery, et al., 

2011). We have cloned the engineered GFP fusion LwaCas13a sequence from the 
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Addgene Plasmid #91902 into the pL7 vector. With this vector, we achieved Purkinje 

cell-specific expression of the engineered Cas13a.  

Primary cerebellar cell cultures were prepared from neonatal FVB/N mice as 

described previously (Shimobayashi and Kapfhammer, 2017). We co-transfected 

Purkinje cells with 5 μg of pL7-LwaCas13a-mGFP plasmid and 7.5 - 10 μg of the 28-

nucleotide (nt) non-targeting crRNA at the setup of the culture (DIV 0) and analyzed 

dendritic development after 14 days in vitro (DIV14). We found well developed 

dendritic trees in control Purkinje cells. In contrast, Purkinje cells transfected with the 

CRISPR-Cas13a system identified by anti-GFP and anti-Calbindin (a marker for 

Purkinje neurons) co-immunostaining had smaller dendritic trees (Figure 5.5A). We 

quantified the Purkinje cell dendritic area from GFP-positive CRISPR-Cas13a 

system transfected Purkinje cells and compared it to the dendritic area of non-

transfected Cas13a neighboring GFP-negative Purkinje cells in the same culture 

well. The mean for the dendritic area was reduced to 79% of control for Purkinje cells 

expressing the non-targeting CRISPR-Cas13a system (Figure 5.5A) demonstrating a 

clear inhibition of dendritic growth by the CRISPR-Cas13a system and non-targeting 

crRNA-Cas13a complex display an impairment on the Purkinje cell development. 

The crRNA-Cas13a complex retains catalytic activity and binds to targeting 

transcripts to cleave targeted single-stranded RNAs with spacer lengths as short as 

20 nt, but loses RNA cleavage activity with spacer lengths less than 20 nt, while 

RNA binding still appears to be intact under these conditions (Abudayyeh et al., 

2017). Since it is possible that the 28 nt non-targeting crRNA-Cas13a complex may 

coincidentally bind to targeting transcripts and cleave endogenous transcripts 

involved in dendritic development of Purkinje cells, a shorter spacer with 18 nt was 

used which does not support catalytic activity of the crRNA-Cas13a complex 

(Abudayyeh et al., 2017). After co-transfection of 5 μg pL7-LwaCas13a-mGFP and 

7.5 μg the 18 nt crRNA into Purkinje cells, the size of the dendritic tree was reduced 

to 75% compared to non-transfected control Purkinje cells (Figure 5.5B), 

demonstrating that the reduction of dendritic development is not depending on the 
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collateral RNA cleavage activity of the system. These results suggest that the 

inhibition of Purkinje cell dendritic growth may be directly related to Cas13a. 

After transfection of 5 μg pL7-LwaCas13a-mGFP alone into Purkinje cells, the size 

of the dendritic tree was again reduced to 83% of control Purkinje cells (Figure 

5.5C). These results demonstrate that LwaCas13a-mGFP was responsible for 

reducing Purkinje cell dendritic growth. The observed reduction of Purkinje cell 

dendritic development was not related to the pL7 vector or GFP expression as 

transfection with 5 μg or 10 μg pL7 expressing GFP did not significantly affect 

dendritic development of Purkinje cells (Figure 5.5D).  

 

Figure 5.5 The CRISPR-Cas13a system suppresses dendritic growth in 
cerebellar Purkinje cells.  

(A) Purkinje cells expressing the CRISPR-Cas13a system (right side) have dendritic 

trees with reduced size compared to control cells (left side). The mean value of the 

dendritic area for control is 1.000 ± 0.4338, n = 39 cells from three independent 
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transfection experiments. The mean value of CRISPR-Cas13a system is 0.7946 ± 

0.2782. n = 30 cells from three independent transfection experiments. The results 

were significant with p = 0.0204 in the two-tailed Mann-Whitney test. (B) Purkinje 

cells expressing the LwaCas13a-mGFP together with an 18 nt short crRNA (right 

side) also have dendritic trees with reduced size compared to control cells (left side). 

The mean value of control is 1.000 ± 0.3568, n = 15 cells from two independent 

transfection experiments. The mean value of Cas13a with an 18 nt short crRNA is 

0.7488 ± 0.3230, n = 22 cells from two independent transfection experiments. The 

results were significant with p = 0.0166 in the two-tailed Mann-Whitney test. (C) 
Purkinje cells expressing LwaCas13a-mGFP alone (right side) also have dendritic 

trees with reduced size compared to control cells (left side). The mean value of 

control is 1.000 ± 0.3519, n = 22 cells from two independent transfection 

experiments. The mean value of Cas13a is 0.8275 ± 0.3841, n = 23 cells from two 

independent transfection experiments. The results were significant with p = 0.0369 in 

the two-tailed Mann-Whitney test. (D) Purkinje cells expressing monomeric GFP only 

using the same pL7 expression plasmid as above develop normal dendritic trees. 

There is no difference in the size of the dendritic trees: 1.000 ± 0.4395, n = 22 cells 

from two independent transfection experiments for control and 1.016 ± 0.4133, n = 

21 cells from two independent transfection experiments for pL7 vector expressing 

GFP. Data are shown as the mean ± SD. The P values are according to the two-

tailed Mann-Whitney test. Scale bar = 20 μm. 

 

Together, our findings demonstrate that expressing the CRISPR-Cas13a system in 

Purkinje cells results in reduced dendritic growth and development and that this 

inhibitory effect is not depending on the collateral effect or trans RNA cleavage 

during gene silencing by use of the CRISPR-Cas13 system but rather due to the 

LwaCas13a construct itself. 

Abudayyeh et al. have reported that knockdown of target gene by use of CRISPR-

Cas13 system had no collateral effects in HEK293FT cells. There is great potential 
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for using this system as platform for programmable gene knockdown because the 

Cas13a system is not native to eukaryotes and the probability for crosstalk with 

endogenous pathways is reduced (Abudayyeh et al., 2017). The system has also 

been explored for therapeutic use in pancreatic cancer cells using the Cas13a 

system for targeting mutant KRAS mRNA expression (Zhao et al., 2018). No 

collateral effects of the CRISPR-Cas13a system were reported in this study. Our 

experiments differ from previous studies using mammalian cell lines and cancer 

cells, in that we worked with a complex neuronal cell type in primary culture. 

Collateral effects have been previously reported for the use of Cas13a with targeting 

crRNA to knockdown target genes in U87 glioblastoma cells. This effect was not 

induced in Cas13a with non-targeting crRNA and was due to unwanted RNA 

cleavage activity of the system (Wang et al., 2019). In contrast, in the Purkinje 

neurons, the inhibitory effect of CRISPR-Cas13a system for dendritic development 

was not depending on collateral effect or trans RNA cleavage and was present after 

transfection of Cas13a by itself. It is not clear in the moment, if the observed 

negative effects for dendritic growth are due to the RNA-binding activity of Cas13a 

and RNA degradation or due to protein-protein interactions in endogenous 

developmental pathways in this complex mammalian cell type. Nevertheless, our 

findings send a warning that the potential neurotoxic effect of Cas13a might be 

present for more complex neuronal cell types in particular during development. The 

development of CRISPR-Cas13a for therapeutic applications deserves special 

attention for safety. 
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Chapter 6: General Discussion 

6.1 Key molecule RGS8 

In the chapter 3.5, we have discussed the important roles of RGS8 and mGluR1 

signaling in the pathogenesis of SCAs. Our experiments show that RGS8 expressing 

Purkinje cell can better resist the affection induced by a mGluR1 selective agonist, 

supporting the functional concept that RGS8 is reducing the activity of the Gαq 

subunit to inhibit mGluR1 signaling. From this perspective, a loss of function of 

RGS8 is expected to show a phenotype similar to increased mGluR1 signaling. 

Interestingly, in the RGS8 null mutant mouse model with a loss of RGS8 there is a 

relatively normal development of Purkinje cells without apparent ataxia (Kuwata et 

al., 2007). Considering that many RGS8 family members are expressed in brain 

(Squires et al., 2018), a possible explanation is that the loss of function caused by 

deficient RGS8 might be compensated by other RGS family members. Such a 

compensation may also be happened in the testis in which RGS8 is also expressed 

but RGS8 deficient mice are fertile (Kuwata et al., 2007; Osamu Saitoh et al., 1999). 

RGS22, which was shown to interact with Gαq/11, is specifically expressed in mouse 

testis (Hu et al., 2008) and may be a candidate RGS member to compensate for the 

loss of RGS8 in testis. RGS4, which is expressed in brain and cerebellum, is closely 

related to RGS8 and belongs to the R4 sub-family. The highest level of RGS4 mRNA 

expression is in the Purkinje cell layer with lower expression in the granule cell layer 

(Ingi and Aoki, 2002; Squires et al., 2018). Importantly, RGS4 can inhibit the 

coupling of mGluR1 and mGluR5 to the Gq pathways in these brain regions 

(Saugstad et al., 1998), indicating that RGS4 may be able to compensate for the loss 

of RGS8 function in Purkinje cells. 

RGS proteins are exciting new candidates for therapeutic interventions and drug 

development (Hollinger and Hepler, 2002; Squires et al., 2018; Zhang and Mende, 

2011). RGS10, a microglia-enriched RGS family protein expressed in dopaminergic 

neurons, provided neuroprotection against inflammation-related degeneration in 
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Parkinson’s disease (Lee et al., 2011, 2012). Our findings suggested that RGS8, a 

Purkinje cells-enriched RGS protein, can act as neuroprotective modifier. Serum 

levels of Neurofilament light polypeptide (NF-L) are increased in patients with SCAs 

suggesting they have the potential for being a progression marker of SCA (Wilke et 

al., 2018). However, NF-L is a nonspecific marker of neuronal damage and there is 

an urgent need for SCA-specific biomarkers (Klockgether et al., 2019). RGS8 

expression was shown to be increased in mouse models of different SCA types. 

RGS8 is expected to be a candidate biomarker for SCA disease and may be further 

developed for the generation of therapeutic agents.  

6.2 Key molecule STK17B  

STK17B is strongly expressed in Purkinje cells and only relatively weakly expressed 

in other cells in the cerebellum. Cerebellar tissue at P3 and Purkinje cells at P10 

already express substantial amounts of STK17B protein. This developmental 

expression profile might support a function of STK17B in development of cerebellum 

and Purkinje cells beyond the regulation of apoptosis as in the immune system.  

We show that STK17B transcription is increased in cerebellar tissue of organotypic 

slice cultures from SCA14 PKCγ(S361G) mice. This overall increase is in contrast to 

the situation in Purkinje cells where expression is decreased. STK17B is also 

expressed in other cells and the fraction of Purkinje cell is only very small in cerebellar 

tissue (Figure 4.1), therefore the decrease in Purkinje cells of STK17B expression is 

masked in the microarray data by the increased expression in other cell types. 

STK17B has been shown to be one of the substrates of PKCγ. The constitutive active 

kinase domain of PKCγ(S361G) is expected to lead to increased phosphorylation of 

PKC substrates and it results in a reduced expression of STK17B in Purkinje cells. 

Interestingly, we have confirmed that the activation of PKC can reduce the expression 

of STK17B in Purkinje cells. In the moment, we do not know whether the reduction of 

STK17B is the result of increased phosphorylation. Little is known about the effects of 

phosphorylation of STK17B in Purkinje cells. From our experiments, we confirmed that 
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the transfection of the phosphomimetic form of STK17B(S351D) produced a direct 

negative effect on the morphology of Purkinje cells.  

It seems very likely that the reduced expression of STK17B is one of the molecular 

adjustments in Purkinje cells due to PKCγ-mediated increased phosphorylation of 

STK17B. Increased PKC activation in Purkinje cells by PMA is well known to cause a 

marked reduction of Purkinje cell dendritic tree development similar to that found in 

PKCγ(S361G) Purkinje cells. We have now shown that overexpression of STK17B in 

Purkinje cells does indeed further reduce the development of the dendritic tree under 

treatment with low concentrations of PMA confirming the inhibitory effect of activation 

of PKCγ-mediated phosphorylation of STK17B in Purkinje cells.  

In summary, STK17B is a key molecule with a known transcriptional dysregulation in 

the mouse models of SCA1 and SCA7, and it is downregulated on the protein level in 

Purkinje cells of the SCA14 mouse model. In SCA1 and SCA7, the downregulation of 

STK17B is based on the analysis of a  sample comprising a piece of cerebellum 

(Gatchel et al., 2008; Ingram et al., 2016) and it is not known that if STK17B expression 

is actually reduced in Purkinje cells. In chapter 3, we have suggested that mGluR1-

PKCγ signaling appears to be a critical shared pathway for SCAs pathogenesis. 

STK17B was identified as one of substrates of PKCγ, indicating that STK17B is 

downstream of mGluR1-PKCγ signaling. Although its role in the nervous system hasn’t 

been elucidated, the function of STK17B on calcium regulation has been studied in T 

cells. It is well known that mGluR1 activation is linked to changes of intracellular 

calcium either by stimulating the IP3 receptor pathway or by Ca2+ entering through 

mGluR1-gated TRPC3 channels (Jana Hartmann et al., 2008). Many of the genes 

causing SCA are related to ion channels and these may indicate the possible role of 

STK17B for intracellular calcium regulation in Purkinje cells. As increasing evidence 

points towards a crucial role of Purkinje cell calcium regulation, in particular via the 

PKCγ-mediated pathway, for the development of SCAs (Schorge et al., 2010; Brown 

and Loew, 2015; Shimobayashi and Kapfhammer, 2018), STK17B emerges now as a 

new molecule mediating this pathway controlling the Purkinje cell calcium equilibrium. 



 

114 

 

STK17B could thus be an important determinant of pathogenesis of diverse 

spinocerebellar ataxias. 

Although treatment with of the new STK17B-inhibitor Cpd41 did not or have only minor 

effects on Purkinje cell morphology in cultures from wildtype mice, low concentrations 

of Cpd41 enhanced the phenotype of Purkinje cells from SCA14 mice. These findings 

suggest that Purkinje cells from SCA14 are more vulnerable to inhibition of STK17B 

activity. We have found that high concentrations of Cpd41 are toxic and induce the 

death of Purkinje cells. This might be explained by an inhibition of Aurora kinase by 

Cpd41 with high concentrations (IC50 = 1.05 ± 0.20 μM) for Aurora kinase A (Wang 

et al., 2017). Aurora kinase A is highly expressed in cell bodies and dendrites of 

Purkinje cells and play an important role in the cerebellar long-term depression 

(McEvoy et al., 2007). Strong inhibition of Aurora kinase A may affect the survival of 

Purkinje cells, but we could not exclude other unspecific effects of Cpd41. 

6.3 Cas13a-based method for gene silencing in Purkinje 
cells 

The Cas13a-based method can be effectively reprogrammed with guide RNAs to 

specifically knockdown gene expression in Purkinje cells and our study provides a 

basis for the use of CRISPR-Cas13-based strategies in conditional gene silencing. 

The specificity of the Cas13a-based method for transcriptional knockdown is much 

higher than shRNA and Cas13a is highly sensitive to mismatches in the guide-target 

duplex, with no detectable off-targets (Abudayyeh et al., 2017). Our studies support 

the high specificity by the use of Cas13a-based method for the endogenous Prkcg 

gene silencing and a high efficiency knockdown at the protein level is shown in 

postmitotic Purkinje neurons with long-term culture. 

Cas13a targeting in bacteria has been associated with a proliferation phenotype, 

potentially due to collateral activity which has been observed in vitro, but no 

evidence for collateral activity of Cas13a in mammalian cells was found (Abudayyeh 

et al., 2016, 2017). In our studies we observed a significant inhibition of Purkinje cell 
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dendritic growth but we did not find evidence for collateral activity in Purkinje cells. 

The inhibition of dendritic growth seen with the construct is not probably not related 

to collateral activity. The definition of “collateral activity” is that once Cas13a-crRNA 

was activated by binding to its target RNA (also called activator RNA), it cleaves the 

target RNA as well as other RNAs unspecifically (Abudayyeh et al., 2016; O’Connell, 

2019). Guide 1 and guide 2 crRNAs for the Prkcg gene were shown to be specific 

targets in wild-type mouse Purkinje cells. By using PKCγ knockout mice, in which the 

target PKCγ RNA is not present and cannot activate the Cas13a-crRNA complex, we 

found that both Cas13a-crRNA complexes still inhibited Purkinje cell dendritic 

growth. We did not see a significant change of 5.8S ribosomal RNA by use of 

Cas13a-based knockdown making unspecific RNA degradation very unlikely. In 

other studies, lipofectamine-based transfection reagents were used to express the 

Cas13a-based gene knockdown constructs (Abudayyeh et al., 2017; Zhao et al., 

2018) while in our experiments we used electroporation. However, in a recent study 

a collateral effect was reported in eukaryotes, and the transduction with lentivirus 

was used to express the Cas13a-based gene knockdown in human glioblastoma 

cancer cells. In this study collateral ribosomal RNA cleavage was found after 

knockdown of the target gene in EGFP-expressing cells (Wang et al., 2019). The 

CRISPR systems and the Cas proteins associated with have the original function of 

defending their prokaryotic hosts against the invasion of virus (Barrangou et al., 

2007) and whether virus transduction may trigger the collateral activity of Cas13a in 

mammalian cells needs further investigation.  

Although virus-based transduction has become a powerful tool for gene or shRNA 

delivery in vitro and in vivo, viruses have evolved to infect cells and express their 

genetic material to induce immunogenicity and cytotoxicity (Kim and Eberwine, 

2010). Virus transduction can cause an inflammatory response and insertional 

mutations, as the genetic material of viruses integrates randomly into the host 

genome, which may lead to a disruption of tumor suppressor genes, activation of 

oncogenes or disruption of key genes (Woods et al., 2003). shRNA-based non-viral 

approaches need introduce foreign reagents by transfection or other delivery 

methods which might produce adverse effects, e.g. liposomes affect neuronal 
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morphology, growth or viability by lipofection; accelerated gold particles from biolistic 

particle delivery system may cause cell damage (Karra and Dahm, 2010). An ideal 

RNA interference method should be able to transfect neurons with high specificity 

and interference highly specific only with the target RNA in order to clarify the loss of 

function of the target gene. However, an unspecific knockdown of genes by the use 

of shRNA, known as off-target effect, has been shown in complex neuronal cell types 

(Alvarez et al., 2006; Baek et al., 2014). Differential expression analysis showed 

hundreds of significant off-targets in the shRNA conditions but none in Cas13a-

based knockdown conditions (Abudayyeh et al., 2017), suggesting that Cas13a-

based system could be a suitable tool for studying gene function in complex 

neuronal cell types. In cerebellar Purkinje neurons, a common problem is that most 

vector systems transcribe the shRNA constructs under the control of pol III 

promoters (Brummelkamp et al., 2002), which are constitutively expressed in all cell 

types. In that case, it is difficult to express the shRNA specifically in Purkinje cells, 

which make up only a very small fraction of cerebellar cells (Wagner, McCroskery, et 

al., 2011). Although our study shows that a Cas13-based approach to perform gene 

silencing in Purkinje cells produced unwanted effects on dendritic outgrowth, there is 

no evidence that this effect is due to unspecific RNA degradation. Low cytotoxicity 

but high specificity with acceptable adverse effect on dendritic growth in Purkinje 

neurons might make it still an alternative for gene function studies. Our study 

provides a reference for conditional gene silencing to investigate gene function in 

specific cell types or tissues based on the CRISPR-Cas13 system.  
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Chapter 7: Conclusion and Outlook  

7.1 Key molecules RGS8 and STK17B 

We have identified three key molecules RGS8, STK17B and INPP5A being 

dysregulated in different mouse models of SCA. During our studies, INPP5A has 

been reported recently to contribute to pathology in a mouse model of SCA17 (Liu et 

al., 2020) supporting our hypothesis that key molecules are involved in the pathology 

of diverse forms of SCA.  INPP5A appears to be involved in the pathology of at least 

four types of SCAs, SCA1, 7, 14 and 17. 

RGS8 is now known to be dysregulated also in at least four types of SCAs, SCA1, 2, 

7 and 14. RGS8 is specifically expressed in mouse cerebellar Purkinje cells. 

Increased RGS8 expression in Purkinje cells is found with increased activity of the 

mGluR1 pathway. Functional experiments suggest that RGS8 mitigates overshooting 

mGluR-PKCγ signaling. Therefore, RGS8 is involved in the regulation of mGluR1 

activity placing it upstream of PKCγ signaling. Our findings uncover and support a 

critical role of shared mGluR1-PKCγ signaling in the pathogenesis of different types 

of SCAs. 

STK17B is one of the substrates of PKCγ and thus downstream of mGluR1-PKCγ 

signaling. STK17B is expressed in Purkinje cells from early postnatal development. 

In the SCA14 PKCγ(S361G) mouse model studied in our laboratory, STK17B protein 

expression was reduced in cerebellar dissociated cultures in parallel with a reduction 

of dendritic tree size of the Purkinje cells. In this mouse model the mutation produces 

a constitutively active form of PKCγ and we have shown that treatment with PMA, a 

PKC activator, also induces a strong decrease of STK17B in Purkinje cells. STK17B 

is thought to be phosphorylated by PKCγ. We could show that expression of a 

phosphorylation mimetic form, STK17B(S351D), does indeed inhibit dendritic growth 

of Purkinje cells. The downregulation of STK17B in the SCA14 mouse model may 

thus be a protective adaptation in the Purkinje cells with increased PKC activity.  
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7.2 Further studies 

As it is known that STK17B is involved in the calcium mobilization in immune cells, it 

is important to see whether STK17B may have a similar role for the calcium 

response in Purkinje cells. Loss-of-function experiments and overexpression of 

STK17B will be necessary to test the effect on the calcium regulation in Purkinje 

cells. We would expect to find a novel connection between the mGluR1-PKCγ-

STK17B signaling system to the molecules that are known to mediate or regulate 

intracellular calcium signaling in Purkinje cells, such as ITPR1, TRPC3, CACNA1G 

and CACNA1A, all of which are also known to be causative genes of SCA5, 15, 16, 

29 and 42 respectively.  

STK17B deficient mouse models have been used for studies of the immune system 

(McGargill et al., 2004; Ramos et al., 2008). Using these or similar mouse models 

will be useful to study the effect of a deficiency of STK17B in the cerebellum in vivo 

and use the different culture models (slice culture or dissociated culture) to further 

study STK17B function in cerebellar Purkinje cells. Although the inhibition of STK17B 

with Cpd41 did not show a strong effect on Purkinje cells, the knockdown of STK17B 

expression in Purkinje cells is an alternative method for studying a loss of function of 

STK17B. As the Cas13-based knockdown method provides high specificity and 

fewer off-target effects, the further study and optimization of this conditional gene 

silencing technology in Purkinje cells is also an important future project. It would also 

provide an alternative method to study how the knockdown of RGS8 will affect 

Purkinje cell dendritic development. 
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Chapter 8: Detailed Methods  

8.1 Animals 

All experiments were conducted in accordance with the EU Directive 2010/63/EU for 

the care and use of laboratory animals, approved by the Veterinary Office of the 

Canton of Basel and authorized by the Swiss authorities. 

8.1.1 PKCγ(S361G) mice 

The conditional transgenic mice of SCA14 are on a FVB background and they were 

produced and reported in our earlier publication (Ji et al., 2014). The SCA14-

associated human PKCγ(S361G) mutation is expressed under Tetracycline Response 

Element (TRE) and together with GFP reporter in the transgenic mouse line. The 

transgenic mouse lines were crossed with Pcp2-tTA transgenic mice expressing the 

Tet-Transactivator under a Purkinje cell specific promoter to achieve expression of the 

SCA14-associated human PKCγ(S361G) mutation in Purkinje cells.  

8.1.2 PKCγ knockout (KO) mice and wild type mice 

PKCγ knockout (KO) mice were constructed and generated using CRISPR/Cas9-

mediated gene editing technology at the Centre for Transgenic Models of University 

of Basel. The wild type mice used in our laboratory were FVB mice or CB6 mice. 
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8.2 Cerebellar organotypic slice cultures 

8.2.1 Culture Media 

Ingredients for 200 ml preparation medium. All ingredients were sterile and were mixed 

in a biological safety cabinet. Laboratory water used were sterile and distilled. 

• 100 ml minimal essential medium (MEM) (Gibco, Catalog Number 11012), in 

two-fold concentration 

• 98 ml sterile water 

• 1 ml Glutamax (Gibco, Catalog Number 35050) 

• 1N NaOH or 1N HCl to adjust pH to 7.2-7.4 

 

Ingredients for 100 ml incubation medium: 

• 25 ml MEM (Gibco, Catalog Number 11012), in two-fold concentration 

• 23.5 ml sterile water 

• 25 ml Basal Medium Eagle, with Earl’s salt, without glutamine (Gibco, Catalog 

Number 21400) 

• 25 ml horse serum, heat-inactivated (Gibco, Catalog Number 26050) 

• 1 ml Glutamax (Gibco, Catalog Number 35050) 

• 700 μl of a 10% glucose solution 

• 1N NaOH or 1N HCl to adjust pH to 7.2-7.4 

 

8.2.2 Procedure 

Equipment 
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• 6 well plates (BD Falcon, Catalog Number 353046) 

• 35 mm dishes (Greiner bio-one, Catalog Number 627102)  

• Tissue chopper (McIllwain)  

• Dissection stereomicroscope (Carl Zeiss Stemi 2000) 

• Millicell-CM Organotypic tissue culture plate inserts (Millipore, Catalog 

Number PICM 03050) 

 

Preparation 

• A tissue chopper was cleaned by wiping the surface with 70% ethanol.  

• A razor-blade was sterilized by immersion in 99.8% ethanol.  

• The sterilized razor-blade was installed on the pre-wiped tissue chopper.  

• Petri dishes were filled with 5 ml ice-cold preparation medium and stored at 

4°C to be used. 2 or 3 dishes were required per mouse. 

• 750μl of incubation medium was pipetted in each well of a 6 well plate. The 

plate was placed in an incubator. Culture conditions were maintained at 

37°C providing a humidified atmosphere with 5% CO2. 

• Appropriate surgical instruments were prepared and sterilized. 

 

Experimental procedure 

• A P8 mouse pup was decapitated using the large scissor and the head was 

sprayed with 70% ethanol. 

• The skull was carefully opened in the sterile work area of the laminar flow 

workbench. 

• The cerebellum was found and located at the back of the brain. The cerebellum 

together with surrounding brain structures were then removed and placed 

immediately in a Petri dish filled with ice-cold preparation medium.  
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• The next steps of operation were carried out with a dissection stereomicroscope. 

By cutting the cerebellar peduncles and removing most of the meninges, the 

cerebellum was isolated from the surface. 

• The cerebellar tissue was placed on the platform of the tissue chopper on which 

the vernier calipers was adjusted to 350 μm in thickness. Cerebellar sagittal 

slices were cut on the platform. 

• The freshly dissected cerebellum was transferred and rapidly sliced in a fresh 

Petri dish containing ice-cold preparation medium. The sliced were carefully 

separated with each other slices and one cerebellum usually yielded 15-18 

slices. 

• Two tissue culture plate well inserts were moistened with the preparation 

medium that was added into the bottom membranes of tissue culture inserts.  

• The slices were carefully laid on the membrane and the culture inserts were 

placed in the medium-containing well and incubated immediately. 

• The incubation medium was changed every 2-3 days during the course of the 

experiments. Fresh incubation medium (ensure pH is between 7.2-7.4, if 

required) was pre-warmed to 37°C. 

• Drugs were added at each culture medium change so that the original drug 

concentration were maintained. 

 

8.3 Immunohistochemistry 

• Organotypic slice cultures were fixed after 7 days in vitro in 4% 

paraformaldehyde in 100 mM phosphate buffer (PB) for 6-24 h at 4°C. 

• The slices were washed with PB 3 times for 10 min. The plastic feet at the 

culture inserts were cut off to limit the required amount of antibody solution to 

800μl. 

• The primary antibody solution was prepared in PB as follows: 0.3-0.5 % Triton 

X-100, in order to permeabilize the tissue and 3 % normal goat serum, in order 

to block non-specific antigen binding. 
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• The following primary antibodies were used:  

rabbit anti-Calbindin D-28K (1:500, Swant, Marly, Switzerland,);  

mouse anti-Calbindin D-28K (1:500, Swant, Marly, Switzerland);  

sheep anti-RGS8 (1:100, R&D Systems).   

• The slices were incubated in primary antibody solution at 4°C overnight. 

• The slices were washed with PB 3 times for 10 min. 

• The secondary antibody solution was prepared in PB as follows: 0.1 % Triton 

X-100, in order to prevent non-specific antigen binding. 

• The following secondary antibodies were used:  

goat anti-mouse Alexa 488 (1:500, Molecular Probes, Invitrogen);  

goat anti-rabbit Alexa 488 (1:500, Molecular Probes, Invitrogen);  

donkey anti-sheep Alexa 568 (1:500, Molecular Probes, Invitrogen). 

• The slices were incubated in corresponding fluorescence-conjugated 

secondary antibody solution in the dark at room temperature for 2 hours. 

• The slices were washed in the dark with PB 3 times for 10 min. 

Stained slices were mounted on glass slides (Thermo Scientific Menzel-Gläser 

Superfrost Plus, Art. No. J1800AMNZ) and coverslipped with Mowiol. 

• The images were captured on an Olympus AX-70 microscope equipped with a 

Spot Insight digital camera. 

 

8.4 SDS-PAGE and Western blot 

8.4.1 Materials 

• Tris base (AppliChem, Catalog Number A1086) 

• Glycine (SIGMA, Catalog Number G7126) 

• SDS (BIORAD, Catalog Number 161-0301) 

• Tween 20 (Sigma, Catalog Number 93773) 

• Mini-PROTEAN Tetra Vertical Electrophoresis Cell (BIORAD) 

• Trans-Blot Electrophoretic Transfer Cell (BIORAD) 
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• PhosSTOP phosphatase inhibitor (Roche, Catalog Number 04906845001)  

• Complete protease inhibitor (Roche, Catalog Number 11697498001)  

• Ammonium persulfate (APS) (BIORAD, Catalog Number 161-0700)  

• TEMED (AppliChem, Catalog Number A1148)  

 

10 × RIPA buffer 

• 0.5 M Tris-HCl, pH 7.4 

• 1.5 M NaCl 

• 2.5% Sodium Deoxycholate 

• 10% NP-40 

• 10 mM EDTA 

 

5 × Running Buffer 

• 15.0 g Tris base 

• 72.0 g Glycine  

• 5.0 g SDS  

• 1000 ml H2O  

 

1 × Transfer Buffer  

• 3.03 g Tris base 

• 14.4 g Glycine 

• 200 ml methanol 

• 800 ml H2O 
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1 × Tris-buffered saline (TBS) solution  

• 10 mM Tris-Cl, pH 7.4-7.6 

• 150 mM NaCl 

To prepare, dissolve 1.21 g Tris and 8.76 g NaCl in 800 mL of H2O. Adjust pH to 7.4-

7.6 with 1 M HCl and make volume up to 100 mL with H2O.  

 

Blocking buffer 

• 5% BSA (GIBCO) in 1 × TBS 

 

TBST 

• 950 ml 1 × TBS Solution 

• 50 ml 10% Tween 20 

 

8.4.2 Procedure  

• The culture media was aspirated and plates were kept on ice for all steps. 

• The cerebellar slices were washed in ice cold PBS. Using a cell scraper, the 

cerebellar slices were collected and transferred into a tube.   

• 750ul RIPA buffer with protease inhibitor and phosphatase inhibitor were added 

to each tube.   
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• The lysate was sonicated five times for five seconds. Sonication would be 

repeated if lysate was still viscous.  

• The lysate was incubated on ice for 15-30 minutes.  

• The cell lysate was centrifuged at 14000-15000x g for 15min at 4°C.   

• Purified protein analysis and concentrations were measured with NanoDrop. 

• The cell lysates were boiled in sample buffer at 95°C for 5 min. 

• Protein samples were loaded in the vertical SDS-PAGE gel along with 

molecular weight marker.  

• The gel was run for 1.5-2 hours at 120V. 

• The membrane of nitrocellulose was rinsed with transfer buffer before preparing 

the stack.  

• The stack was prepared from negative to positive voltage as follows: sponge, 

filter paper, gel, membrane, filter paper, sponge.  

• The membrane was blocked for 1 hour at room temperature or overnight at 4°C 

using 5% BSA in TBS.  

• The membrane was incubated with appropriate dilutions of primary antibody in 

blocking buffer overnight at 4°C. 

• The membrane was washed in three washes of TBST, 5 min each.  

• The membrane was incubated with the recommended dilution of conjugated 

secondary antibody in blocking buffer at room temperature for 1 h.  

• The membrane was washed in three washes of TBST, 5 min each.  

• For signal development, proteins were visualized by ECL (Pierce, Thermo 

Scientific, Reinach, Switzerland) and quantified using C-Digit Western Blot 

software, if membranes were incubated with HRP-labeled secondary 

antibodies.   

• Alternatively, the proteins were directly quantified using C-Digit Western Blot 

software if membranes were incubated with IRDye® Secondary Antibodies (LI-

COR Biosciences, Bad Homburg, Germany). 

The following primary antibodies were used in this study:  

• sheep anti-RGS8 (1:1000, R&D Systems)  
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• mouse anti-actin (1:2000, Millipore) 

• rabbit anti-alpha Tubulin (1:1000, Proteintech) 

• rabbit anti-phospho-PKC substrate (1:1000, Cell Signaling) 

• mouse anti-GAPDH (1:4000, Proteintech) 

• rabbit anti-mGluR1 (1:1000, Cell Signaling) 

• mouse anti-Gαq/11 (1:300, Santa Cruz) 

• mouse anti-turboGFP (1:1000, Origene) 

• rabbit anti-turboGFP (1:1000, Invitrogen) 

• mouse anti-Myc (1:1000, Origene) 

The following secondary antibodies were used in this study:  

• anti-sheep HRP conjugate antibody (1:1000, R&D Systems) 

• anti-mouse HRP conjugate antibody (1:10000, Promega) 

• anti-rabbit HRP conjugate antibody (1:10000, Promega) 

• IRDye® 680LT Goat anti-Rabbit IgG Secondary Antibody (1:10000, LICOR)  

• IRDye® 800CW Goat anti-Mouse IgG Secondary Antibody (1:10000, LICOR) 

 

8.5 Plasmid construction 

Materials 

• Primers were generated by Microsynth 

• CloneAmp HiFi PCR Premix (Clontech, Catalog Number 638500) 

• In-Fusion HD EcoDry Cloning Kit (Clontech, Catalog Number 639678) 

• In-Fusion HD Cloning Kit (Clontech, Catalog Number 638912) 

• HiFi DNA Assembly Master Mix (NEB, Catalog Number E2621S) 

• GENEART Site-Directed Mutagenesis System (Invitrogen, Catalog Number 

A13282) 
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• QIAquick Gel Extraction Kit (Qiagen, Catalog Number 28704) 

• QIAprep Spin Miniprep Kit (Qiagen, Catalog Number 27104) 

• EndoFree Plasmid Maxi prep kit (QIAGEN, Catalog Number 12362) 

• Ampicillin (100 mg/ml stock) 

• LB (Luria-Bertani) medium (pH 7.0) 

• LB antibiotic plates 

• Agarose (SIGMA, Catalog No. A9539) 

• TBE buffer (89 mM Tris-borate / 2 mM EDTA) 

• Ethidium bromid (MERCK) 

 

pCMV-Rgs8, pCMV-STK17B and pCMV-mGluR1 vectors were from Origene 

(Rockville, MD, USA). pL7-GFP, pCMV-PKCγ-tGFP, pCMV-PKCγ(S361G)-tGFP and 

pL7-PKCγ(S361G)-GFP were gifts from Dr. Etsuko Shimobayashi (Shimobayashi and 

Kapfhammer, 2017). 

Plasmids pL7-RGS8-GFP, pL7-GFP-STK17B and pL7-Cas13a-GFP were made 

according to the instruction manuals of In-Fusion HD Cloning Kit or HiFi DNA 

Assembly Master Mix. pL7-GFP-STK17B(S351D), pL7-GFP-STK17B(S351A) were 

made according to the instruction manuals of GENEART Site-Directed Mutagenesis 

System. Here, the procedure of pL7-RGS8-GFP construction were taken as example. 

Rgs8 fragment was amplificated by PCR according the instruction manual of In-Fusion 

HD EcoDry Cloning Kit. 

The following primers were used for PCR:  

Rgs8 forward primer 5’-CAG GAT CCA GCG GCC GCA TGG CTG CCT TAC TGA 

TGC CA-3’;  

Rgs8 Reverse primer 5’-CCC TTG CTC ACC ATG GTG CTG AGC CTC CTC TGG 

CTC TG-3’.  
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The insert Rgs8 PCR fragment reaction was set up. 

PCR mix 12.5 μl 

Forward Primer of Rgs8 1ul, 5 μM 

Reverse Primer of Rgs8 1ul, 5 μM 

Rgs8 1ul, 100ug 

RNase-Free Water up to 25 μl 

 

Initial Denaturation 95°C 1 min 

35 Cycles 98°C 
55°C 
72°C 

10 seconds 
15 seconds 
2 min 

Final Extension 72°C 7 minutes 

Hold 4°C  

 

Linearized pL7-mGFP vector was obtained according to the below reaction: 

NotI-HF 1µl  

NcoI-HF 1µl  

pL7-mGFP vector 1ul, 1ug 

CutSmart® Buffer 10x 5ul 

Total Reaction Volume RNase-Free Water up to 50ul 
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Incubation Time 1 hour Incubate at 37°C 

 

The PCR product of Rgs8 was purified by using the NucleoSpin Gel and PCR Clean-

Up kit.   

The In-Fusion reaction was set up: 

Purified PCR fragment  5ul 

Linearized vector  1ul 

5X In-Fusion HD Enzyme Premix  Powder 

RNase-Free Water  4 ul 

 

• The aluminum seal was peeled back from the tube. 10 μl volume of mixture was 

added to In-Fusion HD EcoDry pellet.  

• The reaction was incubated for 15 min at 37 °C, followed by 15 min at 50°C, 

and placed on ice. 

• Stellar competent cells were thawed on ice before use. 2.5-10 ul In-fusion 

production was added in 50-100 ul of the Stellar Competent Cells. 

• The tube was placed on ice for 30 min.  

• The cells were treated by heat shock for exactly 45 sec at 42°C. The tube was 

placed on ice for 1-2 min.  

• SOC medium, warmed to 37°C, was added to bring the final volume to 500 μl. 

The tube was incubated by shaking at 160-225 rpm for 1 hr at 37°C. 

• The appropriate transformation reaction was spread on a LB plate containing 

Ampicillin (LA).  
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• The next day, individual isolated colonies were picked from the LA plate and 

analysed by Ecoli NightSeq (Microsynth), or the plasmid DNA was isolated by 

miniprep and analysed by Sanger sequencing of plasmids from E. coli.  

 

8.6 HEK293T cell transfection 

8.6.1 Media Components 

• DMEM, high glucose 

• Heat Inactivated Fetal Bovine Serum (GIBCO) 

• Trypsin-EDTA 

• PBS 

• Antibiotic-Antimycotic 100 × 

8.6.2 Reagents and Equipment 

• 15ml/High Clarity Polypropylene Conical tubes 

• 75 cm2 Tissue Culture Flasks (FALCON, Ca No. 353136) 

• 6 well cell culture plate (FALCON, Ca No. 353046) 

• Biological safety cabinet 

• Hemacytometer 

• Inverted microscope 

• Lipofectamine 3000 (Life Technologies) 

8.6.3 Transfection steps  

• The HEK293T cells were seeded per well of a 6 well plate with 1.6 ml growth 

medium containing serum and antibiotics. The cells were incubated under a 

normal growth condition of 37°C and 5% CO2. The cells were 70-90% confluent 

at the time of transfection. 
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• On the day of transfection, Lipofectamine 3000 reagent was diluted in Opti-

MEM medium and was mixed by vortexing for 2-3 sec. 

• 500-2500 ng indicated plasmids DNA was diluted in Opti-MEM medium and 

then P3000 reagent was added.  

• The diluted DNA was added to the diluted Lipofectamine 3000 reagent 

according to 1:1 ratio. The mixed sample was incubated at room temperature 

(15-25°C) for 10-15 min to allow transfection complex formation. 

• The transfection complexes were added drop-wise onto the cells in the 6-well 

plates. Gently swirl the dish to ensure uniform distribution of the transfection 

complexes. 

• Incubate the cells with the transfection complexes under their normal growth 

conditions for 2-4 days for expression of the transfected gene. 

 

8.7 Immunoprecipitation 

8.7.1 Buffer composition 

Lysis buffer 

• 10 mM Tris/Cl pH 7.5 

• 150 mM NaCl 

• 0.5 mM EDTA 

• 0.5% NP-40 

• 0.09% Na-Azide 

Dilution/Wash buffer 

• 10 mM Tris/Cl pH 7.5 

• 150 mM NaCl 

• 0.5 mM EDTA 
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• 0.018% Na-Azide 

8.7.2 Protocol 

• Cells monolayer was washed gently by ice cold PBS twice.  

• 200 to 250ul RIPA or Lysis buffer with inhibitors was added to each plate.   

• The cells were scraped by using a cell scraper and transferred to a tube.   

• The lysate was incubated on ice for 15-30 minutes with extensively pipetting 

every 5-10 min.  

• The cell lysate was centrifuged at 15000-20000x g for 10-15min at 4°C.   

• The cell lysate was added 300 μl Dilution buffer.  

• TurboGFP-Trap agarose beads were resuspended and 25 μl bead slurry was 

pipetted into 500 μl ice-cold Dilution buffer. The tubes were centrifuged at 2500x 

g for 2 min at 4°C. The supernatant was discarded and the wash steps were 

repeated twice. 

• The diluted lysate was added to equilibrated TurboGFP-Trap agarose beads. 

50 μl of diluted lysate was saved. The tubes were tumbled end-over-end for 1-

24 hour at 4°C. 

• The tubes were centrifuged at 2500x g for 2 min at 4°C. 50 μl supernatant was 

saved and remaining supernatant was discarded. 

• TurboGFP-Trap agarose beads were resuspended in 500 μl ice-cold Wash 

buffer.  

• The tubes were centrifuged at 2500x g for 2 min at 4°C. Supernatant was 

discarded and wash steps were repeated twice.  

• The agarose beads were resuspended in 80 μl 2x SDS-sample buffer. 

• The agarose beads were boiled for 5 min at 95°C to dissociate 

immunocomplexes from beads.  

• The agarose beads were spined down for 2 min at 2500x g. The supernatant 

was collected.  

• The samples were analysed by SDS-PAGE and Western blot. 
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8.8 Microarray Study and Quantitative real-time PCR 

The data of genes whose expression is commonly altered in SCA1 and SCA7 mouse 

models was used from the published study (Gatchel et al., 2008). The data of the top 

50 genes in SCA2 mouse models was used from the published study (Dansithong et 

al., 2015). The data from organotypic cerebellar slice cultures of SCA14 PKCγ(S361G) 

and control mice were previously established in the laboratory (Shimobayashi et al., 

2016). Organotypic cerebellar slices of SCA14 and control mice were harvested and 

submerged in RNAlater solution and total RNA isolated and purified according to 

manufacturers’ protocols (Life Technologies, Zug, Switzerland). The slices were from 

three to four pups after 5 days in vitro culture. The in vitro transcription, cDNA 

synthesis, and hybridization onto the oligonucleotide arrays of Mouse Gene 1.0 ST 

Arrays (Affymetrix, Santa, Clara, CA, USA) were carried out and analysed by Dr. 

Philippe Demougin of the Life Science Training Facility (LSTF) core facility of the 

University of Basel. Analysis of the dysregulated genes list were calculated and the 

threshold was set at a fold change exceeding 1.2 with the P value less than 0.1 by Dr. 

Etsuko Shimobayashi. 266 up-regulated and 121 down-regulated probe sets were 

identified in SCA14 mouse models. Raw data were processed and analysed using 

Partek Genomics Suite Analysis Software of version 6.12.0907. The total RNA was 

extracted from organotypic cerebellar slices harvested at DIV5-7, and total cDNA was 

synthesized with reverse transcriptase-quantitative PCR (RT-qPCR) using oligo(dT) 

primers (Applied Biosystems, Foster City, CA).  

Quantitative real-time PCR was performed with the manufacturer's SYBR green 

master mix and on a StepOne real-time PCR system (Applied Biosystems, Zug, 

Switzerland). The cDNA samples from organotypic cerebellar slice cultures of SCA14 

PKCγ(S361G) and control mice were gifts from Dr. Etsuko Shimobayashi 

(Shimobayashi et al., 2016). 

The Real-time PCR reaction was set up: 



 

135 

 

cDNA,100 ng/μl 1 μl 

F primer, 5 μM 0.2 μl 

R primer, 5 μM 0.2 μl 

SYBR™ Green PCR Master Mix 5.0 μl  

PCR Water 3.6 μl 

Total volume 10.0 μl 

 

Real-time PCR reactions were performed on a 48-well format with One step real-

time detector (Applied Biosystems) using the following parameters. 

Temperature Duration Number of Cycles 

95°C 10 minutes 1  

95°C 15 seconds 40 

60°C 60 seconds 

95°C 15 seconds 1 

60°C 60 seconds 

95°C 15 seconds 

The following primers were used:  
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Rgs8 forward primer 5’-AGG TCA ACT GCA AAG CTA GTC-3’,  

Rgs8 reverse primer 5’-CAA AAC AAG TCA GGG ATG GC-3’;  

GAPDH forward primer 5’-AAC TTT GGC ATT GTG GAA GG-3’,  

GAPDH reverse primer 5’-ACA CAT TGG GGG TAG GAA CA-3’.  

Reactions were quantified by a relative standard curve system and the cycle 

threshold method using the StepOne Software v2.1 (Applied Biosystems, Foster 

City, CA).  

 

8.9 Primary cerebellar cell cultures 

• Primary cerebellar cell cultures were prepared from neonatal mice as described 

previously (Shimobayashi and Kapfhammer, 2017; Wagner, McCroskery, et al., 

2011).  

• Heads from postnatal day 0 mice were separated. 

• Cerebella was dissected from the skull and transferred into a Petri dish with 

pre-cooled HBSS; 

• The cerebellum was isolated by cutting the cerebellar peduncles and removing 

most of the meninges; 

• The isolated cerebellums were diced into small pieces of approximately 1 mm 

square using the scissors.   

• 250 μl papain solution was added into the diced cerebellar tissue and incubated 

for 15-20 minutes at 37°C. 

• 1 ml HBSS with fetal bovine serum (FBS) was added to stop the digestion and 

the cerebellar tissue was centrifuged at 700x g for 4 min.  

• The supernatant was removed and 300 μl DNase solution was added.   
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• The cerebellar tissue was triturated 30-50 times with Gilson Pipetman P1000 

equipped with a sterile 1000 μl tip until the suspension is homogenous.   

• The triturated dices of tissue were passed through a nylon mesh and the cells 

were harvested by centrifugation for 4 min at 700x g. 

• 1ml of HBSS was added and the cells were centrifuged for 4 mins at 700x g. 

This step was repeated twice.  

• The cell pellet was carefully resuspended by adding DFM medium with 10% 

FBS, or was resuspended by Neon Resuspension Buffer if using Neon 

transfection system (see next section). 

• The cells were transferred to Poly-D-Lysine Laminin culture slide. 

• The culture was maintained in a humidified 37 °C / 5% CO2 incubator. 

• The medium was carefully replaced with fresh culture medium without serum 

at the second day after culture setup. 

• Half of medium was replaced with fresh medium every 3-4 days.  

 

8.10 Transfection system  

• The cells were resuspended in the appropriate Neon Resuspension Buffer and 

were added to a sterile 1.5 mL microcentrifuge tube containing plasmid DNA 

and gently mix.  

• Neon Tube was filled with 3 mL Electrolytic Buffer and the Tube was inserted 

into the Neon Pipette Station. 

• The push-button on the Neon Pipette was pressed to the second stop to open 

the clamp and the top-head of the Neon Pipette was inserted into the Neon Tip 

up the mounting stem of the piston. The push-button was gently released 

continuing to apply a downward pressure on the pipette. 

• The push-button on the Neon Pipette was pressed to the first stop and the Neon 

Tip was immersed into the cell-DNA mixture. The push-button on the pipette 

was slowly released to aspirate the cell-DNA mixture into the Neon Tip. 
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• The Neon Pipette with the sample vertically was inserted into the Neon Tube 

placed in the Neon Pipette Station. 

• The button of Start was pressed with the following settings: Pulse voltage 1200 

V, Pulse width 30 ms, Pulse number 1. 

• The Neon Pipette was removed from the Neon Pipette Station and immediately 

transferred the samples from the Neon Tip by pressing the push-button on the 

pipette to the first stop into the prepared culture slides containing prewarm 

medium with serum. 

• The cells were incubated in culture slides at 37°C in a humidified CO2 incubator. 

The following culture steps were mentioned in previous section. 

 

8.11 Immunocytochemistry 

• Primary dissociated cerebellar Purkinje cells were fixed after two weeks in vitro 

in 4% paraformaldehyde in Phosphate Buffer (PB) for 30 min at room 

temperature.  

• The cells were washed with Phosphate Buffered Saline (PBS) or PB 3 times for 

10 min.  

• The primary antibody solution was prepared in PBS or PB as follows: 0.3-0.5 % 

Triton X-100, in order to permeabilize the tissue and 3 % normal goat serum, in 

order to block non-specific antigen binding. 

• The following primary antibodies were used:  

rabbit anti-Calbindin D-28K (1:4000, Swant, Marly, Switzerland) 

mouse anti-Calbindin D-28K (1:4000, Swant, Marly, Switzerland) 

rabbit anti-GFP (1:2000, Abcam, Cambridge, UK) 

chicken anti-GFP (1:2000, Abcam, Cambridge, UK) 

sheep anti-RGS8 (1:400, R&D Systems) 

• The cells were incubated in primary antibody solution at room temperature for 

1 hour or 4°C overnight. 

• The cells were washed with PBS or PB 3 times for 10 min. 
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• The secondary antibody solution was prepared in PBS or PB as follows: 0.1 % 

Triton X-100, in order to prevent non-specific antigen binding. 

• The following secondary antibodies were used:  

goat anti-mouse Alexa 568 (1:2000, Molecular Probes, Invitrogen);  

goat anti-rabbit Alexa 488 (1:2000, Molecular Probes, Invitrogen);  

goat anti-chicken Alexa 488 (1:2000, Molecular Probes, Invitrogen);  

goat anti-mouse Alexa 350 (1:2000, Molecular Probes, Invitrogen);  

donkey anti-sheep Alexa 568 (1:2000, Molecular Probes, Invitrogen).  

• The cells were incubated in corresponding fluorescence-conjugated secondary 

antibody solution in the dark at room temperature for 2 hours. 

• The cells were washed in the dark with PBS or PB 3 times for 10 min. 

• Stained cells were mounted with Mowiol (Sigma-Aldrich, Buchs, Switzerland). 

• The images were captured on an Olympus AX-70 fluorescence microscope or 

Zeiss LSM700 upright confocal microscope. 

 

8.12 Quantification of Purkinje cell dendritic expansion and 
fluorescence intensity of immunostainings in dissociated 
cerebellar cultures 

• In order to ensure a comparable growth environment, non-transfected Purkinje 

cells close to the Purkinje cells transfected with the indicated vectors from the 

same well were taken as control in this study.  

• Purkinje cells were viewed with a 20x lens of microscope and photographed 

with a digital camera. 

• The Investigators were blinded to whether the measured cells were GFP 

positive or not. The dendritic area of anti-Calbindin stained Purkinje cell 

dendritic trees was traced and measured using an image analysis program 

ImageJ.  

• The codes were broken and the cell measurements were grouped into controls 

and experimental groups.  
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• The mean dendritic area of the control group was set as 1, and the areas of the 

experimental groups were expressed as ratios of the control value. 

• The raw images were used for the fluorescence intensity analysis and the mean 

fluorescence intensity of the Purkinje cell soma was calculated by ImageJ 

• The shown images were linearly adjusted in brightness and contrast.  

• The data were analysed using GraphPad Prism software (San Diego, USA).  

• The statistical significance of differences in parameters was assessed by the 

nonparametric two-tailed Mann–Whitney's test. Confidence intervals were 95%, 

statistical significance was assumed with P < 0.05. 
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