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1 Introduction 

1.1 Actin dynamics 

Actin dynamics, i.e. the assembly and disassembly of filamentous actin (F-actin) are essential 

for a plethora of fundamental cellular processes, including cell shaping and motility, cell 

division, contraction, organelle morphology and transport [117, 172]. Moreover, actin 

dynamics is crucial for neuron-specific functions such as neurite formation, differentiation, 

synaptogenesis and synaptic plasticity [35, 38, 145].  

1.2 The family of actin-binding proteins 

1.2.1 Cofilin1  

In mammals, the ADF/cofilin family comprises three members: actin-depolymerizing factor 

(ADF, aka destrin), mainly expressed in neurons and epithelial cells, the ubiquitously 

expressed cofilin1 (non-muscle (n)-cofilin), which represents over 90 % of all ADF/cofilin 

proteins in the brain [116], and cofilin2 (muscle (m)-cofilin), which is abundant in striated 

muscles [164], but also present in other tissues including the brain [67].  

The physiological function of ADF/cofilin in actin dynamics depends on local protein 

concentrations [74]. At a sub-stoichiometric ADF/cofilin-actin ratio, ADF/cofilin weakens the 

interaction of actin subunits, thereby promoting actin depolymerization by severing F-actin 

and accelerating the dissociation rate of actin subunits [175]. Conversely, saturating 

ADF/cofilin concentrations do not induce F-actin disassembly, but instead can nucleate actin 

assembly [2]. Moreover, ADF/cofilin binds to globular actin monomers (G-actin) thereby 

inhibiting its incorporation into F-actin [22, 108].  

Interaction of ADF/cofilin with actin is controlled by post-translational modifications via 

phosphorylation of a conserved serine residue present in both cofilin1 isoforms 1 and 2 at 

position 3 (Ser3) [13]. Cofilin1 is unable to bind actin after phosphorylation at Ser3 by LIM 

domain kinase 1 and 2 (LIMK1, 2), and Testis-specific kinases 1 and 2 (TESK1, 2) [4, 185]. 

Upstream effectors of LIMK include Rho GTPases, Rac, Cdc42 and the kinases Pak1 or 

ROCK, which can activate LIMK by phosphorylation [27]. In contrast, activation of cofilin1 

depends on Ser3 dephosphorylation by the protein phosphatases slingshot and chronophin 
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[60, 129]. The dephosphorylated form of cofilin1 was further found to form rod-like 

structures due to its high binding capacity for F-actin [33, 79, 122]. 

More recently, cofilin1 emerged as an important player in cell death signaling in both 

neuronal and non-neuronal cells, based on by findings that cofilin1 translocation to 

mitochondria was crucial for the progression of apoptosis [33]. Similarly, cofilin1 

translocated to mitochondria upon apoptosis induction in mouse embryonic fibroblasts 

(MEFs), although cofilin1 knockout did not affect apoptosis signaling in these cells [139]. In 

MEFs, cofilin1 inactivation caused pronounced effects on mitochondrial dynamics, i.e. 

enhanced mitochondrial fission [140]. Therefore, the role of cofilin1 in the regulation of 

mitochondrial dynamics and integrity in regulated cell death may vary between cell types 

and tissues. 

Cofilin1 is the most abundant member of the ADF/cofilin family in the central nervous 

system (CNS) [12]. Therefore, many studies have been conducted to understand the versatile 

role of cofilin1 on neuronal plasticity and behavioral aspects in vivo [144]. In the brain, 

cofilin1 serves as a main regulator of brain development and neuronal differentiation [12, 

51], spine morphology [78], synaptic plasticity [66, 145], neurotransmitter release [176] and 

behavior [62, 157, 176]. Thus, its physiological role is indispensable. Moreover, many 

neurodegenerative diseases, such as Alzheimer’s disease (AD) [116], Parkinson’s disease 

(PD) [133] or Huntington’s disease (HD) [123] are known to involve detrimental formation 

of cofilin1- and actin-rich aggregates, named cofilin-actin rods. Further, recent studies 

suggested an important role for cofilin-actin rods for infarct development in rodent models 

of ischemic stroke [151, 177]. This observation supports the view that neuronal death after 

acute brain damage and in neurodegenerative disorders share pathological features 

involving alterations in cofilin-dependent actin regulation. However, cofilin-actin rod 

formation is not detrimental per se, as it can also prevent mitochondrial membrane 

permeabilization and ATP loss in stressed neurons [14, 125]. 

The regulation of detrimental cofilin1 activity is not well understood. However, oxidative 

regulation was recently introduced as a potential mechanism for its activation under stress 

conditions. Human cofilin1 possesses four cysteine residues at positions 39, 80, 139 and 147, 

all thought to be prone for oxidation thereby activating cofilin1 [57]. For example, taurine 

chloramine derived from neutrophils mediated cofilin1 oxidation thereby transducing 

apoptotic signaling in lymphoma cells [88]. Moreover, oxidation of a specific methionine 
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residue (Met115) of cofilin1 prevents phosphorylation at Ser3, mediating a loss of its actin 

binding property and concomitantly attaining activity to translocate and bind to 

mitochondria, where cofilin1 induces release of cytochrome c and swelling of the organelle 

[107]. This effect was shown to be independent of the pro-apoptotic Bcl-2 protein Bax and 

can be induced by application of recombinant cofilin1 protein on isolated mitochondria, 

underlining that cofilin1 indeed exerts direct effects on mitochondria [23, 88, 107].  

1.2.2 Inverted-formin 2 (INF2) 

Mammals possess a huge variety of formin proteins, that are indispensable for actin 

regulation and therefore responsible for organization of different actin-based structures, 

including contractile rings for cytokinesis [110], force generating stress fibers [161] or 

filopodia, taking over a guidance role for cell migration [128]. Formins are characterized by 

a dimeric actin-binding structure, called formin homology 2 (FH2) domain capable of 

binding actin filaments at their barbed end and thereby accelerating their nucleation and 

elongation [73]. Inverted-formin 2 belongs to the formin family and resembles other formins 

in their unique FH2 domain. Notably, besides the ability to elongate actin filaments, INF2 

has also properties to depolymerize actin achieved by its C-terminal actin-binding WASP 

homology 2 motif (WH2) [29]. The various functions of INF2 are also linked to the respective 

isoform. INF2 exists in two splice variants the prenylated ER-bound-CAAX- and the 

cytosolic non-CAAX variant [30, 90]. It is assumed, that both isoforms exert distinct functions 

on organelle dynamics. A knockdown model of the cytosolic non-CAAX isoform revealed a 

profound effect on Golgi structure [138], causing a scattered Golgi phenotype, whereas 

specific silencing of the CAAX-isoform results in substantial increase of mitochondrial length 

(2.5 times) [90].  

Proper function of INF2 is physiologically relevant, as mutations in the actin-binding 

domains can lead to severe disease pattern, such as focal segmental glomerulosclerosis [21] 

or Charcot-Marie Tooth disease [20].  

1.3 Regulation of mitochondrial dynamics 

Mitochondrial dynamics covers the processes of mitochondrial fusion and fission in order to 

adapt mitochondrial function to cellular needs [54]. Mitochondrial fusion serves as a process 

to elongate existing mitochondria and enhances the network to ensure supply with metabolic 

substrates, proper distribution of mitochondrial DNA (mtDNA) and facilitate 

communication between mitochondria [26, 95]. The opposed fission process covers 
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mitochondrial separation which is necessary to ensure mitochondrial transport and 

distribution to locations of high energy demand [96]. A balance between fission and fusion 

is important for proper cellular energy production, distribution and maintenance of mtDNA, 

calcium homeostasis and thus for cellular survival, reviewed in [130]. 

Cells maintain a balance between fusion and fission balance through a multitude of 

mitochondrial shaping proteins. Fusion is mainly ensured by mitofusion 1 and 2 (Mfn1/2) by 

mediating outer mitochondrial membrane (OMM) merging, whereas inner mitochondrial 

membrane (IMM) fusion is achieved by optic-atrophy protein 1 (OPA1) and only the 

interplay of these different proteins succeeds in a fusion event [153]. The opposed process is 

driven by GTPase-driven dynamins, i. e. dynamin-related protein 1 (DRP1) and dynamin 2 

(Dnm2) [3].  

The role of actin on mitochondrial dynamics 

The actin cytoskeleton is a dynamic structure that determines not only shape and 

morphology of a cell, but is also important for trafficking and regulation of vesicles and 

organelle transport [141]. In yeast, a mitochondrial membrane protein complex including 

maintenance of mitochondrial morphology protein 1 (Mmm1) and mitochondrial 

distribution and morphology proteins 10 and 12 (Mdm10, Mdm12) links the mitochondrial 

outer membrane to the actin cytoskeleton, which is relevant for organelle movement [16, 17]. 

In contrast, mitochondrial trafficking in mammals is mainly regulated by the microtubule-

based motor proteins dynein and kinesin [18, 53]. Intriguingly, yeast and mammals seem to 

share common strategies in regulating mitochondrial dynamics, as actin stimulates 

constriction of the outer mitochondrial membrane in both cell types, thereby forcing a fission 

event together with the crucial fission factor DRP1 (in yeast Dnm1) [23, 71, 120]. In healthy 

cells, F-actin continuously binds to mitochondria, enhances mitochondrial fragmentation via 

DRP1 at mitochondrial-ER contact sites, and disassembles again to maintain steady-state 

dynamics of mitochondrial morphology [72, 120]. Further, it was demonstrated that F-actin 

plays an essential role in the recruitment of DRP1 to the outer mitochondrial membrane, 

leading to membrane constriction and division of the organelle [83]. F-actin polymerization 

induced by the inverted formin INF2 was further shown to act as a tethering structure 

between ER and mitochondria thereby serving as an important regulator in mitochondrial 

fission [90]. For this process, it is also essential that the actin-nucleating protein Spire1C binds 

INF2 and promotes actin assembly at the outer mitochondrial membrane. Disruption of 
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either Spire1C’s actin- or formin-binding activities reduces mitochondrial constriction and 

division [111]. It was shown that application of the calcium ionophore ionomycin induced 

an F-actin burst, followed by enhanced mitochondrial fission. In this context, F-actin 

assembly preceded DRP1 oligomerization at the outer mitochondrial membrane and fission 

sides were enriched for F-actin as well as DRP1. Additionally, F-actin was able to directly 

bind DRP1 and enhance its GTPase activity, suggesting that F-actin can activate DRP1 to 

execute a fission event [24]. Further, mitochondrial calcium uptake plays a pivotal role for 

ionomycin-induced mitochondrial fission, since inhibiting mitochondrial calcium uptake by 

knockout of the mitochondrial calcium uniporter (MCU) significantly reduced 

mitochondrial fission [24]. Both, INF2 knockout and inhibition of actin polymerization by 

latrunculin A treatment abolished the ionomycin-induced mitochondrial calcium uptake 

[24], connecting local F-actin assembly to ionomycin-induced calcium burst. Impaired actin 

dynamics by cortactin or cofilin1 depletion can also enhance DRP1 accumulation at 

mitochondria [102, 140]. Further, maturation and activation of DRP1 oligomers at the 

mitochondrial surface induced by cofilin1 depletion increased mitochondrial fragmentation 

without deteriorating mitochondrial function in mouse embryonic fibroblasts (MEF) [140] 

(Figure 1). 

 

Figure 1. Model of actin-dependent control of mitochondrial dynamics via DRP1 and INF2 [140].  

ER-bound INF2 triggers actin polymerization and thus facilitates recruitment of DRP1 to mitochondria. 
INF2 (inverted-formin 2); DRP1 (dynamin-related protein 1). 

Previous studies in non-neuronal cells suggested that cofilin1 exerted direct effects on 

mitochondria, i.e. in tumor cells upon erucin-induced mitochondrial fission. This study 

revealed, that dephosphorylation at Ser3 led to mitochondrial transactivation of cofilin1 and 
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to an interplay with DRP1 enhancing fragmentation of the organelle [101]. Mitochondrial 

translocation of cofilin1 was also observed after apoptosis induction, as cofilin1 

colocalization with mitochondria and subsequent induction of cytochrome c release was an 

early step in the cell death cascade [33, 139]. In yeast, actin binding-deficient cofilin1 mutants 

can enhance mitochondrial respiration, indicating that cofilin1 may also exert actin-

independent effects on mitochondrial function [91]. In mammalian cells, specific amino acids 

at position 15-30 of the N-terminus and on position 106-166 of the C-terminus were critical 

for mitochondrial localization underlining that cofilin1 indeed has properties to bind directly 

to mitochondria [33].  

The ambiguous properties of cofilin-actin rods in models of neuronal disorders 

Control of actin dynamics by ADF/cofilin is crucial for actin’s cellular functions. Cofilin1 

exerts highest actin severing activity at a cofilin1-actin ratio around 1:800 [2]. Interestingly, 

several studies have shown that disrupting the balance between these proteins can lead to 

abnormal protein aggregation, termed cofilin-actin rods [6]. ATP depletion is a major trigger 

for cofilin-actin rod formation at a stoichiometry of 1:1 [115]. Cofilin1 self-assembles by 

intermolecular disulfide bonds to form dimers, trimers and oligomers. Finally, cofilin-actin 

rod formation impairs cofilin1 mediated F-actin severing and thereby actin turnover [134] 

(Figure 2). Effects of cofilin-actin rods at the cellular level is the result of an interplay between 

direct sterical impacts and indirect aspects following a decline in actin dynamics [34]. Major 

consequences of rod formation in neurons include abnormal distribution of cellular 

organelles, such as mitochondria or early endosomes, loss of pre- and postsynaptic 

compartments and, therefore, reduced synaptic transmission and impaired neuronal 

plasticity [34]. 

Some studies suggested protective properties for cofilin-actin rods under pathophysiological 

conditions. For example, in a model of heat shock stress, cofilin1 mutants unable to form 

rods could not rescue the cell stress phenotype, whereas one mutant (K22A) was still able to 

form rods and significantly protected cells from heat shock stress. These findings indicate 

that the rod forming ability may be beneficial under stress conditions [124]. Further, it was 

shown, that neurites with newly formed rods were transiently protected against loss of the 

mitochondrial membrane potential and decline of cellular ATP level upon cofilin-actin rod 

induction by overexpression of a Xenopus laevis ADF-cofilin1 chimera [14]. The authors 

suggested that sequestering ADF/cofilin1 and actin into rods would initially be beneficial for 
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the energy status of neurons and they attributed this to the reduced energy demand since 

normal actin dynamic processes may dissipate a critical amount of ATP. Through rod 

formation, actin dynamics are decreased and energy can be used for other processes 

enhancing the cellular resilience during stress exposure [14]. At later stages of the stress 

response, however, disrupted actin dynamics may counteract this positive energy-saving 

effect. This could also change ion transfer, i.e. decreased sodium/potassium (Na+/K+)-ATPase 

activity, and the resulting sodium accumulation in the cells could reduce the activity of 

sodium/calcium (Na+/Ca2+) exchanger. Elevated intracellular calcium levels are responsible 

especially for the detrimental effect on mitochondrial function [178]. 

 

Figure 2. Cellular mechanism of cofilin1 activation under physiological and pathophysiological 

conditions [76].  

Under physiological conditions, cofilin1 can be activated by slingshot, chronophin or protein phosphatases 
1/2A by dephosphorylation of serine residue 3 in order to attain affinity to bind to F-actin for 
depolymerization of the filament. Under pathophysiological conditions, cofilin1 is oxidized and thus obtains 
activity to translocate to mitochondria and finally induce detrimental cytochrome c release and swelling of 
the organelle. Further, under these circumstances, cofilin1 is able to develop cofilin-actin rods, mainly 
observed in neurodegenerative diseases and stroke. ER (endoplasmic reticulum); F-Actin (filamentous 
actin); G-Actin (monomeric actin); PP1/PP2A (Protein phosphatase 1 and 2A); ROS (reactive oxygen species). 

The role of cofilin1 in neurodegenerative disorders and as a putative point of action in 

therapeutic interventions 

Neurodegenerative disorders such as AD and PD are emerging diseases in our ageing 

societies. In Europe, it is estimated that at least 35 % of the total disease burden is owing to 
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brain disorders [131]. Therefore, a better understanding of the underlying mechanisms of 

brain diseases is critical for future treatment strategies. Recently, cofilin1 emerged as a 

participant in cell death mechanisms involved in degradation of neurons. In this regard, the 

property of cofilin1 to form aggregates with actin seems to be important for according 

detrimental effects in neurons. For example, under stress conditions induced by glutamate 

exposure or the amyloid beta-protein, ATP levels declined and thereby induced activation 

of phosphatases mediating dephosphorylation, i.e. activation of cofilin1. Due to the 

concomitant loss of ATP in damaged neurons, ADP-actin accumulated and formed 

aggregates with dephosphorylated cofilin1 [7].  

Until now, only symptomatic or palliative therapies available for any of the aforementioned 

diseases, such as AD or PD. Thus, it is necessary to develop novel and effective therapeutic 

intervention strategies. 

Findings in a mouse model of long term depression (LTD) demonstrated that inhibition of 

cofilin1 stabilized dendritic spines and their functional activity. In these experiments, 

inhibition of cofilin was achieved in a dominant negative manner using a phosphorylated 

peptide containing the first 16 amino acids of cofilin1 (“p-Cofilin peptide”) which inhibited 

cofilin1 activation through competitive binding to phosphatases [188]. The application of this 

phosphorylated peptide in a mouse model of AD rescued surface expression and function of 

AMPA and NMDA receptors. Functional cofilin1 inhibition by these peptides partially 

improved working memory and novel object recognition in the AD mouse model [43]. 

Moreover, the peptides also exerted beneficial effects in mouse models of autism [47] and 

neuropathic pain [136]. Besides this, there is also evidence, that overexpression of cofilin1 

could rescue alpha-synuclein-driven deficits in neuronal growth and axon elongation in a 

PD mouse model, due to the restoration of appropriate actin turnover [159]. 

Whether inhibiting cofilin1-actin rod formation would also be beneficial in conditions of 

cellular stress leading to programmed cell death remains to be clarified. Some reports 

suggested that complete inhibition of rod formation could not rescue cells during heat shock 

stress in a mouse striatal cell line (STHdhQ7/Q7). Notably, a cofilin1 (K22A) mutant which 

retained some ability for rod formation as well as an accelerated actin dynamizing activity 

was able to rescue the cells under stress conditions [124].  
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1.4 Neuronal cell death mechanisms 

1.4.1 Oxidative stress-induced cell death mechanisms 

Cell death induced by oxidative stress is widely considered a major factor contributing to 

neurodegenerative disorders, such as Alzheimer’s (AD) or Parkinson’s disease (PD) [69, 85]. 

It is widely accepted that different features of programmed cell death (PCD) occur in these 

pathologies leading to severe loss of neuronal function [165]. Major steps of the cell death 

cascade include detrimental accumulation of intracellular calcium and formation of reactive 

oxygen species [69, 112]. Different cell death paradigms converge at the level of mitochondria 

[113]. Mitochondria are dynamic organelles regulating the energy metabolism, calcium 

homeostasis and the cellular redox balance [10]. Thus, mitochondrial demise, including 

mitochondrial calcium overload, loss of the mitochondrial membrane potential, 

accumulation of reactive oxygen species and release of apoptosis inducing factor (AIF) are 

thought to be the point of no return upon cell death induction [36]. A broad understanding 

of the molecular mechanism involved in transducing detrimental cell death signals to 

mitochondria are of great importance for future clinical implications.  

In this study, programmed cell death was achieved by glutamate or erastin treatment leading 

to cell death mechanisms called oxytosis or ferroptosis (Figure 3). Oxytosis is a well-

established form of programmed cell death occurring during neuronal development, as 

immature neurons are especially prone to glutamate-induced toxicity [126], as well as under 

pathological conditions in neurodegenerative diseases [150]. Besides, ferroptosis was 

discovered more recently as an iron-dependent form of oxidative cell death which can be 

achieved by erastin treatment in neuronal HT22 cells [45, 127]. The glutamate- or erastin-

induced inhibition of the cystine-glutamate (XC-)-antiporter leads to reduction of glutathione 

level by depletion of intracellular cysteine. This results in an impaired activity of the 

glutathione peroxidase-4 (GPX4) which implicates activation of 12/15-lipoxygenase (LOX) 

and accumulation of reactive oxygen species (ROS) [149, 160]. In turn, dynamin-related 

protein 1 (DRP1) and the pro-apoptotic protein BID attain activity to translocate to 

mitochondria to implicate mitochondrial ROS production and loss of the mitochondrial 

membrane potential by mitochondrial outer membrane permeabilization (MOMP) [64, 65, 

127]. Finally, cytochrome c and apoptosis inducing factor (AIF) are released from 

mitochondria and translocate to the nucleus, where AIF is involved in degradation of 

deoxyribonucleic acid (DNA) [37, 149, 160]. 
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Figure 3. Model of oxidative stress-induced cell death in neuronal HT22 cells.  

Main steps of the cell death cascade described in oxytosis and ferroptosis induced by glutamate or erastin 
are exemplified in this scheme. Xc--transporter (glutamate/cystine antiporter); GPX4 (glutathione peroxidase 
4); ROS (reactive oxygen species); DRP1 (dynamin-related protein 1); Bid (BH3-interacting domain death 
agonist); ATP (adenosine triphosphate); ΔΨm (mitochondrial membrane potential); AIF (apoptosis 
inducing factor); DNA (deoxyribonucleic acid). 

Investigation of the signaling cascade of programmed cell death reveals the involvement of 

the actin-binding protein cofilin1 in transducing apoptotic signaling to mitochondria [33]. 

Cofilin1 belongs to the family of actin-binding proteins and is thus involved in regulating 

actin dynamics. It can also act as a direct participator in the apoptotic cell death cascade. 

How cofilin1 can also participate in non-apoptotic cell death paradigms remains to be 

elucidated. Therefore, the current study addresses the effect of cofilin1 depletion in non-

apoptotic cell death induced by glutamate or erastin in neuronal HT22 cells and primary 

cortical neurons. 

1.4.2 Excitotoxicity 

Under different pathological conditions, such as neurodegenerative disorders like 

Alzheimer’s disease [81], Parkinson’s disease [11, 92], but also ischemia or brain trauma [32, 

180], excessive release of the excitatory neurotransmitter glutamate from presynaptic 

vesicles is triggered, which leads to enhanced activation of postsynaptic glutamate receptors, 

such as AMPA-, NMDA or G-protein-coupled metabotropic glutamate receptors (mGlu) 
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[154]. Since 1969, this pathological process was specified by Olney and coworkers as 

excitotoxicity [132]. The activation of voltage-gated-calcium-channel (VDCC) and glutamate 

receptors results in detrimental influx of Ca2+ into the postsynaptic neuron and a second 

uncontrolled increase of Ca2+ by degradation of the major Na+/Ca2+-exchanger (NCX) via 

proteolytic cleavage by calpains [8]. Intracellularly, accumulated Ca2+ impacts many 

processes and effector proteins and, thus, needs to be tightly controlled for maintaining 

physiological functions. Moreover, overstimulation of AMPA-receptors and metabotropic 

glutamate receptors results in activation of ryanodine receptors (RyRs) and IP3-receptors, 

located at the ER, and thereby leads to further Ca2+ release from intracellular stores, i e. 

endoplasmic reticulum (ER) [143, 152]. In particular, Ca2+-binding to calmodulin enhances 

the activity of neuronal nitric oxide synthetase (nNOS) [158], which implicates production of 

nitric oxide (NO) and, in turn, generation of free radicals, such as peroxynitrite (OONO−), 

considered as a major factor defining cell death progression and neuronal demise [182]. In 

turn, the major antioxidant proteins, namely glutathione peroxidase (GSH), catalase and 

superoxide dismutase (SOD), decreases, which results in defects of the electron transport 

chain (ETC), the induction of the mitochondrial permeability transition pore (mPTP) and 

release of apoptosis-inducing-factor (AIF) as well as detachment of cytochrome c (CytC) 

from the mitochondrion into the cytosol [61, 93, 183]. As a consequence, production of free 

radicals, such as peroxynitrite (OONO−) and the release of AIF can both lead to DNA damage 

and execute cell death [146, 160] (Figure 4). 
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Figure 4. Cellular model of glutamate-induced neuronal excitotoxicity modified from [93].  

Main steps of the cell death cascade upon excitotoxicity induction by glutamate are presented in this scheme. 
NMDA-R (N-methyl-D-aspartate receptor); VDCC (voltage-dependent calcium channels); AMPA-R (α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor); mGlu-R (metabotropic glutamate 
receptors); PLC (phospholipase C); IP3 (inositol 1,4,5-trisphosphate); ER (endoplasmic reticulum); [Ca2+], 
(intracellular calcium concentration); ROS (reactive oxygen species); nNOS (neuronal nitric oxide synthase); 
NO (nitric oxide); ONOO- (peroxynitrite); GSH (glutathione); mPTP (mitochondrial permeability transition 
pore); AIF (apoptosis inducing factor); DNA (deoxyribonucleic acid). 
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2 Aims and objectives 

Neurological diseases, such as stroke, AD or related dementias are among the four most 

prevalent disorders leading to death and disability worldwide [173]. The major common 

fatal incidences of those pathologies converge at the level of neuronal demise through 

oxidative stress [9].  

To uncover key players of the cell death cascade induced by oxidative stress in order to 

decipher potential future strategies was the main goal of this study.  

In particular, following objectives were addressed in the present work: 

(1) To unravel the interdependence of mitochondrial dynamics and function in mouse 

embryonic fibroblasts (MEF cells), which were identified to exhibit DRP1-dependent 

mitochondrial fragmentation upon deletion of the actin-binding protein cofilin1. 

(2) Evaluation of cofilin1 involvement in oxidative stress-induced cell death moieties in 

a hippocampal neuronal cell line (HT22) upon erastin or glutamate exposure leading 

to cellular damage via ferroptosis or oxytosis, respectively. Hence, this approach will 

provide new insight into cell death mechanisms involved in neurodegenerative 

diseases or ischemic stroke. 

(3) Integration of the actin-regulatory protein INF2 into the described cellular 

pathophysiological mechanisms involved in oxytosis or ferroptosis in neuronal 

HT22 cells. 

(4) In vitro characterization of cofilin1 in primary cortical neurons derived from 

genetically modified mice to unravel the role of cofilin1 in paradigms of glutamate-

induced excitotoxicity. Hence, the perceptive comprehension about the involvement 

of cofilin1 would provide the basis of a discussion of cofilin1 as a potential target for 

cell death mechanisms contributing to pathologies leading to neurodegeneration. 

(5) To decipher the ability of cofilin1 to directly influence mitochondrial integrity and 

function. Further, unraveling crucial cysteine residues responsible for cofilin1 

activation and its detrimental impact on mitochondrial function would provide a 

comprehensive view on the redox regulation of cofilin1. 
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3 Materials and methods 

3.1 Chemicals, reagents and kits 

Standard chemical reagents 

Standard chemical reagents were purchased from Merck KGaA (Darmstadt, Germany) if not 

indicated otherwise. Buffers and solutions were prepared with demineralized, ultrapure 

water obtained from SG Ultra Clear UV Plus Pure Water System (VWR, Darmstadt, 

Germany). Ultrapure water, PBS and cell culture equipment was sterilized using a steam 

autoclave (Systec V-40, Systec GmbH, Wettenberg, Germany). Solutions and buffers for 

aseptic preparations were filtered using Nalgene™ Rapid-Flow™ sterile filter (Thermo 

Fisher Scientific, Carlsbad, USA). 

Table 1. Kits and Bioassays 

Kit Application Company 

Annexin-V-FITC Detection Kit Cell death  Promokine, 

Heidelberg, Germany 

Attractene Transfection Reagent Plasmid transfection Qiagen GmbH, Hilden, 

Germany 

BODIPY (581/591 C11) Lipid peroxidation Invitrogen, Karlsruhe, 

Germany 

CM-H2DCFDA Soluble ROS Invitrogen, Karlsruhe, 

Germany 

InviTrap® Spin Universal DNA Mini 

Kit 

RNA/DNA purification Stratec Molecular 

GmbH, Berlin, 

Germany 

Lipofectamine RNAiMax 

Transfection Reagent 

siRNA transfection Invitrogen, Karlsruhe, 

Germany 

MitoPT™ TMRE Kit Mitochondrial 

membrane potential 

Immunochemistry 

technologies, 

Hamburg, Germany 

MitoSOX™ Mitochondrial ROS Invitrogen, Karlsruhe, 

Germany 
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Pierce™ BCA Kit Protein determination ThermoFisher 

Scientific, Carlsbad, 

USA 

SuperScript III One Step RT-PCR 

System with Platinum® Taq 

RNA amplification Invitrogen, Karlsruhe, 

Germany 

ViaLight™ ATP Plus-Kit ATP measurement Lonza, Basel, Schweiz 

ZymoPURE II Plasmid Midiprep Kit Plasmid purification Zymo Research Europe 

GmbH, Freiburg, 

Germany 

Rhod-2 AM, cell-permeant Mitochondrial Ca2+ Invitrogen, Karlsruhe, 

Germany 

REDEextract-N-Amp Tissue PCR Kit DNA amplification Sigma, Taufkirchen, 

Germany 

 

3.2 Cell culture 

Table 2. Cell culture equipment 

Type Company 

T75 flasks (75 cm2) Greiner, Frickenhausen, Germany 

6-well plates (175 cm2) Greiner, Frickenhausen, Germany 

24-well plates Greiner, Frickenhausen, Germany 

96-well plates Greiner, Frickenhausen, Germany 

96-well plates BCA Greiner, Frickenhausen, Germany 

96-well plates µClear®  Greiner, Frickenhausen, Germany 

96-well plates xCELLigence E-plates Roche, Applied Science, Penzberg, 

Germany 

Seahorse XFe96 FluxPaks  Agilent, CA, USA 

µ-Slide 8 well Ibidi GmbH, Gräfelfing, Germany 

3.5 cm dish Sarstedt, Nümbrecht, Germany 

10 cm dish Sarstedt, Nümbrecht, Germany 

15 mL tube Greiner, Frickenhausen, Germany 

50 mL tube Greiner, Frickenhausen, Germany 

0.2; 0.5; 1.5; 2.0 mL tubes Sarstedt, Nümbrecht, Germany 
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0.22 µm Whatman Puradisc™ sterile filter Whatman, Dassel, Germany 

Cell scraper Sarstedt, Nümbrecht, Germany 

1 mL syringes Braun, Melsungen, Germany 

Cannulae Braun, Melsungen, Germany 

Pipette tips Greiner, Frickenhausen, Germany 

 

Table 3. Phosphate buffered saline (PBS), pH 7.4 

Substance  Quantity 

NaCl 9 g 

Na2HPO4 0.527 g 

KH2PO4 0.144 g 

HCl (0.1M) q.s. for pH 7.4 

Bidest H2O Ad 1 L 

 

 3.2.1 HT22 and MEF cells 

Cell culture 

HT4 cells originate from immortalized primary mouse hippocampal neurons by application 

of SV40 T-antigen [121]. Subsequently, HT22 cells were subcloned from HT4 cells due to their 

sensitivity to glutamate [41].  

MEF cells deficient for cofilin1 were generated by Katharina Rehklau [139] and provided by 

Prof. Dr. Marco Rust (Philipps University of Marburg, Marburg, Germany). In brief, 

cofilin1-/- MEF cells derive from conditional cofilin1flx/flx mice, respectively [12]. Cofilin1 

depletion in cofilin1flx/flx MEFs was achieved upon stable transfection of Cre recombinase 

inducible by 4-hydroxytamoxifen (TamOH) [139]. Cofilin1 protein expression was obviously 

diminished after 48 hours of TamOH treatment (Figure 9) and the respective experiments 

were conducted after 72 hours.  

HT22 cells and MEF cells were cultured at 37 °C and 5 % CO2 in supplemented Dulbecco’s 

modified Eagle’s medium (DMEM High Glucose; Capricorn Scientific GmbH, 

Ebsdorfergrund, Germany) (Table 4) in a Heracell™ 150 CO2-incubator (Thermo Fisher 

Scientific, Darmstadt, Germany). 
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Table 4. Culture medium for HT22 and MEF cells 

 

Every three to four days, both cell lines were subcultured at a ratio of 1:5 or 1:10. To detach 

cells from the 75 cm²cell culture flask, cells were washed with prewarmed PBS and incubated 

with trypsin-EDTA for 3 - 5 minutes (Table 5). To stop the trypsin reaction, 10 mL of 

preheated culture medium was added and transferred to a 50 mL tube, spun down at 

1,000 x g for 3 minutes and resuspended in fresh culture medium. Afterwards, cell number 

was determined using a counting chamber (Neubauer Zählkammer, Brand, Wertheim, 

Germany). Certain cell numbers were seeded in the appropriate culture dish depending on 

the respective experiment (Table 6).  

Table 5. Trypsin-EDTA (1xTE) 

 

Table 6. Cell densities HT22 and MEF cells 

Plate format HT22 MEF cells 

6-well plate 150 000 – 200 000 110 000 – 130 000 

24-well plate 40 000 – 50 000 4 000 – 11 000 

96-well plate 6 000 – 7 000 1 4000 – 2 000 

µ-Slide 8 well 14 000 – 16 000 5 000 – 8 000 

 

Substance Quantity 

FBS (Biochrom, Berlin, Germany) 50 mL 

HEPES-Buffer (1M) 10 mL 

Penicillin (10 000 U/mL)/Streptomycin 

(10 mg/mL) (Capricorn, Ebsdorfergrund, 

Germany) 

5 mL 

L-Alanyl-L-glutamine (200 mM) 5 mL 

DMEM High glucose Ad 500 mL 

Substance Quantity 

Trypsin (7 500 U/mg) 100 mg 

Ethylenediamine-tetra-acetic acid (EDTA) 40 mg 

PBS Ad 200 mL 
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3.2.2 Primary mouse neurons 

Primary cortical neurons were prepared from embryonic mouse brains (E18) in 1xHBSS 

(Table 7) as previously described [37]. Finally, dissociated neurons were seeded at the 

indicated density onto poly-L-lysin coated plates (Table 9). Neuronal cultures were grown 

in supplemented Neurobasal™ Plus Medium (NB+ Plus medium) (Table 8) for the indicated 

time period. Every three to four days, half of the medium was replaced by fresh NB+ Plus 

medium. Glutamate treatment (25 µM) was conducted at the indicated day in vitro (DIV) for 

24 hours. NMDA-antagonist MK801 (Merck KGaA, Darmstadt, Germany) was added as a 

control at a concentration of 10 µM. Rho activator II CN03 (Cytoskeleton, Denver, USA) was 

applied at a concentration of 1 µg/ml 3 hours prior to glutamate treatment. 

 

Figure 5. Isolation of cortex and hippocampus from E18 mouse embryos.  

A The head of the embryo was decollated from the rest of the body using scissors and afterwards placed in 
a 35 mm petri dish for further preparation. B The brain was carefully removed from the skull using forceps. 
C The midbrain and cerebellum were removed from the basal forebrain. D Both cerebral hemispheres were 
separated carefully with forceps. E To exclude contamination with endothelial tissue, meninges were 
removed completely from the cerebral cortex. F The hippocampus was dissected out of the ambient brain 
tissue. G Finally, the cortical tissue was collected and both separated brain regions were collected in a 1.5 mL 
tube filled with 1xHBSS. 
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Table 7. Hank’s balanced salt solution (HBSS) pH 7.2 

Substance Quantity 

10x HBSS 50 mL 

HEPES 1.2 g 

Penicillin (10 000 U/mL)/Streptomycin 

(10 mg/mL) 

5 mL 

Bidest H2O Ad 500 mL 

 

Table 8. Neurobasal™ Plus Medium (NB+ Plus) 

Substance Quantity 

Neurobasal™ Plus Medium (Gibco®) 500 mL 

B-27™ Plus Supplement (50X) (Gibco®) 10 mL 

L-Alanyl-L-glutamine (200 mM) 5 mL 

Penicillin (10.000 U/mL)/Streptomycin 

(10 mg/mL) 

5 mL 

 

Table 9. Cell densities for primary neurons 

 

Cofilin1flx/flx mice  

Genetically modified mice expressing a cofilin1 gene region with exon 2 being flanked by 

loxP sites were used as controls, also referred to as wildtype (WT). Cofilin1 knockout was 

achieved by insertion of the Cre enzyme capable to recognize loxP sites and thus specifically 

delete exon 2 of the cofilin1 gene region, resulting in a non-functional gene product. Since a 

systemic knockout of cofilin1 is embryonically lethal [68], Cre expression is under the control 

of a CaMKIIα-promotor to specifically delete cofilin1 in excitable neurons [12, 145].  

Plate format Primary cortical neurons 

6-well plate 550 000 – 700 000 

24-well plate (Coverslips) 200 000 

96-well plate 45 000 – 55 000 

µ-Slide 8 well 150 000 
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Figure 6. Primary neuronal culture from E18 cortical tissue.  

A Brightfield images of neurons were captured after 10 days in vitro (DIV). B The neuronal culture was 
fixed at DIV20 and afterwards immunostained with an antibody against microtubule-associated protein 3 
(MAP2) in green for specific visualization of neurons. Scale bar 50 µm. C To visualize the number of 
remaining astrocytes in the neuronal culture, glial fibrillary acidic protein (GFAP) was stained in red. Scale 

bar 50 µm. 

For the evaluation of the genotype of the embryos, DNA from E18 pubs was isolated with 

REDEextract-N-Amp Tissue PCR Kit according to the manufacturer’s protocol. Afterwards, 

specific primers (Table 35) were applied for the amplification of the genetically encoded Cre 

enzyme. The respective PCR program was implemented (Table 36) and PCR products were 

transferred onto a 1.5 % agarose gel supplemented with ethidium bromide to enable UV-

based detection of the DNA. 

 

Figure 7. Determination of the genotype of E18 pubs.  

A 10 µL of DNA amplification products of six different pubs were loaded onto an ethidium bromide 
supplemented 1.5 % agarose gel and afterwards illuminated with UV light. GeneRuler 100 bp Plus DNA 
ladder was used as an appropriate scale. Pos (positive control for Cre expression); bp (base pairs). 

3.2.3 DNA/RNA transfection 

Transfection of HT22 cells or MEF cells 

Cells were seeded at Day 0 and grown for 24 hours in a 24-well plate. Afterwards, the 

transfection mixture was prepared consisting of 60 µL OptiMEM, 0.5 - 1.2 ug Plasmid-DNA 

and 3.5 µL Attractene (QIAGEN, Hilden, Germany) and finally put dropwise onto the cell 

culture medium.  
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Transfection of primary neurons 

For a transfection in a 24-well plate, 100 µL NB+ medium, 0.5 - 1 µg DNA and 1.75 µL 

Lipofectamine 2000 transfection reagent (ThermoFisher Scientific, Darmstadt, Germany) 

were mixed per well and kept at room temperature. During 30 minutes of incubation time, 

cells were washed with NB medium and the conditioned medium was collected in a 15 mL 

tube. 400 µL of NB+ Plus medium without antibiotics and 100 µL of the transfection mixture 

was added onto the cells and incubated for precisely 90 minutes. Afterwards, cells were 

washed again with NB medium and conditioned medium was put back onto the neuronal 

culture.  

Table 10. Plasmids 

Plasmid name Backbone Source Information 

WT-Cofilin1 pEGFP-C3 AG Rust/AG Witke  

Alanin-Cofilin1-mutant pEGFP-N1 AG Rust/AG Witke  

Aspartate-Cofilin1 pEGFP-N1 AG Rust/AG Witke  

Actin-Chromobody 

SNAP 

pWPXL AG Grosse Cloned by 

Michael Melak 

CMV-mito-LAR-

GECO1.2 

pcDNA3.1 Addgene 

(Plasmid #61245) 

[179] 

GFP control vector pAAV-CMV-eGFP-

IRES 

AG Rust/AG 

Schratt (ETH 

Zürich, Austria). 

Backbone derived 

from Cell Biolabs, 

Inc., San Diego, 

USA 

GFP-CRE pAAV-CMV-eGFP-

IRES-CRE 

AG Rust/AG 

Schratt (ETH 

Zürich, Austria). 

Backbone derived 

from Cell Biolabs, 

Inc., San Diego, 

USA 

 

siRNA transfection 

For proper cofilin1 knockdown, HT22 cells were transfected with 15 nM cofilin1siRNA for 

48 h. The reverse transfection was conducted according to the manufacturer’s protocol. In 

brief, siRNA was incubated with Lipofectamine RNAiMAX (Thermo Fisher Scientific, 
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Darmstadt, Germany) in antibiotic-free OptiMEM for 20 minutes. Proper amount of the 

transfection mix was transferred to respective plates and cell suspensions were added to the 

mixture.  

Following siRNA sequences were used: 

Table 11. siRNA sequences and companies 

siRNA  Abbreviation Sequence Conc. Company 

MISSION® 

Universal 

negative 

control#1 

(Scrambled 

siRNA) 

scrsiRNA 5′-UAAUGUAUUGGAA

CGCAUA-3′)  

q.s. Sigma 

Cofilin1siRNA

01 

Cfl1si01 5’-AGACAAGGACUGCC

GCUAU-3’ 

15 nM GE Healthcare, 

Little Chalfont, 

England 

Cofilin1siRNA

02 

Cfl1si02 5’-GGAAUCAAGCAUGA

AUUAC-3’ 

15 nM GE Healthcare, 

Little Chalfont, 

England 

INF2siRNA 

SMARTpool 

INF2si 5’-GGACAGAGCACCCA

CCUAC-3’ 

5’-GGAAGAAACGUCCC

UCAAG-3’ 

5’-GCAACUGCCAGCAA

UCCUA-3’ 

5’-CUCGAGUUCUCUAG

CAAUA-3’ 

5 nM GE Healthcare, 

Little Chalfont, 

England 

DRP1siRNA DRP1si 5`-AAG CAG AAG AAU 

GGG GUA AAU TT-3´ 

40 nM Eurofins, 

Ebersberg, 

Germany 
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Table 12. siRNA transfection protocol 

 6-well plate 24-well plate 96-well plate µ-Slide 8 Well 

siRNA 5 – 40 nM 5 – 40 nM 5 – 40 nM 5 – 40 nM 

Lipofectamine® 

RNAiMAX 

4 µL 1 µL 0.24 µL 0.5 µL 

Opti-MEM  Ad 400 µL Ad 100 µL Ad 20 µL Ad 50 µL 

 

3.2.4 Cell death induction by erastin or glutamate 

Cell death was induced after 24, 30 or 48 h after cell seeding by 0.2-1 µM doses of erastin 

(Merck KGaA, Darmstadt, Germany) or 2-10 mM doses of D, L-glutamic acid monohydrate 

(Sigma-Aldrich, Taufkirchen, Germany). Erastin was dissolved in DMSO to a stock solution 

of 1 mM and glutamate was diluted in DMEM to a stock concentration of 1 M and following 

adjustment to a neutral pH of 7.2. Both compounds were further diluted in DMEM to the 

desired concentration and resulting effects were evaluated after 16 hours of treatment, if not 

stated differently. 

3.3 Cell viability measurement 

3.3.1 MTT assay 

Cell viability was assessed by a colorimetric assay based on the yellow colored MTT reagent 

(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, 0.5 mg/ml for HT22 

cells and 1 mg/ml for primary cortical neurons; Sigma-Aldrich, Munich, Germany) which is 

reduced to a purple colored formazan product by dehydrogenases and NAD(P)H coenzyme 

of metabolically active cells during 1 h incubation period at 37 °C [155]. The color of the 

product can be quantified by absorbance measurement at 570 nm with a reference filter at 

630 nm by FluoStar OPTIMA reader (BMG Labtech, Ortenberg, Germany). 

3.3.2 xCELLigence system 

Cell proliferation and detachment was monitored using the xCELLigence Real-Time Cell 

Analysis (RTCA; Roche Diagnostics, Mannheim, Germany) system as previously described 

[44]. Changes in the impedance are displayed as normalized cell indices.  
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3.4 Measurement of mitochondrial morphology and function 

3.4.1 Analysis of mitochondrial morphology 

To assess mitochondrial morphology, MitoTracker® DeepRed FM (Invitrogen, Karlsruhe, 

Germany) was used to visualize active mitochondria by far-red fluorescence. After 

incubating the cells with 200 nM MitoTracker diluted in DMEM for 15-30 minutes at 37 °C, 

mitochondria can be visualized using an epifluorescence microscope (DMI6000B, Leica, 

Wetzlar, Germany) equipped with a 63 x/1.4 NA oil immersion objective. Cells were excited 

at a wavelength of 633 nm and emitted light was detected at 670 nm.  

For quantification of mitochondrial morphology changes, mitochondria were classified into 

three different categories [65]. Category I mitochondria are tubular, elongated and 

distributed throughout the cytosol, whereas mitochondria of category II show a circular and 

fragmented phenotype, although still distributed in the whole cell. Mitochondria subdivided 

into category III are small and fragmented and located close to the nucleus. These cells also 

exhibit characteristic features of cell death, such as shrunken nuclei and smaller cell shape.  

To evaluate not only fragmented mitochondria, but also to account for elongated 

mitochondria under particular conditions, automated analysis by ImageJ Software (NIH, 

Bethesda, USA) was used with support of a ImageJ macro first described by Ruben K. Dagda 

and Charleen Chu [39]. 

3.4.2 ATP bioluminescent assay 

Cellular ATP level were measured using the ViaLight™ Plus Kit (Lonza, Verviers, Belgium) 

according to the manufacturer’s protocol. Briefly, cells were lysed, transferred to a white-

walled 96-well plate and the ATP monitoring reagent was added to the cell lysate. 

Afterwards, the emitted luminescence was detected with a FLUOstar OPTIMA reader (BMG 

Labtech, Ortenberg, Germany). 
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3.4.3 Seahorse measurement 

Measurement of the mitochondrial oxygen consumption rate (OCR) and extracellular 

acidification rate 

Determination of the mitochondrial oxygen consumption rate as an indicator of 

mitochondrial respiration was performed using the Seahorse XFe96 Analyzer (Agilent 

Technologies, Waldbronn, Germany). The measurement can either be performed with intact 

cells, or with isolated mitochondria from tissues.  

 

Figure 8. Molecular mechanism of Seahorse assay. Modified from Agilent.com.  

OCR (oxygen consumption rate); ECAR (extracellular acidification rate); 2-DG (2-deoxy-D-glucose); TCA 
(tricarboxylic acid cycle); AntiA (antimycin A); FCCP (carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone) ADP (adenosine diphosphate); ATP (adenosine triphosphate); NAD+ 
(oxidized form of nicotinamide adenine dinucleotide); NADH (reduced form of nicotinamide adenine 
dinucleotide); Glucose-6-P (glucose-6-phosphate), LDH (lactate dehydrogenase); PDC (pyruvate 
dehydrogenase complex); Acetyl-CoA (acetyl coenzyme A). 

HT22 cells were plated in XFe96-well microplates (6000 cells/well, Seahorse Bioscience). 

1 hour prior to the measurement, growth medium was replaced by the seahorse assay 

medium (4.5 g/l glucose, 2 mM glutamine, 1 mM pyruvate, pH 7.35). After recording three 

baseline measurements, four compounds were added by injection. Indicated compounds for 
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the injections were used in following final concentrations: 3 µM oligomycin, 0.5 µM FCCP, 

0.1 µM rotenone together with 1 µM antimycin A and 150 µM 2-DG. 

For MEF cells all steps were performed according to the protocol described for HT22 cells. 

FCCP concentration was increased to 1 µM. 

Primary cortical neurons in were cultured in DMEM supplemented with 143 mM sodium 

chloride, 15 mM glucose, 10 mM sodium pyruvate, 2 mM glutamine, 0.04% (w/v) BSA and 

an adjusted pH of 7.35. For these cells, indicated compounds for the injections were used in 

following final concentrations: 2 µM oligomycin, 2 µM FCCP, 1 µM rotenone together with 

1 µM antimycin A, and 150 mM 2-DG  

After the measurement, cells were carefully washed once with PBS before adding 50 µL lysis 

buffer (10 mM Tris base, 0.1% (v/v) Triton X-100) per well and freezing the plate at - 80°C.  

The mitochondrial coupling assay was performed for isolated mitochondria according to a 

previously described protocol [142]. Per well, 5-12 µg of isolated mitochondrial protein were 

measured in mitochondrial assay solution (Table 30) containing the complex II substrate 

succinate (10 mM) and the complex I inhibitor rotenone (2 µM) to focus on mainly complex 

II- and complex III-driven respiration. For slight attachment of the plated mitochondria at 

the bottom of the cell plate, a centrifugation step of the whole plate at 2,000 x g for 20 min at 

4 °C was indispensable (Heraeus Megafuge 40R; Thermo Fisher Scientific, Darmstadt, 

Germany). Indicated compounds for the injections were used in following final 

concentrations: 4 mM ADP, 2.5 µg/ml oligomycin, 4 µM FCCP and 4 µM antimycin A (AA).  

Three basal and three measurements after each injection were recorded. 

3.4.4 Rhodamine123 measurement 

After isolation of mitochondria from the cortical tissue, mitochondrial integrity was 

confirmed by rhodamine 123 staining as described before [186]. Isolated mitochondria (75 

µg per well) were diluted in 140 µL SWP1 buffer (Table 13) and mixed with 125 nM 

rhodamine 123 in a black 96-well plate. The rhodamine 123 dye is completely quenched by 

mitochondria with an intact ΔΨm. During the measurement, FCCP (500 nM) was injected 

and led to depolarization of the ΔΨm resulting in immediate release of the dye and increased 

fluorescence measured by FLUOstar OPTIMA reader (BMG Labtech, Ortenberg, Germany) 

at an excitation wavelength of 485 ± 12 nm and emission wavelength of 530 ± 10 nm. 
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Table 13. SWP1 buffer, pH 7.3 

Compound Final concentration 

Sucrose 200 mM 

MOPS-Tris 10 mM 

Succinate 5 mM 

H3PO4 1 mM 

EGTA 10 µM 

Rotenone 2 µM 

 

3.5 Flow cytometric measurement (FACS) 

Different cellular and mitochondrial parameters of the glutamate- or erastin- induced cell 

death pathways were analyzed using the Guava easyCyte 6–2L flow cytometer (Merck 

Millipore, Darmstadt, Germany) upon the addition of respective fluorescent dyes. 

3.5.1 BODIPY 

Lipid peroxidation 

By staining the cells with BODIPY 581/591 C11 (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-

bora-3a,4a-diaza-s-indacene-3-undecanoic acid; Thermo Fisher Scientific, Darmstadt, 

Germany) oxidized lipids and membranes can be detected. Following 8 h of glutamate 

treatment, the cells were stained with 2 µM BODIPY dye for 1 h at 37 °C. 

3.5.2 DCF 

Cellular reactive oxygen species formation 

The cell permeable dye 2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA) was used to 

evaluate the accumulation of cellular reactive oxygen species upon 30 minutes incubation 

with a final concentration of 20 µM in DMEM without serum. 

3.5.3 TMRE 

Mitochondrial membrane potential (ΔΨm) 

Mitochondrial membrane potential was measured after staining the cells with MitoPT TMRE 

Kit (ImmunoChemistry Technologies, Hamburg, Germany). Cells were incubated with 

0.2 µM TMRE (tetramethylrhodamine ethyl ester) for 30 min at 37 °C. 
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For investigation of the mitochondrial membrane potential of isolated mitochondria from 

adult mouse brain tissue, 40 µg mitochondria were diluted in 150 µL 1xMAS (Table 30) 

supplemented with 2 µM rotenone and 10 mM succinate. 50 µM of the uncoupler CCCP was 

used as a positive control. Mitochondria were incubated with 0.2 µM TMRE for 15 minutes 

and then measured with Guava easyCyte 6–2L flow cytometer (Merck Millipore, Darmstadt, 

Germany). 

3.5.4 MitoSOX 

Mitochondrial superoxide formation 

For evaluation of mitochondrial reactive oxygen species accumulation, MitoSOX Red 

indicator (Thermo Fisher Scientific, Darmstadt, Germany) was applied at a concentration of 

1.25 µM for 30 min at 37 °C. 

MitoSOX measurement with isolated mitochondria was conducted according to TMRE 

measurement (described in chapter 3.5.3 TMRE). 10 µM of the complex III-inhibitor 

antimycin A (AA) was used as a positive control and incubated simultaneously with 

MitoSOX Red indicator at a concentration of 1.25 µM. 

3.5.5 Rhod2-AM 

Mitochondrial calcium measurement 

Staining the cells with the mitochondrial selective dye Rhod-2 AM (rhodamine-2 

acetoxymethyl ester; Thermo Fisher Scientific, Darmstadt, Germany), allows for specific 

evaluation of mitochondrial calcium accumulation. Rhod-2 AM was reduced to 

Dihydrorhod-2 AM and incubated at a concentration of 2 µM in DMEM without serum for 

1 hour. 

3.5.6 AnnexinV/PI 

Cell death 

Apoptotic and late necrotic cells were identified using the Annexin V-FITC Detection Kit 

(Promokine, Heidelberg, Germany). AnnexinV and propidium iodide (PI) staining were 

performed for 5 minutes in the dark at room temperature after harvesting cells with trypsin.  
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3.6  Protein analysis 

3.6.1 Protein sample preparation 

For protein extraction and Western blot analysis, cells were washed with 1xPBS (Table 3) and 

afterwards destructed in protein lysis buffer (Table 14) using a cell scraper and thoroughly 

transferred to a 1.5 mL tube. Liquid nitrogen was used to devastate cell membranes for 

release of whole protein lysates. Insoluble fragments were removed by centrifugation at 

10,000 x g for 15 minutes at 4 °C. The protein-containing supernatant was transferred into a 

fresh tube and kept on ice for measuring the protein concentration for further experiments. 

Table 14. Protein lysis buffer, pH 7.8 

Substance Quantity 

D-Mannitol 0.25 M 

Tris-HCl 0.05 M 

EDTA 1 mM 

EGTA 1 mM 

DTT 100 mM 1:100 

Triton® X-100 1:100 

PhosSTOP™ (Roche, Penzberg, Germany) 1 tablet 

cOmplete™, EDTA-free Protease Inhibitor Cocktail 

(Roche, Penzberg, Germany) 

1 tablet 

Bidest. H2O Ad 10 mL 

 

3.6.2 BCA assay 

The total protein concentration of the sample was determined using the bicinchoninic acid 

(BCA)-based Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Darmstadt, Germany). 

The underlying biochemical reaction includes the reduction of Cu2+ to Cu+ by peptides in a 

stoichiometric manner. Based on this reaction, bicinchoninic acid reactis with the cuprous 

ion and the resulting purple colored solution can be measured with the 560±10 nm bandpass 

filter of FLUOstar OPTIMA reader (BMG Labtech, Ortenberg, Germany). Protein sample 

concentration was compared to a protein standard curve of bovine serum albumin (BSA). 

3.6.3 Polyacrylamide gel electrophoresis (PAGE) 

Gel electrophoresis was conducted to separate proteins based on their molecular weight.  
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Table 15. 1.5 M Tris-HCl, pH 8.8 

Substance Quantity 

Tris-HCl 23.6 g 

HCl q.s. for pH adjustment 

Bidest. H2O Ad 100 mL 

 

Table 16. 0.5 M Tris-HCl, pH 6.8 

Substance Quantity 

Tris-HCl 7.88 g 

HCl q.s. for pH adjustment 

Bidest. H2O Ad 100 mL 

 

Table 17. 10 % Sodium dodecyl sulfate (SDS) 

Substance Quantity 

SDS pellets 1 g 

Bidest. H2O Ad 10 mL 

 

Table 18. Stacking gel 3.5 % 

Substance Quantity 

Acrylamide/bisacrylamide 30 % 0.58 mL 

Sodium dodecyl sulfate solution 10 % 0.05 mL 

0.5 M Tris-HCl buffer, pH 6.8 1.2 mL 

Ammonium persulfate solution 10 % 30 µL 

Tetramethylethylenediamine (TEMED) 8 µl 

Bidest. H2O Ad 5 mL 

 

Table 19. Running gel 10 % / 12.5 % 

Substance 10 %  12.5 % 

Acrylamide/bisacrylamide 30 % 3.34 mL 4.17 mL 

Sodium dodecyl sulfate solution 10 % 0.1 mL 0.1 mL 

1.5 M Tris-HCl buffer, pH 8.8 2.5 mL 2.5 mL 
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Ammonium persulfate solution 10 % 62.5 µL 62.5 µL 

Tetramethylethylenediamine 

(TEMED) 

12.5 µL 12.5 µL 

Bidest. H2O Ad 10 mL Ad 10 mL 

 

3.6.4 Western blot 

After SDS-PAGE, proteins were transferred onto a PVDF membrane (Roche Diagnostics, 

Mannheim, Germany). Incubation with the primary antibody against the protein of interest 

was conducted over night at 4 °C and at room temperature on the next day for additional 

two hours. After washing the membrane with 1xTBST, the secondary antibody was applied 

for two hours and the chemiluminescent signal was visualized with Chemidoc software (Bio-

Rad, Germany). Tubulin was frequently used as a loading control for total protein lysate.  

Table 20. 5x SDS sample buffer; 10 mL 

Substance Quantity 

1.5 MTris-HCl, pH 6.8 2 mL 

Glycerol 5 mL 

SDS pellets 1 g 

β-Mercaptoethanol 2.5 mL 

1 % Bromophenol blue 0.5 mL 

 

Table 21. 10x SDS-PAGE buffer (Running buffer) 

Substance Quantity 

Tris base 30 g 

SDS pellets 10 g 

Glycine 144 g 

Bidest. H2O Ad 1 L 

The 10x SDS-PAGE buffer was diluted 1:10 with aqua bidest prior to use.  
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Table 22. 10x Transfer buffer, pH 8.3 

Substance Quantity 

Tris base 30 g 

Glycine 144 g 

HCl q.s. for pH adjustment 

Bidest. H2O Ad 1 L 

To dilute the 10x transfer buffer, 70 % aqua bidest and 20 % methanol was added. 

Table 23. 10x TBS, pH 7.5 

Substance Quantity 

NaCl 292 g 

Tris base 24.2 g 

HCl q.s. for pH adjustment 

Bidest. H2O Ad 1 l 

 

Table 24. 1x TBST 

Substance Quantity 

10x TBS 100 mL 

Tween 20 0.5 mL 

Bidest. H2O Ad 1 L 

 

Table 25. 5% Blocking milk 

Substance Quantity 

Skim milk powder 5 g 

1xTBST 100 mL 

3.6.5 Antibodies 

Table 26. Primary antibodies 

Antibody Dilution MW 

[kDa] 

Host Company Purpose 

Cofilin1 1:1000 16 rabbit Cell Signaling and 

Witke-Laboratory [12] 

WB 



3 Materials and methods 

33 

 

  

phospho-

Cofilin1 (Ser3) 

1:1000 16 rabbit Cell Signaling WB 

PGC1α 1:1000 92 rabbit Rockland WB 

DRP1 1:1000 83 mouse BD Bioscience WB 

α-Tubulin 1:10 000 54 mouse Sigma-Aldrich WB 

MCU 1:1000 30 rabbit Cell Signaling WB 

Fis1 1:500 17 rabbit Enzo Life Science WB 

p62 1:1000 62 rabbit Cell Signaling WB 

Actin C4 clone 1:2000 42 mouse MP Biomedicals WB 

LC3B 1:1000 14-16 rabbit Cell Signaling WB 

Mfn2 1:1000 80 rabbit Cell Signaling WB 

TFAM 1:1000 28 rabbit Abcam WB 

Nrf-1 1:1000 68 rabbit Cell Signaling WB 

INF2 1:1000 180-

200 

rabbit Proteintech WB 

GFP 1:500 27 goat Rockland WB 

H2AX 1:2000 14 rabbit Novus Biologicals WB 

MAP2 1:100  mouse Abcam Immunocyto-

chemistry 

GFAP 1:100  mouse Cell Signaling Immunocyto-

chemistry 

phospho-DRP1 

(Ser616) 

1:1000 83 rabbit Cell Signaling WB 

phospho-DRP1 

(Ser637) 

1:1000 83 rabbit Cell Signaling WB 

Tim23 1:1000 23 mouse BD Transduction 

laboratories 

WB 
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Table 27. Secondary antibodies 

Antibody Dilution Host Company Purpose 

Peroxidase-

labeled 

anti-goat 

IgG (H+L) 

1:2500 horse Vector laboratories WB 

Peroxidase-

labeled 

anti-mouse 

IgG (H+L) 

1:3000 horse Vector laboratories WB 

Peroxidase-

labeled 

anti-rabbit 

IgG (H+L) 

1:2500 goat Vector laboratories WB 

Anti-mouse 

IgG (H+L) 

Dylight™ 

650 

1:200 goat Thermo Scientific Immunocytochemistry 

Anti-rabbit 

IgG (H+L) 

Dylight™ 

488 

1:200 goat Thermo Scientific Immunocytochemistry 

 

3.6.6 Immunoprecipitation 

Immunoprecipitation was performed to investigate protein-protein-interactions. To achieve 

sufficient pulldown quantity of the protein of interest, Dynabeads™ Protein A for 

Immunoprecipitation (Invitrogen, Karlsruhe, Germany) were used according to the 

manufacturer’s protocol. In brief, magnetic Dynabeads were coupled to 2.5 µg of the primary 

antibody diluted in 200 µL 1xPBS/0.1 % Tween20 by incubation on a rotator at room 

temperature for 30 minutes. Afterwards, the Dynabead-antibody complex was washed once 

with PBS/Tween20 by restraining the tube on a magnet following resuspension of the 

magnetic beads in 6 mg Crosslinker BS³ (Thermo Fisher Scientific, Darmstadt, Germany) 

diluted in 250 mL aqua bidest. 750 µL PBS/Tween20 was added prior to rotation for 
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30 minutes at room temperature to fix the crosslinked beads with the antibody. 

Subsequently, the fixed complex was washed one with PBS/Tween20 and 1 mL of 30 mM 

Tris-HCl, pH 7.4 solution was added for 15 minutes. Then, 250 µg of protein sample diluted 

in 600 µL protein lysis buffer (Table 14) was added to the Dynabead-antibody-complex and 

incubated over night at 4 °C on a rotator. On the next day, the complex was washed three 

times with PBS and finally the proteins were eluted by boiling the sample with 50 µL of 2.5x 

SDS sample buffer (Table 20) for 10 minutes at 95 °C. The antigens were visualized by 

primary and secondary antibody detection after SDS-PAGE and wet blot procedure via 

chemiluminescence with Chemidoc software (Bio-Rad, Germany). 

3.6.7 Mitochondrial isolation 

Table 28. Mitochondrial isolation buffer, pH 7.2, 4 °C [147] 

 

Mitochondrial isolation of freshly dissected cortical or hippocampal brain tissue (~50 mg) 

was performed as previously described [147]. Briefly, the tissue was charged with 2 mL 

mitochondrial isolation buffer (Table 28) and roughly homogenized with a 20G Neoject 

needle (Dispomed, Gelnhausen, Germany) and then sieved through a 100 µm nylon cell 

strainer (Corning Incorporated, Corning, NY, USA). To homogenize the tissue efficiently and 

extract mitochondria from the cell structure thoroughly, a cell homogenizer (Isobiotec, 

Heidelberg, Germany) with appropriate 1 mL gas-tight syringes (Supelco, Munich, 

Germany) were used and restrained into a device to ensure constant rate of 700 µL/min. The 

cell homogenizer contains a spherical tungsten carbide ball with a clearance of 10 µm to 

decompose the tissue but simultaneously maintain the integrity of mitochondria. The cell 

homogenate was transferred into 1.5 mL tubes and centrifuged at 800 x g for 10 min at 4 °C 

to remove cell debris. Afterwards, the supernatant was transferred into a fresh tube and 

centrifuged at 10 000 x g, again for 10 min at 4°C (Heraeus™ Fresco™ 17 Mikrozentrifuge; 

Thermo Fisher Scientific, Darmstadt, Germany). The resulting pellet consists of a crude 

Substance Final concentration Weight 

Sucrose 300 mM 102.8 g 

TES 5 mM 1.146 g 

EGTA 200 µM 76 mg 

Bidest. H20   add 1 L 

KOH q.s. for pH adjustment   
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mitochondrial fraction, which was finally resuspended in MSHE-BSA buffer (Table 29). All 

steps were performed on ice or at 4 °C. Pierce™ BCA Kit was used to determine the protein 

amount of the mitochondrial fraction.  

Table 29. MSHE-BSA buffer, pH 7.2 

Substance Final concentration Weight 

Sucrose 70 mM 24 g 

Mannitol  210 mM 38.26 g 

HEPES 5 mM 1.19 g 

EGTA  1 mM 0.38 g 

BSA (freshly added) 0.5 % (w/v) 5 g 

Bidest. H2O   ad 1 L 

KOH q.s. for pH adjustment ad 1 L H2O 

 

Table 30. 1xMitochondrial Assay Solution (1xMAS), pH 7.2 

Substance Final concentration Weight 

Sucrose 70 mM 24 g 

Mannitol 220 mM 40.08 g 

KH2PO4 10 mM 1.36 g 

MgCl2 5 mM 0.476 g 

HEPES 2 mM 0.476 g 

EGTA  1 mM 0.380 g 

BSA (freshly added) 0.20 % (w/v) 2 g 

Bidest. H2O   ad 1 L 

KOH q.s. for pH adjustment  

 

3.7 DNA/RNA analysis 

3.7.1 RNA sample preparation for RT-PCR 

For semi-quantitative reverse transcription PCR, mRNA was isolated by using InviTrap Spin 

Universal RNA Mini Kit (Stratec Biomedical, Birkenfeld, Germany). For each well of a 6-well 

plate, 350 µL lysis buffer was prepared with 1 % β-mercaptoethanol and the RNA isolation 

kit was used according to the manufacturer’s protocol. The resulting RNA was eluted with 
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40 µL of elution buffer and stored on ice, until further handling and determination of RNA 

amounts.  

All primers were obtained from EurofinsGenomics (Ebersberg, Germany) and the following 

sequences were used for amplification: 

Table 31. Primers for RT-PCR 

Primer  Sequence Amplicon size 

Gapdh forward 5′-CGTCTTCACCACCATGGAGAAGGC-3′ 399 bp 

 reverse 5′-AAGGCCATGCCAGTGAGCTTCCC-3′  

Cofilin1 forward 5’-GCCAACTTCTAACCACAATAG-3’ 146b p 

 reverse 5’-CCTTACTGGTCCTGCTTCC-3’  

DRP1 Forward 5’-

ACAGGAGAAGAAAATGGAGTTTGAAGCAG-’3 

860 bp 

 Reverse 5’-AACAAATCCTAGCACCACGCAT-3’  

 

Table 32. PCR program DRP1 

Steps Temperature Duration Cycles 

Initial 

denaturation 

95 °C 1 min  

Reverse 

transcription (RT) 

60 °C 30 min  

RT inactivation 95 °C 2 min  

Denaturation 95 °C 30 sec 26x 

Annealing 57 °C 1 min  

Extension 70 °C 2 min  

Final extension 70 °C 10 min  

Soak/cooling 4 °C ∞  

 

Table 33. PCR program cofilin1 

Steps Temperature Duration Cycles 

Initial 

denaturation 

95 °C 1 min  
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Reverse 

transcription (RT) 

52 °C 30 min  

RT inactivation 95 °C 2 min  

Denaturation 95 °C 30 sec  

Annealing 52 °C 30 sec 25x 

Extension 68 °C 30 sec  

Final extension 68 °C 5 min  

Soak/cooling 4 °C ∞  

 

Table 34. PCR program GAPDH 

Steps Temperature Duration Cycles 

Reverse 

transcription (RT) 

55 °C 30 min  

RT inactivation 95 °C 2 min  

Denaturation 95 °C 30 sec  

Annealing 60 °C 30 sec 27x 

Extension 70 °C 1 min  

Final extension 70 °C 10 min  

Soak/cooling 4 °C ∞  

 

3.7.2 DNA extraction and genotype  

REDEextract-N-Amp Tissue PCR Kit-Sigma (Taufkirchen, Germany) 

PCR reaction: 

-6 µL REDExtract-N-Amp PCR Reaction Mix 

-2 µL Primer (composed of 0.5µL of each primer) 

-2 µL DNA 

 

Table 35. PCR primers for Cre-genotype determination 

Primer  Sequence Amplicon size 

Cre recombinase forward 5‘-GAACGCACTGATTTCGACCA-3‘ 200 bp 

 reverse 5‘-AACCAGCGTTTTCGTTCTGC-3‘  
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Mitochondria 

oIMR7338 

Forward 5‘- 

CTAGGCCACAGAATTGAAAGATCT-3‘ 

324 bp 

oIMR7339 Reverse 5‘- GTAGGTGGAAATTCTAGCATC 

ATCC-3‘ 

 

 

Table 36. PCR program Cre and internal control (Mito primer) 

Cre primer  Mito primer (internal control) 

Temperature Duration Cycles Temperature Duration Cycles 

95 °C 3 min  94 °C 1.5 min  

95 °C 45 sec  94 °C 30 sec  

58 °C 45 sec 35x 60 °C 1 min 35x 

72 °C 45 sec  72 °C 1 min  

72 °C 10 min  72 °C 2 min  

4 °C ∞  4 °C ∞  

 

3.7.3 RT-PCR and agarose gel electrophoresis 

DNA or RNA absorbance was measured at 260 nm by a spectrophotometric system using 

the NanoPhotometer™ (Implen, Munich, Germany). Afterwards, above specified RT-PCR 

components (Table 37) were carefully transferred into 0.2 mL PCR reaction tubes and the 

respective PCR program were run at T-personal thermocycler (Biometra GmbH, Göttingen, 

Germany).  

Table 37. RT-PCR components 

 

Substance Quantity 

2x reaction buffer  12.5 µL 

RNA sample 100-500 ng 

Forward primer 1 µL 

Reverse primer 1 µL 

SuperScript III enzyme 0.5 µL 

Nuclease-free water ad 25 µL 
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After amplification of the PCR product, 10 % 10x loading dye (Table 38) was added, mixed 

thoroughly and finally loaded onto a 1.5 % agarose gel stained with ethidium bromide. 

Additionally, GeneRuler 100 bp Plus DNA ladder (Thermo Fisher Scientific, Darmstadt, 

Germany) was used as a reference for PCR product size. Agarose gel electrophoresis was 

conducted at 80 V and illumination by Chemidoc-XRS Imaging system (Bio-Rad, Munich, 

Germany) was used for visualization of the respective PCR products. 

Table 38. 10x Loading dye 

Compound Quantity 

Tris base 60.57 mg 

40 % glycerol 20 mL 

EDTA 168.2 mg 

Orange G 0,25 % 125 mg 

Bidest H2O Ad 50 mL 

 

3.7.4 Quantitative PCR 

Two-step reverse transcription quantitative PCR (RT-qPCR) was performed with the 

StepOnePlus Real-Time PCR System (Fisher Scientific GmbH, Schwerte, Germany) in the lab 

of Prof. Marco Rust. mRNA was isolated with InviTrap Spin Universal RNA Mini Kit (Stratec 

Biomedical, Birkenfeld, Germany) from indicated cell types cultured in 6-well plates. The 

RNA amount was determined using a NanoPhotometer (Implen, Munich, Germany). To 

remove remaining genomic DNA, Turbo DNA-free Kit (Thermo Fisher Scientific, Darmstadt, 

Germany) was used according to the manufacturer’s protocol. 200 ng of purified RNA was 

applied for cDNA synthesis with iScript cDNA Synthesis Kit (Bio-Rad Laboratories, 

Hercules, CA, USA). The resulting cDNA was diluted 1:5 with aqua bidest, 4 µL of cDNA, 

appropriate amounts of iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, 

Hercules, CA, USA) and the respective primer pair were carefully transferred into a 

MicroAmp Fast Optical 96-well Reaction Plate (Thermo Fisher Scientific, Darmstadt, 

Germany). To avoid evaporation, the plate was tightly sealed with MicroAmp Optical 

Adhesive Film (Thermo Fisher Scientific, Darmstadt, Germany). Triplicates were used for 

each measurement and evaluated by double delta Cτ analysis by subtracting Cτ values of 

the housekeeping gene 18S from the gene of interest and subsequently calculating the ratio 



3 Materials and methods 

41 

between control and the favored experimental condition. mRNA expression fold change is 

shown as 2-∆∆Cτ. 

Table 39. cDNA synthesis 

Temperature Duration 

25 °C 5 min 

42 °C 30 min 

85 °C 5 min 

 

Table 40. RT-qPCR program 

Temperature Duration Cycles 

95 °C 10 min  

95 °C 15 sec 50x 

60 °C 1 min 50x 

95 °C 15 sec  

60 °C 1 min  

95 °C 15 sec  

 

3.7.5 PCR Primer 

Table 41. RT-qPCR primers 

Primer  Sequence 

PGC1α For 5’-ACTGACGGCCTAACTCCACCCA-3’ 

 Rev 5’-ACTCGGATTGCTCCGGCCCT-3’ 

TFAM For 5’-ATTCCGAAGTGTTTTTCCAGCA-3 

 Rev 5’-TCTGAAAGTTTTGCATCTGGGT-3’ 

Nrf-1 For 5’-AGCACGGAGTGACCCAAAC-3’ 

 Rev 5’-TGTACGTGGCTACATGGACCT-3’ 

Nrf-2 For 5’-TCCGCCAGCTACTCCAGGTTGG-3’ 

 Rev 5’-TGGGCCCTGATGAGGGGCAGTG-3’ 

18S For 5’-CTTAGAGGGACAAGTGGCG-3’ 

 Rev 5’-ACGCTGAGCCAGTCAGTGTA-3’ 

MCU For 5’-AAAGGAGCCAAAAAGTCACG-3’ 
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3.8 Calcium imaging 

3.8.1 Cytosolic calcium measurement 

Calcium imaging using acetoxy-methyl-ester Fura-2 (Fura-2 AM) is a reliable method to 

record spontaneous synchronized network activity of neuronal cultures as an alternative to 

measuring electrical activity by patch-clamp electrophysiology or field electrodes. Fura2-AM 

is a commonly used ratiometric and cell-permeant calcium indicator, which is intracellularly 

cleaved by esterases to the cell-impermeant acidic form Fura2. The accumulated dye is able 

to bind intracellular calcium, which changes its excitation peak from 340 nm to 380 nm. By 

calculating the ratio between both wavelengths, the signal is independent of the dye 

concentration, illumination intensity and photobleaching artifacts, optical path length or 

uneven distribution of the dye [42].  

Cells were seeded on poly-L-lysine coated coverslips (Ø 12 mm) and cultured as described 

above (Chapter 3.2.2 Primary mouse neurons) for 23-27 days. At the day of the 

measurement, NB+ Plus medium was replaced by HEPES-Ringer buffer (Table 42) for 1 hour 

at 37 °C. Afterwards, cells were incubated with 3 µM of Fura2-AM for 30 minutes and finally 

washed for another 30 minutes in HEPES-Ringer buffer in the humidified 37 °C incubator 

with a 5 % CO2 supply.  

For calcium imaging, a Leica DMI6000 inverted epifluorescence microscope (Leica, Wetzlar, 

Germany) was used equipped with a 20x/0.40 Leica HCX PL FLUOTAR objective. Images 

were acquired every 800 ms using a Leica DFC 360FX camera. 37 °C temperature was 

achieved using a heating unit and a suitable PeCon® Inkubator BL (PeCon® GmbH, Erbach, 

Germany). Eleven regions of interest (ROI) were selected and fluorescence intensities were 

quantified by Leica Application Suite software (Leica, Wetzlar, Germany). Data are 

presented as the Fura2-ratio of both recorded wavelengths (340/380 nm). 

 Rev 5’-AACGGCGTGAGTTACAAACA-3’ 

p62 For 5’-TGCTCTTCGGAAGTCAGCAA-3’ 

 Rev 5’-CCCGACTCCATCTGTTCCTC-3’ 

mtDNA For 5’-ACCGCGGTCATACGATTAAC-3’ 

 Rev 5’-CCCAGTTTGGGTCTTAGCTG-3’ 



3 Materials and methods 

43 

Table 42. HEPES-Ringer buffer, pH 7.4 

Substance Concentration 

NaCl 136.4 mM 

KCl 5.6 mM 

MgCl2 1 mM 

CaCl2 2.2 mM 

HEPES 10 mM 

Glucose 5 mM 

BSA (added at the day of measurement) 0.2% (w/v) 

 

3.8.2 Mitochondrial calcium measurement 

For evaluation of mitochondrial calcium uptake upon stimulation with either potassium 

chloride (KCl, 60 mM) or calcium chloride (CaCl2, 60 mM), MEF cells were grown for 

72 hours and primary cells were grown for eight to ten days in µ-Slide 8 well and transfected 

with mito-LAR GECO1.2 plasmid for 48 hours. Prior to the measurement, medium was 

replaced by 25 mM HEPES-buffered Hank’s Balanced Salt Solution (HBSS; Thermo Fisher 

Scientific, Darmstadt, Germany). Fluorescence intensities were acquired with Leica DMI6000 

inverted epifluorescence microscope (Leica, Wetzlar, Germany). 40x/0.60 Leica HCX PL 

FLUOTAR objective was used for magnification. Images were recorded every 1-2 sec at 37 °C 

using a Leica DFC 360FX camera. Time lapse recordings were processed with ImageJ 

software (National Institutes of Health, Bethesda, MD, USA) or by Leica Application Suite 

software (Leica, Wetzlar, Germany).  

3.9 Protein purification 

Cloning and mutagenesis 

Human cofilin1 was amplified by PCR using specific oligonucleotides (forward: 

5’-CATATGGCCTCCGGTGTG-3’, reverse: 5’-GGATCCTCACAAAGGCTTGCCCTC-3’) 

and cloned into the pET-15b vector (Novagen, Millipore, UK). By using site-directed 

mutagenesis, the cysteine residues of cofilin1 were changed into serine using complementary 

oligonucleotides harboring the nucleotide exchanges (Cys39Ser: forward: 

5’-GTGCTCTTCTCCCTGAGTG-3’, reverse: 5’-CACTCAGGGAGAAGAGCAC-3’; 

Cys139Ser: forward: 5’-CAAGCAAACTCCTACGAGGAG-3’, reverse: 

5’-CTCCTCGTAGGAGTTTGCTTG-3’; Cys147Ser: forward: 5’-GACCGCTCCACCCTGG-3’, 
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reverse: 5’-CCAGGGTGGAGCGGTC-3’) and the KOD Hot Start Mastermix (Merck, 

Darmstadt, Germany). The plasmids were confirmed by sequencing (Seqlab, Göttingen, 

Germany).  

Expression, purification and thermal stability 

The human cofilin1 WT and the mutant Cys139/147Ser were expressed as His-Tag fusion 

proteins in E. coli as described before [70]. The proteins were purified by immobilized metal 

affinity chromatography using the His Trap Kit from GE Healthcare Life Science, USA. 

Expression and purification efficiency were analyzed by SDS-PAGE using precast gels from 

BioRad, USA, and Coomassie staining. The thermal stability of the proteins was analyzed by 

recording the emission at 600 nm over time with increasing temperature from 20 °C to 70 °C 

(2 °C per 3 min) using the Shimadzu UV1800. 

To investigate direct actin-independent effects of recombinant cofilin1 protein on 

mitochondrial parameters, such as respiration, ROS production or the membrane potential, 

freshly isolated mitochondria from adult mouse cortex were prepared as previously 

described (Chapter 3.6.7 Mitochondrial isolation). Cofilin1 recombinant protein was 

either used in the native way, oxidized by 100 µM H2O2 incubation for 30 minutes, or 

reduced with 10 mM freshly dissolved dithiothreitol (DTT) for 30 minutes. The remaining 

elution buffer from the protein purification process was substituted by PBS using sephadex-

based PD MidiTrap G-25 columns (GE Healthcare, Chicago, USA). Afterwards, protein 

amount was determined by NanoPhotometer™ (Implen, Munich, Germany). 0.13-0.25 µg 

recombinant protein was used per µg mitochondrial protein and incubated for 

30 - 60 minutes at room temperature and another 10 minutes at 37 °C. The assays were 

performed as described in chapters 3.4.3 Seahorse measurement, 3.5.3 TMRE and 

3.5.4 MitoSOX. 

3.10 Actin-rod induction  

Actin-rod formation was induced by treating primary neurons (DIV6) plated on glass-

coverslips (Ø 12 mm) with ATP-depleting medium composed of 10 mM sodium azide 

(NaN3) and 6 mM 2-deoxy-D-glucose (2-DG) diluted in EBSS for 30 minutes at 37 °C as 

previously described [15, 115]. The actin-chromobody SNAP-tag plasmid (0.5 µg/well) was 

transfected two days prior to ATP depletion. SNAP-Cell® TMR Star (New England Biolabs, 

Ipswich, England) was incubated at a concentration of 1:3,000 for 24 hours the day prior to 
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the treatment. Afterwards, cells were washed once with PBS and fixed with 4% 

formaldehyde (Pierce™ diluted from 16 % Formaldehyde (w/v), Methanol-free; Thermo 

Fisher Scientific, Darmstadt, Germany). Subsequently, glass coverslips were fixed on 

precleaned microscope slides (MENZEL-Gläser, Braunschweig, Germany) with fluorescence 

mounting medium (Dako North America Inc., Carpinteria, USA). 

Images were obtained using an LSM 700 confocal microscope with a 63x/1.4 NA oil objective 

(Zeiss). A 488 nm laser was used for GFP constructs and a 555 nm laser for SNAP-Cell® TMR 

Star. Images were acquired of single cells showing expression of Actin Chromobody SNAP 

as well as Cre-GFP or IRES-GFP, respectively. Maximum intensity projections of 30 confocal 

slices (Z-stacks) per cell were calculated using FIJI (NIH, Bethesda, USA). After thresholding 

the images to a certain particle size of less than 10 µm [115] the number of spots with the 

highest fluorescence intensity (actin rods) was acquired by FIJI. 

3.11 Statistical analysis 

Presented data are shown as mean values with standard deviation (SD). The statistical 

analysis of the present data was performed using the one-way analysis of variance (ANOVA) 

followed by Scheffé’s- or Fisher’s LSD post-hoc test (for Western blot analysis) to correct for 

multiple comparison. Calculations were done using WinSTAT standard statistical software 

(R. Fitch Software, Bad Krozingen, Germany) or GraphPad Prism 8 (San Diego, USA). For 

comparison of two groups, the unpaired t-test was used. Data with p<0.05 (*); p<0.01 (**) or 

p<0.001 (***) were considered statistically significant different. 

Quantification and comparison of RNA or Western blot signals was realized by Image Lab 

4.0.1 Software (Bio-Rad, Munich, Germany). By using the rectangular tool, bands were 

specifically orbited and signal intensities were calculated by background subtraction as 

percent of the intensity of the respective band of a housekeeping gene or protein. 
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4 Results 

4.1 Effects of cofilin1 knockout on mitochondrial dynamics and function in 

MEF cells 

Mitochondrial dynamics is highly regulated by a multitude of mitochondrial shaping 

proteins, such as DRP1, Fis1, Mitofusion1/2 or OPA1, as previously reviewed [148]. Recently, 

actin dynamics emerged as an additional key factor for DRP1 recruitment to mitochondria, 

and therefore attains relevance in the regulation of mitochondrial dynamics [83]. In this 

regard, this study addressed the role of the actin-binding proteins cofilin1 and INF2 on 

mitochondrial dynamics. For this purpose, mouse embryonic fibroblasts (MEF) were used 

containing a floxed cofilin1 gene region (MEFflx/flx), which can be modulated by Cre 

recombinase. Cre is a bacterial protein, but upon transfection into mammalian cells and 

subsequent activation, it binds and cuts the floxed gene regions which results in specific 

deletions of these genetic areas. In the present experimental setup, Cre activation was 

induced by 1 µM 4-hydroxytamoxifen (TamOH) for 24 – 72 hours. Western blot analysis of 

protein lysates from permanent expressing Cre-MEFs (MEF MerCreMerflx/flx) revealed a 

robust knockdown after 48 hours after TamOH addition (Figure 9 A). In MEF cells, which 

only carry the floxed cofilin1-gene region, but no Cre enzyme, cofilin1 protein levels were 

unaltered after TamOH treatment (Figure 9 A). Both, cofilin1 and INF2 are essential 

regulators of actin dynamics. Hence, mutual regulation was studied by assessing INF2 

protein expression upon cofilin1 depletion. INF2 increased significantly upon cofilin1 

downregulation (Figure 9 B), underlining counteracting properties of both actin-binding 

proteins. 
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Figure 9. Cofilin1 knockout was achieved by 4-OH-tamoxifen (TamOH) treatment for 24 to 72 hours.  

A Cofilin1 levels were evaluated by Western blot analysis either in MEF MCMflx/flx cells or in MEFflx/flx cells 
after 24 - 72 hours of 1 µM 4-hydroxytamoxifen treatment. B In MEF MCMflx/flx cells or in MEFflx/flx cells INF2 
levels were analyzed after 1 µM TamOH treatment for the indicated time and subsequently quantified. 
(Mean + SD is shown of three replicates). Ctrl (control); TamOH (4-hydroxytamoxifen). *p<0.05 compared 
to Ctrl (ANOVA, Scheffé’s-test).  

4.1.1 Cofilin1 knockout leads to mitochondrial fragmentation via activation of DRP1 

In the current study, the role of the actin-binding proteins on mitochondrial dynamics was 

determined, since actin acts as a scaffold to recruit DRP1. Mitochondrial morphology was 

assessed after staining active mitochondria with MitoTracker® Deep Red and by following 

categorization: Category I-mitochondria represents a tubular and elongated phenotype, 

whereas mitochondria of category II are fragmented and visible as dot-like structures, but 

still distributed throughout the cytosol. Category III is fragmented and localized closely to 

the nucleus, indicating cell damage and imminent cell death. Quantification of mitochondrial 

morphology of MEF MCMflx/flx cells revealed a predominantly fragmented mitochondrial 

phenotype (the amount of category II mitochondria increased from ~33 % to ~75 %; Figure 

10 B) upon cofilin1 knockout induced by TamOH treatment. MEFflx/flx cells were used as a 

negative control to prove the specificity of this finding, as these cells do not show any 

tendency towards mitochondrial fragmentation upon TamOH treatment over the indicated 

time (Figure 10 C).  
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Figure 10. Mitochondrial morphology was influenced by cofilin1 knockout.  

A Changes in mitochondrial morphology were visualized after 24 – 72 hours of 4-hydroxytamoxifen 
treatment using MitoTracker® Deep Red. Scale bar 25 µm. B, C Three hundred cells per condition were 
counted and rated into three categories according to the mitochondrial appearance (Category 1: elongated; 
Category 2: intermediate; Category 3: fragmented) and quantified as percentage of counted cells (mean + SD 
of three experiments). Ctrl (control). ***p < 0.001 compared to Ctrl (ANOVA, Scheffé’s-test). 

Further addressing the crucial role of a loss of cofilin1 on mitochondrial fragmentation, a 

rescue experiment was performed in cofilin1-deficient MEFs with either the wildtype-

variant or alanin- or aspartate-mutants of serine residue 3. Accordingly, cells expressing the 

WT-cofilin1 protein exhibited a rescued mitochondrial phenotype comparable with cofilin1-

retaining control cells (Figure 11). The active alanin-mutant was also able to restore the 

tubular network of mitochondria, whereas eGFP expressing cells, or cells transfected with 

the inactive aspartate-mutant showed a fragmented mitochondrial morphology (Figure 11), 

already described before (Figure 9 and Figure 10). 
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Figure 11. Cofilin1 reexpression resulted in recovery of mitochondrial morphology.  

A Changes in mitochondrial morphology were visualized after 48 hours of 4-hydroxytamoxifen treatment 
and cofilin1-reexpression using MitoTracker® Deep Red. Scale bar 25 µm. B Three hundred cells per 
condition were counted and rated into three categories according to the mitochondrial appearance 
(Category 1: elongated; Category 2: intermediate; Category 3: fragmented) and quantified as percentage of 
counted cells (mean + SD of three experiments). Ctrl (control); Cfl1 (cofilin1); WT (wildtype); S3A 
(Ser3Alanin mutation); S3D (Ser3Aspartate mutation). ##p<0.01 compared to eGFP; **p<0.01 compared 
to Ctrl (ANOVA, Scheffé’s-test). 

Mitochondrial fragmentation is mostly attributed to the main fission-regulating protein 

dynamin-related protein 1 (DRP1). Therefore, DRP1 involvement was examined by 

addressing DRP1 mRNA levels, and the phosphorylation state of serine residue 616 and 637 

by Western blot, which influences DRP1 activity. DRP1 is active after phosphorylation of 

Ser616 alongside dephosphorylation at Ser637 [56]. Cofilin1 depletion resulted in increased 

DRP1 mRNA levels (Figure 12 A), although the upregulation was not significant due to high 

variation. The phosphorylation state of the two crucial serine residues of DRP1 underlined 

that the protein is activated upon cofilin1 knockout (Figure 12 B, C), emphasizing the 

hypotheses that DRP1 is involved in actin-dependent control of mitochondrial dynamics 

upon cofilin1 depletion.  
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Figure 12. DRP1 was activated upon cofilin1 depletion.  

A DRP1 mRNA level were evalutated by RT-PCR following visualization by ethidium bromide in an agarose 
gel in MEF MCMflx/flx and MEFflx/flx cells after 4-hydroxytamoxifen treatment. Three experiments were 
quantified (mean + SD). B DRP1 activation was examined by Western blot analysis of serine residue 637 and 
C serine residue 616 of DRP1 protein after cofilin1 knockdown by 4-hydroxytamoxifen in MEF MCMflx/flx 
cells.  

To link mitochondrial fragmentation after cofilin1 knockout to the increased DRP1 activity, 

the influence of DRP1siRNA was investigated in this experimental setup. The efficiency of 

the siRNA was evaluated by Western blot analysis (Figure 13 C) and afterwards applied to 

MEF MCMflx/flx cells preincubated with TamOH. The mitochondrial morphology was 

analyzed after Mitotracker® Deep Red staining as previously described in this chapter. 

Silencing of DRP1 increased the number of category I-mitochondria significantly from 35 % 

to 68 % (Figure 13 B) in cofilin1-knockout MEFs underlining that DRP1 is the crucial 

mediator of actin-dependent mitochondrial fragmentation. 
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Figure 13. DRP1 silencing rescued mitochondrial fragmentation in cofilin1 knockout cells.  

A Changes in mitochondrial morphology were visualized after 48 hours of 4-hydroxytamoxifen treatment 
and DRP1-silencing with siRNA using MitoTracker® Deep Red. Scale bar 25 µm. B Three hundred cells per 
condition were counted and rated into three categories according to the mitochondrial appearance 
(Category 1: elongated; Category 2: intermediate; Category 3: fragmented) and quantified as percentage of 
counted cells (mean + SD of three experiments). #p<0.05 compared to Ctrl; *p<0.05 compared to scrsiRNA 
transfection (ANOVA Scheffé’s-test). C DRP1 downregulation was confirmed by Western blot analysis of 
MEF MCMflx/flx cells 48 hours after siRNA transfection. Ctrl (control); scrsi (scrambled siRNA); DRPsi (DRP1 
siRNA); TamOH (4-hydroxytamoxifen).  

4.1.2 Mitochondrial function is not impaired upon cofilin1 depletion 

Mitochondrial fragmentation represents a prerequisite for cellular damage and subsequent 

cell death. However, in the recent study it is demonstrated that enhanced mitochondrial 

fragmentation due to altered actin dynamics is not accompanied by impaired mitochondrial 

function or cell death (Figure 14 and Figure 15). To address mitochondrial function, 

metabolic parameters were determined using a Seahorse XFe96 Analyzer. Here, the oxygen 

consumption rate (OCR), an indicator of mitochondrial respiration and the extracellular 

acidification rate (ECAR), representing the glycolysis rate, were measured simultaneously. 

The determined OCR of control MEFs and cofilin1-/- MEFs showed similar values, indicating 

that mitochondrial respiration was not impaired upon alterations in the mitochondrial 

phenotype (Figure 14 A). According to this finding, cofilin1-/- MEFs are able to cover their 
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energy demand by oxidative phosphorylation (OXPHOS) and do not rely on glycolysis 

(Figure 14 B).  
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Figure 14. Mitochondrial function was not impacted by cofilin1 depletion.  

A A representative seahorse measurement of control and cofilin1 knockdown MEF MCMflx/flx (TamOH 
treatment for 48 hours) cells was performed and the oxygen consumption rate (OCR) and B the extracellular 
acidification rate (ECAR) is shown. Four injections were necessary to metabolically perturb the respiration 
of cells: Oligo (oligomycin); FCCP (Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone); AA 
(antimycin A); Rot (rotenone); 2-DG (2-deoxy-D-glucose). Mean values ± SD of n=6-8 replicates are 
presented. C Superoxides produced by mitochondria were investigated by flow cytometry and MitoSOX 
staining. Three replicates per condition are shown (mean + SD; 3,000 cells per replicate). D The 
mitochondrial membrane potential was evaluated by application of the fluorescent dye TMRE and following 
analysis via flow cytometry. Three replicates per condition are shown (mean + SD; 5,000 cells per replicate). 
E ATP levels were quantified by luminescence-based measurement and one representative measurement 
with n=8 replicates is shown (mean + SD). *p<0.05 compared to Ctrl; ns (not significant) (unpaired t-test). 

Mitochondrial reactive oxygen species (ROS) are predominantly generated under 

pathological conditions and cellular disbalance, e.g. upon cell damage induced by glutamate 

or erastin. In these conditions, mitochondrial fragmentation is considered as a hallmark of 

the cell death cascade, involving mitochondrial ROS generation as a stress response to 

cellular ROS and lipid peroxidation. Here, mitochondrial ROS formation was investigated 

in cofilin1-/- MEFs to address, whether enhanced mitochondrial fragmentation implicitly 

induces mitochondrial ROS accumulation. These presented data substantiate, that the 

MitoSOX signal was not increased upon cofilin1 depletion in MEF cells (Figure 14 C). The 
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mitochondrial membrane potential was also examined to analyze potential mitochondrial 

impairment in cofilin1-/- cells. Surprisingly, the TMRE signal of cofilin1-deficient MEFs was 

slightly elevated compared to control cells (Figure 14 D). In accordance with the unaltered 

mitochondrial OCR data, ATP level were also unchanged in MEFs that lack the actin-binding 

protein cofilin1 (Figure 14 E).  

In line with the maintained mitochondrial function in cofilin1-/- MEFs, FACS-based 

AnnexinV/PI measurements revealed constant ratios of early apoptotic or late necrotic 

features in the cofilin1-knockout MEFs compared to control cells (Figure 15), indicating that 

neither mitochondrial function nor cell death is affected upon cofilin1 deletion. To further 

evaluate the impact of cofilin1 knockout on cellular resilience upon erastin or glutamate 

exposure in MEF cells, the number of dead cells was quantified accordingly. Cofilin1 

depletion in MEF cells had no impact on cellular resistance in these model systems.  

 

Figure 15. Cofilin1 knockout was not accompanied by enhanced cell death.  

A AnnexinV (AV) and propidium iodide (PI) were used to visualize the amount of early apoptotic and late 
necrotic cells. Each bar represents the sum of AV and AV/PI positive cells (lower and upper right corner of 
the dot plot). 0.5 µM erastin or 5 mM glutamate was applied to induce cell death. B Representative dot plots 
exemplify the distribution of AV positive (lower right corner) or AV/PI positive (upper right corner) cells. 
Three replicates per condition are shown (mean + SD; 5,000 cells). ###p<0.001 (ANOVA; Scheffè’s-test). 

An altered mitochondrial phenotype requires not only an investigation of mitochondrial 

shaping proteins, but also of mitochondrial biogenesis markers and mitochondrial DNA 

(mtDNA) content representative for the mitochondrial mass. Therefore, the most important 
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mitochondrial biogenesis marker were assessed by qRT-PCR. Mitochondrial DNA was 

increased in cofilin1-knockout cells, suggesting an increased mitochondrial mass (Figure 

16 A). In line with increased mtDNA, the mRNA of the nuclear respiratory factor 1 (Nrf-1), a 

key transcription factor for of mitochondrial DNA replication [169], was also significantly 

upregulated (Figure 16 D). Furthermore, the mRNA of the main mitochondrial biogenesis 

marker PGC1α was significantly elevated (Figure 16 F). The mRNA of the other proteins, 

such as p62, the mitochondrial transcription factor A (TFAM) and nuclear factor erythroid-2 

related factor 2 (Nrf-2) remained unaffected by cofilin1 depletion (Figure 16). 

✱✱✱
✱✱

✱

 

Figure 16. Proteins with impact on mitochondrial shape and biogenesis were evaluated by qRT-PCR of 

control and cofilin1-/- MEF MCMflx/flx cells.  

A Relative mtDNA levels comparative to the reference gene 18S were quantified and the control cells were 
normalized to 1.0. B Relative p62 mRNA levels normalized to 18S were quantified. C Relative TFAM mRNA 
levels normalized to 18S were quantified. D Relative Nrf-1 mRNA levels normalized to 18S were quantified. 
E Relative Nrf-2 mRNA levels normalized to 18S were quantified. F Relative PGC1α mRNA levels 
normalized to 18S were quantified. Values are given as mean + SD of n=3 replicates). ns= not significant; 
*p<0.05 compared to Ctrl; **p<0.01 compared to Ctrl; ***p<0.001 compared to Ctrl (unpaired t-test). 

4.1.3 Cofilin1 knockout impacts mitochondrial Ca2+ levels 

Previous studies demonstrate a role for INF2-mediated actin polymerization on ER-

mitochondrial contacts impacting ER-mitochondrial Ca2+ transfer [24]. Thus, mitochondrial 

Ca2+ might also be influenced by altered actin dynamics due to a cofilin1-knockout. Here, the 

positively charged, cell-permeable, mitochondrial-specific Rhod-2 tetra-acetoxymethyester 
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(AM) dye was used to investigate basal mitochondrial Ca2+ levels in control MEFs and 

cofilin1-/- cells. Following flow cytometry analysis, cofilin1-/- MEFs (42 %) showed a higher 

basal signal of the Ca2+ indicator Rhod-2 AM than control MEFs (24 %) (Figure 17). This 

tendency was not observable in cells that lack the Cre recombinase, suggesting specific 

effects of cofilin1 knockout. 

 

Figure 17. Basal mitochondrial Ca2+ levels increased upon cofilin1 depletion.  

A The mitochondrial specific Ca2+ indicator Rhod-2 AM was added to the cells and subsequent flow 
cytometric measurement was performed with MEF MCMflx/flx cells and MEFflx/flx cells after TamOH treatment 
for 48 hours. Three replicates are shown (mean + SD). *p<0.05 (unpaired t-test). B Representative blots 
exemplify the intensity of red fluorescent cells. Ctrl (control); TamOH (4-hydroxytamoxifen). 

Acute mitochondrial Ca2+ transients can be specifically measured by a mitochondrial-

targeted red-fluorescent Ca2+ indicator mito-LAR GECO1.2 [179]. The mitochondrial 

localization of the indicator is demonstrated in Figure 18, as the signal of the Ca2+ indicator 

and mito-GFP perfectly overlap (Figure 18 C). Time lapse imaging of the mito-LAR GECO1.2 

signal upon CaCl2 stimulation revealed an attenuated mitochondrial Ca2+ uptake in 

cofilin1-/- MEFs compared to control cells (Figure 18 D). 
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Figure 18. Mito-LAR GECO1.2 colocalized with the mitochondrial-specific GFP signal and revealed 

lower acute mitochondrial Ca2+ uptake in cofilin1-/- MEFs.  

A The low-affinity mitochondrial Ca2+ indicator mito-LAR GECO1.2 was transfected in MEF MCMflx/flx cells 
and the expression pattern was visualized 48 hours later at an inverted epifluorescence microscope (40 x 
magnification). B Mitochondrial-targeted GFP was transfected for 48 hours and visualized accordingly. 
C The colocalization of mito-LAR GECO1.2 and mitochondria was quantified by intensity course over a 
certain distance (yellow line). D Control MEFs and cofilin1-/- MEFs were transfected with mito-LAR 
GECO1.2 plasmid and 48 hours later fluorescent intensity was recorded for 130 seconds. After 15 seconds, 
60 mM CaCl2 was applied to induce calcium uptake into mitochondria.  

4.1.4 Mitochondrial calcium uniporter (MCU) expression alters in cofilin1 knockout cells 

The inner mitochondrial membrane-located mitochondrial calcium uniporter was identified 

as the most important regulator of Ca2+ homeostasis between mitochondria and the cytosol. 

The MCU emerged as a pore-forming complex with several regulatory subunits. In 

cofilin1-/- cells, MCU protein abundance was significantly elevated, whereas in control cells 

(MEFflx/flx) MCU levels were unaltered (Figure 19 A, B). In contrast, the analyzed protein 

levels of the regulatory subunits MCUR1, MICU1 and MICU2 were unchanged (Figure 19 B, 

C, D).  
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Figure 19. Mitochondrial calcium uniporter expression increased upon cofilin1 depletion.  

A Western blot analysis of MCU expression was evaluated in MEF MCMflx/flx and MEFflx/flx cells upon 1 µM 
TamOH treatment for the indicated time period. The bar graph represents values from three experiments 
(mean + SD). B Western blot analysis of MCUR1 expression was evaluated in MEF MCMflx/flx either untreated 
or treated for 48 hours with 1 µM TamOH. The bar graph represents values from five experiments (mean + 
SD). C Western blot analysis of MICU1 expression was evaluated in MEF MCMflx/flx either untreated or 
treated for 48 hours with 1 µM TamOH. The bar graph represents values from three experiments (mean + 
SD). D Western blot analysis of MICU2 expression was evaluated in MEF MCMflx/flx either untreated or 
treated for 48 hours with 1 µM TamOH. The bar graph represents values from five experiments (mean + 
SD). Ctrl (control); TamOH (4-hydroxytamoxifen). ns= not significant; p<0.05 compared to Ctrl (unpaired t-
test). 

4.1.5 Autophagic flux is not altered in cofilin knockout MEFs 

Autophagy is considered the main mechanism to remove dysfunctional or misfolded cellular 

proteins and organelles. In the past, the actin cytoskeleton was uncovered as an important 

regulator on autophagosome formation [1]. Therefore, putative impacts of cofilin1 knockout 

on autophagy were examined by Western blot analysis of the major autophagy protein LC3B. 

Upon autophagy induction by bafilomycin A, LC3B-I and II levels were evaluated in MEF 

MCMflx/flx cells with or without TamOH induction. The results of the Western blot analysis 

and subsequent quantification suggest that cofilin1 knockout exerted no effect on the 

induction of autophagosomal proteins (Figure 20 A, B), indicating that despite alterations at 
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the level of actin regulatory proteins, actin dynamics is still functional with regard to 

autophagosome formation.  

 

Figure 20. Autophagy regulation was independent of cofilin1 depletion.  

A MEF MCMflx/flx were either used untreated or pretreated with 1 µM TamOH for 48 hours to induce cofilin1 
knockout. Afterwards, bafilomycin A1 was added at a concentration of 10 nM for the indicated time. 
Western blot analysis was performed to evaluate LC3B I and LC3B-II level upon bafilomycin A1 treatment. 
B Quantification of LC3B-II was calculated from three experiments and presented as mean + SD. ns = not 
significant (ANOVA, LSD-test). Ctrl (control); Cfl1 (Cofilin1); Bafilo (Bafilomycin A1). 

 

4.2 Oxidative cell death in HT22 cells 

4.2.1 Cofilin1 depletion prevents oxidative stress-induced cell death 

The small molecule erastin and the neurotransmitter glutamate are inducers of oxidative cell 

death in neuronal HT22 cells by inhibiting the Xc--glutamate-cystine antiporter (Figure 3). 

Cells undergo cell death upon treatment with 0.2 – 1 µM erastin or 2 – 10 mM glutamate 

within less than 16 hours of exposure. These cells show characteristic features of cellular 

damage, such as a shrunken cell morphology as well as detachment from the surface of the 

cell culture plate, whereas healthy cells exhibit an even cellular network and a stretched 

morphology (Figure 21).  
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Figure 21. HT22 cells exhibited characteristic morphological features of cell death upon erastin or 

glutamate treatment.  

A HT22 cells were plated into 8 well µ-slide and the cellular shape was investigated by brightfield 
microscopy 16 hours after challenging the cells with erastin or glutamate. Scale bar 25 µm. 

Cofilin1 is among other actin-binding proteins one of the most important actin 

depolymerizing proteins. The activity of cofilin1 either to bind F-actin or to attain activity for 

translocation to mitochondria in terms of cell death transmission is regulated by the 

phosphorylation state of serine residue 3 [13]. Phosphatases, such as slingshot, chronophin 

or protein phosphatase 1/2A (PP1/2A) are able to dephosphorylate cofilin1 resulting in an 

activation of the protein, whereas phosphorylation is mediated by LIM domain kinase 1 and 

2 (LIMK1, 2), and Testis-specific kinases 1 and 2 (TESK1, 2) causing its inactivation. Here, the 

activity status of cofilin1 upon cell death induction by erastin or glutamate was examined by 

Western blot analysis of serine residue 3. Interestingly, between 8 and 14 hours of erastin or 

glutamate exposure, cofilin1 is significantly dephosphorylated and thereby activated during 

oxytosis or ferroptosis (Figure 22 A, B).  
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Figure 22. Cofilin1 was activated via dephosphorylation at serine residue 3 after erastin- or glutamate 

treatment.  

A HT22 cells were challenged with 1 µM erastin for the indicated time and afterwards phosphorylated 
cofilin1 was analyzed via Western blot. Three blots were quantified (mean + SD). B Accordingly, HT22 cells 
were treated with 10 mM glutamate for the specified time period and quantified from three independent 
blots. (mean + SD). Ctrl (control), pCof (phosphorylated cofilin1-serine 3), Cof (cofilin1). **p<0.01 compared 
to Ctrl (unpaired t-test). 

To further analyze effects of cofilin1 in model systems of oxidative stress-induced cell death 

in neuronal HT22 cells, a loss-of-function approach was used by transfecting a specific 

cofilin1 siRNA. The knockdown was evaluated by Western blot analysis and additionally 

confirmed by RT-PCR (Figure 23 A, B). In order to investigate the impact of cofilin1 on critical 

features of the cell death cascade upstream of mitochondria, oxidation of lipids and 

membranes were evaluated by BODIPY staining and following flow cytometry. This 

measurement revealed an increase of lipid peroxidation after 9 hours of erastin or glutamate 

exposure, which was unaffected by cofilin1 silencing (Figure 23 C). In line with this, cytosolic 

reactive oxygen species were elevated in control cells, as well as in cofilin1-knockdown cells 

after erastin or glutamate challenge (Figure 23 D). 
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Figure 23. Knockdown of cofilin1 with a specific siRNA had no impact on lipid peroxidation and soluble 

ROS formation.  

A 15 nM cofilin1 siRNA was incubated for 48 h and subsequently protein levels were evaluated by Western 
blot. Tubulin was used as a loading control for total protein amount. B Cofilin1 mRNA level were assessed 
by RT-PCR 48 h after siRNA transfection. Gapdh was used as an internal control. C Lipid peroxidation was 
determined 9 h after challenging the cells with 0.5 µM erastin or 5 mM glutamate with BODIPY 
fluorescencent dye and subsequent FACS measurement. D The amount of soluble ROS was measured after 
0.8 µM erastin or 7 mM glutamate treatment for 10 h following DCF staining and FACS analysis. Data are 
given as mean + SD; 5,000 cells per replicate of n=3 replicates. Ctrl (control); scrsi (scrambled siRNA); Cfl1si 
(cofilin1 siRNA), ###p<0.001 compared to untreated ctrl; ns = not significant; *p<0.05 compared to erastin- 
or glutamate-treated Ctrl (ANOVA, Scheffé’s-test). 

4.2.2 Cofilin1 silencing rescues mitochondrial function upon glutamate- or erastin 

treatment 

In order to characterize cofilin1’s precise point of action, mitochondrial parameters of 

erastin- or glutamate treated HT22 cells were analyzed after cofilin1 knockdown. 

Interestingly, cofilin1 knockdown entirely prevented mitochondrial ROS production in 

HT22 cells challenged with erastin or glutamate, whereas in control cells or in cells 

transfected with an unspecific siRNA, MitoSOX fluorescence exceeded 60 % of the gated 

signal (Figure 24 A, B). Mitochondrial Ca2+ overload is considered as one of the major 

detrimental steps in the cell death cascade upon oxidative stress induction. Therefore, Rhod-

2 AM fluorescent Ca2+ indicator was used to specifically monitor mitochondrial Ca2+ levels 

upon glutamate or erastin treatment. These results suggested, that cofilin1 silencing is 
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capable to reduce mitochondrial Ca2+ overload to a certain extent (erastin: scrsi 86 % vs. 

cofilin1si 68 %; glutamate: scrsi 68 % vs. cofilin1si 39%), indicating that cofilin1 plays a role 

in Ca2+-dependent cell death transmission upstream of mitochondria.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Detrimental mitochondrial ROS accumulation was abolished and mitochondrial Ca2+ overload 

was attenuated in cofilin1 knockout cells upon erastin or glutamate treatment.  

A Mitochondrial ROS accumulation was measured by MitoSOX staining and FACS analysis after 16 hours 
treatment with 0.5 µM erastin 4 mM glutamate. Beforehand, cofilin1siRNA was incubated for 30 hours. Data 
are presented as mean + SD; 5,000 cells per replicate of n=3 replicates. B Representative images from the 
MitoSOX measurement are provided. C Rhod-2 acetoxymethyl ester (Rhod-2 AM) was used to specifically 
measure mitochondrial Ca2+ level after 16-hours treatment with 0.8 µM erastin or 8 mM glutamate. Values 
are projected as mean + SD; 5,000 cells per replicate of n=3 replicates. D Representative histograms from the 
Rhod-2 AM measurement are provided. Ctrl (control); scrsi (scrambled siRNA); Cfl1si (cofilin1 siRNA), 
#p<0.05 and ###p<0.001 compared to untreated ctrl, *p<0.05 compared to erastin- or glutamate-treated ctrl, 
***p<0.001 compared to erastin- or glutamate-treated ctrl (ANOVA, Scheffé’s-test). 
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The mitochondrial membrane potential (∆Ψm) is considered as one of the major factors 

defining the vitality and functional capability of these organelles. Sustained changes of the 

∆Ψm are deleterious to a cell, since oxidative phosphorylation (OXPHOS) is derogated and 

the required clearance of defective mitochondria is impaired [189]. To evaluate the impact of 

cofilin1 depletion on this important mitochondrial parameter, ∆Ψm was evaluated by the 

fluorescence indicator TMRE. Considerably, the ∆Ψm was extensively preserved in cofilin1-

knockdown HT22 cells after erastin or glutamate exposure compared to the control 

conditions (Ctrl; scrsiRNA) (Figure 25).  
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Figure 25. Mitochondrial membrane potential was preserved in cofilin1 knockout cells upon erastin or 

glutamate challenge.  

A The mitochondrial membrane potential was evaluated by an appropriate cell permeant, positively-
charged TMRE dye and following FACS analysis after 16 hours treatment with 1 µM erastin or 10 mM 
glutamate. Beforehand, cofilin1siRNA was incubated for 30 hours (mean + SD; 5,000 cells per replicate of 
n=3 replicates). B Representative histograms from the TMRE measurement are provided. The light grey 
curves show the untreated control condition, whereas the dark grey parts represent the left shifted TMRE 
fluorescence after erastin or glutamate treatment, or addition of the uncoupler FCCP. Ctrl (control); scrsi 
(scrambled siRNA); Cfl1si (cofilin1 siRNA), ###p<0.001 compared to untreated ctrl, ***p<0.001 compared to 
erastin- or glutamate-treated ctrl (ANOVA, Scheffé’s-test). 

The transmembrane potential generated by the proton gradient is directly harnessed to 

generate ATP [189]. As such, OXPHOS function is dependent on intact ∆Ψm. Thus, the 

question arises how erastin and glutamate affect the mitochondrial respiration in control and 

cofilin1-silenced HT22 cells. The Seahorse XFe Analyzer was used to measure the oxygen 

consumption rate (OCR), representing mitochondrial respiration, and the extracellular 

acidification rate (ECAR), an indicator of glycolysis, simultaneously. After 9 hours of erastin 
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or glutamate exposure, control cells showed a decline of OCR and ECAR, suggesting that 

there is almost no energy production in these cells. Surprisingly, cofilin1siRNA transfected 

cells are also impaired in their mitochondrial respiration under basal conditions and after 

erastin or glutamate treatment (Figure 26 A, C), but the rate of glycolysis was largely 

preserved (Figure 26 B, D).  

 

Figure 26. Cofilin1 knockdown preserved cellular ECAR in models of oxidative stress, whereas 

mitochondrial respiration was impaired.  

Cofilin1siRNA was transfected for 48 hours. Afterwards, cells were damaged for 9 hours with 0.5 µM erastin 
or 7 mM glutamate. A, C Afterwards, the oxygen consumption rate (OCR) and B, D the extracellular 
acidification rate (ECAR) were determined by a Seahorse XFe96 Analyzer. Data of 3-6 replicates per 
condition are shown as mean ± SD. Oligo (oligomycin); FCCP (carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone); AA (antimycin A) Rot (rotenone); 2-DG (2-deoxy-D-glucose). Ctrl 
(control); scrsi (scrambled siRNA); Cfl1si (cofilin1 siRNA). 

In addition to OCR and ECAR measurements, ATP levels were determined. To this end, 

HT22 cells were challenged with erastin or glutamate for 9 hours and following 

luminescence-based measurements of ATP levels. This revealed a significant decline of ATP 

production upon erastin or glutamate exposure under control conditions. However, in 

cofilin1-knockdown cells, ATP production was significantly preserved (Figure 27 A), 

underlining functional glycolysis despite loss of mitochondrial respiration. In this regard, 
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correlation between OCR and ECAR illustrates the metabolic potential of the cells, measured 

under baseline and stressed conditions by FCCP injection (Figure 27 B).  
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Figure 27. ATP levels were preserved upon cofilin1 knockdown in models of oxidative stress.  

A Cofilin1 knockdown was achieved by siRNA incubation for 48 hours. Afterwards, cells were challenged 
for 8 hours with 0.7 µM erastin or 7 mM glutamate. Finally, ATP content was measured by luminescence-
based measurement. Values are shown as mean + SD (n=8). Ctrl (control); scrsi (scrambled siRNA); Cfl1si 
(cofilin1 siRNA), ###p<0.001 compared to untreated ctrl, ***p<0.001 compared to erastin- or glutamate-
treated ctrl (ANOVA, Scheffé’s-test). B XF Cell Energy Phenotype Profile represents the metabolic potential 
of cells under basal and under stress conditions, e.g. after FCCP injection during the seahorse measurement.  

Especially after glutamate or erastin treatment, metabolic bioenergetics underwent a mostly 

quiescent state in control conditions, whereas cells deficient for cofilin1 exhibited a 

considerably higher metabolic potential, indicating a functional energy production during 

oxidative stress (Figure 28). Of note, under control conditions, cofilin1 knockdown itself 

impaired the metabolic potential to a great extent (Figure 28; Yellow box).  
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Figure 28. Metabolic profile of cofilin1 silenced HT22 cells under basal and under stress conditions.  

A, B The cell energy phenotype correlates the OCR and the ECAR of the cells at basal conditions (open dot) 
measured before the first compound was injected by the system and after FCCP injection, representing a 
stressed phenotype (filled dot). The displayed metabolic potential (dashed line) represents the capacity to 
meet the required energy demand under conditions of stress. Ctrl (control); scrsi (scrambled siRNA); Cfl1si 
(cofilin1 siRNA). 

To further investigate the mechanism by which cofilin1-knockdown cells switch to glycolysis 

under conditions of cellular damage, major glycolytic enzymes and their regulation were 

evaluated by Western blot. The regulating properties of c-Myc are well described in cancer 

cells, in which ATP is mostly generated by glycolysis (Warburg effect). Here, c-Myc is 

considered to regulate a variety of genes encoding glycolytic enzymes and thus drives 

energy production towards glycolysis [40, 59]. The present data suggests a role for c-Myc in 

recovering the energy production of cofilin1-knockdown cells after erastin or glutamate 

exposure, as the protein level of c-Myc under these conditions increase evidently (Figure 29 

A; Figure 30 A). One major protein regulating cellular bioenergetic pathways under hypoxic 

condition is the Hypoxia-inducing factor 1α (Hif1α). It is described as a trigger for glycolysis, 

as it enhances the conversion of glucose to pyruvate and subsequently to lactate. Moreover, 

by transcriptional activation of the pyruvate dehyrogenase kinase 1 (PDK1) Hif1α can 

actively suppress the tricarboxylic acid cycle (TCA) [87]. In neuronal HT22 cells, Hif1α 

protein level increased after 9 hours of erastin or glutamate exposure in cells transfected with 

an unspecific siRNA, whereas cofilin1-deficient cells exerted decreased Hif1α levels (Figure 

29 B; Figure 30 B). While PDK1 protein expression was initially lower in cofilin1-deficient 

cells, the level converged with the expression in control cells after 9 hours, indicating that 
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PDK1 expression increases upon erastin or glutamate treatment in cofilin1-knockdown cells 

(Figure 29 C; Figure 30 C).  
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Figure 29. Protein abundance of major glycolysis-regulating proteins under erastin treatment in cofilin1-

knockdown cells.  

A c-Myc protein expression B Hif1α protein expression or C PDK1 protein levels were evaluated after 7, 9 
or 16 hours of 1 µM erastin treatment by Western blot. Quantification of the data was realized by 
densitometric analysis of the Western blot signals and normalization to Vinculin. Data are presented as 
mean + SEM (n = 3). Scrsi (scrambled siRNA); Cfl1si (cofilin1siRNA). #p<0.05 and ##p<0.01 compared to scrsi 
ctrl; **p<0.01; ns (not significant) compared to erastin-treated scrsi (ANOVA, LSD-test).  
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Figure 30. Protein abundance of major glycolysis-regulating proteins under glutamate treatment in 

cofilin1-knockdown cells.  

A c-Myc protein expression B Hif1α protein expression or C PDK1 protein levels were evaluated after 7, 9 
or 16 hours of 10 mM glutamate treatment by Western blot. Quantification of the data was realized by 
densitometric analysis of the Western blot signals and normalization to Vinculin. Data are presented as 
mean + SEM (n = 3). Scrsi (scrambled siRNA); Cfl1si (cofilin1siRNA). *p<0.05 and **p<0.01 compared to 
respective scrsi; ns (not significant) compared to glutamate-treated scrsiRNA ctrl (ANOVA, LSD-test). 

Cofilin1 was described as a dispensable part in apoptosis induced by staurosporine in mouse 

embryonic fibroblasts (MEF), as cofilin1-deficient cells were still prone to cell death 

progression in this paradigm [139]. In this regard, it was interesting to examine cell death 

pathways in neuronal cells in order to understand possible discrepancies between different 

cell types. Therefore, neuronal HT22 cells were exposed to erastin or glutamate and the 

number of dead cells was determined by AnnexinV and propidium iodide (PI) staining. This 
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measurement revealed an increase of AnnexinV and PI positive cells upon erastin or 

glutamate treatment, which was anticipated in neuronal HT22 cells deficient for cofilin1 

(Figure 31 A, B). This finding was confirmed by MTT assay to assess the metabolic activity 

of damaged cells under control and cofilin1-knockdown conditions. Addition of erastin or 

glutamate to the plated cells significantly decreased the metabolic activity of control and 

unspecific siRNA transfected cells, whereas the metabolic activity of cofilin1-silenced HT22 

cells was significantly preserved (Figure 31 C, D). Further, cell impedance measurements 

were performed by xCELLigence system to monitor cell growth or cell detachment in a real-

time manner, referred to as normalized cell index. Upon erastin or glutamate exposure, cell 

detach within five to ten hours due to cell shrinkage and cell death. Cofilin1siRNA was able 

to attenuate cell damage under the applied treatment conditions, represented by a 

considerably preserved normalized cell index (Figure 31 E, F).  
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Figure 31. Cofilin1 silencing attenuated erastin- and glutamate-induced cell death in neuronal HT22 cells.  

A AnnexinV and PI staining was conducted after 30 h of siRNA incubation and following 16 h of erastin 
0.5 µM or glutamate 2 mM treatment. (mean + SD; 5,000 cells per replicate of n=3 replicates) B The dot plots 
show representative replicates of each condition of AnnexinV/PI FACS measurement. C, D Cells were 
treated with 0.2 µM erastin or 2 mM glutamate for 16 h and finally stained with MTT reagent. Values are 
shown as mean + SD; n=8 replicates. E, F xCELLigence measurement was performed after siRNA incubation 
for 30 h. The arrow indicates the time of application of 0.75 µM erastin and 8 mM glutamate. Data are given 
as mean + SD; n=8 replicates. Ctrl (control); scrsi (scrambled siRNA); Cfl1si (cofilin1 siRNA), ###p<0.001 
compared to untreated Ctrl; ***p<0.001 compared to erastin- or glutamate-treated Ctrl (ANOVA, Scheffé’s-
test). 
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Cofilin1 was identified as a crucial mediator of oxytosis and ferroptosis in this study. As 

detected before by Western blot analysis, activation of cofilin1 was achieved by 

dephosphorylation (Figure 22). Due to cofilin1’s deactivating phosphorylation, the impact of 

upstream inhibition on cellular resistance after administration of slingshot- or phosphatase 

1/2A inhibitor in terms of oxidative stress-induced cell death mechanisms was addressed. 

Intriguingly, the inhibition of either slingshot or phosphatases or both substances, partially 

rescued the metabolic activity, but did not completely rescue cells upon erastin or glutamate 

exposure, indicating, that in these paradigms of cellular damage other pathways might 

contribute in addition to the activation of cofilin1 besides slingshot and phosphatase 1/2A 

(Figure 32). 

 +  +  +  + 

  + +   + + 

    + + + + 

 

 +  +  +  + 

  + +   + + 

    + + + + 

 

 

Figure 32. Slingshot and phosphatase inhibition revealed a slight protection upon erastin or glutamate 

exposure.  

A HT22 cells were preincubated for 7 hours with 5 µM of the phosphatase inhibitor LB-100 and 15 µM 
Slingshot D3 inhibitor and afterwards challenged with 1 µM erastin or B 10 mM glutamate, respectively. 
Data are shown as mean + SD (n=8). **p<0.01 compared to erastin- or glutamate treated ctrl; ***p<0.001 
compared to erastin- or glutamate treated ctrl; ###p<0.001 compared to untreated ctrl. 

Further, cofilin1 was tested in an overexpression model in neuronal HT22 cells to evaluate 

effects of excessive cofilin1 expression on cell viability under basal conditions or in addition 

to erastin or glutamate application. Therefore, HT22 cells were transfected either with a 

plasmid encoding the wildtype cofilin1 protein, an active serine 3alanine mutant (S3A), or 

an inactive serine 3 aspartate mutant (S3D), respectively. The obtained data revealed a 

detrimental effect of the active cofilin1 versions (WT/S3A) on cell survival under basal 

condition, which could not be exacerbated by additional erastin or glutamate treatment for 

7 hours. Intriguingly, the effect on cell death by expression of the inactive cofilin1 mutant 

S3D was significantly less pronounced, suggesting that the serine residue at position 3 of 

cofilin1 is decisive for functional consequences regarding cell impairment.  
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Figure 33. Cofilin1 overexpression resulted in enhanced cell death in neuronal HT22 cells. 

A HT22 cells were transfected with the respective plasmids for 30 hours and afterwards treated with 1 µM 
erastin or 10 mM glutamate, respectively. FACS analysis was performed after staining with propidium 
iodide (PI) and 5,000 cells were measured per condition. Mean + SD from three replicates are presented. ns 
(not significant); **p<0.01 and ***p<0.001 compared to GFP-transfected ctrl (ANOVA, Scheffé’s test). B 
Representative dot plots are shown for each condition. 

Cofilin1 not only serves as an important actin-regulating protein with depolymerizing 

properties, but was also described to directly translocate to mitochondria upon cell death 

induction by staurosporine in mammalian cells [139]. How cofilin1 is transactivated to 

mitochondria and if other proteins besides actin are necessary for cofilin1’s subcellular 

guidance and distribution is yet poorly understood. Therefore, the interaction of cofilin1 and 

DRP1, a known mitochondrial-targeted protein in cell death mechanisms [50, 64], was 

examined by co-immunoprecipitation assays after DRP1-pulldown upon erastin or 

glutamate treatment. The Western blot analysis of protein lysates after erastin or glutamate 

exposure for 6 – 8 hours and subsequent specific DRP1 precipitation revealed no direct 

interaction of cofilin1 and DRP1 (Figure 34), whereas the BCL2 associated X protein (BAX) 

interacted with DRP1 under these circumstances [84]. 
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Figure 34. DRP1 pulldown after erastin- or glutamate exposure revealed an interaction with BAX, but not 

with cofilin1.  

A HT22 cells were challenged with 1 µM erastin or 10 mM glutamate for 6 – 8 hours. From protein lysates, 
DRP1 was specifically culled and possible interacting proteins, such as BAX and cofilin1 were determined 
by Western blot. The input represents proteins detectable in the whole protein lysate. 

4.2.3 INF2 depletion abrogates loss of mitochondrial function and cell death upon 

glutamate or erastin treatment  

Considering that the actin-depolymerizing protein cofilin1 is attributed to major regulatory 

functions in cell death pathways, other actin-binding proteins might also take part in this 

context. Therefore, inverted-formin 2 emerged as an interesting candidate in neuronal cell 

death pathways. For a loss of function approach, a SMARTpool siRNA of four different 

sequences specifically targeted to INF2 was applied to neuronal HT22 cells. The efficiency 

on protein level was validated by Western blot analysis (Figure 35 A). To specify the point 

of action of INF2, cytosolic ROS formation was measured by DCF fluorescence indication 

and following flow cytometry. This measurement revealed a significant increase of the DCF 

signal in control cells and cells transfected with an unspecific siRNA (scrsiRNA) after erastin 

or glutamate exposure. Under these circumstances, INF2-knockdown cells exerted even 

higher or comparable soluble ROS levels as control cells (Figure 35 B), indicating that soluble 

ROS formation was not affected in the absence of INF2. Further, the amount of membrane 

and free fatty acid oxidation, an early hallmark in the cell death cascade induced by erastin 

or glutamate, was assessed by BODIPY staining and flow cytometry analysis. The BODIPY 

signal of control or scrsiRNA-transfected cells increased up to 40 – 60 % after 9 hours after 

cell death induction by erastin or glutamate. Surprisingly, also INF2siRNA-transfected cells 

contained similar amounts of the oxidized BODIPY signal as control cells (Figure 35 C), 

suggesting no impact of INF2 on early cell death parameters, such as lipid peroxidation.  
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Figure 35. Soluble ROS formation and lipid peroxidation occurred independently of INF2 

downregulation after cell death induction with erastin or glutamate.  

A INF2 was downregulated by SMARTpool siRNA of four different RNA sequences. The knockdown was 
confirmed by Western blot analysis after application of 5 nM of the specific siRNA pool for 48 hours. B The 
amount of soluble ROS was measured after 0.6 µM erastin 7 mM glutamate treatment for 10 h following 
DCF staining and FACS analysis. Data are given as mean + SD; 5,000 cells per replicate of n=3 replicates. C 
Lipid peroxidation was determined 9 h after challenging the cells with 0.7 µM erastin or 8 mM glutamate 
with BODIPY fluorescent dye and subsequent FACS analysis. Ctrl (control); scrsi (scrambled siRNA); 
###p<0.001 compared to untreated ctrl (ANOVA, Scheffé’s-test). 

Mitochondrial demise is considered the ‘point of no return’ upon cell death induction in the 

model of glutamate-induced oxytosis [97]. To address the question, whether actin-binding 

proteins besides cofilin1 play a decisive role in cell death progression, mitochondrial 

parameters were investigated in INF2siRNA-transfected HT22 cells after erastin or 

glutamate exposure. Mitochondrial ROS production was assessed by MitoSOX staining and 

following flow cytometry. This measurement revealed a substantial increase of 

mitochondrial ROS accumulation in control and scrambled siRNA transfected cells, which 

was prohibited by silencing INF2 (Figure 36 A, B). Further, mitochondrial Ca2+ accumulation 

was analyzed by the cell-permeable mitochondrial specific Ca2+ -indicator Rhod-2 AM. Here, 

INF2 silencing almost completely averted detrimental mitochondrial Ca2 overload induced 

by erastin or glutamate treatment (Figure 36 C, D). This suggested that preventing 
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mitochondrial Ca2+ accumulation might be the centerpiece of cellular protection of INF2-

knockdown cells.  
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Figure 36. Mitochondrial ROS accumulation and detrimental mitochondrial calcium overload were 

diminished in INF2-deficient HT22 cells in terms of oxidative stress.  

A Mitochondrial ROS accumulation was measured by MitoSOX staining and FACS analysis after 16 hours 
treatment with 0.7 µM erastin 9 mM glutamate. Beforehand, INF2siRNA was incubated for 30 hours. Data 
are presented as mean + SD; 5,000 cells per replicate of n=3 replicates. B Representative histograms from the 
MitoSOX measurement are provided. C Rhod-2 acetoxymethyl ester (Rhod-2 AM) was used to specifically 
measure mitochondrial calcium level after 16-hour treatment with 0.8 µM erastin or 6 mM glutamate, again 
after silencing INF2 with siRNA. Values are projected as mean + SD; 5,000 cells per replicate of n=3 replicates. 
D Representative images from the Rhod-2 AM measurement are provided. Ctrl (control); scrsi (scrambled 
siRNA); ###p<0.001 compared to untreated ctrl, *p<0.05 compared to erastin- or glutamate-treated ctrl, 
**p<0.01 compared to erastin- or glutamate-treated ctrl, ***p<0.001 compared to erastin- or glutamate-treated 
ctrl (ANOVA, Scheffé’s-test). 



4 Results 

76 

To further validate the obtained data, the mitochondrial membrane potential was measured 

by the positively charged indicator TMRE. In line with the previous data, the mitochondrial 

membrane potential was completely preserved upon erastin or glutamate treatment by 

INF2siRNA (Figure 37 A, B), indicating an entire protection of mitochondrial integrity upon 

INF2 downregulation. 
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Figure 37. INF2 knockdown mediated full protection against loss of the mitochondrial membrane 

potential in paradigms of erastin or glutamate-induced cell death.  

A The mitochondrial membrane potential was evaluated by an appropriate cell permeant, positively-
charged TMRE dye and following FACS analysis after 16 hours treatment with 0.7 µM erastin or 7 mM 
glutamate. Beforehand, INF2siRNA was incubated for 30 hours. Values are given as mean + SD; 5,000 cells 
per replicate of n=3 replicates. B Representative histograms from the TMRE FACS measurement are 
provided. Ctrl (control); scrsi (scrambled siRNA); ###p<0.001 compared to untreated ctrl, ***p<0.001 
compared to erastin- or glutamate-treated ctrl (ANOVA, Scheffé’s-test). 

In addition, the ATP content represents the energy production by mitochondrial and non-

mitochondrial respiration, required for the health and survival of cells. After erastin or 

glutamate exposure, ATP levels declined to a minimum of 20-40 %. INF2 knockdown 

partially preserved ATP production in neuronal HT22 cells after cellular damage by erastin 

or glutamate (Figure 38 A). To focus on mitochondrial respiration, oxygen consumption was 

measured by the Seahorse XFe Analyzer. This measurement revealed, that mitochondrial 

respiration of control or scrambled siRNA-transfected HT22 cells treated with erastin or 

glutamate is completely abolished. INF2-knockout under these treatment conditions showed 

a partial preservation of the OCR, but not of the spare respiratory capacity (Figure 38 B, D). 

Intriguingly, the non-mitochondrial respiration, measured via the extracellular acidification 
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rate (ECAR) showed a tremendous decline of glycolysis in control and scrsiRNA-transfected 

HT22 cells damaged by erastin or glutamate but only a minor impairment in INF2 

knockdown cells (Figure 38 C, E). 

 

Figure 38. ATP content, mitochondrial respiration and the glycolysis rate were preserved after INF2 

downregulation in models of oxidative stress-induced cell death.  

A INF2 knockdown was achieved by siRNA incubation for 48 hours. Afterwards, cells were challenged for 
10 hours with 0.5 µM erastin or 6 mM glutamate. Finally, ATP content was measured by luminescence-
based measurement. Values are shown as mean +SD (n=8). Ctrl (control); scrsi (scrambled siRNA); 
###p<0.001 compared to untreated ctrl, ***p<0.001 compared to erastin- or glutamate-treated ctrl (ANOVA, 
Scheffé’s-test). B, C, D, E INF2siRNA was transfected for 48 hours. Afterwards, cells were damaged for 
9 hours with 0.5 µM erastin or 5 mM glutamate. The OCR and ECAR were determined by a Seahorse XFe96 
Analyzer. Data of 3-6 replicates per condition are shown as mean ± SD. Oligo (oligomycin); FCCP (carbonyl 
cyanide 4-(trifluoromethoxy)phenylhydrazone); AA (antimycin A) Rot (rotenone); 2-DG (2-deoxy-D-
glucose). Ctrl (control); scrsi (scrambled siRNA). 
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To get further insight into the cellular bioenergetic profile of cells, the OCR was plotted 

against the ECAR to display the energetic phenotype between baseline and stressed 

conditions (FCCP treatment) (Figure 39 A, B). This analysis suggests a partial preserved 

metabolic potential upon erastin or glutamate exposure in INF2-knockdown cells compared 

to control or scrsiRNA-transfected cells, underlining that INF2 gene silencing contributes to 

the preservation of the energy homeostasis, directly related to cellular survival and health 

[94] (Figure 39 A, B). 

 

Figure 39. Metabolic profile of INF2 knockdown cells under basal and under stress conditions.  

A, B The cell energy phenotype correlates the OCR and the ECAR of the cells at basal conditions (open dot) 
measured before the first compound was injected by the system and after FCCP injection, representing a 
stressed phenotype (filled dot). The displayed metabolic potential (dashed line) represents the capacity to 
meet the required energy demand under conditions of stress, i.e. after 9-hours treatment with 0.5 µM erastin 
or 5 mM glutamate. 

To finally address the impact of INF2 knockdown on cellular viability in models of oxidative 

stress induced cell death, the number of AnnexinV and propidium iodide (PI) positive cells 

was determined by flow cytometry measurement. This measurement captures early 

apoptotic and late necrotic/apoptotic cells, here observable in control cells or scrambled 

siRNA-transfected cells upon erastin or glutamate exposure (Figure 40 A). This increase of 

cell death was partly reversed by specifically silencing INF2 (Figure 40 A). Accordingly, MTT 

assays measuring metabolic activity also revealed a decrease in cellular survival upon erastin 

or glutamate treatment in control and scrsiRNA-transfected cells, but INF2-knockout 
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attenuated the deleterious impact of these substances (Figure 40 B), emphasizing that INF2 

plays a crucial role in the cell death progression in models of oxidative stress. 

 

Figure 40. Attenuating cell death progression after erastin or glutamate exposure was a major attribute 

of INF2-knockout HT22 cells. 

A AnnexinV and PI staining was conducted after 30 h of siRNA incubation and following 16 h of erastin 
0.4 µM or glutamate 5 mM treatment. Values are given as mean + SD; 5,000 cells per replicate of n=3 
replicates). B Cells were treated with 0.4 µM erastin or 5 mM glutamate for 16 h and finally stained with 
MTT reagent. Values are shown as mean + SD; n=8 replicates. Data are given as mean + SD; n=8 replicates. 
Ctrl (control); scrsi (scrambled siRNA); ###p<0.001 compared to untreated ctrl, ***p<0.001 compared to 
erastin- or glutamate-treated ctrl (ANOVA, Scheffé’s-test). 

Mitochondrial Ca2+ overload is one of the major steps after cell death induction leading to 

mitochondrial dysfunction and cellular impairment [178], mainly regulated by the 

mitochondrial calcium uniporter (MCU), which was also identified as the crucial regulator 

of Ca2+ assimilation under conditions of oxidative stress [103]. In this regard, it would be of 

interest to study the impact of INF2 on MCU abundance by Western blot analysis, which 

was previously reported in U2OS cells [24]. In this experimental setup in HT22 cells, a slight 

increase of MCU protein levels were observable in control cells after erastin exposure, which 

was partly reversed by INF2 silencing (Figure 41 A). After glutamate exposure, MCU 

abundance only changed marginally without further modulation by an INF2 knockout 

(Figure 41 A). Additionally, the impact of INF2 knockdown on the actin-depolymerizing 

protein cofilin1 was evaluated and quantified by Western blot. Surprisingly, upon INF2 

downregulation, cofilin1 levels also decreased to a considerable extent under basal 

conditions, whereas challenging the cells with erastin or glutamate led to an increase of 

cofilin1 levels under INF2-deficiency compared to control cells (Figure 41 B). 



4 Results 

80 

C
tr
l 

sc
rs

i

IN
F2

si -

sc
rs

i

IN
F2s

i -

sc
rs

i

IN
F2s

i

C
tr
l 

sc
rs

i

IN
F2s

i -

sc
rs

i

IN
F2s

i -

sc
rs

i

IN
F2

si

 

Figure 41. Protein expression levels of MCU and cofilin1 in INF2-knockdown HT22 cells after erastin- or 

glutamate exposure.  

A MCU and B Cofilin1 protein levels were analyzed by Western blot after 9 hours of erastin- or glutamate 
exposure and afterwards relative protein abundance was quantified from three experiments. Data is 
presented as mean + SD. Ctrl (control); scrsi (scrambled siRNA); INF2si (INF2siRNA). ##p<0.01 compared 
to scrsi; *p<0.05 and ***p<0.001 compared to erastin- or glutamate-treated scrsi (ANOVA, LSD-test). 

To substantiate the positive effect of INF2 deficiency on mitochondrial parameters and 

cellular viability, the major mitochondrial biogenesis marker PGC1α and the mitochondrial 

fusion protein MFN2 were analyzed by Western blot. In line with the previous results on 

mitochondrial resistance of INF2-siRNA transfected cells, also the expression of the 

mitochondrial biogenesis protein was significantly preserved after exposure with erastin or 

glutamate, potentially also contributing to the beneficial effects of INF2 knockout on 

mitochondrial biogenesis (Figure 42 A). MFN2 was not significantly affected, neither by 

erastin or glutamate treatment, nor by INF2 knockout (Figure 42 B). 
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Figure 42. Protein expression levels of PGC1α and MFN2 in INF2-knockdown HT22 cells after erastin- 

or glutamate exposure.  

A PGC1α and B MFN2 protein levels were assessed by Western blot after 9 hours of erastin- or glutamate 
exposure and afterwards relative protein expression was quantified from three experiments. Data is 
presented as mean + SD. Ctrl (control); scrsi (scrambled siRNA); INF2si (INF2siRNA). **p<0.01 compared to 
erastin-treated scrsi (ANOVA, LSD-test). 

4.2.4 INF2 knockdown leads to mitochondrial elongation 

Mitochondrial division is a fundamental step in maintaining energy homeostasis and 

therefore cellular welfare. Recent findings suggest that ER-bound INF2 acts as a crucial 

regulator of F-actin polymerization at putative mitochondrial constriction sides, due to its 

ability to recruit DRP1 from the cytosol to the point of action [90]. Predicated on these 

observations, it was of great interest to investigate possible effects of INF2 gene silencing on 

mitochondrial dynamics in neuronal HT22 cells. Intriguingly, knockdown of INF2 revealed 

significantly elongated mitochondria compared to control or unspecific transfected HT22 

cells (Figure 43 A, B).  
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Figure 43. Determination of the mitochondrial morphology in INF2 knockdown cells exhibited an 

elongated phenotype.  

A HT22 cells were seeded in 8-well µ-slide and simultaneously transfected with 5 nM scrsiRNA of 
INF2siRNA for 48 hours. Afterwards, cells were stained with Mitotracker® Deep Red and fixed with 4 % 
formaldehyde. Images were acquired by an inverted fluorescence microscope. Scale bar 25 µm. B The 
mitochondrial perimeter was measured by application of the ImageJ Plugin by Ruben K. Dagda [39]. n=30 
per condition. Data are presented as mean + SD. ***p<0.001 compared to scrsiRNA-transfected cells 
(ANOVA, Scheffé’s test).  

On basis of this observation, it is highly relevant to explore the underlying mechanism of 

mitochondrial morphology changes. Therefore, the most important mitochondrial 

biogenesis markers were analyzed by qRT-PCR. However, the observed differences were 

overall not significant due to high standard deviations. Nevertheless, PCG1α and TFAM 

mRNA levels were increased after INF2 silencing compared to scrsiRNA-transfected cells 

(Figure 44 A, E). The mitochondrial DNA content showed also an upward tendency (Figure 

44 H), whereas DRP1 mRNA levels were slightly reduced (Figure 44 G). The remaining 

analyzed values, namely Nrf-1, Nrf-2, p62 and MCU were not affected at all by INF2 

knockdown (Figure 44 B, C, D, F).  
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Figure 44. Proteins with impact on mitochondrial shape and biogenesis were evaluated by qRT-PCR after 

silencing INF2.  

A Relative PGC1α mRNA levels comparative to the reference gene 18S were quantified by qRT-PCR and the 
control was normalized to 1.0. B Relative Nrf-1 mRNA levels normalized to 18S were quantified by qRT-
PCR. C Relative Nrf-2 mRNA levels normalized to 18S were quantified by qRT-PCR. D Relative p62mRNA 
levels normalized to 18S were quantified by qRT-PCR. E Relative TFAM mRNA levels normalized to 18S 
were quantified by qRT-PCR. F Relative MCU mRNA levels normalized to 18S were quantified by qRT-
PCR. G Relative DRP1 mRNA levels normalized to 18S were quantified by qRT-PCR. H Relative mtDNA 
levels normalized to 18S were quantified by qRT-PCR. Values are given as mean + SD of n=3-4 replicates). 
ns= not significant (unpaired t-test). 
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Evaluation of protein expression levels is a meaningful tool to indirectly receive conclusions 

about the activity. Therefore, DRP1 abundance upon INF2 knockdown was investigated by 

Western blot. The densiometric-based quantification of the resulting signals revealed a 

substantial decrease of DRP1 expression levels after INF2-knockdown compared to 

scrsiRNA transfected cells (Figure 45 A). This finding aligns with mitochondrial elongation 

after INF2 silencing (Figure 43). Interestingly, also the expression of actin-depolymerizing 

cofilin1 tended towards lower protein expression levels (Figure 45 B). Based on the study of 

Chakrabarti and coworkers, MCU expression was analyzed upon INF2 knockout. Contrary 

to the results from Chakrabarti obtained in bone osteosarcoma-derived U2OS cells [24], the 

recent data demonstrated no substantial change in the regulation of MCU or MICU1 

expression in neuronal HT22 cells, respectively (Figure 45 C, D).  
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Figure 45. INF2 knockout HT22 cells revealed decreased DRP1 protein expression.  

A INF2 knockdown was achieved by reverse transfection of a specific siRNA for 48 hours. Afterwards, DRP1 
B Cofilin1 C MCU and D MICU1 protein levels were analyzed by Western blot and quantified from three 
to six blots (mean + SD). Ctrl (control); scrsi (scrambled siRNA); INF2si (INF2siRNA). ns=not significant; 
**p<0.01 compared to scrsiRNA (unpaired t-test). 
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4.3 Primary neurons 

4.3.1 Primary neurons deficient of cofilin1 are protected against glutamate excitotoxicity 

The actin-binding protein cofilin1 is highly relevant for proper actin-turnover and thus for 

dendritic spine formation and synaptic plasticity in neurons [77, 78, 144, 145]. In addition, 

recent findings demonstrated a role for cofilin1 in the neuronal HT22 cell line in paradigms 

of oxidative stress-induced cell death. The present study further investigated the relevance 

of cofilin1 in models of glutamate-induced excitotoxicity to study the effect of this specific 

actin-regulating protein on mitochondrial and cellular resistance. To validate the regulation 

of cofilin1 activity in cell death models induced by micromolar concentrations of glutamate 

in cortical neurons, the phosphorylation status of serine residue 3 was evaluated by Western 

blot. The observed dephosphorylation (Ser3) clearly underlined an activation of cofilin1 

during glutamate-induced excitotoxicity.  

✱✱✱

 

Figure 46. Cofilin1 was activated by dephosphorylation of serine 3 in models of glutamate-induced 

excitotoxicity.  

A DIV9 primary cortical neurons were challenges with 25 µM glutamate for 24 hours and subsequently the 
phosphorylation status of serine residue 3 of cofilin1 was analyzed with a specific antibody. The 
quantification was realized by densiometric evaluation of the resulting signal and compared to total cofilin1 
and to the α-Tubulin signal. ***p<0.001 compared to control (unpaired t-test). Ctrl (control); Glut 
(glutamate); pCofilin1 (phosphorylated cofilin1); Ser3 (serine residue 3). 
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Further, the metabolic profile of neurons exposed to the excitotoxic challenge was evaluated 

between wildtype (WT ≡ Cofilin1flx/flx) and cofilin1-/- (Cofilin1flx/flx, CaMKIIα-Cre) cells to 

investigate cofilin1’s impact in this cellular model. The mitochondrial respiration in WT cell, 

represented as the oxygen consumption rate (OCR), revealed a substantial impairment after 

glutamate exposure, which was antagonized by the NDMA-receptor antagonist MK-801 

(Figure 47 A). Notably, the bioenergetic profile of neurons deficient for cofilin1 perfectly 

overlap with the glutamate antagonist MK-801 (Figure 47 B) proving evidence that the 

absence of cofilin1 exerts a considerable protective mechanism upstream of mitochondria in 

primary cortical neurons in paradigms of excitotoxicity. To closely assess the difference 

between WT and cofilin1-/- neurons upon glutamate treatment, the basal respiration, 

measured before the first substance was injected by the Seahorse XFe Analyzer, was 

evaluated. Glutamate treatment resulted in a significant loss of mitochondrial respiration, 

whereas cofilin1-/- neurons exhibited a preserved basal respiration rate. Accordingly, the 

maximal respiration of WT neurons after FCCP injection was significantly impaired after 

challenging the cells with glutamate, which was circumvented by cofilin1 deficiency. In 

addition, the glycolysis rate was assessed indirectly by measuring the extracellular 

acidification rate. In WT neurons, glycolytic activity was abandoned upon glutamate 

application (Figure 47 E), whereas cofilin1-/- neurons retained glycolysis under stress 

conditions induced by glutamate (Figure 47 F). 
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Figure 47. Mitochondrial respiration and glycolysis rate were preserved in cofilin1 knockout primary 

neurons in models of glutamate-induced excitotoxicity.  

A OCR of WT and B cofilin1-/- neurons was measured at 30 days in vitro after 25 µM glutamate challenge 
for 24 hours. 20 µM MK801 was applied simultaneously and serves as a control for NMDA-R blockade. C 
Quantification of the basal OCR of WT and cofilin1-/- neurons, measured before the first compound was 
injected and D maximal OCR after FCCP injection of n=3-5 replicates. Mean values ± SD are given. ##p<0.01 
compared to untreated ctrl, *p<0.05 compared to glutamate-treated ctrl, **p<0.01 compared to glutamate-
treated ctrl (ANOVA, Scheffé’s-test). E ECAR of WT and F cofilin1-/- neurons was also determined at 30 days 
in vitro after 25 µM glutamate challenge for 24 hours and MK801 cotreatment. Values of n=3-5 replicates are 
presented shown as mean ± SD. Oligo (oligomycin); FCCP (carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone); AA (antimycin A) Rot (rotenone); 2-DG (2-deoxy-D-glucose). 

Accordingly, the recent study unraveled a role for cofilin1 upstream of mitochondrial demise 

in conditions of glutamate-induced excitotoxicity. To support this finding and draw 

conclusions on the impact of cofilin1 deficiency on cell viability, MTT assays were performed 

and quantified afterwards. The number of viable WT cells was significantly diminished 
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(Figure 48 A), whereas the cell viability of cofilin1-/- neurons was conspicuously preserved 

upon glutamate exposure (Figure 48 A).  

 

Figure 48. Cofilin1 knockout in primary cortical neurons revealed protection after glutamate exposure.  

A Metabolic activity of DIV30 WT and cofilin1-/- neurons was determined by MTT assay after glutamate 
exposure for 24 hours. MK801 cotreatment serves as a control for NMDA-receptor blockade. Mean values + 
SD of n=5 replicates are shown. ###p<0.001 compared to untreated ctrl, ***p<0.001 compared to glutamate-
treated ctrl (ANOVA, Scheffé’s-test). 

The phosphorylation status of cofilin1’s serine residue 3 is considered as a decisive 

determinant for the activation of the protein. Since the Rho-ROCK pathway was identified 

to activate LIM domain kinase 1 and 2 (LIMK1, 2) [27], a crucial cofilin1 phosphorylating 

enzyme, the Rho activator CN03 was administered for induction of cofilin1 phosphorylation 

and thus deactivation. The effect of this manipulation was assessed in the MTT assay to 

quantify metabolically active cells. Interestingly, a 3-hour pretreatment with 1 µg/mL CN03 

was able to rescue the loss of metabolic activity induced by 24-hour exposure of glutamate 

(Figure 49 A). This beneficial effect was comparable to the potent NMDA-receptor antagonist 

MK-801 (Figure 49 A). To validate the effect of CN03 exposure on cofilin1 phosphorylation, 

Western blot was performed using a specific antibody against phosphorylated Ser3-cofilin1. 

As previously demonstrated (Figure 46 A), cofilin1 is dephosphorylated after glutamate 

exposure, whereas CN03 preserved its phosphorylation status (Figure 49 B), although, this 

tendency was not significant due to high variations of the Western blot signal (Figure 49 B). 
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Figure 49. Cofilin1 inhibition by CN03-induced phosphorylation at serine 3 revealed protection of 

glutamate exposed primary neurons.  

A Primary cortical neurons from wildtype E18 pubs were exposed to the indicated concentration of CN03 3 
hours prior to 25 µM glutamate treatment for 24 hours at DIV9. Data from n=6 are shown as mean + SD. B 
Western blot analysis of phosphorylated Ser3-cofilin1 was performed after 3 hours pretreatment with 
1 µg/mL CN03 and additional 24 hours treatment with 25 µM glutamate. Quantification of the resulting 
signal was realized by densiometric analysis from n=4 blots. The intensities of pCofilin1 (Ser 3) were 
compared to the cofilin1 signal and to α-Tubulin as a loading control and presented as mean + SD. 
###p<0.001 compared to control; ***p<0.001 compared to glutamate-treated control (ANOVA, Scheffé’s-test). 
Ctrl (control); Glut (glutamate). 

4.3.2 Fura-2 measurement of synchronized spontaneous network activity of mature 

wildtype and cofilin1 knockout neurons 

The chemical Ca2+ chelator and fluorophore Fura-2 AM enables dual wavelength excitation, 

allowing to monitor Ca2+ oscillations in a mature neuronal network in a real-time manner 

[42]. In a Ca2+-bound state, Fura-2 AM is excitable at 340 nm, whereas after Ca2+ release, the 

excitation wavelength is shifted to 380 nm (Figure 50 A, B). This ratiometric measurement is 

less prone towards imaging artifacts, such as alterations in intracellular dye concentrations 

[63]. Precisely, in the present study, Fura-2 AM was administered to specifically monitor the 

network activity of WT and cofilin1-/- neurons, based on intracellular Ca2+ transients achieved 
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by depolarization-induced Ca2+ influx and subsequent release. The quantification was 

realized by Leica LAS Software and the ratio 340/380 nm was displayed, afterwards the 

spontaneous spikes were quantified. This unraveled a difference of the peak frequency 

between WT and cofilin1-/- neurons. Cells deficient for cofilin1 fired more frequently during 

the observed time frame (Figure 50 C, D, E). 

✱

 

Figure 50. Spontaneous network activity of mature WT and cofilin1-/- primary cortical neurons.  

A Primary cortical neurons were plated on coated glass coverslips and imaged at day 24 – 28 in vitro. The 
representative picture shows the Ca2+-bound state at an excitation wavelength of 340 nm of the Ca2+ selective 
fluorescent indicator Fura-2 AM. Scale bar 50 µm. B The picture shows the fluorescence of Fura-2 AM in a 
Ca2+-free state at an excitation wavelength of 380 nm. Scale bar 50 µm. C Wildtype neurons (flx/flx) or D 
cofilin1-/- neurons were loaded with the Fura-2 AM dye and fluorescence was recorded for 220 sec. 
Spontaneous network activity is represented by Ca2+ oscillations calculated by the Fura-2 AM ratio of 340/380 
nm of eleven regions of interest (ROI.01-ROI.11). E The quantity of spontaneous events per 100 seconds was 
counted and presented individually and as mean + SD. *p<0.05 compared to WT (unpaired t-test). 

4.3.3 Mitochondrial calcium regulation in cofilin1 knockout neurons 

Previous reports in human osteosarcoma cells (U2OS) suggested, that mitochondrial Ca2+ 

regulation was directly influenced by actin dynamics [24]. Thus, in this study, effects of 

altered actin dynamics achieved by cofilin1-knockdown on mitochondrial calcium uniporter 

(MCU) expression and on mitochondrial Ca2+ uptake upon depolarization were specifically 
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addressed. MCU protein expression levels were analyzed at 24 days in vitro (DIV) and DIV 

30 by Western blot. This analysis revealed a tendency towards increased MCU abundance 

around 24 days in vitro (Figure 51 A), but this tendency did not become significant and could 

not be observed later at DIV 30 (Figure 51 B). Of note, respective mRNA expression levels 

were significantly increased in cofilin1-/- neurons compared to WT.  
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Figure 51. MCU abundance was analyzed on protein and mRNA level in primary cortical neurons.  

A At DIV24 protein lysates from WT (flx/flx) and cofilin1-/- embryos were collected and MCU expression 
levels were assessed by Western blot. Three experiments were quantified and shown as mean + SD. B MCU 
expression was analyzed from DIV30 primary cortical neurons and quantified afterwards from six 
experiments (mean + SD). C Relative MCU mRNA levels of DIV28-30 neurons normalized to the reference 
gene 18S were quantified by qRT-PCR and displayed as mean + SD. **p<0.01 compared to WT (unpaired t-
test). 

Single cell experiments were conducted after pAAV-CMV-eGFP-IRES-CRE transfection to 

induce a cofilin1 knockout in neurons equipped with a floxed cofilin1 gene region. GFP 

expression enables identification of successful Cre transfection. The Cre activity was verified 

in MEFflx/flx cells and the knockdown of cofilin1 on protein level was validated by Western 

blot (Figure 52 A, B).  
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Figure 52. eGFP-CRE transfection downregulated cofilin1 protein levels significantly.  

A MEFflx/flx cells were used to confirm the activity of the transfected Cre-recombinase after 48 hours by 
assessing cofilin1 protein level by Western blot. GFP-IRES was used as a control vector. To ensure equal 
protein amount of both samples, tubulin and GFP were used as loading control. B Quantification of cofilin1 
protein level were realized by blotting the mean and SD from three blots. *p<0.05 compared to WT (unpaired 
t-test). 

Further, a comparative analysis of mitochondrial Ca2+ uptake in WT and cofilin1-/- neurons 

was conducted. Primary cortical neurons were transfected with the genetically encoded low-

affinity Ca2+ indicator mito-LAR-GECO1.2 [179] and an eGFP-IRES or eGFP-CRE construct, 

respectively (Figure 53 A, B). Surprisingly, neurons deficient for cofilin1 accommodated 

significantly less Ca2+ in mitochondria as WT cells upon depolarization by KCl, underlining 

an impact of the actin-regulating protein cofilin1 on mitochondrial Ca2+ regulation (Figure 53 

C, D).  
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Figure 53. Mitochondrial Ca2+ uptake upon depolarization was assessed by mito-LAR GECO1.2 in 

primary cortical neurons.  

A, B Primary cortical neurons from WT (eGFP-IRES-transfected) and cofilin1-/- (eGFP-CRE-transfected) E18- 
embryos were seeded into a coated µ-slide 8 well and transfected with eGFP-IRES or eGFP-CRE and mito-
LAR GECO1.2 plasmids at DIV 6 and measured 48 hours later. Scale bar 50 µm. C Pooled data from seven 
measurements are shown as mean ± SD. D The maximal response upon 60 mM KCl stimulation is shown as 
mean ± SD. **p<0.01 compared to WT (unpaired t-test). 

Cofilin-actin rod formation emerged as one of the most detrimental hallmarks occurring 

under pathological conditions in the brain, e.g. in neurodegenerative disorders [5, 6]. ATP 

decline is considered as a major trigger for the induction of cofilin-actin rods in mammalian 

cells [115]. In the present study, the impact of cofilin1 deletion on actin rod formation was 

evaluated by microscopy studies upon cofilin1 deficiency under ATP depleted conditions in 

primary cortical neurons. This analysis revealed a considerable difference between the 

number of actin rods per neuron, as cofilin1-/- neurons developed significantly less actin rods 

per neuron than WT cells under conditions of ATP deprivation (Figure 54).  
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Figure 54. Actin rod formation under ATP depleted conditions of WT and cofilin1-/- neurons.  

A, B Actin-chromobody-SNAP® was used to visualize actin rods upon ATP depletion in WT (eGFP-IRES-
transfected) neurons or C, D cofilin1-/- (eGFP-CRE-transfected) neurons at DIV 6. E The number of actin rods 
per neuron with a size between 1 – 10 µm was calculated by application of a specific threshold by FIJI 
software. (n=14 per condition are shown as mean ± SD). Scale bar 20 µm. *p<0.05 compared to WT (unpaired 
t-test). 
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Mitochondrial dynamics is highly regulated by a multitude of mitochondrial shaping 

proteins as described previously (Chapter 1.3 Regulation of mitochondrial dynamics). Data 

obtained in MEF cells suggested a role for the actin-binding protein cofilin1 in the regulation 

of mitochondrial shape [140]. Therefore, it was highly relevant to investigate mitochondrial 

dynamics also in other cell types, e.g. in primary cortical neurons. For this purpose, 

mitochondria were visualized after transfection with a mitochondrial-targeted RFP and 

simultaneously transfected with either eGFP-IRES construct as a control or an eGFP-CRE 

plasmid to induce a specific cofilin1 knockout. The mitochondrial perimeter (Figure 55 B), 

representing the magnitude of each particle and the average circularity index (Figure 55 C), 

an indicative value for the sphericity of mitochondria, were determined by ImageJ Plugin by 

Ruben K. Dagda [39]. This analysis revealed a fragmented and spherical mitochondrial 

phenotype of cofilin1-/- neurons compared to WT (Figure 55), in line with data obtained in 

MEF cells (Chapter 4.1.1 Cofilin1 knockout leads to mitochondrial fragmentation via 

activation of DRP1).  

 

 

 

 

 

 

 

Figure 55. Primary neurons deficient for cofilin1 exerted a fragmented mitochondrial phenotype.  

A Primary cortical neurons were isolated from E18-embryos and cultivated for 7 days in vitro and 
afterwards tranfected with mito-RFP or pAAV-CMV-eGFP-IRES or pAAV-CMV-eGFP-IRES-CRE for 
another 4 days and finally fixed with formaldehyde 4 %. Images were acquired with an inverted 
fluorescence microscope Leica DMI6000. Scale bar 25 µm. B The mitochondrial shape was assessed using 
ImageJ Plugin Mito Macro by Ruben K. Dagda to calculate the mitochondrial perimeter or C the average 
circularity index. (eGFP IRES n=21; eGFP CRE n=29 are shown as box-plots ‘min. to max.’). ***p<0.001 
compared to eGFP-IRES transfected neurons (unpaired t-test). 
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To evaluate if changed mitochondrial dynamics is also associated with changes in the 

transcription of mitochondrial biogenesis marker, the mRNAs of the key biogenesis proteins 

were quantified by qRT-PCR. TFAM, PGC1α and Nrf-1 tended to be elevated (Figure 56 

A,B,C), whereas Nrf-2, the mitochondrial DNA content and the autophagy marker p62 were 

apparently unaffected (Figure 56 D, E, F). 
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Figure 56. Proteins with impact on mitochondrial shape and biogenesis were evaluated by qRT-PCR of 

wildtype and cofilin1-/- neurons.  

RNA yield from DIV25-DIV30 wildtype or cofilin1-/- neurons was collected and afterwards transcribed into 
cDNA for qRT-PCR evaluation. A Relative TFAM mRNA levels comparative to the reference gene 18S were 
quantified by qRT-PCR and the wildtype neurons were normalized to 1.0. B Relative PGC1α mRNA levels 
normalized 18S were quantified by qRT-PCR. C Relative Nrf-1 mRNA levels normalized 18S were quantified 
by qRT-PCR. D Relative Nrf-2 mRNA levels normalized to 18S were quantified by qRT-PCR. E Relative 
mtDNA mRNA levels normalized to 18S were quantified by qRT-PCR. F Relative p62 mRNA levels 
normalized to 18S were quantified by qRT-PCR. Values are given as mean + SD of n=3 replicates). ns= not 
significant; (unpaired t-test). 

In order to study a relation between DRP1 activation and mitochondrial alterations in 

primary cortical neurons, the phosphorylation state of DRP1 at serine 616 and 637 was 

evaluated by Western blot (Figure 57). DRP1 was previously shown to be in an active state, 

if serine 616 is phosphorylated, while serine 637 is simultaneously dephosphorylated [104]. 

The present study conveyed evidence, that cofilin1-/- depletion in neurons led to an activation 

of the pro-fission protein DRP1, as both crucial phosphorylation sides were significantly 

altered compared to WT neurons (Figure 57 B, C), whereas total DRP1 abundance was not 

significantly changed (Figure 57 A). 
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Figure 57. DRP1 was activated in cofilin1-knockout neurons.  

A Protein lysates were collected at DIV30 from primary cortical neurons of E18 mouse embryos. DRP1 
protein abundance was evaluated by Western blot and quantified from three blots (mean + SD). B DRP1 
phosphorylation of serine residue on position 616 and C serine residue 637 was analyzed by specific 
antibodies, respectively. Quantification was conducted by normalization to DRP1 and α-Tubulin from three 
experiments and data are presented as mean + SD. ns= not significant; *p<0.05 compared to WT; **p<0.01 
compared to WT (unpaired t-test). WT (wildtype=flx/flx); Cfl1-/- (cofilin1-knockout). 

Cofilin1 is an important actin regulator, that is important for a huge variety of cellular 

functions and more specifically for brain development and synapse formation. In addition, 

after short-term deletion of cofilin1 in vitro mitochondrial integrity was completely 

preserved, although changes in mitochondrial dynamics emerged (Chapter 4.1.2

 Mitochondrial function is not impaired upon cofilin1 depletion). In order to study 

long-term effects of cofilin1 deletion on mitochondrial function, hippocampi of adult mice 

were studied by the Seahorse XFe Analyzer. By measurement of the oxygen consumption 
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rate after biochemical disturbance with different inhibitors of the respiratory chain 

complexes, the bioenergetic profile of mitochondria was assessed, representing the viability 

and respiratory capacity of mitochondria. The measurements of isolated mitochondria 

revealed a sustained mitochondrial respiration of WT and cofilin1-/- animals (Figure 58), 

uncovered by compendious presentation of all three analyzed WT and cofilin1-/- animals 

(Figure 58 B), indicating that long-term cofilin1-depletion exerts no detrimental effects on 

mitochondrial function. 
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Figure 58. Isolated mitochondria from HC of adult WT and cofilin1-/- mice were measured by Seahorse 

XFe Analyzer.  

A The OCR measurement of three independent, four to six-month old wildtype (flx/flx) or cofilin1-/- 
(Cfl1flx/flx,CaMKIIα-Cre) mice was conducted after isolation of mitochondria from the HC. Values are 
presented as mean ± SD from 5-9 wells per condition. B Pooled data from three WT-mice and three 
cofilin1-/- mice (shown in A) are presented as mean ± SD. 

4.4 Effects of recombinant cofilin1 protein on isolated mitochondria 

Cofilin1 was identified as a crucial protein involved in several physiological and pathological 

mechanisms and phenotypes. Besides regulation of actin dynamics, more precisely, the 

enforcement of actin depolymerization, it was also described to participate in cell death 

mechanisms induced by oxidative stress, e.g. induced by the oxidant taurine chloramine [88] 

or H2O2 [168]. In order to study direct effects of recombinant cofilin1 on mitochondrial 

parameters, isolated mitochondria from adult mouse cortex were incubated with 

recombinant cofilin1 and afterwards analyzed by fluorescence-based cell analysis or 

Seahorse Xfe Analyzer. To unhinge mitochondria from an intact brain tissue, a cell 

homogenizer was applied for proper decomposition. Different cellular fractions, i.e. the 

mitochondrial and the nuclear fraction were afterwards enriched by centrifugation. 
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Successful fractionation was confirmed by immunoblotting for α-Tubulin, as a cytosolic 

marker, Tim23, a protein of the inner mitochondrial membrane and the nucleus-specific 

protein HDAC (Figure 59 A). The integrity of mitochondria after isolation was verified by 

the cationic fluorescent dye rhodamine 123, which is readily sequestered in intact 

mitochondria and released by treatment with the uncoupler FCCP (Figure 59 B).  

 

Figure 59. Implementation of a cell homogenizer to mouse brain cortex revealed enrichment of a crude 

mitochondrial fraction with a preserved mitochondrial integrity.  

A Western blot analysis of total protein lysate, the mitochondrial and the nuclear fraction shows different 
signals of the cytosolic microtubule protein tubulin, the nucleus marker HDAC and the inner mitochondrial 
membrane protein Tim23. B Rhodamine123 was used to examine the integrity of mitochondria upon 
isolation with the cell homogenizer and required centrifugation processes. Total (total lysate); Mito 
(mitochondrial fraction); Nuc (nucleus fraction); R123 (Rhodamine 123). 

Cofilin1 possesses several cysteine residues essential for the quaternary structure of the 

protein by forming intra- or intermolecular disulfide bonds. Four crucial cysteines are 

described in humans at position 39, 80, 139 and 147 prone to oxidation [88, 181]. 

Dephosphorylation of serine 3 and oxidation of the aforementioned cysteine residues are 

considered as crucial prerequisites for mitochondrial localization after apoptosis induction 

[33, 88, 118]. To specifically address the impact of different cofilin1 mutants (2Cys: 

Cys139Ser/Cys147Ser; 4Cys: Cys39Ser, Cys80Ser, Cys139Ser, Cys147Ser) on mitochondrial 

ROS formation, mitochondrial membrane potential and mitochondrial respiration, isolated 

mitochondria were incubated with the respective cofilin1 variants under basal, oxidized 

(H2O2) or reduced conditions (DTT). Oxidation or reduction exerted no effect on the protein 

amount, as evaluated by Western blot (Figure 60 A). Strikingly, the reduced form of WT 

cofilin1 had no impact on the membrane potential, whereas application of WT cofilin1 either 

in the natural form or in the oxidized state decreased the membrane potential. Further, the 
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Cys139/147Ser mutation as well as conversion of all four cysteines to serine completely 

abolished the deleterious effect of the protein (Figure 60 B, C). 
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Figure 60. Isolated mitochondria were incubated with cofilin1 recombinant protein and the impact on 

the mitochondrial membrane potential was assessed by TMRE staining.  

A Recombinant cofilin1 protein was applied in the native, the oxidized (50 µM H2O2) or in the reduced form 
(10 mM DTT) to SDS-PAGE and Western blot. B 75 µg mitochondria were incubated with 10 µg protein for 
20 minutes at 37 °C and finally stained with TMRE (1:1,000). 50 µM CCCP served as a positive control. 10,000 
total events were measured and shown as mean + SD (n=3 replicates). C Representative histograms of the 
TMRE FACS analysis are shown. WT (wildtype cofilin1 protein); 2Cys (Cys139/Cys147  serine mutation); 
4Cys (39, 80, 139, 147  serine mutation) ***p<0.001 compared to ctrl (ANOVA, Scheffé’s-test). 

To elucidate the impact of the WT protein and the 2Cys-cofilin1 mutant on a broader 

spectrum of mitochondrial parameters of isolated mitochondria, mitochondrial ROS 

generation was measured after MitoSOX staining and subsequent quantification of the red 

fluorescence intensities. The maximal effect of mitochondrial ROS generation was evoked by 

antimycin A treatment, a potent complex III-inhibitor of the respiratory chain [170] (Figure 
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61 B). Surprisingly, the oxidized form of the WT protein also induced a significant burst of 

mitochondrial ROS, whereas the reduced WT protein and the 2Cys-mutant generated 

comparable ROS levels to mitochondria of the untreated control group (Figure 61 A). 

Antimycin A (AA) was used as a positive control to demonstrate the highest inducible 

amount of mitochondrial ROS. 
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Figure 61. MitoSOX measurement of isolated mitochondria incubated with cofilin1 recombinant protein.  

A 75 µg mitochondria were incubated with 10 µg protein for 20 minutes at 37 °C and finally stained with 
MitoSOX red fluorescent dye (1:1,000). 10 µM Antimycin A served as a positive control. 10,000 total events 
were measured and shown as mean + SD (n=3 replicates). B A representative histogram of the MitoSOX 
FACS analysis of ctrl and AA treated mitochondria is illustrated to show the maximal effect. AA (Antimycin 
A); WT (wildtype cofilin1 protein); 2Cys (Cys139/Cys147  serine mutation); ***p<0.001 compared to ctrl 
(ANOVA, Scheffé’s-test). 

Finally, to understand the effect of recombinant cofilin1 proteins on a functional level, 

mitochondrial bioenergetics were evaluated by Seahorse XFe Analyzer. This measurement 

facilitates detailed evaluation of specific steps of mitochondrial respiration. The 

mitochondrial assay buffer (MAS) contained succinate to specifically assess complex II-

driven respiration and rotenone to prevent reverse electron flow. ADP injection allows the 

specific calculation of the phosphorylating capacity to produce ATP. In the current study, 

the analysis of the ADP-driven activity revealed a significant difference (p<0.02) between the 

control condition and mitochondria challenged with the oxidized WT cofilin1 protein 

(Figure 62 A, C). The oxidized form of the 2Cys mutant mediated extenuated detrimental 

impact on the ADP-induced respiration, but still significant (p<0.04), which was completely 

reversed by reduction of the present cysteine residues (Figure 62 B, C). Oligomycin, a potent 

ATP synthase inhibitor (complex V), allows for estimating the proton leak across the inner 

mitochondrial membrane, which was not apparently affected after application of either the 

oxidized or reduced form of the recombinant protein (Figure 62 A, B). Injection of the 
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uncoupler FCCP disrupts the proton gradient to facilitate maximal respiration. Again, this 

state of mitochondrial respiration was not compromised by neither the WT cofilin1 

recombinant protein, nor the 2Cys cofilin1 mutant (Figure 62 A, B, D). The present data 

suggests a role for the oxidized form of cofilin1 cysteine residues in mediating deleterious 

effects on mitochondrial integrity and function, which was attenuated if the either all 

cysteines, or at least the residues at position 139 and 147 were mutated to serine. 

After ADP injection After FCCP injection

A B

C D

 

Figure 62 Evaluation of the impact of cofilin1 recombinant protein on mitochondrial respiration.  

A 10 µg mitochondria per well were incubated with 1 µg WT protein or B with the 2 Cys mutant either in 
the native form, the oxidized form (50 µM H2O2) or in the reduced form (10 mM DTT) for 30 minutes at 
37 °C and finally administered to the Seahorse Analyzer. Mean + SD (n=5-9 replicates). C Quantification of 
mitochondrial activity was conducted with the values delivered after the injection of ADP as a substrate for 
the OXPHOS phosphorylating capacity. D FCCP uncouples the oxygen consumption from ATP production 
and is used to assess maximal respiratory activity. ns (not significant); WT (wildtype cofilin1 protein); 2 Cys 

(Cys139/Cys147  serine mutation); ***p<0.001 compared to ctrl (ANOVA, Scheffé’s-test). 
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5 Discussion 

5.1 Cofilin1 knockout in MEF cells led to mitochondrial fragmentation 

without deleterious effects on mitochondrial function 

Mitochondrial dynamics, i.e. the balance between fusion and fission is important for the 

whole organism to maintain cellular bioenergetics, retain intracellular calcium homeostasis 

and facilitate energy supply to regions of high demand. An imbalance of these dynamic 

processes were associated with neurodegenerative disorders, such as Parkinson’s disease, 

Alzheimer’s disease or Charcot-Marie Tooth neuropathy [25]. Mitochondrial fragmentation, 

mediated by a major mitochondrial fission protein, namely dynamin-related protein 1 

(DRP1), was previously associated with cell death progression upon apoptosis induction 

with staurosporine, etoposide or γ-irradiation [52], but also during mitotic division of cells 

to ensure proper distribution of mitochondria to the daughter cell [48]. 

In the present study, implications of actin-disturbance by deletion of the major actin-binding 

protein cofilin1 on mitochondrial dynamics were examined. Of note, the mitochondrial 

phenotype upon deletion of cofilin1 was considerably changed towards a disassembled, 

highly fragmented appearance, which was confirmed by enhanced DRP1-activity, as 

assessed by Western blot analysis of two crucial phosphorylation sites (Figure 12). Actin-

dependent recruitment of DRP1 leads to constriction of the outer mitochondrial membrane 

(OMM), but need further stimuli, such as mitochondrial Ca2+ uptake through MCU to drive 

a productive fission event [24, 31]. Therefore, three prerequisites for mitochondrial 

constriction and subsequent fission are required and eventually fulfilled in cofilin1-/--MEFs: 

First, cofilin1 deletion leads to enhanced actin-polymerization by increasing filamentous 

actin proportion, represented by an almost doubled F/G-actin ratio [140]. Filamentous actin 

(F-actin) was described to be essential for DRP1-recruitment to mitochondria [72, 90]. Thus, 

an increase in F-actin seems to proportionally increase DRP1 recruitment. Second, 

subcellular DRP1 distribution is not only shifted towards mitochondria, the protein is also 

in its active state, as the crucial serine residue 616 is phosphorylated, whereas serine 637 is 

dephosphorylated (Figure 12). Ultimately, specific evaluation with the mitochondrial Ca2+ -

sensitive dye Rhod-2 AM revealed elevated basal mitochondrial Ca2+ levels and increased 

mitochondrial uniporter (MCU) expression upon cofilin1 deletion (Figure 19), suggesting 

that the major requirements for a productive fission event are fulfilled (Figure 17). How 
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cofilin1 deficiency affects MCU transcription and protein expression is not clear until now. 

Potentially, ER-mitochondrial contacts are altered towards longer distances triggered by 

enhanced INF2-induced actin-polymerization at ER-mitochondrial contact sides. Therefore, 

Ca2+ transfer from ER to mitochondria might be aggravated and thus MCU is upregulated as 

a compensatory response, as previously discussed in Mfn2-/- cells. The authors claimed, that 

Mnf2 acts as a negative regulator of ER–mitochondrial tethering, thereby regulating ER-

mitochondrial Ca2+ transfer and MCU expression [49, 137]. 

Surprisingly, existing data obtained after transfection with genetically encoded low-affinity 

Ca2+-indicator mito-LAR GECO1.2 and subsequent stimulated Ca2+ uptake into 

mitochondria, revealed a lower capacity of cofilin1-/- MEFs to accumulate Ca2+ after acute 

stimulation compared to control cells (Figure 18). If all results are taken into consideration, 

cofilin1 depletion eventually lead to increased MCU expression, thus basal mitochondrial 

Ca2+ levels might be saturated. Hence, after acute stimulation of mitochondrial Ca2+ uptake, 

these organelles incorporated significantly less Ca2+ after cofilin1-knockout as control MEFs.  

However, it still remains elusive, whether decreased acute mitochondrial Ca2+ uptake 

occurred only due to saturated basal mitochondrial Ca2+ levels or if other mechanisms further 

contributed to the observed effect. Yet, another possible explanation for the observed 

changes in mitochondrial Ca2+ uptake is an altered distance of ER-mitochondrial contacts 

through enhanced actin polymerization upon cofilin1 deletion (Figure 63). Evidence for this 

assumption was given by Chakrabarti and coworkers [24]. They demonstrated that INF2-

depletion in U2OS cells diminished mitochondrial Ca2+ uptake after stimulation with either 

histamine or the ionophore ionomycin [24]. EM micrographs revealed insight into the 

distance between ER and mitochondria. Distances smaller than 30 nm were considered as 

close ER-mitochondrial contacts necessary for ER-mitochondrial Ca2+ transfer. Surprisingly, 

ionomycin evoked a significant increase of close contacts between both organelles in WT 

cells, but not in INF2-deficient U2OS cells, indicating that INF2-mediated actin 

polymerization between ER and mitochondria is necessary for the formation of close contact 

sides [24]. A final conclusion on ER-mitochondrial distances in the present study is 

unfeasible, as this moiety was not addressed until now. 

Previous studies repeatedly reported a deleterious impact of mitochondrial fragmentation, 

as mitochondrial fission and associated functional impairments and the organelles’ 

disintegration were suggested as a ‘point of no return’ in many cell death pathways [36, 82]. 
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In the current work, it was clearly demonstrated that mitochondrial fragmentation was 

neither dependent on mitochondrial ROS accumulation [55] nor accompanied by 

mitochondrial demise, shown by preserved ATP levels, mitochondrial respiration, and an 

intact mitochondrial membrane potential (Figure 14). In line with these observations, also 

the amount of damaged or dead cells, addressed by AnnexinV and propidium iodide (PI) 

staining, was unaffected upon cofilin1 deletion (Figure 15). Intriguingly, under conditions of 

oxidative stress induced by glutamate, the amount of cell death was neither exaggerated nor 

diminished in cofilin1-/- MEFs compared to controls (Figure 15). However, mitochondrial 

fragmentation in other paradigms lead to higher susceptibility to ROS-induced mitophagy 

[171]. Detailed analysis of a specific form of cell death, namely apoptosis, revealed that 

cofilin1 was dispensable for cell death progression in MEF cells, although a transactivation 

of cofilin1 from the cytosol to mitochondria was demonstrated [139]. 

Enhanced transcription of the major mitochondrial biogenesis markers Nrf-1 and PGC1α 

might counteract the fragmented mitochondrial phenotype (Figure 16), as previous studies 

demonstrated, that newly synthesized mitochondria induced by AICAR treatment appeared 

elongated [75]. AICAR is able to induce mitochondrial biogenesis and mitochondrial 

elongation via AMPK-mediated Nrf-1 activation [75]. Additionally, mitochondria of 

cofilin1-/- cells were still able to fuse [140], contributing to the notion that under these 

circumstances mitochondria are in an intact and healthy condition.  

In order to explore the option that mitochondrial fragmentation in cofilin1-/- cells is due to 

accumulation of inoperable mitochondria, the quantitative analysis of protein expression 

levels of the major autophagy marker LC3B-II was assessed by Western blot after autophagy-

induction with Bafilomycin A. Under these treatment conditions, the protein abundance in 

control and cofilin1-/- MEFs was equally increased, suggesting that mitochondrial 

fragmentation is not due to enhanced gathering of defective organelles (Figure 20).  
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Figure 63. Model of MCU regulation after genetic cofilin1 deletion in MEF cells.  

Genetic deletion of cofilin1 in MEF cells lead to increased MCU protein abundance and thus to higher basal 
mitochondrial Ca2+ levels putatively triggered by enhanced INF2-induced actin-polymerization between ER 
and mitochondria. 

Finally, the recent study lack data on the detailed mitochondrial structure in cofilin1-/- MEF 

cells obtained with an electron microscope. As such, whether complete mitochondrial 

fragmentation is present cannot be faithfully determined due to the resolution limit of 

fluorescence microscopy. Emerging evidence suggests that mitochondria can form thin 

double-membrane protrusions that allow the communication of distant mitochondria, so 

called ‘nanotunnels’ [167, 184]. Until now, inter-mitochondrial nanotunnels are described in 

skeletal muscle [166], cardiomyocytes [80] and kidney cells [19]; and depending on the cell 

type, the diameter of these protrusions can vary between 40 and 200 nm [167] and, thus, they 

are hardly detectable. Surprisingly, changes in mitochondrial Ca2+ were attributed to 

mitochondrial nanotunnel formation [98] underlining the possibility that the observed 

mitochondrial fragmentation was not only a result of DRP1-transactivation and 

mitochondrial fission, but also based on nanotunnel formation between non-adjacent 

mitochondria due to elevated mitochondrial Ca2+ levels in cofilin1-/- MEFs.  
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5.2 Neuronal HT22 cells deficient for the actin-regulatory proteins cofilin1 or 

INF2 exerted higher resilience in models of oxidative stress 

Among others, oxidative stress and subsequent mitochondrial impairment are one of the 

most harmful factors contributing to functional demise of neurons in neurodegenerative 

diseases [105]. In the current study, the role of cofilin1 in the paradigms of erastin and 

glutamate-induced cell death in neuronal HT22 cells were examined with specific focus on 

mitochondrial function, as mitochondrial impairment is considered as ‘the point of no 

return’ after cell death induction. However, the role of cofilin1 in apoptosis progression is 

contradictory until now, as studies obtained in lymphoma cells or T-cells claimed, that 

oxidized cofilin1 plays an important role in mediating apoptotic signaling to mitochondria 

by cofilin1-transactivation and subsequent induction of mitochondrial swelling [33, 88, 168], 

whereas, in contrast, in mouse embryonic fibroblasts (MEF) cofilin1 was found to be 

dispensable in regulated cellular death mechanisms [139]. The present study emphasizes for 

the first time, that cofilin1 is activated in neuronal cells by dephosphorylation at serine 

residue 3 (Ser3) in cell death paradigm of oxytosis and ferroptosis. Importantly, cofilin1-

silencing significantly attenuated cell death progression (Figure 22), which is perfectly in line 

with previous findings on oxidative stress-induced activation of cofilin1 [86]. More precisely, 

the definite point of action of cofilin1 after oxytosis or ferroptosis induction was located 

upstream of mitochondria, but downstream of lipid peroxidation and soluble ROS 

accumulation. BODIPY measurement addresses the amount of oxidized cytosolic or 

membrane lipids, whereas H2DCF is an indicative value for the generation ROS, such as 

hydrogen peroxide, nitrate and hypochlorous acid. Both indicators emphasized that cofilin1 

depletion exerted no effects on early hallmarks of the cell death cascade, suggesting that lipid 

peroxidation as well as soluble ROS generation upon cell death induction occurred upstream 

and potentially induce a noxious, oxidized form of cofilin1 (Figure 23). However, 

mitochondrial parameters, such as mitochondria-derived ROS, detrimental mitochondrial 

Ca2+ overload, and the mitochondrial membrane potential were preserved in cofilin1 

silenced neuronal HT22 cells upon erastin or glutamate exposure (Figure 24 and Figure 25). 
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Figure 64. Putative mechanism of cofilin1 transactivation in models of erastin- or glutamate-induced 

cellular damage.  

Oxytosis and ferroptosis share common features of the cell death cascade, such as glutathione depletion 
leading to diminished glutathione-peroxidase 4 activity and subsequent enhanced peroxidation of cellular 
or membrane lipids. Transactivation of pro-apoptotic proteins, such as Bid or Bax, are a leading cause of 
mitochondrial demise. Dephosphorylated cofiin1 was identified as a key regulator in the cell death 
progression after erastin or glutamate treatment. Cofilin1 silencing with a specific siRNA was shown to 
protect mitochondrial damage, by preservation of an intact mitochondrial membrane potential and 
circumvention of mitochondrial ROS accumulation of detrimental Ca2+ overload. Xc--transporter 
(glutamate/cystine antiporter); GPX4 (glutathione peroxidase 4); ROS (reactive oxygen species); DRP1 
(dynamin-related protein 1); Bid (BH3-interacting domain death agonist); ATP (adenosine triphosphate); 
ΔΨm (mitochondrial membrane potential); AIF (apoptosis inducing factor); DNA (deoxyribonucleic acid); 
Ca2+ (Calcium); P (Phosphorylation at serine 3). 

Surprisingly, the maintenance of mitochondrial respiration, assessed by Seahorse XFe 

Analyzer, was negligible in cofilin-deficient cells after erastin or glutamate exposure, 

whereas the rate of glycolysis was entirely sustained (Figure 26). These findings suggested, 

that cells deficient for the actin-binding protein cofilin1 shifted their metabolic status 

towards glycolysis to match their energy demand. Accordingly, ATP levels of cofilin1-siRNA 

transfected cells were significantly preserved after cell death induction with erastin or 

glutamate (Figure 27). This phenomenon was previously described in cancer cells and 

referred to as ‘Warburg effect’ [163]. For detailed examination of the expression levels of key 

glycolytic enzymes, such as hypoxia-inducible factor 1 (Hif1α), c-Myc and pyruvate 

dehydrogenase kinase 1 (PDK1), Western blot analysis was performed and quantified 

afterwards. In particular, one major consequence of Hifα activation is the blockage of 
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pyruvate to enter the TCA cycle by enhancement of PDK1 activity, which, in turn, inhibits 

pyruvate dehydrogenase (PDH)-mediated conversion of pyruvate to acetyl-CoA [87]. 

Finally, this results in attenuated mitochondrial respiration. Surprisingly, Hif1α level are 

increased upon 9 hours treatment with erastin or glutamate in control cells (scrambled 

siRNA), but not after cofilin1-silencing, suggesting that control cells try to fix their energy 

production by enhancing Hif1α and PDK1-driven OXPHOS attenuation and glycolysis 

promotion, which is not sufficient to rescue the energy production of control cells under 

erastin or glutamate treatment (Figure 29 and Figure 30). However, cofilin1 siRNA-

transfected cells operated differently under conditions of oxidative stress. They showed 

increased expression levels of c-Myc after 9-hour erastin or glutamate exposure (Figure 29 

and Figure 30). C-Myc is a major regulator of glycolytic gene expression, such as LDH-A or 

enolase, thus, c-Myc activation mainly results in pronounced enhancement of glycolysis, 

until now, a mechanism only described in tumor cells [114, 187]. C-Myc and cofilin1 were 

recently described to underlie a direct interdependence, as c-Myc exerts properties on 

cofilin1 activation, nuclear translocation and F-actin reorganization in medulloblastoma cells 

[100]. Whether the activation cascade of c-Myc and cofilin1 can also occur vice versa has not 

been studied. The current study therefore suggested a new role for cofilin1 in the regulation 

of mitochondrial bioenergetic regulation, in particular, cofilin1-deficiency enforced the 

energy production towards glycolysis via c-Myc activation, leading to potent activation of 

glycolysis, whereas in erastin or glutamate-treated control cells Hif1α-PDK1 axis activation 

is insufficient to rescue energy production in terms of oxidative stress.  

The recent data clearly demonstrate, that cofilin1 activation acts as a checkpoint in oxidative 

stress-induced cell death. Moreover, cofilin1-overexpression of the wildtype form or in the 

constitutively active form (Ser3Ala) in neuronal HT22 cells itself exerted deleterious effects 

resulting in cellular damage evaluated by AnnexinV/PI staining, independently of additional 

noxious matter (Figure 33), which is consistent with previous studies addressing cofilin1 

activity on cell death [88, 168]. These data suggest, that cofilin1 alone can induce collapse of 

mitochondrial integrity finally leading to cell death. If cofilin1 transactivation depends on 

other factors, such as DRP1 – a known protein involved in mitochondrial translocation upon 

cell death induction [64] – is not entirely resolved. Previous studies revealed a requirement 

for the pro-fission protein DRP1 in cofilin1-mediated apoptosis signaling induced by the 

natural compound 4-methylthiobutyl isothiocyanate (erucin) in human breast cancer cells 

[101]. To examine the possibility that cofilin1 needs the interaction with DRP1 in neuronal 
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systems, immunoprecipitation was conducted, which revealed, unlike the above-mentioned 

finding, no direct interaction of both proteins during oxytosis or ferroptosis (Figure 34). 

Interestingly, in this regard, a previous study established that the interaction of cofilin1 with 

p53 in models of Aβ-induced apoptosis exerts stronger deleterious effects on mitochondria 

than cofilin1 alone [106]. Further elucidation is needed to finally answer the question of 

putative interaction partners of cofilin1 in models of erastin or glutamate-induced neuronal 

cell death. 

Another prevailing perception of the current study is the protective effect of INF2-knockout 

on mitochondrial parameters and cellular survival under oxidative stress conditions in 

neuronal HT22 cells (Chapter 4.2.3 INF2 depletion abrogates loss of mitochondrial 

function and cell death upon glutamate or erastin treatment). Hence, the respective findings 

demonstrate, for the first time, that besides cofilin1, another important actin-regulatory 

protein plays a fundamental role in cell death progression (Figure 40). In line with these 

findings, a recent study in a human keratinocyte cell line claimed, that INF2 is upregulated 

upon cell death induction with H2O2 and, in turn, its loss provided protection under 

oxidative stress conditions [28]. They demonstrated that this effect was mediated by 

maintaining mitochondrial dynamics and function and promoting mitochondrial energy 

metabolism on the molecular basis of Hif1-OPA1 signaling pathway, as inhibition of Hif1 

abolished the valuable effect of INF2 deletion [28].  

Mitochondrial Ca2+ homeostasis is considered a major factor defining the function and 

integrity of these organelles. Proper mitochondrial Ca2+ regulation, i.e. the uptake and the 

release across the inner mitochondrial membrane, is required for many mitochondrial 

processes, such as oxidative phosphorylation (OXPHOS) by direct activation of complex I, 

III and IV of the electron transport chain [58] or for key proteins of the tricarboxylic acid cycle 

(TCA) [162]. Intriguingly, if matrix Ca2+ concentration exceeds approximately 10 µM, a 

pathological state is accomplished, referred to as mitochondrial permeability transition 

(mPT) [174] and represents a major prerequisite for cell death progression [99]. Importantly, 

the presented data suggested, that INF2 substantially abolished massive mitochondrial Ca2+ 

overload assessed by Rhod-2 AM staining and quantification by fluorescent cell analysis 

(Figure 36 C, D) after cell death induction by erastin or glutamate, potentially contributing 

to beneficial effects on cellular survival under these circumstances. In accordance, a study 

from Chakrabarti demonstrated, that INF2-deficiency entirely averted acute ER-derived 

mitochondrial Ca2+ uptake stimulated by histamine or ionomycin [24]. Putative lower 
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mitochondrial Ca2+ concentration together with decreased expression levels of the pro-fission 

protein DRP1 resulted in alterations of mitochondrial dynamics, in especially to 

mitochondrial elongation of hippocampal HT22 cells (Figure 41). These observations are 

perfectly in line with previous findings emphasizing a role for INF2-induced actin 

polymerization on DRP1 recruitment and thus representing a critical step for productive 

mitochondrial fission [90, 119]. If mitochondrial elongation, previously defined as a 

protective moiety [109], contributes to the distinctive cellular resilience of INF2-knockout 

HT22 cells in conditions of oxidative stress, remains elusive and needs further conclusive 

investigation. 

5.3 Mitochondrial demise and cell death of primary cortical neurons was 

averted by genetic cofilin1 deletion 

Neurons are excessively prone to mitochondrial impairments, as this cell type inquire 

substantial energy demand, either for neuronal processes themselves or for proper energy 

distribution throughout the extensive network of axons or dendrites. Therefore, the present 

study spotlighted mitochondrial dynamics and function in conditions of cofilin1 deletion in 

primary neurons either under basal conditions or upon glutamate-induced excitotoxicity.  

Major implications obtained in mouse embryonic fibroblasts, demonstrated a role of the 

actin-regulatory protein cofilin1 for mitochondrial dynamics. To address this phenotype also 

in neuronal cells, analysis of mitochondrial morphology was conducted upon Cre-

transfection of cofilin1flx/flx neurons. Intriguingly, mitochondria of cofilin1-depleted neurons 

showed an impressively increased circularity index, representing the sphericity of particles 

and a decreased mitochondrial perimeter. Thus, this phenotype also transmits to primary 

neurons deficient for cofilin1, representing a conserved mechanism. Accordingly, activation 

of DRP1 was demonstrated by Western blot analysis of both critical serine residues 616 and 

637 and thereby confirming DRP1 activation in cofilin1-deficient neurons, again without 

deleterious effects on mitochondrial function and cellular survival (Figure 47; Figure 48). 

Besides the observed similarities between MEF cells and neurons with regard to the role of 

cofilin1 on mitochondrial morphology, also the evaluated dynamics of mitochondrial Ca2+ 

uptake were comparable. In particular, mitochondria from cofilin1-/- neurons comprised 

significantly less Ca2+ after acute stimulation with KCl than wildtype-neurons (Figure 53), 

indicative for similar mechanisms as observed and discussed in MEF cells (Chapter 5.1

 Cofilin1 knockout in MEF cells led to mitochondrial fragmentation without 
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deleterious effects on mitochondrial function). To evaluate the long-term effects of cofilin1-

knockout on mitochondrial function, mitochondria were isolated from the hippocampus of 

adult cofilin1flx/flx (WT) and cofilin1flx/flxCaMKIIα-Cre (cofilin1-/-) mice and evaluated by 

Seahorse XFe Analyzer (Figure 58). In the hippocampus, cofilin1-downregulation in 

cofilin1flx/flxCaMKIIα-Cre mice starts between postnatal day 1 and 21 and reaches almost 

entire suppression of protein translation between day 21 and day 50 after birth [145]. 

Evaluation of the mitochondrial bioenergetic profile revealed overlapping values of WT and 

cofilin1-/- of four to six-month old mice, suggesting, that even after long-term deletion of 

cofilin1, mitochondrial function is unaffected.  

Although neurodegenerative diseases, such as Alzheimer’s, Parkinson’s or Huntington’s 

disease, are often predicated to a divers genetic etiology, various studies implicate that they 

share common pathological pathways, e.g. major hallmarks of excitotoxicity [46]. Hence, the 

applied model of glutamate-induced excitotoxicity in primary cortical mouse neurons 

represents a suitable system to study the cellular response under the applied conditions in 

wildtype neurons and upon genetic deletion of the actin-regulatory protein cofilin1-/-. Thus, 

the recent findings are transmissible for a variety of neurodegenerative disorders. Generally, 

cofilin1 was found to be highly relevant for cell death signaling in neurons, thus endorsing 

new insights into the pathophysiological role of cofilin1. In particular, genetic deletion of 

cofilin1 by CaMKIIα-driven Cre expression, thereby specifically targeted to excitable 

neurons, was demonstrated to increase cellular resilience in primary neurons in paradigms 

of glutamate-induced cell death (Figure 48). Additionally, in line with data obtained in 

hippocampal HT22 cells, mitochondrial respiration was preserved to the same extent as 

achieved by MK-801-mediated NMDA-receptor inhibition after glutamate exposure (Figure 

47). NMDA-receptor activation was demonstrated to result in cofilin1 dephosphorylation, 

thereby promoting cofilin1 activation achieved by initialization of the phosphatase slingshot 

[135]. Accordingly, in the present study, inhibition of cofilin1 by facilitating serine 3 

phosphorylation via Rho-ROCK-LIMK pathway induced by the Rho-activator CN03 

achieved similar results (Figure 65), particularly an increase of neuronal resilience after 

glutamate exposure (Figure 49). In models of ischemic stroke, administration of the Rho 

activator CN03 or overexpression of LIMK1 could significantly reduce the percentage of 

cofilin-actin rods per neuron upon ATP depletion or in vivo after MCAO reperfusion [151] 

(Shu et al., 2018). Cofilin1 phosphorylation also preserved the number and morphology of 

synapses, whereas under control conditions synapse density was strongly decreased. 
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Functional consequences of cofilin1 phosphorylation were assessed by measuring the 

amplitude and frequency of miniature excitatory postsynaptic currents (mEPSC) in control 

neurons and in neurons overexpressing LIMK1. Further, LIMK overexpression and 

associated functional cofilin1 repression was associated with increased synaptic 

transmission under ATP depleting conditions [151]. The obtained data together with recent 

publications suggests, that it would be advantageous to consider cofilin1 phosphorylation 

as putative target for cellular protection in pathologies leading to neuronal disorders. 

 

Figure 65. Putative model of glutamate-induced activation of cofilin1 in models of neuronal 

excitotoxicity.  

Micromolar doses of glutamate stimulated excessive Ca2+ entry into neurons, a pathologic condition known 
as excitotoxicity. By application of CN03 protein, a known Rho-activator, cofilin1 is deactivated via ROCK-
LIMK pathways thereby promoting neuronal protection by circumventing cofilin1 activation and 
mitochondrial demise. NMDA-R (N-methyl-D-aspartate receptor); ER (endoplasmic reticulum); [Ca2+] 
(intracellular calcium concentration); P (Ser 3-phosphorylation); ROCK (Rho-associated serine/threonine 
kinase); LIMK (LIM kinase); DNA (deoxyribonucleic acid); roman numerals representing complex I-V of the 
respiratory chain. 

In neurons, the function of the actin-regulatory protein cofilin1 is extremely divers. In 

particular, cofilin1 was demonstrated to link actin dynamics and postsynaptic plasticity, and 

together with ADF affected actin turnover to such a great extent, that assembly and 

exocytosis of synaptic vesicles in hippocampal synapses was tremendously impaired if 

neurons are deficient for both actin-binding proteins [176]. Synaptic transmission is 

especially crucial for neuronal connectivity and proper signal transduction throughout the 

whole brain [156]. The impact of cofilin1 on neuronal network formation and activity in vitro 

was determined by Fura-2 AM measurement and subsequent evaluation of the firing 
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frequency over time. Surprisingly, neurons derived from cofilin1-deficient animals exhibited 

a significantly more frequent spontaneous firing pattern as wildtype neurons (Figure 50). A 

rough hint for the interpretation of these results were delivered by Koch and coworkers [89]. 

They demonstrated that deletion of the Arp2/3-activator syndapin I, critically increased the 

firing rate of the neuronal network after activation with kainic acid. Considerably, besides 

the ability of syndapins to promote actin nucleation via Arp2/3-complex activation, this 

protein family is also known to regulate vesicle trafficking in synapses, thereby probably 

also impacting neuronal network activity [89]. A similar actin-dependent mechanism might 

also explain the increased firing frequency upon cofilin1 deletion. 

Cofilin-actin rods are pathophysiological cytoplasmic or nuclear protein-aggregations and a 

major cause of neuronal demise in neurodegenerative diseases [6], such as Alzheimer’s 

disease [5] or Huntington’s disease [123], but recently also discovered in ischemic brain 

injuries [151, 177]. ATP depletion is considered as a major trigger for deleterious cofilin-actin 

rod formation in the brain. Preliminary confocal microscopy studies were conducted to 

address the imperative question for the very first time whether the absence of cofilin1 would 

be a beneficial condition for attenuation of actin rod formation in primary cortical neurons. 

Intriguingly, cofilin1-deficient neurons were still capable to form rods, but the number of 

actin rods was significantly reduced compared to neurons from a wildtype animal (Figure 

54). On the functional level, the question remains whether deletion of cofilin1 and thereby 

reduction of cofilin-actin rods would lead to an improved neuronal outcome. To this end, 

closing remarks on cofilin1 as a potential therapeutic target are still infeasible, although the 

recent study provides important new insights into the properties of cofilin1 particularly 

under pathological conditions.  

5.4 Impairments in mitochondrial function revealed a direct effect of cofilin1 

on mitochondria 

In order to distinguish potential indirect actin-based cofilin1 effects from those which are 

directly mediated by cofilin1, isolated mitochondria were incubated with recombinantly 

produced cofilin1 protein and afterwards analyzed either by FACS measurement or with the 

Seahorse XFe Analyzer. First hints of direct cofilin1-mediated impacts on mitochondria were 

given by Chua and coworkers in 2003 [33]. A few years later, four cysteine (39/80/139/147) 

and three methionine residues were identified, which are all prone to oxidation, but only the 

oxidized cysteines were linked to mitochondrial demise [88]. In particular, a detrimental role 
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for the oxidized form of cofilin1 upstream of mitochondria was unraveled in cell death 

models induced by the oxidants H2O2 or taurine chloramine (TnCl) [88, 168]. Under these 

circumstances, cofilin1 attains activity to translocate to mitochondria and induces 

mitochondrial swelling, cytochrome c release and opening of the mitochondrial permeability 

transition pore (mPTP). The activation of the protein was even observable under basal 

conditions without any further stimulus, if the cells express the oxidation-mimetic glycine 

residues at position 39 or 80, respectively [168]. Apparently, cysteines do not only serve as 

redox sensors, they are also crucial for the correct formation of the protein. Especially Cys39 

and Cys80 were described to form intramolecular disulfide bonds and their oxidation 

eventually lead to protein dephosphorylation (Ser3) after oxidation due to sterical 

implications [57]. Cys139 and Cys147 are able to form both, intra- and intermolecular 

disulfide bonds, thus presenting a prerequisite for oligomerization and cofilin-actin rod 

formation [15]. In the present study, specific mutations of either two (Cys139/147) or all four 

cysteine residues of the recombinant protein were realized to address the question which 

specific cysteine residues contribute to the deleterious effects of the protein after oxidation. 

Specific evaluation of mitochondrial parameters after incubation of the protein and the 

enriched mitochondrial fraction facilitates insight into the direct mechanism of the protein 

without any cellular contributors. Intriguingly, the mitochondrial membrane potential, 

addressed by TMRE staining and following fluorescence-based quantification of the TMRE 

signal revealed, that the wildtype form of the protein significantly impaired the 

mitochondrial integrity by decreasing the mitochondrial membrane potential, which was 

attenuated if cofilin1 residues at position 139 and 147 are mutated to the non-oxidizable 

amino acid serine (Figure 60). This detrimental impact was completely averted if all four 

cysteine residues were substituted by serine. These data unravel that oxidation of the 

wildtype form of cofilin1 lead to a significant impairment of the mitochondrial respiration. 

Accordingly, mitochondrial ROS accumulation was enhanced by the oxidized form of 

cofilin1 and, in line with the TMRE measurement, the 2Cys mutant form prevented this 

incidence, which entirely fit to the finding from Klamt et. al who evaluated the Cys139/147 

mutant in a cellular environment by transfection of respective cofilin1-mutated plasmids [88] 

(Figure 61). Evaluation of the mitochondrial respiration revealed, that the wildtype form of 

cofilin1 impaired the oxygen consumption upon ADP injection, an indicator of complex II, 

III and V-driven respiration. Although the mutation of Cys139 and 147 still lead to a decrease 

of mitochondrial respiration, the effect was less pronounced (Figure 62). In conclusion, the 



5 Discussion 

118 

deleterious effect of cofilin1 was attenuated if either all cysteine residues of the protein were 

substituted be the non-oxidizable serines, or if cysteine residues at position 139 and 147 are 

mutated to serine residues, indicating that both positions 139 and 147 are crucial in 

mediating the direct damaging impact on mitochondria.  
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6 Summary 

Neurological diseases, such as stroke, Alzheimer’s disease and related dementias are among 

the most prevalent disorders leading to disability and death worldwide. Many cell death 

pathways, including apoptosis, necrosis and necroptosis, oxytosis or ferroptosis, relevant for 

these pathologies, converge at the level of neuronal demise through oxidative stress. In the 

last decades, many efforts were accomplished to identify underlying pathophysiological 

mechanisms leading to neuronal demise and subsequent deficits in brain function. However, 

it still remains obscure which molecular mechanisms contribute to these pathologies and 

how they are interconnected. The role of mitochondria and respective dynamics dependent 

on the actin-binding proteins cofilin1 and INF2 contributing to mitochondrial regulation and 

to neuronal demise are illuminated in the present work. In particular, cofilin1 loss-of-

function studies in MEF cells, demonstrated that absence of this actin-binding protein 

indirectly contributes to mitochondrial fission via DRP1 activation. Mitochondrial dynamics 

is especially substantial for the generation as well as delivery of ATP to cellular areas with 

high energy demand; and fission events are frequently associated with impaired 

mitochondrial function as a prerequisite for cell death. In the case of cofilin1 knockdown, 

however, mitochondrial fragmentation, was not associated with any mitochondrial 

impairment, substantiated by an identical bioenergetic profile of cofilin1-/- cells and control 

cells, unaltered ATP levels and a preserved mitochondrial integrity as assessed by TMRE 

measurements. Additionally, cofilin1 knockout was linked to increased basal mitochondrial 

Ca2+ level through elevated MCU expression, putatively contributing to mitochondrial 

fission. The role of cofilin1 in cell death paradigms induced by erastin or glutamate was 

negligible in MEF cells, and deletion of the protein had no relevant effect on cellular 

resilience. 

In neuronal cells, however, cofilin1 was identified, for the first time, as a redox sensor in 

oxidative stress-induced cell death pathways, namely oxytosis and ferroptosis, thereby 

linking detrimental cellular ROS accumulation to mitochondrial demise through this actin-

regulating protein. In particular, cofilin1 deletion in neuronal HT22 cells exerted substantial 

beneficial effects on mitochondrial resilience, assessed by quantification of mitochondrial 

ROS production, mitochondrial membrane potential or bioluminescent-based measurement 

of ATP levels. Intriguingly, HT22 cells deficient for cofilin1 exhibited a profound glycolytic 

shift as a response to erastin or glutamate toxicity to meet their energy demand, whereas 
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control cells were metabolically inactive. Surprisingly, interfering with another actin-binding 

protein, namely INF2, exerted similar effects on cellular resistance of neuronal HT22 cells 

comparable to cofilin1 knockdown. Accordingly, mitochondrial parameters were 

significantly preserved after oxytosis and ferroptosis induction resulting in enhanced 

cellular survival. Recent findings from this study and by others, suggesting that actin 

dynamics is directly linked to the regulation of mitochondrial fusion and fission, guided this 

project towards uncovering the potential of INF2 to impact mitochondrial morphology. This 

study unraveled an indirect role for INF2 on the regulation of mitochondrial fission by 

affecting actin dynamics and DRP1 activity in neuronal cells.  

Notably, cofilin1 was confirmed being as a key player under pathophysiological conditions 

induced by glutamate in primary cortical neurons, as cofilin1 deficient cells were 

substantially protected against the induced excitotoxicity. Mitochondrial respiration was 

significantly preserved in cofilin1-/- primary neurons under excitotoxic conditions, thereby 

maintaining cellular survival. Additionally, decrease of cofilin-actin rod formation in 

cofilin1-/- deficient neurons might also contribute to the observed protective effects.  

The present data on isolated mitochondria treated with the recombinant cofilin1 protein 

provide a further link to toxicity-related mitochondrial impairment by cofilin1 itself. Direct 

effects of cofilin1 were demonstrated by assessing the mitochondrial membrane potential, 

mitochondrial ROS accumulation and mitochondrial respiration. Interestingly, the 

detrimental impact of cofilin1 on mitochondria is dependent on oxidation of crucial cysteine 

residues at position 139 and 147, as mutations of these cysteine residues to serine abolished 

the noxious character of cofilin1.  

Overall, the present findings reveal, for the first time, that the actin-binding proteins cofilin1 

and INF2 play a crucial role in paradigms of oxidative stress and that inhibition of these 

proteins results in protective effects in neuronal cells that were particularly attributed to the 

preserved mitochondrial integrity and function. Thus, interfering with the pathological 

activation of actin-binding proteins, such as cofilin1 or INF2 may offer an effective 

therapeutic strategy in neurodegenerative diseases. 
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7 Zusammenfassung 

Neurologische Erkrankungen, wie Schlaganfall oder Morbus Alzheimer, gehören weltweit 

zu den häufigsten Ursachen für Invalidität und Tod. Viele für diese Erkrankungen relevante 

Zelltodmechanismen, einschließlich der Apoptose, Nekrose und Nekroptose, Oxytose oder 

Ferroptose, führen über vermehrten oxidativen Stress zum neuronalen Zelluntergang. 

Zahlreiche Untersuchungen der letzten Jahre haben bereits wichtige Erkenntnisse über die 

zugrunde liegenden pathophysiologischen Mechanismen gebracht, die zum neuronalen 

Untergang und entsprechenden Einschränkungen der Gehirnfunktion führen. Es ist jedoch 

immer noch unklar, welche weiteren Faktoren und molekularen Mechanismen zu diesen 

Erkrankungen beitragen und wie diese miteinander verbunden sind. Die Rolle der 

Mitochondrien und ihrer dynamischen Regulierung, sowie die Charakterisierung der Aktin-

bindenden Proteine Cofilin1 und INF2 im Kontext der mitochondrialen Dynamik und 

neuronalen Zelltodmechanismen, ist Gegenstand der vorliegenden Arbeit. Die Ergebnisse 

aus den Untersuchungen in MEF-Zellen zeigen, dass eine Deletion der Cofilin1-kodierenden 

Genregion indirekt zur mitochondrialen Fragmentierung durch DRP1-Aktivierung beiträgt. 

Die mitochondriale Dynamik ist besonders wichtig für die Bereitstellung von Energie in 

zellulären Bereichen mit hohem ATP-Bedarf. Die beobachtete mitochondriale 

Fragmentierung in Cofilin1-/- Zellen hat in den vorliegenden Untersuchungen nicht zu einer 

Beeinträchtigung der mitochondrialen Funktion geführt, was durch ein unverändertes 

bioenergetisches Profil, konstante ATP-Level und eine erhaltene mitochondriale Integrität 

belegt werden konnte. Die Deletion von Cofilin1 war außerdem mit erhöhten basalen 

mitochondrialen Ca2+-Spiegeln, sowie mit einer erhöhten Proteinexpression des 

mitochondrialen Ca2+ Transporters (MCU) verbunden, was vermutlich zur mitochondrialen 

Fragmentierung beiträgt. Die Rolle von Cofilin1 nach Erastin- oder Glutamat-induziertem 

Zelltod in MEF-Zellen ist jedoch vernachlässigbar, da die Deletion des Proteins keinen 

relevanten Einfluss auf die zelluläre Widerstandsfähigkeit hatte. 

Im Gegensatz zu den Fibroblasten wurde in der vorliegenden Arbeit in neuronalen HT22 

Zellen Cofilin1 als Redox-Sensor identifiziert. In den Modellsystemen der Glutamat-

induzierten Oxytose und der Erastin-induzierten Ferroptose in den hippocampalen HT22 

Zellen wurden hier erstmals die kritische zelluläre ROS-Akkumulation über die Aktivierung 

von Cofilin1 mit der mitochondrialen Schädigung in Verbindung gebracht. Insbesondere die 

Cofilin1-Deletion in neuronalen HT22 Zellen zeigte erhebliche positive Auswirkungen auf 
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die mitochondriale Resilienz, die durch Quantifizierung der mitochondrialen ROS-

Produktion, des mitochondrialen Membranpotenzials oder der Biolumineszenz-basierten 

Messung der zellulären ATP-Spiegel nachgewiesen wurde. Zellen mit Cofilin1-Depletion 

zeigen eine deutliche metabolische Verschiebung hin zur Glykolyse, um ihren Energiebedarf 

nach Erastin- oder Glutamatbehandlung zu decken, während Kontrollzellen unter diesen 

Behandlungsbedingungen deutlich geschädigt wurden und somit metabolisch inaktiv 

blieben. Überraschenderweise übte die Depletion eines anderen Aktin-bindenden Proteins, 

nämlich INF2, ähnliche Effekte auf die zelluläre Resistenz neuronaler HT22 Zellen aus. 

Dementsprechend waren die mitochondrialen Parameter nach Oxytose und 

Ferroptoseinduktion geschützt, was zu einem verbesserten Zellüberleben führte. Weitere 

Ergebnisse der Studie zeigen eindeutig, dass INF2 indirekt an der Regulierung der 

mitochondrialen Fragmentierung durch Beeinflussung der Aktindynamik und der DRP1-

Aktivität beteiligt ist.  

Cofilin1 konnte unter pathophysiologischen Bedingungen in primären kortikalen Neuronen 

nach Glutamatbehandlung als Schlüsselfaktor identifiziert werden, da Cofilin1-defiziente 

Zellen geschützt waren. Die mitochondriale Atmung war in primären Cofilin1-/- Neuronen 

unter der Glutamatbehandlung erhalten, was letztendlich zu einem verbesserten 

Gesamtüberleben der Neurone führte. Zusätzlich könnte die Tatsache, dass Cofilin1-/- 

Neurone weniger Cofilin-Aktin-Polymer-Ablagerungen pro Neuron nach ATP-Depletion 

entwickelten, auch zum protektiven Effekt in Cofilin1-defizienten Neuronen beitragen. Ein 

wichtiger Nachweis für die positiven Auswirkungen der Deletion von Cofilin1 ist die 

Tatsache, dass Cofilin1 direkte schädliche Effekte auf das Membranpotenzial, die 

mitochondrialen ROS-Akkumulation und die mitochondriale Atmung ausübte. Diese 

Eigenschaft ist von der Oxidation spezifischer Cysteine an den Positionen 139 und 147 

abhängig; entsprechende Mutationen zu Serin verminderten die schädigende Funktion von 

Cofilin1.  

Insgesamt zeigen die vorliegenden Ergebnisse, dass die Aktin-regulierenden Proteine 

Cofilin1 und INF2 eine entscheidende Rolle bei den intrazellulären Zelltodmechanismen 

spielen, die an der Pathophysiologie neurodegenerativer Erkrankungen beteiligt sind. 
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A 

ADF   Actin-depolymerizing factor 
ADP   Adenosine diphosphate  
AICAR   5-Aminoimidazole-4-carboxamide ribonucleotide 
AIF   Apoptosis inducing factor  
AM   Acetoxymethyl  
AMPA   α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate  
ANOVA  Analysis of variance  
Arp2/3   Actin related protein 2/actin related protein 3 
ATP   Adenosine triphosphate  
 
B 

BAX   Bcl-2-associated X protein 
BCA   Bicinchoninic acid  
BID   BH3-interacting domain death agonist  
Bp   Base pair  
BSA   Bovine serum albumin  
 
C 

Ca2+   Calcium 
CaMKII  Calcium/calmodulin-dependent protein kinase II 
CCCP   Carbonyl cyanide 3-chlorophenylhydrazone  
CTX   Cortex 
CytC   Cytochrome C  
Cys   Cysteine 
 
D 

ΔΨm   Mitochondrial membrane potential  
2-DG   2-Deoxy-D-glucose 
DIV   Days in vitro  
DMEM   Dulbecco’s modified Eagle’s medium  
DMSO   Dimethyl sulfoxide  
DNA   Deoxyribonucleic acid  
DNase   Deoxyribonuclease  
DRP1   Dynamin-related protein1 
DTT   Dithiothreitol 
 
E 

E18   Embryonic day 18 
EBSS   Earle’s balanced salt solution  
ECAR   Extracellular acidification rate  
EM   Electron microscopy 
ER   Endoplasmic reticulum  
ETC   Electron transport chain  
 
F 

FACS   Fluorescence-activated cell sorting 
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FBS   Fetal bovine serum  
FCCP   Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 
 
G 

GFAP   Glial fibrillary acidic protein  
GFP   Green fluorescent protein 
flx   floxed 
GPX4   Glutathione peroxidase 4 
GSH   Glutathione  
 
H 

HBSS   Hank’s balanced salt solution  
HC   Hippocampus  
Hif1α   Hypoxia-inducible factor 1α 
 
I 

IMM   Inner mitochondrial membrane 
INF2   Inverted-formin 2 
 
K 

KCl   Potassium chloride 
 
L 

LC3B   Light chain 3 isoform B  
LOX   Lipoxygenase  
 
M 

MAP   Microtubule-associated protein  
MCAO   Middle Cerebral Artery Occlusion 
MCM   MerCreMer 
mEPSC   Miniature excitatory postsynaptic currents  
MCU   Mitochondrial calcium uniporter  
MEF   Mouse embryonic fibroblasts 
Mfn   Mitofusin  
Mito-LAR GECO mitochondrial-targeted Low Affinity Red Genetically Encoded 

Calcium indicators for Optical imaging 
mPTP   Mitochondrial permeability transition pore  
mtDNA  Mitochondrial DNA 
MTT   3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide  
 
N 

NA   Numerische Apertur 
NMDA   N-methyl-D-aspartate  
NO   Nitric oxide  
NOS   Nitric oxide synthase  
Nrf-1   Nuclear respiratory factor 1 
Nrf-2   Nuclear factor erythroid 2–related factor 2  
 
O 

OCR   Oxygen consumption rate  
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OMM   Outer mitochondrial membrane 
OPA1   Optic atrophy 1 
OXPHOS  Oxidative phosphorylation  
 
P 

PBS   Phosphate buffered saline 
PCR   Polymerase chain reaction  
PDK1   Pyruvate dehydrogenase kinase 1 
PFA   Paraformaldehyde  
PGC1α   Peroxisome proliferator-activated receptor gamma coactivator 1α 
PI   Propidium iodide  
PLL   Poly-L-lysine  
PVDF   Polyvinylidene difluoride  
 
R 

ROCK    Rho-associated serine/threonine kinase 
ROI   Region of interest  
ROS   Reactive oxygen species  
RTCA   Real-time cell analysis  
 
S 

SD   Standard deviation  
SDS-PAGE   Sodium dodecyl sulfate polyacrylamide gel electrophoresis  
Ser   Serine 
siRNA   Small interfering RNA 
 
T 

TamOH  4-hydroxytamoxifen 
TCA   Tricarboxylic acid cycle  
TMRE   Tetramethylrhodamine ethyl ester 
TnCl   Taurine chloramine 
 
W 

WT   Wildtype 
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