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Abstract 

‘Cell biological investigations of MyTH4-FERM myosins in glial and neuronal 

cells’ by Katharina Stahl 

The MyTH4-FERM myosin family comprises three classes of myosins, namely 

class-VII, class-X, and class-XV, whose members, myosin-7a, myosin-10, and 

myosin-15a display a broad cell and tissue distribution in mammals. Class-VII and 

class-XV myosins have mainly been studied in vestibular hair cells of the inner ear, 

where they have been implicated to contribute to the formation and maintenance of the 

stair-case like architecture of stereocilia by delivering actin regulatory proteins to the 

tips of these structures, acting as linkers between the cytoskeleton and membrane 

systems, and interconnecting adjacent stereocilia. Myosin-10 shows the largest 

functional diversity with roles in filopodia dynamics, spindle assembly, axonal 

outgrowth, and cell-cell contact formation.  

In my thesis, I expanded the functional analysis of the myosins to cells of the central 

nervous system (CNS), which have so far not been target for detailed investigations. 

By quantifying the expression of the myosins in glial cells and within hippocampal 

neurons using RT-PCR based gene analyses, I could show that myosin-10 is highly 

abundant in primary astrocytes, microglia and oligodendrocytes, whereas myosin-15a 

showed large variations in the transcripts between the different glial cells.  

In order to perform cell biological experiments and for use in confocal fluorescence 

microscopy experiments, I generated from a recombinantly produced protein fragment, 

a polyclonal myosin-15a antibody that specifically targets the tail domain. Together 

with transfection studies in primary glial and neuronal cells and the respective model 

cell Iines BV-2 and NSC-34, I localized myosin-10 and myosin-15a specifically within 

filopodia, at the tips, or at adhesion sites and in association with microtubules during 

the locomotory stage. Comparative analyses in fixed and live cells revealed clear 

differences in the cellular activities of the two myosins. Most pronounced were the 

bidirectional movements within filopodia and the localization during mitosis. Myosin-10 

associated with microtubules in BV-2 cells only at the spindle poles, whereas in the 

motor neuron-like hybrid cell line NSC-34 myosin-10 was found to decorate the entire 

spindle. Myosin-15a was absent in mitotic structures but localized at the midbody 

during cytokinesis in both, BV-2 and NSC-34 cells. The association with midbody 
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microtubules was also observed for myosin-10. While myosin-15a targeted the 

midbody arms, myosin-10 concentrated close to the Flemming body. Localization 

studies and coimmunoprecipitation hint at interaction of myosin-10 with the gap 

junction protein connexin-43, which was also specifically detected at the midbody 

structure. Moreover, myosin-10 and myosin-15a were found to localize in axonal 

filopodia of primary hippocampal neurons and NSC-34 cells. Analyses of microglia 

cells isolated from the shaker-2 and wildtype mice reveal that defective myosin-15a 

inhibits migration and possibly also adhesion. 

The work is the first to demonstrate that the function of myosin-15a is not restricted to 

stereocilia. Despite low transcript levels, myosin-15a displays clear colocalization 

patterns with actin and microtubules in glial cells and motoneuron-like cells, where it 

appears to contribute to adhesion and migration. Moreover, the tail-mediated 

association of myosin-10 and myosin-15a with microtubules at the midbody is a new 

observation, whose further investigation could provide important insights into the role 

of myosins in midbody structure and function. 
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Zusammenfassung 

„Zellbiologische Untersuchungen von MyTH4-FERM Myosinen in Glia- und 

neuronalen Zellen“ von Katharina Stahl 

Die Familie der MyTH4-FERM Myosine besteht aus drei Klassen von Myosinen, und 

zwar Klasse-VII, Klasse-X und Klasse-XV, deren Mitglieder, Myosin-7a, Myosin-10 und 

Myosin-15a zeigen eine weite Zell- und Gewebeverbreitung in Mammalia. Klasse-VII 

und Klasse-XV Myosine wurden hauptsächlich in vestibularen Haarzellen im Innenohr 

untersucht, wo sie in Verbindung gebracht wurden mit der Teilnahme an der Bildung 

und Erhaltung der stufen-ähnlichen Architektur von Stereozilien durch Anliefern von 

Aktin-regulatorischen Proteinen zu den Spitzen dieser Strukturen, als Verknüpfung 

zwischen dem Zytoskelett und dem Membransystem dienen und benachbarte 

Stereozilien miteinander verbinden. Myosin-10 zeigt die größte funktionale Vielfalt mit 

Rollen in der Filopodien-Dynamik, Spindel-Anordnung, im axonalem Wachstum und 

der Bildung von Zell-Zell-Kontakten. 

In meiner Arbeit, habe ich die funktionale Analyse der Myosine auf Zellen des zentralen 

Nervensystems (ZNS) ausgeweitet, welche bisher noch nicht Ziel für detaillierte 

Untersuchungen gewesen sind. Durch Quantifizierung der Expression der Myosine in 

Gliazellen und innerhalb hippokampaler Neuronen unter Verwendung von RT-PCR 

basierenden Genanalysen, konnte ich zeigen, dass Myosin-10 in primären Astrozyten, 

Mikroglia und Oligodendrozyten reichlich vorhanden ist, wohingegen Myosin-15a 

große Unterschiede zwischen den Transkripten der verschiedenen Gliazellen 

aufzeigte. 

Um zellbiologische Experimente durchzuführen und zur Verwendung in konfokalen 

Fluoreszenzmikroskopie Experimenten, habe ich von einem rekombinant 

hergestelltem Proteinfragment einen polyklonalen Myosin-15a Antikörper produziert, 

der spezifisch auf die Schwanzdomäne ausgerichtet ist. Zusammen mit 

Transfektionsstudien in primären Glia- und neuronalen Zellen und den jeweiligen 

Modell-Zelllinien BV-2 und NSC-34, habe ich Myosin-10 und Myosin-15a im 

Besonderen innerhalb Filopodien, an den Spitzen oder an Adhäsionsstellen und in 

Verbindung mit Mikrotubuli im lokomotorischen Stadium lokalisiert. Vergleichende 

Analysen in fixierten und lebenden Zellen zeigten deutliche Unterschiede in der 

zellulären Aktivität bei den zwei Myosinen. Besonders ausgeprägt waren die 
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bidirektionalen Bewegungen innerhalb der Filopodien und die Lokalisation während 

der Mitose. Myosin-10 war in BV-2 Zellen nur an den Spindelpolen mit Mikrotubuli 

verbunden, wohingegen sich herausstellte, dass Myosin-10 in der 

motor-neuronen-ähnlichen Hybrid Zelllinie NSC-34 die gesamte Spindel bedeckte. 

Myosin-15a war in mitotischen Strukturen nicht vorhanden, lokalisierte aber während 

der Zytokinese sowohl in BV-2 als auch in NSC-34 Zellen am „Midbody“. Die 

Assoziation mit den Midbody-Mikrotubuli wurde ebenfalls für Myosin-10 beobachtet. 

Während Myosin-15a an den Midbody-Armen ausgerichtet war, war Myosin-10 nahe 

am Flemming-Körper konzentriert. Lokalisations-Studien und Ko-Immunoprezipi-

tationen weisen auf eine Interaktion von Myosin-10 mit dem „Gap-junction“-Protein 

Connexin-43 hin, welches ebenfalls im Besonderen an der Midbody-Struktur entdeckt 

wurde. Außerdem stellte sich heraus, dass Myosin-10 und Myosin-15a in axonalen 

Filopodien von primären hippokampalen Neuronen und NSC-34 Zellen lokalisiert 

waren. Analysen von Mikroglia-Zellen isoliert aus Shaker-2 und Wildtyp Mäusen 

zeigten, dass fehlerhaftes Myosin-15a die Migration und möglicherweise auch die 

Adhäsion hemmt. 

Diese Arbeit ist die Erste, die zeigt, dass die Funktion von Myosin-15a nicht auf 

Stereozilien beschränkt ist. Trotz geringer Transkriptions-Levels, zeigt Myosin-15a 

deutliche Ko-Lokalisationsmuster mit Aktin und Mikrotubuli in Gliazellen und 

motor-neuronen-ähnlichen Zellen, wo es anscheinend zur Adhäsion und Migration 

beiträgt. Außerdem ist die Schwanz-vermittelte Verbindung von Myosin-10 und 

Myosin-15a mit Mikrotubuli am Midbody eine neue Beobachtung, deren weitere 

Untersuchung wichtige Einsichten in die Rolle von Myosinen in Midbody-Strukturen 

und -Funktionen liefern könnte. 
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1 Introduction 

1.1 Myosins 

One of the main characteristics of cells is the ability to perform active motion. 

Therefore, they use molecular motors to move the cell body, to transport molecules 

and to shape membranes. 

Molecular motors are proteins that convert chemical energy from ATP hydrolysis into 

directed force and movement. Three types of molecular motors are known: dyneins, 

kinesins and myosins. Whereas the first two act as motors on microtubule filaments, 

myosins are the only molecular motors that interact with filamentous actin. 

Myosins are composed of one or two heavy chains and various light chains. The heavy 

chain is organized into three structurally and functionally different domains. The head 

or motor domain contains the actin- and ATP-binding sites and generates force. The 

following neck domain is associated with the light chains and regulates the activity of 

the motor domain. The tail domain contains different binding domains depending on 

the myosin function (Lodish et al., 2000). 

Mutations that affect the functionality of myosins lead to severe diseases like 

cardiomyopathy, blindness and deafness. For instance the familial hypertrophic 

cardiomyopathy (FHC) is characterized by an asymmetrical interventricular and left 

ventricular hypertrophy, which are caused by mutations in structural proteins of the 

sarcomere like β-myosin heavy chain (Roopnarine & Leinwand, 1998). A mutation in 

myosin-7a is the reason for the heritable disease Usher 1b that causes coincidental 

deafness and blindness by retinitis pigmentosa, whereby the retina degenerates due 

to the progression of photoreceptor cell death (Reiners et al., 2006). The recessive 

inherited disease DFNB3 is characterized by deafness and is induced by a mutation in 

the gene of myosin-15a (Wang et al., 1998). Due to the large number of diseases 

based on myosin defects, the investigation of myosins plays an important role for 

medicine. 

1.2 Myosin classes 

Myosins are categorized by the phylogenetic analysis and comparison of their 

conserved motor domain. Currently, there are more than 30 different myosin classes 

of various organisms distinguished (Sebé-Pedrós et al., 2014). In Figure 1 the 
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phylogeny of the different myosin classes is shown in a maximum likelihood (ML) 

phylogenetic tree. 

 

Figure 1 Maximum likelihood (ML) phylogenetic tree of myosin head domains. The tree is 
collapsed at key nodes and rooted using the midpoint-rooted tree option (Sebé-Pedrós et al., 
2014).  
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Myosin-7 contains after the motor domain five IQ motifs, which serve as binding sites 

for calmodulin and calmodulin-like proteins. Moreover, the tail domain of myosin-7 

contains a SH3 domain, which mediates intracellular protein-protein-interactions.  

In contrast to myosin-7a and myosin-15a, myosin-10 is the only class of the 

MyTH4-FERM family that contains only one MyTH4-FERM domain. After the IQ motifs 

follow three PEST regions, which are enriched in proline, glutamate, serine and 

threonine residues. Myosin-10 can be cleaved at its PEST regions by the 

calcium-dependent protease calpain in vivo (Berg et al., 2000). The following three 

pleckstrin homology (PH) domains enable myosin-10 to bind phosphatidylinositol 

(3, 4, 5)-trisphosphate (PtdIns (3, 4, 5) P3). Umeki et al. (2011) discovered that PtdIns 

(3, 4, 5) P3 in this way regulates the motor activity of myosin-10. In addition to 

full-length myosin-10, brain expresses a shorter form of myosin-10 that lacks the 

myosin head domain (Sousa et al., 2006). 

Isoform 1 of myosin-15a is characterized by a 1,203 amino acids long N-terminal 

extension, which is missing in the domain structure of the other MyTH4-FERM-myosin 

classes. The motor domain of myosin-15a follows an IQ motif with two repeats. The 

tail contains a pair of MyTH4-FERM tandems separated by a SH3 domain. The shorter 

isoform 2 of myosin-15a lacks the long N-terminal extension. 

1.3.1  X-ray structure of the TH4 and the FERM domain of myosin-7a and 

myosin-10  

The MyTH4-FERM myosins are characterized by a bipartite structural domain 

consisting of an N-terminal MyTH4 followed by a FERM domain. The FERM domain is 

a protein interaction module that binds to adhesion and signaling receptors as well as 

binding proteins. Less is known about the partners of the MyTH4 domain. So far, only 

the microtubule binding site is identified (Planelles Herrero et al., 2016). The 

MyTH4-FERM domain of myosin-15a for instance binds to whirlin, which is then 

transported to the tips of stereocilia in the inner ear (Delprat et al., 2005). The exact 

binding mechanism of MyTH4-FERM domains to the binding protein is for myosin-15a 

still unknown.  

In contrast, co-crystallization structures of the MyTH4-FERM domain of myosin-7a are 

described with the cargo protein Sans (Wu et al., 2011). The FERM domain of 

myosin-7a is composed of F1, F2 and F3 lobes, which together form a cloverleaf 
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may not require a strict conservation of a sequence motif, instead the interaction 

between the MyTH4 domains and the microtubules can be reached with different 

surfaces of the same domain in evolutionarily distant MyTH4-FERM myosins 

(Planelles Herrero et al., 2016) (see Figure 4). 

 

Figure 4 The microtubule binding surfaces of distant MyTH4-FERM myosins are distinct. (A) 
Surface representation of the MyTH4-FERM domain from human Myo10. The microtubule 
binding residues in the MyTH4 domains are highlighted using the following color code: The 
residues previously implicated in microtubule binding in the myosin-10 MyTH4 domain (Hirano 
et al., 2011) are shown in light blue. The additionally identified residues participating in the 
interaction of the myosin-10 MyTH4 domain are shown in dark blue (positively charged), yellow 
(tyrosine), and red (prolines). The central and right figures show the MyTH4 domain only. (B 
and C) Surface of the MyTH4 domain from DdMF1 (B) and DdMF2 (C) (modified from Planelles 
Herrero et al., 2016).  

 

Hirano et al. (2011) investigated the crystal structure of the myosin-10 MyTH4-FERM 

cassette in complex with its specific cargo, a netrin receptor DCC.  

The overall fold of the FERM domain is preserved and includes the three subdomains 

F1, F2 and F3. The MyTH4 domain forms a helix bundle structure composed of eight 

α-helices. MyTH4 possesses a positively charged patch on the domain surface facing 

the FERM domain. This patch contains several Arg and Lys residues and was identified 
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as microtubule-binding site. Hirano et al. (2011) demonstrated that myosin-10 MyTH4 

allows a cargo and microtubule recognition. Moreover, they speculate that myosin-15a 

may function in the same way. Planelles Herrero et al. (2016) revealed additional 

positively charged and hydrophobic residues (K1654, R1657, R1600) that could 

participate in the interaction with microtubules.  

1.3.2  Myosin-7a 

1.3.2.1 Myosin-7a in auditory and visual processes 

Myosin-7a is a widely expressed myosin that is found in various organs such as testis, 

kidney and lung as well as in retinal pigmented epithelial cells and in stereocilia of the 

inner ear (Hasson et al., 1995). Myosin-7a is involved in auditory and visual processes 

(Heissler & Manstein, 2012). Myosin-7a is localized at the upper tip-link density (UTLP) 

and helps maintain the tip-link tension between the staircase-organized stereocilia 

(Grati & Kachar, 2011). In the cells of the retinal pigment epithelium myosin-7a is found 

in the connecting cilium and in context with the melanosome and phagosome transport 

(Williams & Lopes, 2011). 

Defects of the myosin-7a gene cause Usher syndrome 1B. This disorder is 

characterized by congenital deafness and progressive retinal degeneration leading to 

blindness. Mutations that lead to Usher syndrome 1B are predominately localized in 

the motor domain of myosin-7a (Weil et al., 1995). A novel mutation of MYO7A causes 

Usher1B too and is localized within the second FERM domain of the human protein 

myosin-7a (Guzmán et al., 2015). 

1.3.2.2 Myosin-7a in migrating processes of vestibular afferents 

Nguyen et al. (2015) discovered the expression of myosin-7a in the developing avian 

ear and observed myosin-7a in vestibular neurons and in migrating processes of 

vestibular afferents.  

1.3.2.3 Myosin-7a transports cadherin Cad99C in microvilli 

In the ovary microvilli of Drosophila melanogaster myosin-7a forms with the microvillus 

regulator cadherin Cad99C a complex and is then recruited to the microvilli, where it 

regulates the structure and spacing. A loss of myosin-7a causes brush border defects 

and a reduced amount of Cad99C (Glowinski et al., 2014). 
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Diseases that are caused by myosin-10 defects have yet not been assumed. However, 

it is known that myosin-10 is related to cancer metastasis, where it is thought to play a 

role in breast cancer invasion by transporting β-integrin to the filopodia tip (Arjonen et 

al., 2014). Moreover, myosin-10 has been observed to be involved in pathogen 

infections. In this context the motor enhances the elongation of Shigella flexneri and 

Listeria monocytogenes induced membrane protrusions (Bishai et al., 2013). 

1.3.3.3 Intrafilopodial motility of myosin-10 proceeds forwards and backwards 

Berg & Cheney (2002) observed that mosin-10 underwent forward and backwards 

movement within a filopodium. Whereby they assumed that myosin-10 moves forward 

actively and that the rearwards movement is caused by the actin retrograde flow 

(Figure 6). Their experiments with a GFP-myosin-10-tail construct, which did not 

accumulate at the tips of filopodia, confirmed the assumption of an active forward 

movement of myosin-10. The authors based their hypothesis of the backwards moving 

myosin-10 particles on the mean rate of the rearward movement (15 ±10 nm/sec), 

which was similar to the average actin retrograde flow rate of ~ 10 nm/sec measured 

in growth cone filopodia (Berg & Cheney, 2002). 

 

Figure 6 Schematic illustration of the intrafilopodial motility of myosin-10. Actin monomers are 
represented by red arrowheads (Sousa & Cheney, 2005). 
 

Ricca & Rock (2010) observed that the motor predominantly takes forward steps (83%) 

and that a rearward movement is performed with an abundance of 17%. Moreover, 

they demonstrated that myosin-10 can take many sideway steps, whereby the motor 

often binds to more than one filament at a time within a bundle. 

1.3.3.4 Myosin-10 is essential for mitosis and meiosis processes 

Weber et al. (2004) found out that the MyTH4-FERM domain of myosin-10 can bind 

microtubules. They demonstrated that the association of myosin-10 and microtubules 
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formation and the transport of cargo proteins like whirlin to the tip (Belyantseva et al., 

2005).  

1.3.4.2 Interaction of myosin-15a with whirlin and eps8 

Whirlin and eps8 are two known interaction partners of myosin-15a and they all work 

together on the regulation of stereocilia length. Belyantseva et al. (2005) demonstrated 

that programmed stereocilia elongation only occurs when myosin-15a interacts with 

whirlin and when it recruits whirlin to the stereocilia tip. Manor et al. (2011) found out 

that eps8 is also a component of the stereocilia tip complex, where eps8 is an 

actin-regulatory element for elongation of the stereocilia actin core. 

1.3.4.3 Myosin-15a defects result in deafness, disorientation and blindness 

A defect in myosin-15a caused by a mutation in its highly conserved motor region leads 

to the shaker-2 phenotype (Probst et al., 1998). Mice with this phenotype are used as 

a model for the human congenital deafness DFNB3. In contrast a mutation in the tail 

region of the myosin causes the LEW-ci2 phenotype in rats (Held et al., 2011). Both 

shaker-2 mice and LEW-ci2 rats are affected by circling behavior, whereas only 

LEW-ci2 rats are additionally blind. In comparison to wildtype mice shaker-2 mice have 

abnormally short stereocilia in the cochlea and in the vestibular system, which causes 

dysfunction by deafness (Anderson et al., 2000) (Figure 9). 

 
 
Figure 9 Abnormally short stereocilia of shaker-2 mice in comparison to wildtype mice. 
Stereocilia bundles in the utricle (A) and in the organ of corti (B) lack myosin-15a at the tips 
(myosin-15a, green; rhodamine-phalloidin, red). Compared are wildtype mice utricle (C) and 
organ of corti (D) hair cells, which have myosin-15a at the stereocilia tips (Scale 5 µm) 
(Belyantseva et al., 2003). 
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As mentioned above myosin-15a mutations in the motor domain lead to circling 

behavior of shaker-2 mice, besides deafness. This form of disorientation can be 

affected by the defect in the cochlea that perhaps expands to other parts of the ear, 

like the vestibular system. However, Lezirovitz et al. (2008) observed that in a Brazilian 

pedigree of 26 individuals a myosin-15a mutation caused deafness whereas in three 

cases additional mental impairment too. 

1.3.4.4 N-terminal extension of myosin-15a is involved in hearing process 

Compared to other MyTH4-FERM-family members, myosin-15a possesses a different 

domain architecture. Myosin-15a has a long N-terminated extension, which consists of 

1,203 amino acids (Nal et al., 2007) and is characterized by a high proline content 

(17%). The proline-rich regions are unique and do not display any homology with other 

proline-rich proteins (Liang et al., 1999). 

Transfection experiments with a myosin-15a construct that lacks the N-terminal 

extension showed that myosin-15a can be specifically targeted to the tips of stereocilia 

without the N-terminal extension (Belyantseva et al., 2003). Recently Nal et al. (2007) 

revealed that the N-terminus is also necessary for normal hearing because two mutant 

alleles, which cause severe hearing loss, are found in exon 2 encoding the N-terminal 

extension. But the role of this unique domain in hearing process is still unclear. 

1.4 Membrane protrusions 

Membrane protrusions usually point to the direction of movement and are part of the 

polarity axis of a cell. The formation of protrusions can be induced by injured tissue or 

by chemo-attractive signals like pro-inflammatory cytokines. They often make first 

adhesive contact with the environment, pathogens or with adjacent cells (Bornschlögl, 

2013). 

The cell develops the force required for the membrane deformation from the 

actin-cytoskeleton. The cellular cytoskeleton is a dynamical filamentous protein 

network that consists of three different components: actin, microtubules and 

intermediate filaments. The interaction of these cytoskeletal components allows cells 

to maintain or change the cell shape due to external stress, migration, cell division or 

adhesion. 

Different kinds of membrane protrusions are known such as filopodia, lamellipodia or 

stress fibers. In the following chapter, we look closely at filopodia, because myosin-10 
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1.5 Mitosis and cytokinesis 

The following investigations of dividing neuronal and glial cells confirmed a contribution 

of myosin-10 in mitotic processes in this cell types. Moreover, myosin-10 and 

myosin-15a appeared to be involved in cytokinesis, specifically in the midbody 

formation. 

1.5.1  Mitosis 

Mitosis enables regeneration and cell replacement, growth and development as well 

as asexual reproduction, whereby the maintenance of the chromosomal set is always 

guaranteed. Mitosis is a vegetative division, whereby the daughter cells are genetic 

identical to the parental cell.  

During prophase, the chromosomes become condensed inside the nucleus. The 

microtubule nucleation at centrosomes increases and microtubules become more 

dynamic. Nuclear envelope degradation indicates the transition between prophase and 

prometaphase, during which the microtubules begin to attach to the chromosomes. 

During prometaphase, chromosomes assemble at the spindle equator and become 

during metaphase aligned between the spindle poles at the spindle equator. During 

anaphase, the sister chromatids divide and new daughter chromosomes move apart 

to the different poles. During telophase, the chromosomes decondense and the 

nuclear envelopes around the two daughter nuclei. Finally, the cell is divided in two by 

cytokinesis and the abscission of the midbody leads to the complete separation of the 

two daughter cells (Walczak, Cai, & Khodjakov, 2010). 

1.5.2  Cytokinesis in animal cells 

Cytokinesis is the final step of cell division. After distribution of the chromatids to the 

cell poles during mitosis, cytokinesis is needed for the final separation of the two 

daughter cells. To prepare the final separation some intermediate steps are required. 

First the central spindles that get in contact in the middle of the cell, begin to build the 

midzone. Afterwards, the formation of a contractile ring is initiated, which is changing 

the cell shape. The midbody is produced by a maturation of the spindle midzone and 

is important for the organization within the intercellular bridge. Finally, the two cells 

separate by a cut at one side of the midbody (Green et al., 2012). In Figure 11 the 

single steps of the cytokinesis process are visualized. 
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Figure 12 Model of midbody structure and the localization of different midbody regions. 
Microtubules are depicted in blue, the Flemming body in red and purple, the midbody ring in 
red, the midbody core in purple and the midbody arms are shown in red with purple lines 
(D’Avino & Capalbo, 2016).  
 

During cytokinesis the midbody regulates the final membrane abscission by serving as 

a space of action for microtubule severing enzymes like spastin and the ESCRT 

complex (Dionne et al., 2015). Beside the role during mitosis, the midbody is also 

involved in non-mitotic functions. The midbody seems to be involved in a lot of yet 

unknown functions such as signaling, regulation of stem cell proliferation and as a 

polarity cue during the neurite outgrowth and the formation of the apical lumen (Dionne 

et al., 2015). 

1.5.4  Myosins as a part of mitosis and cytokinesis process 

Myosins of different classes are involved in the mitosis and cytokinesis process and 

are needed for entire and proper cell division. 

Conventional myosin-2 is responsible for the constriction of the cleavage furrow during 

cytokinesis. Green et al. (2013) showed that myosin-2 is also part of the midbody ring 

as a contractile component. These findings are supported by the fact that Dictyostelium 

discoideum cells, which do not express functional myosin-2, fail to divide in shaking 

cultures (De Lozanne & Spudich, 1987; Knecht & Loomis, 1987; Manstein et al., 1989). 
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In 2004 Rosenblatt et al. described myosin-2 also as an important player in mitosis, 

where it is required for the centrosome separation and the proper spindle assembly. A 

localization of myosin-1 was detected during cytokinesis concentrated at the midbody 

region in a transverse disk (Breckler & Burnside, 1994). Myosin-1C from the slime mold 

Dictyostelium discoideum was shown to bind microtubules with its tail domain (Rump 

et al., 2011) and during cell division myosin-1C is responsible for the maintenance of 

the spindle stability. Myosin-10 is important for the proper spindle structure and 

functionality during meiosis and mitosis (Woolner et al., 2008; Weber et al., 2004). In 

mammalian cells myosin-5a localizes during interphase at the centrosome (Espreafico 

et al., 1998). Takaoka et al. (2014) revealed the importance of NM-myosin-2C for 

proper formation of the ring-like structure at the Flemming body. Myosin-6 is also 

concentrated at the midbody region and plays a role in vesicle transport into and out 

of the cytoplasmic bridge (Arden et al., 2007). An inhibition of myosin-6 activity leads 

to a defect in cytokinesis (Arden et al., 2007). 

Scientists have already revealed a lot of myosins that take part in mitosis and 

cytokinesis processes. However, not every function or the exact procedure of this 

myosins is clarified. Notable is the variety of functions, which one myosin class can 

fulfil. 

1.6 Aim 

The major objective of the project is to identify potential new roles of MyTH4-FERM 

myosins in cells of the central nervous system. The work will initially concentrate on 

the structurally and functionally closely related myosin-10 and myosin-15a, which will 

be studied in primary astrocytes and microglia cells from rat and mice as well as in glial 

cell culture models. Studies include confocal microscopy-based in vitro localization 

experiments using antibodies and the transient transfection of primary glial cells 

isolated from corpus callosum and cerebral cortex of rat and mouse brain tissue with 

vectors encoding N- and/or C-terminal full-length GFP-variants of the myosins, mutant 

isoforms, and truncated tail constructs. Complementary experiments using the moto-

neuron like cell line NSC-34 and the microglia cell line BV-2 will be included. Both cell 

lines are characterized by greater robustness and higher transfection efficiencies. The 

functional characterization of myosin-15a related to the pathophysiology in CNS 

disorders will be addressed using the shaker-2 mouse model STOCK-Rb(16.17)7Bnr-

Myo15sh2-2J/JZtm. 
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2 Material 

2.1 Chemicals 

Chemicals Manufacturer 

Acetic acid       J.T. Baker, Deventer, NE 

Acrylamide Sigma-Aldrich, Steinheim 

Agar (agar bacteriological) Oxoid Ltd., Basingstoke, UK 

Agarose (Top Vision LE GQ Agarose) MBI Fermentas, St. Leon-Rot 

Amaxa basic nucleofector kit for 

primary mammalian glial cells 

Lonza, Köln 

Ammonium persulfate (APS) Sigma-Aldrich, Steinheim 

ATP Sigma-Aldrich, Steinheim 

Bacto trypton Becto Dickenson, Heidelberg 

Benzamidine Merck, Darmstadt 

Bromophenol blue Merck, Darmstadt 

BSA Sigma-Aldrich, Steinheim 

CaCl2 Merck, Darmstadt 

Coomassie blue G 250 Serva, Heidelberg 

Coomassie blue R 250 Serva, Heidelberg 

Cytosine arabinoside (AraC) 50 mg/mL Sigma-Aldrich, Seelze 

DAPI  Fluka, Neu-Ulm 

Dithiothreitol (DTT) Sigma-Aldrich, Steinheim 

DMEM (high glucose, 4.5 g/L) PAA, Pasching, A 

DMEM (high glucose, 4.5 g/L) without 

phenol red 

GE Healthcare, Freiburg 

DMEM (low glucose) PAA, Pasching, A 

DMEM (Ref 41965-039) Gibco, Paisely, UK 

DMEM/F-12 Gibco, Paisely, UK 

DMSO hybri-max Sigma-Aldrich, Steinheim 

dNTPs Invitrogen, Karlsruhe 

Dulbeccos PBS (1x) without Ca2+ and 

Mg2+  

GE Healthcare, Freiburg 
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EDTA  Merck, Darmstadt 

EDTA-free complete protease inhibitor 

(2x) 

Roche, Risch, CH 

EGTA (Triplex VI) Merck, Darmstadt 

Ethanol J.T. Baker, Deventer, NE 

Ethidium bromide Sigma-Aldrich, Steinheim 

FD green buffer (10x) Thermo Scientific, Schwerte 

Fetal calf serum Biowest, Nuaille, F 

First strand buffer (5x) Invitrogen, Karlsruhe 

Freund’s adjuvant, complete Sigma-Aldrich, Steinheim 

Freund’s adjuvant, incomplete Sigma-Aldrich, Steinheim 

GlutaMax 200 mM Gibco, Paisely, UK 

Glycerine Merck, Darmstadt 

Glycine Sigma-Aldrich, Steinheim 

GSH (gluthatione) Sigma-Aldrich, Steinheim 

GST-sepharose 4 fast flow Sigma-Aldrich, Steinheim 

Hank’s balanced salt solution PAA, Pasching , A 

HEPES Sigma-Aldrich, Steinheim 

HF-buffer (5x) Finnzymes, Espoo, FI 

IPTG Merck, Darmstadt 

Isopropanol J.T. Baker, Deventer, NL 

KCl Merck, Darmstadt 

KH2PO4 Merck, Darmstadt 

Leupeptin Sigma-Aldrich, Steinheim 

L-glutamine 200 mM Gibco, Paisely, UK 

Ligase buffer (10x) Fermentas, St.Leon-Rot 

Lipopolysaccharides from E.coli 011:BV

  

Sigma-Aldrich, Steinheim 

Metafectene pro Biontex, Martinsried 

Methanol J.T. Baker, Deventer, NE 

MgCl2 Merck, Darmstadt 
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MgSO4 Sigma-Aldrich, Steinheim 

MnCl2 New England Biolabs, Beverly, 

USA 

N,N´-methylenebis(acrylamide) Sigma-Aldrich, Steinheim 

Na2HPO4 x 2H2O Merck, Darmstadt 

NaCl Merck, Darmstadt 

NaH2PO4 Merck, Darmstadt 

NaN3 Merck, Darmstadt 

NaOH  Merck, Darmstadt 

Nonfat dried milk powder AppliChem, Darmstadt 

Oligo-dT20-primer Invitrogen, Karlsruhe 

Paraformaldehyde Roth, Karlsruhe 

Pepstatin Sigma-Aldrich, Steinheim 

Pepton/casein Oxoid Ltd., Basingstoke, IK 

Phalloidin-Alexa 488 Invitrogen, Karlsruhe 

Phalloidin-Alexa 594 Invitrogen, Karlsruhe 

PMSF Sigma-Aldrich, Steinheim 

Poly-L-lysine Sigma-Aldrich, Steinheim 

Ponceau S Sigma-Aldrich, Steinheim 

Power SYBR green Invitrogen, Karlsruhe 

Protein-G-sepharose 4 fast flow GE Healthcare, Freiburg 

QIAfilter plasmid maxi kit Qiagen, Hilden 

QIAprep spin miniprep kit Qiagen, Hilden 

QIAquick gel extraction kit Qiagen, Hilden 

QIAquick PCR purification kit Qiagen, Hilden 

Rneasy mini kit Qiagen, Hilden 

Slow fade reagent Invitrogen, Karlsruhe 

Sodium dodecyl sulfate (SDS) Merck, Darmstadt 

Sucrose Sigma-Aldrich, Steinheim 

Super signal west dura extended 

duration substrate 34075 

Pierce Biotechnology, Rockford, 

IL, USA 
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TAME Sigma-Aldrich, Steinheim 

TEMED Merck, Darmstadt 

TPCK Sigma-Aldrich, Steinheim 

Tris-base Merck, Darmstadt 

Triton-X-100 Merck, Darmstadt 

Trypsin-EDTA (10x)  PAA, Pasching, A 

Tween-20 Merck, Darmstadt 

Xfect transfection reagent Clontech, Saint-Germain-en-Laye, 

F 

XGal Sigma-Aldrich, Steinheim 

Xylen cyanol FF Sigma-Aldrich, Steinheim 

Yeast extract Becton Dickenson, Heidelberg 

β-mercaptoethanol Sigma-Aldrich, Steinheim 

 

2.2 Instruments and equipment 

Instruments and equipment Manufacturer 

24-well-plate (Nunc) Sigma-Aldrich, Steinheim  

70 µm cell strainer Millipore, Darmstadt 

96-well-PCR plate Applied Biosystems, Darmstadt 

Amaxa nucleofector device Lonza, Köln 

Balance AFP-360 L  AE Adam, Bradford, MA, USA 

Balance sartorius excellence Sartorius, Göttingen 

Blotting power supply EV265 Consort, Turnhout, B 

Cell counter (0.00025 mm2) Marienfeld, Lauda Königshofen 

Cell scraper Sarstedt, Nümbrecht 

Cellstar cell culture dishes (100x20 

mm) 

Greiner Bio-one, Frickenhausen 

Cellstar culture flask 75 cm2 Greiner Bio-one, Frickenhausen 

Centrifuge 5417R, rotor GE 034 Eppendorf, Hamburg 

Centrifuge Jouan BR4i rotor S40 Thermo Scientific, Waltham, MA, 

USA 
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CryoPure Tube Sarstedt, Nümbrecht 

Digi-block Laboratory Devices Inc., USA 

Fluorescence microscope IX 81, 60x, 

1.49 Oil 

Olympus, Hamburg 

Freezer (-80 °C) Thermo Scientific, Waltham, MA, 

USA 

Glass bottom microwell dishes 

(35 mm dish) 

MatTek Corp., Ashland, MA, USA 

Gyrotory water bath shaker model 676 New Brunswick Scientific, Edison, 

USA 

HERA Safe KS Thermo Scientific, Waltham, MA, 

USA 

ImageQuant LAS 4000 GE Healthcare, Freiburg 

Incubator (Jouan) New Brunswick Scientific, Edison, 

USA 

Labcycler SensoQuest, Göttingen 

Light-microscope (ID 03) Zeiss, Oberkochen 

Magnetic stirrer RH basic IKA Labortechnik, Staufen 

Menzel coverslips (18 mm diameter) Thermo Scientific, Waltham, MA, 

USA 

Microwave oven Microstar 

NanoPhotometer Implen, München 

Omnican syringe (0.4 mm) B. Braun, Melsungen 

pH-meter 3510 Jenway, Staffordshire, UK 

Pipets 2-1,000 µL Gilson, WI, USA 

Power supply Power-Pac 300 Biorad, München 

PROTRAN nitrocellulose transfer 

membrane  

Sigma-Aldrich, Steinheim 

Realtime PCR StepOnePlus Life technologies, Darmstadt 

SDS-PAGE Mini-PROTEAN 3 cell Biorad, München 

Shaker Unimax 2010 Heidolph, Schwabach 

Sonifer 250 Branson, Dietzenbach 
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Steri-cycle CO2 incubator HEPA filter Thermo Scientific, Waltham, MA, 

USA 

SuperFrost microscope slides Roth, Karlsruhe 

Thermocycler (DRI-Block DB3) Techne, Staffordshire, UK 

Thermomixer compact Eppendorf, Hamburg 

Trans-Blot SD 

semi-dry-electrophoretic transfer cell 

Biorad, München 

V-560 UV/VIS spectrophotometer Jasco, Groß-Umstadt 

Vivaspin concentrators 30,000 kDa Sartorius-Stedim, Göttingen 

Vortex Genie 2 Scientific Industries, Bohemia, NY, 

USA 

Waterbath GFL, Burgwedel 

Whatman gel blotting paper Thermo Fisher Scientific, Waltham, 

MA, USA 

2.3 Antibiotics 

Antibiotics Manufacturer 

Ampicillin (100 µg/mL) Sigma-Aldrich, Steinheim 

Kanamycin (100 µg/mL) Roth, Karlsruhe 

Penicillin/streptomycin (1,000 U/mL 

penicillin, 200 µg/L streptomycin)) 

 

Gibco, Paisley, UK 

2.4 Enzymes 

Enzymes Manufacturer 

Benzonase Sigma-Aldrich, Steinheim 

DNAse Roche, Risch, CH 

Glutathione S-transferase (GST) Group of Hans Faix, MHH 

Lysozyme Sigma-Aldrich, Steinheim 

Phusion hot start polymerase Finnzymes, Espoo, FI 

Restriction endonucleases Fermentas, St. Leon-Rot; 

New England Biolabs, 

Frankfurt/Main 

RNAse A  Serva, Heidelberg 
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Super script III reverse transcriptase Invitrogen, Karlsruhe 

T4-DNA-ligase Fermentas, St. Leon-Rot 

 

2.5 Antibodies 

Antigen (Source) Manufacturer 

Alexa goat-anti-mouse 488 Invitrogen, Karlsruhe 

Alexa goat-anti-mouse 594 Invitrogen, Karlsruhe 

Alexa goat-anti-rabbit 488 Invitrogen, Karlsruhe 

Alexa goat-anti-rabbit 555 Invitrogen, Karlsruhe 

Connexin-43 (rabbit) Sigma-Aldrich, Steinheim, C6219 

GFAP (mouse) Sigma-Aldrich, Steinheim 

Goat-anti-rabbit, HRP-conjugated 

10 µg/mL 

Thermo, Bonn 

MYH10 (H-46) (rabbit) Santa-Cruz-Biotechnology, 

Heidelberg, sc-99210 

Myo10 (rabbit) Sigma-Aldrich, Steinheim, 

HPA024223 

Myo15 (rabbit) Santa-Cruz-Biotechnology, 

Heidelberg, sc-292081  

Myo7a (rabbit) Acris Antibodies, San Diego, CA, 

USA, AP10383PU-N 

Neuronal β-tubulin (mouse) Abcam, Cambridge, UK 

Vinculin (mouse) Sigma-Aldrich, Steinheim, V9264 

α-tubulin (mouse) Invitrogen, Karlsruhe, A11126 

γ-tubulin (mouse) Ralph Gräf, University of Potsdam 

 

2.6 Organisms 

2.6.1  Bacterial strains 

2.6.1.1 XL1-Blue 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´proAB lacIqZΔM15 

Tn10 (Tetr)] 
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2.6.1.2 E. coli LK111λ 

rK
- mK

+, lacIq, laczΔM15, lacy+, thi-1, leu B6 ton A21, sup E44, λ- 

2.6.1.3 Rosetta 

F- ompT hsdSB (rB
- mB

-) gal dcm pRARE (CamR) 

2.6.2  Cell lines 

Cell line Manufacturer 

BV-2 Clinical neuroimmunology and 

neurochemistry, MHH 

Cos-7 Invitrogen, Karlsruhe 

HeLa Invitrogen, Karlsruhe 

mIMCD-3 Institute for molecular biology, MHH 

NSC-34 Institute for neuroanatomy, MHH 

primary hippocampal neurons 

(mouse) 

Institute for neurophysiology, MHH 

U87-MG Institute for physiological chemistry, 

MHH 

 

2.6.3  Mice and rat strains 

shaker-2 mouse STOCK-Rb(16.17)7Bnr-Myo15sh2-

2J/JZtm 

wildtype mouse C 57 BL6J 

wildtype rat Sprague–Dawley 

 

2.7 Buffer and media 

Agarose sample buffer (6x) 50 mM EDTA, 0.25% (w/v) 

bromophenole blue, 0.25% (w/v) 

xylene cyanol FF, 30% (v/v) 

glycerine 

Binding buffer (10x) 50 mM Tris, pH 8.0, 300 mM KCl, 

2 mM EDTA, 0.2 mM EGTA, 

5 mM DTT ad 1 L 
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Blotting buffer 1M Tris, 380 mM glycine, 20% 

methanol, 0.1% SDS 

Coomassie-staining solution 0.2% (w/v) Coomassie Blue R 

250, 0.05% (w/v) Coomassie 

Blue G 250, 42.6% ethanol, 5% 

methanol, 10% acetic acid 

Destaining solution 6% (v/v) acetic acid 

Dialysis buffer 50 mM Tris, pH 8.0, 2 mM EDTA, 

0.2 mM EGTA, 300 mM KCl, 

5 mM DTT, 3% (w/v) sucrose 

Elution buffer Binding buffer with 20 mM GSH 

High salt buffer (100 mL) Binding buffer with additionally 

200 mM KCl, 5 mM ATP at 

pH 8.0 

Laemmli buffer (10x) 1% SDS, 250 mM Tris-HCl 

pH 8.3, 1.9 M glycine 

Laemmli SDS sample buffer (6x) 0.2 M Tris-base, 50% glycerin, 

3% SDS, add to 60 mL with H2O, 

pH 6.8, 3.2% (v/v) 

β-mercaptoethanol, 0.16% (w/v) 

bromphenol blue 

LB agar (1 L) 10 g yeast extract, 10 g 

pepton/casein, 5 g NaCl, 15 g 

bacto agar, ad 1 L dH2O, pH 7.5 

LB medium (1 L) 10 g yeast extract, 10 g 

pepton/casein, 5 g NaCl, ad 1 L 

dH2O, pH 7.5 

Lysis buffer for protein purification (100 mL) Binding buffer with 1 mg/mL 

lysozyme, 0.5 mM benzamidine, 

20 µL/100 mL benzonase, 2 mM 

MgCl2, 1 mL/ 100mL mix 1, 

1mL/ 100 mL mix 2, 2 

tablets/ 100 mL Roche complete 

EDTA free 
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Lysis-buffer 40 mM Hepes (pH 7.4), 75 mM 

KCl, 2 mM EGTA, 

1% Triton-X-100, 2.5 mM MgCl2, 

5 mM ATP, 2 mM DTT, 

2% 2x EDTA-free complete 

protease inhibitor 

Mix 1 (100x in ethanol) 10 mg/mL TAME, 8 mg/mL 

TPCK, 0.2 mg/mL pepstatin A, 

0.5 mg/mL leupeptin 

Mix 2 (1,000x in ethanol) 100 mM PMSF 

P1 buffer 50 mM Tris, pH 8.0, 10 mM 

EDTA, 100 µg/mL RNAse A 

P2 buffer 200 mM NaOH, 1% SDS (w/v) 

P3 buffer 3 M potassium acetic acid, 

pH 5.5 

PBS 140 mM NaCl, 2.5 mM KCl, 8 mM 

Na2HPO4, 1.8 mM NaH2PO4, 

pH 7.4 

SOB-medium 20 g bacto trypton, 5 g yeast 

extract, 10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 10 mM 

MgSO4, ddH2O ad 1 L 

TAE-buffer (50x) 2 M Tris, pH 8.0, 1 M acetic acid, 

0,5 M EDTA 

TB buffer 250 mM KCl, 10 mM Hepes, 

15 mM CaCl2, 55 mM MnCl2 

TBS-T high salt (10x) 500 mM Tris-HCl pH 7.5, 

3 M NaCl, 0.05% Tween20 

TBS-T low salt (10x) 500 mM Tris-HCl pH 7.5, 

1.5 M NaCl, 0.05% Tween20 

Trituration solution 0.25 g BSA, 12.5 mL 

trypsin-inhibitor, 0.75mL DNAse, 

11.5 mL PBS 

 



Material 

 

45 
 

2.8 Oligonucleotides 

Oligonucleotides were synthesized by Eurofins MWG, Ebersberg. The siRNA was 

produced by Ambion, Darmstadt. 

 

Oligonucleotide for siRNA-silencing sequence (5´-> 3´) 

Myo10 (s160225) GAUAUUGACUGGAUAGACAtt 

 

Oligonucleotides for Real-Time-PCR 

 

NH218-M,R,H-Myo7a-F  Mm,RN,HS AGTTCACTGACAACCAGGA 

NH219-M,R,H-Myo7a-R  Mm,RN,HS CTTGGGGAACTTGCTCTC 

NH220-M,R,H-Myh10-F  Mm,RN,HS TGGAGAAGACCAAGAACC 

NH221-M,R,H-Myh10-R  Mm,RN,HS CATAGCGAGCAGAGATGC 

NH224-M,R,H-GAPDH-F  Mm,RN,HS CATCACCATCTTCCAGGAG 

NH225-M,R,H-GAPDH-R  Mm,RN,HS GAGATGATGACCCTTTTGG 

NH253-MRH-Myo15_1F CTCATCACCAGGGTCAA 

NH254-MRH-Myo15_1R CAAAGCTGTTGAAGCTCAG 

NH255-MRH-Myo15_2F AGCAGATAAAGATCCTGGAG 

NH256-MRH-Myo15_2R AGAAAGATTTCCACAAACTTC 

 

Oligonucleotides for constructs 

 

Myo10-Tail-F GCAGATCTCGCGGGACTCTGTG

TAC 

Myo10-Tail-R GTAAAGCTTTCACCTGGAGCTG

CCC 

MyTH4-F CTCGAGGACATGCTTTGCTTCA

C 

MyTH4-R GCTAGCTCAAGCCCCTCTATGA

CATCCAG 

2.9 DNA and protein ladders 

Gene ruler 1kb DNA ladder (Fragments: 10,000, 8,000, 6,000, 5,000, 4,000, 

3,500, 3,000, 2,500, 2,000, 1,500, 1,000, 750, 500, 250 bp), MBI-Fermentas, St. 

Leon-Rot 
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Page ruler pre-stained protein ladder (Fragments: 170, 130, 100, 70, 55, 40, 

35, 25, 15, 10 kDa), MBI-Fermentas, St. Leon-Rot 

Page ruler un-stained protein ladder (Fragments: 200, 150, 120, 100, 85, 70, 

60, 50, 40, 30, 25, 20, 15, 10 kDa), MBI-Fermentas, St. Leon-Rot 

2.10  Used vectors 

Vector Manufacturer 

peGFP-C2 Clontech, Paolo Alto, CA, USA 

peGFP-C3 Clontech, Paolo Alto, CA, USA 

peGFP-myosin10-Fl Berg & Cheney, 2002 

peGFP-myosin15a-[-N] Manor et al., 2011 

pGEM-TEasy Promega, Madison, WI, USA 

pGEX-6P-2 Amersham, Buckinghamshire, UK 

pmcherry-myosin15aΔ Manor et al., 2011 

 

2.11  Software 

Software Manufacturer 

ClustalW http://www.genome.jp/tools/clustalw/ 

DNAStar Version 5.07 Lasergene 

ImageJ http://imagej.nih.gov/ij 

Microsoft Office 365 Microsoft 

PRALINE http://www.ibi.vu.nl/programs/pralinewww/ 

 

TScratch version 1.0 http://www.cse-lab.ethz.ch 

 

 

 

 

 

  

http://www.genome.jp/tools/clustalw/
http://www.ibi.vu.nl/programs/pralinewww/
http://www.cse-lab.ethz.ch/
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3 Methods 

3.1 Microbiological methods 

3.1.1  Production of competent E. coli cells 

For the preparation of competent E. coli cells 5 mL SOB-medium was inoculated with 

E. coli cells and was shaken at 225 rpm and 37 °C overnight. After 16 hours 200 mL 

SOB-medium was inoculated with 1 mL of the preculture and was shaken constantly 

at 225 rpm at 20 °C until an optical density (OD600) of 0.6 was reached. After this the 

flask was cooled down on ice for 10 minutes. The bacterial suspension was transferred 

into precooled centrifuge vessels and centrifuged at 2,300 rpm and 4 °C for 10 minutes. 

The two cell pellets were resuspended with 33 mL ice cold TB buffer, incubated on ice 

for 10 minutes and after this centrifuged at 1,500 rpm and 4 °C for 10 minutes. Each 

cell pellet was resuspended in 6 mL ice cold TB buffer with 7% (v/v) DMSO. The 

bacterial suspension was aliquoted at 100 µL, frozen in liquid nitrogen and finally 

stored at -80 °C. 

3.1.2  Transformation of E. coli 

Transformation is defined as the absorption of foreign DNA by a bacterium. This 

process is achieved by the heat shock reaction. 

After 200 µL bacterial suspension (-80 °C) was thawed on ice, 20 µL ligation sample 

was added and the sample was incubated on ice for 30 minutes. After this the heat 

shock was induced at 42 °C for 45 seconds. An incubation on ice for 2 minutes followed 

immediately and 900 µL pre-warmed LB-medium was added to the suspension. The 

sample was incubated at 37 °C for one hour. The cells were centrifuged for 5 minutes 

at 2,500 rpm and they were plated on a LB-agar plate (when needed with the 

appropriate antibiotics). The plate was incubated at 37 °C overnight. 

If the transformed plasmid contained a resistance gene for the used antibiotics, only 

the transformed bacteria survived. 

3.1.3  Blue-white screening 

DNA fragments were amplified e.g. for a later sequence analysis by ligation into the 

pGEM-TEasy-vector (Promega). With the DNA fragment being inserted into the vector, 

the sequence of the lacZ-gene in the vector was disrupted. This implicates that the 

positive transformed bacteria can produce the β-galactosidase enzyme. For the 

differentiation of religated vectors and vectors with integrated insert, the transformed 
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cells were plated on agar with 20 mg/mL X-Gal and 200 mg/mL IPTG. IPTG induces 

the production of the β-galactosidase whereby this enzyme leads to a reaction of X-Gal 

to a blue dye. This means that bacteria with religated vectors produce blue colonies, 

whereas clones with the DNA insert in the vector stay white. 

3.2 Molecular biological methods 

3.2.1  Photometric determination of nucleic acid and protein concentration 

The concentration of nucleic acids and proteins are determined by measuring the 

absorption spectrum. The correlation between the concentration and the absorption of 

light in solutions is described by the Beer-Lambert law: 

𝐸𝜆 =  − lg( 𝐼𝐼0) =  𝜀𝜆 ∗  𝑐 ∗  𝑑 

Eλ =  extinction 

I =  intensity of the transmitted light 

I0 =  intensity of the incident light 

ελ =  molar extinction coefficient (L * mol-1 * cm-1) 

c =  concentration of the compound in the sample (mol * L-1) 

d =  path length through the cuvette (cm) 

Nucleic acids absorb the transmitted light at 260 nm and proteins at 280 nm. 3 µL of 

the sample were applied to the cell of the Implen NanoPhotometer, which was covered 

with the 1 mm lid (dilution factor 10). As a control, the sample buffer was used. 

3.2.2  Agarose gel electrophoresis 

Agarose gels are used for the preparative and analytical separation of DNA. It is a 

polymer of cross-linked galactose molecules, where the density of the network 

depends on the used agarose concentration. The higher the agarose concentration, 

the closer is the network and this influences the migration of DNA fragments. 

1% agarose gels were used in all experiments. For this 1 g agarose was dissolved by 

cooking in 100 mL 1x TAE-buffer. The liquid agarose was poured in the gel chamber 

and the proper comb was set in. When the gel was hardened, the comb was removed 

and the gel was overlayed with TAE-buffer. Samples were mixed with 6x agarose 

sample buffer and filled into the gel pockets. Additionally, 5 µL GeneRuler 1 kb DNA 

ladder were used. Agarose gel electrophoresis was performed at 110V for 45 minutes. 
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After staining in 0.04% (v/v) ethidium bromide solution (10 minutes) and destaining 

with water (10 minutes), the gel was analyzed by exposing the gel to UV-light with a 

trans illuminator. 

3.2.3  Isolation of DNA from agarose gel  

This protocol is a modification of the QIAquick Gel Extraction Kit protocol from Qiagen. 

Under UV-light the DNA fragment of interest was cut out of the ethidium bromide dyed 

agarose gel and transferred to a 2 mL reaction vessel. For 100 mg gel 300 µL buffer 

QG were added and the gel was melted at 50 °C. After this 100 µL isopropanol/100 mg 

gel were added. The mix was transferred to a QIAquick Spin Column and centrifuged 

at 13,000 rpm and afterwards the column was washed with 700 µL PE-buffer. The DNA 

was finally eluted with 30-50 µL ddH2O. 

3.2.4  Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a method to amplify specific DNA fragments 

in vitro by a heat stable DNA polymerase. Three steps are needed (denaturation, 

annealing and elongation), which are repeated usually 20 to 35 times. 

In the denaturation step the template DNA separates into the single strands, which 

allows binding of the primers in the annealing step. In the elongation step the 

DNA-polymerase elongates the DNA sequence. Afterwards, the cycle starts again. The 

following table shows the protocol which was applied for all constructs. The Phusion 

Hot Start polymerase with a proof reading activity was used in all PCR reactions. 
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Table 1 PCR procedure 

step process temperature 

[°C] 

period [s] repeats 

initial 

denaturation 

separation of 

the double 

strand 

98 300 1x 

denaturation separation of 

the double 

strand 

98 10  

 

35x 

annealing binding of 

primers 

40 - 70 30 

elongation elongation of 

primers 

72 (specific 

for 

polymerase) 

15/1,000 

bp 

final 

elongation 

final 

elongation of 

incomplete 

DNA strands 

72 600 1x 

storage storage of 

the produced 

DNA 

4 ∞  

 

volume component final concentration 

1 µL template DNA 100 ng 

0.4 µL dNTPs 200 µM 

2 µL forward primer 1 µM 

2 µL reverse primer 1 µM 

4 µL 5x HF-buffer  

0.25 µL Phusion polymerase 0.5 U 

10.35 µL ddH2O  
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3.2.5 Cleanup of PCR products and restriction endonuclease products 

DNA from PCR or a restriction endonuclease digestion was isolated and purified with 

the QIAquick PCR Purification Kit. The purification was performed following the 

manufacturer’s protocol. First, 5 times of the sample volume of PB were added to the 

DNA. The mixture was transferred to the QIAquick column and centrifuged at 

13,000 rpm for 30 seconds. Afterwards, the column was washed with 750 µL PE and 

centrifuged. For removing the buffer completely, the sample was centrifuged again for 

1 minute. The DNA was eluted in 30 µL ddH2O. 

3.2.6 Restriction endonuclease digestion 

Restriction enzymes belong to bacteria’s defense system and cut foreign 

nonmethylated DNA whereby the methylated bacterial DNA remains uncut. The 

restriction enzymes of type II recognize short specific palindromic sequences and cut 

the DNA within this sequence or nearby. This method is applied to confirm whether the 

ligation and transformation of isolated plasmids were successful. The conventional 

restriction enzymes and the corresponding buffers were used from Fermentas, 

additionally for fast reactions the FastDigest System from ThermoScientific was 

applied. 

Table 2 Typical FastDigest reaction mix 

volume   component 

X µL DNA 

1 µL restriction enzyme 

2 µL 10x FD Green Buffer 

add to 20 µL H2O 

30 minutes at 37 °C 
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Table 3 Typical conventional reaction mix 

volume    component 

X µL DNA 

1 µL restriction enzyme 

5 µL 10x buffer (appropriate to the enzyme) 

add to 50 µL H2O 

overnight at 37 °C 

 

3.2.7 Ligation 

During transformation of bacteria, foreign DNA fragments are introduced into a cell. 

Therefore, the DNA fragments are integrated into a plasmid. Via restriction 

endonuclease digestion DNA fragments with complementary ends are produced and 

can be hybridized, when they are mixed. Finally, the T4 DNA ligase connects the 

3´- and 5´ends. Ligation mixes of 10 or 20 µL were used. After the ligation, the ligation 

mix was taken for the transformation into E. coli XL1 blue cells. 

Table 4 Ligation assay 

volume    component 

7 µL or 16 µL insert 

1 µL vector (50 ng) 

1 µL or 2 µL 10x ligase buffer 

1 µL T4 DNA ligase 

overnight at RT 

 

3.2.8 Isolation of plasmid DNA 

For the isolation of plasmid DNA from bacteria two different Kits from QIAGEN were 

used depending on cell culture quantity. For cell cultures of 2 mL the QIAprep Spin 

Miniprep Kit and for cultures of about 100 mL the QIAfilter Plasmid Maxi Kit were 

applied. The plasmid extraction followed the alkaline lysis method. 

For the mini-preps the bacteria suspension was centrifuged for 10 minutes at 

13,000 rpm. Then the cells were resuspended in 250 µL P1 and additionally lysed by 
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250 µL P2. After mixing 350 µL N3 were added to precipitate cell debris. The samples 

were mixed and centrifuged again for 10 minutes at 13,000 rpm. The cleared lysate 

was applied to a QIAprep spin column, which binds the DNA. After washing the DNA 

with 750 µL PE, the DNA was eluted in 30 µL ddH2O. 

For the maxi-preps the E. coli culture was harvested by centrifugation at 4,500 rpm for 

15 minutes. Then the cells were resuspended in 10 mL P1 and lysed in 10 mL P2. 

After mixing 10 mL P3 were added. The lysate was cleared by passage through a filter 

cartridge. After equilibrating the QIAGEN tip-500 columns with 10 mL QBT, the lysate 

was filled in and then washed twice with 30 mL QC. Elution took place with 15 mL QF. 

The precipitation followed by adding 10.5 mL of isopropanol and centrifugation at 

6,000 rpm for 30 minutes. The DNA was washed once with 5 mL 70% ethanol and was 

centrifuged again. Afterwards, ethanol was removed and the DNA was dried. Finally, 

it was dissolved in ddH2O and the concentration was determined by photometry. 

3.2.9 Sequencing of DNA 

The DNA sequencing was performed via chain-termination method (Sanger et al., 

1977) by MWG (Ebersberg). For the analysis of the sequences and chromatograms 

the Software DNASTAR of the manufacturer Lasergene (Madison, WI, USA) was used. 

3.2.10 RNA-extraction 

The total-RNA out of primary glial cells and cell cultures was isolated with the help of 

the RNeasy Mini Kit. All steps were performed at room temperature. 1x107 cells were 

harvested and centrifuged at 2,500 rpm for 5 minutes. The pellet was washed with PBS 

three times. Afterwards, the cells were resuspended in 600 µL RLT buffer with 

1% β-mercaptoethanol. The added β-mercaptoethanol denatures RNases, which 

contaminates the RNA samples. For homogenization, the cells were passed through a 

0.4 mm syringe five times. After that one volume 70% ethanol (RNase free) was added 

and mixed well. The mixture was loaded on the spin column and centrifuged for 

15 seconds at 10,000 rpm. The absorbed RNA was washed with 700 µL RW1 buffer, 

centrifuged and then washed with 500 µL RPE buffer. Finally, the RNA was eluted with 

50 µL RNase-free water in a 1.5 mL vessel. The extracted RNA was stored at -20 °C. 

The concentration of the RNA was determined by measuring the extinction at a 

wavelength of 260 nm. 



Methods 

 

54 
 

3.2.11 cDNA-synthesis 

The cDNA synthesis set up had a volume of 20 µL and contained 1 µg RNA. In the first 

mixture, the RNA, Oligo-dT20-Primer, dNTPs and RNase-free water were incubated at 

65 °C for 5 minutes. 

Table 5 Reaction mix for c-DNA-synthesis (part 1) 

volume component final concentration 

1 µL Oligo-dT20 2.5 µM 

x µL RNA 1 µg 

1 µL dNTP 0.5 mM 

x µL RNase-free water  

65 °C for 5 minutes 

After that the sample was incubated on ice for 1 minute and centrifuged shortly. To this 

mixture 5x First-strand buffer, DTT and the Super Script III reverse transcriptase were 

added and incubated for 1 hour at 50 °C afterwards. 

Table 6 Reaction mix for c-DNA-synthesis (part 2) 

volume component final concentration 

4 µL 5x First strand buffer 1x 

1 µL DTT 10 mM 

1 µL Super Script III RT 10 U 

50 °C for 1 hour 

inactivation at 70 °C for 15 minutes 

Finally, the enzyme was inactivated at 70 °C for 15 minutes. The cDNA was stored at 

-20 °C. 

3.2.12 Real-Time-PCR 

The Real-Time-PCR is based on the common polymerase-chain reaction, whereby the 

amplification and the detection of the reaction product takes place in the same reaction 

set up. This method serves the quantification of cDNA in a sample and can be 

indicative of the amount of applied RNA. The detection proceeds with the help of 

fluorescent markers. 
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The sequences for the specific oligonucleotides that were used for the Real-Time-PCR 

are listed in the chapter 2.8. The oligonucleotides were designed exon-overlapping and 

in order so that a product length of 150 bp was reached. The amplification was 

performed as a triple set up in a 96-well-PCR plate. GAPDH was used as reference 

gene and Power SYBR Green was taken as fluorescent marker. 

Oligonucleotide and cDNA dilutions were prepared first. 

Table 7 Oligonucleotide dilution 

volume component final concentration 

3 µL forward primer 1.75 pmol/µL 

3 µL reverse primer 1.75 pmol/µL 

166.4 µL ddH2O  

The cDNA was diluted to a final concentration of 0.25 ng/µL. 

Table 8 Reaction mix for Real-Time-PCR (14 µL) 

volume component final concentration 

5 µL cDNA 0.25 ng/µL 

2 µL oligonucleotide mix 1.75 pmol/µL 

7 µL Power SYBR Green  

The 96-well-plate was covered and centrifuged at 1,000 rpm for 2 minutes. The plate 

was transferred into the Realtime PCR StepOnePlus machine and the following 

program was started. 

Table 9 Program for Real-Time-PCR  

temperature [°C] period [s] repeats 

95 600 1x 

95 15  

40x 60 60 

95 15 1x 

60 60 1x 

60-95 + 0.3 15 melt curve stage 
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3.3 Cell biological methods 

3.3.1 Culture of HeLa cells 

HeLa cells were cultured in cell culture dishes (10 cm diameter) in DMEM high glucose 

with 1 u/mL P/S, 10% (v/v) FCS and 4.5 mg/mL L-glutamine at 37 °C and 5% CO2. 

When the cells reached a confluence of 70 to 90%, the medium was removed, the cells 

were washed with 10 mL PBS and 1 mL 0.5% (w/v) Trypsin/EDTA in PBS was added. 

The cells were incubated at 37 °C for 5 minutes until they began to detach. After that 

the cells were resuspended in 5 mL medium, diluted (1:5 – 1:10), and finally plated in 

new culture dishes. 

3.3.2 Transfection of HeLa cells 

The transfection of HeLa cells was performed with Xfect at a confluence of about 50%. 

The cells were seeded out in a 24-well-plate on PLL-coated cover slips (18 mm 

diameter). After 24 hours, the transfection mix with 1 µg DNA and 0.3 µL Xfect was 

added to 250 µL DMEM high glucose medium, which was applied to the cells. After 

24 – 72 hours the cells were used for fluorescent microscopy investigations. 

3.3.3 Cryoconservation of HeLa cells 

For the cryoconservation HeLa cells were treated with Trypsin/EDTA, then 

resuspended in 5 mL medium and centrifuged for 5 minutes at 1,000 rpm at 4 °C. The 

pellet was resuspended in 2 mL DMEM high glucose with 20% (v/v) FCS and 10% 

DMSO. Finally, 0.5x 106 cells were aliquoted in 1 mL volumes in cryotubes, stored 

2- 5 days at -80 °C and after that in liquid nitrogen. 

3.3.4 Culture of BV-2 cells 

BV-2 cells were cultured in cell culture flasks (75 cm2) in DMEM with 1 u/mL P/S and 

10% (v/v) FCS at 37 °C and 5% CO2. When the cells reached a confluence of 70 to 

90%, the medium was removed, the cells were washed with 10 mL PBS and 5 mL 

medium was added. The cells were detached by a cell scraper and the cell number 

was determined. After that the cells were diluted appropriately and plated on a new 

flask. 

3.3.5 Transfection of BV-2 cells 

The transfection of BV-2 cells was performed with the Amaxa BasicNucleofector Kit for 

primary mammalian glial cells and with the Amaxa Nucleofector device. 1.5 million 

cells, 2 µg DNA and 100 µL Amaxa were used for one transfection reaction. The 
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program A30 was applied. The cells were counted and after that seeded out in a 

24-well-plate on PLL-coated cover slips (18 mm diameter) or on glass bottom dishes 

with DMEM and 2% (v/v) FCS. After 4 hours, the cells were used for fluorescent 

microscopy investigations. 

3.3.6 Cryoconservation of BV-2 cells 

For the cryoconservation BV-2 cells were collected by scraping, then resuspended in 

10 mL medium and centrifuged for 5 minutes at 1,000 rpm at 4 °C. The pellet was 

resuspended in 2 mL DMEM with 20% (v/v) FCS and 10% DMSO. Finally, 10x 106 

cells were aliquoted in 1 mL volumes in cryotubes and stored at -80 °C. 

3.3.7 Culture of NSC-34 cells 

NSC-34 cells were cultured in cell culture flasks (75 cm2) in proliferation medium 

(DMEM low Glucose with 1% P/S and 5% (v/v) FCS) at 37 °C and 5% CO2. When the 

cells reached a confluence of 70 to 90%, the medium was removed and the cells were 

washed with 10 mL PBS. After that the cells were treated with Trypsin/EDTA in PBS 

for 7 minutes at 37 °C. The cells were resuspended in 5 mL medium and counted. 

Finally, the cells were diluted appropriately. 

3.3.8 Transfection of NSC-34 cells 

The transfection of NSC-34 cells was performed with Metafectene Pro. The cells were 

seeded out in a 24-well-plate on PLL-coated cover slips or on glass bottom dishes with 

a 50% confluence (18 mm diameter). After 24 hours, the transfection mix with 0.5 µg 

DNA and 2 µL Metafectene Pro was added to 500 µL proliferation medium, which was 

applied to the cells. After 24 hours, the medium was changed to differentiation medium 

(DMEM low Glucose with 1% (v/v) FCS and 1% P/S). Then the cells were used for 

fluorescent microscopy investigations after 24 – 72 hours. 

3.3.9 Transfection of NSC-34 cells with siRNA 

One day before transfection 70,000 cells were seeded on PLL-coated cover slips 

(18 mm diameter) in proliferation medium. The next day 4 µL siRNA (working 

concentration 20 nM) and 5 µL Metafectine-Pro were premixed individually in 50 µL 

PBS. Then the siRNA mix was added to the Metafectine-Pro mix and incubated for 

20 minutes at room temperature. Finally, the 100 µL mix was added to the medium 

and the cells. After 72 hours, the cells were microscoped or fixed and prepared for 

staining. 
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3.3.10 Cryoconservation of NSC-34 cells 

For the cryoconservation NSC-34 cells were collected by Trypsin/EDTA treatment, 

then resuspended in 10 mL medium and centrifuged for 5 minutes at 1,000 rpm at 

4 °C. The pellet was resuspended in 2 mL proliferation medium with 5% DMSO. Finally, 

0.5x 106 cells were aliquoted in 1 mL volumes in cryotubes and stored at -80 °C. 

3.3.11 Culture of U87-MG cells 

U87-MG cells were cultured in cell culture flasks (75 cm2) in DMEM high Glucose with 

1% P/S, 10% (v/v) FCS, 1% L-Glutamine at 37 °C and 5% CO2. When the cells reached 

a confluence of 70 to 90%, the medium was removed and the cells were washed with 

10 mL PBS. Afterwards, the cells were treated with Trypsin/EDTA in PBS for 3 minutes 

at 37 °C. The cells were resuspended in 5 mL medium and counted. Finally, the cells 

were diluted appropriately. 

3.3.12 Cryoconservation of U87-MG cells 

For the cryoconservation U87-MG cells were collected by Trypsin/EDTA treatment, 

then resuspended in 10 mL medium and centrifuged for 5 minutes at 1,000 rpm at 

4 °C. The pellet was resuspended in 2 mL growth medium with 5% DMSO. Finally, 

1x 106 cells were aliquoted in 1 mL volumes in cryotubes and stored at -80 °C. 

3.3.13 Culture of mIMCD-3 cells 

MIMCD-3 cells were cultured in cell culture dishes (10 cm diameter) in DMEM/F-12 

with 1% P/S, 10% (v/v) FCS, 1% GlutaMax at 37 °C and 5% CO2. When the cells 

reached a confluence of 70 to 90%, the medium was removed and the cells were 

washed with 10 mL PBS. Afterwards, the cells were treated with Trypsin/EDTA in PBS 

for 5 minutes at 37 °C. The cells were resuspended in 5 mL medium and counted. 

Finally, the cells were diluted appropriately. 

3.3.14 Cryoconservation of mIMCD-3 cells 

For the cryoconservation mIMCD-3 cells were collected by Trypsin/EDTA treatment, 

then resuspended in 10 mL medium and centrifuged for 5 minutes at 1,000 rpm at 

4 °C. The pellet was resuspended in 2 mL growth medium with 10% DMSO. Finally, 

1x 106 cells were aliquoted in 1 mL volumes in cryotubes and stored at -80 °C. 

3.3.15 Fixation of mammalian cells 

For the fixation, cells were seeded out on cover slips one day before treatment and 

washed once with PBS the following day. After that they were fixed with 3% PFA in 



Methods 

 

59 
 

PBS for 30 minutes at room temperature. Then three wash steps with PBS were 

performed. 

3.3.16 Staining of mammalian cells 

The already fixed mammalian cells were treated with 0.1% Triton X-100 in PBS for 4 ½ 

minutes and afterwards washed three times with PBS. The incubation with the first 

antibody diluted in 3% BSA in PBS was accomplished for 1 hour at room temperature. 

The antibody was washed out in three washing steps with each 200 µL PBS. The 

second antibody together with DAPI and if needed the fluorescent phalloidin marker in 

3% BSA in PBS were incubated for 1 hour at room temperature. Then the cells were 

washed three times with each 200 µL PBS and once with ddH2O. For embedding the 

Slow Fade Gold Reagent from Invitrogen was used. 

3.3.17 Preparation and cultivation of primary glial cells from mice and rat brain 

Primary rat astrocytes and microglia were used for staining and localization 

experiments. Primary mouse microglia from shaker-2 mutant and wildtype mice were 

used for scratch-assay experiments. Corpus callosum and cerebral cortex were taken 

from whole brain of 1-3 days old newborn mice and dissected under a binocular 

microscope using ultrafine forceps. The isolated brains were stored in ice-cold Hanks' 

balanced salt solution containing 15 mM HEPES buffer. For one experiment corpus 

callosum and cortex of 8 to 10 mice were pooled. Using the binocular microscope all 

meninges were removed and after that the brains were washed three times in Hank´s 

buffer with HEPES. For mechanical tissue dissociation CNS tissue was fragmented by 

a razor. Tissue was collected and centrifuged for 5 minutes at 2,500 rpm. The pellet 

was resuspended in 7 mL 0.1% Trypsin and incubated at 37 °C and 170 rpm for 

9 minutes. After that 300 µL 0.001% DNAse were added and the cells were centrifuged 

at 2,500 rpm for 5 minutes. The supernatant and blood remnants were removed and 

2 mL trituration solution were added. Afterwards, cell suspension was filtered through 

a 70 μm cell strainer and rinsed with DMEM with 1% P/S and 10% FCS. After counting, 

the cells were plated at 15x 106 cells/ 75-cm2 flasks and incubated at 37 °C and 

5% CO2. Cells were cultured for 7-9 days. Glial cells were separated by different 

shaking procedures: After day six of preparation microglia were collected by shaking 

at 180 rpm for 1 hour. Oligodendrocytes were separated by shaking the 

microglia-free-culture for 18-19 hours at 150 rpm and astrocytes were collected by 

treatment with AraC (1: 1,000) for 72 hours and finally detachment by Trypsin/EDTA. 





Methods 

 

61 
 

were prepared as described below. The gel was clamped into a gel chamber from 

Biorad and the chamber was filled with Laemmli Buffer. After 6x Laemmli SDS sample 

buffer was added and the sample was heated up to 95 °C for 10 minutes, the sample 

was applied to the gel. The gel run 50 minutes at 32 mA. After the run the gel was 

stained with Coomassie-staining solution or used for western blotting. After staining 

with the Coomassie-staining solution, the gel was destained with 6% (v/v) acetic acid 

solution and documented by scanning. 

Separating gel (10%); 10 mL 

3.3 mL  30% Acrylamide/0.8% N,N´- Methylenebis (acrylamide) 

2.8 mL  1.5 M Tris-HCl (pH 8.8) 

1 mL  1% SDS 

2.9 mL  ddH2O 

30 µL  TEMED 

30 µL  40% APS 

Stacking gel (5%); 1.5 mL 

250 µL  30% Acrylamide/0.8% N,N´- Methylenebis (acrylamide) 

190 µL  1 M Tris-HCl (pH 6.8) 

150 µL  1% SDS 

960 µL  ddH2O 

5 µL  TEMED 

5 µL  40% APS 

3.5.2 Western-Blot 

For the detection of recombinant or native proteins the Western Blot analysis in 

accordance with the Semi-Dry Blot method was performed. After electrophoresis, a 

polyacrylamide gel, four thick blotting papers and a nitrocellulose transfer membrane 

were put into blotting buffer. Then the gel, the paper and the membrane were stacked 

like a sandwich (Figure 14). 
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A 10 mL GST-Sepharose 4 Fast Flow column was equilibrated with 2 CV of binding 

buffer. The cell lysate is loaded onto the column with a flow rate of 1 mL/min. After that 

the column was washed at 3 mL/min with 3 CV of: Binding buffer, high salt buffer and 

binding buffer. The GST fusion protein was finally eluted by a linear gradient with the 

elution buffer over 7 CV. The fractions were analyzed for the GST fusion protein 

content via SDS-PAGE. Positive fractions were pooled and dialyzed overnight at 4 °C 

in dialysis buffer. Then the protein was concentrated with Vivaspin concentrators with 

a molecular weight cut-off from 30,000 kDa. 7% (w/v) Sucrose was added and the 

protein was aliquoted in 100 µL volumes and stored at -80 °C. MyTH4-GST was 

purified with an output of 1.75 mg/4 L cell culture. 

3.5.4 Co-immunoprecipitation 

The co-immunoprecipitation enables the identification of protein-protein interactions by 

immunoprecipitating their complexes. A cell lysate containing the protein of interest is 

incubated with a specific antibody which was immobilized on beads or bound to protein 

A or G before. The solid binding partner is sedimentable and so allows the precipitation 

of the protein-protein-complex indirectly. 

For the preparation of the cell lysate 5.8x 106 BV-2 cells per lysate sample were 

harvested. The cells were washed with PBS once, centrifuged at 1,000 rpm and the 

supernatant was removed. The cell pellet was resuspended in 300 µL ice-cold lysis 

buffer and six times drawn up into a 0.4 mm syringe and incubated on ice for 

20 minutes. Then 5 µg Myo10-antibody was added to the lysate samples and 

incubated overnight at 4 °C under rotation.  

Next the Protein-G-sepharose had to be prepared. 300 mg sepharose were taken and 

centrifuged, the ethanol was removed and the pellet was washed with PBS and after 

that incubated while rotating with 1% BSA in PBS for 1 hour at 4 °C. The sepharose 

was washed twice with PBS and finally resuspended in 1.2 mL lysis buffer. If 

necessary, the prepared sepharose can be stored a few days at 4 °C. 

Each lysate-antibody mixture received 100 µL protein G sepharose in lysis buffer and 

was incubated at 4 °C for 4 hours under rotation. The mixture was centrifuged and 

washed three times with lysis buffer, then 300 µL fresh BV-2 cell lysate was added and 

the samples were incubated overnight at 4 °C under rotation. The supernatant was 

removed, the sepharose was washed three times with lysis buffer and after a 
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centrifugation step the pellet was resuspended in 50 µL boiled 6x Laemmli SDS 

sample buffer. The mixture was boiled at 95 °C for 10 minutes. 

Finally, the samples run on an 8% SDS gel and a Western Blot was performed, 

whereby the Myo10-antibody was used with a dilution of 1: 1,000 and the connexin-43 

antibody with 1: 2,000. 

3.5.5 Immunization of a rabbit with MyTH4-GST of myosin-15a 

From an adult rabbit 5 mL blood were drawn as control before immunization. 35 µg 

MyTH4-GST of myosin-15a protein in 500 µL serum + 500 µL Freund’s complete 

adjuvants were injected subcutaneously. Three weeks later the rabbit received a 

booster injection with 978 µg protein in 500 µL serum + 500 µL Freund’s incomplete 

adjuvants. Ten days after the booster injection 5 mL blood were drawn for testing the 

antibody level. Again, after three weeks, the whole-blood of the rabbit was taken out 

of the ear vein for the serum preparation. 

3.5.6 Preparation of serum 

85 mL of whole-blood were coagulated for 45 minutes at room temperature. 

Afterwards, the blood sample was centrifuged at 3,000 rpm for 15 minutes. The upper 

serum phase was aliquoted and stored at -20 °C. 

3.5.7 Antibody purification 

The immunization of the rabbit was accomplished with a fusion protein, so there where 

produced antibodies against the MyTH4-domain of myosin-15a as well as against the 

GST-tag. For removal of the present GST-antibody in the serum, a purification by a 

GST protein saturated membrane was used. 

A 9 cm2 nitrocellulose membrane was soaked in PBS and incubated with 100 µg GST 

protein in PBS for 1 hour at 4 °C under rotation. Then the membrane was treated for 

30 minutes with 3% BSA in PBS at 4 °C and washed afterwards for 15 minutes with 

PBS. 500 µL serum and 500 µL 0.1% BSA and 0.05% NaN3 in PBS were incubated 

with the before GST saturated membrane overnight at 4 °C. This procedure was 

performed three times. The purified serum was stored at 4 °C. 
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4 Results 

4.1 Expression of different MyTH4-FERM myosins in neuronal and 

glial cells 

To get a quantitative picture of the expression of the individual MyTH4-FERM myosins 

in different cell types of the nervous system, RNA from whole mouse brain tissue 

(postnatal day 5) and primary hippocampal neurons from mice (postnatal day 5) were 

isolated. Furthermore, RNA samples from primary rat microglia, oligodendrocytes and 

astroglia were isolated. For comparison three cell-lines were used. The BV-2 cell-line 

is derived from raf/myc-immortalized murine neonatal microglia and is the most used 

alternative for primary microglia (Henn et al., 2009). The RNA levels of freshly isolated 

primary astrocytes were compared with the human primary glia blastoma cell line 

U87-MG, because it is suggested that U87-MG can be used as an alternative in vitro 

model for primary astrocytes (Lee et al., 2014). The NSC-34 cell line is a 

neuroblastoma spinal cord hybrid cell line that resembles developing motor neuronal 

cells and is frequently used to study motor neuron biology (Babetto et al., 2005).  

The RNA from control cell lines was taken from HeLa and mouse inner medullary 

collecting duct cells from kidney (mIMCD-3). HeLa cells are used for the comparison 

of the myosin-10 expression and due to their high filopodia formation ability. MIMCD-3 

cells were used because they have microtubule-rich cilia. 

First the expression of myosin-7a, -10 and -15a was detected in primary rat microglia, 

oligodendrocytes and astrocytes by PCR (Figure 16). Due to the isolation procedure, 

it is impossible to obtain an oligodendrocyte sample, free of microglia and astrocytes 

residues. For that reason, oligodendrocytes were excluded in the RT-PCR experiment. 
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4.2 Cellular localization of MyTH4-FERM myosins in neuronal and 

glial cells 

To investigate the localization of the MyTH4-FERM myosins in different cell types of 

the nervous system, primary cells and cell lines were stained with antibodies against 

myosin-7a, -10 and -15a. The myosin-15a antibody used in the following experiments 

was self-generated, because it was not available to purchase at that time. 

4.2.1 Myosin-15a antibody production 

As myosin-15a is the only MyTH4-FERM myosin with two different MyTH4-FERM 

domains, this region appeared to be an appropriate antigen for the generation of an 

antibody.  

An alignment of the later used 2nd MyTH4 domain of the rat myosin-15a with the first 

MyTH4 domain of myosin-10 showed only 22% identity (Figure 18). Since this domain 

was highly specific for myosin-15a, it was chosen as an antigen for the antibody 

production. 

 
Figure 18 Alignment with PRALINE: Aligned is the second MyTH4 domain of rat myosin-15a 
against the MyTH4 domain of rat myosin-10. * = identical amino acids, the amino acids are 
marked in a color code respective the conservation (see above).  
 

In the next step, the conservation of this domain between different species was 

compared. An alignment of the second MyTH4 domain of rat myosin-15a was 

compared with the same domain in mouse and human myosin-15a (Figure 19).  
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Figure 19 Alignment with PRALINE: Aligned is the second MyTH4 domain of rat myosin-15a 
against the same domain of the mouse and human homolog. * = identical amino acids, the 
amino acids are marked in a color code respective the conservation (see above).  
 

The alignment showed that the rat, mouse and human MyTH4 domains were in 89% 

of the sequence identical. This region is highly conserved and can be used for the 

generation of a specific antibody to detect myosin-15a production in cells of all three 

species.  

The second MyTH4 domain of rat myosin-15a (aa 3029-3220) was amplified by PCR 

(chapter 3.2.4) and ligated into the pGEX-6P-2 vector (with integrated GST-tag) with 

the help of the restriction sites XhoI and NheI. The GST-MyTH4 fusion protein with the 

molecular weight of 47 kDa was purified via affinity chromatography (chapter 3.5.3).  

The antibody was generated by rabbit immunization (chapter 3.5.5) and afterwards the 

extracted rabbit serum was delivered from anti-GST-antibody (chapter 3.5.7). 

Finally, the purity and specificity of the myosin-15a antibody was tested in 

western-blots and stainings. In Figure 20 the sensitivity of the generated 

anti-myosin-15a antibody is tested by using different antigen and antibody 

concentrations. In the western-blots two different amounts of antigen (MyTH4-GST) 

were used. Both 100 ng and 200 ng MyTH4-GST fusion proteins were detected at an 

antibody concentration of 1: 2,000, 1: 5,000 and 1: 10,000.  
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5 Discussion 

5.1 MyTH4-FERM myosins are expressed in neuronal and glial cells 

Until now very little is known about the distribution of the MyTH4-FERM-myosins 

myosin-7a, -10 and -15a in different cell types. Especially a comparative analysis of 

expression patterns for these myosins is missing. In the context of the shaker-2 mouse 

model myosin-15a was first detected in the inner and outer hair cells of the cochlea 

(Probst et al., 1998). The authors observed a myosin-15a expression also in the adult 

brain and kidney. Furthermore, myosin-15a was detected in the retina (Held et al., 

2011). Different from myosin-15a, myosin-10 is nearly ubiquitous represented in 

tissues, whereby a truncated form of myosin-10 was only present in the brain (Berg et 

al., 2000). Gibson et al. (1995) already showed that myosin-7a is mostly represented 

in lung, kidney and testis. Very low expression levels of myosin-7a were found in 

skeletal muscle, heart, brain, spleen and liver. An investigation from Weil et al. (1995) 

showed a myosin-7a expression in the cochlea of mice as well as in the retina.  

In this work, the expression of myosin-7a, -10 and -15a was compared among each 

other in glial and neuronal cells and brain tissue. In addition, control cells were used 

for comparison. All mentioned MyTH4-FERM-myosins were already detected by 

RT-PCR in the brain tissue. But except for myosin-10 it is not known in which special 

cell types in the brain the other myosins are expressed and which functions they have 

in these cells. 

The results showed that the encoding RNA of all three MyTH4-FERM myosins is 

expressed in the investigated samples, but on a very low expression level. These 

results correspond with the findings of Berg et al. (2000), where myosin-10 was 

noticeably less abundant than myosin-2, myosin-5 and myosin-6. 

First, myosin-10 mRNA transcripts showed expression in testis and further 

experiments with in situ hybridization specified an expression of myosin-10 in the 

sertoli cells (Yonezawa et al., 2000). Recent studies investigated the myosin-10 mRNA 

expression in various tissue types and showed that myosin-10 is nearly ubiquitously 

represented. Whereby they found high levels of mRNA expression in kidney and brain 

(Berg et al., 2000), which correlates well with the results of this work. Here, the relative 

transcript abundance for myosin-10 in the whole brain and in the kidney cell line 

mIMCD-3 were the highest in the experiment. 
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So far, myosin-15a has been studied only in hair cells  of the inner ear, pituitary cells 

(Liang et al., 1999) and in other neuroendocrine cells and tumors (Lloyd et al., 2001). 

Liang et al. (1999) observed with the amplification conditions where myosin-15a cDNA 

was detected for the pituitary gland, but not in the brain and kidney. After refinement 

of the conditions with additional amplification cycles, they detected low levels of 

myosin-15a transcripts in brain and kidney too. Hence, the very low level of relative 

transcript abundance for myosin-15a in all cells and tissues in this study, agrees with 

the relevant literature. Furthermore, the results show that the myosin-15a expression 

is not limited to the endocrine cells of the brain, but also is assumed to play a role in 

the neuronal and glial cells. 

Myosin-7a has been reported to be present in hair cells of the cochlea, such as 

myosin-15a. Moreover, myosin-7a localizes within cells of the pigmented epithelium of 

the retina (Weil et al., 1995). Gibson et al. (1995) observed that myosin-7a is expressed 

very low in brain tissue and at higher levels in kidney tissue. However, Hasson et al. 

(1995) observed for kidney tissue a low expression and in brain tissue no myosin-7a 

expression. These contrary results reveal that the myosin-7a expression in brain tissue 

is near the detection limit. The findings of this work show that myosin-7a expression 

exists in brain and kidney cells (mIMCD-3) and that myosin-7a and myosin-10 

expression in these cell types is between 10-3 and 101 relative transcript abundance. 

All three MyTH4-FERM myosins are represented in neuronal and different glial cell 

types, whereby for myosin-7a and myosin-15a so far, no expression was assigned to 

a special brain cell type. 

5.2 Myosin-10 and myosin-15a show forward and backwards 

intrafilopodial motility in motor neuronal and microglial cells  

Filopodia are actin-enriched protrusions, which are important for cell motility. 

Myosin-10 (Sousa & Cheney, 2005) and myosin-15a (Belyantseva et al., 2003; 

Belyantseva et al., 2005) are known to localize at the tips of filopodia. It is suggested 

that they bind cargo to their tail and transport it through the filopodium to the tip. For 

myosin-15a e.g. the proteins whirlin and eps8 are known to be cargo proteins. 

Myosin-15a, whirlin and eps8 are integral components of the stereocilia tip complex 

and their interaction is important for the stereocilia elongation (Manor et al., 2011). 
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The retrograde actin-flow within the filopodia enables molecules to couple to the actin 

and to be transported back to the cell body. But the molecular mechanism of the 

forward and the backwards transport is still not completely revealed. In 2002 Berg & 

Cheney showed that a GFP-myosin-10 fusion protein transfected in HeLa cells 

undergoes intrafilopodial motility and can be important for the transport of cargo e.g. 

Mena/VASP within the filopodium (Tokuo & Ikebe, 2004). 

In the present study, myosin-10 puncta showed a mean velocity between 35 and 

96 nm/sec (BV-2/NSC-34) for the forward movement, which correlates well with the 

measurements of Berg & Cheney (2002). Here, the myosin moved in HeLa cells with 

about 80 nm/sec to the filopodia tips. 

Manor et al. (2011) observed in transfected cos-7 cells for myosin-15a fluorescent 

puncta a forward movement of ~ 25 nm/sec. In the present study the mean velocity for 

the forward movement was up to 14 nm/sec for BV-2 and 18 nm/sec for NSC-34 cells, 

which is in the same order of magnitude like the study of Manor et al. (2011).  

For both myosins a backwards movement with mean velocities between 14 and 

46 nm/sec were measured. This backwards movement was hypothesized to be due to 

the binding to actin, which underwent retrograde flow (Kerber & Cheney, 2011). The 

retrograde actin flow had a velocity of ~10 nm/sec (Berg & Cheney, 2002), which is 

much slower than the velocities measured in this work. A contribution of another 

myosin in context with the backwards transport of myosin-10 and myosin-15a like 

myosin-VI was not able to exclude in this work, since a staining with a myosin-VI 

antibody was not successful. 

A measurement of the size of the myosin particles revealed that myosin-10 had in both 

investigated cell types a higher particle diameter than myosin-15a. The particles might 

be a result of a clustering of the myosins. Berg & Cheney (2002) supposed that the 

dense fluorescent myosin particles derive from an accumulation of a yet 

uncharacterized transport complex with myosin-10. 

5.3 Myosin-10 and myosin-15a are localized at the midbody 

Myosin-10 appears a multifunctional myosin with diverse roles reaching from filopodia 

formation to mitosis: Weber et al. (2004) observed in Xenopus laevis eggs, that 

myosin-10 was important for positioning of the meiotic spindles. Moreover, myosin-10 

orients the mitotic spindle parallel to the substratum of cultured cells (Toyoshima & 
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Nishida, 2007). In addition, myosin-10 is required for the assembly of the mitotic 

spindle and the control of the spindle length (Woolner et al., 2008). In this work, the 

localization at the spindle poles was also confirmed for a transfected microglia cell line 

(BV-2). Furthermore, it was shown that in NSC-34 cells myosin-10 co-localized with 

the entire spindle microtubules. 

The observation that myosin-10 localizes at the midbody is entirely new. In different 

cell types stainings revealed that myosin-10 was concentrated at the ends of the 

midbody arms. 

To investigate the function of the myosin-10-tail in cells, the tail was produced based 

on the construct of Berg & Cheney (2002). The tail domain construct included the PH 

domains, MyTH4 domain and FERM domain. In this study Berg & Cheney (2002) 

showed that the myosin-10-tail did not localize at the tips of filopodia, but stayed in the 

actin-rich cell cortex. Berg & Cheney (2002) discovered that the myosin-10 motor was 

essential for the localization to the filopodia tip and hypothesized that the tail domain 

might be more important for the cargo binding and perhaps for regulation. 

In this study, it was shown that myosin-10-tail displays diverse localizations depending 

on the cell stage. It was confirmed that also in motor neuronal cells myosin-10-tail is 

localized in the whole cytoplasm. This localization pattern was observed in the 

interphase stage of the cell. In the proliferation stage, however the localization of the 

myosin-10-tail changed and was found at the midbody. 

Figure 46 demonstrates that myosin-10-tail envelopes α-tubulin at the Flemming body. 

Different functions of myosin-10-tail in this area are feasible. A correlation between 

progress of cell division and reduction of the myosin ring size was observed (Figure 

36). It can be assumed that the myosin might be important for the structural integrity of 

this area or might be an active part of the abscission process. The ability of the tail to 

bind microtubules can be important for the stabilization of the α-tubulin bundle at the 

midbody. Moreover, a regulation function like mentioned by Berg & Cheney (2002) is 

possible. 
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5.4 Connexin-43 is a potential new interaction partner of myosin-10 

Connexin-43 is expressed ubiquitous and is responsible for the formation of cell-cell 

contacts named gap junctions. These cell-cell contacts are important for the transport 

of small molecules and the intercellular exchange between adjacent cells. Hence, they 

are responsible for maintaining of the proper tissue homeostasis. Usually, connexin-43 

is expressed in cells that are situated in the interphase stage. But studies are known 

(Xie et al., 1997), in which a special connexin-43 species was observed during mitosis. 

The so called Cx43m undergoes a phosphorylation and often localizes to intracellular 

compartments. Moreover, in the present work, connexin-43 was observed at the 

midbody too. There connexin-43 was localized in the midbody region between the two 

daughter cells except of the center of the midbody and co-localized with α-tubulin. 

Boassa et al. (2010) also observed that a subpopulation of expressed connexin-43 is 

concentrated in the plasma membrane surrounding the midbody region. Since in the 

present work myosin-10 was found in the midbody region, an interaction of myosin-10 

with connexin-43 in at the midbody is possible too. A co-immunoprecipitation 

experiment with the microglia cell line BV-2 revealed that myosin-10 binds 

connexin-43. The binding of connexin-43 and myosin-10 can be based on a yet 

unknown domain interaction. Alternatively, a common interaction partner of 

connexin-43 and myosin-10 can be the missing link in the interaction of both proteins. 

A formation of a multiprotein complex between connexin-43, myosin-10 and a third 

interaction partner is conceivable. So far, known interaction partners of connexin-43 

are some phosphatases, membrane receptors, cell signaling proteins and scaffolding 

proteins (Singh & Lampe, 2003). Connexin-43 possesses a relatively large 

carboxyl-terminal (CT) region, which can bind to multiple proteomic interaction 

partners. Interactions with the cytoplasmic loop of the CT are poorly investigated (Kang 

et al., 2009). Kang et al. (2009) also discovered that α- and β-tubulin were binding 

partners of connexin-43, whereby they interacted with the entire cytoplasmic loop of 

connexin-43. These findings are in line with the observations in this work that 

connexin-43 co-localized at the midbody region with the α-tubulin bundle connecting 

both the daughter cells. In Figure 47 some known interaction partners of connexin-43 

are listed. For a few of the interaction partners the exact binding domains of 

connexin-43 are described. 
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Figure 47 Predicted protein domains in connexin-43 interacting proteins. T = Transmembrane 
domain, A = ARM domain, TS = Tsp1 domain. Grey boxes: mapped connexin-43 interacting 
domains. Grey lines = typically extracellular location. Black lines = cytoplasmic localization 
(modified from Giepmans, 2006). The red marked proteins are shared interaction partners of 
myosin-10 and connexin-43.  
 

Giepmans (2006) illustrated with the upper figure that a range of interaction partners 

of connexin-43 are known, but the exact binding domain that interacts with connexin-43 

is not yet investigated. A formation of a multiprotein complex between connexin-43, 

myosin-10 and a third interaction partner is conceivable. Some shared interaction 

partners of connexin-43 and myosin-10 are e.g. microtubules (Kang et al., 2009; Weber 

et al., 2004), N-cadherin (Wei et al., 2005; Lai et al., 2015) and ZO-1 (Giepmans & 

Moolenaar, 1998; Liu et al., 2012). In particular ZO-1 is part of the cleavage furrow of 

the midbody (Hämälistö et al., 2013). Hence, investigations of a possible simultaneous 

interaction of connexin-43, myosin-10 and e.g. ZO-1 at the midbody by staining as well 

as co-immunoprecipitation experiments should follow. 

5.5 Myosin-15a interacts with microtubules 

An interaction of myosin-15a with microtubules in mammalian cells was not previously 

described. Just for the myosin-15a homolog in Drosophila melanogaster, called 

sisyphus, an interaction with α-tubulin was identified (Liu et al., 2008). Like myosin-15a 

also myosin-10 possesses a MyTH4-FERM domain. Weber et al. (2004) revealed that 
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the microtubule association to myosin-10 is mediated by its MyTH4-FERM domain. 

Hirano et al. (2011) tried to isolate the exact binding position within the MyTH4-FERM 

domain of myosin-10, which binds microtubules. Based on a glutamic acid cluster at 

the C-terminal acidic tail of the microtubule molecule, microtubules possess a 

negatively charged surface. Hirano et al. (2011) suggested that the negatively charged 

C-terminal tails of microtubules might bind to a positively charged patch on the MyTH4 

domain surface. 

These findings allow the assumption that also the MyTH4-FERM domain of 

myosin-15a can probably bind microtubules. In this work, a co-localization of 

myosin-15a and microtubules in microglia cells was observed. The co-localization was 

especially found in activated microglia cells with a spindle-like phenotype. In that case 

myosin-15a and microtubules were both concentrated in a bundle structure that starts 

in the cell cortex and crosses the entire elongated spindle-like protrusion. This 

accumulation of myosin-15a in spindle-like protrusions of microglia was also 

discovered with the help of transfection experiments. These observations are not yet 

published and the function of a binding of myosin-15a to microtubules is not known. 

Remarkable is the fact, that this co-localization of myosin-15a and microtubules in this 

strand-like structure was only observed in activated microglia cells which were 

migrating. As shown in Figure 48 microglia that expressed myosin-15a in a long 

bundle-like structure possess a long protrusion and a cup-like structure at the other 

side, which is typical of the locomotory (L-) stage of microglia. 
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astrocytes and neurons microtubules, in contrast to actin, play a primary role in cell 

protrusions. Moreover, it was shown for neurons and astrocytes that a drug-induced 

destabilization of the microtubule network implicates a dramatically influence on cell 

migration (Etienne-Manneville, 2004). These observations might support the idea that 

in microglia myosin-15a participates in cooperation with microtubules in cellular 

migration. 

5.6 Myosin-15a is expressed in neuronal cells  

In this work, the expression of myosin-15a was first observed in glial cells. There 

myosin-15a participates in intrafilopodial transport, and probably in midbody and cell 

migration processes. Investigations of primary hippocampal neuronal cells revealed 

also an expression in axons and axonal node like structures. In a motor neuronal cell 

line (NSC-34) myosin-15a was localized in axons, axonal filopodia and in the 

microspikes of growth cones too. These findings can be supported by the Drosophila 

homolog of myosin-15a sisyphus, because a GFP-tagged sisyphus localized to 

filopodia of Drosophila primary neurons (Sánchez-Soriano et al., 2010). 

Moreover, eps8, which is a known myosin-15a binding partner and which needs the 

help of myosin-15a to be transported to the tips of stereocilia (Manor et al., 2011), is 

also involved in regulation of axonal filopodia in hippocampal neurons (Menna et al., 

2009). Likewise, a cooperation of myosin-15a and eps8 is possible in axonal filopodia 

of neurons. To identify the function of myosin-15a in axonal filopodia, a co-staining 

experiment of myosin-15a and eps8 in these structures would be helpful. 

The localization of myosin-15a at axonal node-like structures of hippocampal neurons 

was predicted in this work based on stainings with β-tubulin. There a co-localization of 

myosin-15a and β-tubulin was observed that looked like dotted structures along the 

axon. Myosin-15a also appeared at the tips of microspikes from the growth cone of 

motor neuronal cells. Microspikes are another special type of filopodia in neuronal 

cells, which are important for axonal growth and guidance (Bray & Chapman, 1985). 

Like in filopodia of other cell types, myosin-15a might be necessary for the microspikes 

formation and elongation. Compared to the observed influence of a myosin-15a defect 

on the migratory abilities of microglia, a similar important role in neuronal growth and 

guidance is possible. 
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5.7 N-term is not related to the tip localization of myosin-15a  

The role of the N-terminus of myosin-15a is still unknown. Merely the need of the 

N-term for the movement of myosin-15a to the tips of filopodia could be excluded 

(Belyantseva et al., 2003). This was confirmed by transfection experiments with motor 

neuronal cells in this work. A new construct which only contained the GFP-tagged 

N-term stayed in the entire cell body and did not reach the filopodia or the filopodia 

tips. These observations allow the assumption that the N-term has no function in the 

intrafilopodial localization of myosin-15a. 

According to Liang et al. (1999) the N-terminal domain of myosin-15a has a high proline 

content (~17%). Moreover, in the tail region of myosin-15a a SH3 domain is present. 

Since SH3 domains allow the assembly of protein complexes by binding proline-rich 

regions, the N-terminus alone or in combination with the SH3 domain might play a role 

in the association of myosin-15a with other binding partners. In this context it is 

important to mention that eps8 and whirlin, two known cargo proteins of myosin-15a, 

do not require isoform 1 (myosin-15a-Fl) to be transported to the stereocilia tips (Fang 

et al., 2015). An intra-molecular interaction of the N-term and the myosin-15a tail could 

lead to a differentiation in binding with special cargo proteins. Similar intra-molecular 

regulation processes occurred in other myosin classes too (Sellers & Knight, 2007). 

Fang et al. (2015) detected the expression of both myosin-15a isoforms in auditory hair 

cells at different developmental stages. Moreover, they discovered that the isoforms 

traffic to distinct sub-cellular locations within the stereocilia hair bundles. Fang et al. 

(2015) speculated that the N-term can act as a possible regulator for the ultimate 

destination of myosin-15a within the stereocilia hair bundle.  

Further experiments with glial and neuronal cell types like the investigation of trafficking 

of the different myosin-15a isoforms by special antibodies for both isoforms are of 

interest. 

5.8 Myosin-15a in shaker-2 microglia does not reach filopodia tips 

and the cells are inhibited in motility 

The Myo15sh2 mutation causes the shaker-2 mice phenotype, which is represented by 

deaf mice with a circling behavior. The deafness is caused by abnormally short 

stereocilia. But the reason for the circling behavior is not clarified yet. Also, the effect 

of this myosin-15a defect on other cell types has not been investigated. A participation 
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of defective brain cell types in abnormal behavior of motion is possible and has to be 

examined. This work focused on microglia cells and the effect of the myosin-15a 

mutation on their cytoskeleton structure and their migration behavior. Microglia are 

important for brain health, because they degrade dead cells and debris and protect 

other brain cells in case of infections. Associated with all these functions microglia are 

extreme motile, variable in their cell shape and often get in contact with other cell types. 

A myosin-15a defect might disturb the formation of filopodia and the transport of some 

cargos to filopodia tips and might affect motility, cell shape and cell-cell interactions. 

Fukui et al. (1990) showed in Dictyostelium discoideum that the conventional myosin 

is significantly involved in organization and function of the cortical cytoskeleton. 

Defective conventional myosin leads to microtubule penetrations in actin-rich regions, 

where microtubules are usually excluded. But staining experiments of the actin and 

microtubule network of microglia derived from shaker-2 mice revealed no abnormal 

phenotype relative to wildtype microglia. But in mutant microglia myosin-15a was 

prominent localized in aggregates in the cell body and did not reach filopodia tips. This 

supports the fact that also in microglia the defective myosin cannot accomplish its 

essential work. 

In a wound healing assay, mutant microglia migrated after 72 hours observation 22% 

slower than wildtype microglia. Moreover, the shaker-2 microglia showed a reduced 

and partly absent migration between 2 and 6 hours of observation. After 6 hours of 

observation the shaker-2 microglia are 45% slower in migration than wildtype 

microglia. These findings reveal a connection between myosin-15a and directed cell 

migration. The migration behavior of the mutant microglia seemed to be distinctly 

uncoordinated and this leads to the hypothesis that myosin-15a has a role in migration 

coordination. Moreover, it was shown that the myosin-15a defect affects more cell 

types than only stereocilia. Theoretically, also neurons might be influenced by a 

myosin-15a defect, because as shown in this work, myosin-15a is also present in the 

axon, in axonal filopodia tips as well as in microspikes of the neuronal growth cone. An 

effect on neuronal growth and guidance might be possible. These influences are 

maybe also an explanation for the disorientation and circling behavior of the shaker-2 

phenotype. 
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