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Summary 

Spinocerebellar Ataxia (SCA) is a group of diseases characterized by cerebellar 

degeneration along with progressive motor dysfunction. SCA subtype 14 (SCA14) is caused 

by mutations in the protein kinase C γ gene (PRKCG) of which many lead to an over-

activation of the kinase in vitro [1]. We have shown that increased PKCγ activity is associated 

with impaired dendritic development in cerebellar Purkinje cells. Mice expressing the S361G 

mutation (PKC(S361G)-mice) develop mild cerebellar ataxia. Purkinje cell dendritic 

development in PKC(S361G)-cerebellar slice cultures is impaired similarly as after 

pharmacological activation of PKC [2]. The mechanisms behind this dendritic growth 

inhibition, however, remain largely obscure.  

In this study we used cerebellar lysates from PKC(S361G)-mice for the 

immunoprecipitation of PKCγ followed by mass spectrometry analysis. We thereby identified 

collapsin response mediator protein 2 (CRMP2) as a potential interactor and confirmed our 

finding with the Duolink™ proximity ligation assay. Using organotypic cerebellar slice 

cultures, we found that the levels of CRMP2 phosphorylated at threonine 555, a known PKC 

target site, are strongly increased in Purkinje cells of PKC(S361G)-mice. miRNA mediated 

knockdown of CRMP2 led to decreased dendritic outgrowth of Purkinje cells in dissociated 

cerebellar cultures. Furthermore, transfection of CRMP2 mutants either lacking (T555A) or 

mimicking (T555D) Thr555 phosphorylation impaired Purkinje cell dendritic development.  

We generated a knock-in mouse expressing the T555A-mutant to further characterize the 

role of unphosphorylated CRMP2. While cerebella from these mice appear morphologically 

sound, Purkinje cells in dissociated cerebellar cultures show reduced dendritic development. 

This reduction was rescued by transfecting Wt-CRMP2 or by introducing the T555D-mutant.  

Taken together, our findings demonstrate that CRMP2 is an important modulator of 

dendritic development in cerebellar Purkinje cells and that coordinated phosphorylation via 

PKCγ is required to allow for its correct function.
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1. Introduction 

1.1 The cerebellum 

1.1.1 Overview 

Although the cerebellum, literally translating to “little brain”, makes up the small hind 

portion of the brain, comprising about 10% of the whole brain in weight, it contains around 

60% of all excitatory neurons (Erö et al., 2018). As trauma and degeneration of the 

cerebellum generally lead to pathologies of motor functions, the main function of the 

cerebellum has long been considered to be the coordination of motoric input from sensory-

motor areas. However, it is becoming more and more clear that the cerebellum is also 

involved in learning, attention and emotional behavior. The expansion of the cerebellum 

during evolution, especially in areas not associated with motor function, has suggested that it 

developed crucial functions in the augmentation of cognition in humans (Weaver, 2005). 

Over the years, data collected in anatomical tracing studies have shown that the cerebellum 

is connected to virtually all areas of the cerebrocortex (Kelly and Strick, 2003; Suzuki et al., 

2012; Aoki et al., 2019). It has been proposed, that the computational modules of the 

cerebellum, which are largely homogenous in their setup, function similarly in different 

circuits (D’Angelo and Casali, 2013). The role of the cerebellum is therefore a lot more divers 

than initially thought and has gathered a new wave of attention.  

1.1.2 General anatomy of the cerebellum 

The cerebellum is connected to the brain stem via three pairs of peduncules. 

Anatomically, the cerebellum can be divided into the central cerebellar vermis and the two 

hemispheres (see Figure I). Extensive transverse folding of the cerebellar cortex substantially 

expands the total cortical surface thereby compacting a large number of neurons into its 

relatively small volume. In the sagittal plane, the cerebellar foliae divide the vermis into 10 

lobules which are relatively conserved between species.  

Functionally, the cerebellum is often divided into three distinct sections: the 

vestibulocerebellum, the spinocerebellum and the cerebrocerebellum. The 

vestibulocerebellum, made up of the flocculonodular lobe, receives input from and projects 

back to the vestibular nuclei of the brain stem. It is largely instrumental in the coordination of 

balance and eye movements. The spinocerebellum consists of the vermis and the adjacent 

paravermal parts of the hemispheres. It receives mostly proprioceptive signals from spinal 
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cord tracts, as well as somatosensory input from the cuneocerebellar tracts and brainstem 

nuclei and regulates posture and locomotion. The cerebrocerebellum comprises the areas of 

the cerebellar hemispheres lateral of the spinocerebellum and receives input from the 

contralateral cerebral cortex. Its function is the coordination of the distal limbs and learning 

of motor tasks. Damage to any of the aforementioned areas results in motor impairments of 

the ipsilateral side of the body. 

 

Figure I Architecture of the cerebellum 

A) The superficial structure of the mammalian cerebellum shows its division into the central vermis 

and the two lateral hemispheres. The cerebellar cortex is folded into transverse foliae. B) Sagittal 

section showing the different cerebellar layers. The white matter lies internal to the granule cell layer 

and contains the deep cerebellar nuclei. The box insert shows the different layers more closely with 

the molecular layer bordering the pia mater (uncolored), the Purkinje cell layer (shown in blue) and 

the granule cell layer (shown in red). C) The layers are largely comprised of their namesake cell types, 

while the molecular layer contains mostly granule cell axons and Purkinje cell dendrites. (Butts, Green 

and Wingate, 2014). 

The cerebellar cortex is made up of three distinct layers: the molecular layer underneath 

of the pia-mater, the Purkinje cell layer and the granule cell layer. The granule cell layer, 

which is the innermost layer adjacent to the white matter of the cerebellum, contains mostly 

granule cells, as well as unipolar brush cells, Golgi cells and Lugaro cells. Granule cells 

receive input from mossy fibers coming from nuclei of the brain stem and the spinal cord. 

Unipolar brush cells are excitatory interneurons and facilitate the mossy fiber input onto 

granule cells, while Golgi cells provide inhibitory input. Lugaro cells are also inhibitory 

interneurons, but synapse onto Golgi cells, as well as basket and stellate cells in the 

molecular layer. Here, stellate and basket cells deliver inhibitory input onto Purkinje cells. 

The molecular layer is otherwise mostly occupied by axons and especially dendrites of 

Purkinje cells, which have their somata in the Purkinje cell layer. Purkinje cells receive 

excitatory input from parallel fibers of granule cells and climbing fibers from cells in the 

inferior olive. Purkinje cells themselves project to the deep cerebellar nuclei which project 
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out of the cerebellum to the thalamus and brain stem. Furthermore, they also project back to 

the inferior olive, thereby completing the loop of cerebellar signal processing (see Figure II).  

Contained in the cerebellar white matter are the deep cerebellar nuclei, which contain the 

main output neurons of the cerebellum. Cerebellar afferents from different brain areas or 

from the pontine nuclei and the cerebellar efferents from the deep cerebellar nuclei together 

form the cerebellar peduncules. The approximately 250 million mossy fibers from the pontine 

nuclei transmit the signals to around 50 billion cerebellar granule cells, which in turn 

innervate roughly 15 million Purkinje cells. The Purkinje cells in turn synapse onto around 1 

million cells in the dentate gyrus, which project out of the cerebellum. This divergence and 

convergence of incoming signals has been proposed to provide an efficient system to enable 

pattern separation (Marr, 1969; Albus, 1971; Cayco-Gajic and Silver, 2019; Sanger et al., 

2020).
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Figure II Cerebellar cell types and their connectivity 

Schematic representation of the cerebellar cyto-architecture. The orange background shows the 

cortical portion of the cerebellar network. The input signals are coming from afferent neurons in the 

brain stem and the cerebellum as mossy fibers (mf) and from the inferior olive (IO-C) as climbing 

fibers (cf). The deep cerebellar nuclei (DCN-C), which also emit the cerebellar output, receives 

collaterals form the mossy and from the climbing fibers. The main cell types present in the cerebellar 

cortex are granule cells (GrC), Golgi cells (GoC), Purkinje cells (PC), stellate and basket cells (SC, 

BC), Lugaro cells, and unipolar brush cells (not shown). Mossy fibers (mf) innervate granule cells and 

Golgi cells (GrC and GoC) and the deep cerebellar nuclei. Granule cells receive inhibitory input from 

Golgi cells and project axons horizontally through the molecular layer (parallel fibers, pf) where they 

form excitatory synapses onto Purkinje cells and inhibitory interneurons (SC, and BC). Climbing fibers 

(cf) originating from cells in the inferior olive deliver a second excitatory input to Purkinje cells in a 

one-to-one fashion. The Purkinje cells in turn form inhibitory synapses with cells of the deep cerebellar 

nuclei and thereby complete the complex cerebellar signaling loop (Figure from D’Angelo and Casali, 

2012). 

1.1.3 Cerebellar development in the mouse 

As opposed to other parts of the brain, development of the cerebellum is not yet finalized 

at the time of birth. First, the dorsal aspect of the anterior hindbrain, called rhombomere 1, 

defines the cerebellar anlage. The rhombic lip starts forming at E9.5 posterior of the 

cerebellar anlage and is the origin of glutamatergic neurons, such as granule cells and cells 
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of the deep cerebellar nuclei (Alder et al., 1996; Wang et al., 2005). The earliest populations 

originating from the rhombic lip are born at E9.5-12.5 and migrate to gather in two clusters to 

both sides of the midline called the nuclear transitory zones. The second important stem cell 

niche, the ventricular zone, gives rise to the progenitors of interneurons, astrocytes, Purkinje 

cells and Bergmann glia around E13.5 (Goldowitz and Hamre, 1998; Hoshino et al., 2005). 

Bergmann glia act as an important component of cerebellar organization, as they provide a 

lattice for dendrites in the molecular layer and are crucial for cerebellar foliation by 

interacting with the basement membrane (Qu and Smith, 2005). 

At E10-13 Purkinje cells begin to emerge. As they express sonic hedgehog (Shh), 

Purkinje cells also are crucial for the development and proliferation of most other cell types 

in the cerebellum (Dahmane and Ruiz, 1999). Deletion of Shh in Purkinje cells reduces the 

number of interneurons and astroglia, while application of Shh to cerebellar slice cultures 

increases interneuron generation (Fleming et al., 2013; De Luca et al., 2015).  

Cells emerging after E13.5 generally become granule cell precursors that proliferate in 

the external granule layer. The growing external granule layer and the cerebellar anlage then 

push the nuclear transitory zones to the interior-posterior, where they divide into two groups 

of the three nuclei: the fastigial nuclei, the dentate nuclei and the interpositus (which in 

human are two nuclei, the emboliform nuclei and the globose nuclei). At E18.5 the isthmus 

links the cerebellum to the tectum, a process mediated by Fgf8 and WNT1 expression 

(McMahon and Bradley, 1990; Thomas and Capecchi, 1990; Chi et al., 2003). Generally, Fgf8 

mediates midbrain development through its interaction with the transcription factor OTX2, 

while interaction with GBX2 regulates hindbrain development (Joyner et al., 2000).  

At E18.5, foliation of the cerebellum becomes apparent in the vermis and is complete at 

around 2 weeks after birth (Sotelo, 2004; Sudarov and Joyner, 2007). At the same time, 

granule cell precursors start to migrate along Bergmann glia processes into the internal 

granule cell layer, where they differentiate into mature granule cells.  

1.1.4 Purkinje cell development 

Purkinje cells are born in waves and settle in the anterior-posterior axis under the surface 

of the cerebellar cortex in a multi-layer plate called Purkinje cell plate. By E18.5 Purkinje 

cells organize into the Purkinje cell layer that only becomes a monolayer at around p5. 

Migrating Purkinje cells already possess an apical neurite and an axon, which trails behind 

them during migration. At birth, Purkinje cells have a stellate morphology with multiple 

dendrites, a state in which they remain until about p6. At p8, Purkinje cells enter a stage of 

rapid dendritic growth and their conformation changes to a bipolar morphology with an 
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elaborate dendritic tree that flattens out in the sagittal plane (see Figure III). The dendritic 

tree then reaches its final size around 4 weeks after birth (Kapfhammer, 2004; Sotelo and 

Dusart, 2009). 

 

Figure III Postnatal development of cerebellar Purkinje cells 

Purkinje cells form a primary dendrite at around postnatal day 8 and then go through a stage of rapid 

dendritic expansion (Adapted from Mckay and Turner, 2005). 

Innervation of Purkinje cells occurs early on and climbing fibers originating from the 

inferior olive have been described to form synapses with Purkinje cells as early as E16.5 

(Rossi and Strata, 1995; Kita et al., 2015). Initially, multiple climbing fibers synapse onto each 

Purkinje cell. However, during the second and third postnatal week, they undergo a process 

of elimination, resulting in only one CF innervating each Purkinje cell through thousands of 

synapses. The second excitatory input onto Purkinje cells is provided by parallel fibers from 

granule cells. Activation of climbing fibers along with parallel fibers results in LTD at parallel 

fiber-Purkinje cell synapses and is thought to be crucial for motor learning (Marr, 1969; 

Albus, 1971; Ito, 2006).  

Purkinje cells first organize into hundreds of parasagittal stripes, distinguished by the 

expression or lack of zebrin II (Brochu et al., 1990) and are characterized by their 

connectivity and the expression of specific genes (Hallem et al., 1999; Armstrong et al., 

2000; Sarna et al., 2006; Chung et al., 2008; Ebner et al., 2012). It is believed that the distinct 

stripes act as functional compartments because a disruption of stripe patterning leads to 

severe motor deficits (Sarna and Hawkes, 2003; Strømme et al., 2011; White et al., 2014).  

Purkinje cell development is guided and influenced by several different factors such as 

several hormones and growth factors, afferent input and overall Purkinje cell activity. 
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Hypothyroidism was shown to cause defects in the arborization and synaptogenesis of 

Purkinje cells (Nicholson and Altman, 1972; Brown et al., 1976; Wang et al., 2014) while 

treatment with thyroid hormone induces Purkinje cell dendritic outgrowth (Lindholm et al., 

1993). Triiodothyronine affects the production of different growth factors such as insulin-like 

growth factor 1, neurotrophin 3 (NT-3), NGF and BDNF and dendritic arbor size of Purkinje 

cells in hypothyroid rats could also be rescued by the expression of NT-3 (Neveu and 

Arenas, 1996; Elder et al., 2000).  

Apart from thyroid hormones, Purkinje cell development is also stimulated by the steroid 

hormones progesterone and estrogen, which can both be produced in Purkinje cells 

themselves (Tsutsui et al., 2000; Sakamoto et al., 2003; Ardeshiri et al., 2006). Estrogen has 

furthermore been shown to facilitate Purkinje cell-parallel fiber transmission (Hedges et al., 

2018).   

The activity of afferent inputs onto Purkinje cells, as well as their own activity is another 

important factor influencing the development of Purkinje cells. With a lack of excitatory input 

via granule cell parallel fibers as induced by either X-ray radiation or in transgenic mouse 

models such as the weaver mouse or Atoh1 deletion, Purkinje cells develop with abnormal 

dendritic arborization and defects in the planarization of the dendritic tree (Schmidt, 1964; 

Rakic and Sidman, 1973; van der Heijden et al., 2020). Pharmacological activation of 

climbing fiber innervation caused dendritic irregularities and decreased the dendritic 

restriction in one plane (Kaneko et al., 2011). Furthermore, when Purkinje cell activity was 

suppressed with tetrodotoxin (TTX) or glutamate receptors were blocked, dendritic tree 

development was strongly impaired in dissociated cerebellar cultures (Schilling et al., 1991; 

Tanaka et al., 2006). However, in cerebellar slice cultures, the inhibition of either AMPAR, 

NMDAR or mGluR1 was not sufficient to decrease Purkinje cell dendritic outgrowth and a 

combination of blocking all glutamate receptors was necessary to induce a small reduction of 

Purkinje cell dendritic tree size (Adcock et al., 2004). 

1.2 Protein kinase C (PKC) 

The protein kinase C family of serine/threonine kinases comprises several subtypes, such 

as conventional (classical), novel and atypical PKCs. The three subtypes are classified by 

their mode of activation. Classical PKCs (cPKCs), including PKC α, β and γ are activated by 

binding to calcium and diacylglycerol (DAG) and phosphatidylserine. Novel PKCs (PKC δ, ε, 

η, and θ), while being independent of Ca2+, require binding of DAG and PS. Their setup of 
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domains is also slightly different, lacking the C2 module in the regulatory domain. Atypical 

PKCs (ζ and λ) require neither Ca2+ nor DAG to be activated (Nishizuka, 1992).  

1.2.1 PKC domain structure 

All PKC family members are made up of an N-terminal, regulatory domain and a C-

terminal catalytic domain, linked by a flexible hinge region. The pseudosubstrate domain 

(PS-domain) at the N-terminal end normally occupies the substrate binding pocket, keeping 

the enzyme in a deactivated conformation. The structure of the pseudosubstrate unit 

resembles a substrate motif, in which the phospho-acceptor site is an alanine and therefore, 

cannot be phosphorylated. In the truncated PKMζ isoform of PKCζ, the pseudosubstrate 

domain is missing and leads to constitutive activation of the kinase (Sacktor et al., 1993). The 

hinge region is susceptible to cleavage by caspase-3, which renders the kinase unable to 

self-inhibit. It then remains in an activated state in which it is more vulnerable to degradation 

(Smith et al., 2000). 

 

Figure IV Domain structure of different PKC isoforms 

Proteins of the PKC superfamily contain a regulatory domain comprised of the C1 (C1A and C1B) and 

C2 domains, a flexible hinge region and a catalytic domain containing the three phosphorylation sites 

necessary for the activation of PKC. Novel PKCs differ in their arrangement of the regulatory domains. 

Atypical PKCs possess a PB1 domain in place of a C2 domain and also contain an atypical C1 region. 

At the phosphorylation site in the hydrophobic motif, atypical PKCs have a glutamate, which mimics 

phosphorylation. While classical PKCs can be activated in the presence of Ca2+, diacylglycerol or 

phosphatidylserines, Ca2+ is not necessary for the activation of novel and atypical PKCs. Furthermore, 

atypical PKCs are activated independent of diacylglycerol as well (Adapted from Newton, 2018). 

Before becoming fully activated, PKCs must undergo several steps of phosphorylation 

and interact with specific binding-partners to acquire its mature, fully functional state. In 

conventional PKCs, three subsequent phosphorylation events, one in the activation loop, one 

in the turn motif and one in the hydrophobic motif, are necessary to enable the consecutive 
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interactions with its binding partners. Newly generated PKC is membrane-associated with its 

PS-domain still unbound, which allows for the binding of HSP90, enabling phosphorylation of 

the activation loop by phosphoinositide-dependent kinase-1 (PDK1). This first 

phosphorylation allows for a repositioning of the PKC domains to gain full accessibility and 

opens up the phospho-acceptor site. Autophosphorylation of two more sites at the C-

terminus then induces the conformational change in which the PS-domain can bind to the 

substrate binding pocket. In atypical PKCs, there is no autophosphorylation of the 

hydrophobic motif, however, these isoforms possess a glutamic acid residue mimicking 

phosphorylation. In fact, this phosphorylation step seems to be protective for PKC, as 

dephosphorylation is normally followed by degradation (Parker et al., 1995; Wang et al., 

2016). This mature PKC now remains in the cytosol and can readily be activated by binding 

partners. In its closed, inactive conformation, PKC is protected from proteolysis (Dutil and 

Newton, 2000) and the C1 domain is masked, preventing erroneous activity (Antal et al., 

2014). 

Mature cPKCs are activated by calcium and locate back to the membrane upon it binding 

to the C2 domain. Here, the C1B domain can interact with DAG or phosphatidylserines which 

then triggers the release of the PS-domain. Novel PKCs lack a functional C2 domain, 

however, their C1B domain has a much higher affinity to DAG and they are therefore most 

commonly located in DAG rich membranes such as those of the Golgi apparatus (Dries et al., 

2007). Due to the higher presence of DAG, novel PKCs commonly remain active for a longer 

timespan than classical PKCs, whose activity and membrane residence time correlates with 

dynamic calcium spikes (Gallegos et al., 2006). The activation of atypical PKCs is entirely 

independent of Ca2+ or DAG and activation is achieved by the binding of its PB domain to 

other proteins such as Par6 and lipid components like phosphatidylinositol and ceramide (Lin 

et al., 2000; Wang et al., 2009). The binding of different cofactors thereby modulates the 

membrane retention time and turnover speed of PKC subspecies differentially.  
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Figure V Life cycle of PKC 

Model of the life cycle of classical PKCs. Inactive PKC binds to and is phosphorylated by PDK1 at 

Thr514. (1). This is followed by two autophosphorylations at Thr655 and Thr674 (2), which leads to its 

final mature, closed conformation with the pseudosubstrate domain occupying the substrate binding 

pocket (3). In following activation through Ca2+ and DAG or pharmacological application of PMA, PKC 

translocates to the plasma membrane. PKC is now in its active conformation (4). Upon 

dephosphorylation, PKC is targeted to the insoluble fraction (5). Dephosphorylated PKC can bind 

HSP70, which allows PKC recycling (6) or is degraded (7) (Jezierska et al., 2014). 

Independently of their regular binding partners, PKCs can also be activated by other 

factors such as reactive oxygen species (Lin and Takemoto, 2005) oxidizing a cysteine 

residue in the C1B domain. Novel PKC family members are furthermore phosphorylated by 

Src kinases which causes a relocalization to the nucleus and is followed by calpain-mediated 

cleavage of the hinge domain resulting in constitutive activation without translocation to the 

membrane (Konishi et al., 1997, 2001; Humphries et al., 2008).  

When PKCs have reached their activated state, they become susceptible to 

dephosphorylation and degradation. PH domain Leucine-rich repeat Protein Phosphatase 

(PHLPP) first dephosphorylates the hydrophobic motif (Gao et al., 2008) of PKC. This first 

dephosphorylation induces a conformational change making the activation loop and the turn 

motif accessible for dephosphorylation via PP2A phosphatases. Dephosphorylated PKC is 

then ubiquitinated and degraded (Lee et al., 1996). Dephosphorylated PKC can be bound by 

heat-shock protein 70 (HSP70), which leads to stabilization and prevents degradation, 

making PKC available to re-enter the activation cycle. 
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1.2.2 PKCγ 

Overview 

PKCγ is one of the members of the classical PKCs and involved in a multitude of 

downstream processes. It is predominantly present in neurons of the central nervous system 

(CNS), where it is most highly expressed in hippocampal pyramidal cells and Purkinje cells 

of the cerebellum, where it is located in the soma, dendrites and axons (Kikkawa et al., 

1988). In the cerebellar cortex, all cPKC isoforms are expressed, with granule cells 

expressing PKCα and PKCβI/II, while Purkinje cells express the isoforms PKCα and PKCγ 

(Takahashi et al., 2017).  

PKCγ Signaling  

In Purkinje cells, PKCγ can be activated downstream of metabotropic glutamate receptor 

1 (mGluR1). Upon glutamate binding, mGluR1 is activated which then leads to the release of 

DAG and IP3 via PLC. IP3 then causes a release of calcium from the ER into the cytosol. The 

increase in Ca2+ and the increased availability of DAG then in turn activates PKCγ. 

Many interesting findings could be derived from PKCγ knockout mice, revealing its role in 

the modulation of receptors, long-term depression (LTD), long-term potentiation (LTP) and 

climbing fiber elimination in the cerebellum. One early observation was made by Abeliovich 

et al. (1993), who first created a PKCγ knockout mouse and showed, that LTP in this mouse 

was strongly impaired, while LTD remained unaltered. The impairment of LTP was however, 

not uniform and dependent of the stimulation protocol. When the induction of LTP was 

preceded by a low frequency stimulation, hippocampal slices were still able to produce 

normal LTP. PKCγ might therefore play an important part in the successful generation of 

LTP, however, is not solely responsible for it.  

Previously it had been shown, that inhibition of PKC resulted in decreased LTD, while the 

administration of PKC was able to elicit LTD in cultured Purkinje cells (Linden and Connor, 

1991). A blockage of LTD was furthermore found in a transgenic mouse model expressing a 

PKC inhibitor in Purkinje cells (De Zeeuw et al., 1998). Further studies showed also that 

PKCs were able to phosphorylate the GluR2 subunit of AMPA, a subunit expressed at 

parallel-fiber synapses onto Purkinje cells, causing a desensitization to glutamate (Matsuda 

et al., 1999). However, it was later on found that this phosphorylation was mediated by PKCα 

(Leitges et al., 2004) and studies using several knockout models could show that LTD was 
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independent of PKCγ (Colgan et al., 2018). Nevertheless, in mice carrying the S119P 

mutation in the PRKCG gene, a mutation associated with SCA14, LTD was disrupted 

(Shuvaev et al., 2011). The authors furthermore report a reduction of membrane residence 

time of PKCα and hypothesize that an overactivation of PKCγ in the cytoplasm could lead to 

increased Diacylglycerol kinase γ (DGKγ) phosphorylation, a kinase involved in the DAG 

homeostasis in the membrane. Dysregulation of DAG presence would then in turn lead to a 

decrease in membrane association of PKCα and PKCγ. Interestingly, a recent study using 

DGKγ knockout mice also observed impaired LTD in their mouse model (Tsumagari et al., 

2020). In this mouse model, the activity of PKCγ was upregulated and inhibition of PKCγ led 

to restored LTD. PKCγ, as the predominant isoform in Purkinje cells, may therefore exert a 

modulatory effect on LTD. However, this effect is likely to be indirect and mediated via other 

signaling molecules. 

One of the most significant findings in PKCγ knockout mice was that about 40% of 

cerebellar Purkinje cells remained enervated by multiple climbing fibers (Kano et al., 1995). 

In fact, it was later found that also in knockout mice of mGluR1 (Kano et al., 1997) and PLCβ4 

(Kano et al., 1998) climbing fiber elimination is disrupted, outlining the importance of the 

mGluR1-PLC-PKCγ signaling cascade in this process. 

PKCγ and dendritic development  

In cerebellar Purkinje cells, PKCγ furthermore seems to be a major regulator of dendritic 

development. Our laboratory had shown previously that stimulation of cerebellar organotypic 

slice cultures with the PKC activator PMA induces a reduction in dendritic outgrowth of 

cerebellar Purkinje cells (Metzger and Kapfhammer, 2000). On the other hand, in 

organotypic slice cultures from PKCγ knockout mice or from cultures in which PKC activity 

was inhibited pharmacologically, expansion of the Purkinje cell dendritic tree is increased 

(Metzger and Kapfhammer, 2000; Schrenk et al., 2002). Since the pathways involved in 

PKCγ-mediated inhibition of dendritic development have not been fully established, 

additional knowledge of these mechanisms will be required for a better understanding and 

eventually for the development of treatments for PKCγ-related disorders.  

1.3 Spinocerebellar ataxia 

The term ataxia has been used to describe a patient’s loss of control over different 

motor functions, aptly fitting the original meaning of the word in Greek - “loss of 

order”. Similarly, neurodegenerative diseases with concurring loss of motor function 
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have been termed ataxia as well, with spinocerebellar ataxia (SCA) describing 

disorders affecting the cerebellum and its related pathways. SCAs are a very 

heterogenous group of diseases, with most SCAs being of the hereditary, autosomal-

dominant type (ADCA), however, also recessive types, X-linked and non-genetic 

types have been described. The age of onset depends strongly on the subtype, 

which could be as early as childhood or as late as in old age. In general, most 

patients start showing symptoms in mid-adulthood. Patients commonly develop 

difficulties of the coordination of fine movements such as talking, grasping and oculomotion 

as well as in walking. Additionally, especially in late stages of the disease, also psychological 

symptoms like depression and sleep-deprivation can occur. Amongst ADCAs, the genetic 

cause are often polyglutamine repeats, which can be located in different genes, for SCAs 

often in the group of the ataxin genes. The second type of ADCAs are SCAs caused by point 

mutations or small deletions in a variety of different genes, which further expands the group 

of possibly affected loci. Up to date, around 48 different autosomal-dominant cerebellar 

ataxias have been identified (Bird, 2019). Globally, the prevalence of SCAs has been 

assumed to be around 3 in 100.000 (Ruano et al., 2014). However, the heterogenic nature of 

the disease makes testing challenging and could result in many cases not correctly 

identified.  

1.3.1 SCA14 

Spinocerebellar ataxia type 14 is caused by mutations in the PRKCG gene. The variety of 

mutations in the PRKCG include point mutations, missense mutations and deletions in 

virtually all of the protein’s domains. Up to now, more than 40 different mutations have been 

found in patients presenting with SCA14 (Wong et al., 2018; Shirafuji et al., 2019). Typically, 

the age of onset of this subtype is between early and late 30s and patients generally seem to 

not have a decreased life-expectancy. 

Patients generally experience cerebellar ataxia, especially affecting their gait, coordination 

and balance. Commonly, also more precise movements such as speech and eye movement 

are affected. In some cases, patients also develop vertigo or psychological symptoms such 

as depression, psychosis or a decline in their cognitive abilities. MRI scans of SCA14 

patients show cerebellar atrophy in the hemispheres and especially the vermis (Brkanac et 

al., 2002; Klebe et al., 2007; Chelban et al., 2018). Post-mortem histological analyses showed 

mild to severe Purkinje cell atrophy in the cerebellar cortex (Brkanac et al., 2002; Wong et 

al., 2018). 
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Several studies have addressed the mechanisms as to how PKCγ mutations may lead to 

the occurring pathogenicity. Since SCA14 is inherited in an autosomal-dominant way, it is 

unlikely that PKCγ mutations lead to a loss of function. Furthermore, as stated earlier, PKCγ 

inhibition increases dendritic outgrowth in cerebellar Purkinje cells and PKCγ knockout mice 

show no signs of ataxia or cerebellar atrophy (Chen et al., 1995; Kano et al., 1995). 

Therefore, instead of a loss-of function of PKCγ, a negative effect of increased kinase activity 

or a toxic gain-of function seem to be the underlying cause for the pathology of SCA14. 

Changes in the activity of PKCγ 

In fact, several in-vitro studies have shown an increase in kinase activity for more than 20 

spontaneous PKCγ mutations (Verbeek et al., 2005; Adachi et al., 2008). Until now there 

have been few mouse models of SCA14. Zhang et al. (2009) developed a transgenic mouse 

expressing the H101Y mutant PKCγ under a universal promotor and report that the mice 

develop ataxia as well as alterations in Purkinje cell dendritic development. 

Our group as well has created a transgenic mouse expressing the human S361G 

mutation under the control of the L7-promotor, ensuring Purkinje cell specific expression (Ji 

et al., 2014). These mice develop mild cerebellar ataxia, as well as Purkinje cell atrophy 

especially in lobule VII of the cerebellum (Ji et al., 2014). Interestingly, the morphology of 

Purkinje cells in organotypic slice cultures prepared from these mice show a similar 

morphology to cells after stimulation with PMA, a PKC activator (Metzger and Kapfhammer, 

2000; Gugger et al., 2012). 

In further studies using dissociated cerebellar cultures we showed that transfection of 

several mutant PKCγ constructs led to increased kinase activity in two out of three kinase-

domain mutations (Shimobayashi and Kapfhammer, 2017). However, none of the regulatory-

domain mutations tested seemed to increase the activity of PKCγ which outlines that 

depending on the location, PRKCG-mutations could affect PKCγ function in different ways. 

Changes in Protein Structure 

PKCγ mutations have also been shown to impair the protein structure and lead to 

aggregation (Seki et al., 2005; Doran et al., 2008; Shuvaev et al., 2011; Wong et al., 2018) 

that can in turn alter protein degradation and result in defective membrane translocation or 

target phosphorylation (Yamamoto et al., 2010; Wong et al., 2018). However, in primary 

cultures of cerebellar Purkinje cells, SCA14 associated mutant PKCγ led to decreased 

dendritic development independent from protein aggregation (Seki et al., 2009). Additionally, 
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wildtype PKCγ has been shown to be able to form amyloid-like fibrils (Takahashi et al., 2015). 

Aggregation may therefore not cause SCA pathology per se, but likely contribute to it. 

Impaired downstream signaling 

Apart from aggregation, PKCγ mutations in the C1B domain have been shown to also lead 

to a change in the conformation of PKCγ, resulting in higher accessibility of the C-terminus 

and decreased downstream MAPK signaling (Verbeek et al., 2008; Jezierska et al., 2014), 

which would argue that at least in some cases PKCγ mutations could ultimately lead to 

decreased biological activity. In vitro, it has been found that several PKCγ mutations lead to a 

lack of inhibition of the transmembrane cation channel TRPC3, resulting in an increase of 

intracellular calcium (Adachi et al., 2008). In fact, dysregulation of intracellular calcium is a 

common theme amongst several hereditary SCAs which are caused by mutations in some 

crucial modulators of Ca2+
i, such as CACNA1A (SCA6) and CACNA1G (SCA42). 

Interestingly, some of the mutations leading to SCA are found in molecules which share 

common pathways with PKCγ such as TRPC3 (SCA41), IP3R1 (SCA15/16/29) and GluD2 

(SCAR18). It is therefore possible, that also in SCA14 a dysregulation of intracellular calcium 

homeostasis contributes to the pathology. 

Generation of in vitro iPSC models 

Most of the studies mentioned above have been performed in vitro. A recent study 

furthermore explored the use of patient-derived induced pluripotent stem cells (iPSCs) as a 

tool to model the pathology observed in human brains (Wong et al., 2018). While in this study 

the iPSCs were not differentiated further, another study has used iPSCs derived from SCA6-

patients to generate Purkinje cells which developed the characteristic morphology of 

Purkinje cells in vivo (Ishida et al., 2016). In the future these models will hopefully provide 

new approaches to get a better understanding of the disease burden on cerebellar Purkinje 

cells and aid in the discovery of potential medications.  
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Figure VI PRKCG mutations associated with SCA14 

Localization of different mutations in PKCγ associated with SCA14. Most known mutations are found in 

the C1 (C1A and C1B) and C2 domains. The S361G-mutation investigated in our studies is highlighted 

in a red box and located in the C4 catalytic domain. The three PKCγ phosphorylation sites (Thr514, 

Thr655 and Thr674) are marked in orange. PS = pseudosubstrate domain (the figure was adapted 

from Wong et al. (2018); included Shirafuji et al. (2019) and Riso et al. (2020)). 

1.4 The collapsin response mediator proteins (CRMPs) 

Collapsin response mediator proteins (CRMPs) are a group of cytosolic proteins 

associated with many neurodevelopmental processes such as neurite outgrowth and 

differentiation, dendritic spine organization and axonal transport. CRMP2 was found to be 

involved in the Semaphorin-3A (Sema3A, also known as collapsin) pathway giving the group 

of proteins their now most established name. CRMP genes were discovered in different 

species and published around the same time resulting in a complex nomenclature including 

the terms CRMP (Goshima et al., 1995), turned on after division, 64 kDA protein (TOAD) 

(Minturn et al., 1995), unc 33-like protein (Ulip) (Byk et al., 1996), and dihydropyrimidase-

related protein (DRP) (Hamajima et al., 1996). The term Toad64/Ulip/CRMP (TUC) was 

introduced to simplify the discussion of this protein family but has not been adopted by the 

community (Quinn et al., 1999). Due to its structural similarity to liver enzyme 
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dihydropyrimidase, the name dihydropyrimidase-like protein (DPYSL) is widely used to label 

the respective CRMP genes.  

Table I CRMP nomenclature 

(adapted from Tan, Thiele and Li, 2014). 

CRMP1 CRMP2 CRMP3 CRMP4 CRMP5 

DPYSL1 DPYSL2 DPYSL4 DPYSL3 DPYSL5 

Ulip3 Ulip2 Ulip4 Ulip1 Ulip6 

DRP1 DRP2 DRP4 DRP3 DRP5 

TUC-1 TUC-2 TUC-3 TUC-4  

C22 TOAD-64 

 
hUlip CRAM 

 

Initially, CRMP1-4 were identified as members of the same family as they share about 

70% homology (Byk et al., 1998). CRMP5 was identified later and it was first proposed to 

comprise its own subfamily, since it only shares about 50% homology with the other family 

members (Fukada et al., 2000). CRMP1, 2 and 4 possess alternatively spliced isoforms that 

appear to be involved in distinct processes (Quinn et al., 2003). 

Crystal structures have shown that the CRMPs are largely similar to the liver enzyme 

dihydropyrimidase (Hamajima et al., 1996). However, CRMPs lack the necessary 

His residues in their catalytic site that usually enable enzymatic activity (Hamajima et al., 

1996; Wang and Strittmatter, 1997; Deo et al., 2004). Commonly, CRMPs oligomerize and 

can form homo- as well as heterotetramers, wherein certain family members preferentially 

interact, while others do not (Wang and Strittmatter, 1996, 1997; Fukada et al., 2000). It is 

speculated that tetramer combination provides a first level of modulating CRMP function in 

several pathways (Zhang et al., 2008; Ponnusamy and Lohkamp, 2013). CRMP proteins are 

involved in a multitude of processes such as neuronal differentiation, neurite outgrowth, 

intracellular protein transport and synaptic transmission (Inagaki et al., 2001; Quach et al., 

2004; Kawano et al., 2005; Kimura et al., 2005). It has been found that CRMP functions are 

largely regulated via post-translational modifications such as phosphorylation, SUMOylation, 

O-GlcNAcylation or oxidation (Arimura et al., 2000; Khidekel et al., 2007; Dustrude et al., 

2013; Marques et al., 2013) and that altered CRMP phosphorylation is correlated with 

neurodegeneration and disease (Crews et al., 2011; Petratos et al., 2012; Mokhtar et al., 

2018). 

CRMPs are expressed most highly in the central nervous system, the spinal cord and 

peripheral nerves. Generally CRMPs are highly expressed during early development and 
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decrease in expression during adulthood (Byk et al., 1996, 1998; Wang and Strittmatter, 

1996; Fukada et al., 2000; Inatome et al., 2000). Several CRMP isoforms have also been 

detected in other tissues such as the placenta (CRMP1) (Qiao et al., 2015), heart and lung 

tissue (CRMP2) (Hamajima et al., 1996) and the testis (CRMP1/4/5) (Taketo et al., 1997; Kato 

et al., 1998; Ricard et al., 2001). CRMP2 mRNA was furthermore detected in human 

monocytes and hypothesized to potentially act as a mediator of differentiation (Rouzaut et al., 

2000). While CRMPs are generally cytosolic proteins, several studies have reported their 

localization in membrane-rafts (Rosslenbroich et al., 2003; Mileusnic and Rose, 2011) where 

they could interact with several membrane-proteins.  

Almost all CRMP family members (CRMP1, 2, 4 and 5) have been found to be 

differentially regulated in various types of cancer (Shih et al., 2001; Yu et al., 2001; Wu et al., 

2008; Gao et al., 2010; Pan et al., 2011), in which their expression has been associated with 

tumor migration, invasion and differentiation. Furthermore, anti-CRMP5 antibodies have been 

detected in patients presenting with small-cell lung cancer and paraneoplastic cerebellar 

ataxia (Honnorat et al., 1996; Yu et al., 2001).  

1.4.1 CRMP2 

Overview 

CRMP2 is the best studied CRMP family member as it was identified early on for its role in 

Sema3A signaling (Goshima et al., 1995). It is expressed most highly in neurons of the CNS, 

however, it has also been detected in oligodendrocytes and, in low levels, in microglia 

(Ricard et al., 2001; Zhang et al., 2014). CRMP2 expression is highest during development 

and especially early after birth. However, unlike other CRMPs, it also remains expressed at 

lower levels in the adult brain (Wang and Strittmatter, 1996; Bretin et al., 2005). In neural 

stem cells, overexpression of DPYSL2 induces their differentiation into neurons (Xiong et al., 

2020), which could be linked to its interaction with numb (Nishimura et al., 2003), a protein 

shown to be critical in neurogenesis (Zhong et al., 2000). Due to its involvement in Sema3A 

signaling, especially the effect of CRMP2 on axonal outgrowth has been extensively 

researched. Overexpression of CRMP2 was shown to increase axonal growth and lead to the 

formation of multiple axons in hippocampal neurons, while on the other hand, knockdown of 

CRMP2 decreased axonal outgrowth (Inagaki et al., 2001; Yoshimura et al., 2005).  

In recent years, three CRMP2 knockout mouse models were established: one brain-

specific knockout (Zhang et al., 2016), one general knockout (Makihara et al., 2016) and one 

neuronal knockout model (Moutal et al., 2019a). While the latter has not been thoroughly 
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characterized yet, the other two models revealed disrupted dendritic spine formation as well 

as altered dendritic and axonal patterning. Interestingly, the effects observed appeared to be 

more prominent in the brain specific knockout, which could be attributable to other CRMP 

family members compensating the lack of CRMP2 in the general knockout. Zhang et al. 

(2016) furthermore observed defective synapse formation and reduced LTP. It has been 

known that CRMP2 can regulate the membrane localization of several ion-channels, such as 

voltage gated sodium-channels (NaV1.7) (Dustrude et al., 2013), voltage gated calcium 

channels (Cav2.2), sodium-calcium exchanger 3 (NCX3) and NMDA receptors (Brustovetsky 

et al., 2014), which could provide the means to alter synaptic plasticity. 

CRMP2 can regulate protein localization or mediate protein trafficking either by direct 

binding, or through interactions with components of the cytoskeleton and its associated 

proteins dynein and kinesin (Kawano et al., 2005; Kimura et al., 2005; Arimura et al., 2009). In 

hippocampal neurons, CRMP2 and 4 have been proposed to link microtubules and actin 

thereby supporting coordinated cytoskeletal movement (Tan et al., 2015). Through 

interactions with the light chain of kinesin-1, CRMP2 is furthermore involved in the transport 

of the actin-regulating WASP-family verprolin homologous protein 1 (WAVE1) protein 

complex and tubulin dimers to the distal portion of the extending axon (Kawano et al., 2005; 

Kimura et al., 2005). Apart from anterograde transport mechanisms, CRMP2 also controls 

retrograde protein transport by negatively regulating cytosolic dynein through direct binding 

(Arimura et al., 2009). This interaction has been shown to enforce the organized retrograde 

transport of vesicles via MICAL-like protein 1 (MICAL-L1) and Eps 15 homology domain 

protein 1 (EHD1) (Rahajeng et al., 2010). Outside of the CNS, CRMP2 was furthermore 

shown to interact with another cytoskeletal protein, vimentin, and thereby regulate 

lymphocyte migration (Vincent et al., 2005). 

One of the most extensively researched functions of CRMP2 is its role in microtubule 

stabilization (Inagaki et al., 2001; Quach et al., 2004; Kawano et al., 2005; Kimura et al., 

2005). CRMP2 can interact with both, soluble α/β-tubulin dimers (Fukata et al., 2002) and 

stabilized microtubules. These interactions are likely to be conferred by different binding 

domains in the CRMP2 protein. A central domain of CRMP2 (aa323-381) was shown to 

enable tubulin binding, however, these sites are probably not easily accessible on 

tetramerized CRMP2 and therefore require its disassociation before binding (Fukata et al., 

2002; Niwa et al., 2017). The direct binding and stabilization of microtubules was shown to 

be dependent of residues in the C-terminus of CRMP2 (Lin et al., 2011), which contain the 

phosphorylation target sites of cyclin-dependent kinase 5 (Cdk5), glycogen synthase kinase 

3β (GSK3β), Rho-associated protein kinase 2 (ROCK2) and PKC. Phosphorylation of these 
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residues has been proposed to add additional negative charges to the domain thereby 

enabling for precise control of interactions (Sumi et al., 2018). In fact, various 

posttranslational modifications provide regulation of most CRMP2 functions. 

CRMP2 post-translational modifications 

Several targets of phosphorylation, SUMOylation, O-GlcNAcylation, oxidation and 

carbonylation have been identified in CRMP2 (Arimura et al., 2000; Khidekel et al., 2007; Ju 

et al., 2013; Marques et al., 2013; Toyoshima et al., 2019). Most of these modification sites 

cluster in the C-terminus, where also several binding domains for cytoskeletal and motor 

proteins have been identified (Kawano et al., 2005; Kimura et al., 2005; Arimura et al., 2009; 

Rahajeng et al., 2010; Lin et al., 2011).  

 

Figure VII CRMP2 domain structure 

The CRMP2 protein consists of a large globular domain and a c-terminal tail domain. A central domain 

is largely homologous to liver DHPase. The active sites are, however, missing. Several domains have 

been identified to mediate binding to molecules such as dynein heavy chain (DBD), calmodulin (CD), 

Numb protein (NBD) and kinesin light chain (KBD). Two domains have been identified to take part in 

binding to free tubulin or polymerized microtubules (MBD), one in the globular domain and one 

located in an unspecified segment of the c-terminal tail. CRMP2 can be phosphorylated at various 

target sites (red arrowheads) with most known sites located in the c-terminus. The location of the 

Thr555 phosphorylation site is indicated with a yellow arrowhead (adapted from Rahajeng et al., 

2010). 

Recently, dysregulation of CRMP2 modifications have been associated with disease such 

as Alzheimer´s disease, multiple sclerosis and Huntington´s disease (Cole et al., 2007; 

Petratos et al., 2012; Lim et al., 2014; Mokhtar et al., 2018). Furthermore, CRMP2 

SUMOylation is involved in the mediation of pain by modulating NaV1.7 (Dustrude et al., 

2013; Moutal et al., 2018). After spinal cord injury (SCI), phosphorylated CRMP2 is 

upregulated (Gögel et al., 2010) and blocking CRMP2 phosphorylation in a knock-in mouse 

model improved recovery after SCI (Nagai et al., 2016). In psychological disorders such as 

schizophrenia and bipolar disorder, CRMP2 was identified as one of the target molecules in 
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lithium treatments and increased post-translational modification has been reported in both 

diseases (Tobe et al., 2017; Garza et al., 2018; Toyoshima et al., 2019).  

CRMP2 O-GlcNAcylation and oxidation are some of the lesser understood CRMP2 PTMs 

and are potentially regulating CRMP2 phosphorylation (Cole and Hart, 2001; Morinaka et al., 

2011; Gellert et al., 2013; Leney et al., 2017; Muha et al., 2019).  

Phosphorylation of CRMP2 has been shown to be the most powerful modulator of its 

functions. Amongst the kinases targeting CRMP2 are Fyn, Yes, GSK3β, Cdk5, ROCK2 and 

CaMKII, most of which lead to a reduction of neurite outgrowth (Arimura et al., 2000, 2005; 

Uchida et al., 2005, 2009; Yoshimura et al., 2005; Hou et al., 2009; Varrin-Doyer et al., 2009). 

Phosphorylation at Ser522 by Cdk5 enables subsequent phosphorylation through GSK3β at 

Thr509, Thr514 and Ser518 and provides an additional level of modulation (Brown et al., 

2004; Uchida et al., 2005; Yoshimura et al., 2005; Cole et al., 2006). Also ROCK2 mediated 

phosphorylation at Thr555 has been proposed to be involved in the Thr555-Ser522-Thr514 

phosphorylation cascade (Ikezu et al., 2020). To elucidate the role of the mentioned PTMs, 

several knock-in mice models have been established, focussing on the Ser522 site 

(Yamashita et al., 2012; Niisato et al., 2013; Moutal et al., 2019c). In these studies, the 

Ser522 site was mutated to an alanine to disable phosphorylation. Layer V cortical neurons 

from these mice showed a larger number of primary dendrites, an effect that was even 

increased when combined with the knockout of CRMP1 (Yamashita et al., 2012). In another 

study, the hippocampal CA1 pyramidal neurons from knock-in mice did not show any overt 

changes, however, when CRMP4 was knocked out in addition, the neurons showed an 

increased amount of proximal bifurcation (Niisato et al., 2013). Furthermore, in combined 

CRMP2 knock-in/CRMP4 knockout mice, addition of Sema3A could not induce dendritic 

outgrowth as it does in wildtype. These studies highlight the role of CRMP2 in dendritic 

outgrowth and also, how several CRMPs are involved and can compensate defects in shared 

pathways. 

Recently it was demonstrated that migration and positioning of Purkinje cells were 

impaired in mice, in which the S522A knock-in was combined with the knockout of CRMP1 

and 4 (Yamazaki et al., 2020) which proposes a novel role for CRMP2 in the cerebellum. In 

the cerebellum, CRMP2 is expressed in oligodendrocytes, granule cells and Purkinje cells, 

where it is localized throughout the cell (Bretin et al., 2005).  

Marques et al. (2013) have shown that PKC-mediated phosphorylation of CRMP2 at 

threonine 555 leads to a delay in maturation and neurite outgrowth of dorsal root ganglion 

neurons. They furthermore argue that PKC can phosphorylate GSK3β, leading to its 

inhibition and subsequently resulting in a downregulation of Thr514-phosphorylated CRMP2, 
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which had a neurite promoting effect. PKC therefore can regulate CRMP2 related neurite 

outgrowth in a bidirectional manner. 

As PKCγ is an important signaling molecule in dendritic development of cerebellar 

Purkinje cells, the investigation of a potential relationship of the two proteins could provide 

valuable new insights in a signaling cascade which has not yet been looked at in detail.  

Table II CRMP2 post-translational modifications 

(adapted from Moutal, White, et al., 2019) 

Residue(s) 

(Modification) Enzyme Function 

Targeting peptides 

and compounds 

Y32 

(phosphorylation) 

Fyn, 

Fes/Fps 

Inhibition of neurite outgrowth, 

Decreased CRMP2 SUMOylation 

and NaV1.7 membrane 

localization 

Unknown 

Y479 

(phosphorylation) 

Yes, Fer, 

Fyn, 

Fes/Fps 

Cytoskeletal reorganization in T 

cell migration, loss of affinity for 

microtubules, disruption of 

CRMP2 tetramers 

Unknown 

Y499 

(phosphorylation) 

Fer Loss of affinity for microtubules, 

disruption of CRMP2 tetramers 

Unknown 

T509/T514/S518 

(phosphorylation) 

GSK3β Loss of affinity for tubulin, 

cellular proliferation, disruption 

of CRMP2 tetramers 

Naringenin, (S)-

lacosamide, 

lanthionine ketimine 

ester, edonerpic 

maleate 

S522 

(phosphorylation) 

Cdk5 Loss of affinity for tubulin, cancer 

cell proliferation, promotes 

CaV2.2 and NaV1.7 membrane 

localization, disruption of CRMP2 

tetramers 

(S)-lacosamide, 

lanthionine ketimine 

ester, edonerpic 

maleate 

T555 

(phosphorylation) 

ROCK2, 

CaMKII 

PKC 

Decreased affinity for tubulin, 

decreased neurite outgrowth 

Unknown 

K374 

(SUMOylation) 

Ubc9 NaV1.7 trafficking CRMP2 SUMOylation 

motif peptide 

S517  

(O-GlcNAcylation) 

Unknown Unknown Unknown 

C504 (oxidation) Unknown CRMP2 dimerization, 

microtubule regulation, growth 

cone collapse 

Unknown 
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Aims of the thesis 

I. Identify PKCγ-mediated effector molecules involved in dendritic 

development 

The primary aim of this thesis was to identify downstream targets of PKCγ which have the 

potential to influence dendritic development of cerebellar Purkinje cells. To achieve this, we 

used the transgenic PKCγ(S361G)-mouse model, expressing a mutant variant of PKCγ which 

is also found in patients suffering from spinocerebellar ataxia 14. In these mice, mutant PKCγ 

is expressed exclusively in Purkinje cells and causes a reduction of dendritic outgrowth 

especially in lobule VII. We used cerebellar lysates prepared from these mice to 

immunoprecipitate PKCγ and identify associated proteins using mass spectrometry analysis. 

The analysis revealed collapsin response mediator protein 2 (CRMP2) as one of the 

proteins specifically precipitated with PKCγ. These results were also corroborated by 

Western blot detection of the immunoprecipitates that showed both proteins being pulled 

down with one another. An additional confirmation of the interaction was provided by the 

Duolink proximity ligation method, which produces a fluorescent signal only if two labelled 

proteins are in close enough proximity to each other.  

As CRMP2 was shown to be a potent mediator of both, axonal and dendritic development, 

we chose to investigate its role in Purkinje cell dendritic development in more detail, a field 

that so far had not been looked at in detail. 

II. Investigate the role of CRMP2 as a mediator of impaired dendritic 

development in PKCγ(S361G)-animals 

Since we had shown that CRMP2 can interact with PKCγ in the cerebellum, we now 

wanted to understand, how this interaction could confer a negative impact on the dendritic 

development of cerebellar Purkinje cells. CRMP2 is a microtubule-associated molecule 

largely regulated by post-translational modifications. While we did not observe any 

differences in gene- or protein expression of CRMP2 between wildtype and PKCγ(S361G)-

mice, we found that phosphorylation of CRMP2 at the known PKC target site threonine 555 

was strongly upregulated in in PKCγ(S361G)-mice. Intriguingly, this pCRMP2 upregulation 

was restricted specifically to Purkinje cells, which supports the notion that it is dependent of 

PKCγ activity.  

We then explored the effect of CRMP2 phosphorylation in dissociated cerebellar cultures 

which we transfected with either wildtype, phospho-defective (T555A) or phospho-mimetic 

(T555D) versions of CRMP2. While expression of wildtype CRMP2 did not impact Purkinje 
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cell dendritic development, both, the phospho-mimetic and the phospho-defective CRMP2 

mutants were able to decrease dendritic outgrowth, with the T555D-mutant being more 

effective in doing so.  

These results suggested that dysregulation of CRMP2 phosphorylation rather than 

CRMP2 expression can hinder dendritic development. As phosphorylation of CRMP2 is 

commonly thought to lead to its inactivation and to negatively regulate neurite outgrowth, we 

hypothesized that transfection of T555D-CRMP2 could model the effects of CRMP2 

hyperphosphorylation in PKCγ(S361G)-mice, which then ultimately leads to impaired 

dendritic outgrowth.  

III. Characterization of dendritic development in a CRMP2ki/ki-mouse model 

While in transfection experiments, it is possible to test the effect of increased 

phosphorylation by overexpressing the phospho-mimetic form, this is more complicated for 

the non-phosphorylatable form, because the endogenous wildtype form is still present. We 

therefore wanted to eliminate the background effects of the wildtype CRMP isoform which 

could have quenched the effect of the T555A-mutant in Purkinje cells in dissociated cultures. 

We generated a CRMP2 knock-in mouse model using the CRISPR/Cas9-system, introducing 

the T555A point-mutation. These mice show normal cerebellar development and Purkinje 

cells also develop normally in organotypic cerebellar slice cultures. Purkinje cells in 

dissociated cerebellar cultures, however, showed strongly decreased dendritic development. 

Interestingly, this dendritic outgrowth inhibition could be partially rescued by transfecting the 

T555D-CRMP2 mutant and was fully recovered after the transfection of wildtype CRMP2.  

These results suggest that CRMP2 is required in both, its phosphorylated and 

unphosphorylated state to ensure correct dendritic development. Moreover, the ability to 

dynamically switch its phosphorylation state appears to be a crucial aspect of CRMP2 

function for Purkinje cell dendritic outgrowth. 
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2. Results 

2.1 PKCγ-mediated phosphorylation of CRMP2 regulates dendritic outgrowth 

in cerebellar Purkinje cells 

Sabine C. Winkler1, Etsuko Shimobayashi1, Josef P. Kapfhammer1 

 

1) Anatomical Institute, Department of Biomedicine, University of Basel, Switzerland 

2.2 Abstract 

The signaling protein PKCγ is a major regulator of Purkinje cell development and synaptic 

function. We have shown previously that increased PKCγ activity impairs dendritic 

development of cerebellar Purkinje cells. Mutations in the protein kinase Cγ gene (PRKCG) 

cause spinocerebellar ataxia type 14 (SCA14). In a transgenic mouse model of SCA14 

expressing the human S361G mutation, Purkinje cell dendritic development is impaired in 

cerebellar slice cultures similar to pharmacological activation of PKC. The mechanisms of 

PKCγ-driven inhibition of dendritic growth are still unclear.  

Using immunoprecipitation-coupled mass spectrometry analysis we have identified collapsin 

response mediator protein 2 (CRMP2) as a protein interacting with constitutive active 

PKCγ(S361G) and confirmed the interaction with the Duolink™ proximity ligation assay. We 

show that in cerebellar slice cultures from PKCγ(S361G)-mice, phosphorylation of CRMP2 at 

the known PKC target site Thr555 is increased in Purkinje cells confirming phosphorylation 

of CRMP2 by PKCγ. miRNA-mediated CRMP2 knockdown decreased Purkinje cell dendritic 

outgrowth in dissociated cerebellar cultures as did the transfection of CRMP2 mutants with a 

modified Thr555 site. In contrast, dendritic development was normal after wildtype CRMP2 

overexpression. In a novel knock-in mouse expressing only the phospho-defective T555A-

mutant CRMP2, Purkinje cell dendritic development was reduced in dissociated cultures. 

This reduction could be rescued by transfecting wildtype CRMP2 but only partially by the 

phospho-mimetic T555D-mutant.  

Our findings establish CRMP2 as an important target of PKCγ phosphorylation in Purkinje 

cells mediating its control of dendritic development. Dynamic regulation of CRMP2 

phosphorylation via PKCγ is required for its correct function. 

Key words:  

Purkinje cell dendritic development, Protein kinase C gamma, spinocerebellar ataxia type 14, 

Collapsin response mediator protein 2. 
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2.3 Introduction 

The Protein kinase C family comprises several isoforms of serine/threonine kinases 

expressed in a variety of tissues where they are involved in a multitude of signaling 

cascades. PKCγ is one of the classical PKC isozymes, which are activated by binding 

diacylglycerol and calcium. It is expressed exclusively in neurons of the central nervous 

system and in the cerebellum where it is strongly and specifically expressed in Purkinje cells 

(Kikkawa et al., 1988). We have previously shown that activation of PKC via PMA causes a 

reduction in dendritic outgrowth of cerebellar Purkinje cells in organotypic slice cultures 

(Metzger and Kapfhammer, 2000). In contrast, inhibition of PKC in culture or knockout of 

PKCγ lead to an increased dendritic tree expansion (Metzger and Kapfhammer, 2000; 

Schrenk et al., 2002) showing that PKCγ is a powerful mediator of dendritic development in 

cerebellar Purkinje cells.  

Interestingly, mutations in the PRKCG gene coding for PKCγ are associated with Purkinje 

cells loss and impaired motor functions in spinocerebellar ataxia 14 (SCA14). 

Spinocerebellar ataxias (SCAs) are disorders defined by progressive motor dysfunction 

along with atrophy of the cerebellum. Up to now, more than 40 mutations in the PRKCG gene 

are known to cause SCA14 (Wong et al., 2018; Shirafuji et al., 2019). Most of these 

mutations were shown to have an increased kinase activity in vitro (Verbeek et al., 2005; 

Adachi et al., 2008). In a transgenic mouse model in which the human S361G point-mutation 

associated with SCA14 is expressed specifically in cerebellar Purkinje cells (PKCγ(S361G)-

mice) (Ji et al., 2014), the mice develop mild symptoms of cerebellar ataxia and show 

decreased dendritic development of Purkinje cells throughout the cerebellum (Trzesniewski 

et al., 2019), especially in lobule VII (Ji et al., 2014). In organotypic slice cultures prepared 

from these mice, Purkinje cell dendritic trees develop a stunted morphology with thickened 

branches (Ji et al., 2014), which is similar to that seen after pharmacological stimulation of 

PKC (Metzger and Kapfhammer, 2000; Gugger et al., 2012). These findings indicate that the 

S361G-mutation leads to increased activity of PKCγ (Shimobayashi and Kapfhammer, 2017). 

However, little is known about the molecular mechanisms by which PKCγ regulates dendritic 

growth in Purkinje cells. 

In this study we used immunoprecipitation-coupled mass spectrometry analysis for 

identifying potential interactors of PKCγ in the cerebellum and identified collapsin response 

mediator protein 2 (CRMP2) as a potential candidate. CRMP2 belongs to a family of five 

proteins (CRMP1-5), which share about 75% sequence homology, with the exception of 

CRMP5 only sharing ~50% homology with the others (Byk et al., 1998; Fukada et al., 2000). 
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CRMP family members are known to form homo- and heterotetramers, which may enact 

distinct functions depending on the composition (Wang and Strittmatter, 1996, 1997; Fukada 

et al., 2000). CRMP2 is predominantly expressed in the central nervous system where it 

reaches its peak early after birth, while it remains expressed during adulthood (Wang and 

Strittmatter, 1996). In the cerebellum, it is expressed in oligodendrocytes, granule cells and 

Purkinje cells, where it is localized throughout the cell (Bretin et al., 2005). Functions of 

CRMP2 include the regulation of cell polarization, neurite outgrowth and intracellular 

trafficking via the association to microtubules (Inagaki et al., 2001; Quach et al., 2004; 

Kawano et al., 2005; Kimura et al., 2005), which is largely modulated by posttranslational 

modifications such as SUMOylation, O-GlcNAcylation or phosphorylation (Arimura et al., 

2000; Khidekel et al., 2007; Ju et al., 2013; Marques et al., 2013). 

We found that phosphorylation of CRMP2 is increased in organotypic slice cultures from 

PKCγ(S361G)-mice. When CRMP2 was knocked down or a phospho-mimetic or phospho-

defective CRMP2 mutant was transfected into Purkinje cells, dendritic development of 

Purkinje cells in dissociated cerebellar cultures was impaired. The impairment of dendritic 

growth was also seen in Purkinje cells from a novel CRMP2 knock-in mouse with a phospho-

defective T555A mutation of CRMP2 and could be rescued by transfection of normal 

CRMP2. Our results suggest that CRMP2 is an important modulator of dendritic development 

in cerebellar Purkinje cells and that its function depends critically upon the regulation of 

phosphorylation at Thr555. 

2.4 Materials & Methods 

Immunoprecipitation 

The whole cerebellum from PKCγ-S361G transgenic mice was homogenized in ice-cold 

RIPA buffer with added protease- and phosphatase-inhibitors (Roche, Mannheim, Germany) 

(50 mM Tris-HCl, pH 7.4; 0.15 M NaCl, 0.25% Deoxycholic acid/sodium deoxycholate, 1% 

NP-40, 1 mM EDTA). Samples were homogenized using an ultrasound probe and then 

centrifuged at 14500 g for 15 minutes. Immunoprecipitations were performed using the 

Pierce® Crosslink Immunoprecipitation Kit (Thermo Fisher Scientific, Rockford, USA) 

according to standard protocols. Briefly, 5 µg of primary rabbit anti-CRMP2 (Sigma-Aldrich, 

St. Louis, USA; C2993), rabbit anti-PKCγ (Santa Cruz Biotechnology, Santa Cruz, USA; sc-

211) or normal rabbit IgG (Santa Cruz, Santa Cruz, USA; sc-2027) were incubated with 

protein A/G-agarose beads for 1h at room temperature. The antibodies were crosslinked to 

the beads for 30 mins using disuccinimidyl suberate. Lysates were precleared with control 
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agarose resin for 1h at 4°C. 750 µg of protein in 400 µL immunoprecipitation buffer were 

incubated with each type of antibody-bead overnight at 4°C on a rotating platform. Beads 

were washed 6x with IP buffer and proteins were eluted under acidic conditions. The pH was 

neutralized with 1 M Tris buffer. Samples were mixed in 2x Laemmli buffer (Sigma-Aldrich, 

Buchs, Switzerland) and processed via SDS-PAGE and Western blotting. 

LC-MS/MS identification and total protein quantification  

Immunoprecipitates were prepared as described above and used for shotgun LC-MS 

experiments. Eluted proteins were reduced with 5 mM TCEP for 10 min at 95°C, alkylated 

with 10 μM chloroacetamide for 30 min in the dark at room temperature. Sample were 

diluted with 0.1M ammoniumbicarbonate solution to a final concentration of 1% sodium 

deoxycholate before digestion with trypsin (Promega) at 37°C overnight (protein to trypsin 

ratio: 50:1). After digestion, the samples were supplemented with TFA to a final 

concentration of 0.5% and HCl to a final concentration of 50 mM. Precipitated sodium 

deoxycholate was removed by centrifugation (15 minutes at 4°C at 14,000 rpm). Then, 

peptides were desalted on C18 reversed phase spin columns according to the 

manufacturer’s instructions (Macrospin, Harvard Apparatus), dried under vacuum and stored 

at -80°C until further processing. 1 µg of peptides of each sample were subjected to LC–MS 

analysis using a dual pressure LTQ-Orbitrap Elite mass spectrometer connected to an 

electrospray ion source (both Thermo Fisher Scientific) as described recently (Glatter et al., 

2012) with a few modifications. In brief, peptide separation was carried out using an EASY 

nLC-1000 system (Thermo Fisher Scientific) equipped with a RP-HPLC column (75 μm × 30 

cm) packed in-house with C18 resin (ReproSil-Pur C18–AQ, 1.9 μm resin; Dr. Maisch GmbH, 

Ammerbuch-Entringen, Germany) using a linear gradient from 95% solvent A (0.15% formic 

acid, 2% acetonitrile) and 5% solvent B (98% acetonitrile, 0.15% formic acid) to 28% solvent 

B over 90 min at a flow rate of 0.2 μl/min. The data acquisition mode was set to obtain one 

high resolution MS scan in the FT part of the mass spectrometer at a resolution of 120,000 

full width at half-maximum (at m/z 400) followed by MS/MS scans in the linear ion trap of the 

20 most intense ions using rapid scan speed. The charged state screening modus was 

enabled to exclude unassigned and singly charged ions and the dynamic exclusion duration 

was set to 30s. The ion accumulation time was set to 300 ms (MS) and 25 ms (MS/MS). 

For label-free quantification, the generated raw files were imported into the Progenesis QI 

software (Nonlinear Dynamics (Waters), Version 2.0) and analyzed using the default 

parameter settings. MS/MS-data were exported directly from Progenesis QI in mgf format 

and searched against a decoy database the forward and reverse sequences of the predicted 
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proteome from mus musculus (UniProt, download date: 16/11/2015, total of 33,984 entries) 

using MASCOT (version 2.4.1). The search criteria were set as follows: full tryptic specificity 

was required (cleavage after lysine or arginine residues); 3 missed cleavages were allowed; 

carbamidomethylation (C) was set as fixed modification; oxidation (M) as variable 

modification. The mass tolerance was set to 10 ppm for precursor ions and 0.6 Da for 

fragment ions. Results from the database search were imported into Progenesis QI and the 

final peptide measurement list containing the peak areas of all identified peptides, 

respectively, was exported. This list was further processed and statically analyzed using our 

in-house developed SafeQuant R script (Glatter et al., 2012). The peptide and protein false 

discovery rate (FDR) was set to 1% using the number of reverse hits in the dataset.  

Proximity ligation assay (Duolink)  

The Duolink Proximity ligation assay was used to determine the interaction between 

proteins following the manufacturers protocols. HELA cells were transfected with PKCγ using 

Effectene (Qiagen, Hilden, Germany) and fixed after 24h with 4% PFA. Primary antibodies 

rabbit anti-CRMP2 (1:1000; Sigma-Aldrich; C2993), mouse anti-PKCγ (PKC66; 1:500; 

Invitrogen; 13-3800) and mouse anti-α-tubulin (DM1A; 1:1000; Invitrogen; 14-4502-82) were 

used and labelled with the PLA probes anti-rabbit minus (Sigma-Aldrich, DUO92005), PLA 

probe anti-mouse plus (Sigma-Aldrich, 92001) and Duolink™ In Situ Detection Reagents Red 

(Sigma-Aldrich, DUO92008). The assay produces a signal when the distance between the 

PLA probes is less than 40 nm. 

Reverse transcription PCR  

Total RNA was extracted from organotypic cerebellar slices harvested at DIV 5-7 and 

cDNA was synthesized with reverse transcription PCR using oligo(dT) primers (Applied 

Biosystems, Foster City, USA). For gene expression analysis, RT-qPCR reactions were 

conducted in a total volume of 20 μl comprising 10 μl of Mastermix with SYBR green 

(Applied Biosystems, Foster City, USA), 0.5 μl of each primer (1.0 μM), 0.3 μl of sample 

cDNA, and 8.5 μl ultrapure water. Real-time PCR reactions were run on a Real time PCR 

system (Applied Biosystems, Foster City, USA) under the following reaction conditions: 1 

cycle of [95°C for 10 min], 40 cycles of [94°C for 15 s → 65°C for 60 s], and 1 cycle of [95°C 

for 15 s → 72°C for 30 s → 95°C for 15 s]. Oligonucleotide primers were designed using the 

Primer3 software (http://bioinfo.ut.ee/primer3/). Forward primer: 5’- ACG AGC GAT CGT 

CTT CTG AT -3’. Reverse primer: 5’- GAA GCG AGT ATG CAC GTC AA -3’. Reactions were 

quantified by relative standard curve system and the cycle threshold (Ct) method using the 
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SDS2.2 software (Applied Biosystems, Foster City, USA). A relative quantitation value (RQ) 

for each sample from the triplicates of that sample was calculated for each gene. The data 

were analyzed as RQ for the gene of PKCγ transgenic mice/ RQ for control mice. 

Organotypic cerebellar slice cultures  

Animal experiments were carried out in accordance with the EU Directive 2010/63/EU for 

animal experiments and were reviewed and permitted by Swiss authorities. Organotypic 

cerebellar slice cultures were prepared as previously described (Gugger et al., 2012). Briefly, 

postnatal day 8 mice were decapitated, the cerebellum removed and placed in ice-cold 

preparation medium (minimal essential medium (MEM) with Glutamax (Life Technologies, 

Zug, Switzerland), pH 7.3). The cerebellum was cleaned from choroid plexus and cerebral 

membranes, placed on a McIllwain tissue chopper and cut in sagittal slices of 350 µm 

thickness. Millicell cell culture inserts (PICM03050, Millipore, Zug, Switzerland) were pre-wet 

with Neurobasal medium (Neurobasal A medium (Life Technologies, Zug, Switzerland) 

supplemented with B27 supplement (Life Technologies, Zug, Switzerland) and Glutamax, pH 

7.3) and the slices carefully placed on the membrane. Cultures were maintained for seven 

days with medium changes every 2-3 days.  

Western blot analysis 

Lysates were prepared by as described above. 2x Laemmli buffer was added and 

samples loaded onto polyacrylamide gels. Gels were run at 120 V for 75 minutes in running 

buffer (0.25 M Tris, 1.93 M glycine, 0.1% SDS). Proteins were transferred to nitrocellulose 

membranes (Bio-Rad Laboratories, Cressier, Switzerland) in transfer buffer (0.25 M Tris, 

1.93 M glycine, 20% methanol) at 350 mA for 45 mins. Membranes were blocked in 5% BSA 

in TBS for 1h and incubated with primary antibodies including rabbit anti-CRMP2 (1:1000; 

Sigma-Aldrich; C2993), rabbit anti-PKCγ (1:1000; Santa Cruz Biotechnology, Santa Cruz, 

USA; sc-211), rabbit anti-pCRMP2 (1:500; ECM Biosciences; CP2251) and mouse anti-actin 

(1:2000; Sigma-Aldrich; A5441) overnight at 4°C. Secondary antibodies IRDye® 800CW 

Donkey anti-mouse (Li-Cor, Bad-Homburg, Germany; 926-32212) and IRDye® 680LT 

Donkey anti-rabbit (Li-Cor; 926-68023) were added at a concentration of 1:5000 diluted in 

TBS-T. After washing signal was detected using a LI-COR Odyssey and software (Li-COR 

Biosciences, Bad Homburg, Germany). To determine the ratios pCRMP2/CRMP2 gels were 

run in parallel for total CRMP2 and pCRMP2. The immunoreactivity in each gel was 

normalized to the actin signal and the ratio evaluated by (pCRMP2/actin)/(CRMP2/actin) and 

then normalized to wildtype controls. 
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Nucleofection of dissociated cerebellar cultures  

Preparation of dissociated cultures was performed as previously described (Wagner et al., 

2011; Shimobayashi et al., 2016). Briefly, mice were sacrificed by decapitation at postnatal 

day zero (p0). The cerebellum was removed from the skull, placed in ice-cold Hanks’ 

balanced salt solution (HBSS, SigmaAldrich, Buchs, Switzerland) and cut into 1 mm2 pieces. 

300 µL of papain solution (HBSS containing 20 U/ml papain (Worthington, Lakewood, USA) 

were added and the mixture was incubated at 37°C for 20 minutes. Digestion was arrested 

by addition of 500 µL HBSS (including 5% FBS) and the solution was spun down at 700 rpm 

for 4 minutes. The pellet was then dispersed in 350 µL DNAse1 solution (0.02% DNase1, 

11.88 mM MgSO4, 1 mL HBSS) and passed through a 180 µm nylon net filter (Millipore, Zug, 

Switzerland). The cell solution was spun down, and the pellet was washed in 1 mL HBSS. 

After centrifugation, the pellet was dissociated in 85 µL transfection solution and 5 µL DNA (1 

µg/µL) were added. The cell-DNA mixture was then transferred to Lonza cuvettes and 

transfected using the O-0003 program of the Nucleofector™ 2b. Immediately after 

transfection, 200 µL of dissociated culture medium (DMEM/F-12, 1x Glutamax, 1x N2-

supplement (Life Technologies, Zug, Switzerland), 100 nM tri-iodothyronine (Merck, 

Darmstadt, Germany)) supplemented with 10% FBS were added to the cells and the 

suspension was transferred to 8-well chamber-slides. The cultures were maintained for 14-

16 days and the medium changed every 4-5 days. 

Plasmid construction 

Collapsin response mediator protein 2 (CRMP2) is encoded by the DPYSL2 gene. For 

simplification we apply the most commonly used name, CRMP2, in this manuscript.  

pCMV6-Dpysl2 (NM_009955) Mouse Untagged Clone (Origene, Rockville, USA; 

MC205233) was used as a template and the CRMP2 coding sequence was amplified using 

the following primers: CRMP2-ORF-pL7-F: 5´-GTC CGG ACT CAG ATC TAT GTC TTA TCA 

GGG GAA GAA AAA T-3´; CRMP2-ORF-pL7-R: 5´-AGC AGG ATC CGT CGA CTT AGC CCA 

GGC TGG TGA TGT-3´. The pL7-GFP vector (Wagner et al., 2011) was linearized for 1h at 

37°C in the appropriate buffer using BglII (New England BioLabs, Ipswich, USA; R0144S) and 

SalI-HF (New England BioLabs, Ipswich, USA; R3138S) restriction enzymes. The linearized 

vector and PCR product were then fused using the In-Fusion® HD Cloning kit (Clontech, 

Mountain View, USA; 638912). 
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Site-directed mutagenesis 

To insert the T555A and T555D mutation, the Muta GeneArt™ Site-Directed Mutagenesis 

system was used (Life Technologies, Carlsbad, USA) with the following primers and the 

pCMV6-Dpysl2 plasmid as template: T555A-F: 5´-ATT CCC CGC CGC ACC GCC CAG CGC 

ATC GTG GCA-3´; T555A-R: 5´-TGC CAC GAT GCG CTG GGC GGT GCG GCG GGG AAT-

3´; T555D-F: 5´-ATT CCC CGC CGC ACC GAC CAG CGC ATC GTG GCA-3´; T555D-R: 5´-

TGC CAC GAT GCG CTG GTC GGT GCG GCG GGG AAT-3´. In short, the pCMV6-Dpysl2 

plasmid was methylated and amplified using the aforementioned primers. The original 

plasmid was then removed in an enzymatic reaction using McrBC endonuclease. The 

products were transformed into DH5α™-T1R E. Coli (included in kit). Colonies were picked 

and analyzed by Ecoli NightSeq (Microsynth, Balgach, Switzerland). The sequences 

including the respective mutations were then subcloned into the pL7-GFP vector as 

described above. 

miRNA-mediated knockdown of CRMP2 

miRNA knockdown constructs were created using the BLOCK-iT™ Pol II miR RNAi 

Expression Vector Kit (Thermo Fisher Scientific, Rockford, USA). Pre-miRNAs were designed 

using the BLOCK-iT™ RNAi Designer and cloned into the BLOCK-iT™ Pol II miR RNAi 

expression vector according to the manufacturer’s protocols. Briefly, Top- and bottom-strand 

oligos were annealed and the double stranded product was cloned into the linearized 

pcDNA™6.2-GW/miR vector. The ligation reaction was transformed into Stellar competent 

cells (Clontech, Mountainview, USA) and the bacteria plated onto agarose plates containing 

50 µg/mL spectinomycin. Colonies were analyzed using Ecoli NightSeq (Microsynth, 

Balgach, Switzerland). Vectors were then sequenced and tested for their efficacy by 

transfection into HEK293 cells using the Effectene transfection reagent (Qiagen, Hilden, 

Germany). The most effective sequence was subcloned into a pL7- vector containing a His-

GST-fusion protein to validate miRNA expression after transfection. Transfections were 

performed as mentioned above. 

Generation of CRMP2-T555A knock-in mice 

Animal experiments were carried out in accordance with the EU Directive 2010/63/EU for 

animal experiments and were reviewed and permitted by Swiss authorities. Knock-in mice 

with the single point mutation (c. 1663 A>G; p. Thr555Ala) in the DPYSL2 gene 
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(Chromosome 14, 34.60 cM) were generated in an FVB background using the CRISPR/Cas9 

engineering system at the Center of Transgenic Models, University of Basel, using the rapid 

oocyte injection method. Alt-R® CRISPR-Cas9 crRNA (5´-GGG TGC CAC GAT GCG CTG 

GGT GG-3´), Alt-R® CRISPR-Cas9 tracrRNA and Donor DNA (5´-CAC TCG TTT CTT GTC 

TCT TCT TTC TTC TCT AGG TGC TCA GAT TGA CGA CAA CAT TCC CCG CCG CAC 

AGC TCA GCG CAT CGT GGC ACC CCC TGG TGG CCG TGC CAA CAT CAC CAG CCT 

GGG CTA AAG CCC CTA GGC CTG CAG GCC ACT TGG GGA TGG GGG ATG GGA CAC 

CTG AGG ACA TTC TGA GAC TTC CTT TCT TCC AT-3´) were obtained from Integrated 

DNA Technologies (USA). Crispr RNA, Cas9 and Donor DNA were injected into FVB zygotes 

at the pronuclear site and surviving embryos were transferred into pseudo-pregnant mice. 

To identify founders, genotyping with genomic DNA samples from biopsies was performed 

by PCR. The primers for genotyping were: Forward, 5’- AGG ATT GTT CCT GGG CAT AC -

3’ and Reverse 5’- TCA TGA ACA CCA CAC CCA AG -3’. Then the point mutation at 1663 

A>G DPYSL2 gene was confirmed by DNA sequencing. The fragment for sequencing was 

obtained by PCR with genomic DNA samples and primers as mention above. The confirmed 

point mutation knock-in founders were crossed with FVB mice (Jackson Laboratory, 

Sacramento, USA) to generate heterozygous CRMP2-Thr555Ala mice. These were crossed 

with other heterozygous CRMP2-Thr555Ala mice to obtain wild type, heterozygous and 

homozygous CRMP2-Thr555Ala knock-in mice. 

Immunohistochemistry of cerebellar slice cultures  

Cultures were fixed in 4% PFA and then washed three times with phosphate buffer (PB). 

Primary antibodies (mouse anti-Calbindin, 1:500, Swant, Marly, Switzerland; No. 300; rabbit 

anti-CRMP2, 1:1000; Sigma-Aldrich, St. Louis, USA, No. C2993 and rabbit anti-pCRMP2, 

1:200; ECM Biosciences; No. CP2251) were diluted in PB with 0.03% Triton-X and 3% 

normal goat serum. Slices were then incubated overnight at 4°C under gentle agitation. 

Plates were washed three times with PB and secondary antibodies Alexa Fluor-568 goat anti-

rabbit (Molecular Probes, Eugene, USA; A11011) and Alexa Fluor-488 goat anti-mouse 

(Molecular Probes, Eugene, USA; A11001) were added at a concentration of 1:500 in PB 

with 0.01% Triton-X. Plates were washed again three times for 5 minutes, detached from the 

membranes and then mounted in Mowiol. Confocal microscopy was performed on an upright 

laser scanning microscope (Zeiss LSM700) equipped with solid‐state lasers. Images were 

acquired using a Plan-Apochromat 40x/1.3 Oil DIC M27 objective (Zeiss) and standard PMT 

detectors. Images were adjusted for contrast and brightness. 
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Immunohistochemistry of dissociated cultures  

Slides were fixed in 4% PFA and then washed 3x with phosphate buffer (PB). Primary 

antibodies including mouse anti-Calbindin (1:500; Swant, Marly, Switzerland; 300), rabbit 

anti-Calbindin (1:1000; Swant, Marly, Switzerland; CB38), rabbit anti-GFP (1:500; Abcam, 

Cambridge, UK; ab6556) and mouse anti-His (1:200; Life Technologies, Carlsbad, USA; 

710286), were diluted in PB with 0.03% Triton-X and 3% normal goat serum and slides were 

incubated for 1 hour at RT. Slides were washed three times with PB and secondary 

antibodies Alexa Fluor-568 goat anti-rabbit (Molecular Probes, Eugene, USA; A11011), Alexa 

Fluor-488 goat anti-mouse (Molecular Probes, Eugene, USA; A11001), Alexa Fluor-568 goat 

anti-mouse (Molecular Probes, Eugene, USA; A11004), Alexa Fluor-488 goat anti-rabbit 

(Molecular Probes, Eugene, USA; A11008) were added at a concentration of 1:500 in PB 

with 0.01% Triton-X. Slides were washed three times, the wells were detached from the glass 

and the slide mounted in Mowiol. Cultures were viewed on an Olympus AX-70 microscope 

equipped with a Spot digital camera. Images were adjusted for contrast and brightness. 

Statistical analysis 

The quantification of Purkinje cell dendritic tree size from organotypic slice cultures or 

dissociated Purkinje cell cultures was done as previously described (Gugger et al., 2012). 

Only Purkinje cells not overlapping with other cells were chosen for the analysis. Dendritic 

area was measured by outlining each cell in ImageJ. A minimum number of 40 cells per 

group from at least three independent experiments were included in the analysis. In case of 

transfection of CRMP2ki/ki dissociated cultures, two independent experiments were analyzed. 

GraphPad Prism was used for statistical analyses using the non-parametric Mann-Whitney’s 

test. Statistical significance was assumed when p<0.05. 
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2.5 Results 

CRMP2 interacts with PKCγ in the cerebellum  

Cerebella from p12 PKCγ(S361G)-mice or PKCγ-/--mice were lysed and PKCγ was 

immunoprecipitated using protein A/G coated agarose beads. Proteins pulled down along 

with PKCγ were identified using a shotgun mass spectrometry approach. Beads prepared 

with anti-vGlut1 antibody, a glutamate transporter expressed in axon terminals of cerebellar 

granule cells, were included in the experiment as a negative control. To exclude falsely 

identified, non-specifically bound proteins, the same experiment was performed using 

cerebellar lysates prepared from PKCγ-/--mice. Amongst the proteins co-purified from 

PKCγ(S361G)-lysates we identified CRMP2. Total identified spectra for CRMP2 were 

normalized to the total amount of spectra identified in each sample. The number of 

normalized total spectra counts for CRMP2 was strongly decreased in the PKCγ-/--pulldowns, 

confirming the specific binding of CRMP2 to PKCγ (Table 1).  

Table 1 Mass spectrometry analysis of cerebellar lysates from PKCγ(S361G)- and PKCγ-/--mice 

Numbers indicate normalized total spectra of two sample duplicates identified for the proteins 

indicated above (See Supplementary Table 1 for a detailed report). 

Bait 

PKCγ (sp|P63318|) CRMP2 (sp|O08553|) 

PKCγ(S361G) PKCγ-/- PKCγ(S361G) PKCγ-/- 

vGlut1 1 | 1 0 | 0 5 | 5 4 | 1 

PKCγ 33 | 34 0 | 0 28 | 35 8 | 4 

CRMP2 1 | 0 0 | 0 32 | 31 27 | 30 

Fold change 

(PKCγ(S361G)/PKCγ-/-) 
0.0 0.2 

p-value  

(students t-test) 
< 0.00010 0.027 
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In PKCγ-immunoprecipitations, CRMP2 was detected along with PKCγ in immunoblots, 

which was not the case when control rabbit IgG was used in the precipitation. The same was 

true in precipitations of CRMP2, where PKCγ and CRMP2 were both identified (Figure 1a).  

In order to confirm the interaction, we used the Duolink™ proximity ligation assay in HeLa 

cells (Figure 1b). As a positive control of a known CRMP2 interaction, we performed the 

assay using primary antibodies against CRMP2 and alpha-tubulin, both natively expressed in 

HeLa cells. After the addition of the Duolink plus and minus probes, this reaction produced a 

positive signal. When primary antibodies were omitted, the PLA signal could be abolished. 

HeLa cells transfected with wildtype PKCγ and labelled with antibodies against CRMP2 and 

PKCγ also displayed the PLA signal, verifying the close association of the two proteins. 

 

Figure 1 Interaction of CRMP2 and PKCγ 

a) Immunoblot showing the co-immunoprecipitation of CRMP2 and PKCγ from cerebellar lysates. 

Proteins were detected with the indicated antibodies. Normal rabbit IgG was used as a negative 

control. b) HELA cells were probed with α-PKCγ and α-CRMP2 antibody and the interaction detected 

via Duolink proximity ligation assay (top row); α-CRMP2 and α-alpha-tubulin antibodies were used as a 

positive control (middle row) and primary antibodies were omitted as a negative control (bottom row). 

Blue = nuclei stained with DAPI; red = PLA signal. Scale bar = 20 µm. 



Results 

37 

Phosphorylation of CRMP2 is increased in PKCγ(S361G) -mice 

In order to characterize the relation of CRMP2 to PKCγ, we used organotypic slice 

cultures (OTSCs) prepared from wildtype and PKCγ(S361G)-mice. Immunostainings 

confirmed that CRMP2 is expressed in various cell types of the cerebellum and that there 

was no apparent difference in localization or expression of the protein between wildtype and 

PKCγ(S361G)-mice (Figure 2a). We further assessed the gene and protein expression of 

CRMP2 in PKCγ(S361G)-mice. When we analyzed data from a gene chip microarray 

(Shimobayashi et al., 2016), we found no significant differences in CRMP2 mRNA expression 

between wildtype- and PKCγ(S361G)-mice (Figure 2b). RT-qPCR confirmed that mRNA 

expression levels were unaltered (Figure 2c). We then used lysates of OTSCs prepared from 

PKCγ(S361G)-mice for Western blotting and detected no differences in CRMP2 expression 

in PKCγ(S361G)-mice (Figure 2d). 
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Figure 2 Phosphorylation of CRMP2 is increased in PKCγ(S361G)-mice 

a) Immunostainings of CRMP2 in cerebellar OTSCs from Wt- and PKCγ(S361G)-mice show no visible 

differences in localization or expression of CRMP2. b) No changes in gene expression were detected 

in a gene chip assay and c) quantitative RT–PCR. d) Immunoblot of CRMP2 expression in cerebellar 

lysates prepared from Wt- and PKCγ(S361G)-mice. Summary of the Western blot analysis of five 

independent experiments showing that the expression of CRMP2 normalized to actin is unchanged. e) 

Immunostainings of pCRMP2 in cerebellar OTSCs from Wt- and PKCγ(S361G)-mice show an 

upregulation of phosphorylated CRMP2 in Purkinje cells. f) Immunoblot of cerebellar lysates prepared 

from OTSCs. There is an increase of pCRMP2 in PKCγ(S361G)-OTSCs or Wt-cultures treated with 1 

µM PMA. Summary of the Western blot analysis showing the mean of five independent experiments. 

The expression of pCRMP2 normalized to total CRMP2 is upregulated approximately 2.3-fold in 

PKCγ(S361G)-mice and 1.7-fold in PMA treated cultures compared to untreated controls. Scale bars 

= 25 µm. 

Since CRMP2 functions are primarily regulated by posttranslational modifications, we 

decided to focus on the Thr555 phosphorylation site, which had been previously shown to be 

a target of PKC (Marques et al., 2013). In PKCγ(S361G)-transgenic mice, while total CRMP2 

expression and localization remained unchanged, levels of CRMP2 phosphorylated at 

Thr555 (pCRMP2) were strongly increased in OTSCs. The upregulation of pCRMP2 in 

PKCγ(S361G)-mice was essentially confined to Purkinje cells confirming the strong cell-

specific upregulation (Figure 2e). Analysis of immunoblots comparing samples from 

organotypic slice cultures also confirmed the increase in CRMP2 phosphorylation in 

PKCγ(S361G)-cultures and in wildtype cultures treated with the PKC activator Phorbol 12-

myristate 13-acetate (PMA) (Figure 2f). It therefore seems likely that the increase in CRMP2 

phosphorylation is a consequence of increased PKCγ kinase activity in PKCγ(S361G)-mice 

while overall expression of CRMP2 remained unaffected. 

Knockdown of CRMP2 impairs dendritic development of cerebellar 

Purkinje cells 

Since phosphorylation of CRMP2 was upregulated specifically in cerebellar Purkinje cells 

in PKCγ(S361G)-mice, we aimed to further investigate the role of CRMP2 for dendritic 

development of Purkinje cells. We first overexpressed wildtype CRMP2 (Wt-CRMP2) with an 

added GFP-tag in dissociated cerebellar cultures specifically in Purkinje cells using a vector 

containing the L7 promotor. Purkinje cells transfected with a GFP control vector showed 

normal dendritic development. Also, the overexpression of CRMP2 did not alter dendritic 

development as determined by measuring the Purkinje cell dendritic area (Figure 3a-b).  
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Figure 3 CRMP2 regulates dendritic development of cerebellar Purkinje cells 

a) Dissociated cerebellar cultures showing Purkinje cells stained with calbindin. Cultures were 

transfected with GFP or GFP-tagged wildtype CRMP2 under the control of a Purkinje cell specific 

promotor to overexpress wildtype CRMP2. More examples of Purkinje cells for the different 

treatments are shown in Supplementary Figure 3b) Quantification of Purkinje cell dendritic area shows 

no significant changes (GFP only: n = 49; CRMP2-GFP: n = 109). c) miRNA mediated knockdown of 

CRMP2. Transfection of dissociated cultures using knockdown constructs containing the L7-promotor, 

a His-GST reporter and either a control miRNA or CRMP2 specific miRNA. d) Quantification of the 

gross dendritic area shows a statistically significant decrease of the Purkinje cell dendritic area after 

CRMP2 knockdown (p < 0.001; miRNA-Ctrl: n = 130; miRNA-CRMP2: n = 73); Data were acquired 

from 4 independent experiments respectively and are shown as the mean ± SEM. Scale bar = 25 µm. 

We then explored the effect of a reduction of CRMP2 by miRNA mediated knockdown of 

the protein. The miRNA sequence used for transfection was selected based on its 

knockdown efficiency in HEK293 cells (Supplementary Figure 1a). The miRNA was then 

expressed using a L7-plasmid containing a His-GST fusion protein as a reporter. Purkinje 

cells transfected with the miRNA displayed reduced CRMP2 expression levels 

(Supplementary Figure 1b) and had a significantly decreased Purkinje cell dendritic area 

(Figure 3c-d). This finding shows that CRMP2 is required for correct dendritic development 

in Purkinje cells while an excess of the wildtype protein does not seem to exert a negative 

effect.  
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Purkinje cell dendritic development is modulated by CRMP2 

phosphorylation 

Since Purkinje cell dendritic development is impaired in PKCγ(S361G)-mice, we 

investigated the relationship between the phosphorylation of CRMP2 and dendritic outgrowth 

and created constructs for the expression of phospho-defective (T555A) and phospho-

mimetic (T555D) mutants of CRMP2. The mutant-CRMP2 variants were expressed with a 

GFP-tag under the control of the L7-promotor for Purkinje cell specific expression and 

transfected into dissociated cerebellar cultures. Transfection of the phospho-defective 

T555A-CRMP2 resulted in a small but significant decrease of Purkinje cell dendritic area 

(Figure 4a-b). Transfection of the phospho-mimetic T555D mutant resulted in a more 

pronounced reduction of the Purkinje cell dendritic area (Figure 4a-b). Since transfected 

Purkinje cells still express native CRMP2 that retains the ability to be phosphorylated, 

potential effects of transfected T555A-CRMP2 could have been quenched by native CRMP2. 

The phospho-mimetic mutant resulted in a strong inhibition of dendritic growth reminiscent 

of the morphology seen in Purkinje cells derived from PKCγ(S361G)-mice (Figure 4c). As 

CRMP2-phosphorylation is greatly increased in PKCγ(S361G) transgenic Purkinje cells, the 

phosphorylation of CRMP2 could be one of the mediators of the reduction of dendritic 

growth seen in these cells.  
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Figure 4 Dendritic development in Purkinje cells is modulated by CRMP2 phosphorylation 

 a) Dissociated cerebellar cultures showing Purkinje cells expressing GFP. Cells were transfected with 

GFP or GFP-tagged wildtype CRMP2, phospho-defective (T555A) or phospho-mimetic (T555D) 

CRMP2 under a Purkinje cell specific promotor. More examples of Purkinje cells for the different 

treatments are shown in Supplementary Figure 4. Scale bar = 25 µm. b) Analysis of the Purkinje cell 

dendritic area shows a statistically significant reduction in cells transfected with T555A- or T555D-

CRMP2 (p < 0.001; GFP only: n = 49; CRMP2-GFP: n = 109; T555A-GFP: n = 58; T555D: n = 126). c) 

Example of a typical Purkinje cell in dissociated cerebellar cultures prepared from PKCγ(S361G)-mice 

showing the typical stunted dendritic morphology. Data were acquired from 4 independent 

experiments of GFP-, CRMP2- and T555D-transfections and 3 independent experiments for T555A. 

Data are shown as the mean ± SEM. 

Generation of CRMP2ki /k i-mice 

Because the presence of native CRMP2 could have compensatory effects in transfection 

experiments, we created a CRMP2 knock-in mouse carrying the T555A mutation using the 

CRISPR/Cas9/-system in an FVB background (Figure 5a-c). 
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Figure 5 Generation of CRMP2ki/ki-mice 

The single point mutant (c. 1663 A>G; p. Thr555Ala) in knock-in mice was generated in FVB 

background with the CRISPR/Cas9 engineering system. a) Schematic representation of the DPYSL2 

gene (Chromosome 14, 34.60 cM) and the Crispr RNA target locus. crRNA sequence is outlined in 

blue. The protospacer adjacent motif (PAM) is outlined in orange. The displayed donor DNA sequence 

was introduced to generate the edited final sequence including an AluI restriction site. The 1663 A>G 

mutation is indicated in red and mutations of the restriction site in green. b) The mutations were 

confirmed by DNA sequencing. Arrowheads successful introduction of the respective mutations. c) 

Genomic PCR shows multiple bands after AluI digestion, indicating presence of the mutation.  

In these knock-in mice, general cerebellar development and Purkinje cell dendritic 

development in OTSCs from CRMP2ki/ki-mice was unchanged (Figure 6a-c). Immunostainings 

showed that expression levels of CRMP2 remained unchanged in CRMP2ki/ki-OTSCs 

compared to cultures prepared from control animals (Fig. 6b), while phosphorylation of 

CRMP2 at Thr555 was abolished (Figure 6d). When these cultures were treated with PMA 

there was no increase in pCRMP2 (Figure 6e), confirming the successful knock-in of the 

mutation.  
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Figure 6 CRMP2 phosphorylation at Thr555 is abolished in CRMP2ki/ki-mice 

a) Frozen cerebellar sections from Ctrl- and CRMP2ki/ki-mice (postnatal day 12); Scale bar = 200 µM. 

Gross cerebellar morphology appears normal in CRMP2ki/ki-mice. b) Immunostainings of OTSCs 

prepared from from Ctrl- and CRMP2ki/ki-mice show no differences in CRMP2 expression. Scale bar = 

25 µm; c) Cerebellar OTSCs from CRMP2ki/ki-mice show normal development as shown by the 

analysis of Purkinje cell dendritic area (CRMP2Wt/Wt: n = 93; CRMP2Ki/Wt: n = 63; CRMP2Ki/Ki: n = 77). 

Data were acquired from 4 independent experiments of CRMP2wt/wt-cultures and 3 independent 

experiments for CRMP2Ki/Wt for CRMP2Ki/Ki. Data are shown as the mean ± SEM. d) Immunostainings of 

pCRMP2 in cerebellar OTSCs from Ctrl- and CRMP2ki/ki-mice show that CRMP2 phosphorylation was 

successfully abolished; Scale bar = 25 µm; e) Immunoblots of CRMP2 and pCRMP2 expression in 

cerebellar OTSCs from CRMP2Wt/Wt-, CRMP2 Ki/Wt- and CRMP2Ki/Ki-mice show that pCRMP2 expression 

is abolished in knock-in animals and cannot be increased by treatment with PMA. 
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Dendritic development in dissociated cerebellar cultures from CRMP2 ki /k i-

mice is impaired and can be rescued by transfection of Wt- or T555D-

CRMP2 

In contrast to our findings in OTSCs, we observed that in dissociated cerebellar cultures, 

dendritic development of Purkinje cells derived from CRMP2ki/ki-mice was strongly impaired 

(Figure 7a, c). The dendritic reduction in this case was more pronounced than when 

dissociated cultures from control animals were transfected with the T555A-mutant (Figure 

7c). We attempted to rescue CRMP2 function by transfecting the wildtype or the T555D-

mutant of CRMP2 into dissociated cerebellar cultures from CRMP2ki/ki-mice to reconstitute 

internal levels of pCRMP2. Purkinje cells transfected with wildtype CRMP2 showed an almost 

complete rescue that was statistically significant (Figure 7c). Transfection of the phospho-

mimetic CRMP2 only resulted in a much smaller increase of the Purkinje cell dendritic area, 

which still reached statistical significance (Figure 7c). These results indicate that dynamic 

phosphorylation and dephosphorylation of CRMP2 is essential for Purkinje cell dendritic 

development. This could only be fully restored in the mutant by transfection of Wt-CRMP2, 

transfection of the phospho-mimetic mutant had a much smaller rescuing effect.  
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Figure 7 Dendritic development in CRMP2ki/ki-mice is impaired in dissociated cerebellar cultures 

and can be rescued by transfection of Wt- or T555D-CRMP2 

a) Dissociated cerebellar cultures prepared from Ctrl-mice transfected with GFP only or GFP-T555A 

compared to cultures prepared from CRMP2ki/ki-mice transfected with GFP only. b) Dissociated 

cultures from from CRMP2ki/ki-mice transfected with GFP only, GFP-CRMP2 or GFP-T555D. More 

examples of Purkinje cells for the different treatments are shown in Supplementary Figure 5c) 

Analysis of Purkinje cell dendritic area shows a statistically significant reduction of Purkinje cell 

dendritic area in CRMP2ki/ki-cells transfected with GFP when compared to controls transfected with 

GFP (p < 0.001). There is a virtually complete rescue effect of the Purkinje cell dendritic area after 

transfection of Wt-CRMP2 (p < 0.001) and a less pronounced rescue after transfection with T555D-

CRMP2 (p < 0.05) (Ctrl + GFP: n = 49; Ctrl + T555A: n = 58; CRMP2ki/ki+ GFP: n = 40; CRMP2ki/ki+ 

CRMP2: n = 49; CRMP2ki/ki+ T555D: n = 40). Data were acquired from 4 independent experiments for 

Ctrl + GFP, 3 independent experiments for Ctrl + T555A and CRMP2ki/ki+ GFP, and 2 independent 

experiments for CRMP2ki/ki+ CRMP2 and CRMP2ki/ki+ T555D. Data are shown as the mean ± SEM. 

Scale bars = 25 µm. 

2.6 Discussion 

In this manuscript we have identified CRMP2 as a major target of PKCγ phosphorylation in 

cerebellar Purkinje cells. The interaction of PKCγ and CRMP2 could be confirmed by co-

immunoprecipitation and the proximity ligation assay. Furthermore, CRMP2 phosphorylation 

at Thr555 was strongly increased in the PKCγ(S361G)-mouse model with a constitutive 

active PKCγ kinase domain. As in this mouse model Purkinje cell development is severely 

impaired, we have further explored the effects of CRMP2 phosphorylation at Thr555 on 

dendritic development. Surprisingly, Purkinje cell dendritic development was impaired when 

CRMP2 expression in Purkinje cells was knocked down or when either a phospho-defective 

or a phospho-mimetic version of CRMP2, but not when wildtype CRMP2 was overexpressed 

in Purkinje cells highlighting the crucial role of Thr555 phosphorylation for the regulation of 
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dendritic development. This finding was confirmed in Purkinje cells from a novel knock-in 

mouse model with a CRMP2 containing a phospho-defective Thr555 phosphorylation site. 

Dendritic development of Purkinje cells from this mouse model was also strongly impaired 

and could be restored by transfection of wildtype, but less so with phospho-mimetic CRMP2 

suggesting that dynamic phosphorylation and dephosphorylation at this site are required for 

proper Purkinje cell dendritic development. Our findings show that CRMP2 phosphorylation 

at Thr555 is a major mediator of the regulation of Purkinje cell dendritic growth by PKCγ. 

Identification of CRMP2 as a phosphorylation target and an interactor of 

PKCγ in Purkinje cells 

CRMP2 is a well-known member of the CRMP family of proteins controlling axonal 

outgrowth and dendritic development (for review see Quach et al. 2015, Yamashita and 

Goshima 2012). The activity and function of CRMP2 is strongly determined by its 

phosphorylation state (Yamashita and Goshima, 2012) and one of its phosphorylation sites, 

Thr555, is subject to phosphorylation by protein kinase C (Marques et al., 2013). We have 

identified CRMP2 as a protein pulled down by immunoprecipitation of PKCγ followed by 

mass spectrometry. The interaction of CRMP2 with PKCγ was then confirmed with classical 

co-immunoprecipitation experiments and a proximity ligation assay. In the PKCγ(S361G) 

mouse model there is a Purkinje cell specific expression of a mutated form of PKCγ with a 

constitutive active kinase domain. Strikingly, in Purkinje cells from these mice 

phosphorylation of CRMP2 at Thr555 is strongly increased confirming phosphorylation by 

PKCγ. At the same time, the gene and protein expression levels of total CRMP2 remained 

equal compared to wildtype controls. 

CRMP2 is known to regulate neurite outgrowth (Arimura et al., 2000; Fukata et al., 2002) 

and regulates dendritic development of CA1 pyramidal neurons (Zhang et al., 2016) and 

cortical pyramidal cells (Yamashita et al., 2012). We therefore focused on CRMP2 as a 

potential mediator of the effects of PKCγ for Purkinje cell dendritic development. 

CRMP2 phosphorylation regulates dendritic outgrowth of cerebellar 

Purkinje cells  

We have studied the role of CRMP2 for Purkinje cell dendritic development mostly in 

dissociated cerebellar cultures allowing the transfection of Purkinje cells with the appropriate 

expression plasmids. In agreement with our findings that there are only minor changes of 

CRMP2 protein expression in cells of the PKCγ(S361G)-mouse, overexpression of wildtype 

CRMP2 protein had no detectable effects on dendritic development. In contrast, miRNA-
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mediated knockdown of CRMP2 led to a reduction of dendritic tree development. This is 

consistent with the notion that a lack of CRMP2 cannot be fully compensated for by changes 

in its phosphorylation state when the expression levels simply get too low. These 

experiments suggest that CRMP2 plays an important role for Purkinje cell dendritic growth. 

In order to address how CRMP2 phosphorylation affects dendritic development, we 

generated DNA constructs to transfect mutants of CRMP2 into dissociated cultures that 

either lacked the ability to be phosphorylated (T555A) or mimicked the phosphorylated state 

of CRMP2 (T555D). Transfection of both phospho-mutants reduced dendritic tree 

development markedly, with the T555D-mutant having the more pronounced effect. These 

results point to a negative effect exerted by phosphorylated CRMP2, which is also consistent 

with the situation in the PKCγ(S361G) mouse model where CRMP2 phosphorylation is 

increased and dendritic development is compromised. In fact, phosphorylation of CRMP2 at 

Thr555 has been associated with decreased neurite outgrowth, growth cone collapse and 

decreased association to microtubules (Arimura et al., 2000). Furthermore, increased levels 

of CRMP2 phosphorylated at Thr555 were found in spinal cord neurons from patients with 

Alzheimer’s disease and active multiple sclerosis lesions (Petratos et al., 2012; Mokhtar et al., 

2018). Interestingly, also the transfection of the phospho-deficient mutant T555A resulted in 

a reduction of dendritic development. A simple model assuming that T555A promotes and 

T555D inhibits dendritic growth thus does not apply, rather transfection of any mutant 

suppressing dynamic phosphorylation and dephosphorylation appears to have a negative 

effect.  

Importance of phosphorylation dynamics for Purkinje cell dendritic growth 

confirmed by T555A-CRMP2ki / k i-mice 

It is important to bear in mind that in cultures transfected with the phosphorylation-

mutants of CRMP2, Purkinje cells still express the wildtype protein. Therefore, potential 

detrimental effects of phospho-deficient CRMP2 could have been quenched by endogenous 

CRMP2. For a better understanding of the effects of deactivated CRMP2 phosphorylation, we 

generated a knock-in mouse model using the CRISPR/Cas9 system, inserting the T555A 

point mutation. In this mouse model, potential background effects of native CRMP2 are 

eliminated.  

Morphologically, cerebella from CRMP2ki/ki-mice appeared normal and organotypic slice 

cultures prepared from these mice did not show any overt changes in dendritic outgrowth of 

Purkinje cells. However, Purkinje cells in dissociated cerebellar cultures show impaired 

dendritic development which was more pronounced than after transfection with T555A or 
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T555D. This phenotype could be rescued almost completely by transfecting wildtype 

CRMP2. Transfecting the T555D variant gave some improvement but could not completely 

rescue the phenotype. This indicates that having both CRMP2-T555A and CRMP2-T555D 

present in the Purkinje cell is better than only having one variant, but in order to achieve full 

recovery the dynamic switch between the phosphorylation states is required. This is in 

agreement with the known growth dynamics of Purkinje cell dendrites which go through 

stages of elongation and retraction (Lordkipanidze and Dunaevsky, 2005), a process which 

would require a continuous change between phosphorylation and de-phosphorylation of 

CRMP2. 

PKCγ, CRMP2 phosphorylation and Purkinje cell dendritic development  

Our findings are compatible with a simple model in which increased activity of PKCγ will 

lead to increased phosphorylation of CRMP2 at Thr555 and to a destabilization of the 

dendrites, probably through a destabilization of the microtubule network (Fukata et al., 2002; 

Chae et al., 2009). CRMP2 in this model is an important downstream effector of increased 

PKC activity explaining at least partially the impaired dendritic growth seen with PKC 

activation in Purkinje cells. Dynamic microtubule stability is important for correct dendritic 

development and knockdown or overexpression of the microtubule destabilizer stathmin 

both decrease dendritic development of cultured cerebellar Purkinje cells (Ohkawa et al., 

2007). CRMP2 as a microtubule stabilizing protein could similarly influence microtubule 

dynamics in Purkinje cell dendritic development (see Figure 8). 

 

Figure 8 Model for the regulation of Purkinje cell dendritic development via PKCγ activity and 

CRMP2 phosphorylation 

a) Increased PKCγ activity leads to impaired dendritic development in cerebellar Purkinje cells. The 

mediators of this effect are largely unknown. b) We have found that an increase in PKCγ activity 

results in elevated CRMP2 phosphorylation at threonine 555, which could decrease microtubule 

stability and impair dendritic development. This can explain some of the effects of increased PKCγ 

activity on dendritic development. 
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In our experiments, the effects of CRMP2 for dendritic outgrowth were much more 

evident in dissociated cerebellar cultures compared to the in situ native development of 

frozen cerebellar sections. This might be explained by the fact that CRMP2 is a member of a 

family of proteins comprised of CRMP1-5, some of which share similar functions and can 

interact with one another. It is therefore likely that other family members like CRMP1 and 

CRMP5 might have compensated for the effects of CRMP2 in these experiments (Brot et al., 

2010). In dissociated cerebellar cultures Purkinje cells are more fragile and have less cellular 

contacts compared to organotypic slice cultures or the in vivo situation, thus effects from 

inadequate CRMP2 phosphorylation will be more penetrant. Furthermore, CRMP2 itself has 

additional phosphorylation sites like the GSK3β target site Thr514 or the Cdk5 

phosphorylation site Ser522, which are also important for dendritic development (Yamashita 

and Goshima, 2012; Tan et al., 2013; Yamazaki et al., 2020) and which might be partially 

overlapping in activity with the Thr555 site. We found that pSer522 levels were unchanged in 

PKCγ(S361G)-mice and after PMA treatment of OTSCs (Supplementary Figure 2c) and that 

Thr514 was only weakly increased (Supplementary Figure 2d), which is likely to be a 

downstream effect of Thr555 phosphorylation (Ikezu et al., 2020).  

Taken together, our findings show that CRMP2 is a major target of PKCγ phosphorylation 

and an important effector of the reduction of dendritic growth seen after increased PKCγ 

activity.  
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Supplementary Figure 1 miRNA-mediated knockdown of CRMP2 

a) HEK293 cells were transfected with CRMP2 and either CRMP2-specific miRNA or an unspecific 

control miRNA. b) CRMP2 expression is reduced in dissociated Purkinje cells either transfected with 

CRMP2-miRNA. Arrows show the Purkinje cell soma. Scale bar =25µm.  
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Supplementary Figure 2 CRMP2 phosphorylation in PKCγ(S361G)-mice 

Immunoblots prepared from OTSCs of Wt- or PKCγ(S361G)-mice or Wt-cultures treated with PMA 

showing the expression of total CRMP2 (a), pThr555-CRMP2 (b), pS522-CRMP2 (c) or pThr514-

CRMP2 (d). 
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Supplementary Figure 3 Examples of transfected cells for the overexpression of CRMP2 or its 

phospho-mimetic and phospho-defective mutants 

Additional images of dissociated cerebellar cultures showing Purkinje cells expressing GFP. Cells 

were transfected with GFP (a) or GFP-tagged wildtype CRMP2 (b), phospho-defective (T555A) (c) or 

phospho-mimetic (T555D) (d) CRMP2 under a Purkinje cell specific promotor; Scale bars = 25 µm.
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Supplementary Figure 4 Examples of transfected cells for the knockdown of CRMP2 

Additional images of transfected dissociated cultures using knockdown constructs containing the L7-

promotor, a His-GST reporter and either a control miRNA (a) or CRMP2 specific miRNA (b). Scale 

bars = 25 µm. 
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Supplementary Figure 5 Examples of transfected CRMP2ki/ki cultures transfected with wildtype 

CRMP2 or the T555D-mutant 

Additional images of dissociated cultures from from CRMP2ki/ki-mice transfected with GFP only (a), 

GFP-CRMP2 (b) or GFP-T555D (c). Scale bars = 25 µm. 

Supplementary Table 1 Report of results LC-MS/MS  

Samples were prepared from either PKCγ(S361G)- or PKCγ-/--mice. Antibodies against vGlut1, PKCγ 

or CRMP2 were used for the immunoprecipitation of the bait proteins. Total spectra of two sample 

duplicates are shown for the identified proteins. The table can be found online at: https://static-

content.springer.com/esm/art%3A10.1007%2Fs12035-020-02038-

6/MediaObjects/12035_2020_2038_MOESM6_ESM.xlsx 
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3. Additional Data 

The following section contains unpublished results. 

3.1 Phosphorylation of CRMP2 in PKCγ(S361G)-mice is unchanged at GSK3β 

and Cdk5 target sites 

CRMP protein functions are closely regulated by phosphorylation through several kinases. 

Phosphorylation of Ser522 via Cdk5 seems to act as a priming step enabling subsequent 

phosphorylation at GSK3β (Yoshimura et al., 2005; Cole et al., 2006). Recently, CRMP2 was 

shown to be a new downstream target of Tau-tubulin kinase 1 (TTBK1) (Ikezu et al., 2020). In 

vitro, TTBK1 induced phosphorylation of CRMP2 at T514, which was completely prevented 

by the mutation of serine 522 to alanine. Interestingly, mutation of threonine 555 to alanine 

was also partially able to abolish TTBK1-dependent phosphorylation, suggesting that also 

Thr555 could have some priming function.  

To investigate whether phosphorylation of CRMP2 was also altered at other sites in our 

PKCγ(S361G) mouse model, we performed antibody stainings on OTSCs. As observed 

before, CRMP2 expression was comparable between wildtype and PKCγ(S361G)-mice 

(Figure IX a) while the levels of pThr555-CRMP2 were upregulated specifically in Purkinje 

cells (Figure IX d). Additionally, phosphorylation of Thr514 appeared to be generally 

upregulated to a small degree as well (Figure IX b). Phosphorylation of Ser522 on the other 

hand appeared unchanged between wildtype and PKCγ(S361G)-mice (Figure IX c).  
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Figure IX Phosphorylation of different CRMP2 target sites  

Immunostainings of CRMP2 and different pCRMP2 variants in cerebellar OTSCs from Wt- and 

PKCγ(S361G)-mice. a) There is no visible difference in localization or expression of CRMP2. b) 

CRMP2 phosphorylated at Thr514 appears to be generally upregulated in PKCγ(S361G)-mice, while 

phosphorylation at Ser522 seems unchanged c). As shown before, phosphorylation of CRMP2 at 

Thr555 is specifically upregulated in Purkinje cells in PKCγ(S361G)-mice. Scale bars = 25 µm. 
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CRMP2 phosphorylation at either Thr514, Ser522 or Thr555 was also investigated using 

Western blots. Phosphorylation of CRMP2 at Thr555 was upregulated in both, cultures 

prepared from PKCγ(S361G)-mice and cultures treated with PMA. This also seemed to be 

the case, if much less pronounced, for Thr514, while Ser522 phosphorylation was similar 

across wildtype, PKCγ(S361G)- and wildtype cultures treated with PMA (see Supplementary 

Figure 2). 

To further explore the contribution of other phosphorylation sites on Purkinje cell dendritic 

development, we performed preliminary tests of CRMP2 phosphorylation inhibitors. 

Cerebellar organotypic slice cultures were treated with either (S)-lacosamide or naringenin 

and its derivative naringenin-7-O-glucuronide (N7O). (S)-lacosamide was shown to inhibit 

CRMP2 phosphorylation at Ser522 likely through the prevention of the Thr514 priming 

phosphorylation (Wilson et al., 2014). Naringenin and N7O have been associated with the 

inhibition of CRMP2 phosphorylation only recently and apparently act on the Thr514 

phosphorylation site (Khan et al., 2012; Yang, Kuboyama and Tohda, 2017; Lawal, Olotu and 

Soliman, 2018).  

Our first experiments do not show an effect of lacosamide on the dendritic development 

of neither control- or PKCγ(S361G)-cultures (Figure X a). However, more concentrations 

should be tested to see whether the dose used was sufficient to elicit a biological effect. 
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Figure X Treatment of organotypic slice cultures with inhibitors of CRMP2 phosphorylation 

Quantification of Purkinje cell dendritic area in OTSCs from either control- or PKCγ(S361G)-mice. a) 

Cultures were treated with either with DMSO or with 200 µM (S)-lacosamide. Dendritic outgrowth is 

impaired similarly in cultures from PKCγ(S361G)-mice treated with DMSO or (S)-lacosamide. At least 

20 cells were measured per group. Data were acquired from 1 experiment. b) Cultures were treated 

with different concentrations of naringenin and its derivative N7O. Decreased dendritic expansion of 

Purkinje cells was similar between most groups except in cultures treated with 1 µM naringenin, 

where dendritic development was slightly improved compared to DMSO treated cultures. At least 18 

cells were measured per group. Data were acquired from 1 experiment. Data are shown as the mean 

± SEM. 

In case of naringenin and N7O, more concentrations were tested. Generally, there was 

only a slight effect on the Purkinje cell dendritic area in cultures treated with 1 µM of 

naringenin which was also the most potent concentration in another study exploring Aβ-

induced axonal atrophy (Yang et al., 2017). The effects of naringenin/N7O have so far not 

been extensively characterized, however, this pilot experiment offers an interesting starting 

point to examine the cross-effects of different CRMP2 phosphorylations.  

3.2 Inhibition of CaMKII does not decrease Thr555 phosphorylation in 

PKCγ(S361G)-mice 

Our findings have shown that there is an increase in CRMP2 phosphorylation at threonine 

555 in PKCγ(S361G)-mice. PKC is only one kinase targeting of the Thr555 phosphorylation 

site amongst others such as CaMKII and ROCK2 (Arimura et al., 2000, 2005; Hou et al., 

2009). Additionally, PKC has been shown to also modulate CaMKII and RhoA activity 

(Sugawara et al., 2017; Rosas-Hernández et al., 2019). In order to exclude that the increase 
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of pCRMP2 is mediated through an indirect effect via CaMKII, we treated OTSCs with the 

CaMKII inhibitor KN-93. In these experiments, KN-93 did not improve dendritic outgrowth of 

Purkinje cells in cultures prepared from PKCγ(S361G)-mice when compared to DMSO 

treated cultures (Figure XI a). We also checked whether the inhibition of CaMKII effectively 

decreased pCRMP2 protein levels in Western blots and could not detect any apparent 

changes (Figure XI b).  

 

Figure XI Inhibition of CaMKII does not decrease Thr555 phosphorylation in PKCγ(S361G)-mice 

Organotypic slice cultures prepared from control or PKCγ(S361G)-mice were treated with either 

DMSO or the CaMKII inhibitor 5 µM KN-93. a) Quantification of Purkinje cell dendritic area in OTSCs 

shows no rescue of dendritic development through the inhibition of CaMKII. (Control + DMSO: n  = 13; 

PKCγ(S361G) + DMSO: n = 28; PKCγ(S361G) + KN-93: n = 28) Data were acquired from 1 

experiment for Ctrl + DMSO and 2 independent experiments for PKCγ(S361G) + DMSO or KN-93 

respectively. Data are shown as the mean ± SEM. b) Western blot analysis of CRMP2 phosphorylation 

shows similar levels of pThr555-CRMP2 in DMSO and KN-93 treated PKCγ(S361G)-cultures. 

These early experiments suggest that CaMKII is not involved in the upregulation of 

pCRMP2 in PKCγ(S361G)-mice and suggest that CRMP2 phosphorylation at the Thr555 site 

was by direct interaction with PKCγ. Nevertheless, further experiments with inhibitors of 

ROCK2 activity will be necessary to further exclude a possible involvement of other kinases 

in CRMP2 phosphorylation in the context of Purkinje cell dendritic development. 

3.3 Impaired dendritic development of Purkinje cells from PKCγ(S361G)-

mice cannot be rescued through the transfection of CRMP2 

Transfection of the T555D-mutant into dissociated wildtype cerebellar cultures leads to 

reduced dendritic expansion of Purkinje cells (Figure 4 a-b). This negative effect of the 
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phospho-mimetic CRMP2 on dendritic outgrowth could at least partially explain the reduced 

size of Purkinje cell dendritic trees in PKCγ(S361G)-mice. We therefore aimed to explore 

whether a reconstitution of non-phosphorylated CRMP2 could rescue dendritic growth in 

dissociated cultures. 

Purkinje cells in dissociated cerebellar cultures prepared from PKCγ(S361G)-mice show a 

strongly diminished dendritic tree with thickened, short dendrites (Figure 4c). Transfection of 

neither wildtype, nor phospho-defective CRMP2 was able to rescue the dendritic reduction 

of Purkinje cells, while transfection of phospho-mimetic T555D-CRMP2 further reduced 

dendritic outgrowth significantly (Fig. VIII, a-b; p < 0.05).  

 Figure VIII Reconstitution of CRMP2 phosphorylation does not rescue dendritic development in 

PKCγ(S361G)-dissociated cultures 

a) Transfected Purkinje cells in dissociated cerebellar cultures prepared from control- or 

PKCγ(S361G)-mice. Purkinje cells from PKCγ(S361G)-mice show a strong reduction of Purkinje cell 

dendritic area. b) Analysis of the dendritic Purkinje cell area. Transfection of His-CRMP2 or His-T555A 

did not change Purkinje cell dendritic outgrowth. When PKCγ(S361G)-cultures are transfected with 

His-T555D, dendritic expansion is even further decreased (p < 0.05). (Wildtype + His-GST: n = 32; 

PKCγ(S361G) + His-GST: n = 10; PKCγ(S361G) + His-CRMP2: n = 27; PKCγ(S361G) + His-T555A: n = 

24; PKCγ(S361G) + His-T555D: n = 42). Data were acquired from 1 experiment for Ctrl + His-GST, 

PKCγ(S361G) + His-GST and PKCγ(S361G) + His-CRMP2, 3 independent experiments for Ctrl + 

T555A and CRMP2ki/ki+ GFP, and 2 independent experiments for PKCγ(S361G) + His-T555A and 

PKCγ(S361G) + T555D. Data are shown as the mean ± SEM. Scale bar = 25 µm. 
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These results confirm a negative effect of T555D-CRMP2. Our findings also suggest that 

overexpression of CRMP2 with different phosphorylation levels cannot revert the effects PKC 

activation in PKCγ(S361G)-mice. 

3.4 Tubulin stabilization is impaired in PKCγ(S361G)-mice 

As we have shown in this study, a dysregulation of CRMP2 phosphorylation at threonine 

555 impairs dendritic development in cerebellar Purkinje cells in dissociated cultures. 

CRMP2 is a protein involved in a plethora of different interactions and the pathways affected 

in Purkinje cell dendritic development still remain unclear. Phosphorylation of CRMP2 at 

most of its known phosphorylation sites leads to impaired neurite outgrowth (see Moutal, 

White, et al., 2019 for a detailed review). This effect is thought to be mediated by disrupting 

the binding of CRMP2 to components of the cytoskeleton, especially tubulin. 

Acetylation of tubulin occurs on lysine 40 after it has been polymerized into microtubules 

and is therefore an indication of stabilized microtubules. In cerebellar Purkinje cells, tubulin 

acetylation has been shown to promote dendritogenesis (Ohkawa et al., 2008). 

We therefore stained cerebellar sections of control-, PKCγ(S361G)- and CRMP2ki/ki-mice 

at postnatal day 12 for acetylated-α-tubulin. In control and CRMP2ki/ki-mice, acetylated tubulin 

is found in the soma and dendrites of Purkinje cells in the cerebellum (Figure IX a, c). In 

PKCγ(S361G)-mice, this is also the case in most areas of the cerebellum. However, 

morphologically aberrant cells, mostly found in lobule VII, seem largely devoid of acetylated-

α-tubulin (Figure IX b).  
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Figure IX Tubulin acetylation is decreased in PKCγ(S361G)-mice 

Frozen sagittal sections of the cerebellum from control-, PKCγ(S361g)- and CRMP2ki/ki-mice at 

postnatal day 12. While acetylated α-tubulin is detected in soma and dendrites of Purkinje cells in 

control (a) and CRMP2ki/ki-animals (c), especially morphologically aberrant cells in lobule VII are largely 

devoid of acetylated tubulin (b). Scale bars = 25 µm. 

We additionally attempted to detect changes in tubulin acetylation levels by Western blot, 

which did not show any changes between control, PKCγ(S361G)- and CRMP2ki/ki-mice 

(Figure X).
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Figure X Tubulin acetylation in cerebellar lysates 

Western blot of analysis of tubulin acetylation compared between control, PKCγ(S361G)- and 

CRMP2ki/ki-mice. Both, the expression of α-tubulin and the levels of tubulin acetylation appear 

unchanged between groups. 

As the changes in total acetylated tubulin are most likely only minimally altered due to the 

relatively small number of cells affected, this assay is probably not sensitive enough for our 

purposes. Our findings could point to a disruption in tubulin stabilization during Purkinje cell 

development in PKCγ(S361G)-mice. However, another methodology should be chosen to 

confirm the findings and also to explore, whether tubulin acetylation is also affected in our 

CRMP2ki/ki-mouse. 

3.5 Climbing- and parallel fiber inputs appear normal in CRMP2ki/ki-mice 

Purkinje cells receive excitatory input from parallel fibers of the granule cells and climbing 

fibers originating from cells in the inferior olive. During development, especially climbing 

fiber synapses undergo excessive pruning until a one climbing fiber to one Purkinje cell 

relationship is established. Recently, it has been shown that synaptic pruning is defective in 

CRMP2-/--mice (Ziak et al., 2020). To check whether climbing- and parallel fiber inputs might 

also be affected in our CRMP2ki/ki-mouse model we stained frozen cerebellar sections for the 

synaptic markers vGlut1 and vGlut2. In comparison to control mice, CRMP2ki/ki-mice do not 

show overt signs of a change in synaptic innervation (Figure 
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XI).

 

Figure XI Parallel and climbing fiber innervation is normal in CRMP2ki/ki-mice  

Frozen sagittal sections of the cerebellum from control- and CRMP2ki/ki-mice. Parallel fiber (a) and 

climbing fiber inputs (b) seem normal in CRMP2 knock-in mice. Scale bars = 25 µm. 

These findings are consistent with our previous observations that the general cerebellar 

morphology appears to be unchanged in these animals (Figure 6 a) and shows that 

cerebellar development is also unaltered on a cellular level. 

3.6 CRMP2ki/ki-mice are not protected from the effects of PMA-mediated 

reduction of dendritic growth 

As we have shown, phosphorylation of CRMP2 at threonine 555 was successfully 

abolished in our CRMP2ki/ki-model (Figure 6 d-e). We now wanted to assess, whether a 

disruption of CRMP2 phosphorylation could protect Purkinje cells from a PMA-induced 

reduction of dendritic outgrowth. Organotypic slice cultures prepared from homozygous 

wildtype, heterozygous knock-in or homozygous knock-in mice were all equally susceptible 

to a PMA-induced dendritic reduction (Figure XII).  
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Figure XII Purkinje cells from CRMP2ki/ki-mice are not protected from the effects of PMA-

stimulation 

Quantification of Purkinje cell dendritic area in OTSCs treated either with DMSO or with 100 nm PMA. 

Dendritic outgrowth is similarly impaired in slice cultures from wildtype, hetero- and homozygous 

animals. (CRMP2Wt/Wt + DMSO: n = 57; CRMP2Wt/Ki + DMSO: n = 58; CRMP2Ki/Ki + DMSO: n = 69; 

CRMP2Wt/Wt + PMA: n = 58; CRMP2Wt/Ki + PMA: n = 56; CRMP2Ki/Ki + PMA: n = 52. Data were acquired 

from 3 independent experiments and shown as the mean ± SEM. 

This observation supports the notion that CRMP2 participates in, but is not the sole 

modulator of PKC activity-induced changes of dendritic development in cerebellar Purkinje 

cells. The use of a lower PMA concentration might reveal more subtle effects.
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4. General Discussion 

4.1 The role of CRMPs in Purkinje cells 

All CRMP family members have been found to be expressed in the cerebellum. CRMP1-4 

are expressed at higher levels during embryonic development and soon after birth. In 

adulthood, their expression is generally downregulated with CRMP2 being the only family 

member showing persistent expression. Interestingly, the temporal expression of CRMP5 

appears to develop in the opposite manner. In immunostainings, CRMP5 was detected at low 

levels after p12 and at high levels in cerebella of adult mice (Bretin et al., 2005; Yamashita et 

al., 2011). This is in line with the results from our mass spectrometry analyses prepared from 

p12 cerebella, in which all CRMP family members were detected except for CRMP5.  

In Purkinje cells, CRMP1, 2 and 4 have been detected in the soma, axons and dendrites of 

mouse and rat cerebellum (Wang and Strittmatter, 1996; Bretin et al., 2005; Yamazaki et al., 

2020). All CRMPs were furthermore found in the granule cell layer, where CRMP3 

expression persists until adulthood in rat (Wang and Strittmatter, 1996).  

It was shown, that overexpression of CRMP5 had a negative effect on the development of 

primary dendrites in cultured hippocampal neurons, while knockdown increased the length 

and number of dendritic neurites (Brot et al., 2010). Overexpression of CRMP2 was able to 

induce dendritic outgrowth which was suppressed by the overexpression of CRMP5. The 

authors detected a constant expression of CRMP2 in these neurons, while the onset of 

CRMP5 expression started later and then increased over time. CRMP5 and CRMP2 therefore 

both seem to orchestrate dendritic outgrowth at different stages of development, likely by 

competitive binding to tubulin (Brot et al., 2010). 

In CRMP5 knockout mice, Purkinje cells show abnormal dendritic development with 

thickened primary dendrites and enlarged somata (Yamashita et al., 2011). These 

morphological abnormalities develop after postnatal day 21 which is when CRMP5 

expression became detectable in Purkinje cells. CRMP5 therefore seems to regulate Purkinje 

cell dendritic outgrowth only at later stages of cerebellar development. As BDNF failed to 

induce the formation in primary dendrites of cultured hippocampal neurons of CRMP5-/--

mice, CRMP5 could take part in BDNF-mediated dendritic development. 

Recently it was shown that CRMP2 phosphorylation is an important regulator of Purkinje 

cell migration (Yamazaki et al., 2020). In this study, the effect of several CRMP family 

members was explored by using CRMP1 and CRMP4 knockout mice either alone or in 

combination with the knock-in of an alanine at the S522 phosphorylation site in CRMP2. On 
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their own, CRMP4 knockout and CRMP2 knock-in induced subtle alterations to Purkinje cell 

migration in the cerebellum, while CRMP1 knockout alone was sufficient to significantly 

increase the number of misaligned Purkinje cells. Crossing the different mouse lines to 

obtain double mutants increased the number of misaligned cells in comparison to the single 

mutants. Combination of CRMP1 and 4 knockouts with the CRMP2 knock-in severely 

disturbed Purkinje cell migration and led to overt mislocalization, especially in lobule X. 

CRMP-triple mutant mice furthermore show signs of impaired motor coordination in the 

balance beam test. In another study, the authors showed that a combined knockout of 

CRMP4 and S522A knock-in in CRMP2 led to increased dendritic branching and disrupted 

Sema3A dendritic outgrowth promotion in hippocampal neurons (Niisato et al., 2013). The 

authors also combined the knockout of CRMP1 with the S522A-knock-in in CRMP2 and 

observed severe alterations in the dendritic patterning of cortical pyramidal neurons 

(Yamashita et al., 2012).  

Taken together these studies have provided some insight into the regulation of different 

CRMP family members in dendritic development and introduced the potential role of CRMP2 

phosphorylation in such processes. Understanding the interplay of different CRMP family 

members will be crucial to elucidate their roles also in Purkinje cell dendritic development 

specifically. 

4.2 Mechanisms of disrupted CRMP2 signaling in cerebellar Purkinje cells 

In our study, we observed reduced dendritic outgrowth of cerebellar Purkinje cells after 

mRNA mediated knockdown of CRMP2 in dissociated cultures. In cerebellar granule cells, 

knockdown of CRMP2 also leads to reduced dendritic outgrowth (Jiang et al., 2020), which 

appears to be the result of a disruption of the Sema3A pathway. Generally, other CRMP 

family members seem to be upregulated in CRMP2ko/ko-mice (Hirano et al., 2016) and could 

conserve Sema3A signaling (Ziak et al., 2020). In Purkinje cells, Sema3A mRNA has been 

detected as early as embryonic day 11 and persistently until adulthood (Catalano et al., 

1998). However, Sema3A knockout mice do not show any developmental abnormalities of 

the cerebellum (Catalano et al., 1998). Knockdown of Sema3A in cerebellar Purkinje cells 

accelerates climbing fiber elimination (Uesaka et al., 2014; Uesaka and Kano, 2018). In our 

CRMP2-T555A knock-in mice, climbing fiber innervation appears normal as judged by 

vGlut2-immunostaining. However, as phosphorylated CRMP2 is generally considered to be 

the “inactive” form of CRMP2, the T555A-mouse model most likely does not recapitulate the 

same consequences as were observed after CRMP2 knockdown. In PKCγ(S361G)-mice, we 
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have shown that climbing fiber innervation appears normal in most parts, however, climbing 

fiber innervation is impaired in lobule VII, where also Purkinje cell morphology is markedly 

altered (Trzesniewski et al., 2019). As we have now shown in this study, phosphorylation of 

CRMP2 is increased strongly at threonine 555 in these mice. In the future, it would therefore 

be interesting to also develop a mouse model expressing the phospho-mimetic T555D-

CRMP2 mutant form and investigate whether these mice would show similar morphological 

abnormalities. 

Many mutations causing SCA14 in humans have been shown to lead to an increase of 

intracellular calcium in vitro (Adachi et al., 2008). CRMP2 can interact with and regulate the 

surface expression of NCX3, Cav2.2 and NMDAR (Al-Hallaq et al., 2007; Brittain et al., 2012; 

Brustovetsky et al., 2014). A 15-amino acid fragment of CRMP2 fused to the TAT cell-

penetrating motif of the HIV-1 protein (TAT-CBD3) is able to disrupt CRMP2 binding to 

Cav2.2 and NMDAR, likely by occupying the respective binding sites, which leads to the 

internalization of Cav2.2. Disassociation from NMDAR was shown to inhibit its activity, 

however, its membrane localization was unchanged. Application of the CBD3 protein 

furthermore led to increased CRMP2 binding to NCX3 and likewise, to its internalization. 

CRMP2 binding therefore can modulate the activity of these calcium regulating proteins in 

different ways, which in turn could potentially lead to altered internal calcium levels. 

Exploring the intracellular calcium levels and channel functions in PKCγ(S361G)- and 

CRMP2ki/ki-mice therefore poses a promising field of study in future experiments.  

4.3 Differential phosphorylation of CRMP2 

The best studied targets of CRMP2 phosphorylation are threonine 514 (GSK3β), serine 

522 (Cdk5), and threonine 555 (ROCK2/CaMKII/PKC). While Thr514 and Ser522 are 

conserved in CRMP1 and 4, the Thr555 phosphorylation site is not conserved amongst other 

CRMP family members (Cole et al., 2006).  

We have found that apart from Thr555 phosphorylation, also the phosphorylation of 

CRMP2 at Thr514 was upregulated slightly. As mentioned above, phosphorylation of Thr555 

and subsequently Ser522 have been proposed to act as priming steps for the GSK3β-

mediated phosphorylation at Thr514. However, our Western blot results do not show an 

upregulation of Ser522, which makes the possibility that Thr555 priming is required for 

Thr514 phosphorylation questionable. 

GSK3β itself is a target of phosphorylation via PKC (Goode et al., 1992). This 

phosphorylation, however, has generally been shown to inhibit GSK3β activity and does 
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therefore not explain our findings either. It is therefore likely that a possible upregulation of 

Thr514 phosphorylation in CRMP2 is mediated by another intermediate factor.  

In recent years, several compounds were discovered that influence CRMP2 

phosphorylation. First, the antiepileptic drug (R)-lacosamide (Vimpat®), was identified as a 

binding partner of CRMP2 and shown to enhance slow inactivation of voltage-gated sodium 

channels  in a CRMP2 dependent manner (Beyreuther et al., 2007; Errington et al., 2008; Ki 

et al., 2009; Wang et al., 2010). (R)-lacosamide furthermore impairs CRMP2-driven tubulin 

polymerization (Wilson et al., 2012) and (S)-lacosamide was shown to have the same effect 

by preventing the priming phosphorylation of CRMP2 via Cdk5, leading to a decrease of 

pThr514-CRMP2 (Wilson et al., 2014). However, the binding affinity of lacosamide to CRMP2 

is low and the interaction has been questioned (Wolff et al., 2012). Another group of 

molecules, naringenin and its metabolites, were shown to be effective in the treatment of 

Alzheimer pathology in mice and to be able to cross the blood-brain-barrier where they 

target CRMP2 and downregulate its phosphorylation (Khan et al., 2012; Yang et al., 2017; 

Lawal et al., 2018). Also in the case of naringenin, however, the binding affinity for CRMP2 is 

low and its direct effect on CRMP2 is not confirmed (Zhou et al., 2019). 

We have performed preliminary experiments with (S)-lacosamide, naringenin and N7O to 

explore their effect on dendritic development of Purkinje cells in OTSCs. Treating OTSCs 

prepared from PKCγ(S361G)-mice with (S)-lacosamide did not improve dendritic 

development. However, the concentrations used for treating the cultures could be optimized. 

In case of naringenin and N7O we tested a broader range of concentrations and observed a 

small improvement of dendritic development in cultures treated with 1 µM naringenin. 

Further experiments will have to be performed to corroborate these findings and additional 

analyses of the effect of naringenin on the different phosphorylation sites will need to be 

examined. 

Apart from the compounds tested so far, more molecules have been proposed to 

influence CRMP2 phosphorylation. LKE, a synthetic, cell-permeable lanthionine ketimine 

ester, was shown to decrease phosphorylation of CRMP2 at Thr514 and to exert protective 

effects in a mouse model of Alzheimer’s disease (Hensley et al., 2010, 2013). The most 

recently discovered CRMP2 binding agent, the small molecule edonerpic maleate was 

postulated to act on CRMP2 phosphorylation through direct binding and improve recovery 

after cryoinjury to the motor cortex, which it failed to do in CRMP2-deficient mice (Abe et al., 

2018). Also in the case of edonerpic maleate, however, the findings remain controversial as 

others could not recapitulate the binding to CRMP2 or its effect on CRMP2 phosphorylation 

(Moutal et al., 2019b). 
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To find compounds acting on and especially reducing CRMP2 phosphorylation has been 

a  goal in the search for treatments of several neurological diseases. The exact mechanisms 

of action of many of the identified drugs nonetheless are so far only poorly understood and 

the specificity of some of the compounds remains questionable. Nevertheless, some of these 

drugs are commercially available and could be helpful for studying the role of 

phosphorylation sites of CRMP2 for its function on Purkinje cell dendritic development, as 

they can be applied to cell culture systems. 

4.4 CRMP2 and microtubule dynamics 

In our studies, acetylated α-tubulin was present in soma and dendrites of Purkinje cells in 

frozen cerebellar sections prepared from wildtype mice at postnatal day 12. In sections from 

PKCγ(S361G)-mice, acetylated tubulin was also present and distributed normally in most 

Purkinje cells, however, it was absent in morphologically abnormal Purkinje cells in lobule VII. 

Western blots comparing the amount of acetylated tubulin in wildtype and PKCγ(S361G)-

mice did not show a detectable difference. This is most likely attributable to the fact that 

Purkinje cells make up only a small percentage of cells in the cerebellum and that only a few 

Purkinje cells showed reduced tubulin acetylation, a change too small to be detected by this 

method.  

Dynamic microtubule stability is important for correct dendritic development and 

knockdown or overexpression of the microtubule destabilizer stathmin both decrease 

dendritic development of cultured cerebellar Purkinje cells (Ohkawa et al., 2007). CRMP2 as 

a microtubule stabilizing protein could similarly influence microtubule dynamics in Purkinje 

cell dendritic development (see Figure 8). Additional experiments will be necessary to see if 

the decrease in dendritic outgrowth as seen after transfection of phospho-mimetic CRMP2 is 

caused by its interaction with microtubules. 
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5. Conclusion and Outlook 

Our results establish CRMP2 as a mediator of PKCγ-driven modulation of Purkinje cell 

dendritic development. In mice expressing the overactive S361G-mutant of PKCγ, 

phosphorylation of CRMP2 was upregulated in Purkinje cells, while overall expression 

remained unchanged. This finding suggests role of CRMP2 in the regulation of dendritic 

development dependent of its phosphorylation status. 

Introducing phospho-mimetic or phospho-defective CRMP2 mutants showed that 

disbalancing internal pCRMP2 levels negatively impacts dendritic development of Purkinje 

cells in dissociated cerebellar cultures. Interestingly, overexpression of the T555D-mutant 

more strongly impaired dendritic outgrowth and could recapitulate the negative impact of 

pCRMP2 in Purkinje cell of PKCγ(S361G)-mice.  

I. Generation of a T555D-knock-in mouse 

CRMP2 has been shown to be involved in many different processes that can impact 

axonal or dendritic outgrowth such as the regulation of ion-channel localization and function, 

protein trafficking and microtubule stabilization. Phosphorylation of most CRMP2 

phosphorylation sites is generally considered to decrease tubulin binding and negatively 

affect microtubule polymerization. Immunostainings of cerebellar sections from 

PKCγ(S361G)-mice revealed that tubulin acetylation, a hallmark of microtubule stabilization, 

is strongly decreased in Purkinje cells with morphological abnormalities in lobule VII, while it 

was normal in control mice and in CRMP2ki/ki-mice in agreement with the normal dendritic 

morphology of Purkinje cells in these mice. We have already shown that overexpression of 

the T555D-mutant in wildtype Purkinje cells leads to decreased dendritic development in 

transfected dissociated cultures. It would be interesting to generate a T555D-knock-in mouse 

to see whether Purkinje cells developed similar morphological abnormalities as we observe 

in the PKCγ(S361G)-mouse model. These mice could furthermore provide an interesting tool 

to understand tubulin acetylation in correlation with CRMP2 phosphorylation. 
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II. Investigate the effect of other CRMP2 phosphorylation sites and other kinases on 

Purkinje cell dendritic development 

Apart from PKC, also other kinases have been implicated in the phosphorylation of the 

CRMP2 Thr555 site. We have performed preliminary experiments on a potential protective 

effect of the inhibition of CaMKII activity on Purkinje cell dendritic development in OTSCs 

prepared from PKCγ(S361G)-mice. Inhibiting CaMKII activity did not show a positive effect 

on diminished dendritic outgrowth in these cultures, proposing that this kinase is not 

involved in the upregulation of pCRMP2 in these mice. Nevertheless, also ROCK2 has been 

shown to phosphorylate CRMP2 at Thr555. We therefore plan to perform additional 

experiments using ROCK2 inhibitors and investigate its effect on CRMP2 phosphorylation 

and dendritic development in PKCγ(S361G)-cultures. 

As well as the T555D-mutant, also transfection of phospho-defective T555A-CRMP2 

decreased dendritic development of Purkinje cells in dissociated cerebellar cultures albeit to 

a smaller extent. In DRG neurons, ROCK2-mediated phosphorylation of Thr555 is increased 

after lysophosphatidic acid (LPA) or ephrin-A5-induced growth cone collapse (Arimura et al., 

2000, 2005). Interestingly, also in these studies introduction of T555A-CRMP2 was only 

partially able to prevent growth cone collapse, which suggests the involvement of other 

phosphorylation sites. As phosphorylation of threonine 514 and serine 522 have also been 

shown to impair CRMP2-mediated microtubule polymerization, it is worth considering 

additional cross-effects of these sites. Apart from the upregulation of Thr555 CRMP2 in 

PKCγ(S361G)-mice, we also observed a small upregulation of Thr514, which was however 

not restricted to Purkinje cells. Inhibiting this phosphorylation site either pharmacologically or 

also through a genomic approach should thereby be considered for future experiments. 

III. Explore the effect of other CRMP family members on dendritic development 

Another possible explanation for the moderate effects of T555A-transfecton on dendritic 

development of Purkinje cells in dissociated cultures could be the interference of other 

CRMP family members. The transfection of T555A-CRMP2 into dissociated cerebellar 

cultures could therefore be combined with the additional knockdown of other CRMP family 

members to elucidate their respective participation in dendritic development. 
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IV. Further analyses in CRMP2ki/ki-mice 

We have generated the T555A knock-in mouse to eliminate compensatory background 

effects of other CRMP family members. Cerebella of the mice appear largely normal. 

However, several studies have now shown that CRMP2 phosphorylation can impact the 

development and morphology of dendritic spines (Jin et al., 2016; Makihara et al., 2016; 

Zhang et al., 2018; Ziak et al., 2020). Investigating the more detailed dendritic morphology by 

examining dendritic spine morphology in our CRMP2ki/ki-mice should therefore be considered 

in the future. 

Unlike to dissociated cerebellar cultures, Purkinje cell morphology in organotypic slice 

cultures and on cerebellar cryosections from CRMP2ki/ki-mice appeared normal. It is possible 

that, as mentioned above in the case of T555A-transfections, other CRMP family members 

could compensate for disrupted CRMP2 function in CRMP2ki/ki-mice. Using a mass 

spectrometry approach, we could examine cerebellar lysates from CRMP2ki/ki-mice in order 

to explore whether the levels of other CRMP family members are altered compared to 

wildtype mice. Furthermore, by immunoprecipitating CRMP2, we could investigate the 

changes in interactions with CRMP2 binding partners caused by the introduction of our 

mutation. This approach could improve our understanding of the mechanisms affected by 

hyper- or hypo-phosphorylation of CRMP2 in the cerebellum. 

V. Investigate the effect of CRMP2 phosphorylation on microtubule stabilization 

Preliminary experiments have shown that tubulin acetylation appears to be decreased in 

morphologically aberrant Purkinje cells in PKCγ(S361G)-mice at postnatal day 12. The 

changes we observe in immunostainings, however, are only present in a small region 

preventing its detection by Western blot. Fluorescence-activated cell sorting (FACS) has 

been used to purify cerebellar Purkinje cells and could offer the opportunity to compare 

levels of acetylated tubulin in Purkinje cells of wildtype and PKCγ(S361G)-mice (Tomomura 

et al., 2001).  

An estimation of the levels of several tubulin modifications could also be achieved through 

quantitative mass spectrometry analysis. Apart from comparing wildtype to PKCγ(S361G)-

mice, CRMP2ki/ki-samples could also be included in the study and, as mentioned above, yield 

valuable data also on other CRMP2 interactions. 
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6. Materials & Methods 

Only methods which are not included in the publication of Chapter 2 are 

described here. 

Immunostainings of organotypic cerebellar slice cultures  

Organotypic cerebellar slice cultures were prepared as previously described [10]. A more 

detailed description of the procedure and the immunostaining protocol can be found in 

chapter 2.4. 

Primary antibodies mouse anti-Calbindin (1:500, Swant; No. 300), rabbit anti-pSer522-

CRMP2 (1:250; Abcam; ab193226) or rabbit anti-pThr514-CRMP2 (1:250; Cell Signaling; 

#9397) were diluted in PB with 0.03% Triton-X and 3% normal goat serum. Slices were then 

incubated overnight at 4°C under gentle agitation. Plates were washed three times with PB 

and secondary antibodies Alexa Fluor-568 goat anti-rabbit (Molecular Probes, Eugene, USA; 

A11011) and Alexa Fluor-488 goat anti-mouse (Molecular Probes, Eugene, USA; A11001) 

were added at a concentration of 1:500 in PB with 0.01% Triton-X. Plates were washed again 

three times for 5 minutes, detached from the membranes and then mounted in Mowiol. 

Treatments of organotypic cerebellar slice cultures  

For treatments with PMA, 1.5 µL of a 50 µM stock solution were added to 750 µL (final 

concentration = 100 nM) of medium and added to the cultures with the first medium 

exchange at day 3 or 4 in vitro and at every following medium exchange. 1.5 µL DMSO in 

750 µL medium was used in control wells. 

The procedure was similar for (S)-lacosamide, where 1.5 µL of a stock solution of 100 mM 

were used to achieve a final concentration of 200 µM in 750 µL medium.  

For treatments with naringenin or N7O, different stock solutions were prepared and either 

1.5 µL or 0.75 µL were added to 750 µL of medium to achieve final concentrations of 10 or 1 

µM for naringenin and 0.1 µM for N7O. 

Table III Stock solutions of naringenin and N7O 

 Stock I Stock II Stock III 

Naringenin 100 mM 5 mM 500 µM 

N7O 50 mM 50 µM - 



Materials & Methods 

77 

Perfusion & cryosections 

Mice were euthanized by an overdose of Pentobarbital (Eskonarkon ad us. vet., Streuli, 

Swissmedic no. 55'815). The thorax was opened and the right ventricle perforated. The 

animal was perfused through the left ventricle with PBS + 50 IU/ml Heparin followed by 4% 

PFA in PBS + 5% sucrose. Brains were retrieved from the skull and postfixed in 4% PFA in 

PBS + 5% sucrose overnight. The next day, brains were moved to 30% sucrose solution 

overnight for cryprotection. On the third day, brains were mounted in Tissue-Tek (Tissue-

Tek® O.C.T.™ Compound, Sakura, Ca. no. SA62550-01) and frozen by immersion in -40°C 

isopentane. Frozen brains were mounted onto a specimen holder and 25 µm sections were 

cut in the sagittal plane.  

Immunohistochemistry of cryosections 

Cerebellar sections were stained free-floating in  6-well plates. Primary antibodies rabbit 

anti-α-tubulin (1:1000; Proteintech; 11224-1-AP), mouse anti-acetylated-α-tubulin (6-11B-1; 

1:1000; Invitrogen; 32-2700), rabbit anti-vGlut1 (1:500; Synaptic Systems; 135 303), guinea 

pig anti-vGlut2 (1:500; Merck Millipore; AB2251-I), rabbit anti-Calbindin (1:1000; Swant; 

CB38) and mouse anti-Calbindin (1:500, Swant; No. 300) were diluted in PB with 0.03% 

Triton-X and 3% normal goat serum. Tissues were incubated overnight at 4°C under gentle 

agitation. Plates were washed 3x with PB and secondary antibodies were added at a 

concentration of 1:500 in PB + 0.01% Triton-X. Plates were washed again 3x for 5 minutes 

and the sections were then mounted in Mowiol. Sections were prepared at postnatal day 12 

for stainings with tubulin and p28/30 for vGlut1 and vGlut2 respectively. 

Generation of the pL7-His-CRMP2/T555A/T555D plasmids 

The pL7-GFP-CRMP2, pL7-GFP-T555A or pL7-GFP-T555D vector was used as a template 

and amplified with the following primers to add a 6x His-tag to the N-terminus: His-CRMP2-F: 

5´-AGC GGC CGC GCC ACC ATG GCC CAT CAT CAT CAT CAT CAT TCT TAT CAG GGG 

AAG AAA AAT-3´; CRMP2-ORF-pL7-R: 5´- AGC AGG ATC CGT CGA CTT AGC CCA GGC 

TGG TGA TGT-3´. Vector and inserts were digested using NotI (New England BioLabs, 

Ipswich, USA) and SalI-HF (New England BioLabs, Ipswich, USA) restriction enzymes and 

the vector was dephosphorylated using calf intestinal alkaline phosphatase (New England 

BioLabs, Ipswich, USA). After digestion, vector and inserts were run on a 1% agarose gel for 

30 mins at 120 V. Bands of correct size were cut from the gel and the DNA was extracted 



Materials & Methods 

78 

using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Vector and inserts were 

ligated using the LigaFast™ Rapid DNA Ligation System (Promega, Madison, USA) for 15 

mins at room temperature and the ligation reaction was transformed into DH5α-E. Coli. 

Expression vectors were confirmed by sequencing.  

Generation of the pL7-His-GST plasmid 

We first generated a pL7-His-Myc plasmid using the following oligomers, generated and 

supplied by Microsynth (Microsynth, Balgach,Switzerland): His-Myc-F: 5´-TCC AGC GGC 

CGC GCC ACC ATG GCC CAT CAT CAC CAT CAC CAT ACA GAT CTC GAG CAG AAA 

CTC ATC TCA GAA GAG GAT CTG TAA GTC GAC GGA-3´; His-Myc-R: 5´-TCC GTC GAC 

TTA CAG ATC CTC TTC TGA GAT GAG TTT CTG CTC GAG ATC TGT ATG GTG ATG GTG 

ATG ATG GGC CAT GGT GGC GCG GCC GCT GGA-3´. 25 mM of each oligomer were 

annealed in annealing buffer (10 mM Tris, pH 7.5 - 8.0; 50 mM NaCl; 1 mM EDTA) for 5 mins 

at 95°C and then cooled down to 4°C in 60 minutes.  

pL7-His-T555A vector and annealed oligomers were digested with SalI-HF and NotI. 

Digested products were purified using the QIAquick PCR Purification Kit (Qiagen, Hilden, 

Germany) and ligated as mentioned above before transformation into DH5α-E.Coli. 

Successfully amplified constructs were sequenced for validation. 

The pGEX-6P-1 plasmid (GE28-9546-48; Sigma-Aldrich, Buchs, Switzerland) was used as 

a template to amplify the GST insert using the following primers: GST-F: 5´-ACC ATC ACC 

ATA CAG ATC TAA TGT CCC CTA TAC TAG GTT ATT GGA AAA TTA AG-3´; GST-R: 5´-

GCA GGA TCC GTC GAC ATT TTG GAG GAT GGT CGC CAC C-3´. Digested pL7-His-Myc 

vector and insert digested with SalI-HF and BglII and ligated as mentioned above before 

transformation into DH5α-E.Coli. Successfully amplified constructs were sequenced for 

validation.  

Western blot analysis 

Western blots were performed as described in chapter 2.4. Furthermore, the following 

antibodies were used: rabbit anti-pSer522-CRMP2 (1:500; Abcam; ab193226), rabbit anti-

pThr514-CRMP2 (1:500; Cell Signaling; #9397), rabbit anti-α-tubulin (1:500; Proteintech; 

11224-1-AP) or mouse anti-acetylated-α-tubulin (6-11B-1; 1:1000; Invitrogen; 32-2700) 

overnight at 4°C. Secondary antibodies IRDye® 800CW Donkey anti-mouse (Li-Cor, Bad-

Homburg, Germany; 926-32212) and IRDye® 680LT Donkey anti-rabbit (Li-Cor; 926-68023) 

were added at a concentration of 1:5000 diluted in TBS-T. After washing, signal was 
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detected using a LI-COR Odyssey and software (LI-COR Biosciences, Bad Homburg, 

Germany). 
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