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Abstract 

Mitochondrial alterations are known to play a key role in the early stages of multiple 

sclerosis (MS) and happen as a result of oxidative stress. These alterations are believed 

to promote neuronal damage, thereby causing neuronal loss and leading to increasing 

disabilities. 

Here, I summarize three of our studies that aimed to investigate possible mechanisms 

underlying oxidative-stress-induced mitochondrial alterations. In the first study we 

investigated the influence of blocking voltage-gated axonal sodium channels and 

mitochondrial calcium uniporters on mitochondrial alterations as downstream effects of 

oxidative stress. This was investigated using explanted murine spinal roots as an ex vivo 

model of the peripheral nervous system. In the second study and using the same model,  

we evaluated the effects of teriflunomide, an approved disease-modifying treatment for 

MS, on oxidatively caused mitochondrial alterations. In the third study we explored the 

effects of teriflunomide on oxidative stress-induced mitochondrial alterations in acute 

hippocampal slices, which represent an ex vivo model of the central nervous system. 

In summary, we have proved that ion channel inhibitors and teriflunomide are beneficial 

in terms of preventing oxidative-stress-induced mitochondrial alterations. Moreover, we 

have contributed to the understanding of neurodegenerative pathomechanisms in an 

oxidative paradigm, which might help in the future development of anti-neurodegenerative 

drugs. 

 

 

Zusammenfassung 

Mitochondriale Veränderungen spielen bereits in frühen Stadien der Multiplen Sklerose 

(MS) eine entscheidende Rolle und treten als Folge von oxidativem Stress auf. Diese 

Veränderungen fördern neuronale Schäden, verursachen so den Untergang von 

Neuronen und führen zu zunehmenden Behinderungen. 

Hier fasse ich drei Studien zusammen, deren Ziel es war, mögliche Mechanismen zu 

untersuchen, die den, durch oxidativen Stress ausgelösten, mitochondrialen 

Veränderungen zugrunde liegen. In der ersten Studie haben wir den Einfluss der 
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Blockade von spannungsgesteuerten axonalen Natriumkanälen und mitochondrialen 

Kalziumuniportern auf mitochondriale Veränderungen als nachgeschaltete Effekte von 

oxidativem Stress in Spinalnerven als einem ex vivo Model des peripheren 

Nervensystems untersucht. In der zweiten Studie haben wir die Auswirkungen von 

Teriflunomid, einem zugelassenen, krankheitsmodifizierenden Medikament zur 

Behandlung der Multiple Sklerose, auf oxidativ verursachte mitochondriale 

Veränderungen im selben Modell untersucht. In der dritten Studie haben wir die 

Auswirkungen von Teriflunomid auf die durch oxidativen Stress hervorgerufenen 

mitochondrialen Veränderungen in akuten Hippocampusschnitten als einem ex vivo 

Model des zentralen Nervensystems untersucht. 

Zusammenfassend haben wir nachgewiesen, dass Ionenkanalinhibitoren und 

Teriflunomid die durch oxidativen Stress induzierten, mitochondrialen Veränderungen 

verhindern können. Darüber hinaus haben wir das Wissen über neurodegenerative 

Pathomechanismen in einem oxidativen Paradigma erweitert. Dies kann dazu beitragen, 

in Zukunft anti-neurodegenerative Medikamente zu entwickeln. 
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1 Introduction 

1.1 Multiple Sclerosis: epidemiology and current treatment options 

Multiple sclerosis (MS) is an autoimmune driven demyelinating and neurodegenerative 

disease of the central nervous system (CNS) that affects approximately 2.8 million people 

worldwide [1, 2] and about 200,000 people in Germany [3]. Usually, the onset of MS takes 

place between 20 and 50 years of age; the women-to-men ratio is about 2-3:1 [4]. It is 

the most prevalent cause of neurological disability in young adults [1]. 

Common initial clinical symptoms are paresthesia, numbness, and optic neuritis [1]. 

Further symptoms include weakness, bladder and bowel dysfunction, and cognitive 

impairment [3, 5]. According to the 2017 McDonald criteria, demonstration of lesion 

dissemination in time and space is essential for the diagnosis of MS [6]. 85% of the 

patients are diagnosed with relapsing-remitting MS (RRMS) and suffer from acute attacks 

that result in cerebral or spinal damage and are followed by a period of partial or total 

remission with few or no symptoms [7-9]. Around 10% of affected people suffer from 

primary progressive MS (PPMS) [7, 8]. This disease course manifests with increasing 

neurological impairment from the beginning of the disease [7]. About two thirds of RRMS 

patients develop a secondary progressive MS form (SPMS) over time [10, 11], which is 

characterized by the worsening of the clinical symptoms and irreversible neurological 

disabilities [12]. 

During MS relapses, corticosteroids are prescribed to reduce the severity and duration of 

acute inflammation [13, 14]. An alternative additional treatment is plasmapheresis [13]. 

Several disease-modifying treatments (DMTs) have been approved over the last years to 

alter the long-term outcome of MS, the first DMTs were interferons and glatiramer acetate 

e. Nowadays, according to the guidelines of the German Society of Neurology, multiple 

substances are approved for treating MS, including dimethyl fumarate and teriflunomide, 

sphingosine-1-receptor modulators and immune cell depleting antibodies [15]. Most of 

these DMTs are prescribed during RRMS, aiming to reduce new relapses and to lengthen 

the time for the development of SPMS [14]. For PPMS, only Ocrelizumab, a humanized 

monoclonal antibody targeting CD20-positive cells, has been approved [16]. SPMS can 

be directly targeted with a few specific DMTs, namely with Siponimod (first-line therapy) 

and Mitoxantrone [14, 17]. 
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1.2 Neurodegeneration in MS: a story driven by mitochondria? 

MS is driven by an incompletely understood, pathological autoimmune response leading 

to inflammation, demyelination, and subsequent neurodegeneration in CNS [10, 18]. 

Genetic, environmental, and infectious factors have been suggested to contribute to MS 

pathogenesis [10]. CNS invasion by peripheral immune cells largely promotes RRMS; 

other pathophysiological mechanisms, especially inflammation-induced 

neurodegeneration, are believed be present in early stages of the disease, but to 

dominate in progressive phases of the disease [1, 9, 19]. Thus, targeting axonal damage 

and the underlying neurodegenerative pathomechanisms represents a promising strategy 

for future treatments. 

Neuroimmune alterations and neuroinflammation are not only hallmarks in PPMS and 

SPMS but also in other neurodegenerative diseases, e.g., Alzheimer’s disease or 

Parkinson’s disease [20, 21]. Understanding common pathophysiological processes 

might therefore offer translational treatment options for different neurodegenerative 

diseases. Throughout the last years, mitochondrial dysfunction has emerged as one 

possible key player in MS that contributes to axonal loss [21-25]. Mitochondrial changes 

happen in the early stages of the disease in neurons within an intact myelin sheath [26]. 

Mitochondria generate most of the cellular adenosine triphosphate (ATP) via oxidative 

phosphorylation and control N-adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH) production [27]. To function properly, cells depend on this “energy 

currency”; especially neuronal cells with their high energy demand to match repetitive 

action potential generation [28, 29]. Moreover, mitochondria are involved in cellular 

calcium (Ca2+) homeostasis [30], as well as in the generation of reactive oxygen species 

(ROS) [31]. 

During a relapse of MS, activated microglia as well as CNS-invading immune cells 

produce inflammatory mediators such as ROS and reactive nitrogen species [32-34]. 

ROS can trigger mitochondrial alterations, which are considered one of the earliest signs 

of focal axonal degeneration [27, 35]. Impaired mitochondrial function itself leads to 

increased chances of electron slippage during oxidative phosphorylation and thereby to 

increased levels of mitochondrial ROS [36-38]. This causes a vicious cycle of ROS-

induced ROS production leading to an oxidative stress situation. 
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1.3 Role of ion channels on mitochondrial alterations upon oxidative stress 

Impaired mitochondria fail to provide enough ATP to properly maintain the activity of the 

sodium-potassium-ATPase (Na+/K+-ATPase) and thereby restore initial ion 

concentrations following action potentials [39-41]. The impaired function of Na+/K+-

ATPase may lead to Na+ accumulation in axons because Na+ influx through axonal 

voltage-gated sodium channels (NaV) is preserved [39] (Figure 1). 

The rise in intraaxonal Na+ can reverse the action mode of the axonal sodium-calcium-

exchanger (NCX) [39]. Usually, NCX shifts Na+ into cells and Ca2+ out, but under 

increased intraaxonal Na+ concentration it can work in the opposite direction to 

compensate for axonal Na+ accumulation. As a result, the concentration of intraaxonal 

Ca2+ rises [39]. This whole process is schematically demonstrated in Figure 1. 

 

Figure 1: Schematic overview of ion alterations in axons under oxidative stress in spinal 

roots 

ROS produced by activated immune cells cause ATP depletion and resulting dysfunction of 

Na+/K+-ATPase. Na+ influx into axons continues via NaV during action potentials. This leads to 

a rise in intraaxonal Na+ concentration. Subsequently, NCX starts working in the reverse mode, 

shifting Na+ out of the axon and Ca2+ into the axon. A rise in intraaxonal Ca2+ leads to the 

accumulation of Ca2+ in mitochondria; own figure 
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Mitochondria serve as a buffering system for Ca2+ rises [30] and several mitochondrial 

enzymes are regulated by changes in Ca2+ concentration within the mitochondrial matrix 

[42]. Hence, a rise in Ca2+ concentration within mitochondria can lead to the activation of 

oxidative phosphorylation and thereby ATP production [42, 43]. Most Ca2+ diffuses into 

mitochondria via the mitochondrial calcium uniporter (MCU) [44]. Ca2+ can be released 

from mitochondria via the mitochondrial sodium-calcium-exchanger (mNCX), 

mitochondrial proton-calcium-exchanger (mHCX) and the mitochondrial permeability 

transition pore (mPTP) [45]. Amongst Ca2+ accumulation, ROS lead to the opening of the 

mPTP and can cause apoptosis or necrosis [46]. Variations of Na+ and Ca2+ concentration 

within the axon and axonal mitochondria might thereby affect the dynamics of 

neurodegeneration during oxidative stress. Hence, modulation of these systems emerges 

as a plausible target to hinder neurodegenerative processes. 

Our research has developed an ex vivo model of murine ventral spinal roots to investigate 

oxidative-stress-induced mitochondrial alterations, namely increased mitochondrial 

circularity, a decrease in mitochondrial area and length, as well as a decrease in the 

percentage of moving mitochondria, mitochondrial track length, and track velocity [47, 

48]. These alterations begin at the nodes of Ranvier [47], where ion channels, especially 

NaV, are abundantly present [49]. Therefore, we aimed to investigate the effect of 

oxidative stress on mitochondria upon inhibition of the most frequent subtypes of NaV 

with tetrodotoxin (TTX) and MCU with Ruthenium 360 (Ru360) [50]. 

1.4 Implications of dihydroorotate dehydrogenase on oxidative-stress-induced 

mitochondrial alterations 

Dihydroorotate dehydrogenase (DHODH) is an essential mitochondrial enzyme in de 

novo pyrimidine synthesis and its inhibition reduces the proliferation of activated T and B 

cells and thereby inflammation [51]. The compound teriflunomide (TFN; Aubagio; 

Genzyme, Cambridge, MA, USA) is an approved, once-daily administered, oral treatment 

for RRMS [52]. It is the active metabolite of Leflunomide [53] and inhibits selectively and 

reversibly the mitochondrial enzyme DHODH [53, 54]. However, it is not known whether 

and how TFN affects mitochondria itself. 

Therefore, we aimed to investigate whether observed neuroprotective effects of TFN also 

involve mitochondrial protection. We investigated the effects of TFN on oxidatively 
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stressed mitochondria in both CNS and peripheral nervous system (PNS) using murine 

acute hippocampal slices (60) and spinal root explants, respectively [55]. 

1.5 Importance and aims of the MD PhD thesis 

Oxidative stress and mitochondrial alterations are known to play a role in MS and are a 

suspected link between neuroinflammatory and neurodegenerative parts of the disease 

[35]. At present, the number of therapeutic approaches for the prevention and treatment 

of neurodegenerative parts of MS is very limited. Therefore, specific pathomechanisms 

causing neuronal death need to be identified to develop new therapeutic strategies. My 

work aimed to investigate molecular pathways underlying oxidative stress-induced 

mitochondrial alterations in ex vivo models of both a peripheral and central nervous 

system. 

My dissertation encompasses three pre-clinical studies. While Study 1 represents my 

primary research project, Study 2 and Study 3 are complementary projects conducted by 

Dr. Bimala Malla in the context of her doctoral thesis, to which I have contributed as co-

author. 

1. In Study 1, we examined how axonal Na+ and mitochondrial Ca2+ channels are 

involved in oxidative-stress-induced mitochondrial alterations in the ex vivo model 

of murine spinal roots. Besides mitochondrial morphology and motility parameters, 

we also studied mitochondrial membrane potential. 

2. In Study 2, we tested the effects of TFN on mitochondrial parameters (morphology 

and motility) in the ex vivo model of murine spinal roots in an oxidative stress 

environment. 

3. Study 3 evaluated the effects of TFN on neuronal mitochondria undergoing 

oxidative stress in acute hippocampal brain slices. Besides mitochondrial 

morphology and motility, we also investigated oxygen partial pressure, local field 

potential, and neuronal ATP content. 

Our research has provided a better insight into molecular mechanisms underlying 

mitochondrial alterations upon oxidative stress as well as their implication in drug effects. 

It also has contributed to fundamental knowledge about the involvement of changes in 

ion concentration, namely Na+ and Ca2+, in mitochondrial alterations due to oxidative 

stress. These findings might lead to the development of new treatments for progressive 

MS. 
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Mitochondrial dysfunction is also known to take place in other neurodegenerative 

diseases including Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and 

Amyotrophic Lateral Sclerosis [31]. Thus, results from our research may be applied in 

other fields of neurodegenerative research. 

In conclusion, we have shown that mitochondrial impairment due to oxidative stress and 

alterations in ion fluxes occurs in myelinated neurons. Accordingly, axonal damage may 

initiate during the early stages of MS. Our research may help to develop drugs targeting 

early pathological mechanisms in neurodegenerative disease and slowing down disease 

progression substantially. 
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2 Methods 

This chapter describes schematically the methods that were applied by myself in this 

MD/PhD thesis. Detailed descriptions of all the methods are included in the Material & 

Methods sections of the studies included in this thesis. 

2.1  Animals 

The studies were performed in strict accordance with the Directive 2010/63/EU of the 

European Communities Council and of the European Parliament of 22 September 2010. 

All experimental procedures were approved by the local authority on animal experiments 

in Berlin (Landesamt für Gesundheit und Soziales Berlin). The mice were housed and 

maintained in a temperature-controlled environment on a 12 h light-dark cycle. 

For the investigation of ion channel implication in oxidatively induced mitochondrial 

alterations in ventral spinal roots, we used C57BL/6 mice of both sexes that were 8 to 10 

weeks old. We used relatively young mice to rule out age-related alterations of 

mitochondrial function. 

For the investigation of TFN effects on mitochondria in ventral spinal roots, we used 

C57BL/6 mice at least 3 weeks old. 

For Study 3, using acute hippocampal slices, we used 10 days old, transgenic Tg(Thy1-

CFP/COX8A)S2Lich/J mice (mitoCFP mice) that express cyan fluorescence protein 

(CFP) in neuronal mitochondria. 

2.2 Spinal root extraction 

For Study 1 and Study 2, we explanted murine ventral spinal roots as described by 

Bros et al. as a model of the PNS [48]. Briefly, we anesthetized the mice deeply with 

isoflurane before performing cervical dislocation. After exposing the spinal cord, we 

explanted it together with the adherent ventral spinal roots and kept it in freshly mixed 

artificial cerebrospinal fluid (aCSF) saturated with carbogen (95% oxygen (O2), 5% 

carbon dioxide (CO2)) and adjusted to a pH-level of 7.3-7.4. 

Finally, we separated lumbar ventral spinal roots from the spinal cord and placed them in 

constantly carbogenated aCSF in a submerged incubation chamber 

(Brain Slice Keeper-BSK6-6, Scientific Systems Design Inc., Ontario Canada), facilitating 

division into different experimental groups. 
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We first incubated the spinal roots with 300 nM MitoTracker® Orange CM-H2 CTMRos 

(Life Technologies, Darmstadt, Germany) for 30 min. MitoTracker® Orange is a 

fluorescent dye to label mitochondria selectively, that is only entering a fluorescent state 

when diffusing into an actively respiring cell [56]. Moreover, the oxidation status of a cell 

can be measured with the reduced form of this dye [56, 57]. After the incubation time, the 

roots were washed with aCSF to minimize background fluorescence. Then, ventral spinal 

roots were randomly assigned to the experimental groups. 

2.3 Acute hippocampal slices 

Acute hippocampal slices were used as a model of CNS, following a modified protocol 

from Nitsch et al. [58]. Briefly, mice were decapitated, brains were removed and were cut 

to 400 μm thick brain slices using a vibratome. Brain slices were kept in freshly prepared, 

pH-adjusted, continuously carbogenated 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic 

acid (HEPES) -aCSF. The whole procedure was performed in temperatures between 34 

and 37 °C. Slices were randomly assigned to the experimental groups. 

2.4 Solutions and treatments 

In all studies, one chamber of the Brain Slice Keeper, that we used to administer different 

treatments, was accorded to one experimental group. 

To induce oxidative stress, we used hydrogen peroxide (H2O2) that was purchased at a 

30% concentration (w/w in water (H2O)) and contained a stabilizer. Roots were incubated 

for 30 min with H2O2 in a concentration of 100 µM for Study 1, 50 µM for Study 2, and 100 

or 200 µM, depending on the experiment, for Study 3. In all studies, we applied H2O2 

together with the solvent of the evaluated drugs to eliminate confounding effects of the 

solvent itself. 

In Study 1, TTX was dissolved in aCSF. aCSF served as a negative control in TTX 

experiments. For Ru360, dimethyl sulfoxide (DMSO) was the vehicle and 

correspondingly, we used DMSO as a negative control for Ru360 experiments. We 

applied TTX in concentrations of 1 nM and 1 µM and Ru360 in concentrations of 5, 10, 

and 20 µM. After the treatment, spinal roots or acute brain slices were again washed with 

fresh aCSF. 
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In Study 2, we applied TFN at concentrations of 1 µM, 5 µM and 50 µM along with H2O2 

for 30 min. Since TFN was dissolved in DMSO, DMSO served as a negative control in 

Study 2. 

In Study 3, we treated acute brain slices with 50 µM TFN+H2O2 and 50 µM TFN alone. 

DMSO again served as a negative control. We chose the higher concentration of TFN 

due to the higher thickness of acute hippocampal slices compared to spinal roots. 

2.5 Laser scanning confocal and two-photon microscopy 

For Study 1 and Study 2, spinal roots were immobilized with a custom-built nylon net on 

a glass cover slip to minimize the impact of xy shift on our motility analysis. We then put 

the cover slip in an imaging chamber containing carbogenated aCSF. 

For our studies, we used inverted laser scanning confocal microscopes. TTX experiments 

in Study 1 and all experiments in Study 2 were performed using an LSM7 10 microscope 

(Carl Zeiss, Jena, Germany). Ru360 experiments in Study 1 were performed using a 

Nikon Scanning Confocal A1Rsi+ (Minato, Japan).  

In spinal root experiments (Study 1 and Study 2), MitoTracker® Orange was excited at 

561 nm with a diode-pumped solid-state (DPSS) laser. Visualization of mitochondria was 

performed through a 60x (Nikon Scanning Confocal A1Rsi+) or 100x (LSM 710, Carl 

Zeiss) oil immersion objective. After setting a sharp image, we identified three regions of 

interest (ROI). ROIs lay in axons with intact myelin sheath in both adjacent directions to 

clearly visible nodes of Ranvier. They had to be at least 2 mm away from the end of the 

roots. We recorded a time-lapse (60 s duration, 2 s/frame) for each ROI. We minimized 

exposure time and laser power to reduce photobleaching and phototoxicity. To reduce 

measurement bias, we rotated the imaging order of treatment groups in each experiment. 

We used the first frame of every time-lapse video to assess mitochondrial morphology 

with a semi-automated analysis tool of the Volocity®6.3 software (Perkin Elmer, Rodgau, 

Germany). 

For the evaluation of changes in mitochondrial morphology, we analyzed the following 

parameters:  

1) shape factor (4πX [Area/Perimeter2]): This is a measure of circularity ranging from 

0 to 1, where 1 signifies a perfectly circular object 

2) length (μm) 

3) area (μm2) of an individual mitochondrion 
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In Study 1 and Study 2, we tracked mitochondria manually using Volocity®6.3 software 

(Perkin Elmer, Rodgau, Germany) to assess motility. We used a manual approach 

because a former study of our laboratory has shown that automated tracking tools 

underestimate track length and overestimate track velocity [62]. As in our previous 

studies, any mitochondrion with a displacement of ≥1 μm was considered motile [47, 59]. 

For experiments with Ru360 and TFN, motile mitochondria were further analyzed for the 

following parameters: 

1) track length (μm), the measure of the real distance traveled by a mitochondrion 

2) velocity (μm/s) 

Imaging experiments in Study 3 were performed using a two-photon Laser Scanning 

Microscope. Due to the increased imaging depth of this imaging technique, we were able 

to investigate not only the superficial but also deeper layers of the acute hippocampal 

slices [63]. 

2.6 Analysis of mitochondrial membrane potential 

In Study 1, we also assessed mitochondrial membrane potential (MMP), an indirect 

method to assess mitochondrial integrity and their ability to produce ATP. Together with 

the proton gradient, MMP forms the transmembrane potential which is the driving force 

in ATP production during oxidative phosphorylation [64]. We used JC-1 in the 

experiments of Study 1. This dye accumulates preferably in negatively charged 

mitochondria, thus with intact MMP [65]. If enough dye accumulates inside mitochondria, 

the dye aggregates and those aggregates emit another fluorescence (590 nm, red 

spectrum) than the non-aggregated dye (529 nm, green spectrum) [65]. Red-green ratio 

normalized to the control group was considered a measure for MMP [66]. 

2.7 ATP assay 

In Study 3, we performed an ATP assay using the Abcam ATP assay kit (Abcam, 

ab83355) following the manufacturer’s protocol. Briefly, we homogenized the tissue in 

ATP assay buffer sitting on ice. Then, we centrifuged at 4 °C at 13,000×g for 5 min. We 

collected the supernatant in a new tube and deproteinized it with perchloric acid. ATP 

standard samples in the range of 0-1 nmol as well as the samples were then incubated 

with reaction-mix for 30 min. 
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We performed a fluorometric detection at 535/587 nm in a plate reader (GloMax®-Multi 

Detection System, Promega Corporation, Madison, WI, USA). We subtracted the sample 

background in each slice, multiplied with the dilution factor as proposed by the 

manufacturer and then calculated the ATP concentration [55]. 

2.8 Statistical analysis 

The data were analyzed using different versions of Prism software (GraphPad, San 

Diego, USA; Study 1 and Study 2: Prism 5.01 software, Study 3: Prism 8 Software). First, 

all datasets were subjected to the D’Agostino and Pearson omnibus K-squared normality 

test and the Shapiro-Wilk test for Gaussian distribution. All data fitting the criteria for 

normal distribution were subsequently analyzed using either t-test (comparison of two 

groups) or a one-way analysis of variance (ANOVA; comparison of more than two 

groups)) with Bonferroni’s post hoc test. Comparisons between two groups of non-

parametric data were performed by the Mann-Whitney U test, comparisons between more 

than two groups of non-parametric data were analyzed with the Kruskal-Wallis test for 

non-parametric data followed by Dunn’s post hoc multiple comparisons test. 

All data of Study 1 are shown in mean± standard error of mean [60] [10]. All data of 

Study 2 and 3 are given in mean ± standard deviation [61]. The data of these studies are 

shown as Tukey boxplots. In Tukey boxplots, the central line denotes the median, and 

the lower and upper boundaries denote the 1st and 3rd quartile. The whiskers denote the 

data except the outliers presented as individual dots. Outliers were not included in the 

analysis. 

p values ≤ 0.05 were considered significant. The significance of the data was further 

depicted as ∗ implying p ≤ 0.05, ∗∗ implying p ≤ 0.01, ∗∗∗ implying p ≤ 0.001, and 

∗∗∗∗ implying p ≤ 0.0001. 
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3 Results 

This chapter contains key results published in the studies that are included in this thesis.  

3.1 Study 1: Preventing Axonal Sodium Overload or Mitochondrial Calcium 

Uptake Protects Axonal Mitochondria from Oxidative Stress-Induced Alterations 

In consistence with our previous publications [47, 59], incubation with 100 µM H2O2 led 

to a decrease in mitochondrial length (Fig. 2c). Interestingly, we observed an increase in 

mitochondrial shape factor in TTX experiments upon oxidative stress, while in Ru360 

experiments 100 µM H2O2 did not alter mitochondrial shape factor (Fig. 2b). In TTX 

experiments, we observed an increase in mitochondrial area under oxidative stress, while 

in Ru360 experiments, we saw a decrease in mitochondrial area (Fig. 2d). 

Inhibition of axonal Na+ influx by 100 nM TTX prevented oxidatively induced alterations 

in mitochondrial morphology (Fig. 2b-d). 1 µM TTX led to no change in mitochondrial 

circularity and even reinforced oxidatively induced decrease in mitochondrial length and 

increase in mitochondrial area (Fig. 2b-d). 
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Figure 2: Effects of TTX on oxidatively induced mitochondrial motility alterations in spinal 

roots 

Representative images of TTX experiments, the “i” depicts the node of Ranvier (a), quantification 

of morphological alterations, shape factor, mitochondrial length and area in TTX experiments 

(b-d), red lines depicting the mean and SEM, ∗ implying p ≤ 0.05, ∗∗ implying p ≤ 0.01, 

∗∗∗ implying p ≤ 0.001, and ∗∗∗∗ implying p ≤ 0.0001; from [50] 

 

By inhibiting mitochondrial Ca2+ uptake, we could not prevent oxidatively caused changes 

in mitochondrial area (Fig. 3c). Only at the smallest concentration of 5 µM, Ru360 

prevented the H2O2-induced increase in shape factor while 20 µM Ru360 even increased 

the mitochondrial circularity (Fig.3a). With 10 µM Ru360, we prevented oxidatively 

caused reduction of mitochondrial length, 20 µM Ru360 even pronounced the decrease 

in length (Fig. 3b). 
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Figure 3: Effects of Ru360 on oxidatively induced mitochondrial morphology alterations in 

spinal roots 

Quantification of morphological alterations, shape factor, mitochondrial length and area in TTX 

experiments (a-c), red lines depicting the mean and SEM; ∗ implying p ≤ 0.05, 

∗∗ implying p ≤ 0.01, ∗∗∗ implying p ≤ 0.001, and ∗∗∗∗ implying p ≤ 0.0001; modified after [50] 

 

100 µM H2O2 caused a decrease in the percentage of moving mitochondria in both TTX 

and Ru360 experiments. In Ru360 experiments, we further analyzed mitochondrial track 

length and mitochondrial velocity and observed a decrease under oxidative stress for both 

parameters. 

With 1 µM TTX, we could prevent oxidatively induced loss of mitochondrial motility, but 

the percentage of motile mitochondria was still lower than in untreated spinal roots (data 

not shown). With 10 and 20 µM Ru360 we could prevent all oxidatively induced alterations 

in mitochondrial motility, while 5 µM Ru360 only prevented H2O2-induced decrease in 

mitochondrial track length (Fig. 4a-c). Importantly, with 10 µM Ru360, we observed 

similar motility results as in the negative control group (Fig. 4a-c). 
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Figure 4: Effects of Ru360 on oxidatively induced mitochondrial motility alterations in 

spinal roots 

Quantification of oxidatively induced alterations of percentage of motile mitochondria, 

mitochondrial track length and mitochondrial track velocity in Ru360 experiments, red lines 

depicting the mean and SEM, ∗ implying p ≤ 0.05, ∗∗ implying p ≤ 0.01, ∗∗∗ implying p ≤ 0.001, 

and ∗∗∗∗ implying p ≤ 0.0001; modified after [50] 

 

Under oxidative stress, we discovered a reduction of JC-1 red/green ratio (Fig. 5a, b). 

This signifies a reduction of mitochondrial membrane potential as a measure of 

mitochondrial functionality. Both 1 µM TTX and 10 µM Ru360 prevented the oxidative 

stress-induced loss of mitochondrial membrane potential (Fig. 5a, b). 
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Figure 5: Effects of Ru360 on oxidatively induced alterations of mitochondrial membrane 

potential in spinal roots 

Representative confocal images of mitochondrial membrane quantification with JC-1 in Ru360 

experiments (a), green meaning low and red meaning high mitochondrial potential; quantification 

of red/green ratio normalized to the negative control (b), red lines depicting the mean and SEM; 

∗ implying p ≤ 0.05, ∗∗ implying p ≤ 0.01, ∗∗∗ implying p ≤ 0.001, and ∗∗∗∗ implying p ≤ 0.0001, 

from [50] 

3.2 Study 2: Teriflunomide preserves peripheral nerve mitochondria from 

oxidative stress-mediated alterations 

Study 2 is also part of Dr. Bimala Malla’s doctoral thesis. 

 

In spinal roots, the concentration of both 1 µM TFN or 50 µM TFN prevented oxidative 

stress-induced decrease in mitochondrial length and area (data not shown). However, 

5 µM TFN did not prevent oxidatively induced mitochondrial alterations (data not shown). 

Only at a concentration of 1 µM, TFN prevented the oxidatively caused increase of 

mitochondrial circularity (data not shown). Application of TFN alone resulted in a decrease 

of shape factor and mitochondrial length but did not affect mitochondrial area (data not 

shown). 

Only 1 µM TFN prevented an oxidatively induced decrease in mitochondrial motility 

(Fig. 6). Incubation with TFN alone caused only a decrease of mitochondrial velocity (data 

not shown). 
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Figures 6: Effects of TFN on oxidatively induced mitochondrial motility alterations in spinal 

roots 

Representative images of mitochondrial motility in TFN experiments, each colored track 

represents the track one mitochondrion has covered throughout the observed time period of 60 s; 

modified after [59] 

 

With H2O2, we observed an increase in the fluorescence intensity of MitoTracker 

Orange® CMTMRos, depicting a high oxidation status. 1 µM TFN, but not 5 µM TFN or 

50 µM TFN prevented this increase in ROS (data not shown). 

3.3 Study 3: Teriflunomide Preserves Neuronal Activity and Protects 

Mitochondria in Brain Slices Exposed to Oxidative Stress 

Study 3 is also part of Dr. Bimala Malla’s doctoral thesis. 
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Figure 7: Schematic overview of electrophysiology recordings and effects of TFN on 

oxidatively induced alterations of electrophysiological parameters in acute hippocampal 

slices 

(A), representative population spike in a paired-pulse at baseline, with H2O2 and H2O2 + TFN 

treatment (B); fold change compared to the baseline in the pO2 at tissue depth in the interval of 

20 µm (C); fold change compared to the baseline in pO2 at the core (D); the paired-pulse ratio 

(PPR) compared to the respective baseline recording of PS2 and PS1(E). Graphs are shown in 

Tukey boxplots. Inside the box, ‘+’ marks the mean, the box covers the 25th to the 75th quartile, 

the whiskers show the minimum and the maximum of the data; ∗ implying p ≤ 0.05, 

∗∗ implying p ≤ 0.01, ∗∗∗ implying p ≤ 0.001, and ∗∗∗∗ implying p ≤ 0.0001; from [62] 

 

In Study 3, incubation with H2O2 led to a decrease in neuronal oxygen consumption in 

acute hippocampal slices (Fig. 7C). Moreover, oxidative stress resulted in a depression 

of synaptic transmission (Fig. 7E). 50 µM TFN prevented oxidative stress-induced 

reduction of oxygen consumption as an indirect measure of cellular metabolism (Fig. 7C, 

D). Reduction of ATP levels upon oxidative stress could, however, not be prevented by 

50 µM TFN in acute hippocampal slices (data not shown). 

In acute hippocampal slices, oxidative stress induced by 100 µM H2O2 led to a decrease 

in mitochondrial length, area (Fig. 8C, D), and displacement (data not shown). This is 

consistent with our data on spinal roots from previous work [47]. Unlike our findings in 

spinal roots, oxidative stress in acute hippocampal slices led to an increase in 

mitochondrial speed (data not shown). 50 µM TFN prevented oxidatively induced 

reduction in mitochondrial area, but not in mitochondrial length (Fig. 8C, D). 50 µM TFN 
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caused a reduction in mitochondrial displacement, but increased mitochondrial speed 

compared to oxidatively stress slices (data now shown). 

 

Figure 8: Effects of TFN on oxidatively induced mitochondrial morphology alterations in 

acute hippocampal slices 

(A) represents an overview image of the acute hippocampal slice, mitochondrial fluorescence is 

shown in green; (B) is a representative two-photon microscope image with larger magnification; 

quantification of fold change in mitochondrial length (C) and mitochondrial area (D) compared to 

timepoint 0 of the same slice. Graphs are shown in Tukey boxplots. Inside the box, ‘+’ marks the 

mean, the box covers the 25th to the 75th quartile, the whiskers show the minimum and the 

maximum of the data; ∗ implying p ≤ 0.05, ∗∗ implying p ≤ 0.01, ∗∗∗ implying p ≤ 0.001, and 

∗∗∗∗ implying p ≤ 0.0001; from [62] 
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4 Discussion 

4.1  Short summary of results 

This thesis presents two models to evaluate drug effects on oxidatively stressed neuronal 

mitochondria in PNS and CNS. We have shown that pharmacological inhibitors of NaV 

and MCU could prevent mitochondrial alterations in the PNS model and added thereby 

to the understanding of neurodegenerative pathomechanisms and their possible 

prevention. We have also shown that TFN can exert beneficial effects on neuronal 

mitochondrial dynamics and functionality. 

4.2  Interpretation of results, embedding the results into the current state of 

research and strengths and weaknesses of the included studies 

The spinal root model used in Studies 1 and 2 was used to screen for mitochondrial 

alterations upon therapeutic intervention and ion channel inhibition, respectively. We 

have shown that this model is a suited model for investigating the morphology and moti lity 

of axonal mitochondria [48]. One advantage of this model lies in the relatively simple 

preparation and analysis of mitochondrial dynamics due to the parallel arrangement of 

axons. It also preserves cytoarchitecture and the thinness of the spinal roots ensures high 

availability of administered drugs [48]. 

We have also tested the effects of TFN in acute hippocampal slices as a model of the 

CNS. Acute hippocampal brain slices are more similar to the in vivo situation; however, 

they represent a more complex and more difficult-to-handle ex vivo model for monitoring 

drug effects on neuronal mitochondria. 

Spinal roots and acute hippocampal slices show differences in tissue thickness. 

Therefore, we adjusted the applied concentrations of reagents. However, we have 

observed a decrease in mitochondrial length and motile mitochondria in both models, 

independently of the used H2O2 concentration. The concentrations used in our 

experiments are high when compared to physiological, steady-state intracellular 

concentrations that range from 1 to 100 nM approximately when H2O2 is working as a 

signaling molecule [63]. However, there is a 100 to 500-fold difference between the 

intracellular and extracellular space and, during inflammation, plasma H2O2 levels were 

shown to rise to higher concentrations (µM range) [64]. Moreover, others have shown that 

H2O2 concentration decreases quickly over time due to its high reactivity [65, 66]. 



Discussion 23 

In both ex vivo models, oxidative stress led to a decrease in mitochondrial length [50, 59, 

62]. This might be caused by oxidatively induced mitochondrial fission, which is a cellular 

mechanism to clear out damaged parts of mitochondria [67-69]. 

Blocking NaV with 100 nM TTX prevented the decrease in mitochondrial length due to 

oxidative stress (Fig. 2C). We have demonstrated in Study 1 that MCU-inhibition with 

10 µM Ru360 prevented oxidative stress-induced reduction of mitochondrial length 

(Fig 3b). This might be related to the Ca2+-controlled regulation of proteins involved in 

mitochondrial fission (e.g. dynamin-related protein 1) [70]. 

Our data in Study 1 confirm the non-linear effects of alterations in Na+ and Ca2+ 

concentrations on mitochondrial morphology, motility, and functionality [71]. Changes in 

Ca2+ concentration may have both stimulating (e.g., increase in mitochondrial ATP 

production [72]) and detrimental effects (e.g. opening of mPTP upon excessive Ca2+ 

concentrations [73]). In addition, ROS regulate the transcription of enzymes and enzyme 

activity by oxidizing cellular structures [32, 74, 75] and some of these mechanisms might 

take place in our models. ROS, regulate the activity of MCU and NaV [76, 77], thereby 

also influencing ional concentrations within axons and mitochondria, making it even more 

challenging to predict how ional concentrations alter, especially in subcellular 

compartments. Furthermore, with Ru360 we did not block either a reverse action model 

of mNCX that has been described to occur in metabolically inhibited cells, or 

mitochondria-associated membranes (MAMs) with the endoplasmatic reticulum that also 

serve to exchange Ca2+ between organelles [46]. MAMs also take part in mitochondrial 

fusion and fission processes [78]. Thus, we did not modulate all possible ways by which 

Ca2+ may enter mitochondria. 

Oxidative stress led to a decrease in the percentage of moving mitochondria in Study 1. 

Both 1 µM TTX and 10 µM Ru360 could prevent this oxidatively caused motility decrease 

(Fig. 4). Again, Ca2+ concentrations are known to play a role in regulating mitochondrial 

motility, e.g., via mitochondrial Rho-GTPase 1 (Miro1), a protein linking mitochondria to 

motor proteins with the help of other connector proteins [79]. Miro1 is a protein on the 

outer mitochondrial membrane, consisting of two GTPase parts on the N-terminal part 

and EF-hand domains working as Ca2+ sensors on the cytoplasmic side [80]. Miro1 

usually promotes anterograde mitochondrial transport [81], but upon rising Ca2+ levels a 

conformational shift takes place and mitochondrial transport is halted [82, 83]. TTX may 

prevent the oxidative-stress-induced decrease in motility by hindering intraaxonal Ca2+ 

rise. MCU itself seems to play a role in regulating mitochondrial movement and is thereby 
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one possible answer to the question of how Ru360 prevents oxidatively induced decrease 

in mitochondrial motility [84]. Also, it has been assumed that there is an interaction 

between MCU and Miro1 and that Ca2+ influx via MCU may lead to the same 

conformational changes of Miro1 mentioned above, resulting in decreased mitochondrial 

motility [85]. Since Ru360 blocks this Ca2+ influx, this might be another explanation for its 

motility-preserving effects. 

In Study 1, we have shown that oxidative stress decreases mitochondrial membrane 

potential (Fig. 5), indicating a loss in mitochondrial capacity to produce ATP. Furthermore, 

in Study 3 we have directly measured ATP levels and have been able to show a reduction 

under oxidative stress. Thus, we have shown that oxidative stress reduces mitochondrial 

capacity to properly provide ATP. 

In Study 1, 1 µM TTX prevented the decrease in mitochondrial membrane potential under 

simultaneous exposition to H2O2 (data not shown). 1 µM TTX alone induced mitochondrial 

hyperpolarization [86, 87]. One explanation for this observation could be reduced Na+ 

influx and subsequent reduced activity of the ATP-dependent Na+/K+-ATPase, which 

leads to an intraaxonal increase of ATP. It has been described that elevated ATP levels 

may lead to a reverse action mode of complex V, consuming cellular ATP content [49]. 

10 µM Ru360 also protected mitochondria against oxidative stress-induced reduction in 

mitochondrial membrane potential (Fig. 5a, b). TFN, however, could not prevent the 

oxidatively caused reduction in ATP levels in acute hippocampal slices (data not shown). 

We did not succeed in the establishment of a protocol to directly measure intraaxonal and 

intramitochondrial Ca2+ concentrations in Study 1, neither with Fluo-4 and stimulation with 

Ionomycin [88] nor with a genetic mice model for Ca2+ staining in central neurons 

(CerTNL-15 mice) [89]. We suppose that spinal roots, which are not part of the CNS, may 

not express the fluorescent marker. 

Regarding the effects of TFN, we have shown that the drug directly influences 

mitochondrial dynamics. The exact mechanisms remain incompletely understood and 

partially contradictive: Some have discovered that TFN alters intracellular Ca2+ 

concentrations via store-operated calcium entry [90], while others state that TFN does 

not influence neuronal Ca2+ concentrations [91]. 

A limitation of the studies is the quantity of experimental conditions that can be compared 

at once. This results from the size of the used incubation chamber and the restricted time 

window, in which spinal roots and acute hippocampal slices are viable and suited for 

imaging. In addition, the time window in which experiments can be conducted is limited 



Discussion 25 

to 3-4 hours, since afterward, spinal roots and acute hippocampal slices undergo 

irreversible damage. 

Moreover, we lack direct measurement of Ca2+ concentrations to detect protective and 

detrimental levels. 

4.3  Implications for practice and/or future research 

The next step could be the investigation of the effect of ion channel inhibition in the CNS 

model. We will also include already established methods of assessing neuronal 

parameters such as ATP content, oxygen consumption, and electrophysiology. 

Mitochondrial morphology and motility change under oxidative stress, thus, proteins 

associated with fusion and fission as well as mitochondrial transport could be affected 

and show altered expression patterns. To investigate this, PCR analysis of altered protein 

expression patterns could be established. Candidates for investigation could be proteins 

associated with mitochondrial fusion (e.g. mitofusin 1 or 2, dynamin-related GTPases, 

optic atrophy1), fission (e.g. dynamin related protein 1), movement (e.g. kinesin, dynein), 

and immobility (e.g. syntaphilin) [69]. 

The model of acute hippocampal slices can be used to monitor mitochondrial alterations 

of the CNS. However, this model cannot provide insights into the long term effects of 

drugs due to the limited period (4-6 h) to image the slices [92]. Therefore, we have 

established a model of chronic hippocampal brain slices in our group [93]. We have 

evaluated the effects of Fingolimod and Siponimod on mitochondria in chronic slice 

culture (paper in preparation). 

The spinal roots model, as well as the acute and chronic hippocampal slice model, offer 

ways to reduce animal experiments, a part of the 3 “R’s” (refinement, replacement and 

reduction), as first described by Russell and Burch in the 1950s [94]. 

Finally, as the next step in pre-clinical trials, verification of observed mechanisms could 

be performed in an in vivo model of MS. Several animal models exist to mimic different 

aspects of MS. The most used model is experimental autoimmune encephalomyelitis 

(EAE). Classically, mice are injected with an antigen (e.g., proteolipid protein, myelin 

basic protein, etc.) in emulsion with complete Freund’s adjuvant, as well as pertussis toxin 

in glycol buffer [95]. Alternatively, one can perform a transfer of lymphocytes that were 

activated with these antigens in vitro [95]. The different forms of EAE (relapsing vs. 

chronic) can be induced by choosing different mice strains [96]. Predominantly, EAE 
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models represent the autoimmune part of MS [97]. Other models include demyelination 

caused by viral infection or toxin-induced demyelination [98, 99]. 

Other groups, e.g., Kerschensteiner et al., have developed models to monitor 

mitochondria in vivo in the spinal column [100]. In combination with murine MS models, 

this might be a suited model to test the effects of ion channel inhibitors and already 

developed drugs on mitochondria. 

Neurodegenerative diseases are on the rise, partly because the world’s population is 

getting older and neurodegenerative diseases are often age-related [101]. New drugs for 

the treatment of neurodegenerative diseases and a better understanding of underlying 

pathomechanisms are therefore urgently needed [102]. Since development of new drugs 

is cost- and time-intensive, repurposing of already developed and approved drugs is a 

valid alternative [103]. We have investigated effects of blocking axonal Na+ influx and 

mitochondrial Ca2+ uptake which are known to be key features in neurodegenerative 

disorders [104, 105]. Understanding the implication of ional alterations in 

neurodegeneration may be an essential step towards developing targeted drugs against 

neuronal death. Moreover, we have added important knowledge to understanding the 

effects of TFN. 
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5 Conclusions  

The overall aims of our studies were the identification of neurodegenerative 

pathomechanisms and the evaluation of potential interventions for the targeted treatment 

of neuronal loss. We have proved ion channel inhibitors and TFN to be beneficial in terms 

of preventing oxidative stress-induced mitochondrial alterations. 

With Study 1 of this thesis, we have shown that our PNS model is suited to monitor 

alterations in Na+ and Ca2+ concentrations that we had hypothesized to happen 

downstream of oxidative insult on neurons. We have also demonstrated that inhibition of 

both NaV and MCU might prevent oxidatively induced mitochondrial alterations. 

In Study 2 and Study 3, we have shown conclusively that prevention of oxidatively 

induced mitochondrial alterations might be one possible mechanism by which TFN 

protects neuronal cells from degeneration. Moreover, TFN exerts its neuroprotective 

effects in our CNS model via the prevention of a reduction in oxygen metabolism and 

neuronal activity as well as its effects on mitochondrial dynamics. 
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