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1. Introduction 

This work deals with the impact of the serum response factor (SRF) on actin dynamics and its 

implication on neuronal mitochondria. For this reason, this introduction shall give an 

overview about SRF, the actin treadmilling process and actin binding proteins (ABPs) 

involved. Additionally, focus will be directed on neuronal mitochondrial dynamics in due 

consideration of mitochondrial size, localization and transport in non-pathological and 

neurodegenerative circumstances. 

 

 

1.1 The Transcription Factor SRF 

1.1.1 Structure and Characterization of SRF 

The serum response factor (SRF) is a MADS box transcription factor, primarily described by 

Treisman and colleagues (Treisman, 1986; Norman et al., 1988). All members of the MADS 

box transcription factor family share the same conserved domain, the MADS box, named 

after the four originally identified members of this family: MCM-1 in yeast (Shore and 

Sharrocks, 1995), AG und DEFA in Drosophila (Sommer et al., 1990) and SRF in mammals. 

The human Srf gene consists of seven exons (Chai and Tarnawski, 2002) and alternative 

splicing gives rise to four different isoforms of SRF, which are expressed tissue-specifically 

(Kemp and Metcalfe, 2000). 

The SRF protein most frequently found in tissue, especially in the brain, consists of 508 

amino acids (aa) that lead to a mass of 67 kilodalton (kDa). Different domains are relevant 

for the biological function of SRF: a DNA binding domain (the MADS box), a transactivation 

domain (containing different sites of phosphorylation) and a nuclear localization sequence 

(NLS) (see Figure 1.1). The MADS box (aa 133-222) mediates dimerization of two SRF 

proteins and binding of this SRF homodimer to a “serum response element” (SRE). This SRE 

contains conserved CArG box [CC(AT)6GG] DNA sequences (Minty and Kedes, 1986; Sun et 

al., 2006) and adjacent cis-elements which can be recognized by SRF’s binding partner 

proteins, e.g. transcription factors of the TCF family (Buchwalter et al., 2004). 
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The best characterized partner proteins are the ternary complex factors (TCFs) (Buchwalter 

et al., 2004), which connect mitogen-activated protein kinase (MAPK) signaling to 

transcriptional activation (see chapter 1.1.2.1), and members of the myocardin related 

transcription factor family (MRTFs) (Pipes et al., 2006), e.g. MRTF-A/MAL or MRTF-B (Posern 

and Treisman, 2006). 

Besides binding of partner proteins, phosphorylation is another way of regulating SRF’s 

transcriptional activity. Serine/threonine kinases (e.g. casein kinase II or p44MAPK) can 

phosphorylate serine residues in the C-terminal part of the transactivation domain (Marais 

et al., 1992; Janknecht et al., 1993), the N-terminus of SRF (Manak and Prywes, 1991; 

Heidenreich et al., 1999) or directly in the MADS box (Iyer et al., 2006). The latter 

phosphorylation at serine-162 by protein kinase C- seems to be important to regulate SRF’s 

DNA binding ability. 

Figure 1.1 Structure of the SRF protein  
Fig. 1.1A shows the main domains of the SRF protein (Johansen and Prywes, 1993). 
The NLS domain enables nuclear localization of SRF, the MADS box is important for 
DNA binding and dimerization of two SRF proteins. Phosphorylation of serine residues 
in the transactivation domain regulates SRF’s transcriptional function. Figs. 1.1B and 
1.1C display two SRF mutant proteins used in this study: SRF-VP16 (B) is constitutively 
active because parts of the SRF transactivation domain are replaced by the Herpes 

simplex virus VP16 transactivation domain. In contrast, SRF-MADS-VP16 (C) is 

inactive due to lacking parts of the MADS box (Schratt et al., 2002). aa = amino 
acid. 
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Figure 1.1 shows the schematic structure of SRF. Furthermore, figures 1B, and 1C display two 

different SRF mutant proteins used in this study. By partial replacement of the SRF 

transactivation domain with the VP16 transactivation domain of the Herpes simplex virus 

(Wysocka and Herr, 2003), a constitutively active SRF-VP16 mutant is created. The proper 

control construct contains an SRF-VP16 protein lacking parts of the MADS box, thereby SRF-

MADS-VP16 is incapable of binding to DNA. In doing so, SRF-MADS-VP16 controls for 

possible VP16 off-target effects (Schratt et al., 2002). 

 

 

1.1.2 Regulation of SRF 

The activity of SRF can be regulated by a variety of external stimuli. In neuronal cells synaptic 

activity, e.g. triggered by glutamate (Xia et al., 1996) or kainate (Herdegen et al., 1997), as 

well as KCl activation of voltage sensitive calcium channels (VSCCs) (Misra et al., 1994), leads 

to an intracellular increase of Ca2+ that functions as a second messenger. By activating MAP 

and Ca2+/calmodulin-dependent (CaM) kinases, Ca2+ leads to direct SRF activation (Xia et al., 

1996) or indirect stimulation of SRF cofactors (Johnson et al., 1997). Beyond that, SRF 

activity can be controlled by stimulation with neurotrophic factors like BDNF (Kalita et al., 

2006; Meier et al., 2011) or NGF (Wickramasinghe et al., 2008). Furthermore, SRF activity 

can be stimulated in non-neuronal cells by lysophosphatidic acid (LPA), tumor necrosis factor 

 (TNF) or antioxidant agents (Chai and Tarnawski, 2002). 

Control of SRF activity is mediated by different signaling cascades. On the one hand, MAP 

kinase cascade leads to direct or indirect activation of SRF or TCFs, on the other hand, the 

Rho-actin pathway activates MRTFs, thereby controlling a different set of SRF target genes 

(Gineitis and Treisman, 2001). 

SRF mediated gene regulation is well described for two different types of genes. Upon 

engaging TCFs by activation of the MAPK cascade, SRF binds to SREs in the promotor region 

of immediate early genes (IEGs), thereby driving the expression of IEGs such as c-fos or Egr1 

(Schratt et al., 2001). In contrast to that, SRF can be recruited to gene regulatory elements of 

cytoskeletal genes by binding to MRTFs. This leads to the expression of actin genes (e.g. 

Actb, Actg) or actin-related genes (e.g. Gsn or Vcl), a process that is fine-tuned by the 

functional actin treadmilling in the cytoplasm (Sotiropoulos et al., 1999) (see Figure 1.2). 



Introduction 
 

4 
 

 

 

1.1.2.1 TCF-dependent Regulation of Immediate Early Genes 

As aforementioned, SRF controls the transcription of immediate early genes (IEGs). This is 

accomplished by recruitment of SRF partner proteins belonging to the TCF (ternary complex 

factor) family. Initially, external stimulation activates specific receptors, which in turn 

stimulate the activity of the small GTPase Ras. Ras itself activates Raf (rapidly accelerated 

fibrosarcoma), that leads to the initiation of a phosphorylation cascade that goes via MEK 

(MAP/ERK kinase) and ERK (extracellular signal regulated kinase), finally leading to the 

phosphorylation of TCFs in the nucleus (Johansen and Prywes, 1993; Hipskind et al., 1994). 

Figure 1.2 Regulation of SRF’s transcriptional activity 

SRF is regulated by different pathways. On the left side, the Rho-actin-MRTF pathway is 
depicted, leading to the expression of cytoskeletal genes. In the middle, MAP kinase 
pathway activates TCFs – that leads to the transcription of IEGs. Additionally, SRF is activated 
by CaM kinases that are stimulated by increasing levels of intracellular calcium. (Knöll and 
Nordheim, 2009) 
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TCFs like ELK-1, SAP-1 and NET belong to the family of ETS (E-twenty six) proteins (Yordy and 

Muise-Helmericks, 2000; Besnard et al., 2011). ETS proteins contain a conserved domain (the 

ETS domain) in the N-terminal region, which can bind to special regions on the DNA (the ETS 

motifs). Additionally, ETS proteins contain a B-box, which enables direct interaction with SRF 

(Hassler and Richmond, 2001) and C-terminal phosphorylation sites, that are targeted by the 

MAP kinases. Upon activation via phosphorylation by ERK (Zinck et al., 1993), TCF-SRF 

complex formation gets induced as well as binding of TCFs to the ETS-motifs (Giovane et al., 

1994; Hipskind et al., 1994; Whitmarsh et al., 1995). 

Of note, not only TCFs, but also SRF itself can be a direct target for phosphorylation. For 

example, the ribosomal S6-kinase pp90rsk, a direct target of the MAP kinase cascade, 

phosphorylates SRF, thereby enhancing SRF’s DNA binding affinity (Rivera et al., 1993). On 

the other hand, phosphorylation of serine residues in the C-terminus of SRF reduce the 

expression of IEGs (Janknecht et al., 1993). Thus, SRF’s activity can get regulated by direct 

phosphorylation in different directions. 

Recruitment of TCFs enables SRF to drive the expression of IEGs, e.g. c-fos or Egr-1. Indeed, 

SRF’s participation in gene transcription was shown for the first time for the regulation of c-

fos (Norman et al., 1988), whose expression increases transiently after serum stimulation 

(Greenberg and Ziff, 1984). The fast (“immediate early”) expression of c-Fos elicits a second 

gene expression wave (“delayed gene expression”) by forming a transcription complex 

together with c-Jun that leads to the expression of a further set of genes (Turjanski et al., 

2007). 

 

1.1.2.2 MRTF-dependent Regulation of Cytoskeletal Genes 

Besides regulating IEGs, SRF controls the expression of genes that are cytoskeletal related 

(e.g. Actb, Actg, Gsn or Vcl). This transcriptional activity of SRF is regulated by actin 

treadmilling and binding of MRTFs (myocardin related transcription factors) to monomeric 

G-actin (Olson and Nordheim, 2010). 

In this context, SRF recruits MRTFs that function as “actin sensing” molecules, thereby 

integrating the polymerization status of cytoplasmic actin into the control of gene 

expression. This actin-MRTF-SRF gene expression axis was firstly discovered in non-neuronal 

cells (Miralles et al., 2003) and relies on MRTF’s ability to bind monomeric G-actin thereby 

modulating nuclear shuttling of MRTFs (Mouilleron et al., 2008). Members of the MRTF 
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family (e.g. MRTF-A or MRTF-B (Wang et al., 2002)) are able to bind monomeric G-actin 

through their N-terminal RPEL domains (Miralles et al., 2003). Thus, at high cytoplasmic G-

actin concentrations MRTFs form a reversible complex with G-actin and are held back in the 

cytoplasm in an inactive state (Posern et al., 2002). Furthermore, even nuclear G-actin 

influences the activity of MRTFs by increasing their nuclear export and interfering with the 

MRTF-SRF complex formation (Vartiainen et al., 2007). 

Upon cell stimulation Rho-GTPases (e.g. Rac, RhoA, Cdc42) become activated (Posern and 

Treisman, 2006), which finally leads to a shift of the G/F-actin ratio towards filametous F-

actin thereupon decreasing the pool of monomeric G-actin. This releases e.g. MRTF-A from 

G-actin and leads to nuclear entry (Miralles et al., 2003) allowing for MRTF-SRF-complex 

formation and subsequent expression of cytoskeletal related target genes (Schratt et al., 

2002). As actin isoforms (e.g. -actin) are direct target genes of SRF, an auto-regulatory 

feedback loop emerges from this signaling cascade: External stimulation leads to Rho 

activation, decreasing the G-actin pool by forming F-actin, which liberates MRTF-A and 

increases the expression of new actin proteins that restore the cytoplasmic G-actin pool, 

causing a decrease of the MRTF mediated SRF activation. 

Nuclear shuttling of MRTF molecules has been described for non-neuronal cells. Of note, in 

neurons different ways of MRTF regulation are likely to exist, as transient nuclear entry of 

MRTF has been described as well as permanent nuclear localization of this SRF partner 

protein (Tabuchi et al., 2005; Kalita et al., 2006; Stern et al., 2009). 

 

 

1.1.3 Connection between TCF- and MRTF-dependent SRF regulation 

As TCF- and MRTF-recruitment regulate different sets of genes, it is tempting to assume that 

these signaling cascades are mutually exclusive. This is supported by the fact that TCFs and 

MRTFs compete for the same binding domain in the SRF protein (Wang et al., 2004). 

Furthermore, MRTF-A phosphorylation by ERK1/2 leads to its nuclear export. Thereby MRTF 

activity is decreased during MAP kinase cascade stimulation (Kalita et al., 2006; Muehlich et 

al., 2008). Additionally, MRTF can interfere with the MAP kinase signaling by inducing the 

expression of mitogen-inducible gene 6 (Mig6) or dual specificity phosphatase (DUSP5), both 

alleviating the activity of MAP kinase signaling (Descot et al., 2009). 
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1.1.4 Neuronal Functions of SRF 

SRF is a ubiquitously expressed transcription factor and exerts its function in many tissues. 

As this work deals with neuron specific effects of SRF, neuronal functions of SRF shall be 

described at this point (see Figure 1.3). 

SRF is expressed throughout most brain regions, including striatum, cortex and hippocampus 

and to a less extent in the thalamus (Herdegen et al., 1997; Stringer et al., 2002; Knöll et al., 

2006). Outside the brain, SRF is expressed during embryonic development in dorsal root 

ganglia (DRG) (Wickramasinghe et al., 2008). 

Analysis of murine adult brain revealed SRF’s influence on neuronal plasticity. SRF is 

activated upon intracellular increase of Ca2+, as it occurs after strong depolarization 

processes that lead to opening of NMDA-receptors (Platenik et al., 2000). Thus, it is 

reasonable that Srf depletion has an impact on long term potentiation (LTP) processes, 

which are important for functional learning and memory. In agreement, it was shown that 

conditional Srf depletion in adult brains leads to deficits in learning behavior (Etkin et al., 

2006; Johnson et al., 2011). Furthermore, the expression of SRF target genes that are 

influenced by synaptic activity (e.g. c-fos) is reduced as well. Of note, neuronal survival was 

not impaired during Srf depletion in adult brain (Ramanan et al., 2005). However, recent 

Figure 1.3 Neuronal functions of SRF 

Details see text. (Knöll and Nordheim, 2009) 
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research showed that constitutively active SRF-VP16 is able to improve neuronal survival in a 

facial nerve injury model (Stern et al., 2012). 

In addition, SRF plays a substantial role during development of the central nervous system 

(CNS). As embryonic knockout of Srf is lethal (Arsenian et al., 1998), murine forebrain 

specific SRF conditional knockout animals have been generated (Wiebel et al., 2002) to 

address SRF’s function in CNS development. In these Srf mutant mice, the Srf gene is flanked 

by loxP sites that are recognized by the Cre enzyme (cyclization / recombination). Cre is 

expressed under the control of the CamKII promotor, which is only active in neurons in the 

hippocampus, cortex and, less prominent, in striatum, thalamus and hypothalamus 

(Casanova et al., 2001). Upon forebrain specific expression of Cre, Srf gets removed in 

neurons in late embryonic stages allowing for investigation of SRF’s impact on neuronal 

development. These Srf knockout mice display a severe phenotype including locomotor and 

balance impairments, reduced body weight and size and die around three weeks of age 

(Alberti et al., 2005). 

In this context it was found that SRF impairs neuronal cell migration from the subventricular 

zone (SVZ) along the rostral migratory stream (RMS) to the olfactory bulb (Alberti et al., 

2005). Furthermore, Srf depletion leads to defects in axonal guidance and synaptic targeting 

during hippocampal development (Knöll et al., 2006) and impairs axonal pathfinding and 

branching in dorsal root ganglia (DRGs) (Wickramasinghe et al., 2008). Recent research 

revealed SRF’s role in development of hippocampal architecture as hippocampal lamination 

is disturbed in an Srf deficient background (Stritt and Knöll, 2010). In line, it was shown that 

SRF regulates the formation of major axonal tracts in the murine forebrain as Srf deletion in 

neuronal progenitor cells leads to impairments in axonal fiber tract formation (Lu and 

Ramanan, 2011) 

Furthermore, Srf deletion has an impact on oligodendrocytes via a paracrine mechanism 

involving secretion of connective tissue growth factor (CTGF). In this regard, Srf deletion 

leads to impaired oligodendrocyte development and less myelination in vivo (Stritt et al., 

2009). 

As neuronal motility is dependent on functional cytoskeletal rearrangements, it is 

reasonable that at least some of the aforementioned neuronal deficits in vivo rely on SRF’s 

ability to influence the actin cytoskeleton. This is supported by the finding that cytoskeletal 

genes (e.g. Actb or Gsn) are downregulated in vivo and the amount of inactive phospho-
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cofilin (an actin severing protein, introduced in more detail in chapter 1.2.3) is increased in 

an Srf mutant brains (Alberti et al., 2005). Furthermore, deletion of the SRF partner proteins 

that sense the actin polymerization status of the cell, the MRTFs, leads to in vivo phenotypes 

similar to those of SRF deficient animals (Mokalled et al., 2010). In vitro studies expanded 

the view of SRF’s role in microfilament dynamics in neurons. Cultivated neurons lacking Srf 

display misshaped growth cones that are rounded, lack finger like filopodia and do not 

respond to guidance cues (e.g. ephrin-A5), indicating non-functional actin motility in this 

particular neuronal structure (Knöll et al., 2006; Stern et al., 2009). Such Srf mutant neurons 

show a bipolar morphology and reduced neurite length, a phenotype that can be reversed 

by overexpression of constitutively active SRF-VP16 (mentioned in chapter 1.1.1) (Knöll et 

al., 2006). 

To sum it up, SRF loss-of-function (LOF) decreases neurite outgrowth in vivo and in vitro, 

impairs axonal pathfinding and response to guidance cues, dishevels hippocampal 

lamination and reduces myelination. Of note, it was not investigated in detail so far, whether 

these effects are due to reduced expression of actin related genes in general or whether 

these effects can be ascribed to changes in the activation status of cofilin, which is highly 

phosphorylated upon SRF depletion (Alberti et al., 2005; Mokalled et al., 2010). The latter 

will be addressed in this work. 
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1.2 The Actin Cytoskeleton 

1.2.1 Structure of Actin 

Actin is the most abundant protein in eukaryotic cells and is involved in more protein-

protein interaction than any other known protein (Dominguez and Holmes, 2011). Actin 

comes in three main isoforms: -actin (consisting of three isoforms, expressed in skeletal, 

cardiac and smooth muscle, respectively), - and -actin, which are expressed in non-muscle 

(-actin) and muscle cells (-actin) (Tondeleir et al., 2009). The 42 kDa monomeric G-

(globular) actin folds into two major domains called  and . However, a traditional four-

subdomain nomenclature is used to describe the particular regions of the molecule (Kabsch 

et al., 1990). Whereas subdomains 1 and 3 are structurally related, subdomains 2 and 4 can 

be seen as insertions into subdomains 1 and 3 (see Figure 1.4). The two major domains  

and  face only little contact as the polypeptide chain passes twice between these domains 

forming a hinge region in the middle of the molecule. Thus, two clefts are formed, the upper 

one between domains 2 and 4 forming a nucleotide binding side, the lower one between 

domains 1 and 3 mediating longitudinal interactions in the F-(filamentous) actin and 

between actin and small actin binding proteins (ABPs) (Oda et al., 2009; Fujii et al., 2010). 

Located in the nucleotide cleft, Ser14 and His73 loops are required to sense the state of the 

Figure 1.4 Structure of monomeric actin 

Monomeric G-actin forms four subunits. Thereby, subdomains 1 and 3 form 
a hydrophobic target binding cleft and subdomains 2 and 4 create a 
nucleotide cleft. The DNase I-binding loop is required for alongside 
interactions in F-actin polymers (Dominguez and Holmes, 2011). 
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bound nucleotide thereby mediating the structural changes involved during hydrolysis of 

bound ATP (Graceffa and Dominguez, 2003). Outside the subdomain 2 a sensor loop called 

DNase I-binding loop is found, which mediates interactions with neighboring actin filaments 

in the F-actin polymer. 

 

 

1.2.2 Actin Dynamics 

Formation of filamentous actin and the depolymerization of F-actin to monomeric G-actin 

are important processes underlying cellular motile processes, e.g. growth cone dynamics in 

neurons (Pak et al., 2008). In this context, assembly and disassembly of F-actin must be 

highly organized to secure functional cellular motility. 

When forming a filamentous actin structure, monomeric G-actin molecules are added to the 

so called barbed (+) end of a filament. G-actin is associated with ATP, which is hydrolyzed 

upon binding of actin to the barbed end. This hydrolysis and subsequent P i release alters 

actin conformation (Moraczewska et al., 1999) thereby weakening the subunit interactions 

and facilitating the release of ADP-actin. Of note, ATP hydrolysis comes within seconds after 

Figure 1.5 Actin dynamics and treadmilling 

Monomeric ATP-bound actin assembles at the barbed end. Subsequent hydrolysis 
and Pi-release result in conformational changes of actin favoring disassembly at the 
pointed end. At steady-state, assembly and disassembly occur at the same time, a 
process called treadmilling (Pak et al., 2008). 
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ATP-actin binding to the barbed end, whereas release of Pi occurs on average 600 seconds 

after hydrolysis (Pak et al., 2008). Thus, an actin filament can consist of three different types 

of actin-nucleotide complexes: ATP-actin, ADP-Pi-actin and ADP-actin (see Figure 1.5) 

whereupon ADP-actin gets released from the F-actin at the pointed (-) end. Finally, ATP/ADP-

exchange restores the active ATP-G-actin complex that can assemble at the barbed end 

again. Notably, the two different ends of an F-actin structure maintain different monomeric 

G-actin concentrations for assembly, referred as “critical concentrations”. Thus, when the 

concentration of G-actin lies between these two critical concentrations, actin assembly at 

the barbed end and disassembly at the pointed end occur at the same filament 

simultaneously. This steady-state process is called actin treadmilling. Interestingly, actin 

treadmilling is highly energy consumptive and is supposed to account for almost 50% of ATP 

turnover in cultivated neurons (Bernstein and Bamburg, 2003). 

Actin treadmilling has been known for a long time by in vitro studies (Wegner, 1976). 

However, in a cellular environment actin dynamics is much more complex including F-actin 

bundling, crosslinking and meshwork formation (Pollard and Borisy, 2003). In this context, 

many actin binding proteins (ABPs) are involved in organization of the actin cytoskeleton. 

Figure 1.6 Actin superstructures in a growth cone 

Actin forms different structures in this model growth cone. Small transverse actin 
bundles (arcs) are present in the transition zone, whereas the peripheral zone 
comprises actin meshwork and long bundles (filopodia) (Pak et al., 2008).  
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Especially neurons show highly organized cellular structures that are dependent on 

functional actin dynamics, e.g. the growth cone (see Figure 1.6). This substructure is 

exemplary for the complexity of actin structures in neurons. In a growth cone different types 

of actin superstructures can be found: The central domain is predominantly free of actin and 

surrounded by a transition zone comprised of bundled actin (the actin arcs (Gallo and 

Letourneau, 2004)), followed by mesh-like actin in the peripheral domain, the latter also 

containing filopodia consisting of long actin bundles. Of note, in neurons formation of F-actin 

structures is likely to be a local process e.g. in the cell body or the growth cone. In contrast, 

microtubules can be found throughout the cell body and the neurite but are restricted from 

the growth cone. 

As mentioned above, many ABPs facilitate the formation of these actin superstructures. In 

neurons, new filaments are nucleated by assistance of formins (Faix and Grosse, 2006), Spir 

proteins (Kerkhoff, 2006), cofilin (Andrianantoandro and Pollard, 2006) or the Arp2/3 

complex (Goldberg et al., 2000), the latter also mediating side branching of F-actin in an 

angle of 70° (Robinson et al., 2001). F-actin gets anchored at membranes supported by e.g. 

cortactin (Weaver et al., 2003) or vinculin (Steketee and Tosney, 2002). Finally, F-actin 

disassembly involves ABPs like gelsolin (Lu et al., 1997) or cofilin (Meberg and Bamburg, 

2000). 

These ABPs are not only required to maintain the growth cone structure but also to respond 

to guidance cues (Kalil and Dent, 2005). One distinguishes guidance cues that attract axonal 

growth (e.g. BDNF) or repulse it (which is regulated e.g. by ephrins). These guidance cues act 

primarily on growth cone motility as this cellular substructure can easily change its shape by 

influencing local actin dynamics. Thereby, stimulation with BDNF increases F-actin based 

filiopodia formation, whereas ephrin-A5 stimulation leads to a growth cone collapse by F-

actin depolymerization (Meier et al., 2011). 
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1.2.3 Cofilin 

F-actin disassembly and reorganization is regulated by several ABPs, including those of the 

ADF (actin depolymerizing factor)/cofilin family. In mammals, three different isoforms of 

ADF/cofilin are expressed: ADF, non-muscle cofilin (cofilin-1) and muscle cofilin (cofilin-2) 

(Vartiainen et al., 2002). 

Cofilins regulate actin turnover by cleaving F-actin into oligomers, a process called severing 

(see Figure 1.7). Cofilins bind co-operatively to F-actin (Hayden et al., 1993) with highest 

affinity for ADP-actin (Maciver and Weeds, 1994). Cofilin binding to F-actin induces a twist in 

the filament (McGough et al., 1997; Galkin et al., 2001) thereby initiating actin subunit loss 

from the pointed end (Carlier et al., 1997). This cofilin mediated off-rate enhancement of F-

actin can lead to further cleavage of the actin oligomers or creates new barbed ends that can 

function as new seeds for further F-actin polymerization. Thus, whether F-actin severing 

leads to ultimate disassembly of the actin filament or increases F-actin formation depends 

on the physiological circumstances (Condeelis, 2001). Furthermore, in vitro studies have 

shown that filament assembly or disassembly also depends on the cofilin/actin ratio (Van 

Troys et al., 2008). At low cofilin concentrations relative to actin, single cofilin molecules 

bind to F-actin and induce severing as described above (Andrianantoandro and Pollard, 

Figure 1.7 Regulation and activity of cofilin 

The actin severing protein cofilin is inactive and cannot bind to F-actin if it is phosphorylated. 
Upon slingshot (Ssh) mediated dephosphorylartion, cofilin regains its binding ability for F-
actin and cleaves F-actin into oligomeric parts. LIM kinase (LIMK) inactivates cofilin by 
phosphorylation at Ser3 (modified after (Huang et al., 2006)). 
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2006). At higher cofilin/actin ratios, cofilin stabilizes F-actin in a  twisted conformation (Chan 

et al., 2009). When the cofilin/actin ratio is further increased in vitro, cofilin can even 

function as an F-actin nucleator leading to de novo synthesis of F-actin (Andrianantoandro 

and Pollard, 2006). Nevertheless, it remains to be elucidated whether this cofilin/actin ratio-

dependence of cofilin’s activity has any physiological implication on e.g. growth cone 

dynamics or whether this is just an in vitro observation. 

Of note, another cofilin concentration dependent process has been observed recently: If 

cofilin is overexpressed or cells are oxidatively stressed, the formation of cofilin-actin 

bundles, called “rods”, is induced (Bamburg et al., 2010). These cofilin-actin-rods seem to 

play a role in neurodegenerative diseases as it was reported that rods impair axonal 

trafficking and induce synaptic loss in hippocampus (Cichon et al., 2011) and are found in 

Alzheimer’s brains (Minamide et al., 2000) as well as in huntingtin aggregates (Munsie et al., 

2011). 

As changes in actin dynamics might contribute to neurite growth, it was investigated 

whether cofilin impacts neurite elongation. It was shown, that activation of LIMK (and 

subsequent inactivation of cofilin) results in decreased neurite outgrowth (Birkenfeld et al., 

2001). In line, knockdown of cofilin or its activating phosphatase slingshot leads to impaired 

neurite outgrowth, too (Endo et al., 2007). Additionally, overexpression of a constitutively 

active cofilin construct resulted in an increase of very long neurites in vitro (Garvalov et al., 

2007). Recent research revealed that cofilin is involved in mediating neurite outgrowth in 

response to the growth promoting cell adhesion molecule L1 (Figge et al., 2012). This favors 

a model of active cofilin being required for neurite extension. Therefore, this study 

addresses whether increased phospho-cofilin levels in Srf mutant neurons account for the 

observed impairments in neurite elongation in case of SRF depletion. 

Besides its main function as an F-actin severing protein, cofilin can act in different contexts 

in the cell. Interestingly, cofilin seems to be involved in nuclear shuttling of monomeric actin. 

As cofilin has a nuclear localization sequence (Iida et al., 1992) and actin does not, cofilin is 

assumed to form a piggybag-protein mediating nuclear entry of G-actin (Pendleton et al., 

2003; Vartiainen, 2008). 

Furthermore, cofilin is supposed to play a role in mitochondria-dependent apoptosis as it 

was shown that cofilin translocates to mitochondria upon stauroporine stimulation or 

oxidative stress and induces cytochrome c release (Chua et al., 2003; Klamt et al., 2009). This 
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cofilin function is independent from actin binding, nevertheless in this context mitochondria 

dynamics seems to be somehow intertwined with actin dynamics (Rehklau et al., 2011). 

 

How is cofilin regulated? 

There are several possibilities to modulate cofilin’s function including tyrosine 68 

phosphorylation and subsequent ubiquitinylation (Yoo et al., 2009), pH-dependent inhibition 

(Bernstein et al., 2000; Pavlov et al., 2006) or oxidation (Klemke et al., 2008). However, the 

most important regulation goes via phosphorylation at serine 3. Phosphorylated cofilin is 

inhibited from binding to F-actin and thereby incapable of fulfilling its severing activity. 

Cofilin is phosphorylated by LIM kinases or TES kinases (Van Troys et al., 2008). LIM kinases 

are targets of the RhoGTPase pathway and become activated e.g. by ROCK1 or ROCK2 

(Bernard, 2007). This plays an important role in the Rho signaling pathway mentioned in 

chapter 1.1.2.2. In this context, activation of LIM kinase leads to inactivation of cofilin and a 

subsequent shift in the G/F-actin ration thereby inhibiting MRTF-A from entering the nucleus 

and forming an SRF-MRTF-complex (see Figure 1.2). On the other hand, cofilin can be 

reactivated upon dephosphorylation via slingshot (Ssh) phosphatase or chronophin (Huang 

et al., 2006). Research has been focused on the upstream regulation of these kinases and 

Figure 1.8 Regulation of Cofilin-Activity by MRTF-SRF 
transcriptional activity 
MRTF-SRF mediated gene transcription leads to 
inactivation of LIMK, thereby decreasing phospho-cofilin-
levels. Details see text. (Mokalled et al., 2010) 
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phosphatases and many signaling pathways seem to be engaged in this context (Bamburg, 

1999; Bamburg and Bernstein, 2008). At this point, focus shall be directed on the regulatory 

loop that emerges from SRF activity (see Figure 1.8). 

Cofilin phosphorylation is a hallmark of SRF deficiency in neurons (Alberti et al., 2005). 

Mokalled and colleges claim, that under basal conditions SRF inhibits cofilin phosphorylation 

by inhibiting LIM kinase activity (Mokalled et al., 2010). In detail, the MRTF-SRF-transcription 

complex drives the expression of Pctaire-1, which together with Cdk5 inhibits PAK1, an 

upstream kinase of LIM kinase. Thereby, PAK1 mediated LIM kinase activation is reduced 

leading to low levels of phosphorylated cofilin (see Figure 1.8). Thus, active cofilin is present 

to disassemble F-actin, which can lead to an increase of G-actin and inactivation of MRTF. In 

that way, a negative regulatory feedback loop is formed, as more G-actin shuts off the 

MRTF-SRF transcriptional activity. In contrast, SRF depletion leads to hyperphosphorylated 

cofilin due to permanent activation of LIM kinase and reduces neuronal motility due to 

impaired actin turnover. 

It is worth mentioning that it was unclear so far whether impaired cofilin function underlies  

the observed phenotypes in Srf mutant neurons (Knöll et al., 2006) and could be reversed by 

restoring cofilin activity. This important question was addressed during this project. It was 

investigated whether overexpression of an active Ssh phosphatase on an Srf mutant 

background could rescue neurite outgrowth. Furthermore, a constitutively active non-

phosphorylatable cofilinS3A mutant was applied to rescue neurite outgrowth in Srf mutant 

neurons. In doing so, this project offers new insights into the role of cofilin in maintaining 

neuronal motility. 
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1.3 Mitochondria 

Mitochondria are remarkably complex organelles that fulfill many functions in cells. They 

constantly undergo reorganization in size and shape whereupon the integrity of their highly 

organized substructure is always maintained. Mitochondria are the main ATP producers in 

the cell but additionally are involved in e.g. Ca2+ buffering and mediating apoptosis. 

At this point, focus shall be addressed to mitochondrial function in neurons as this special 

cell type particularly relies on functional mitochondrial biology. Interestingly, the brain is one 

of the major consumers of O2 and glucose, which feed the oxidative phosphorylation and 

production of ATP: Although the brain represents less than 2% of the whole body weight, it 

requires more than 20% of the consumed oxygen and glucose (Bolanos et al., 2009). Of note, 

the metabolism of neurons and their neighboring astrocytes seems to be interconnected as 

astrocytes are the prime consumers of glucose and they release most of their metabolized 

glucose as lactate (Bolanos et al., 1994), which then gets metabolized aerobically by neurons 

(Kasischke et al., 2004). In contrast to astrocytes and other cell types, neurons are totally 

reliant on functional mitochondria as they cannot switch to glycolytic metabolism if 

mitochondrial activity is inhibited (Almeida et al., 2001). This is due to the fact that neurons 

lack 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKBP3), an enzyme that 

stimulates glycolysis. Thereby, neurons are much more sensitive towards mitochondrial 

stress than other cells as it is reflected by many neurodegenerative diseases that are caused 

by malfunctioning mitochondria (see chapter 1.3.5). 

 

 

1.3.1 Structure and Function 

Mitochondrial functionality is relying on a defined ultrastructural organization. Mitochondria 

display a double-membrane architecture, which was initially observed in the 1950s (Palade, 

1953). In this regard, the outer mitochondrial membrane (OMM) is permeable to uncharged 

molecules up to a size of 5 000 kDa due to insertion of voltage dependent anion channels 

(VDACs) into the outer membrane (Mannella, 1992). In contrast, the inner mitochondrial 

membrane (IMM) is impermeable and forms many loops and invaginations (called cristae) 

into the innermost area of the mitochondrion, the mitochondrial matrix (see Figure 1.9). Of 

note, one should not consider mitochondrial objects as static organelles with a persistent 



Introduction 

19 
 

morphology, because mitochondria constantly undergo structural rearrangements in size 

and shape and form large network like structures as initially observed by live cell microscopy 

in the 1980s (Bereiter-Hahn, 1990). Recent research revealed that even cristae formation 

should not be seen as static parallel invaginations as depicted in textbooks (or in Figure 1.9), 

because electron microscopic based visualization revealed complex cristae tubules and 

lamellae (Frank et al., 2002; Riva et al., 2010). 

Structure and function of mitochondria are closely interconnected. Mitochondria are the 

main producers of ATP in cells, which is generated at the IMM in a process called oxidative 

phosphorylation. This involves the transfer of electrons from NADH or FADH2, generated in 

the degradation of glucose, pyruvate, amino acids or fatty acids, to the electron transport 

chain consisting of complex I, II, III and IV sitting at the IMM. Electron transport along these 

complexes leads to a transport of protons across the IMM into the intermembrane space, 

creating a negative membrane potential of mitochondria compared to the cytosol (ΔΨ 

between -150mV and -180mV) (Duchen, 2004). When protons move back into the matrix 

through the FO-F1-ATPase, this electrochemical gradient is used to create new ATP molecules 

(Nakanishi-Matsui et al., 2010). 

Additionally, the negative membrane potential is used for another function of mitochondria 

i.e. buffering of cytosolic calcium (Szabadkai and Duchen, 2008). In this context, a Ca2+ 

uniporter transports Ca2+ into the matrix and subsequently Ca2+ can be stored as an insoluble 

phosphate-salt by reaction with PO4
3-. This ability to regulate calcium homeostasis is 

A B 

Figure 1.9 : Structure of a single mitochondrion 

A: Scheme of the mitochondrial ultrastructure. Mitochondria have an 
outer and an inner membrane, the latter folding cristae into the matrix. 
B: Electron microscopic picture of a mitochondrion. 
(Westermann, 2010) 
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important for signaling processes as Ca2+ serves as a second messenger within many 

signaling pathways (Berridge et al., 2000). 

Of note, mitochondria play an important role in controlling apoptosis (Danial and Korsmeyer, 

2004). Cellular stress can lead to a cyctochrome c release from the mitochondrial matrix 

(Goldstein et al., 2000). Normally, cytochrome c is needed to transport electrons from 

complex III to complex IV in the electron transport chain, but upon mitochondrial release 

cytochrome c binds to cytoplasmic APAF-1 (apoptotic protease activating factor), which 

finally leads to activation of effector caspases such as caspase-3 that perform the ultimate 

cell death (Li et al., 1997). Interestingly, it was shown that the ABP cofilin is able to 

translocate to mitochondria after apoptosis induction and lead to cytochrome c release 

(Chua et al., 2003; Klamt et al., 2009). Thus, additionally to the well described apoptotic 

pathways known so far, there seems to be an interconnection of apoptosis-related 

mitochondrial function and the actin cytoskeleton. 

 

 

1.3.2 Transport and Trafficking 

Many neuron specific processes are highly ATP-consumptive, especially reversing the ion 

influx after membrane depolarization in case of action potentials or synaptic transmission. 

Furthermore, neurons are polarized cells and distinct cellular regions can be a long way away 

from each other (one imagines motor neurons that project their axons more than 1 meter 

along the spinal cord). As ATP cannot diffuse to the areas of its consumption (Hubley et al., 

1996), mitochondria must be transported to their final destinations to fulfill the energy 

needs at different regions in the cell (as depicted in Figure 1.10) (MacAskill and Kittler, 2009; 

Sheng and Cai, 2012). 

When mitochondria are visualized during time-lapse imaging microscopy, it becomes 

obvious that transport of mitochondria is not following a permanent, one-directional 

trafficking pattern. It is rather a dynamic movement behavior showing phases of transport 

alternating with phases of stopping, changing the direction or immobilization (Hollenbeck 

and Saxton, 2005; Misgeld et al., 2007; Kang et al., 2008). This is due to the fact that 

mitochondria associate with different motor proteins, which mediate mitochondrial 

transport. In this context, long range transport processes are accomplished by motor 
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proteins travelling along microtubules. Microtubules are composed of - and -tubulin 

forming a tube-like structure that is arranged in a polarized manner with plus and minus 

ends. In axons, microtubules are oriented with their minus end towards the cell body and 

the plus end directed distally (Heidemann et al., 1981), thereby defining the general 

elongated shape of an axon (Baas, 2002). Transport of mitochondria along microtubules is 

Figure 1.10 Mitochondria involved in neuronal function 

Mitochondria are important to supply ATP for energy demanding processes in a neuron, 

which are mainly linked to maintaining the ion homeostasis across the plasma 

membrane. Fast axonal transport of mitochondria goes via microtubule associated 

transport molecules. Kinesins mediate anterograde transport, dyneins transport 

mitochondria retrogradely. Myosins are supposed to mediate short range movement 

along actin filaments. Transport molecules bind to mitochondria via certain adaptor 

molecules. (Knott et al., 2008)  
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performed by kinesin superfamily proteins (KIFs) and dynein (Hirokawa et al., 2010). Most of 

the kinesins move towards the plus end of microtubules, whereas dyneins move the 

opposite direction. In doing so, kinesins mediate anterograde movement (i.e. towards distal 

parts, e.g. the growth cone or synapse) and dyneins are engaged in retrograde transport 

towards the cell body (Martin et al., 1999).  

In case of KIFs, at least 45 different genes, which are classified into 14 families, have been 

described (Hirokawa et al., 2010). Most important for neuronal mitochondrial transport are 

members of the kinesin-1 family (known as KIF5) (Tanaka et al., 1998; Pilling et al., 2006). 

The motor domain is located in the N-terminus of a KIF5 heavy chain, whereas the C-

terminus contains interaction domains for kinesin light chains, cargoes or cargo adaptors 

(MacAskill and Kittler, 2009). KIF5 interacts indirectly with mitochondria via the Milton 

adaptor protein or the mammalian Milton orthologues TRAK1 and TRAK2 (Brickley et al., 

2005), respectively. Milton itself mediates bridging of KIF5 and Miro (Mitochondrial rho), a 

RhoGTPase located in the OMM (Fransson et al., 2006). For this, Milton binds to the C-

terminal cargo-binding domain of the kinesin heavy chain (Glater et al., 2006). Thereby, 

Milton, Miro and KIF5 form an anterograde transport complex, which is specific for 

mitochondria. Additionally, another adaptor protein has been identified that mediates the 

contact of KIF5 and mitochondria: syntabulin (Cai et al., 2005). Syntabulin attaches directly 

to the OMM and the cargo-binding domain of KIF5. 

In contrast to KIF5, dynein motors are much larger and display a more complex assembly of 

two heavy and several light chains and facilitate retrograde mitochondrial transport (Karki 

and Holzbaur, 1999; Pilling et al., 2006). Whereas dynein heavy chains function as motors, 

dynein light and intermediate chains, together with other polypeptides, are involved in 

mediating the interaction with mitochondria. However, these interaction processes are 

poorly understood so far. Several anchoring mechanisms for dynein motors have been 

proposed, including interaction with mitochondrial outer membrane protein voltage-

dependent anion-selective channel 1 (VDAC1) (Schwarzer et al., 2002) or Miro (Russo et al., 

2009). Furthermore, it is unclear whether additional adaptor molecules are required for 

mitochondrial interaction, e.g. dynactin (King and Schroer, 2000), a molecule that enhances 

the processivity of the dynein motor and is believed to link dynein to microtubules and 

mitochondria. 
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How is mitochondrial transport regulated? 

As mitochondria move bidirectionally, it is likely that kinesin and dynein motor proteins are 

simultaneously associated with a mitochondrion. Indeed, dynein has been colocalized with 

mitochondria moving anterogradely and retrogradely (Hirokawa et al., 1990). However, 

impairing kinesin-driven transport does not automatically lead to dynein-mediated 

retrograde mitochondrial movement (MacAskill et al., 2009; Wang and Schwarz, 2009). 

Hence, kinesin and dynein motors together seem to coordinate mitochondrial transport 

rather than simply act antagonistically in a “tug of war” fashion (Ligon et al., 2004; Welte, 

2004). It is more likely that bidirectional mitochondrial transport is controlled by different 

processivities of the motor proteins which is accomplished by diverse adaptor molecules 

linking kinesin or dynein to a mitochondrion (Sheng and Cai, 2012). 

Mitochondria must be stopped at regions where their ATP production is needed. For this, 

docking mechanisms require proteins that immobilize mitochondria at microtubules. This 

particular mechanism has been shown for syntaphilin, which forms a “static anchor” for 

mitochondria at microtubules (Kang et al., 2008), thereby disrupting both, kinesin- and 

dynein-driven mitochondrial transport. Interestingly, the dynein light chain LC8 has been 

identified to stabilize the syntaphilin-microtubule interaction (Chen et al., 2009). This argues 

for a model of dynamic interactions between docking molecules, transport proteins and 

cytoskeletal compartments. 

Mitochondrial transport is regulated by neuronal metabolism and electrophysiological 

activity. In this regard, mitochondria are stopped at regions of low ADP (Mironov, 2007) as 

well at high concentrations of Ca2+ (MacAskill et al., 2009). Calcium levels are a key regulator 

of mitochondrial transport as recent research revealed that the Miro protein is the essential 

calcium sensor leading to the arrest of mitochondria at levels of high Ca2+ (Saotome et al., 

2008; MacAskill et al., 2009; Wang and Schwarz, 2009). For this, Miro’s EF hand domains 

bind Ca2+ leading to conformational changes of the whole protein that disrupt kinesin 

mediated transport. However, the exact mechanism of Miro-kinesin interaction is still a 

matter of controversy. 
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1.3.3 Fusion and Fission 

Mitochondria constantly undergo rearrangements in structure and size during processes 

called fission and fusion (see Figure 1.11) (Detmer and Chan, 2007). These mechanisms allow 

for the control of the number and size of mitochondria and additionally regulate the mixing 

of metabolites of different mitochondrial particles. 

Mitochondrial fission is performed, at least in part, by two evolutionary conserved proteins, 

Drp1 and hFis1 (Knott et al., 2008). While hFis1 is present at the OMM (Mozdy et al., 2000), 

Drp1 is suggested to form 8-12 unit oligomers during a self-nucleating process (Ingerman et 

Figure 1.11 Mitochondrial fission and fusion 

(a) Drp1 primarily oligomerizes and is recruited to the outer membrane by hFis1. 
Susbequently formed Drp1 spiral chains constrict upon GTPase activity of 
Drp1 that leads to fission of the mitochondrion. 

(b) (i) Fusion of the outer membrane is mediated by trans-dimerization of 
mitofusins and following GTPase activity that tethers the outer membranes. 
(ii) Inner membrane fusion occurs in a similar manner upon dimerization of 
OPA1. 

(MacAskill and Kittler, 2009) 
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al., 2005). Drp1 itself belongs to the family of dynamin GTPases with an N-terminal GTPase 

domain and a C-terminal GED interaction domain (Smirnova et al., 1998). Recruitment of 

Drp1 to the OMM by hFis1 leads to fully Drp1 oligomerization and formation of a spiral chain 

around the mitochondrion. Afterwards, hydrolysis of Drp1 bound GTP leads to 

conformational changes in the Drp1 ring like structure (Ingerman et al., 2005) leading to a 

reduction of the mitochondrial diameter from 0.5 µm to 0.1 µm, which finally results in 

mitochondrial fission. 

On the other hand, mitochondrial fusion is a two-step process requiring fusion of the outer 

and the inner membrane. In mammals, OMM fusion is mediated by mitofusin 1 (MFN1) and 

mitofusin 2 (MFN2) that are sitting in the OMM and exhibit a C-terminal hydrophobic coiled-

coil structure that facilitate trans hetero- or homodimerization between MFN1 and MFN2 

(Chen et al., 2003). Subsequently, GTPase activities of the MFN proteins induce 

conformational changes leading to convergence of the outer membranes of two fusing 

mitochondria (Koshiba et al., 2004). Inner membrane fusion is performed by the GTPase 

OPA1 that is located at the IMM. Similar to mitofusins, OPA1 seems to interact with itself in 

trans to tether mitochondrial inner membranes (Meeusen et al., 2006). 

Mitochondrial fusion and fission is controlled by several signaling processes. For instance, 

synaptic activity increases mitochondrial fission (Rintoul et al., 2003; Li et al., 2004) as do 

increasing levels of nitric oxide (Zanelli et al., 2006). In this context, Drp1 seems to be the 

main regulated protein and can be phosphorylated (Chang and Blackstone, 2007), 

sumoylated (Harder et al., 2004) or ubiquitinylated (Karbowski et al., 2007). Thus, the fusion-

fission balance can be fine-tuned by multiple signaling cascades (Knott et al., 2008). 

 

 

1.3.4 Mitochondria and the Actin Cytoskeleton 

So far, mitochondrial dynamics in neurons has been described mainly in the context of 

microtubule associated proteins. Of course, long distance fast axonal transport is mediated 

via microtubules, but additionally the actin cytoskeleton plays a poorly understood role in 

short range movement, anchoring of mitochondria and recruiting of adaptor molecules. In 

this context, one should remember that microtubules are distributed throughout the neurite 

whereas F-actin is mainly found in the cell body, the growth cone and side branches of a 
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neurite. For this reason, the actin cytoskeleton per se cannot function as a platform for long-

range movement; nevertheless it could influence local positioning of mitochondria. 

Actin based movement has been described in detail for yeast where most of the 

mitochondrial transport is mediated along F-actin (Frederick and Shaw, 2007). But also in 

neurons actin microfilaments are important cytoskeletal compartments in the cell body or 

growth cones. Additionally, it has been shown that even in the axon mitochondria are 

transported along F-actin (Morris and Hollenbeck, 1995; Ligon and Steward, 2000) but it is 

generally believed that microfilaments rather assist short-range mitochondrial movement in 

contrast to long-distance microtubule based transport. Movement processes along F-actin 

require  the action of myosin motor proteins (Foth et al., 2006) that are slower than kinesin 

or dynein motors. Recent research revealed that myosin XIX might be one possible myosin 

motor involved in mitochondrial transport (Quintero et al., 2009). Furthermore, myosin V 

can form hetero-motor complexes with dynein light chain; thereupon a “dual motor 

complex” comprising dynein and myosin could coordinate mitochondrial transport (Naisbitt 

et al., 2000). This leads to the question, how such different transport processes can be 

regulated. 

Up to now, research data indicates a rather antagonistic function of microtubule- and actin-

based mitochondrial transport: Disrupting F-actin leads to an increase in mitochondrial 

movement (Morris and Hollenbeck, 1995) and F-actin is required for mitochondrial docking 

in axons (Chada and Hollenbeck, 2004). Recently it has been shown that silencing of 

Figure 1.12 Mitochondrial Transport along Microtubules and Actin Filaments 

Long-range transport is mediated by microtubule associated dyneins and kinesins (in case 
of axonal transport: KIF5). Upon NGF signaling or RhoA activation, mitochondria get 
detached and transferred to actin based short-range movements performed by myosins. It 
is unclear whether docking proteins are involved in arresting mitochondria at 
microfilaments (Sheng and Cai, 2012). 
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myosin V or myosin VI increased mitochondrial transport (Pathak et al., 2010). This favors a 

model in which myosins distract mitochondria from microtubules and lead to fine-tuned and 

slower mitochondrial transport in areas that are F-actin rich and rather microtubule free 

(e.g. growth cones, see Figure 1.12). This would also explain the saltatory movement pattern 

observed during mitochondrial transport consisting of pausing, restarting, slowing down and 

accelerating as well as directional changes.  

If this is the case, F-actin enrichment leads to mitochondrial arrest and thereby regulates 

mitochondrial mobility. Indeed, it has been shown that nerve growth factor (NGF) mediated 

signaling leads to docking of mitochondria at F-actin rich structures (e.g. the growth cone) 

(Chada and Hollenbeck, 2004). Nevertheless, it is not known whether this NGF mediated 

stopping of mitochondrial transport is mediated by a direct mitochondrion-actin interaction 

or by an unidentified docking molecule. However, independently from NGF mediated 

docking of mitochondria, mitochondrial tethering in dendritic spines can be facilitated by 

WAVE1 (Sung et al., 2008). Normally, WAVE1 (together with Arp2/3) functions as an actin 

filament nucleator (Pollitt and Insall, 2009) but here WAVE1 seems to serve as an actin-

mitochondria linking molecule. Additionally, it has been shown that stimulation of RhoA 

cascade by lysophosphatidic acid (LPA) can lead to an inhibition of fast mitochondrial 

transport, indicating that actin-based arresting of mitochondria seems to be important to 

regulate signal-dependent mitochondrial stopping (Minin et al., 2006). 

Little attention has been directed to actin’s contribution to modeling mitochondrial size and 

shape. Up to now, it is assumed that mitochondria require stationary phases to assemble 

their fission machinery (Pathak et al., 2010). Consequently, increasing mitochondrial 

transport would decrease fission and lead to larger mitochondria. This is supported by 

experiments showing larger mitochondria upon expression of an arresting-incompetent Miro 

protein (Saotome et al., 2008). Furthermore, mitochondrial size is decreased upon Miro null-

mutations (Russo et al., 2009) speaking in favor of a fission machinery requiring stationary 

mitochondria. Interestingly, F-actin needs to be present in an endothelial cell line to recruit 

Drp1 to mitochondria (De Vos et al., 2005).  

To sum it up, actin’s contribution to functional mitochondrial dynamics is poorly understood 

so far. It is supposed that actin mediates short-range movement at slower velocities as 

observed during long-range transport. Little focus has been addressed on alterations in 

mitochondrial size and shape according to the F-actin status in a neuron. It is believed that 
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immobilization of mitochondria at F-actin is required to recruit the fission machinery, 

although experimental data is meager. Furthermore, it is not known if a shift in the G/F-actin 

ratio influences mitochondrial dynamics with regard to size and structure. This study shall 

address these novel points and tries to discover actin’s contribution to mitochondrial size, 

shape and trafficking. 

 

 

1.3.5 Mitochondria in Neurodegenerative Diseases 

As aforementioned, neurons are highly reliant on functional mitochondria and are much 

more sensitive to mitochondrial dysfunction than other cell types. Therefore, many 

neurodegenerative diseases are linked to malfunctioning mitochondria and have been 

extensively reviewed (DiMauro and Schon, 2008). 

Ascribing neurodegenerative diseases to mitochondrial malfunction is always somewhat 

controversial as it is often unclear whether a disease is caused by mitochondrial failure or 

whether the latter is a secondary effect arising from progression of the neurodegeneration. 

Of course, some neurodegenerative diseases have been directly linked to dysfunctional 

mitochondrial proteins. In this context, miscellaneous parts of mitochondrial function can be 

impaired, e.g. complex I or II activity in the respiratory chain (entailing Leigh syndrome 

(Tatuch et al., 1992)), protein transport across the IMM (leading to Mohr-Tranebjaerg 

syndrome (Roesch et al., 2002)), KIF5-mediated mitochondrial transport (causing hereditary 

spastic paraplegia (Fichera et al., 2004)), OPA1-assisted IMM-fusion (resulting in autosomal 

dominant optic atrophy (Alexander et al., 2000)) or outer membrane fusion by mitofusins 

(inducing Charcot-Marie-Tooth disease (Zuchner et al., 2004)). Early onset and acute clinical 

problems are common to all of these classical mitochondrial diseases. But there is emerging 

evidence that mitochondrial dysfunction is a general problem underlying also 

neurodegenerative diseases with late-age onset. 

In case of Parkinson’s disease this link to mitochondrial impairment is well described 

(Burbulla and Kruger, 2011). During this sporadic age-related disease, neuronal death in the 

substantia nigra leads to motor impairments. Research revealed functional disturbances of 

different proteins in Parkinson’s disease: Parkin is associated with the OMM, serves as a E3 

ubiquitin ligase and has a protective role against mitochondrial swelling during apoptosis 
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(Darios et al., 2003). PINK1 is a mitochondrial kinase that also protects against apoptosis 

(Petit et al., 2005). Furthermore Omi/HTRA2, DJ-1, -synuclein and mortalin are involved in 

mitochondrial mediated apoptosis. Malfunctions in any of these proteins play a role in 

Parkinson’s disease (Polymeropoulos et al., 1997; Strauss et al., 2005; Zhang et al., 2005; 

Burbulla et al., 2010). 

Amyotrophic lateral sclerosis is another late-onset sporadic or familial neurodegenerative 

disease whereupon motor neurons in the cortex as well as in the spinal cord are affected. It 

is believed that impaired function of the Cu,Zn-superoxid dismutase 1 (SOD1) serves as the 

molecular basis of this disease. SOD1 can be found partly in the intermembrane space of 

mitochondria (Sturtz et al., 2001) and functions as a protection enzyme against O2
-- 

superoxide radicals . Abnormalities of SOD1 function lead to accumulation of SOD1 in 

mitochondria (Liu et al., 2004) and opening of mitochondrial transition pores, resulting in 

mitochondrial swelling (see Figure 1.13) (Martin et al., 2009). 

 

 

 

 

 

 

Figure 1.13 Mitochondrial swelling in an ALS disease model 

Electron microscopic pictures of mitochondria in spinal cord ventral horn dendrites 
of a mutant SOD1 model mice show ultrastructural changes. Mitochondria display 
IMM and OMM contacts (hatched arrows), openings of the OMM (open arrow) and 
vesicularization (asterisks). Scale bars = 0.63 μm (A); 0.3 μm (A, insets). 
(Martin et al., 2009) 
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Alzheimer’s disease is a neurodegenerative disorder of late onset and long course (Mattson, 

2004). This dementing disease is characterized by neuronal loss especially in cortex and 

hippocampus. Whereas the main histopathological hallmarks are clear (accumulation of 

extracellular -amyloid plaques and neurofibrillary tangles comprising hyperphosphorylated 

microtubule associated protein tau (Jucker and Walker, 2011)), the molecular basis for this 

disease remains enigmatic. This is particularly true for the role of mitochondria in this 

regard. It has been reported long ago that mitochondrial activity seems to be impaired in 

Alzheimer’s disease (Azari et al., 1993; Mastrogiacomo et al., 1993). Later research showed 

that also axonal transport is affected (Pigino et al., 2003; Stokin et al., 2005), which might 

contribute to mitochondrial mislocalization. However, it is still controversial whether 

mitochondrial impairments are causative for the onset of Alzheimer’s or just a subsequent 

secondary effect. Interestingly, occurrence of so called cofilin-actin rods (see chapter 1.2.3) 

has been shown in Alzheimer’s disease model brains (Minamide et al., 2000; Fulga et al., 

2007). These rods co-localize with hyperphosphorylated tau tangles (Whiteman et al., 2009) 

as well as -amyloid plaques (Zhao et al., 2006) and could also be induced in vitro by 

amyloid-beta protein (Davis et al., 2009). Of note, cofilin-actin rod-formation seems to be 

detrimental for mitochondrial function as rod-formation blocks intracellular trafficking 

thereby affecting mitochondrial function (Cichon et al., 2011). 

In case of Huntington’s disease (HD) mitochondrial contribution to disease onset and 

progression is understood in more detail. HD is an autosomal dominant disorder 

characterized by progressive chorea, rigidity, seizures, dementia and psychical disturbances 

which result from progressive loss of GABAergic neurons in striatal brain regions as well as in 

the cortex (Rosas et al., 2002). HD is caused by malfunctioning huntingtin, which is an 

extremely large protein (approximately 350 kDa) with multiple cellular functions ranging 

from transcriptional activity (Kegel et al., 2002) or protein trafficking (Strehlow et al., 2007) 

to vesicle transport (Caviston et al., 2007) and mitochondrial movement (Orr et al., 2008). 

Huntingtin develops pathological impact upon an N-terminal expansion of glutamate 

repeats. Normally, less than 35 glutamate repeats do not have a pathological consequence, 

whereas more than 40 repeats lead to full penetrance of HD (Myers, 2004). It has been 

assumed for a long time that poly-glutamatergic huntingtin forms neuronal aggregates 

impairing normal neuronal function (DiFiglia et al., 1997). However, the exact mechanism by 

which huntingtin exerts its abnormal function remains elusive as even normal huntingtin’s 
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role is complex and not fully understood so far (Cattaneo et al., 2005). Recent research 

revealed that one main target of dysfunctional huntingtin might be mitochondria and 

huntingtin’s impact on mitochondrial function has been extensively reviewed (Bossy-Wetzel 

et al., 2008). 

In brief, three main hypotheses have been postulated how mutant huntingtin could impair 

mitochondrial function. Firstly, mutant huntingtin seems to impair transcriptional regulation 

of several mitochondrial genes. This is accomplished by a huntingtin-mediated 

transcriptional block of PGC-1 (Cui et al., 2006). PGC-1 is a key transcriptional co-regulator 

involved in the expression of genes controlling mitochondrial respiration or oxidative stress 

defense (Puigserver and Spiegelman, 2003). Although it was observed that PGC-1 was 

reduced in mutant huntingtin mouse R6/2 brains (Cui et al., 2006; Weydt et al., 2006), which 

decreases PGC-1 mediated neuroprotective effects, it cannot explain all the mitochondrial 

defects in HD. 

Secondly, it is believed that mutant huntingtin interferes with mitochondrial trafficking. 

Interestingly, normal huntingtin interacts with HAP-1 (huntingtin associated protein 1) that 

in turn can bind to dyneins or kinesins thereby facilitating mitochondrial transport (Gauthier 

et al., 2004; McGuire et al., 2006). In this context, phosphorylation of huntingtin regulates 

the switch from anterograde to retrograde transport (Colin et al., 2008). Mutant huntingtin 

interacts more tightly with HAP-1 thereby inhibiting mitochondrial transport (Gauthier et al., 

2004). Furthermore, it is believed that huntingtin aggregates can form physical roadblocks 

that hamper mitochondrial trafficking (Chang et al., 2006). 

Thirdly, mutant huntingtin is supposed to impair the mitochondrial fusion/fission balance, 

although this hypothesis has not been studied in detail. Still, some observations indicate that 

mutant huntingtin leads to mitochondrial fission. For example, mitochondria in HD model 

systems show distribution patterns similar to DRP1 (Panov et al., 2002), mutant huntingtin 

effects could be circumvented in vitro by overexpression of Mfn2 (Wang et al., 2009) or 

mutant huntingtin overexpression resulted in activation and mitochondrial localization of 

DRP1 resulting in fission (Costa et al., 2010). 
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1.4 Aim of this work 

Mitochondrial dynamics has been studied in detail with special regard to microtubule 

assisted long-range transport (MacAskill and Kittler, 2009). However, little attention has 

been paid on contribution of other cytoskeletal components to mitochondria. 

Especially the role of actin microfilaments in mitochondrial dynamics is poorly understood so 

far. Although there is some evidence for a possible function of actin in mediating short-range 

movement (Chada and Hollenbeck, 2003) and recruitment of the fission machinery (Pathak 

et al., 2010), the general function of actin treadmilling and its impact on mitochondria has 

not been studied. Furthermore, it is not known whether actin binding proteins participate in 

controlling mitochondrial dynamics; however, some functions have been shown for cofilin 

(Klamt et al., 2009; Cichon et al., 2011). 

 

As SRF is a key regulator of actin as well as cofilin dynamics, an SRF based approach was used 

to investigate actin’s and cofilin’s contribution to mitochondrial dynamics. This work 

addresses this issue in the following manner: 

At first, the general impact of SRF on mitochondrial dynamics was investigated. For this, Srf 

mutant animals were used in a loss-of-function (LOF) study. Furthermore, in a gain-of-

function (GOF) approach constitutively active SRF-VP16 was applied and mitochondrial 

(ultra)structure as well as trafficking properties (transport and distribution) analyzed. 

Second, it was examined whether the observed phenotypes could be explained by altered 

actin treadmilling. For this purpose, actin mutants as well as BDNF and ephrin-A5 stimulation 

were applied, allowing for a selective shift in the G/F-actin ratio. 

Third, cofilin’s contribution towards actin-based mitochondrial dynamics was explored. In 

this context, again LOF and GOF approaches (using cofilin and slingshot mutant proteins) 

were applied to recapitulate Srf mutant phenotypes or to circumvent the latter. 

In doing so, this work reveals the impact of the SRF-cofilin-actin axis with regard to 

mitochondrial dynamics as well as neuronal motility in general. 

 

Additionally, a neuroprotective function of SRF on mitochondria was investigated in case of 

Huntington’s disease. Thereby, a new view on SRF’s and actin’s contribution to functional 

mitochondria is delivered that might serve for better understanding of neurodegenerative 

diseases as well as neuronal mitochondrial dynamics in general. 
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2. Material and Methods 

2.1 Technical Devices 

Technical Device Manufacturer 

Analytical balance BP 210S, Sartorius 

Benchtop centrifuges Heraeus Pico 17, Fresco 17, Thermo Scientific 

Centrifuge for cell culture Megafuge 1.0R, Thermo Scientific 

Dry block heating system QBD2, Grant 

Electron microscope Tecnai G2, FEI  

Electroporator Dr. L. Fischer, Heidelberg 

Fluorescence lamp X-Cite 120, EXFO 

Fluorescence microscope Axiovert 200M, Zeiss 

Ice machine Scotsman 

Incubator HERAcell 150i, Thermo Scientific 

Laminar flow Heraeus 

Light microscope Leica 

Live cell incubator Incubator Xl-3, Tempcontrol 37-2, CTI-Controller 3700, Pecon 

Luminometer Lumat LB 9507, Berthold 

Magnetic stirrer Heidolph 

NanoDrop NanoDrop 1000, Thermo Scientific 

pH meter mettler Toledo 

Photometer Genesys 105 UV-Vis, Thermo Scientific 

Power supply EV231, peqlab 

Precision balance PCB, Kern 

SDS-PAGE and blotting apparatus BioRad 

Stereomicroscope Stemi DV4, Zeiss  

Vibratome VT1000S, Leica 

Vortex mixer scientific industries 

Waterbath memmert 
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2.2 Chemicals 

Chemical Reference 

ß-mercaptoethanol AppliChem 

Adenosindiphosphate (ADP) AppliChem 

Adenosintriphosphate (ATP) Molecular Probes 

Agar AppliChem 

Agarose AppliChem 

Ammonium persulfate Genaxxon 

Ampicillin Roth 

B27 supplement Invitrogen 

Borax AppliChem 

Boric acid Sigma 

Bromphenol Blue AppliChem 

Bovine serum albumin fraction V AppliChem 

Calcium chloride (CaCl2) AppliChem 

DAPI (4’,6-Diamidino-2-phenylindol) AppliChem 

Dimethyl sulfoxide (DMSO) AppliChem 

Dithiothreitol (DTT) Molecular Probes 

Ethanol Sigma 

Ethylenediaminetetraacetic acid (EDTA) AppliChem 

Ethidium bromide Roth 

Firefly luciferase Molecular probes 

Formaldehyde Roth 

Fetal calf serum (FCS) AppliChem 

Gentamicin Invitrogen 

Glucose Sigma 

Glycerol AppliChem 

Glycine AppliChem 

HBSS Gibco 

Hydrogen chloride (HCl) Roth 

Hydrogen peroxide (H2O2) Fischar 

Isopropyl alcohol Fluka 
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Kanamycin Sigma 

Laminin Sigma 

Latrunculin B Sigma 

L-Glutamine Invitrogen 

Magnesiumchloride (MgCl2) Merck 

Magnesiumsulfate (MgSO4) AppliChem 

Malic acid Sigma 

Methanol Sigma 

Mowiol Calbiochem 

Nitric acid (HNO3) AppliChem 

Nonfat dried milk powder AppliChem 

Paraffin Merck 

Paraformaldehyde (PFA) AppliChem 

Penicillin-Streptomycin (Pen/Strep) Invitrogen 

Peptone AppliChem 

Petri dishes (100 x 15 mm) BD Falcon  

Phalloidin-505 Invitrogen 

Phalloidin Texas Red-X Invitrogen 

Phenylmethylsulfonyl fluoride (PMSF) AppliChem 

Phosphate buffered saline (PBS) AppliChem 

Polyacrylamide (PAA) AppliChem 

Poly-L-lysine (PLL) Sigma 

Ponceau-S Sigma 

Potassium chloride (KCl) AppliChem 

Propyl gallate AppliChem 

Protease inhibitor (complete, EDTA free) Roche 

Proteinase K Roche 

Sodium chloride (NaCl) Sigma 

Sodium dodecyl sulfate (SDS) AppliChem 

Sodium fluoride (NaF) AppliChem 

Sodium hydrogen carbonate (NaHCO3) Sigma 

Sodium hydrogen phosphate (Na2HPO4) Merck 

Sodium dihydrogen phosphate (NaH2PO4) Merck 
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Sodium hydroxide (NaOH) Roth 

Sodium orthovanadate (Na3VO4) Sigma 

Sodium pyruvate Invitrogen 

Sucrose AppliChem 

Tetramethylethylendiamine (TEMED) Roth  

Tris(hydroxymethyl)aminomethane Sigma 

Triton®-X-100 AppliChem 

Tryptone AppliChem 

Tween 20 AppliChem 

Xylene VWR 

 

 

2.3 Antibodies 

2.3.1 Primary Antibodies 

Antigen Isotype Source Dilution Application 

Acetyl-tubulin mouse Sigma 1:2000 Western Blot (WB) 

c-Jun rabbit Santa Cruz 1:500 Immunohistochemistry (IHC) 

Cofilin rabbit Bamburg laboratory, 

Colorado State 

University, Colorado 

1:500 Immunocytochemistry (IC) 

Cofilin mouse Cell Signaling 1:1000 WB 

FLAG mouse Sigma 1:300 IC 

GFP rabbit Molecular Probes 1:1000 WB 

GFP mouse Roche 1:1000 IC 

GM130 rabbit Abcam 1:1000 IC, WB 

His rabbit Bethyl 1:10.000 IC 

Human IgG 

(Fc-specific) 

goat Sigma 10 µg / ml oligomerisation of ephrin-A5 

Lamp1 rat Santa Cruz 1:300 WB 

MRTF-A rabbit Santa Cruz 1:500 WB 

pan-actin mouse Linaris 1:500 WB 
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Phospho-cofilin rabbit Bamburg laboratory, 

Colorado State 

University, Colorado 

1:500 IC 

Phospho-cofilin rabbit Cell Signaling 1:1000 WB 

RelA rabbit Santa Cruz 1:500 IHC 

SOD2 rabbit Millipore 1:500 WB 

SRF rat Nordheim laboratory, 

University of Tübingen 

1:200 WB 

Tom20 rabbit Santa Cruz 1:500 IHC, IC 

ubiquitin mouse Abd Serotec 1:1000 IHC 

VP16 rabbit Abcam 1:1000 IC 

VP16 mouse Santa Cruz 1:500 IC 

-Tubulin mouse Sigma 1:5000 IC, WB 

GFP mouse Roche 1:1000 WB 

 

 

 

2.3.2 Secondary Antibodies 

Antigen Label Isotype Source Dilution Application 

Mouse IgG Alexa-488 goat Molecular Probes 1:1500 IC 

Mouse IgG Alexa-660 goat Molecular Probes 1:1000 IC 

Rabbit IgG Alexa-488 goat Molecular Probes 1:1500 IC 

Rabbit IgG Alexa-660 goat Molecular Probes 1:1000 Ic 

Rabbit IgG HRP goat Thermo Scientific 1:2000 WB 

Mouse IgG HRP goat Thermo Scientific 1:2000 WB 

Rat IgG HRP goat Santa Cruz 1:2000 WB 
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2.4 Plasmids 

Plasmid Function Source 

CofilinS3A-GFP Non-phosphorylatable cofilin mutant; GFP-

tagged 

Bradke Laboratory, DZNE 

Bonn 

CofilinS3E-GFP Phosphomimetic cofilin mutant; GFP-tagged Bradke Laboratory, DZNE 

Bonn 

CofilinWT-GFP Wildtype cofilin; GFP-tagged Bradke Laboratory, DZNE 

Bonn 

G15S-actin Actin mutant favoring F-actin assembly, low 

cofilin binding capacity; FLAG-tagged 

Posern Laboratory, MPI of 

Biochemistry, Munich 

GFP Expression of Green Fluorescent Protein (GFP) Amaxa 

HTT130-GFP Aggregate forming huntingtin mutant construct 

with 130 glutamine repeats; GFP-tagged 

Xiao-Jiang Li Laboratory, 

University School of 

Medicine, Atlanta, USA 

HTT23-GFP Non-aggregating huntingtin construct with 23 

glutamine repeats; GFP-tagged 

Xiao-Jiang Li Laboratory, 

University School of 

Medicine, Atlanta, USA 

pDSRed2Mito Expression of an RFP, targeted to mitochondria 

by a cytochromeC-targeting sequence 

Rapaport laboratory, 

University of Tübingen 

R62D-actin Nonpolymerizable actin mutant; FLAG-tagged Posern Laboratory, MPI of 

Biochemistry, Munich 

S14C-actin Actin mutant favoring F-actin assembly; high 

cofilin binding capacity; FLAG-tagged 

Posern Laboratory, MPI of 

Biochemistry, Munich 

SRF-VP16 Constitutively active fusion construct of aa 1-412 

of murine SRF and VP16-transactivation domain 

Nordheim laboratory, 

University of Tübingen 

SRF-MADS-VP16 Identical to SRF-VP16 plasmid but lacking parts of 

the DNA binding MADS-box domain 

Nordheim laboratory, 

University of Tübingen 

SshL Active slingshot phosphatase; His/myc-tagged Bradke Laboratory, DZNE 

Bonn 

SshS Inactive slingshot phosphatase; His/myc-tagged Bradke Laboratory, DZNE 

Bonn 

Synaptophsin-RFP RFP-tagged synaptic vesicle protein 

synaptophysin 

Gundelfinger Laboratory, 

University of Magdeburg 
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2.5 Oligonucleotides for genotyping 

Genotype Primer Primersequence in 5’-3’ direction 

CamKII 

CreS ATG CGG TGG GCT CTA TGG CTT CTG 

CreAS TGC ACA CCT CCC TCT GCA TGC ACG 

PCR3 AAG AAG GGT CCG GCC CCG AAG ATG CTG GGC 

PCR4 CTG GAT GCC CTC TCC TTC CCC GGA GCC CTG 

Srf 

AW AGT TCA TCG ACA ACA AGC TGC GG 

BW GAG ATT TCC ACA GAA AGC AAC GG 

CW TGA TAT TGC TGA AGA GCT TGG CGG C 

 

 

2.6 Mouse Lines 

 

C57/Bl6 AG Prof. Dr. Bernd Knöll, University of  

Tübingen 

CamKII-iCre Prof. Dr. Schütz Laboratory, DKFZ Heidelberg 

Srf(flex1neo/flex1neo) Prof. Dr. Nordheim Laboratory, University of  

Tübingen 

Srf(flex1neo/flex1neo) CamKII-iCre Prof. Dr. Nordheim Laboratory, University of 

Tübingen 

R6/2 huntingtin transgenic Jackson Laboratories, Bar Harbor, USA 
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2.7 Technical Equipment and Reagents 

2.7.1 Technical Equipment and Reagents for Cell Biological Experiments 

2.7.1.1 Neuronal Cell Culture 

35 mm / 60 mm dishes     BD Bioscience 

 

4-well plate     Nunc 

 

6-well plate     BD Bioscience 

 

Coverslips     diameter of 12 mm or 20 mm, Menzel 

 

Borate buffer     0.05 M Boric acid 

     12.5 mM Borax 

     pH 8.5 

     steril filtration, storage at 4°C 

 

DMEM     Invitrogen 

 

Elastosil® silicone rubber     Wacker 

 

Electroporation cuvettes     Amaxa 

 

Electroporation pipettes (1 ml)   Amaxa 

 

Electroporation solution     Mirus 

 

Forceps  Student Dumont Forceps #5, Fine Science 

Tools 

 

HBSS     Invitrogen 
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Horse serum     Invitrogen 

 

NMEM / B27     1x MEM (Invitrogen) 

     2 % B27 supplement 

     0.6 % glucose 

     2 mM L-glutamine 

     0.22 % NaHCO3 

     1 mM Sodium pyruvate 

     steril filtration, storage at 4°C 

immediately before use: 5 µg / µl 

gentamicin 

 

Pasteur pipette     Hirschmann 

  

Spring scissor     Fine Science Tools 

 

Sterile filter (0.45 µm)     Millipore 

 

Sterile reaction tubes (15 ml and 50 ml)  BD Bioscience 

 

Sterile syringe     Henke Sass Wolf 

 

 

Tail lysis buffer     100 mM Tris, pH 8.3 

     5 mM EDTA 

     0.2 % SDS 

     200 mM NaCl 

     immediately before use: 0.2 µg / ml 

proteinase K 

 

1x Trypsin / EDTA     Invitrogen 
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2.7.1.2 Stimulation of primary neurons with ephrin-A5 or BDNF 

Human recombinant BDNF     PeproTech 

 

Human recombinant ephrin-A5 Fc chimera  R&D Systems 

 

2.7.1.3 Stimulation of primary neurons with FCCP 

FCCP (carbonyl cyanide-p-trifluoromethoxyphenylhydrazone)  Sigma 

 

2.7.1.4 Immunocytochemistry 

Blocking solution     2 % BSA / PBS 

     or 

     5 % FCS / 0.05 % Tween / PBS 

 

DAPI     2 µg / ml in PBS 

 

Fixation solution     4 % PFA 

     5 % Sucrose 

     in PBS, pH 7.3, store at -20°C 

 

Mowiol     25 g mowiol powder in 100 ml PBS 

     stir slowly o/N at room temperature 

add 50 ml glycerol, stir slowly o/N at 

room temperature 

     spin down for 15 min at 4000 rpm 

add spatula tip of n-propyl-gallate to the 

supernatant and stir until it is dissolved 

spin down for 15 min at 4000 rpm 

freeze at -20°C, before use: pre-warm at 

37°C 

 

 



Material and Methods 

43 
 

Permeabilization solution     0.1 % or 0.2 % Triton-X-100 in PBS 

 

2.7.1.5 Immunohistochemistry 

Fixation solution      4 % PFA / PBS 

4 % formaldehyde / PBS (for paraffin 

embedding) 

 

Embedding solution     4 % agarose / PBS 

  

Blocking solution     5 % normal goat serum (NGS) in PBS 

     2 % BSA in TBS, pH 7.6 (paraffin sections) 

 

Washing solution     0.01 % Tween / PBS 

     0.01 % Tween / TBS (paraffin sections) 

 

2.7.1.6 HEK293 and PC12 Cell Culture 

1x Trypsin / EDTA     Invitrogen 

 

Cell culture medium     DMEM / Glutamax (Gibco) 

+ 10 % FCS (heat-inactivated, sterile 

filtered) 

     + 1 % Pen / Strep 

 

75 cm² cell culture flask     BD Bioscience 

 

Freezing medium     cell culture medium 

     + 20 % DMSO (sterile filtered) 

 

Screw cup tube     Simport 

 

Opti-MEM     Invitrogen 
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2.7.2 Technical Equipment and Reagents for Microscopy 

Live cell incubator XL-3     Pecon 

 

Heating unit / Tempcontrol 37-2   Pecon 

 

CO2 cover / CO2 controller     Pecon 

 

Humidification bottle     Pecon 

 

Immersion oil     Zeiss 

 

 

 

2.7.3 Technical Equipment and Reagents for Molecular Biological 

Experiments 

 

2.7.3.1 Purification of plasmids 

LB-medium     0.5 % yeast extract 

     1 % NaCl 

     1 % Tryptone 

     in H2O, pH 7.2-7.5 

     autoclave, store at 4°C 

 

2x LB-medium     1 % yeast extract 

     2 % NaCl 

     2 % Tryptone 

     in H2O, pH 6.1 

     sterile filtrate, store at 4°C 

 

PEG 3350     50 % PEG 3350 (w/v) in H2O 
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Competency buffer     50 % 2x LB (v/v) 

     10 % PEG 3350 

     5 % DMSO 

     10 mM MgCl2 

     10 mM MgSO4 

     10 % glycerol 

 

E. coli (DH5 strain)  Nordheim laboratory, Tübingen 

University 

 

KCM-solution     100 mM KCl 

     30 mM CaCl2 

     50 mM MgCl2 

 

LB agar plate     add 1.5 % agar to LB-medium, autoclave, 

cool down at approximately 50°C, add 

according antibiotic (100 µg / ml 

ampicillin, 30 µg / ml kanamycin), pour 

into petri dishes, cool down, store at 4°C 

 

QiaFilter Maxi Kit     Qiagen 

 

 

2.7.3.2 Genotyping 

10x PCR buffer     Fermentas 

 

dNTP set  Genaxxon (final contentration 10 mM, pH 

7.0) 
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tail lysis buffer     100 mM Tris pH 8.3 

     5 mM EDTA 

     0.2 % SDS 

     200 mM NaCl 

     0.2 µg / ml proteinase K 

 

DreamTaq polymerase     Fermentas 

 

 

 

2.7.3.2.1 Agarose gel electrophoresis 

Agarose gel, 2 % (w/v)  dissolve 3 g agarose in 150 ml 1x TAE by heating 

in a microwave, cool down to 50°C, add 6 µl 

ethidium bromide 

 

Ethidium bromide solution  1 % (w/v), 10 mg / ml 

 

 

 

2.7.4 Technical Equipment and Reagents for Biochemical Experiments 

2.7.4.1 Generation of Proteinlysates 

Lysis buffer     50 mM Tris pH 7.4 

     150 mM NaCl 

     1 mM EDTA 

     1 % Triton-x-100 

     1 mM PMSF 

     1 mM sodium orthovanadate 

     1 mM sodium fluoride 

     1 mM sodium pyrophosphate 

     1x protease inhibitor 
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Cell scraper     TPP 

 

Bradford reagent     BioRad 

 

0.7 x 22 gauge syringe     Henke Sass Wolf 

 

6x protein loading buffer     300 mM Tris, pH 6.8 

     600 mM -mercaptoethanol 

     6 % SDS 

     60 % glycerol 

0.1 % bromphenolblue 

 

 

 

2.7.4.2 SDS-Polyacrylamid Gel Electrophoresis 

2x Stacking gel buffer     0.25 M Tris/HCl, pH 6.8 

0.2 % SDS 

 

4x Resolving gel buffer     1.5 M Tris/HCl, pH 8.8 

     0.4 % SDS in H2O 

 

1x Running buffer     25 mM Tris/HCl, pH 8.3 

     192 mM glycine 

0.1 % SDS 

 

4 % Stacking gel     4 % PAA 

0.1 % SDS 

0.1 % TEMED 

0.05 % APS 

in 1x stacking gel buffer 
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10 % Resolving gel     10 % PAA 

0.1 % SDS 

     0.075 % TEMED 

     0.05 % APS 

Protein molecular weight marker   Fermentas 

      

2.7.4.3 Western Blotting 

1x Transfer buffer     25 mM Tris/HCl, pH 8.3 

     192 mM glycine 

     20 % (v/v) methanol 

 

1x TBST     50 mM Tris/HCl, pH 8.0 

     150 mM NaCl 

0.1 % (v/v) Tween-20 

 

Ponceau S-staining solution     0.02 % Ponceau S 

0.3 % trichlor acidic acid  

 

Blocking solution     5 % milk powder (w/v) in 1x TBST 

 

PVDF transfer membrane     Millipore 

 

Whatman paper     Whatman 

 

ECL-substrate     Pierce 

 

X-ray films     Ceaverken AB 

 

Stripping buffer     62.5 mM Tris / HCl, pH 6.7 

2 % SDS 

     100 mM -mercaptoethanol 
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2.7.4.4 Purification of Mitochondria and ATP Production 

Isolation buffer    1mM Na2EDTA 

10 mM Tris / HCl, pH 7.4 

320 mM Sucrose 

1x Complete Proteaseinhibitor 

 

Malic Acid    100 mM in H2O  

 

Pyruvate    100 mM, Invitrogen 

 

ATP determination kit    Molecular Probes    

  

 

 

2.8 Experimental Procedures 

2.8.1 Procedures of Cell Biological Experiments 

2.8.1.1 Neuronal Cell Culture 

2.8.1.1.1 Acid Treatment of Coverslips 

Coverslips (Menzel, 12mm) were acid treated for optimal sterilization and better adhesion of 

the following poly-L-lysin (PLL) coating. For this purpose, coverslips were put into 2 M NaOH 

for one hour, following three times washing in H2O and incubation in HNO3 for at least three 

days. After that, coverslips were washed in H2O for three times and incubated in 37 % HCl for 

at least one hour. In the following 24 hours, coverslips were washed 10 times in H2O, 

transferred into 100 % ethanol, washed once in H2O again and finally stored in 70 % ethanol. 

Before using them in the experiments, coverslips were air-dried. 
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2.8.1.1.2 Preparing Live Cell Culture Dishes 

Live Cell Culture Dishes were prepared as follows: A hole of 2 cm in diameter was cut 

centrally into a 60 x 15 mm cell culture dish. On the rear side a 40 mm acid-treated coverslip 

was glued with Elastosil® silicone rubber that vulcanized o/N at room temperature. On the 

next day, live cell culture dishes were sterilized by UV-radiation for 30 min. 

After using live cell culture dishes for live cell microscopy experiments, these were cleaned 

by removal of the culture medium, washing off the cells with 70 % ethanol, washing twice 

with H2O, air-drying and final sterilization for 30 min by UV-radiation. Live cell culture dishes 

were reused for 4 times. 

 

 

2.8.1.1.3 Coating of Coverslips, Live Cell Culture Dishes and 6-well plates 

Acid-treated coverslips as well as live cell culture dishes and 6-well plates were coated with 

PLL and laminin for better adhesion of primary neurons. For that, air-dried coverslips and 6-

well plates were sterilized by UV-radiation for 5 min. Live cell culture dishes were sterilized 

for at least 30 min. Afterwards, coverslips and live cell culture dishes were coated with 

100 µg/ml PLL in borate buffer for one hour at 37°C. 6-well plates were coated with 10 µg/ml 

PLL in borate buffer. This was followed by three times washing with H2O and coating with 

20 µg/ml (coverslips and live cell culture dishes) or 2 µg/ml (6-well dishes) laminin in HBSS 

for at least 2 hours at 37°C. Finally, coverslips (transferred into 4-well plates), live cell culture 

dishes or 6-well plates were washed three times with HBSS and kept in NMEM / B27 at 37°C 

until cells were plated out. 

 

 

2.8.1.1.4 Preparation of primary neurons 

Primary neurons were isolated from hippocampal or cerebellar tissue of newborn mice. In 

case of hippocampus preparation, mice were maximum 2 days postnatal (P2 = postnatal day 

2), cerebellum was prepared until P7. 

First of all, newborn mice were decapitated and the head transferred into ice-cold PBS. For 

genotyping, a piece of tail was cut off and transferred into tail lysis buffer. The head was put 

into a 3 cm culture dish filled with HBSS. The cranium was opened, the brain dissected and 



Material and Methods 

51 
 

transferred carefully into HBSS. Afterwards, cerebellum and optical tectum were separated 

by a coronal section. Meninges were removed from the cerebellum, the residual tissue was 

cut into three pieces and finally transferred into a new dish with HBSS. Hippocampus 

preparation involved sagittal sectioning of both hemispheres followed by cutting off the 

ventral striatum and the bulbus. Hippocampus was dissected from isolated cortices and the 

banana-like structure transferred into a new dish with HBSS. Hippocampus and cerebellum, 

respectively, were transferred into a 15 ml Flacon with 3 ml of pre-warmed trypsin solution 

and trypsinized for 10 min in a water bath at 37°C. Trypsinization was stopped by washing 

twice with HBSS. Afterwards, HBSS was removed completely and 1 ml of pre-warmed 

DMEM / 10 % horse serum (HS) added. Each hippocampus and cerebellum was triturated for 

1 min with a flame-treated Pasteur pipette (full diameter) and 1 min with a Pasteur pipette 

with half diameter. This was followed by centrifugation at 600 rpm for 5 min at room 

temperature. The resulting supernatant was discarded and the cell pellet resuspended in 

500 µl NMEM / B27 medium. Cell titer was determined using a Neubauer cell counting 

chamber and cells plated at the following densities: 30 – 50 x 106 cells per coverslip, 50 x 106 

cells per live cell culture dish, 100 – 150 x 106 cells per 6-well. Primary neurons were 

incubated for one to three days in NMEM / B27 at 37°C and 5 % CO2. 

 

 

2.8.1.1.5 Electroporation of primary neurons 

Electroporation is an efficient method to bring plasmid DNA into cells. This is achieved by an 

electric pulse, generated by a fast discharging capacitor, that leads to a transient 

permeabilization of the cellular membrane enabling external plasmid DNA to enter 

cytoplasm and the nucleus. 

Before electroporation, plasmid DNA was prepared and kept on ice. In case of single-

electroporation experiments, involving only one type of plasmid-DNA, 3 µg DNA was put into 

a 1.5 ml reaction tube. If two different plasmids were co-electroporated, 1.5 µg of each one 

was used. Triple electroporation experiments involved 1 µg DNA of each plasmid. Only in 

case of slingshot experiments, slingshot constructs were applied at 3 µg and pDSRed2Mito at 

0.3 µg to ensure that every MitoRFP-positive cell was also expressing the slingshot construct. 

Preparation of primary neurons was performed as described in chapter 2.8.1.1.4. After 

counting the cells, these were centrifuged again for 5 min at 600 rpm. The supernatant was 
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removed completely and the resulting cell pellet resuspended in 200 µl nucleofection 

solution. 100 µl of this cell suspension was added to the previous prepared DNA, mixed 

carefully by pipetting up and down once and transferred to an electroporation cuvette. The 

cuvette was put into the electroporator and electroporation was performed at 210 V (pulse 

length of 5 ms, capacitance of 1200 µF). Immediately after electroporation, the cells were 

transferred to 400 µl of pre-warmed NMEM / B27 medium and plated at the densities 

described  in 2.8.1.1.4. 

 

 

2.8.1.2 Stimulation of primary neurons with ephrin-A5, BDNF or latrunculin 

Cultivated primary neurons were stimulated by applying recombinant human BDNF (final 

concentration of 10 ng / µl) or recombinant ephrin-A5-Fc directly into the culture medium. 

Ephrin-A5 was pre-clustered with an Fc-specific antibody for 30 min at room temperature 

and then applied at 1 µg / ml directly to the culture medium, the Fc-specific antibody was 

used at 10 µg / ml. BDNF stimulation was performed for one hour, ephrin-A5 stimulation 

was stopped and cells fixed after 10 min in order to induce only a mild growth cone 

retraction thereby avoiding a full collapse. 

To induce actin depolymerization latrunculin A was applied to neurons at a concentration of 

2 µM. Neurons were fixed after 20 min of stimulation. 

 

 

2.8.1.3 Stimulation of primary neurons with FCCP 

To induce mitochondrial fragmentation in primary neuronal cell culture, cells were treated 

with an uncoupler of oxidative phosphorylation in mitochondria. FCCP works as an 

H+ ionophore, meaning that the membrane potential of mitochondria is broken down by 

FCCP administration. FCCP was dissolved in DMSO and directly added to the culture medium 

to give a final concentration of 0.5 µM. Control cells were stimulated with a similar amount 

of DMSO. Cells were fixed 150 min after stimulation. 

 

 



Material and Methods 

53 
 

2.8.1.4 Immunocytochemistry 

For immunocytochemical staining of cells, culture medium was removed completely and 

cells washed once with pre-warmed PBS. Cells were fixed for 15 min in 5 % PFA / 4 % 

Sucrose / PBS, followed by three times washing in H2O and permeabilization for 10 min in 

0.1 % Triton-X-100 / PBS. In case of FLAG-staining 0.2 % Triton-X-100 was used. After three 

times washing with H2O, cells were blocked for 30  min in 2 % BSA / PBS and primary 

antibodies applied at 4°C overnight or 2 h at room temperature at the mentioned dilutions 

(see chapter 2.3.1). Afterwards, cells were washed three times with PBS and secondary 

antibodies applied for 1 h at room temperature. Cells were washed three times again in PBS 

and stained for nuclei with DAPI for 5 min at room temperature. Finally, cells were washed 

once in PBS and embedded in mowiol. For that, mowiol-reagent was dropped on a 

microscope slide, the coverslip put on the mowiol drop and air-dried o/N in the dark. 

FLAG-staining differed from the above mentioned procedure in using different blocking 

buffer (5 % FCS / 0.05 % Tween / PBS) and washing solutions (0.05 % Tween / PBS). Washing 

steps were performed for 5 min each at room temperature. 

 

 

2.8.1.5 Immunohistochemistry 

For in vivo investigation of neuronal mitochondrial distribution and size, mouse brains of P14 

old animals (wildtype or Srf-mutant) were dissected and fixed for 24 h at 4°C in 4 % PFA / 

PBS. Afterwards, brains were embedded in 4 % agarose / PBS and sliced into 30 µm sections 

with a vibratome. Slices were collected in ice-cold PBS on a 4-well plate with four slices per 

well. Slices were washed three times for 5 min in 0.1 % Tween / PBS (PBST) and blocked for 

30 min with 5 % normal goat serum (NGS) in PBST. Primary antibodies were applied as 

mentioned in chapter 2.3.1 in blocking buffer o/N at 4°C. After that, slices were washed 

three times for 15 min with PBST. Secondary antibodies were applied for 1 h at room 

temperature in blocking solution. Slices were then washed three times for 15 min in PBST, 

counterstained with DAPI (2 µg / ml in PBS) for 5 min and washed once in PBST. Finally, slices 

were embedded in mowiol on a microscope slide with 4 slices per slide. 

To check for SRF expression in presence of aggregation competent huntingtin, R6/2 mice 

brains expressing a mutant huntingtin transgene were dissected as described above. After 

that, tissue was fixed in 4 % formaldehyde / PBS for one week, dehydrated by a series of 
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ethanol and xylene (30 %, 70 %, 90 %, 3x 100 % ethanol, 50 % xylene / 50 % ethanol, 2x 

100 % xylene, 3 hours each) and embedded in paraffin for 1 hour. Tissue was sliced into 

5 µm sections with a microtome and paraffin removed by heating for one hour at 60 °C. 

After that, slices were further dehydrated by washing them twice in xylene for 5 min and in 

100 % ethanol for 5 min, 3 min and finally twice for 2 min. Slices were treated with 2 % 

H2O2 / H2O for 10 min and washed in H2O for 2 min. After that, slices were put into cooking 

0.01 % Tris / pH 10 for 10 min to unmask the antigens. Slices were washed with H2O for 

10 min and blocked for 10 min with 2 % BSA / TBS. Further staining was performed as 

described above. 

 

 

2.8.1.6 HEK293 and PC12 Cell Culture 

2.8.1.6.1 Thawing of HEK293 and PC12 cells 

Cell culture of HEK293 and PC12 involved similar media and procedures. Cells stored in liquid 

nitrogen were thawed quickly in a 37°C pre-warmed water bath and transferred into 5 ml of 

pre-warmed medium. After centrifugation for 5 min at 1000 rpm, the cell pellet was 

resuspended in 10 ml pre-warmed medium and split 1:2 in 75 cm2 flasks. 

 

 

2.8.1.6.2 Cell Culture Routine 

Cells were split every 2-3 days according to their confluency. For this, cell culture medium 

was removed and cells washed once with 10 ml PBS. To detach cells from the flask, 2 ml of 

pre-warmed trypsin / EDTA solution was added and incubated at 37°C for a few minutes. 

After adding of 10 ml pre-warmed medium, the whole cell suspension was spun down for 

5 min at 1000 rpm and the resulting cell pellet resuspended in 10 ml culture medium. Cells 

were split 1:3 in a new flask to a final volume of 10 ml. 
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2.8.1.6.3 Transfection of HEK293 and PC12 cells 

HEK293 cells and PC12 cells can be transfected with PromoFectin (HEK) or Lipofectamine 

(PC12), respectively. On the day before transfection, cells were plated at an adequate 

density to give 60 % confluency on the following day (300.000 HEK cells or 200.000 PC12 

cells per well of a 6-well plate). For each well 3 µg of total DNA and 6 µl PromoFectin or 

Lipofectamine was used. DNA was diluted in 100 µl serum free Opti-MEM, vortexed shortly 

and spun down. In a second tube PromoFectin or Lipofectamine were added to 100 µl Opti-

MEM, shortly vortexed and spun down. The PromoFectin- or Lipofectamine-solution was 

added to the DNA solution, carefully mixed by inverting three times, spun down and 

incubated at room temperature for 20 min. Meanwhile, cell culture medium was replaced 

with pre-warmed serum-free Optim-MEM. 200 µl of DNA-transfection solution was added 

dropwise on each well and dispersed by gently swirling the plate. After 8 h incubation of the 

cells at 37°C and 5 % CO2, medium was replaced by serum-containing culture medium. Cells 

were harvested for protein lysates after two further days of incubation. In case of PC12 cells, 

one day post transfection cells were stimulated with 100 ng / ml nerve growth factor (NGF, 

Sigma) and harvested one day later. 

 

 

2.8.1.6.4 Storing HEK293 and PC12 cells in Liquid Nitrogen 

Cells were trypsinized (see chapter 2.8.1.6.2) and spun down. The resulting cell pellet was 

resuspended in 2 ml of 100 % FCS and stored on ice for 5 min. Afterwards, 2 ml of cell 

culture medium and 20 % DMSO were added, cells stored on ice for additional 5 min and 

aliquoted in 2 x 2 ml screw cup tubes. Cells were frozen for 2 h at -20°C, then o/N at -80°C 

and finally in liquid nitrogen. 
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2.8.2 Microscopy 

2.8.2.1 Live Cell Microscopy 

To visualize mitochondrial dynamics in living neurons, these were monitored by time lapse 

microscopy. For that purpose, a live cell culture dish with plated neurons was placed into a 

heating insert P (Pecon) of an incubator XL-3 (Pecon) at a Zeiss 200M inverted microscope. 

Thereby cells could be aerated with 5 % CO2 and warmed at 37°C. Before starting the time 

lapse microscopy, cells were incubated for 30 min to reduce condensation on the top cover 

of the cell culture dish. For the time lapse recording of mitochondrial movement, only cells 

that showed discrete staining of mitochondria were chosen. In case of multiple 

electroporation experiments (e.g. pDSRed2Mito together with SRF-VP16 or SRF-MADS-

VP16), neurons showing RFP2Mito expression were considered to be positive for the second 

construct as well (which was confirmed by a series of exemplary stainings). Time lapse 

recording was performed for 5 min, taking a picture every 5 s. UV-radiation was reduced to a 

minimum to avoid phototoxicity and individual recording of the mitochondrial signal did not 

exceed 500 ms. 

 

 

2.8.2.2 Electron Microscopy 

For electron microscopy of in vitro neuronal cell culture, cells were fixed in 2.5 % 

glutaraldehyde / 2.5 % PFA / PBS. Brain tissue samples of P14 mice (wildtype or Srf mutant) 

were prepared earlier by the working group of Prof. Dr. Knöll. In brief, animals were 

perfused with 2.5 % glutaraldehyde / 2.5 % PFA in PBS. Brains were dissected and 500 µm 

vibratome sections prepared. All the following steps were performed at the laboratory of Dr. 

Heinz Schwarz, Max Planck Institute for Developmental Biology, Tübingen. Briefly, cell 

cultures and vibratome sections were post-fixed with 1 % osmium tetroxide in 100 mM 

phosphate buffer (pH 7.2) for 1 h on ice, afterwards washed with H2O, treated with 1 % 

aqueous uranyl acetate for 1 h at 4°C, dehydrated through a graded series of ethanol, 

washed with propylene oxide, then infiltrated with propylene oxid / resin mixtures and 

finally embedded in Epon (using glycidether 100). Ultrathin sections were collected on 

coated slot grids, stained with uranyl acetate and lead citrate and finally viewed on a Tecnai 

G2 electron microscope. 
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2.8.3 Procedures of Molecular Biological Experiments 

2.8.3.1 Purification of plasmids 

2.8.3.1.1 Generation of Competent Bacteria 

E. coli (strain DH5) were grown o/N in 2 ml antibiotic-free LB-medium at 37°C. On the next 

day 100 µl of the E. coli culture were inoculated into 100 ml LB-medium and grown to an 

OD600 of 0.5. The culture was centrifuged at 3500 rpm for 5 min at 4°C and the resulting 

pellet resuspended in 5 ml freshly prepared ice-cold competency buffer. Bacteria were 

incubated on ice for 10 min, aliquots frozen on dry-ice first and stored at -80°C. 

 

 

2.8.3.1.2 Transformation of Competent Bacteria 

For transformation of competent bacteria, these were slowly thawed on ice. Meanwhile 

0.1 µg of DNA was mixed in 90 µl KCM. The DNA / KCM mixture was added to 90 µl bacteria 

solution, carefully mixed by inverting 3 times and incubated on ice for 15 min. This was 

followed by a 2 min heat shock at 42°C in a water bath and putting back on ice for at least 

2 min. Afterwards, 1 ml of pre-warmed LB-medium was added and the mixture incubated for 

30 min at 37°C. Bacteria were then spun down for 2 min at 1000 rpm and the resulting pellet 

resuspended in 100 µl LB-medium. 10 µl and 90 µl of the bacteria solution were plated on LB 

agar plates with the corresponding antibiotics. Incubation was performed in inverted 

position o/N at 37°C. On the next day, single bacteria clones were picked and inoculated in 

2 ml LB-medium (with antibiotics). After 8-10 h growth at 37°C and 250 rpm, 200 µl of this 

culture were inoculated in 200 ml LB-medium (with antibiotics) and grown o/N at 37°C. 

 

 

2.8.3.1.3 Plasmidisolation 

Plasmids were isolated from 200 ml o/N-culture with the Qiafilter® maxi kit. For this, 200 ml 

bacteria culture was centrifuged at 4300 rpm for ten minutes, the resulting pellet 

resuspended in P1 buffer and the following purification procedure performed after the 

Qiagen instruction protocol. Differing from the manual, the final DNA precipitation involved 

two centrifugation steps for 1 h at 4500 rpm and 4°C with 100 % isopropanol and 70 % 
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ethanol, respectively. The final DNA pellet was resuspended in 300 µl elution buffer 

(PeqLab). 

 

 

2.8.3.2 Genotyping 

To delete Srf specifically in murine forebrain, a particular mouse line was used. This 

Srf(flex1neo/flex1neo)CamKII-iCre mouse line was generated by crossing of mice which 

have a floxed Srf allele, meaning that the Srf locus on the DNA is flanked by two loxP-

sequences. These loxP-sites can be recognized by the Cre recombinase, which leads to a 

removal of the floxed Srf allele (reviewed  by (Metzger and Feil, 1999)). For this project, Cre 

recombinase was expressed under control of a calcium/calmodulin dependent protein 

kinase type II (CamKII) promotor, which is only active in murine forebrain. Crossing of a 

mouse line expressing CamKII-iCre with an SRF(flex1neo/flex1neo) mouse line generated 

mice that showed a forebrain-specific knockout for Srf (Wiebel et al., 2002). 

In case of the loxP sites, one has to distinguish between the two different alleles as only both 

floxed alleles could give rise to a knockout. A floxed but not recombined Srf allele was 

indicated by a superscript “+”, a recombined allele indicated by a superscript “-“. For the Cre 

allele no differentiation between the two alleles was necessary. As only Cre expressing cells 

with both Srf alleles floxed can delete Srf completely, the corresponding mouse genotype 

was indicated by Srf(flex1neo-/-)CamKII-iCre+ and considered as a knockout. All the other 

genotypes (even in case of heterozygous floxed Srf alleles) were considered as wildtype. 

 

 

2.8.3.2.1 Preparation of Tissue Samples and PCR Based Genotyping 

To determine the mouse genotype, a piece of tail was cut off and incubated o/N at 55°C in 

tail lysis buffer. On the next day samples were centrifuged at 13000 rpm for 5 min, the 

supernatant transferred into a new tube and stored at 4°C until genotyping. Each sample 

was tested separately for the presence of floxed Srf alleles as well as Cre recombinase. For 

that purpose, the following pipetting scheme was used: 
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Reagent µl / sample for Cre genotyping µl / sample for Srf 

genotyping 

H2O 37.5 36.0 

10x PCR buffer 5.0 5.0 

DMSO - 2.5 

dNTPs [10 mM] 1.2 1.0 

Primer CreS    1.2 AW #5           1.5 

 CreAS   1.2 BW #6           1.5 

 PCR3   1.2 CW #7           0.5 

 PCR4       1.2 - 

DNA sample 1.0 1.5 

DreamTaq polymerase 0.5 0.5 

Total volume 50.0 50.0 

 

 

The DreamTaq polymerase was added after denaturation of the samples for 10 min at 98°C. 

After that, the following PCR protocol was started: 

94°C 2 min 

94°C 30 s 

63°C 30 s 

72°C 30 s 

72°C 7 min 

4°C ∞ 

 

 

2.8.3.2.2 Agarose Gel Electrophoresis 

To separate the PCR products generated in 2.8.3.2.1, an agarose gel electrophoresis was 

performed. Samples were loaded on a 2 % agarose gel containing ethidium bromide. 

Electrophoresis was performed at 120 V, 400 mA for maximal 2 h. Samples were visualized 

by UV radiation as ethidium bromide intercalates with DNA to give a fluorescent signal if 

radiated with UV light. The size of the PCR products was determined by a simultaneously 

35 cycles 
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loaded molecular weight standard for DNA electrophoresis (Genaxxon). In case of Srf 

genotyping, a wildtype band was expected at 600 base pairs (bp), Srf deleted animals 

showed a band at 530 bp. Heterozygous animals showed both bands. For Cre genotyping an 

internal control band (resulting from the PCR-protocol) at 500 bp was observed, transgene 

animals showed a band at 300 bp. 

 

 

2.8.4 Procedure of Biochemical Experiments 

2.8.4.1 Generation of Proteinlysates 

2.8.4.1.1 Generation of Proteinlysates from Mouse Brain Tissue 

To generate protein extracts from murine forebrain tissue, cortices or hippocampi were 

dissected in ice-cold PBS and transferred into a 1.5 ml reaction tube, which was transferred 

immediately into liquid nitrogen. After preparation of all tissue samples, these were lysed by 

adding 200 µl lysis buffer in each 1.5 ml reaction tube. Tissue was homogenized by applying 

a 0.7 x 22 gauge syringe for 10 times and the resulting homogenate was incubated on ice for 

5 min, vortexed briefly and put on an overhead rotator for 30 min at 4°C. Hereafter, protein 

lysates were centrifuged for 2 min at 13000 rpm (4°C) and the supernatant transferred into a 

new ice-cold reaction tube. Protein concentration was determined using Bradford reagent 

by mixing 5 µl of lysate sample, 795 µl PBS and 200 µl RotiQuant solution, incubating for 

5 min at room temperature and measuring the extinction at a wavelength of 595 nm. By 

comparison with a standard curve, created by using known BSA concentrations, protein 

amount could be calculated. After that, 6x protein loading buffer was added to protein 

lysates and boiled for 5 min at 95°C. These protein lysates were frozen at -20°C. 

 

 

2.8.4.1.2 Generation of Proteinlysates from Cell Culture 

HEK293 or PC12 cells, cultivated on 6-well plates, were washed once with ice-cold PBS. PBS 

was removed completely and 200 µl lysis buffer added per each well. This was followed by 

5 min incubation on ice and scraping off the cells using a cell-scraper. Cell lysates were 
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transferred into a reaction tube on ice and overhead rotated for 30 min at 4°C. Following 

steps were performed as described in 2.8.4.1.1. 

 

 

2.8.4.2 SDS-Polyacrylamid Gel Electrophoresis 

Proteins can be separated according to their molecular weight by discontinuous 

polyacrylamide gel electrophoresis (PAGE). 15 µg of SDS denatured protein samples (see 

2.8.4.1.1 and 2.8.4.1.2) were loaded on each lane of a 4 % stacking gel. Next to all of the 

protein samples 5 µl of a prestained protein ladder (Fermentas) was loaded. Gel 

electrophoresis was performed in a 10 % resolving gel for 10 min at 80 V following 90 min at 

150 V. 

 

 

2.8.4.3 Western Blotting 

After SDS-PAGE, resolved proteins were transferred on a PVDF membrane by western 

blotting. For that purpose, the stacking gel was cut off the resolving gel and the latter 

equilibrated in transfer buffer for a couple of minutes. Likewise, sponges and whatman 

paper, used in the western blotting, were equilibrated in transfer buffer. The PVDF 

membrane was activated by 15 s incubation in pure methanol, 2 min washing in H2O and 

5 min equilibrating in transfer buffer. Western blotting itself was performed as a wet blot 

and gel and membrane orientated in the following order (starting at the cathode leading to 

the anode): sponge, whatman paper, gel, PVDF membrane, whatman paper, sponge. This 

orientation allowed negatively charged proteins to get transferred to the PVDF membrane, 

which is on the positively charged side of the assembly. Air bubbles were removed from this 

“sandwich assembly” and the latter transferred into the blotting apparatus. Transfer was 

performed at 150 V for 1 h cooled at 4°C. To check for successful blotting, the PDVF 

membrane was stained with Ponceau S-solution and visualized protein lanes cut at their 

according size. The PVDF membrane was destained by washing in transfer buffer for a 

couple of minutes and blocked for unspecific antibody binding by incubation for 30 min in 

5 % milk powder in TBST. After that, the first antibody was applied o/N at 4°C. On the next 

day the membrane was washed three times for 15 min in TBST and then incubated with the 
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secondary antibody for 1 h at room temperature. Afterwards, the membrane was washed 

twice in TBST, then once for 15 min and finally three times for 5 min in TBST. To detect 

proteins, the membrane was incubated for 1 min with ECL reagent, which served as a 

substrate for the horse radish peroxidase, that was coupled to the secondary antibody, to 

give a chemiluminescent reaction. This chemiluminescence was detected by exposition of 

the membrane to an X-ray film. 

In case of re-probing the membrane, the antibodies were stripped by the following 

procedure: The membrane was washed three times for 5 min in TBST, then incubated for at 

least 30 min at 50°C in stripping buffer and finally washed twice in TBST for 10 min. 

Afterwards, the membrane could be blocked and incubated with a first antibody again. 

 

 

2.8.4.4 ATP production assay 

2.8.4.4.1 Isolation of Mitochondria 

Isolation of mitochondria involved dissection of hippocampal tissue, homogenization and 

subsequent steps of differential centrifugation (see Figure 2.1). 

To isolate mitochondria from mouse brain tissue, the hippocampus was dissected in PBS and 

transferred into 2 ml isolation medium. Hippocampal tissue was cut into smaller pieces and 

homogenized using a Potter Elvehjem homogenizer with a Teflon coated pestle only applying 

hand-forced drill for 20 strokes on ice. The homogenate was washed twice at 1500 g for 

10 min at 4°C and the resulting supernatant was centrifuged at 14000 g for 15 min at 4°C. 

The resulting pellet was washed twice and finally resuspended in 200 µl isolation buffer. 

Supernatants were collected as cytosolic fractions. Protein amount of mitochondrial and 

cytosolic fractions was determined using Bradford reagent (see 2.8.4.1.1). 
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Figure 2.1 Isolation procedure of mitochondria 

Mitochondria were isolated from mouse hippocampal tissue by differential 
centrifugation. Details see text. 
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2.8.4.4.2 Measurement of ATP production 

To measure ATP production of the previously prepared mitochondrial fractions, an ATP 

determination kit (Molecular Probes) was used. The principle of this approach is based upon 

the fact that mitochondria are the main producers of ATP. ATP amount can be measured by 

the light emission generated by the activity of firefly luciferase, an enzyme that catalyzes the 

ATP-dependent conversion of luciferin to oxyluciferin. Addition of purified mitochondria to a 

luciferase / luciferin containing medium does not have any effect until an adequate 

substrate for mitochondria (in this case malate, pyruvate and ADP) is added. This in turn 

activates mitochondrial ATP production, which can be finally measured by the luciferase 

generated light emission. 

Firstly, 10 µl of the resulting mitochondrial and cytosolic fractions were added to 270 µl of 

luciferase reaction solution (Molecular Probes). The latter contained D-luciferin and firefly 

luciferase. Luciferase reaction solution was prepared according to the ATP determination kit 

manual. To the mitochondrial fraction mixed in the luciferase reaction solution 20 µl of 

substrate solution (malate and pyruvate, final concentrations 3.3 mM) were added. Reaction 

was started by adding 2.5 mM ADP (final concentration) and recorded for 5 min with a 

luminometer. ATP production was determined by calculating the initial slope of the graph 

with Excel and normalized to protein amount of the mitochondrial or cytosolic fraction. 

 

2.8.5 Analysis and Statistics 

2.8.5.1 Analysis of Mitochondrial Size and Occupancy 

Mitochondrial size was determined by SlideBook 5 software (Intelligent Imaging Innovation, 

USA). Pictures taken at the 200M Zeiss Axiovert microscope were imported in SlideBook and 

the mitochondria specific channel masked by the “Create Mask” tool. Signal intensity 

threshold was set identical for all experiments performed at the same time. Mitochondrial 

objects were identified by the “Gate Objects By Size” tool defining a minimum size of 

0.01 µm². Finally, the size of all mitochondrial objects in the given mask was calculated by 

the “Mask Statistics” tool of the SlideBook software. For the following analysis only discrete 

mitochondrial objects (and no network like syncytial structures) were taken into account. For 

each experiment mitochondria of 15-20 neurons were analyzed and each experiment 



Material and Methods 

65 
 

repeated 3 times. The average mitochondrial size was calculated for each experiment and 

the mitochondrial size averaged for all experiments. 

Mitochondrial occupancy measures the neurite distance that is covered by mitochondria in 

percent. For this, neurite length was measured with the Zeiss Axiovision software. 

Additionally, the length of all mitochondria in the given neurite were measured, summed up 

and set into relation of the whole length of the neurite. This was done for 15-20 neurons per 

experiment and each experiment repeated minimum 3 times. 

For statistical analysis a one-way analysis of variance (ANOVA) was performed. Statistical 

significance was determined by a following Bonferroni posthoc test with *, ** and *** 

indicating p ≤ 0.05, 0.01 and 0.001, respectively. In bar charts, calculated with Excel®, error 

bars show standard deviation. 

 

 

2.8.5.2 Determination of Cofilin and Phospho-Cofilin Intensity 

Intensities of cofilin and phospho-cofilin, respectively, in single cells were determined using 

SlideBook 5 software. Fluorescence of cofilin- and phospho-cofilin staining was measured 

with same acquisition parameters. After that, images were imported in SlideBook and equal 

thresholds applied for all pictures of the same experiment. Sum of all intensities in a single 

cell was calculated using the “Sum of Intensity” tool. Intensities were averaged for all 

measured cells of a single experiment (at least 15) and each experiment repeated for 3 

times. Statistical analysis involved one-way ANOVA and following Bonferroni posthoc test 

(see 2.8.5.1). 

 

 

2.8.5.3 Analysis of Time Lapse Experiments 

To calculate the velocity and amount of moved mitochondria, pictures from a time lapse 

video were imported into the SlideBook 5 software. Mitochondrial objects were identified as 

described in 2.8.5.1, followed by an analysis of the movement pattern by the “Basic Particle 

Tracking” tool. Applying the “Mask Statistics” tool for the movement parameters gave the 

average velocities for all identified mitochondria in the given frame. Mitochondrial objects 

were considered to be moving if they moved for more than 1.5 µm in three consecutive 
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frames. This resulted in a saltatory trafficking pattern with phases of moving and stopping 

mitochondria. Mitochondria without any movement for more than three consecutive frames 

throughout the whole recording time were counted as stationary. The average velocities of 

all moving phases of moving mitochondria were measured as well as the percentage of 

moving mitochondria. For each condition, experiments were repeated three times with 

recording mitochondrial movement in 10 neurons in every experiment, resulting in analysis 

of at least 300 mitochondrial objects for each condition. Statistical analysis involved one-way 

ANOVA and following Bonferroni posthoc test with *, ** and *** showing p  ≤ 0.05, 0.01 and 

0.001. 

For better visualization, kymographs were generated. For that, Zeiss images were opened in 

ImageJ, curved neurites, containing mitochondria, selected and mitochondrial movement 

visualized by the “MultipleKymograph” plugin. Resulting kymographs display the distance on 

the x axis, whereas recorded time (5 minutes) is shown on the y axis. (Mangiarini et al., 

1996) 

 

 

2.8.5.4 Determination of Neurite Length 

Neurite length was measured with the Zeiss Axiovision software applying the “Curved 

Spline” tool. For each neuron the length of the longest neurite (visualized by -tubulin 

staining) from the cell body to its most distant part was measured. For each condition three 

independent experiments with 15-20 randomly picked neurons were performed. The 

average length of the neurites in a single experiment was calculated and the overall neurite 

length averaged for all experiments. Statistical analysis involved one-way ANOVA and 

following Bonferroni posthoc test with *, ** and *** showing p  ≤ 0.05, 0.01 and 0.001. 
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3. Results 

 

3.1 Impact of Serum Response Factor on Mitochondrial 

Dynamics 
As described in the introduction, SRF is one of the major gene regulators controlling the 

function of actin dynamics. To investigate SRF’s impact on neuronal cells forebrain-specific 

Srf knockout animals have been generated (Wiebel et al., 2002). These mice display severe 

phenotypes with regard to hippocampal architecture, neuronal motility, axonal guidance 

and myelination (Alberti et al., 2005; Knöll et al., 2006). However, little attention has been 

paid on mitochondrial dynamics in these animals. Consequently, it was initially observed 

whether SRF-deficiency had any impact on mitochondria in vivo, before investigating the 

mitochondrial phenotypes in more detail in vitro. 

 

 

3.1.1 SRF deficiency impairs mitochondrial structure and distribution in vivo 

3.1.1.1 Mitochondrial ultrastructure is disheveled in Srf mutant tissue 

To investigate SRF’s influence on mitochondria in vivo, corpus callosal cross-sections of P14 

Srf mutant mice were generated. The corpus callosum is the major nerve fiber tract 

connecting both brain hemispheres and is rather free of neuronal cell bodies. It consists of 

axons surrounded by glial cells (in this case oligodendrocytes), thereby cross-sectioning and 

following electron microscopy allows for axon specific investigation of mitochondrial 

structure. 

Mitochondria in Srf mutant tissue displayed severe ultrastructural defects in comparison to 

wild-type control animals (see Figure 3.1 C vs. D). Mitochondria in control tissue were round 

in shape and had a clearly defined double membrane allowing for easy identification of 

mitochondria in these cross sections (arrows in Figure 3.1). Furthermore, the matrix was 

electron-dense and rather granular. However, mitochondria in Srf mutant brains appeared  
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Figure 3.1 SRF-deficiency alters mitochondrial ultrastructure in corpus callosal cross-
sections 

(A, C) Axons of wild-type neurons contained round shaped mitochondria (A, arrows). Higher 
magnification (C) showed that these mitochondria were round in shape, had a clear double 
membrane and displayed an electron-dense granular matrix. In contrast, mitochondria in Srf 
mutant brain (B) were bottle-shaped and showed a disturbed ultrastructure with multiple 
vacuolizations inside (D). (E) Quantification of abnormal mitochondrial occurrence per axon. 
The number of vacuolized mitochondria was significantly increased in Srf mutant brains. (F) 
If normalized to increased axonal diameter in Srf mutant tissue, mitochondrial diameter was 
not increased in Srf mutant tissue. Scale bars (A, B) = 1 µm, (C, D) = 0.5 µm. 



Results 

69 
 

differently (Figure 3.1 B, D). They were overall bottle-shaped and ultrastructurally displayed 

an altered membrane topology with multiple balloon-like inclusions, which were not as 

electron dense as the surrounding matrix (Figure 3.1 D). Quantification revealed that the 

number of these abnormal mitochondria displaying clear vacuolization was significantly 

increased in Srf mutant tissue (Figure 3.1 E). 

At first sight, it seemed that also the mitochondrial diameter was increased in case of SRF 

deficiency. However, if normalized to the generally increased axonal diameters in Srf mutant 

tissue, this observation could not be verified (Figure 3.1 F). One should notice that SRF 

deficiency led to a decreased myelination reflected by less axons surrounded with an 

electron dense myelin sheath in Figure 3.1 B. This effect has been reported before (Stritt et 

al., 2009), however no influence of myelination on the occurrence of abnormal mitochondria 

could be detected as mitochondrial vacuolization took place in myelinated as well as non-

myelinated axons in Srf mutant tissue. This argues for a myelin-independent effect of SRF on 

mitochondria. 

 

 

3.1.1.2 Mitochondrial distribution but not amount is impaired in Srf mutant brain 

Besides ultrastructure, mitochondrial distribution is one important feature addressing 

proper mitochondrial function in neuronal cells as these rely on well-defined positioning of 

functional mitochondria. To address this question, immunohistochemical staining of 

mitochondria (TOM20) as well as neuronal nerve fibers (neurofilament H / SMI32) was 

performed for cortical sections and the mitochondrial distribution pattern analyzed (see 

Figure 3.2). 

As expected, in wild-type cortical tissue mitochondria were highly abundant and were 

distributed throughout the whole neurite (arrows in Figure 3.2 A). In contrast, SRF-deficiency 

resulted in an accumulation of mitochondria proximally to the cell body as less mitochondria 

could be observed in distal parts of the neurite (arrows in Figure 3.2 B). Quantification 

showed that in Srf mutant tissue the number of mitochondria around the cell body was 

increased whereas mitochondrial abundance in areas further away than 60 µm was 

decreased significantly (Figure 3.2 E). 

At first sight, the mitochondrial distribution pattern in Figure 3.2 suggests that mitochondrial 

amount is overall decreased in Srf mutant tissue as the TOM20 signal seems to be less  in 
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case of SRF deficiency. However, immunoblotting of whole tissue extracts (including neurons 

and glia cells) for mitochondria and other cellular organelles (such as for Golgi apparatus by 

GM130) showed no obvious decrease (see Figure 3.3). As expected, immunoblotting of 

hippocampal and cortical tissue showed two hallmarks of Srf ablation: a decrease in pan-

actin levels and an increase in inactivated phospho-cofilin levels. 

Of note, tubulin dynamics did not seem to be impaired upon SRF deficiency. Neither total -

tubulin nor acetylated tubulin levels (indicating stabilized microtubular structures) were 

affected. One should remember that microtubules are believed to serve as the main 

cytoskeletal component for mitochondrial trafficking (and hence distribution). Thus, as SRF 

ablation did not seem to affect microtubules another mechanism needs to be responsible for 

the observed disturbed mitochondrial distribution pattern in Srf mutant tissue. 

Figure 3.2 SRF-deficiency impairs mitochondrial distribution in vivo 

(A, C) Wild-type neurons showed a normal distribution pattern of TOM20-stained mitochondria 
(arrows in A). Contrastingly, (B, D) show a SRF-deficient neuron with decreased number of 
mitochondria in a neurofilament H / SMI32-positive neurite (arrows in B). (E) Quantification of 
mitochondrial localization. Numbers of mitochondria were counted for areas maximum 30 µm, 
30-60 µm and more than 60 µm away from the cell body. In Srf mutant tissue mitochondria 
accumulated proximally to the cell body and the number of mitochondria further away than 
60 µm was significantly reduced in SRF-deficient tissue. Scale bar (A-D) = 10 µm. 
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3.1.1.3 SRF deficiency decreases ATP content and ATP production rate of tissue 

extracts 

Although overall abundance of mitochondria did not seem to be decreased in Srf mutant 

tissue, ultrastructural disorganization of mitochondrial membrane topology as well as 

altered mitochondrial distribution might lead to impaired ATP production. As in neuronal 

tissue mitochondria are the main ATP producers (see chapter 1.3), defects in ATP content 

and production rate should directly correlate with mitochondrial functionality in vivo. 

To address this question mitochondrial fractions of wild-type and Srf mutant hippocampal 

tissue of P14-old mice were prepared (procedure see chapter 2.7.4.4). This resulted in a 

Figure 3.3 Immunoblotting of Srf wild-type and Srf mutant tissue 

Immuboblotting reveals a decrease of pan-actin in Srf mutant tissue. Phospho-cofilin 
levels, indicating inactivated cofilin, were increased upon SRF deficiency. In contrast, no 
change in abundance of mitochondria (TOM20) or Golgi-apparatus (GM130) was 

observed as well as no change in tubulin dynamics (assessed by total -tubulin and 
acetylated tubulin). 
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cytosolic and a mitochondrial fraction, whose ATP production properties could be assayed 

luminometrically. 

Initially, ATP content of wild-type and Srf mutant hippocampal tissue was measured. 

Interestingly, ATP content (normalized to the whole protein amount) was significantly 

reduced in case of SRF ablation, suggesting impaired mitochondrial function in vivo (see 

Figure 3.4 A). However one cannot rule out that other metabolic pathways, independently 

from mitochondrial activity, are affected as well. For this reason, ATP production of 

mitochondrial fractions was measured in an in vitro based assay (detailed procedure see 

chapter 2.7.4.4). Right after adding substrates to the mitochondrial fractions ATP production 

started rapidly and slowed down after approximately 100 s (see Figure 3.4 B). Figure 3.4 B 

shows that mitochondrial ATP production activity was impaired in fractions derived from Srf 

mutant tissue. Of note, no obvious ATP production was detectable in cytosolic fractions 

(data not shown). 

Although it is likely that these effects are mainly due to impaired mitochondrial 

ultrastructure in Srf mutant tissue, it is worth mentioning that this approach does not take 

into account the mixture of miscellaneous cell types in hippocampal tissue lysates. Beside 

neurons these contain mostly glia cells, which are highly metabolically active. Maybe the 

observed impaired ATP production might be ascribed to non-neuronal cell types, although 

this is rather improbable. 

 

Figure 3.4 Measurement of ATP content and ATP production rate of hippocampal tissue 

(A) ATP content was significantly decreased in hippocampal tissue derived from Srf mutant 

animals. (B) ATP production rate of mitochondrial fractions was impaired upon SRF ablation. 
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3.1.2 In vitro Effects of SRF on Mitochondria 

As SRF seems to have an effect on mitochondria in vivo it is reasonable that an SRF mediated 

impact on mitochondrial dynamics is also observable in vitro. Investigation of mitochondrial 

dynamics in neurons mainly focuses on mitochondrial key features like size, (ultra)structure, 

distribution and trafficking. 

To investigate these properties in vitro cell culture experiments were performed. Firstly, 

hippocampal neurons from Srf mutant animals were cultivated and compared to wild-type 

control neurons with regard to the mentioned mitochondrial characteristics (loss-of-function 

approach). Later, it was tried in gain-of-function experiments to rescue the mitochondrial 

phenotype by overexpressing constitutively SRF-VP16 in SRF-deficient neurons. 

 

 

3.1.2.1 SRF deficiency impairs mitochondrial size, occupancy and ultrastructure in 

vitro 

To assess the mechanisms by which SRF influences mitochondrial behavior in neurons in a 

loss-of-function approach neurons lacking SRF were cultivated in vitro. As reported before 

(Knöll et al., 2006), these neurons display defects in neurite outgrowth and show a different 

growth cone morphology. Notably, all these well described phenotypes could be observed in 

this study as well. To visualize mitochondria, neurons were electroporated with 

pDSRed2Mito, which is a red fluorescent protein (RFP) harboring a cytochrome c-localization 

sequence, thereby shuttling into mitochondria and staining them in red. 

In wild-type neurons mitochondria were equally distributed throughout the whole neurite 

(see Figure 3.5 A, C) with an average size of 3 µm² [± 0.29 µm², SEM] (see Figure 3.5 E). In 

contrast to that, mitochondrial size was significantly reduced upon SRF-deficiency [0.82 µm² 

± 0.28 µm²]. Furthermore, mitochondria in SRF-deficient neurons were clustered around the 

nucleus in the cell body and did not enter the neurite (Figure 3.5 B), indicating trafficking 

impairments in these cells as well. However, one can argue that the restriction of 

mitochondria in the cell body is due to the fact that neurites are shorter in Srf mutant 

neurons and mitochondria are less likely to travel into these protrusions. To address this 

issue, mitochondrial distribution is quantified by determination of the occupancy, i.e. the 

relative amount of the neurite covered by mitochondria (for detailed quantification 
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procedure see chapter 2.8.5.1). Thereby, this quantification takes into account that neurites 

are shorter in Srf mutant neurons. It turns out that mitochondrial occupancy significantly 

decreased from 41.3 % ± 3.3 % in wild-type neurons to 24.5 % ± 4.2 % in SRF-deficient 

neurons (see Figure 3.5 F). Furthermore, conditional SRF ablation in cultivated neurons after 

two weeks in vitro showed again mitochondrial fragmentation, although neurites were fully 

developed (data not shown). 

Figure 3.5  Mitochondrial size and occupancy are impaired in SRF-deficient neurons 

(A-D) Neurons electroporated with pDSRed2Mito showed red stained mitochondria. 
In wild-type neurons (A, C) these mitochondria were equally distributed throughout 
the neurite. (B, D) SRF deficiency resulted in shorter neurites and misshaped growth 
cones. Furthermore, mitochondria were smaller and clustered in the nucleus 
(arrows). (E) Quantification of mitochondrial object size revealed that mitochondria 
were significantly smaller in SRF-deficient neurons. (F) Mitochondrial occupancy was 
significantly decreased upon Srf knockout. Scale bar (A-D) = 10 µm. 
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To investigate whether SRF ablation also influences mitochondrial ultrastructure with regard 

to inner membrane topology in vitro cultures of wild-type and Srf mutant neurons were 

visualized via electron microscopy. In wild-type neurons mitochondria displayed a clear 

double membrane and well-shaped cristae (Figure 3.6 A, C) in an electron-dense matrix. In 

contrast to that, SRF-deficient neurons contained mitochondria showing membrane 

disarrangements and invaginations into the cristae space (Figure 3.6 B, D, arrows). These 

invaginations were not as electron-dense as the matrix indicating that the content of these 

bubble-like structures is rather of cytoplasmic origin. In this regard, these invaginations 

seemed to originate from a mitochondrial membrane folding inside allowing cytoplasmic 

content to flow into the matrix space. Interestingly, the membrane topology right aside  of 

these invaginations was maintained, suggesting that this invagination process required 

controlled membrane reorganization rather than simply disrupting mitochondrial 

Figure 3.6 Electron microscopy of neurons in culture 

(A, C) Mitochondria in wild-type neurons displayed a double-membrane as 
well as clearly defined cristae morphology. (B, D) Mitochondria in SRF-
deficient neurons showed membrane disarrangements and invaginations into 
the cristae space that were not as electron dense as the matrix (arrows). Scale 
bars (A,B) = 3 µm, (C, D) = 0.5 µm. 
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membranes and destroying the matrix. 

Although one might remember the electron microscopy performed with corpus callosal 

cross-sections (Figure 3.1), these in vitro membrane disarrangements are different. Whereas 

in vivo mitochondria are filled with multiple vesicles, mitochondria in vitro have one or two 

invaginations without impairing the surrounding matrix. Nevertheless, these two observed 

types of membrane disarrangements interfering with the electron density of the matrix 

might be based on similar cellular processes. 

 

 

 

3.1.2.2 SRF-deficiency impairs mitochondrial trafficking 

As the observed impairments in mitochondrial occupancy are likely to be based upon 

mitochondrial trafficking, disturbances of mitochondrial movement was analyzed in more 

detail. For this, time-lapse videomicroscopy was applied allowing for live-cell visualization of 

mitochondrial trafficking (Figure 3.7). 

In Figure 3.7 A and B typical wild-type and Srf mutant neurons are depicted. In wild-type 

control neurons mitochondria were mobile for the whole recording time (only 45 s of a 

whole 5 min video recording are shown). Interestingly, mitochondria did not move uni-

directionally but in a saltatory fashion with phases of moving, pausing and directional 

changes. However, in Srf mutant neurons this trafficking pattern was impaired. Mitochondria 

were rather stationary for the whole recording time (Figure 3.7 D), albeit enough space for 

travelling was available. 

Quantification of mitochondrial movement velocities revealed that the average velocity in 

wild-type neurons dropped from 0.104 µm/s ± 0.003 µm/s to 0.084 µm/s ±0.003 µm/s in Srf 

deficient neurons (Figure 3.7 D). This does not seem to be a drastic decrease, which is due to 

the quantification parameters: A cut-off of 0.05 µm/s was used to take into account only fast 

moving mitochondria. Thereby, even in SRF-deficient neurons mitochondria with rather high 

velocities were quantified. Nevertheless, these “non-moving” mitochondria were also 

quantified as thresholding resulted in a rather low percentage of moving mitochondria in 

SRF-deficient neurons (Figure 3.7 F). In wild-type neurons 72.8 % ± 5.2 % of the mitochondria 

were moving (i.e. moved for more than three consecutive frames with a velocity higher than 



Results 

77 
 

0.05 µm/s). In contrast, in SRF-deficient neurons 41.9 % ± 4.5 % of all mitochondria were 

moving. 

Thereby, these observed trafficking impairments might lead to the observed mitochondrial 

occupancy defects (see Figure 3.5). 

Figure 3.7 Time-lapse videomicroscopy of wild-type and SRF-deficient neurons 

(A) Phase contrast picture of a wild-type neuron expressing pDSRed2Mito allowing for 

visualization of red-stained mitochondria. (B) Mitochondria in a Srf mutant neuron were 

smaller and clustered around the nucleus. (C) Mitochondrial signals taken from the dashed 

area in (A). With increasing time mitochondria moved along the neurite. (D) Time series of 

mitochondria from the dashed area in (B) showing stationary mitochondria in Srf mutant 

neurons. (E) Mitochondrial movement velocity was significantly decreased in Srf mutant 

neurons. (F) Relative amount of moved mitochondria was significantly reduced upon SRF 

ablation. Scale bars (A, B) = 10 µm, (C, D) = 3 µm. 
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3.1.2.3 SRF-mediated effects on distribution are mitochondria specific 

As SRF deficiency influences the actin cytoskeleton in general it is tempting to assume that 

the observed mitochondrial phenotypes are due to general microfilament disturbances and 

reflects a secondary phenotype. To address this important question whether SRF has a direct 

or indirect effect on mitochondria synaptic vesicles were monitored with special regard to 

distribution and trafficking. For this, a RFP-labeled synaptophsin was overexpressed in 

neurons leading to red-stained synaptic vesicles. 

In wild-type neurons synaptic vesicles were distributed throughout the whole cell with 

distinct accumulation in the cell body area (Figure 3.8 A, C). Quantification revealed that 

most of the vesicles were located in the perinuclear space (48.0 % ± 4.5 %) and only a small 

fraction could be found in the growth cone area (9.2 % ± 3.3 %, see Figure 3.8 E). This 

distribution pattern could be found in Srf mutant neurons as well, although these neurons 

displayed the same morphological phenotype as the Srf mutant neurons before that were 

labeled for mitochondria (compare Figure 3.8 B, D with Figure 3.5 B, D). Furthermore, there 

was only a slight but not significant increase of synaptic vesicle amount in the cell body area 

of Srf mutant neurons (51.5 % ± 2.0 % of all synaptic vesicles were located in the cell body 

area). This speaks in favor of SRF not controlling synaptic vesicle trafficking, which was 

monitored by videomicroscopy again. In line, these experiments showed that neither the 

amount of moving synaptic vesicles (96 % ± 2 % in wild-type vs. 99 % ± 0.4 % in Srf mutant, 

see Figure 3.8 F) nor the velocity of moving vesicles was decreased (1.5 µm/s ± 0.12 µm/s in 

wild-type vs. 1.7 µm/s ± 0.06 µm/s in Srf mutant, see Figure 3.8 G). 

This experiment shows that the previously observed mitochondrial phenotypes in SRF-

deficient neurons cannot be totally ascribed to the altered neuronal morphology. 
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Figure 3.8 Distribution and trafficking of synaptic vesicles in neurons 

(A, C), Wild-type neurons expressing RFP-labeled synatophysin showed synaptic vesicles 

distributed throughout the whole neurite with distinct accumulation in the cell body. (B, D) 

Albeit Srf mutant neurons displayed shorter neurite morphology, synaptic vesicles were 

distributed in the whole cell. (E) Quantification of synaptic vesicle amount in different 

cellular compartments revealed no difference between wild-type and Srf mutant. (F) Almost 

all synaptic vesicles were moving in wild-type and SRF-deficient neurons. (G) No difference in 

movement velocities of synaptic vesicles could be observed. Scale bar (A-D) = 10 µm. 
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3.1.2.4 Constitutively active SRF-VP16 restores normal mitochondrial size and 

occupancy in an SRF-deficient background in vitro 

The loss-of-function experiments performed so far provide evidence that SRF is necessary 

for proper mitochondrial function in neurons. Consequentially, in a gain-of-function 

approach these effects should be reversed. To address this issue, a constitutively active SRF-

VP16-mutant was applied (introduced in chapter 1.1.1). SRF-MADS-VP16 serves as a proper 

control as it only lacks the MADS-box and is thereby incapable of DNA-binding. 

Wild-type neurons overexpressing SRF-ΔMADS-VP16 showed no obvious phenotype (Figure 

3.9 A, E, I). Mitochondria were normal in size (3 µm² ± 0.3 µm²) and normally distributed 

(occupancy of 40.5 % ± 3.2 %). Notably, overexpression of constitutively active SRF-VP16 in a 

wild-type background resulted in large network-like structures of mitochondria (Figure 3.9 B, 

F, J). Thereby, mitochondrial size almost doubled in these neurons (6 µm² ± 0.9 µm², see 

Figure 3.9 M) and occupancy significantly increased to 71 % ± 9 % (see Figure 3.9 N). 

Of note, SRF-VP16 was able to rescue the mitochondrial phenotype in an Srf mutant 

background. While Srf mutant neurons expressing SRF-ΔMADS-VP16 displayed mitochondrial 

fragmentation (mitochondrial size at 0.82 µm² ± 0.23 µm², Figure 3.9 M) and decreased 

occupancy (24.5 % ± 4.2 %, Figure 3.9 N), Srf mutant neurons expressing SRF-VP16 showed a 

normal phenotype indistinguishable from wild-type neurons (Figure 3.9 D, H, L). In these 

neurons mitochondrial size was significantly increased at 3.1 µm² ± 0.1 µm² (Figure 3.9 M) 

and occupancy restored (50 % ± 1.2 %, Figure 3.9 N) in comparison to SRF-deficient neurons. 

To control for the VP16-specificity another VP16-fused transcription factor CREB-VP16 was 

applied. Of note, CREB-VP16 had no effect on mitochondrial size or on mitochondrial 

occupancy (Figure 3.9 M, N). This indicates that the observed effects of SRF-VP16 are not a 

due to a general activity of any transcription factor. Furthermore, it strengthens the 

specificity of SRF to modulate mitochondrial dynamics as not every constitutively active 

transcription factor (such as CREB-VP16) can induce mitochondrial changes in vitro. 
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Figure 3.9 Rescue of mitochondrial size and occupancy upon overexpression of SRF-VP16 

(A, C, E) show wild-type neurons expressing the SRF-ΔMADS-VP16 control construct. Neurons 
and mitochondria looked normal. (B, F, J) Wild-type neurons overexpressing constitutively 
active SRF-VP16 showed large network-like mitochondrial structures. (C, G, K), SRF-deficient 
neurons expressing SRF-ΔMADS-VP16 displayed the knockout phenotype with shorter 
neurites and perinuclear clustering of fragmented mitochondria. (D, H, L) Overexpression of 
SRF-VP16 rescued the morphological as well as the mitochondrial phenotype in Srf mutant 
neurons. (M) Quantification of mitochondrial object size. SRF-VP16 increased mitochondrial 
size in wild-type neurons and rescued mitochondria in Srf mutant neurons. CREB-VP16 did not 
have an effect. (N) Quantification of mitochondrial occupancy. SRF-VP16 restored normal 
occupancy in Srf mutant neurons and increased occupancy in wild-type neurons significantly. 
CREB-VP16 had no effect. Scale bar (A-L) = 10 µm. 
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Beside size and distribution, mitochondrial ultrastructure was rescued by overexpression of 

SRF-VP16 (see Figure 3.10). Wildtype neurons showed a normal membrane topology with a 

clear double membrane and an electron dense matrix pervaded by well-organized cristae 

(Figure 3.10, A). In contrast, SRF deficiency resulted in membranous invaginations, disturbing 

the membrane topology and disrupting cristae morphology (Figure 3.10 B, arrows). In 

wildtype neurons SRF-VP16 overexpression had no obvious effect on ultrastructure (Figure 

3.10 C), whereas SRF-VP16 was able to rescue membrane disturbances in Srf-mutant 

neurons (Figure 3.10 D). 

 

 

Figure 3.10 Rescue of mitochondrial ultrastructure by overexpression of SRF-VP16 

(A) Wildtype neurons expressing the SRF-MADS-VP16 control construct displayed normally 

shaped mitochondria with a clear double membrane and well-organized cristae morphology. 

(B) SRF-deficient neurons showed disturbances in membrane topology and invaginations 

into the matrix space (arrows). (C) SRF-VP16 had no obvious effect on membrane topology 

of wildtype neurons. (D) In Srf-mutant neurons SRF-VP16 overexpression restored normal 

membrane topology and inhibited formation of invaginations. Scale bar (A-D) = 50 nm. 
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3.1.2.5 SRF-VP16 rescues mitochondrial trafficking in Srf mutant neurons 

As overexpression of SRF-VP16 rescues mitochondrial occupancy it is likely that trafficking of 

mitochondrial objects is also restored upon SRF-VP16 expression. 

Figure 3.11 shows a visualization of the performed time-lapse videomicroscopy experiments. 

The mitochondrial trafficking pattern is shown in kymographs displaying time on the y-axis 

and distance on the x-axis. Every white signal represents a mitochondrial object and the 

more the mitochondria move the more staggered the mitochondrial movement pattern gets 

in the kymograph. 

Obviously, wild-type neurons expressing an SRF-ΔMADS-VP16 control construct displayed a 

normal movement behavior of moving and stopping mitochondria. The average movement 

velocity was at 0.12 µm/s ± 0.03 µm/s (see Figure 3.11 E) and 71.6 % ± 2 % of mitochondria 

were engaged in movement (Figure 3.11 F). As expected, SRF-deficiency together with 

overexpression of the SRF-ΔMADS-VP16 control construct led to impaired mitochondrial 

trafficking (Figure 3.11 B): Mitochondrial velocity decreased significantly to 0.09 µm/s ± 

0.03 µm/s and only 46.9 % ± 8.2 % of mitochondria were moving. This is consistent with the 

previous time-lapse recording of mitochondrial movement (Figure 3.7) indicating that SRF-

MADS-VP16 indeed serves as a non-functional control construct. 

Notably, overexpression of SRF-VP16 drastically increased mitochondrial trafficking (Figure 

3.11 C). Mitochondrial velocity was significantly increased compared with wild-type control 

to 0.18 µm/s ± 0.02 µm/s. Furthermore, 86 % ± 1.6 % of mitochondria were engaged in 

transport. It is important to note that this quantification takes into account only small, 

thereby fast moving mitochondria in the periphery of the neuron. As many of the 

mitochondria form the observed large network-like structures (Figure 3.9) and are not 

engaged in movement, these mitochondria were not quantified for their trafficking 

properties. 

Additionally, the trafficking enhancing effect of SRF-VP16 restored mitochondrial movement 

even in the background of SRF deficiency. Thereby, mitochondrial velocity was at wild-type 

levels (0.13 µm/s ± 0.01 µm/s) and 80 % ± 3.4 % of mitochondria were moved. 
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Figure 3.11 Rescue of mitochondrial trafficking upon SRF-VP16 overexpression 

(A) Kymograph showing mitochondrial trafficking pattern in wild-type neurons. A wild-type neuron 
expressing the SRF-ΔMADS-VP16 control construct showed a normal mitochondrial trafficking 
pattern with moving and stopping mitochondria. (B) A SRF-deficient neuron expressing SRF-
ΔMADS-VP16 displayed impaired mitochondrial movement with most of the mitochondria not 
moving. (C) Wild-type neurons overexpressing SRF-VP16 showed drastically increased 
mitochondrial movement. (D) Overexpression of SRF-VP16 in an Srf mutant neuron rescued 
mitochondrial movement. (E) Quantification of mitochondrial velocity. SRF ablation together with 
SRF-MADS-VP16 expression led to significantly slower velocities. SRF-VP16 overexpression in 
wild-type neurons significantly increased velocities and rescued mitochondrial movement in Srf 
mutant neurons. (F) Quantification of the number of mitochondria engaged in movement. SRF 
deficiency decreased the relative amount of moved mitochondria significantly, whereas SRF-VP16 
increased the number of moving mitochondria in wild-type neurons and rescued mitochondrial 
trafficking in Srf mutant neurons. 
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Thus, taking together the effects of SRF-VP16 with regard to mitochondrial size, occupancy 

and trafficking SRF-VP16 rescued mitochondrial properties in an Srf mutant background. 

Furthermore, in wild-type neurons SRF-VP16 expression led to a drastic increase of all 

observed mitochondrial parameters resulting in a new mitochondrial phenotype forming 

syncytial structures with fast moving mitochondria in the periphery. 

However, the exact mechanism by which SRF exerts its function on mitochondria is not 

understood so far. Indeed, a direct mechanism involving SRF controlling the expression of 

mitochondrial target genes seems rather improbable as RT-PCR did not reveal any effect of 

SRF on mitochondrial related structural, fusion/fission or trafficking genes (data not shown). 

Thereby, it is more likely that SRF influences mitochondrial dynamics indirectly by changes in 

microfilament dynamics. For this reason, the impact of the actin cytoskeleton on 

mitochondrial dynamics shall be addressed in more detail in the next chapter. 

 

 

3.2 Impact of the Actin Cytoskeleton on Mitochondrial Dynamics 

As SRF is one of the major gene transcriptional regulators of the actin cytoskeleton it is likely 

that the observed phenotypes, including mitochondrial fragmentation, perinuclear clustering 

and impaired trafficking, rely on changes in the actin microfilament. SRF deficiency results in 

a decrease of -actin as the latter is a direct target gene of SRF (Figure 3.3). Thus, one 

possible explanation would be that an impairment in functional actin treadmilling or an 

overall decrease of filamentous actin influences mitochondrial size and distribution. 

There are many possible mechanisms to influence the G/F-actin ratio in the cell mainly 

relying on application of actin drugs that lead to a depolymerisation of F-actin, thereby 

increasing G-actin levels (e.g. by administration of latrunculin) or on the other hand stabilize 

F-actin (e.g. jasplakinolide). Although all of these drugs are rather specific in their way of 

interfering with actin treadmilling, in this project another, more sensitive way of shifting the 

G/F-actin ration was used. For this, actin point-mutants were overexpressed that differ in 

their way of stabilizing F-actin (see Figure 3.12, after (Posern et al., 2002)). 

As depicted, several well described actin mutants are used to modify the G/F-actin ratio. 

Overexpression of actin S14C or actin G15S results in an increase of F-actin. Both actin 

mutants are stably incorporated into filamentous actin and stabilize its conformation. 
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However, both actin mutants differ in their way of interacting with actin binding proteins. 

Most important for this work, actin S14C does interact with cofilin, whereas actin G15S does 

not (Posern et al., 2004). Additionally, overexpression of actin R62D leads to an increase of 

monomeric G-actin as this point mutant cannot be built into filamentous actin. Notably, 

actin R62D does not disrupt existing F-actin but just increases the G-actin pool because of its 

incapability of polymerization (Posern et al., 2002). 

Thus, overexpression of these actin mutants allow for investigating whether mitochondrial 

size and distribution are dependent on the G/F-actin status in the cell. 

 

 

 

Figure 3.12 Actin point-mutants shift the actin treadmilling process 

Actin treadmilling involves turnover of F-actin polymers to monomeric G-actin. Application 

of point-mutated actin proteins interfere with this process. Actin S14C as well as actin G15S 

favor F-actin assembly and form actin filaments, yet differ in their binding properties with 

regard to cofilin (actin S14C does bind cofilin, whereas actin G15S does not). Actin R62D 

cannot be built into F-actin, thereby overexpression of R62D increases the pool of 

monomeric G-actin. 
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3.2.1 Mitochondrial size is dependent on the G/F-actin ratio in the cell 

To investigate, whether mitochondrial size is G-actin dependent, wild-type neurons were 

treated with the actin depolymerizing drug latrunculin (Figure 3.13 B, G). Immediately after 

20 min of incubation mitochondria got fragmented and their size decreased significantly 

from 2.2 µm² ± 0.1 µm² in wild-type control neurons to 1 µm² ± 0.01 µm² in latrunculin 

stimulated neurons (Figure 3.13 K). However, mitochondrial occupancy was not changed 

between wild-type neurons (46,1 % ± 2.7 %) and latrunculin-stimulated neurons (44.2 % ± 

2.4 %, see Figure 3.13 L). Although mitochondria were smaller in latrunculin-treated 

neurons, these cells obviously contained more (albeit smaller) mitochondria that in sum 

compensated the decrease in mitochondrial size and led to a “normal” occupancy. Of note, 

overall morphology of latrunculin-treated neurons was not changed, at least after a short 

period of stimulation (20 min). 

Overexpression of the aforementioned actin mutants influenced, at least in part, 

mitochondrial size and occupancy. These actin mutants are FLAG-tagged, thereby they were 

stained by a FLAG-specific antibody in immunocytochemistry. Of note, overexpression of 

actin R62D changed the morphology of wild-type neurons (Figure 3.13 C, H), thereby 

phenocopying Srf mutant neurons as reported before (Stern et al., 2009). Additionally, 

mitochondrial size was decreased significantly to 1.3 µm² ± 0.09 µm² (Figure 3.13 K). 

Furthermore, mitochondrial occupancy was significantly decreased as well (to 17.9 % ± 

3.2 %). 

Interestingly, the two F-actin favoring actin mutants actin G15S and actin S14C differed in 

their way they influenced mitochondrial size and occupancy. Overexpression of actin G15S 

led to a significant increase of mitochondrial size (4.4 µm²± 0.04 µm²) and occupancy (62 % ± 

3.8 %) (see Figure 3.13 D, I, K, L). In contrast, actin S14C did not seem to have an effect 

neither on mitochondrial size (2.2 µm² ± 0.08 µm²) nor on occupancy (41 % ± 1.8 %) (Figure 

3.13 E, J, K, L). This shows that increasing the F-actin pool alone is not sufficient to increase 

mitochondrial size. It is likely that recruitment of actin binding proteins such as cofilin might 

co-regulate mitochondrial size dependent on the polymerization status of actin. 

Nevertheless, this experiment shows that the polymerization status of actin influences 

mitochondria. Increase in G-actin levels leads to smaller mitochondria, whereas increase of 

F-actin levels (without cofilin binding, see actin G15S) increases mitochondrial size. 
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Figure 3.13 Shifting the G/F-actin ratio influences mitochondrial size and occupancy 

(A, F) Control neurons electroporated with pDSRed2Mito only displayed normal mitochondria. 

(B, G) Application of the actin depolymerizing drug latrunculin led to mitochondrial 

fragmentation. (C, H) Overexpression of actin R62D resulted in neurons that phenocopied SRF-

deficient neurons with regard to overall morphology, mitochondrial size and occupancy. (D, I) A 

neuron overexpressing actin G15S displayed enlarged mitochondria. (E, J) Overexpression of 

actin S14C did not have an impact on mitochondria. (K) Quantification of mitochondrial object 

size. Whereas increasing the G-actin pool by overexpression of actin R62D or administration of 

latrunculin decreased mitochondrial size significantly, overexpression of actin G15S increased 

mitochondrial size more than twofold. Actin S14C did not influence mitochondrial size. (L) 

Quantification of mitochondrial occupancy. Actin R62D decreased, actin-G15S increased 

mitochondrial occupancy significantly. Actin S14C and latrunculin administration did not alter 

mitochondrial occupancy. Scale bar (A-J) = 10 µm. 

As shown in Figure 3.13, overexpression of actin R62D did lead to a neuronal phenotype 

reminiscent of SRF-deficient neurons (compare with Figure 3.5). Thus, it is interesting 

whether this artificial increase in G-actin levels is sufficient to abrogate the SRF-VP16 effect 

with regard to mitochondria (formation of syncytial network-like mitochondrial structures).  
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As shown in Figure 3.14, wild-type neurons were co-electroporated with actin R62D and SRF-

VP16 or SRF-ΔMADS-VP16 as control. Control neurons overexpressing SRF-ΔMADS-VP16 

together with actin R62D displayed the aforementioned phenotype with shorter neurites, 

mitochondrial fragmentation and perinuclear clustering of mitochondria (Figure 3.14 A, C, E, 

G). Quantifications shown in Figure 3.14 I and J revealed that mitochondrial size was 

decreased to 1.0 µm² ± 0.06 µm² and mitochondrial occupancy was reduced to 17.2 % ± 

1.5 %. Interestingly, neurons co-expressing actin R62D and SRF-VP16 showed the same 

phenotype (Figure 3.14 B, D, F, H). In spite of SRF-VP16 expression, these neurons showed 

fragmented mitochondria (0.97 µm² ± 0.33 µm²) and decreased mitochondrial occupancy 

(18.4 % ± 3.5 %). Although not quantified, it is obvious, that the overall phenotype of actin 

R62D expressing neurons did not get rescued upon SRF-VP16 expression (see Figure 3.14 A, 

B). 

 

This experiment shows that increased G-actin levels are sufficient to abolish the SRF-VP16 

effect. Thus, it is reasonable to state that the observed mitochondrial phenotypes upon SRF-

VP16 expression are based on functional actin treadmilling. Shifting the G/F-actin ratio 

towards G-actin, thereby interfering with functional treadmilling, seems to be adequate to 

overcome SRF-VP16 mediated effects. In this regard, SRF-VP16 is most likely to exert its 

effect on mitochondria via influencing the G/F-actin ratio. 
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Figure 3.14 Overexpression of actin R62D abrogates the SRF-VP16 effects on mitochondria 

(A, C, E, G) A wild-type neuron overexpressing actin R62D together with the SRF-ΔMADS-

VP16 control construct phenocopied the Srf mutant phenotype. Neurites were shorter, 

mitochondria were smaller and clustered in the cell body. (B, D, F, H) Even in presence of 

constitutively active SRF-VP16 neurons co-expressing actin R62D exhibited the same 

phenotype as without SRF-VP16. (I) Quantification of mitochondrial object size. 

Mitochondria were fragmented upon actin R62D expression regardless of SRF-VP16 

expression. (J) Quantification of mitochondrial occupancy. Actin R62D overexpression 

decreased occupancy albeit SRF-VP16 expression. Scale bar (A-H) = 10 µm. 



Results 

91 
 

3.2.2 Actin dynamics modulate mitochondrial dynamics in growth cones 

One important cellular compartment in neurons that is highly dependent on microfilament 

formation is the growth cone (see chapter 1.2.2). For this reason, this particular subcellular 

structure was investigated in more detail with special focus on mitochondrial localization in 

growth cones. As it is believed that the actin microfilament serves as a docking station to 

arrest mitochondria in a position their energy production is needed (Mironov, 2007; 

MacAskill and Kittler, 2009), the question arises whether interfering with actin 

polymerization in the growth cone affects mitochondrial positioning. It is known that actin 

growth cone dynamics is modulated upon stimulation with guidance cues such as BDNF or 

ephrin-A5 (Meier et al., 2011). Whereas BDNF increases filopodia formation (Chen et al., 

2006; Stern et al., 2009), stimulation with ephrins leads to a transient F-actin decrease 

(Marsick et al., 2012). Thereby, stimulation with these guidance cues allows for selective F-

actin assembly or disassembly in the growth cone. 

To analyze, whether selective F-actin formation or F-actin depolymerization has an effect on 

mitochondria, neurons were stimulated with BDNF for 60 min or with ephrin-A5 for 10 min. 

Thereby, this short ephrin-A5 administration should only result in a F-actin depolymerization 

without a full growth cone collapse observed after longer times of ephrin-A5 stimulation 

(Meier et al., 2011). 

Unstimulated wild-type neurons displayed growth cones with only few mitochondria 

entering the growth cone area (Figure 3.15 A, D). Quantification revealed that on average 

only 1 mitochondrion enters the growth cone area (1.1 ± 0.3 mitochondria / growth cone, 

Figure 3.15 G). BDNF stimulation increased growth cone size as reported before (Meier et 

al., 2011). Furthermore, mitochondria got recruited to BDNF stimulated growth cones and 

on average 3.3 ± 0.4 mitochondria were located in the growth cone area (Figure 3.15 B, E, 

G). Ephrin-A5 stimulation on the other hand led to a reduction of the growth cone area and a 

removal of mitochondria from the growth cone as only 0.3 ± 0.09 mitochondria could be 

found on average in the growth cone area (Figure 3.15 C, F, G). 

To exclude that the quantified increase of mitochondrial recruitment to growth cones (in 

case of BDNF stimulation) or the withdrawal of mitochondria from growth cones after 

ephrin-A5 stimulation is due to the size-rearrangements elucidated by the two guidance 

cues, mitochondrial number was normalized to the growth cone size. In doing so, the 

previous phenotype was confirmed. Whereas in control neurons 0.32 ± 0.04 mitochondria  
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could be found in 10 µm² growth cone area, this value was significantly increased after BDNF 

stimulation (0.57 ± 0.08 mitochondria / 10 µm² growth cone) or significantly decreased upon 

ephrin-A5 administration (0.15 ± 0.01 mitochondria / 10 µm² growth cone, Figure 3.15 H). 

In sum, attractive (BDNF) and repulsive (ephrin-A5) guidance cues attracted and displaced  

mitochondria from growth cones, respectively. 

Figure 3.15 Stimulation of growth cones with BDNF or ephrin-A5 influences growth 
cone mitochondrial dynamics 

(A, D) An unstimulated wild-type growth cone contained only few mitochondria. (B, 

E) BDNF stimulation led to growth cone enlargement and recruitment of 

mitochondria into the growth cone area. (C, F) Ephrin-A5 stimulation decreased 

growth cone size and led to withdrawal of mitochondria from the growth cone area. 

(G) BDNF significantly increased, whereas ephrin-A5 significantly decreased the 

number of mitochondria in growth cones. (H) Quantification of the number of 

mitochondrial objects normalized to growth cone area. Again, BDNF significantly 

increased and ephrin-A5 significantly decreased mitochondrial object number in 

growth cones. Scale bar (A-F) = 10 µm 
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To analyze more directly, whether actin treadmilling underlies these phenotypes, actin point 

mutant were used again. In line with previous data, Figure 3.16 B, C shows  that increasing 

the F-actin pool by overexpressing actin G15S led to larger growth cones and a significant 

increase of mitochondrial localization in the growth cone (6.1 ± 1.3 mitochondria / growth 

cone in actin G15S overexpressing neurons compared to 1.1 ± 0.3 mitochondria / growth  

Figure 3.16 Actin mutants influence mitochondrial recruitment to growth cones 

(A, D) A wild-type neuron showing recruitment of mitochondria to a growth cone. (B, E) 

Overexpression of actin G15S increased growth cone size and the number of 

mitochondria in the growth cone. (C, F) Actin R62D decreased mitochondrial occupancy 

in growth cones. (G) Number of mitochondria in growth cones was significantly 

increased upon actin G15S overexpression and significantly decreased upon actin R62D 

overexpression. (H) Normalization of mitochondrial number to growth cone size. Actin 

G15S increased, whereas actin R62D decreased mitochondrial occupancy in growth 

cones. Scale bars (A-F) = 10 µm. 
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cone in control neurons, Figure 3.16G). Contrastingly, actin R62D overexpression resulted in 

a significant removal of mitochondria from the growth cones (Figure 3.16 C, F, G). Thereby, 

only 0.6 ± 0.14 mitochondria were located in the growth cone. 

To take into account that growth cone size was altered upon overexpression of the actin 

point mutants mitochondrial number in growth cones was normalized to the growth cone 

area. Again, actin G15S significantly increased mitochondrial occupancy in growth cones 

(from 0.32 ± 0.04 mitochondria / 10 µm² growth cone in wild-type neurons to 0.56 ± 0.07 

mitochondria / 10 µm² growth cone, Figure 3.16 H). In line, actin R62D decreased 

mitochondrial occupancy to 0.17 ± 0.04 mitochondria / 10 µm² growth cone area (Figure 

3.16 H). 

 

Taken together, the performed experiments suggest that actin treadmilling is crucial to 

control mitochondrial dynamics. Enhancing F-actin polymerization (e.g. by overexpressing 

actin G15S) led to an increase in mitochondrial size and occupancy. Additionally, BDNF 

stimulation revealed that not only an artificial increase in the F-actin levels by 

overexpressing actin mutants but also a more physiological related F-actin regulation was 

sufficient to recruit mitochondria to F-actin dependent growth cones. 

In contrast, increasing the G-actin pool did not only impair the overall neuronal morphology 

as described previously (Stern et al., 2009) but also decreased mitochondrial size and 

occupancy. Furthermore, decreasing the amount of F-actin by selective depolymerization in 

the growth cone upon ephrin-A5 stimulation revealed that F-actin seems to be necessary for 

subcellular mitochondrial localization. 

This speaks in favor of a model, in which mitochondria are recruited to F-actin rich areas. 

Additionally, F-actin polymerization seems to be involved in controlling mitochondrial size. 

Nevertheless, F-actin polymerization alone cannot explain the observed increase in 

mitochondrial size and occupancy as actin S14C, another F-actin favoring actin mutant but 

capable of binding to cofilin, did not influence mitochondrial size. Interestingly, changes in 

cofilin activity are one hallmark of SRF ablation (Alberti et al., 2005). For this reason, the 

following experiments focus on cofilin’s contribution to mitochondrial dynamics. 
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3.3 Cofilin Activity and its Influence on Mitochondrial Size and 

Distribution 
As described in chapter 1.2.3 cofilin is a major regulator of the polymerization status of actin 

microfilaments. Cofilin itself is mainly regulated by phosphorylation at the serine residue 3, 

thereby phosphorylation leads to an inactivation of cofilin. Phospho-cofilin is incapable of F-

actin binding, whereas unphosphorylated cofilin binds to F-actin and exerts its actin severing 

function leading to smaller actin fragments (Andrianantoandro and Pollard, 2006). Cofilin is 

phosphorylated by LIM kinase (LIMK) and is dephosphorylated upon slingshot phosphatase 

(Ssh) activity (Huang et al., 2006). 

Interestingly, the phosphorylation status of cofilin is increased in case of SRF ablation as 

shown by immunoblotting of hippocampal and cortical tissue (Figure 3.3) in line with reports 

before (Alberti et al., 2005). Recent research revealed that SRF normally inhibits LIMK 

activity in neurons, thereby SRF ablation leads to hyperphosphorylated cofilin levels 

(Mokalled et al., 2010). 

 

To investigate the role of cofilin in more detail with regard to mitochondrial dynamics, 

several point mutated cofilin mutants (Agnew et al., 1995; Garvalov et al., 2007) were used 

as well slingshot constructs allowing for dephosphorylation of cofilin (see Figure 3.17). 

A non-phosphorylatable cofilin mutant (cofilin-S3A) was used to give rise to a putative 

constitutively active cofilin mutant. Due to lacking the critical serine residue, this cofilin-S3A 

is active and always exerts its F-actin severing function. As in Srf deficient neurons cofilin is 

hyperphosphorylated indicating permanent inactivation of cofilin, overexpression of cofilin-

S3A should rescue the phenotype in an SRF-deficient background. 

In contrast to that, a phopshomimetic cofilin-S3E mutant was used to recapitulate 

the hyperphosphorylated cofilin status of Srf mutant cells. In this mutant the serin residue is 

changed to a glutamate residue, thereby this cofilin mutant serves as a phosphomimetic 

cofilin protein. In principal, this cofilin-S3E mutant should induce an SRF-knockout 

phenotype if overexpressed in wild-type neurons. 

Another way to restore normal cofilin function in Srf mutant neurons is performed by 

overexpressing active slingshot phosphatase (Ssh). In principal, this reduces phospho-cofilin 

levels that should reverse the neuronal and mitochondrial phenotype in case of SRF ablation. 

This implies that increased phospho-cofilin levels are the critical factor to induce the 
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phenotypes in Srf mutants. In this context, two different slingshot mutants were applied: An 

active full-length version (SshL) and an inactive control (SshS). Thus, overexpression of SshL 

should rescue Srf mutant neurons. 

 

 

 

 

 

 

 

 

 

Figure 3.17 Scheme of the experimental approaches modulating cofilin activity in neurons 

Under physiological conditions cofilin activity is regulated by phosphorylation. Whereas LIM 

kinase (LIMK) phosphorylates and deactivates cofilin, dephosphorylation by slingshot 

phosphatase (Ssh) reactivates cofilin that binds to F-actin and severs microfilaments. Different 

cofilin point mutants as well as slingshot phosphatase were used to investigate the role of 

cofilin with regard to mitochondrial dynamics. Details see text. 
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3.3.1 Phospho-cofilin levels are increased in SRF-deficient cells 

Although it was shown that phospho-cofilin levels are increased in SRF-deficient tissue 

(Figure 3.3), it was additionally investigated if this holds true on single cell level, too. For this, 

an immunocytochemical staining for phospho-cofilin was performed (Figure 3.18). 

As expected, phospho-cofilin levels were rather low in case of wild-type neurons expressing 

the inactive SRF-ΔMADS-VP16 construct (Figure 3.18 E). Mitochondrial dynamics with regard 

to size and occupancy seemed normal (Figure 3.18 A). Overexpression of the constitutively 

active SRF-VP16 construct led to increased mitochondrial size as observed in previous 

experiments (Figure 3.9) and further decreased phospho-cofilin levels (Figure 3.18 F). 

In contrast, SRF-deficient neurons expressing SRF-ΔMADS-VP16 showed drastically increased 

phospho-cofilin levels (Figure 3.18 G) in addition to overall impaired neuronal morphology 

and mitochondrial size (Figure 3.18 C). Conversely, overexpression of SRF-VP16 was able to 

rescue neuronal morphology (as described before) and also reduced phospho-cofilin levels in 

the cell (Figure 3.18 H). 

Quantification of phospho-cofilin intensities was performed by SlideBook-based analysis. In 

doing so, the sum of all cofilin-intensities in the cell was quantified (see Figure 3.18 Q). It 

turned out that phospho-cofilin levels compared to wild-type neurons (2.1 ± 0.1 A.U.) were 

significantly increased in Srf mutant neurons (10.7 ± 0.05 A.U.). In turn, overexpression of 

SRF-VP16 significantly decreased phsopho-cofilin intensities both in wild-type and Srf mutant 

neurons (0.6 ± 0.06 A.U. and 2.2 ± 0.5 A.U., respectively). To check whether the observed 

changes in phospho-cofilin intensities were based upon changes in cofilin expression, cofilin 

intensities were quantified as well. It turned out that cofilin levels were unchanged between 

wild-type and SRF-deficient cells and independent of SRF-VP16 or SRF-MADS-VP16 

expression (Figure 3.18 R). 

Thereby, this experiment shows that even on a single cell level an increase of phospho-

cofilin levels can be observed in SRF-deficient cells that is rescued to wild-type levels upon 

SRF-VP16 overexpression. In this context, mitochondrial size and occupancy seems to be 

correlated to phospho-cofilin levels, as higher phospho-cofilin intensities could be observed 

in cells with smaller mitochondria. 
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Figure 3.18 Phospho-cofilin status is changed on single cell level upon SRF deficiency 

(A, E, I, M) Wild-type neurons expressing a non-functional SRF-ΔMADS-VP16 construct 
displayed normal mitochondria and low phospho-cofilin levels. (B, F, J, N) Overexpression of 
SRF-VP16 in wild-type neurons resulted in an increase of mitochondrial size and further 
decreased phospho-cofilin levels. (C, G, K, O) SRF-deficient neurons expressing the SRF-
ΔMADS-VP16 construct showed mitochondrial fragmentation and increased cofilin levels. (D, 
H, L, P) Overexpression of SRF-VP16 in Srf mutant neurons rescued mitochondrial size, 
neuronal morphology and restored phospho-cofilin levels. (Q) Quantification revealed that 
phospho-cofilin was significantly increased in Srf mutant neurons. This was rescued by 
overexpression of SRF-VP16 that significantly decreased phospho-cofilin levels in wild-type 
and SRF deficient background. (R) Quantification of cofilin levels. No change was observed in 
any condition. Scale bar (A-P) = 10 µm. 
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3.3.2 Non-phosphorylatable cofilin-S3A rescues mitochondrial size and 

occupancy in Srf mutant neurons 

To narrow down whether the mitochondrial defects in Srf mutant cells are really based 

upon cofilin activity, different cofilin mutants were used. First of all, a non-

phosphorylatable, thereby permanently active cofilin-S3A GFP-tagged mutant was 

overexpressed in wild-type as well as SRF-deficient neurons (Figure 3.19). In a control 

experiment wild-type as well as SRF-deficient neurons overexpressed GFP alone. 

GFP-expressing wild-type neurons displayed a normal neuronal morphology and 

mitochondria at an average size of 3 µm² ± 0.3 µm² (Figure 3.19 A, E, I) and an occupancy 

of 41.3 % ± 4.4 % (Figure 3.19 J). In contrast, Srf mutant neurons displayed their typical 

Figure 3.19 Effect of cofilin-S3A on mitochondrial dynamics and neuronal morphology 

(A, E) Wild-type neurons expressing GFP showed a normal neuronal morphology and normal 
mitochondria. (B, F) SRF ablation led to neurite shortening, mitochondrial fragmentation and cell-
body restriction of mitochondrial distribution. (C, G) Cofilin-S3A did not have a drastic effect on 
mitochondrial size in wild-type cells. (D, H) Overexpression of cofilin-S3A rescued neurite length, 
mitochondrial size and occupancy in SRF-deficient neurons. (I) Mitochondrial size was significantly 
decreased upon SRF ablation and could be rescued by cofilin-S3A. (J) SRF deficiency led to a 
significant decrease of mitochondrial occupancy that got rescued upon cofilin-S3A overexpression. 
(K) Rescue of neurite length upon cofilin-S3A overexpression. (L) Cofilin-S3A also increased the 
presence of long neurites (longer than 120 µm) compared to wild-type GFP-expressing neurons. 
Scale bar (A-H) = 10 µm. 
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impaired morphology (Figure 3.19 B, F), mitochondrial fragmentation (0.8 µm² ± 

0.09 µm², Figure 3.19 I) and decreased mitochondrial occupancy (15.7 % ± 0.7 %, Figure 

3.19 J). 

Interestingly, overexpression of cofilin-S3A was sufficient to rescue the neuronal 

morphology in Srf mutant neurons as well as mitochondrial parameters (Figure 3.19 D, 

H). Thereby, mitochondrial size increased to 3.6 µm² ± 0.9 µm² (Figure 3.19 I) and 

occupancy was at 43.2 % ± 4 % (Figure 3.19 J). Of note, in spite of a slight increase in the 

quantified mitochondrial parameters, cofilin-S3A in wild-type neurons (see Figure 3.19 C, 

G) had neither a significant effect on mitochondrial size (3.5 µm² ± 1.1 µm²) nor on 

occupancy (56.6 % ± 3.3 %). 

Furthermore, the potential of cofilin-S3A to rescue neurite length was examined. 

Whereas wild-type neurons had an average length of 96.7 µm ± 11.2 µm, SRF deficiency 

resulted in significantly shorter neurites (average length of 55.4 µm ± 6.3 µm, see Figure 

3.19 K). Obviously, overexpression of cofilin-S3A did not impact neurite length in wild-

type neurons (92.2 µm ± 4.4 µm). However, cofilin-S3A was able to rescue neurite length 

in an SRF-deficient background and increased neurite length to 125 µm ± 13.5 µm. As 

reported before (Garvalov et al., 2007), cofilinS3A had an effect on the amount of very 

long neurites that was increased in wild-type neurons expressing cofilin-S3A. For this 

reason, the relative amount of longest neurites (i.e. neurites longer than 120 µm) was 

quantified. As expected, this value decreased from 12.2 % ± 2.9 % in wild-type neurons 

to 1.1 % ± 0.7 % in Srf mutant neurons (Figure 3.19 L). Interestingly, cofilin-S3A 

significantly increased the relative amount of neurites longer than 120 µm  in a wild-type 

as well as SRF-deficient background (35.3 % ± 7.4 % and 56.6 % ± 13.8 %, respectively, 

see Figure 3.19 L). 

In sum, this experiment shows that non-phosphorylatable cofilin-S3A is able to overcome 

the morphological and mitochondrial phenotype of SRF-deficient neurons. On this 

account, it is likely, that the phenotype of Srf mutant neurons depends on the decrease 

of active cofilin upon hyperphosphorylation of this actin severing protein. Consequently, 

increasing the amount of active cofilin alleviates the phenotpyes of SRF-deficient 

neurons. 
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3.3.3 Cofilin-S3E decreases mitochondrial size and occupancy and 

circumvents SRF-VP16 mediated effects on mitochondria 

As constitutively active cofilin-S3A was able to rescue mitochondrial size and occupancy in 

Srf mutant neurons, it is likely that a permanently inactive cofilin mutant recapitulates the 

phenotype of SRF-deficient neurons in a wild-type background. For this, a phosphomimetic 

cofilin-S3E mutant was overexpressed that behaved like phosphorylated cofilin and is 

thereby permanently inactive. 

As a control, GFP was co-expressed with SRF-ΔMADS-VP16 (Figure 3.20 A, E, I, M). In these 

cells mitochondria were of normal size (2.2 µm² ± 0.2 µm², Figure 3.20 Q) and displayed 

normal occupancy (39.6% ± 1.8 %, Figure 3.20 R). As expected, SRF-VP16 induced formation 

of large mitochondria in GFP expressing wild-type neurons (Figure 3.20 B) that led to a 

significant increase in mitochondrial size to 4.3 µm² ± 0.3 µm² (Figure 3.20 Q) and an 

occupancy of 58.5 % ± 2.2 % (Figure 3.20 R). 

Interestingly, overexpression of cofilin-S3E in control neurons co-expressing SRF-ΔMADS-

VP16 impaired mitochondrial parameters without influencing the overall neuronal 

morphology (Figure 3.20 C, G, K, O). Still, neurons showed long neurites, whereas 

mitochondrial size was significantly decreased to 1.2 µm² ± 0.1 µm² (Figure 3.20 Q) as well as 

occupancy (25.2 % ± 1 %, Figure 3.20 R). 

More important, cofilin-S3E was also able to abrogate the effect of SRF-VP16 on 

mitochondrial parameters (Figure 3.20 D, H, L, P). Neurons co-expressing constitutively 

active SRF-VP16 and constitutively inactive cofilin-S3E failed to form large mitochondria 

(mitochondrial size at 1.3 µm² ± 0.2 µm²) and mitochondrial occupancy was significantly 

decreased in comparison to SRF-MADS-VP16 and GFP co-expressing neurons (occupancy of 

26.2 % ± 2.4 %, Figure 3.20 R). 

Thus, this experiment has two major implications: First, constitutively inactive cofilin-S3E is 

not able to induce a neuronal morphology reminiscent of SRF-deficient neurons. It impacts 

only mitochondrial parameters such as size and occupancy. Second, cofilin-S3E is able to 

circumvent SRF-VP16’s ability to induce large mitochondria. Thus, it is likely that the SRF-

VP16 function relies on a functional regulation of cofilin activity. This speaks in favor of a 

model in which SRF-mediated control of mitochondrial size is dependent on functional cofilin 

activity and subsequent proper regulation of actin treadmilling. 
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Figure 3.20 Cofilin-S3E decreases mitochondrial size and circumvents the SRF-VP16 effect 

(A, E, I, M) Wild-type neurons co-expressing GFP and SRF-ΔMADS-VP16 displayed a normal 
phenotype. (B, F, J, N) Overexpression of SRF-VP16 and GFP led to an increase in 
mitochondrial size and occupancy. (C, G, K, O) Co-expression of SRF-ΔMADS-VP16 and 
cofilin-S3E led to mitochondrial fragmentation without impairing neurite length. (D, H, L, P) 
Cofilin-S3E was able to abrogate the SRF-VP16 mediated effect on mitochondria. (Q) 
Quantification of mitochondrial size. In SRF-ΔMADS-VP16-expressing neurons cofilin-S3E 
significantly decreased mitochondrial size. Whereas SRF-VP16 overexpression in GFP-
expressing cells significantly increased mitochondrial size, this effect was abolished upon co-
expression with cofilin-S3E.  (R) Mitochondrial occupancy was significantly decreased in 
control neurons upon cofilin-S3E expression. The SRF-VP16 mediated increase of 
mitochondrial occupancy was abrogated by cofilin-S3E expression. Scale bar (A-P) = 10 µm. 
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3.3.4 Active Slingshot phosphatase restores phospho-cofilin levels and 

mitochondrial shape in Srf mutant neurons 

Whereas the previous experiments rely on non-functional or constitutively active cofilin 

mutants, respectively, another way to interfere with cofilin phosphorylation is via 

overexpression of slingshot phosphatase. This enzyme catalyzes specifically the 

dephosphorylation and subsequent activation of cofilin (see chapter 1.2.3). Two different 

slingshot constructs were used in this approach: a full-length and thereby active version 

slingshot L (SshL) and a short, consequently inactive mutant slingshot S (SshS). 

Wild-type neurons expressing inactive SshS displayed normal neuronal morphology 

(Figure 3.21 A, E, I) and relatively low levels of phospho-cofilin (Figure 3.21 E). In SRF-

deficient neurons expressing SshS (Figure 3.21 B, F, J) phospho-cofilin levels were 

increased and neuronal morphology impaired as observed previously. In detail, 

mitochondrial size decreased significantly from 2.8 µm² ± 0.1 µm² in wild-type neurons 

to 0.78 µm² ± 0.06 µm² in SRF-deficient neurons (Figure 3.21 M). As well, mitochondrial 

occupancy dropped significantly from 47 % ± 3.3 % in wild-type neurons to 12.8 % ± 

0.5 % in Srf mutant neurons (Figure 3.21 N). Furthermore, in wild-type neurons neurites 

were of an average length of 81.4 µm ± 2.4 µm and neurite length was significantly 

decreased to 47.9 µm ± 6.8 µm in Srf mutant neurons (Figure 3.21 O). This correlated 

with a significant increase in summarized phospho-cofilin levels from 1.8 ± 0.7 A.U. in 

wild-type neurons to 5.9 ± 2.1 A.U. in Srf mutant neurons (Figure 3.21 P). However, total 

cofilin levels were unchanged (4.4 ± 0.7 A.U. vs. 3.7 ± 0.06 A.U.). 

Interestingly, overexpression of active SshL had only mild, thereby not significant effects 

on neuronal and mitochondrial morphology (Figure 3.21 C, G, K). Although mitochondrial 

size (4.2 µm² ± 0.5 µm², Figure 3.21 M) as well as mitochondrial occupancy 

(58.6 % ± 4.3 %, Figure 3.21 N) was increased, none of these parameters was significantly 

altered. This was also true for neurite length (87.5 µm ± 3 µm, Figure 3.21 O) and 

phospho-cofilin intensity (0.56 ± 0.23 A.U., Figure 3.21 P). Nevertheless, SshL was able to 

rescue mitochondria and neurite length in an SRF-deficient background. These neurons 

displayed a normal morphology as well as normally shaped and distributed mitochondria 

(Figure 3.21 D, H, L). Mitochondrial size was restored up to wild-type levels 

(2.6 µm² ± 0.4 µm², Figure 3.21 M) as was occupancy (41 % ± 2.3 %, Figure 3.21 N).  
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Figure 3.21 Overexpression of active slingshot SshL rescues mitochondria and neuronal 
morphology in SRF-deficient neurons 

(A, E, I) Wild-type neurons expressing an inactive control slingshot (SshS) displayed normal neuronal 
morphology and mitochondrial size. (B, F, J) Srf mutant neurons expressing SshS showed increased 
phospho-cofilin levels, impaired morphology and mitochondrial fragmentation as well as perinuclear 
clustering. (C, G, K) Expression of active slingshot SshL in wild-type neurons decreased phospho-
cofilin levels but did not obviously alter neuronal and mitochondrial morphology. (D, H, L) SshL 
overexpression was sufficient to rescue mitochondria and neuronal morphology in an SRF-deficient 
background. (M) Mitochondrial size was significantly decreased upon SRF ablation but got rescued by 
expression of SshL. Expression of SshL in wild-type neurons increased mitochondrial size but not 
significantly. (N) Mitochondrial occupancy decreased in Srf mutant neurons and got rescued upon 
SshL expression. (O) SRF-deficient neurons displayed significantly shorter neurites, which were 
rescued by SshL. In wild-type neurons SshL had no effect on neurite length. (P) Phospho-cofilin levels 
were significantly increased in SRF-deficient neurons. SshL expression decreased phospho-cofilin 
levels both in wild-type and Srf mutant neurons. Scale bar (A-L) = 10 µm. 
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Furthermore, neurite length was increased and even exceeded the wild-type level 

(104 µm ± 16.3 µm, Figure 3.21 O). Again, this correlated with a significant reduction of 

phospho-cofilin levels (1.4 ± 0.16 A.U., Figure 3.21 P). Cofilin levels were unchanged 

(3.7 ± 0.06 A.U. in wild-type neurons expressing SshL and 3.5 ± 0.3 A.U. in SRF-deficient 

neurons expressing SshL). 

As decreasing phospho-cofilin levels is sufficient to overcome mitochondrial 

fragmentation as well as impaired neurite outgrowth in SRF-deficient neurons, this 

experiment shows that the morphological and mitochondrial phenotype induced by SRF 

ablation is likely to be based upon mis-regulated cofilin activity. Although it has been 

shown before that hyperphosphorylation is a hallmark of SRF deficiency (Alberti et al., 

2005) which relies on mis-regulation of LIMK (Mokalled et al., 2010), this is the first proof 

of principle experiment showing a direct rescue of SRF-deficiency upon decreasing 

phospho-cofilin levels by slingshot phosphatase. This draws to the conclusion that SRF 

exerts its impact on morphological and mitochondrial dynamics in neurons via regulation 

of cofilin. This is supported by the fact that overexpression of SRF-VP16 led to a decrease 

of phospho-cofilin levels and rescued the neuronal phenotype (Figure 3.18). Additionally, 

constitutively active cofilin-S3A rescued the neuronal phenotype, whereas non-

functional cofilin-S3E prevented SRF-VP16 from its impact on mitochondria. 

All of these findings strongly suggest that the SRF-cofilin-actin axis is crucial for 

controlling mitochondrial function. However the direct link between cofilin regulation of 

actin treadmilling and its connection to mitochondrial dynamics is not addressed by 

these experiments. 
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3.4 Neuroprotective Implications of SRF’s Function on 

Mitochondria 
Many neurodegenerative diseases rely on dysfunctional mitochondria as neurons are 

completely dependent on mitochondrial ATP production (see chapter 1.3). One of these 

diseases that have a direct impact on mitochondria is Huntington’s disease. Interestingly, the 

cause of this disease is well understood: Abnormal N-terminal expansions of glutamate in 

the huntingtin protein cause pathological aggregations of this protein, thereby interfering 

with multiple cellular functions, e.g. mitochondrial trafficking (Bossy-Wetzel et al., 2008). 

Furthermore, it is believed that poly-glutamatergic huntingtin exerts its major pathological 

function by interfering with gene transcription in the nucleus. 

The neurodegenerative function of huntingtin as well as its impact on mitochondria has 

been studied in detail. Of note, Orr et al. have reported that overexpression of an 

aggregation-competent huntingtin protein causes mitochondrial fragmentation and 

decreases neurite occupancy, which is reminiscent of the observed phenotypes in SRF-

deficient neurons (compare Figure 3.22 taken from Orr et al., 2008 with Figure 3.5). 

Figure 3.22 Mutant huntingtin decreases mitochondrial distribution in neurons 

Normal huntingtin (23Q-508, labeled in green) has no effect on dsRed-Mito 
labeled mitochondria, whereas aggregation competent 120Q-508 huntingtin 
(green) decreases mitochondrial distribution and leads to perinuclear clustering of 
mitochondria as observed in Srf mutant neurons (Orr et al., 2008) 
.  
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For this reason, it was investigated whether the observed mitochondrial phenotypes induced 

by overexpression of mutant huntingtin could be rescued upon overexpression of SRF-VP16. 

As reported in chapters 3.1.2.4 and 3.1.2.5, SRF-VP16 increased mitochondrial size, 

occupancy and trafficking and rescued mitochondria in an SRF mutant background. Hence, 

one could assume that SRF-VP16 also alleviates impaired mitochondrial function in this 

neurodegeneration associated in vitro model.  

 

3.4.1 Constitutively active SRF-VP16 alleviates mutant huntingtin effects on 

mitochondria in vitro 

To check a possible neuroprotective function of SRF-VP16 in case of mutant huntingtin 

overexpression two huntingtin constructs were applied. A GFP-tagged huntingtin construct 

of 23 glutamate residues (GFP-HTT23) resembled normal huntingtin without aggregation 

competence. On the other hand, a GFP-tagged mutant huntingtin with 130 glutamate 

residues (GFP-HTT130) induced formation of huntingtin aggregates and was shown to impair 

mitochondrial dynamics in vitro (Orr et al., 2008). 

In a control experiment wild-type neurons overexpressed aggregation incompetent GFP-

HTT23 together with the transcriptionally inactive SRF-ΔMADS-VP16 construct. These 

neurons displayed normally sized mitochondria and occupancy (Figure 3.23 A, E). Thus, GFP-

HTT23 had no effect on mitochondria in vitro as their size was of 2.8 µm² ± 0.3 µm² (Figure 

3.23 I) and occupancy was of 46.9 % ± 1.4 % (Figure 3.23 J). In presence of GFP-HTT23 SRF-

VP16 could exert its impact on mitochondria (Figure 3.23 B, F) and significantly increased 

mitochondrial size to 7.3 µm² ± 1.5 µm² (Figure 3.23 I) and occupancy to 73.2 % ± 2.3 % 

(Figure 3.23 J). 

On the other hand, overexpression of aggregation competent GFP-HTT130 in SRF-ΔMADS-

VP16 control neurons impaired mitochondrial size and distribution (Figure 3.23 C, G). 

Thereby, mitochondrial size was significantly decreased to 1.6 µm² ± 0.06 µm² (Figure 3.23 I) 

and occupancy significantly dropped to 17.7 % ± 0.6 % (Figure 3.23 J). Interestingly, SRF-

VP16 could positively affect mitochondrial size and occupancy even in the background of 

GFP-HTT130 presence (Figure 3.23 D, H). Mitochondrial size was not only rescued to normal 

levels (which is approximately 3 µm²) but further increased to 6 µm² ± 0.6 µm² (Figure 3.23 

I), which was significant compared to control neurons, too. Additionally, mitochondrial 
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occupancy was also rescued to 57 % ± 3.6 % (Figure 3.23 J), thereby significantly increased 

compared to neurons expressing GFP-HTT130 as well as control neurons expressing GFP-

HTT23. 

To check whether this SRF-VP16 effect was specific for SRF mediated transcriptional activity 

Figure 3.23 Overexpression of SRF-VP16 alleviates mutant huntingtin effects on 
mitochondria 

(A, E) Aggregation incompetent GFP-HTT23 had no effect on mitochondria in wild-type 
neurons expressing SRF-ΔMADS-VP16. (B, F) SRF-VP16 overexpression in presence of GFP-
HTT23 induced mitochondrial enlargement. (C, G) In presence of the control construct SRF-
ΔMADS-VP16 aggregation-competent GFP-HTT130 decreased mitochondrial size and 
occupancy without disturbing the overall neuronal morphology. (D, H) SRF-VP16 restored 
mitochondrial size and occupancy in presence of GFP-HTT130. (I) Overexpression of GFP-
HTT130 significantly decreased mitochondrial size in SRF-ΔMADS-VP16 expressing cells. SRF-
VP16 significantly increased mitochondrial size in GFP-HTT23 and GFP-HTT130 expressing 
cells. Overexpression of CREB-VP16 could not rescue mitochondrial fragmentation upon 
GFP-HTT130 overexpression. (J) Mitochondrial occupancy significantly decreased upon GFP-
HTT130 overexpression in SRF-ΔMADS-VP16 control neurons. SRF-VP16 significantly 
increased occupancy either in presence of GFP-HTT23 and GFP-HTT130. CREB-VP16 
overexpression failed to overcome the GFP-HTT130 effect. Scale bar (A-H) = 10 µm. 
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or just due to a general transcriptional effect of VP16, the same experiment was performed 

with CREB-VP16. However, CREB-VP16 overexpression failed to rescue mitochondrial size in 

GFP-HTT130 expressing neurons (size decreased from 2.8 µm² ± 0.6 µm² in GFP-HTT23 

expressing neurons to 1.3 µm² ± 0.01 µm² in GFP-HTT130 expressing neurons, Figure 3.23 I). 

Additionally, mitochondrial occupancy could not be rescued upon CREB-VP16 

overexpression (occupancy decreased from 43 % ± 7.2 % in control neurons to 

15.5 % ± 0.9 % in GFP-HTT130 expressing neurons, Figure 3.23 J). 

Mutant huntingtin does not only impair mitochondrial size and distribution in vitro but also 

influences mitochondrial trafficking as reported before (Orr et al., 2008). Indeed, mis-

regulation of mitochondrial transport is believed to be one of the main reasons by which 

huntingtin exerts its neuropathological function (Gauthier et al., 2004; Chang et al., 2006). 

Therefore, it was investigated whether SRF-VP16 could also rescue GFP-HTT130 mediated 

impaired mitochondrial trafficking. Again, time-lapse videomicroscopy was performed to 

analyze mitochondrial trafficking in living neurons. Trafficking behavior is visualized by 

kymographs in Figure 3.24. Whereas SRF-ΔMADS-VP16 overexpressing control neurons 

showed massive impairment of mitochondrial movement upon GFP-HTT130 expression 

(Figure 3.24 A), mitochondrial trafficking was rescued upon SRF-VP16 overexpression (Figure 

3.24 B). Thereby, mitochondrial velocity was significantly increased from 

0.33 µm/s ± 0.01 µm/s to 0.68 µm/s ± 0.05 µm/s (Figure 3.24 C). This shows that also 

Figure 3.24 SRF-VP16 restores mitochondrial movement in GFP-HTT130 expressing neurons 

(A) Kymograph displaying mitochondrial movement in control neurons expressing GFP-
HTT130. Vertical lines of mitochondrial objects indicate massive impairment of 
mitochondrial movement. (B) SRF-VP16 rescued mitochondrial movement in GFP-HTT130 
expressing neurons. (C) Mitochondrial velocity was significantly increased in GFP-HTT130 
expressing neurons upon SRF-VP16 overexpression. 
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impaired mitochondrial trafficking (that might account for abnormal mitochondrial 

distribution and occupancy, see Figure 3.23 J) could be restored by SRF-VP16. Thus, it is 

shown for the first time that SRF has a neuroprotective effect in an in vitro model connected 

with a neurodegenerative disease (in this case Huntington’s). 

 

 

3.4.2 SRF expression is impaired in an in vivo Huntington model 

As constitutively active SRF alleviates mutant huntingtin function in vitro, one possibility 

mutant huntingtin exerts its pathological function might be downregulating SRF. It has been 

reported before that huntingtin modulates gene expression in the nucleus (Bossy-Wetzel et 

al., 2008), thus, mis-regulating SRF could be one possibility how mutant huntingtin impairs 

mitochondrial dynamics. To address this question a Huntington’s disease mouse model was 

investigated. These R6/2 mice are transgenic for first exon of the human huntingtin gene 

showing (CAG)115-(CAG)150 expansions (Mangiarini et al., 1996). This abnormal glutamate 

expanded huntingtin transgene is expressed ubiquitously; therefore, R6/2 mice exhibit 

abnormal neurological functions that are related to huntingtin accumulations. To check for 

down-regulation of SRF in these mice immunohistochemical staining of the hippocampus 

was performed as well as hippocampal protein lysates checked by immunoblotting (Figure 

3.25). 

These experiments showed that along with formation of huntingtin aggregates (positive 

ubiquitin signal, compare Figure 3.25 C and D) the SRF signal was reduced in the 

hippocampal CA1 region (Figure 3.25 E and F). In line, the amount of SRF was reduced in 

hippocampal protein lysates from huntingtin transgenic animals shown by immunoblotting 

(Figure 3.25 I). Interestingly, other transcription factors (as RelA, c-Jun or MRTF-A) were 

unchanged in huntingtin-transgenic animals. 

This speaks in favor of a model in which mutant huntingtin reduces SRF expression. 

Consequently, this would lead to mitochondrial impairments as investigated in chapters 

3.1.1 and 3.1.2.1. In line, overexpression of constitutively active SRF-VP16 in vitro was able 

to rescue these effects as it circumvented SRF down-regulation upon mutant huntingtin 

expression. Thus, for the first time a direct involvement of the transcription factor SRF in a 

neuropathological context is shown. 
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Figure 3.25 SRF-expression is down-regulated in a Huntington mouse model 

(A, C, E, G) In wild-type hippocampal sections SRF is expressed the CA1 region, whereas no 

ubiquitin staining indicates absence of huntingtin aggregates. (B, D, F, H) In huntingtin-

transgenic mice ubiquitin staining revealed presence of huntingtin aggregates and SRF signal 

was reduced. (I) Immunoblotting of hippocampal protein lysates showed that SRF expression 

was reduced in huntingtin-transgenic animals, whereas the expression of other transcription 

factors was unchanged. Scale bar (A-H) = 20 µm. 
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3.4.3 SRF-VP16 protects mitochondria against depolarizing agents 

Overexpression of mutant huntingtin serves as an in vitro model of Huntington’s disease. As 

SRF-VP16 seems to have a neuroprotective function in this context, it was further 

investigated if SRF-VP16 could exert its beneficial impact on mitochondria in a more artificial 

context. For this, the toxic agent FCCP was applied on wild-type neurons and mitochondrial 

response observed. FCCP uncouples the respiratory chain, thereby leading to a decrease in 

membrane potential. It was shown in vitro that application of FCCP induces mitochondrial 

fragmentation (Cereghetti et al., 2010), therefore it was investigated whether this effect 

could be prevented by SRF-VP16 as well. 

Figure 3.26 shows the performed experiment. In line with previous experiments, non-

stimulated neurons (Figure 3.26 A, E, I) responded to SRF-VP16 overexpression (shown in 

Figure 3.26 B, F, J) with mitochondrial enlargement (from 1.4 µm² ± 0.1 µm² to 

2.6 µm² ± 0.5 µm², Figure 3.26 M) and an increase in mitochondrial occupancy (from 

38,8 % ± 2 % to 55 % ± 4.3 %, Figure 3.26 N). Of note, these values are lower as observed in 

previous experiments. This might be due to additional DMSO application in the non-

stimulated neurons as a control agent as FCCP was dissolved in DMSO. Thereby, 

mitochondrial parameters might be affected by this, nevertheless the SRF-VP16 effect could 

still be observed. In FCCP-stimulated neurons expressing the SRF-ΔMADS-VP16 control 

construct (Figure 3.26 C, G, K) mitochondrial fragmentation was induced (mitochondrial size 

was decreased to 0.67 µm² ± 0.04 µm², Figure 3.26 M). Furthermore, mitochondrial 

distribution was impaired and mitochondrial occupancy was decreased to 21.2 % ± 0.3 % 

(Figure 3.26 N). Again, SRF-VP16 overexpression led to mitochondrial enlargement and 

redistribution to normal values (Figure 3.26 D, H, L). In doing so, mitochondrial size was 

significantly increased to 1.9 µm² ± 0.2 µm² (Figure 3.26 M) as was mitochondrial occupancy 

(48 % ± 2 %, Figure 3.26 N). 

Thus, this experiment shows that SRF-VP16 can exert its beneficial impact on mitochondria 

in an artificial in vitro system in which mitochondrial function is impaired by uncoupling 

agents such as FCCP. This suggests that the influence on mitochondria by SRF is likely to be a 

general cellular mechanism to control proper mitochondrial function. Therefore, the latter 

experiments support a model in which SRF has a neuroprotective function and it is 

interesting to see whether this SRF based mechanism is crucial for other mitochondria 

affecting diseases. 
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Figure 3.26 SRF-VP16 rescues mitochondrial fragmentation upon FCCP administration 

(A, E, I) Control neurons without FCCP stimulation showed normal mitochondria. (B, F, J) 
Overexpression of SRF-VP16 without FCCP stimulation led to mitochondrial enlargement. (C, 
G, K) Stimulation of SRF-ΔMADS-VP16 expressing neurons with FCCP resulted in 
mitochondrial fragmentation. (D, H, L) Mitochondrial size and distribution were rescued 
upon SRF-VP16 overexpression in case of FCCP stimulation. (M) SRF-VP16 increased 
mitochondrial size and rescued mitochondria in presence of FCCP. (N) Mitochondrial 
occupancy was increased by SRF-VP16 in non-stimulated neurons. Furthermore, SRF-VP16 
restored normal occupancy in FCCP-stimulated neurons. Scale bar (A-L) = 10 µm. 
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4. Discussion 

4.1 Impact of SRF on mitochondrial dynamics 

Much is known about SRF’s contribution to neuronal function and morphology (see chapter 

1.1.4). Recent research mostly focused on neuronal morphology and motility dependent on 

SRF loss-of-function. In this regard, it has been shown that SRF-deficiency impairs neurite 

outgrowth and axonal guidance (Knöll et al., 2006; Wickramasinghe et al., 2008), neuronal 

migration (Alberti et al., 2005)  as well as hippocampal lamination (Stritt and Knöll, 2010) 

and myelination (Stritt et al., 2009; Lu and Ramanan, 2012). Interestingly, no attention has 

been paid on mitochondrial dynamics dependent on SRF function in neurons, although it is 

known that mitochondrial activity is necessary for proper neuronal function. At this point, 

this important issue is addressed for the first time. 

This work shows that SRF is one important regulator of mitochondrial dynamics in neurons. 

Whereas SRF loss-of-function results in impaired mitochondrial structure, distribution and 

trafficking, SRF gain-of-function (upon overexpression of constitutively active SRF-VP16) 

reveals mitochondrial enlargement and increased trafficking. 

 

4.1.1 SRF influences mitochondrial (ultra)structure and size 

To address the question whether SRF has an influence on mitochondrial structure in 

neurons, forebrain specific Srf knockout mice were investigated (chapter 3.1.1). For this, 

corpus callosal cross-sections were analyzed ultrastructurally by electron microscopy. This 

method allows for detailed observation of membrane topology of cellular organelles. It was 

shown that SRF-deficiency resulted in abnormal vacuolization inside the mitochondria 

(Figure 3.1). Thereupon, mitochondria displayed multi-vesicularization and these balloon-like 

inclusions were not as electron-dense as the rather granular matrix. Furthermore, these 

mitochondria deviated from the normal cross-sectioned round shaped wild-type 

mitochondria and were tubular-like shaped. Although their size also seemed to be increased, 

this could not be confirmed by normalization to increased cross-sectioned neurite diameter. 

Obviously, besides altered mitochondrial ultrastructure severe de-myelination was observed 

in these cross-sections as reported before (Stritt et al., 2009). As myelination and 

mitochondrial function seems to be intertwined (Mahad et al., 2008), one might ask whether 
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the observed mitochondrial aberrations are a direct SRF effect or result secondarily from the 

de-myelination. However, abnormal mitochondria were observed in non-myelinated as well 

as myelinated axons arguing for a direct SRF-dependent effect on mitochondria. 

As ultrastructure is fundamental for proper mitochondrial function, it is reasonable that the 

observed changes in ATP content and production of Srf mutant brain tissue (see Figure 3.4) 

rely on these changes. However, even though ATP production is decreased upon SRF 

ablation, only whole tissue extracts were analyzed. Due to the fact that these homogenates 

also contain glial cells, the observed changes in ATP content could be also contaminations of 

non-neuronal origin that can also be affected indirectly by neuron-specific SRF ablation 

(Stritt et al., 2009). Nevertheless, this seems improbable as mitochondrial ultrastructural 

alterations were only observed in Srf mutant axons. 

 

Mitochondrial ultrastructure was also changed in vitro albeit these changes did not 

recapitulate the in vitro phenotype in detail. Here, mitochondria generally contained one or 

two cristae invaginations that were not as electron-dense as the matrix (see Figure 3.6). This 

speaks in favor of a cytoplasmic origin of this vacuolization, whereas in vivo mitochondria 

displayed multi-vacuolization and enclosed vesicles (see Figure 3.1). Nonetheless, it seems 

likely that the underlying mechanisms controlling mitochondrial ultrastructure might be 

similar. 

In general, the mitochondrial phenotype in vitro supports the in vivo observations as 

mitochondria are also inaccurately distributed and structurally altered. Additionally, the 

effect on mitochondrial size seemed to be more pronounced in vitro, as electron microscopy 

revealed that in vivo mitochondria did not seem to be fragmented but rather enlarged (see 

Figure 3.1). However, this did not hold true if normalized to the increased axonal diameter. 

Additionally, TOM20 (translocator of outer membrane 20) staining of mitochondria in vivo 

did not show obvious changes in mitochondrial size (see Figure 3.2). On the other hand, 

mitochondria in vitro were severely fragmented (see Figure 3.5). In line, SRF gain-of-function 

supports a model in which SRF controls mitochondrial size: Whereas SRF-ablation decreased 

mitochondrial size, constitutively active SRF-VP16 led to “megamitochondrial” network-like 

structures (see Figure 3.9). However, total amount of mitochondria was not changed upon 

SRF-ablation as immunoblotting of tissue and cell culture revealed (see Figure 3.3 and data 

not shown). 
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As changes in mitochondrial size are the major hallmark of changes in SRF activity the 

question arises: How can SRF exert its function on mitochondrial structure and size? 

In this regard, it is important to understand whether the SRF-effect on mitochondria is direct 

or indirect. For this, it was checked whether SRF influenced other organelles with regard to 

their size, distribution and amount. No changes for markers of the Golgi-apparatus or the 

microtubule-cytoskeleton could be detected by immunoblotting of Srf mutant tissue (see 

Figure 3.3). Although no changes could be observed for the total amount of the 

mitochondrial marker TOM20, electron-microscopy did show structural changes of 

mitochondria and immunohistochemistry revealed mitochondrial distribution defects. One 

explanation could be that mitochondria are so abundant in all kind of cells that a slight 

decrease of mitochondrial abundance in neurons would be undetectable due to the high 

amount of mitochondria in glial cells. One the other hand, mitochondrial amount could be 

really unchanged in SRF-deficient neurons and SRF-mediated effects only impinged on 

mitochondrial structure and distribution. 

In vitro experiments showed no changes for size and abundance of synaptic vesicles (see 

Figure 3.8). Furthermore, another constitutively active transcription factor, CREB-VP16, 

failed to have an effect on mitochondria (see Figure 3.9). This suggests that the observed in 

vitro phenotypes are specific with regard to the influenced organelle (mitochondria) as well 

as the operating transcription factor. 

Again, one might argue that the observed mitochondrial fragmentation is an indirect effect 

of SRF ablation as the latter results in severe morphological impairments of Srf mutated 

neurons that could influence e.g. mitochondrial distribution (see Figure 3.5). However, in a 

side project Srf was knocked out in neurons that had been cultivated for two weeks in vitro, 

thereby showed a fully developed neurite network formation. Again, mitochondria displayed 

fragmentation, although to a lesser extent (data not shown). This argues that neuronal 

morphology might be contributing but not be the predominant cause of mitochondrial 

fragmentation. 

 

As mitochondria show fragmentation and perinuclear clustering upon SRF deficiency, one 

possible reason might be changes in the expression of fusion / fission proteins that regulate 

mitochondrial size. However, neither quantitative PCR (qPCR) nor immunoblotting revealed 

any changes in the expression of fusion / fission related proteins on mRNA or protein level, 
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respectively. Furthermore, qPCR-based analysis of mitochondria related genes (with regard 

to metabolism, membrane structure or transcriptional regulators) that might be affected by 

SRF showed no significant changes for any of them (data not shown). 

Thus, albeit SRF seems to have mitochondria specific effects, these are likely to be mediated 

indirectly. Thereby, the question arises how specificity can be maintained, while SRF has no 

direct effect on mitochondrial target gene expression. 

 

4.1.2 SRF affects mitochondrial distribution and trafficking 

Besides structure, SRF influenced mitochondrial distribution and transport in neurons. This is 

reasonable as both processes are connected: Functional trafficking is prerequisite for proper 

distribution. Therefore, the performed experiments are consistent: Mitochondrial trafficking 

is impaired in vitro as is distribution (see Figure 3.5 and Figure 3.7). Distribution is also 

altered in vivo leading to more mitochondria in the perinuclear space (see Figure 3.2). 

As these effects could be rescued upon overexpression of the constitutively active SRF-VP16 

but not CREB-VP16 these phenotypes seemed to be SRF-specific again (see Figure 3.9 and 

Figure 3.11). However, it is still unclear how SRF influenced mitochondrial trafficking as no 

changes in expression of transport proteins could be observed by qPCR (data not shown). 

Again, one might argue that the decrease in velocity and relative amount of moved 

mitochondria was due to the severely impaired neuronal morphology (see Figure 3.7). But 

still, trafficking of synaptic vesicles was not altered upon SRF ablation (see Figure 3.8 F, G) 

arguing for a mitochondria specific effect of SRF regardless of neuronal morphology. 

 

Taken together, SRF ablation led to mitochondrial impairments with regard to distribution, 

trafficking, size and (ultra)structure. Whereas the exact mechanism of SRF towards 

mitochondria is not clear, SRF’s impact on organelles seemed to be mitochondria specific. 

While mitochondrial related genes with regard to structure, fusion / fission, trafficking, 

metabolism and transcriptional regulation were not affected by SRF, cytoskeletal 

rearrangements might account for mitochondrial alterations. As SRF is one major controller 

of actin microfilaments (see chapter 1.1.2.2), it is tempting to assume that alterations in 

actin dynamics might underlie the observed mitochondrial impairments. The performed 

immunoblotting showed that levels of pan-actin were decreased and levels of inactivated 
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phospho-cofilin were increased upon SRF-deficiency in vivo (see Figure 3.3). Furthermore, it 

was shown that SRF-VP16 increases levels of F-actin (Schratt et al., 2002), which might be 

important to understand the SRF-effect on mitochondria. 

Of note, in the literature only little attention has been paid on actin’s contribution to 

functional mitochondria, therefore this might be one possible explanation underlying the 

mitochondrial phenotype in case of SRF ablation. 

 

 

4.2 Influence of actin dynamics on mitochondria 

In contrast to the microtubule cytoskeleton, the actin microfilament has not been 

investigated extensively with regard to mitochondrial dynamics. It is believed that most of 

mitochondrial trafficking in neurons is mediated via kinesin- and dynein-driven transport 

along microtubules (MacAskill and Kittler, 2009), whereas actin is thought to mediate short 

range movements and is involved in fine-tuned mitochondrial positioning in F-actin rich 

areas, e.g. growth cones (Sheng and Cai, 2012). 

However, little is known about actin’s contribution to mitochondrial remodeling. To date, it 

is believed that an increase in F-actin-based mitochondrial arresting leads to the recruitment 

of the fission machinery and results in mitochondrial fragmentation. This is supported by 

research showing mitochondrial enlargement upon increased mitochondrial trafficking 

(Saotome et al., 2008; Russo et al., 2009; Pathak et al., 2010). Furthermore, in an epithelial 

cell line F-actin assembly is required for recruitment of the fission protein Drp1 (De Vos et 

al., 2005). This speaks in favor of a model in which F-actin formation leads to mitochondrial 

arresting, thereby recruitment of fission proteins and subsequent mitochondrial 

fragmentation. If this is true, F-actin disassembly would increase mitochondrial transport 

and lead to mitochondrial enlargement. 

 

In order to check for the contribution of G/F-actin treadmilling to mitochondrial remodeling, 

actin mutants were applied that are either polymerization incompetent (actin R62D) or favor 

F-actin assembly (actin S14C or actin G15S). In any case point-mutated actin proteins got 

overexpressed that led to a shift in the G/F-actin ratio. In turned out that increasing the G-

actin pool by overexpression of actin R62D significantly decreased mitochondrial size and 
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occupancy in neurons (Figure 3.13 C, H, K, L). Interestingly, overexpression of actin R62D 

circumvented the SRF-VP16 effect on mitochondria (Figure 3.14) arguing that SRF exerts its 

function on mitochondria via functional actin treadmilling. This is another hint supporting 

the aforementioned hypothesis that SRF impacts mitochondria indirectly via the actin 

cytoskeleton. However, overexpression of F-actin favoring actin G15S as well as wild-type 

actin failed to rescue neurite outgrowth and mitochondrial dynamics observed upon SRF 

deficiency (data not shown, (Stern et al., 2009)). This suggests that impaired functional actin 

treadmilling is important but not the only factor underlying impaired neurite outgrowth and 

mitochondrial fragmentation upon SRF ablation. It is likely that other factors, e.g. actin 

binding proteins, play a decisive role in regulating these processes. 

Furthermore, mitochondrial fragmentation was also observed after stimulation with 

latrunculin, an F-actin disrupting drug. In contrast, increasing the F-actin pool by 

overexpression of actin G15S led to mitochondrial enlargement, whereas the F-actin favoring 

mutant actin S14C had no effect on mitochondrial size (Figure 3.13). It is important to note 

that these actin mutants were overexpressed throughout the whole neuron and were not 

restricted to F-actin-rich areas (e.g. the growth cone). Thereby, these point-mutated actins 

could possibly exert an “abnormal” effect on mitochondria because normally neurites are 

rather actin free.  

For this reason it was investigated whether these actin mutants had an effect on 

mitochondria in an area that is known to be reliant and filled with actin, i.e. the growth cone 

(detailed introduction into actin dynamics in growth cones see chapter 1.2.2 and Figure 1.6). 

It turned out that increasing the F-actin pool by overexpression of actin G15S resulted in 

growth cone enlargement and recruitment of mitochondria to the growth cone area (Figure 

3.16 B, E). Contrastingly, increasing the G-actin pool led to neurons phenocopying SRF-

deficient neurons with smaller growth cones and perinuclear clustering of mitochondria 

(Figure 3.16 C, F). Whereas these experiments were based upon overexpression of artificial 

actin point-mutants, a more physiological stimulation of actin treadmilling was achieved 

using BDNF- and ephrin-A5-administration. BDNF, an attractive guidance cue inducing F-

actin rich filopodia in growth cones (Meier et al., 2011), led to mitochondrial recruitment to 

growth cones (Figure 3.15 B, E). In contrast, ephrin-A5 (leading to disruption of F-actin in the 

growth cone) withdrew mitochondria from growth cones (Figure 3.15 C, F). This is in line 

with previous reports showing NGF mediated F-actin dependent anchoring of mitochondria 
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(Chada and Hollenbeck, 2003). Furthermore, it was shown that WAVE1, a controller of F-

actin polymerization, is required for attraction of mitochondria to dendritic spines and 

filopodia (Sung et al., 2008). 

However, this study shows data contradicting the existing model of F-actin based arresting 

of mitochondria and recruitment of fission proteins (De Vos et al., 2005; Russo et al., 2009). 

In this case, mitochondria should be smaller after of F-actin assembly (actin G15S 

overexpression) or larger after increasing the G-actin pool (by actin R62D overexpression). 

Figure 4.1 Model of actin-effects on mitochondrial size 

In control neurons mitochondria are normal in size and equally distributed throughout 
the neurite with only few mitochondria entering the growth cone area. 
Increasing the F-actin pool or overexpression of SRF-VP16 leads to mitochondrial 
enlargement as well as enhanced neurite outgrowth. Stimulation with BDNF increases 
growth cone area and recruits mitochondria to growth cones. 
SRF-deficiency as well as increasing the G-actin pool by overexpression of actin R62D 
impairs neurite outgrowth and leads to mitochondrial fragmentation. Selective F-actin 
depolymerization in the growth cone by ephrin-A5 stimulation withdraws 
mitochondria from growth cones. 
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Indeed, here it is shown that it is just the other way round. For this reason, this work 

supports another model in which increasing the F-actin pool leads to mitochondrial 

enlargement and recruitment to growth cones (see Figure 4.1). 

 

How could actin mediate its effect on mitochondria? 

In contrast to microtubules, only a few adaptor molecules have been identified that mediate 

mitochondrial interaction with the actin cytoskeleton. This involves myosin motor proteins 

like myosin XIX (Quintero et al., 2009), myosin V (Naisbitt et al., 2000) or WAVE1 (Sung et al., 

2008), the latter might be serving as a “real anchor” involved in arresting of mitochondria. 

Thus, there might be some adaptor molecules that are involved in actin-mitochondria 

interactions. However, so far it is not understood how actin influences mitochondrial size. 

Indeed, the suggested model of F-actin anchoring of mitochondria and subsequent 

recruitment of fission proteins seems questionable as this project suggests that F-actin 

formation leads to mitochondrial enlargement. 

Of note, it is also controversial how SRF comes into play. In this context, the question arises 

whether SRF-mediated transcriptional activation (e.g. upon overexpression of SRF-VP16) 

leading to F-actin formation is causing mitochondrial enlargement or whether it is the other 

way round: Formation of F-actin could also activate SRF-mediated gene transcription. This 

has been reported for the used actin point mutants. Actin G15S (favoring F-actin) activates 

SRF-dependent gene expression, whereas actin R62D (increasing the G-actin pool) decreases 

SRF transcriptional activity in neurons (Stern et al., 2009). Additionally, actin S14C does not 

activate SRF transcriptional activity which would explain the missing effects of actin S14C on 

mitochondria. Furthermore, latrunculin decreases SRF transcriptional activity by increasing 

the amount of G-actin monomers and inhibiting the dissociation of G-actin from MRTFs. 

Thereby MRTFs cannot translocate into the nucleus and do not initiate SRF-mediated gene 

transcription (Miralles et al., 2003; Posern et al., 2004). Thus, it could also be the case that 

increasing or decreasing the F-actin amount leads to mitochondrial effects indirectly via 

altered SRF transcriptional activity. Nonetheless, it still seems unclear how SRF would then 

influence mitochondria because neither mitochondrial target genes nor expression of 

fusion / fission proteins were affected by SRF. 

Additionally, the effects of SRF on mitochondrial trafficking are somehow contradicting the 

abovementioned picture. It is believed that actin-based mitochondrial trafficking rather 
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opposes fast axonal transport mediated by microtubule motor proteins. Disruption of F-actin 

leads to enhanced mitochondrial movement (Morris and Hollenbeck, 1995) and actin is 

believed to arrest mitochondria (Chada and Hollenbeck, 2004). Currently it is assumed that 

actin-based motor proteins (namely myosin V) compete with microtubule motors distracting 

mitochondria from microtubules to actin microfilaments (Pathak et al., 2010). Consequently, 

an increase in F-actin should result in decreased mitochondrial trafficking. This runs contrary 

to this study as it is proposed at this point that SRF activation (by SRF-VP16 overexpression) 

leads to F-actin formation and subsequent changes in mitochondrial dynamics (distribution 

and size). Additionally, SRF-VP16 does also lead to increased trafficking of small 

mitochondrial objects beside the syncytial “megamitochondria” (see chapter 3.1.2.5). 

Furthermore, SRF-deficient neurons (displaying impaired actin microfilaments) contain 

mainly stationary mitochondria. This is contradicting as an increase of SRF-activity and 

subsequent F-actin formation should result in arresting of mitochondria and SRF loss-of-

function (therefore decreasing F-actin) should speed up mitochondria. For this reason, one 

can only speculate what might contribute to SRF-mediated changes in mitochondrial 

trafficking. As SRF did not seem to affect expression of motor proteins directly, it is possible 

that an indirect effect accounts for changes in mitochondrial trafficking. Maybe SRF 

increases general metabolic activity of the cell, which would be in line with the performed 

experiments showing decreased levels of ATP content and production in Srf mutant tissue 

(see Figure 3.4). Thereby, mitochondria must be transported faster to meet with regions of 

high energy turnover. SRF could also influence the recruitment of actin binding proteins to 

the actin cytoskeleton in such a way that mitochondrial arresting or transport along 

microfilaments is stopped. 

Of note, actin point-mutants alone did not have an impact on mitochondrial trafficking 

beside their ability to change the overall neuronal morphology (data not shown). This 

supports a model in which the changes in mitochondrial movement are not based upon 

changes in the actin cytoskeleton but on another SRF-effect on the cell that is not 

understood so far. 

Generally, the impact of actin binding proteins on the interplay of mitochondria and actin 

microfilaments is poorly understood. It is likely that these proteins are not only involved in 

managing the actin-status of the cell but are also required for the interaction with organelles 

like mitochondria. 
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4.3 Regulation of cofilin activity and its relevance for 

mitochondrial dynamics 

Another possibility to explain SRF- and actin-mediated influences on mitochondrial dynamics 

goes via the actin binding protein cofilin. Of note, this work provides the first proof of 

principle that the observed morphological changes in Srf mutant neurons are due to 

alterations in cofilin phosphorylation and can be rescued upon restoring cofilin activity. 

Furthermore, cofilin has been shown to be involved in mitochondrial processes such as 

apoptosis (Klamt et al., 2009; Rehklau et al., 2011). Thus, this actin binding protein might be 

crucial for integrating the SRF transcriptional activity into changes in actin dynamics and 

subsequent impact on mitochondria. 

 

As introduced in chapter 1.2.3, cofilin acts as an F-actin severing protein. Thereby, actin is 

cleaved into smaller oligomers that can form new seeds for polymerization or be further de-

polymerized into monomers depending on the physiological circumstances (Condeelis, 

2001). Additionally, at high concentrations cofilin seems to fulfill an actin-nucleating function 

besides its severing activity (Van Troys et al., 2008). Phosphorylation at the serine residue 3 

is the major process by which cofilin gets inactivated (Van Troys et al., 2008). On the other 

hand, dephosphorylation and subsequent activation is mediated by slingshot phosphatase 

(Huang et al., 2006). Interestingly, hyperphosphorylated cofilin is one major hallmark of SRF 

deficiency (Alberti et al., 2005) but it was unclear whether this inactivation of cofilin is really 

crucial for developing the SRF-linked phenotype. 

In this study it was shown that levels of phosphorylated cofilin are also increased in single Srf 

mutant neurons as observed by immunocytochemistry (see Figure 3.18). Interestingly, 

overexpression of constitutively active SRF-VP16 rescued neuronal morphology as well as 

mitochondrial dynamics and restored phospho-cofilin levels to a wild-type level (Figure 3.18 

Q). This speaks already in favor of cofilin being involved in regulating neuronal and 

mitochondrial morphology which is further supported by applying cofilin mutant proteins. In 

doing so, a non-phosphorylatable (thereby permanently active) cofilin-S3A mutant rescued 

mitochondria and neurite outgrowth in an Srf mutant background (see Figure 3.19). On the 

other hand, a phosphomimetic (and consequently inactive) cofilin-S3E mutant decreased 

mitochondrial size and occupancy and circumvented the SRF-VP16 effect on mitochondria 
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(see Figure 3.20) without disturbing neurite outgrowth. Thus, these experiments strongly 

argue for a model in which the effects of SRF deficiency on neurons are due to alterations of 

the activation status of cofilin. This definitely holds true for the effects on mitochondria as all 

mitochondrial parameters were restored upon expression of constitutively active cofilin-S3A 

in an Srf mutant background and cofilin-S3E in turn negatively influenced mitochondrial size 

as well as occupancy. On the other hand, cofilin activity seemed to be necessary but not 

crucial for maintaining neuronal morphology as cofilin-S3E failed to negatively influence 

neurite outgrowth in wild-type neurons (see Figure 3.20). Overexpression of mutant cofilin 

proteins is always somewhat critical as it was reported that overexpression of wild-type 

cofilin induces cofilin-actin rod formation that impairs axonal trafficking (Cichon et al., 2011) 

and can be found in neurodegenerative diseases (Bamburg et al., 2010). Of note, also cofilin-

S3A is reported to induce rod formation but to a less extent (Cichon et al., 2011). For this 

reason, in chapter 3.3.2 only neurons without rod formation were monitored. 

Another way to interfere with cofilin activity goes via activation of slingshot phosphatase. 

Overexpression of an active form of slingshot phosphatase (SshL) rescued mitochondrial size 

and occupancy as well as neurite outgrowth in SRF-deficient neurons (see chapter 3.3.4, 

Figure 3.21). Furthermore, phospho-cofilin levels that were increased in Srf mutant neurons 

were restored to wild-type levels after overexpression of active SshL (Figure 3.21 P). This 

experiment strongly argues that the effects on mitochondria (fragmentation, perinuclear 

clustering) as well as neuronal morphology (impaired neurite outgrowth) upon SRF 

deficiency are based upon impaired cofilin activity. Again, this is a first proof of principle 

experiment showing a rescue of neurite outgrowth in Srf mutant neurons by SshL 

overexpression. So far it was unclear whether the observed increase in phospho-cofilin levels 

was just a side-effect of SRF ablation or whether this had any implication in mediating the 

observed phenotypes upon SRF deficiency. Now it seems obvious that cofilin indeed is the 

main player conducting impaired mitochondrial dynamics and neurite outgrowth in Srf 

mutant neurons. 

How could cofilin exert its function on mitochondria? 

As it was shown before, cofilin phosphorylation (and thereby activity) is changed upon SRF 

deficiency (Alberti et al., 2005). This results from a decrease in LIMK inhibition, subsequently 

cofilin gets hyperphosphorylated upon SRF ablation (Mokalled et al., 2010). So far, the direct 

impact of cofilin on mitochondrial size and distribution is not understood. One could assume 
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that cofilin acts directly on mitochondria as reported before in case of mitochondrial 

mediated apoptosis (Rehklau et al., 2011). However, changes in cofilin activity always have 

an influence on the actin cytoskeleton. Therefore, changes in cofilin activity could indirectly 

influence mitochondrial size via impairing actin treadmilling. For example, a decrease in 

cofilin phosphorylation (e.g. upon overexpression of SRF-VP16 or SshL) would activate cofilin 

and lead to an increased actin severing function. Hence, new seeds for F-actin 

polymerization would be generated that in turn would increase to pool of F-actin and lead to 

the observed mitochondrial phenotypes (e.g. mitochondrial enlargement) that have been 

linked to changes in the G/F-actin ratio. 

However, overexpression of SRF-VP16 or SshL did only have a slight impact on cofilin 

phosphorylation in wild-type neurons as these cells had rather low basal levels of phospho-

cofilin (see Figure 3.18 Q, Figure 3.21 P). Thus, it is hard to explain the severe effect SRF-

VP16 has on mitochondria only because of changes in cofilin phosphorylation. Interestingly, 

active SshL has a positive effect on mitochondrial size in wild-type neurons but not 

significantly (Figure 3.21 M). Hence, this suggests that cofilin activity is one but not the only 

player in influencing mitochondrial size. Apparently, SRF seems to affect more than only 

cofilin activity. However, it is evidently that changes in cofilin phosphorylation account for 

the phenotype observed upon SRF ablation. 

 

Taken together, it seems likely that SRF exerts (at least in part) its function on mitochondria 

via the cofilin-actin axis (see Figure 4.2). In wild-type neurons SRF inhibits LIMK activity that 

leads to low levels of phosphorylated cofilin. Unphosphorylated cofilin can bind to F-actin 

and severs actin filaments, therefore new F-actin polymerization could be induced. This 

might account for mitochondrial enlargement as it was shown that increased levels of F-

actin led to bigger mitochondria (see chapter 3.2.1). However, one cannot rule out that 

cofilin has a direct effect on mitochondria, e.g. by binding to mitochondria directly or 

translocating to mitochondria as reported for mitochondria associated apoptosis (Chua et 

al., 2003). 

On the other hand, SRF deficiency resulted in hyperphosphorylation of cofilin as the 

inhibition of LIMK is abrogated. Thus, phosphorylated cofilin cannot bind to F-actin and exert 

its severing function. It is unclear whether this reduced F-actin turnover observed upon SRF 
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deficiency accounts for mitochondrial fragmentation alone or whether phosphorylated 

cofilin has a direct effect on mitochondria (see Figure 4.2). 

However, this SRF-cofilin-actin axis seems to be an interesting model to explain the observed 

phenotypes in this study. Here, for the first time a possible albeit indirect effect of SRF on a 

cellular organelle is proposed: Normally, SRF inhibits cofilin phosphorylation. Thus, active 

cofilin leads to F-actin turnover, thereby controlling mitochondrial size. Overactivation of SRF 

increases cofilin activity that could possibly increase the F-actin pool and lead to 

mitochondrial enlargement. SRF ablation in turn would decrease cofilin activity, therefore F-

actin turnover and the formation of new F-actin is reduced. Consequently, mitochondrial 

fragmentation could take place. 

However, this model is still highly speculative as one cannot rule out direct effects of cofilin 

Figure 4.2 Possible regulation of mitochondrial size via the SRF-cofilin-actin axis 

(A) Under normal conditions SRF inhibits LIMK activity (Mokalled et al., 2010), therefore most 

of the cofilin is non-phosphorylated and can bind to actin filaments. Whether cofilin acts 

directly on mitochondria or indirectly via affecting the G/F-actin treadmilling is unclear (see 

question mark). 

(B) Upon SRF deficiency LIMK gets overactivated resulting in hyperphosphorylated cofilin 

levels. Again, it is not clear whether phosphorylated cofilin acts directly on mitochondria (see 

question mark), thereby decreasing their size, or indirectly by diminishing F-actin turnover. 
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on mitochondria as well as SRF mediating the expression of mitochondria related target 

genes. Furthermore, it is currently not understood how F-actin formation could lead to 

mitochondrial enlargement and still actin-specific adaptor molecules have not been 

identified. Thus, additional research is required to enlighten the picture of the SRF-cofilin-

actin axis mediating the control of mitochondrial size and additionally distribution and 

trafficking. 

 

4.4 Neuropathological implications of SRF mediated regulation 

of mitochondrial function 

Many neurodegenerative diseases rely on impaired mitochondrial dynamics as neurons are 

totally dependent on functioning mitochondria (detailed introduction into mitochondria and 

neurodegenerative diseases see chapter 1.3.5). Many of the mitochondrial phenotypes 

observed upon SRF deficiency are reminiscent of different neuropathological diseases; thus, 

it is likely that SRF itself exerts a neuroprotective function. 

It is worth mentioning, that changes in mitochondrial ultrastructure initially observed in 

corpus callosal cross sections by electron microscopy resembled mitochondrial vacuolization 

in an Amyotrophic Lateral Sclerosis disease model mouse (Martin et al., 2009). In this 

research a mouse transgenic for a mutant SOD1 (superoxide dismutase) was investigated 

and reported to display megamitochondria and vacuolization in vivo (see Figure 1.13). 

However, the expression of SOD1 was unchanged in Srf mutant tissue (investigated by qPCR, 

data not shown) indicating that this might be an unrelated but phenotypically similar effect. 

SRF deficiency in vitro resulted in mitochondrial fragmentation, perinuclear clustering, 

impaired trafficking and altered ultrastructure. Interestingly, in vitro models of Huntington’s 

disease display similar mitochondrial phenotypes (Orr et al., 2008). In line with this 

published data, an aggregation-competent huntingtin protein overexpressed in wild-type 

neurons resulted in mitochondrial fragmentation and neurite clearance (see chapter 3.4.1). 

Interestingly, overexpression of constitutively active SRF-VP16 alleviated the effect of 

mutant huntingtin in vitro. Thereupon, mitochondrial size as well as distribution and 

trafficking were restored in huntingtin positive neurons (see Figure 3.23 I, J and Figure 3.24). 

This effect could be accomplished by just simply “overwriting” the huntingtin effect or by 

direct interference with mutant huntingtin. Interestingly, an in vivo Huntington’s disease 
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mouse model showed reduced levels of SRF expression in brain regions positive for 

huntingtin aggregates (see Figure 3.25) as investigated by immunohistochemistry as well as 

immunoblotting of brain tissue lysates. 

This draws to the conclusion that SRF is directly integrated into mutant huntingtin’s action 

on mitochondria in neurons. In such a model huntingtin could down-regulate SRF as 

huntingtin has been reported to influence gene expression negatively (Cui et al., 2006). Thus, 

huntingtin mediated impairment of SRF expression would thereby influence mitochondrial 

dynamics. Consequently, mutant huntingtin’s effects on mitochondria would be averted by 

additional expression of active SRF-VP16 as observed in Figure 3.24. 

The latter experiment shows for the first time a direct implication of SRF activity in a 

neurodegenerative model. In this context, SRF seems to exert a neuroprotective function by 

maintaining mitochondrial dynamics. 

Additionally, in a more artificial model SRF protected mitochondria against the toxic agent 

FCCP. This substance directly uncouples the mitochondrial membrane potential and has 

been shown to induce mitochondrial fragmentation (Cereghetti et al., 2010). Again, SRF-

VP16 was able to protect neuronal mitochondria against FCCP-induced mitochondrial 

fragmentation (see Figure 3.26). Thus, SRF seems to have a general protective effect on 

mitochondria even under toxic stress unrelated to a neurodegenerative disease. To date, it is 

not clear how SRF influences mitochondria and protects them against e.g. uncoupling 

agents. However, it seems likely that SRF does not only affect mitochondria indirectly (e.g. 

via the actin cytoskeleton) but in a more direct way to circumvent a toxic depolarization of 

the mitochondrial membrane potential. 

Although SRF’s protective function is not fully understood, at least in case of protection 

against mitochondrial uncoupling, this is still the first experiment showing that SRF might 

have a mitochondria- and thereby neuroprotective function in vitro. Additionally, for the first 

time a possible involvement of SRF in a neurodegenerative disease is shown in case of 

Huntington’s disease. These findings might provide a new understanding for mitochondrial 

related neurodegenerative diseases as in this study SRF is shown to be a novel transcription 

factor regulating and protecting mitochondrial dynamics. Hopefully, further research will 

enlighten the detailed impact of SRF on mitochondrial biology and offer new perspectives to 

cure neurodegenerative diseases. 
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5. Summary 

This work addresses the influences of the transcription factor SRF, actin treadmilling and 

cofilin activity on mitochondrial dynamics with regard to size, (ultra)structure and trafficking. 

In vivo experiments showed that SRF loss-of-function (LOF) resulted in multi-vesiculated 

mitochondria in corpus-callosal cross-sections and impairment of mitochondrial distribution 

in cortical neurons. Furthermore, ATP-content of Srf mutant brain was reduced as well as 

ATP-production capacity. 

In vitro Srf mutant neurons displayed mitochondrial fragmentation, impaired mitochondrial 

occupancy and ultrastructural membrane disorganization. Furthermore, fewer mitochondria 

moved at slower velocities as compared to wild-type neurons. Of note, all parameters could 

be rescued upon overexpression of constitutively active SRF-VP16 in an Srf mutant 

background. Furthermore, in wild-type neurons SRF-VP16 overexpression resulted in the 

formation of large mitochondrial networks and increased movement velocity. These effects 

were SRF- as well as mitochondria-specific. 

As SRF is a major regulator of actin treadmilling, the contribution of actin microfilament 

dynamics to mitochondria was investigated. It turned out that shifting the G/F-actin ratio 

towards monomeric G-actin led to mitochondrial fragmentation (similar to SRF LOF), 

whereas increasing the F-actin amount enlarged mitochondria and directed them to F-actin 

rich growth cone areas. 

Furthermore, it was shown that cofilin activity regulates mitochondrial size and distribution. 

A constitutively active cofilin mutant as well as increasing the cofilin activity by 

overexpression of slingshot phosphatase rescued mitochondria as well as neurite outgrowth 

in Srf mutant neurons. Furthermore, a permanently inactive cofilin mutant decreased 

mitochondrial size and circumvented the SRF-VP16-effect on mitochondria. 

This speaks in favor of an SRF-cofilin-actin axis controlling mitochondrial dynamics: SRF 

normally activates cofilin indirectly, leading to actin severing, formation of new F-actin 

filaments and subsequent positive effects on mitochondrial size as well as distribution. 

Additionally, it was shown that SRF exerts a mitochondria-protective function by saving 

mitochondria against toxic stress or protecting them against the effects of mutant huntingtin 

protein. In this context SRF expression was reduced in mutant huntingtin brains which might 

provide a new understanding of this neurodegenerative disease. 
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6. Abbreviations 

 

µF microfarad 

µg microgramm 

µm micrometer 

A.U. arbitrary units 

aa amino acid 

ABP actin binding protein 

ADF actin depolymerizing factor 

ADP adenosinediphosphate 

ANOVA analysis of variance 

APAF-1 apoptotic protease activating factor 

APS ammonium persulfate 

Arp 2/3 actin related protein 2/3 

ATP adenosinetriphosphate 

A.U. arbitrary units 

BDNF brain derived neurotrophic factor 

bp base pair 

BSA bovine serum albumin 

CaM calmodulin 

CamK calcium/calmodulin dependent kinase 

CdC42 cell division cycle 42 

Cdk5 cyclin dependent kinase 5 

c-fos cellular FBJ (Finkel Biskis Jinkins) osteosarcoma oncogene 

CNS central nervous system 

Cre cyclization / recombination 

CTGF connective tissue growth factor 

DAPI 4‘,6-diamidin-2-phenylindol 

DMEM Dulbecco’s Modified Eagle Medium 

DMSO dimethyl sulfoxide 

DNA desoxyribonucleic acid 
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dNTP desoxy nucleotide triphosphate 

DRG dorsal root ganglion 

Drp1 dynamin related protein 1 

e.g. exempli gratia (for example) 

ECL enhanced chemoluminescence 

EDTA ethylenediaminetetraacetic acid 

Egr-1 early growth response 

ELK Ets-like transcription factor 

ERK extracellular signal-regulated kinase 

ETS E-twenty-six 

F-actin filamentous actin 

FADH2 flavin adenine dinucleotide – associated with 2 hydrogens 

FCCP carbonyl cyanide-p-trifluoro-methoxyphenylhydrazone 

FCS fetal calf serum 

Figs figures 

Fis1 fission protein 1 

g gravitation constant 

GABA gamma-aminobutyric acid 

G-actin globular actin 

GAPDH glycerinealdehyde 3-phoshphate dehydrogenase 

GED GTPase (guanosintriphosphatase) effector domain 

GFP green fluorescent protein 

GM130 golgi matrix protein 130 

GOF gain-of-function 

h hour 

HAP-1 huntingtin associated protein 1 

HBSS Hank’s Buffered Salt Solution 

HD Huntington’s disease 

HEK humen embryonic kidney 

HRP horseradish peroxidase 

Htr high temperature requirement 

HTT huntingtin 
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i.e. id est (that is) 

IC immunocytochemistry 

IEG immediate early gene 

IgG immunoglobulin G 

IHC immunohistochemistry 

IMM inner mitochondrial membrane 

kDa kilodalton 

KIF kinesin family 

LAMP1 lysosome associated membrane protein 1 

LB-medium Luria-Bertani-medium  

LC8 light chain 8 

LIMK LIM (Lin11, Isl-1, Mec-3) kinase 

LOF loss-of-function 

LPA lysophosphatidic acid 

LTP long term potentiation 

M molar 

mA milliampere 

MADS MCM1, Agamous, Deficiens, serum response factor 

MAL megakaryoblastic leukemia 

MAPK mitogen activated protein kinase 

MEK MAP / ERK kinase 

MEM minimal essential medium 

MFN mitofusin 

min minute 

Miro mitochondrial rho 

ml milliliter 

mm millimeter 

mM millimolar 

MRTF myocardin related transcription factor 

ms millisecond 

mV millivolt 

NADH nicotinamide dinucleotide – assiciated with 1 hydrogen 
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NET new ETS transcription factor 

NGF nerve growth factor 

NGS normal goat serum 

NLS nuclear localization signal 

NMDA N-Methyl-D-aspartate 

NMEM neuronal minimal essential medium 

o/N over night 

OD optic density 

OMM outer mitochondrial membrane 

OPA optic atrophy 

PAA poly-acrylamide 

PAGE polyacrylamide gel electrophoresis 

PAK1 p21 activated kinase 

PBS phosphate buffered saline  

PBST phosphate buffered saline with tween 

PCR polymerase chain reaction 

PEG polyethylene glycol 

PFA para-formaldehyde 

PFKBP3 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 

PGC-1 peroxisome proliferator-activated receptor-gamma coactivator 1 alpha 

pH potentia hydrogenii 

Pi anorganic phosphate 

PINK1 PTEN-induced putative kinase 1 

PLL poly-L-lysine 

PVDF polyvinylidene fluoride 

qPCR quantitative polymerase chain reaction 

Rac Ras-related C3 botulinum toxin substrate 

Raf rapidly accelerated fibrosacroma 

Ras rat sarcoma 

RelA v-Rel (reticuloendotheliosis viral oncogene homolog) A 

RFP red fluorescent protein 

RMS rostral migratory stream 
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ROCK Rho kinase 

rpm rounds per minute 

s second 

SAP SRF accessory protein 

SDS sodium dodecyl sulfate 

SEM standard error of the mean 

SOD1 superoxide dismutase 1 

SRE serum response element 

SRF serum response factor 

Ssh slingshot 

SVZ subventricular zone 

TBS Tris buffered saline 

TBST Tris buffered saline with tween 

TCF ternary complex factor 

TEMED tetramethylethylenediamin 

TNF tumor necrosis factor 

TOM20 translocator of outer membrane 20 

TRAK1 trafficking kinesin protein 1 

UV ultraviolet 

V volt 

v/v volume per volume 

VDAC voltage dependent anion channel 

VSCC voltage sensitive calcium channel 

w/v weight per volume 

WAVE1 WASP-family verprolin-homologous protein 

WB western blot 
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