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Abstract 
 

 

Abstract 

Despite extensive research and a constantly rising prevalence, the biological mechanisms 

underlying major depressive disorder (MDD) remain partially elusive. Evidence of a link 

between mitochondria and depression is accumulating, underscored by both mitochondria’s 

involvement in many mechanisms identified in depression, and a high prevalence of MDD in 

individuals with mitochondrial disorders. Specifically, mitochondrial functions and energy 

metabolism are increasingly considered to be involved in MDD’s pathogenesis, either by 

contributing to an individual’s susceptibility or as a result of the pathology. 

In this study, we expanded on prior research on a human cellular model of MDD and focused 

on cellular and mitochondrial (dys)function in two atypical patients, aiming to gain a more 

comprehensive understanding of ways in which mitochondria can influence cellular function 

and potentially contribute to the development of depression. The case study patients are an 

antidepressant non-responding MDD patient (“Non-R”), and a patient suffering from a 

mitochondriopathy with unknown cause (“Mito”).   

Using skin biopsies of these two patients and non-depressed controls, we obtained dermal 

fibroblasts, and generated induced pluripotent stem cells, neural progenitors, neurons, and 

astrocytes. We observed that cellular and mitochondrial functions and neuronal 

electrophysiology in the Mito patient resembled findings in the MDD patients cohort. This 

included decreased respiration, mitochondrial membrane potential and depolarised resting 

membrane potential, associated with smaller sodium currents. In contrast, the Non-R 

patient’s cells were affected in an opposite manner in many of the measured parameters, 

including increased respiratory rates and mitochondrial calcium, and hyperpolarized resting 

membrane potential. Notably, smaller cell sizes were consistently observed across all 

patient-derived cells compared to healthy controls. 

The Non-R patient’s data offered a new perspective on MDD, suggesting a detrimental 

imbalance in mitochondrial and cellular processes, rather than simply reduced functions. 

Meanwhile, the Mito patient’s data revealed the extensive effects of mitochondrial 

dysfunctions on cellular functions, potentially highlighting new MDD-associated impairments.   

Together, findings in these case study patients bring a new dimension to our understanding 

of MDD. 
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 Zusammenfassung 

Trotz kontinuierlich steigender Prävalenz und umfangreicher Forschungsbemühungen, 

bleiben die biologischen Mechanismen, die der Major Depression zugrunde liegen, bis heute 

teilweise ungeklärt. Die Beteiligung der Mitochondrien an zahlreichen Mechanismen, die mit 

Depressionen assoziiert werden, liefert zunehmend Evidenz für einen Zusammenhang 

zwischen Mitochondrien und Depressionen. Darüber hinaus zeigt sich eine Komorbidität 

zwischen mitochondrialen Störungen und MDD. Es wird zunehmend angenommen, dass 

Störungen der mitochondrialen Funktionen, insbesondere des zellulären 

Energiestoffwechsels, Teil der Pathogenese der MDD darstellen, indem sie zur Vulnerabilität 

beitragen oder als Folge der Pathologie auftreten. 

Im Rahmen dieser Studie wurden frühere Untersuchungen an einem humanen Zellmodell 

der MDD erweitert. Dabei wurden zelluläre sowie mitochondriale (Dys-)Funktion bei zwei 

atypischen Patienten eingehend analysiert, um ein umfassenderes Verständnis für die 

Wechselwirkungen mitochondrialer Funktion und zellulärer Homöostase zu erlangen und 

deren potenzielle Rolle bei der Entstehung einer Depression zu beleuchten. Diese beiden 

Fallstudien umfassen einen Patienten, der nicht auf Antidepressiva anspricht ("Non-R"), 

sowie einen Patienten, der an einer Mitochondriopathie unbekannter Ursache ("Mito") leidet.  

Mittels Hautbiopsien von beiden Patienten und nicht-depressiven Kontrollpersonen konnten 

dermale Fibroblasten isoliert und induzierte pluripotente Stammzellen, neurale 

Vorläuferzellen, Neuronen und Astrozyten generiert werden.  

In diesem Zusammenhang wurde festgestellt, dass die zellulären und mitochondrialen 

Funktionen sowie die neuronalen elektrophysiologischen Eigenschaften des Mito-Patienten 

Ähnlichkeiten zu den Ergebnissen der MDD-Patientenkohorte aufwiesen. Dies schloss eine 

verminderte mitochondriale Atmung, ein reduziertes mitochondriales Membranpotenzial und 

ein depolarisiertes Ruhemembranpotenzial ein, begleitet von verringerten Natriumströmen. 

Im Gegensatz dazu zeigten die Zellen des Non-R-Patienten in vielen der erhobenen 

Parameter entgegengesetzte Veränderungen, darunter eine gesteigerte Atmung, erhöhte 

mitochondriale Calzium-Level und ein hyperpolarisiertem Ruhemembranpotenzial. 

Interessanterweise wurde bei allen Patientenzellen eine konsistente Verringerung der 

Zellgröße im Vergleich zu gesunden Kontrollpersonen beobachtet. Die Eigenschaften des 

Non-R-Patienten eröffnen eine neue Perspektive für das Verständnis der MDD, indem sie 

auf eine verminderte Mitochondrienfunktion und ein Ungleichgewicht in mitochondrialen und 

zellulären Prozessen hinweisen. Die Ergebnisse des Mito-Patienten verdeutlichen die 

weitreichenden Auswirkungen mitochondrialer Dysfunktionen auf zelluläre Funktionen und 

zeigen möglicherweise bisher unbekannte Zusammenhänge mit der MDD auf.  

Zusammengenommen erweitern die Erkenntnisse aus dieser Fallstudie unser Verständnis 

der zugrundeliegenden zellulären Pathomechanismen der Majoren Depression erheblich. 

 



Introduction 
 

9 

1 Introduction 

1.1 Major depressive disorder (MDD) 

1.1.1 Epidemiology and impact 

Depression is an increasingly widespread condition affecting greatly the patients’ quality of 

life. It is the most prevalent mental disorder in adults, affecting 280 million people worldwide 

in 2019, including 193 million people suffering from a major depressive disorder (MDD). This 

number has surged by 26% as a result of the COVID-19 pandemic, reaching a staggering 

246 million people. In addition to this very high prevalence, depression has a huge negative 

impact on patients’ lives and it is the second leading cause of global years lived with 

disability (World Health Organization, 2020). Although it is complex to estimate the mortality 

due to mental disorders, it was shown that people with mental health conditions have 

significantly higher mortality rates than the general population (World Health Organization, 

2018). One study performed in 2010 estimated that 2.2 million excess deaths were 

attributable to MDD (Charlson et al., 2014). Moreover, suicide ranks as the fourth primary 

cause of death among 15–29-year-olds, contributing to approximately 8% of all deaths in this 

age group. 

1.1.2 Symptoms and diagnosis 

MDD presents multifaceted clinical manifestations that are not restricted to the commonly 

expected detrimental impact on mood. It also involves a high degree of heterogeneity. 

The clinical picture consists of symptoms and signs associated with mood, cognition, anxiety, 

decision-making, interest, anhedonia, volition and motivation, psychomotor changes, energy, 

appetite, weight, speech, suicidal behaviour, circadian effects, melancholia, 

depersonalisation and derealisation (Kendler, 2016).  

According to the Diagnostic and Statistical Manual of Mental Disorders V (DSM V), the three 

main symptoms are depressed mood, anhedonia, and a lack of drive, that must last for more 

than two weeks, and be associated with impaired social and occupational functions.  

In addition, at least five of these nine specific symptoms must be present nearly every day: 

depressed or irritable mood most of the day; reduced interest or pleasure in most activities, 

most of each day; major alterations in weight or in appetite; altered sleep, insomnia or 

hypersomnia; alterations in activity, psychomotor agitation or retardation; fatigue or loss of 

energy; feelings of guilt/worthlessness; problems with concentration or indecisiveness; and 

suicidal behaviour or ideation (American Psychiatric Association, 2022). 

However, as highlighted by the psychiatrist Kenneth Kendler, it is important to note that the 

depressive syndrome is not entirely constituted by the DSM V criteria, and that this list of 

symptoms does not capture adequately the range of human experience of the mood state of 
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depression and the range of self-derogatory/pessimistic depressive cognitions (Kendler, 

2016). 

The diagnosis of MDD is based on interviews by a trained practitioner. They provide an 

assessment of the person’s clinical symptoms, but also of the thought content, specifically 

whether themes of hopelessness or pessimism, self-harm or suicide are present, and 

positive thoughts or plans are absent. In addition, rating scales, such as the Hamilton 

Depression Rating Scale (HAM-D) provide an indication of the severity and allow to 

categorise depression into mild, moderate or severe forms, based on the gravity of 

symptoms (Hamilton, 1980). Severity is also assessed depending on the impact of symptoms 

on several areas of life, such as social and occupational functioning.  

1.1.3 Aetiology of MDD 

The development of MDD is often attributed to the combination of psychosocial aspects, 

such as stress or traumatic experiences, biological factors such as genetic predisposition or 

epigenetics, and physical factors such as inflammation or cardiovascular disease. However, 

despite decades of research, the precise neurobiological underpinnings of depression remain 

elusive. A number of hypotheses were put forward over the years regarding the aetiology of 

MDD.  

The earliest hypothesis was formulated in the 1960’s, after observing that an 

antihypertensive drug, reserpine, depleted monoamine neurotransmitters (dopamine, 

serotonin, norepinephrine) and caused depression. Additionally, imipramine and iproniazid 

had the unforeseen effects of improving mood and increasing monoamines in the synaptic 

cleft (Ban, 2001). Based on these observations, the psychiatrist Alec Coppen was the first to 

attribute depression to a serotonin deficiency and over the years, the theory was supported 

by considerable evidence (Coppen, 1967; Jauhar et al., 2023). However, the foundations of 

this theory have recently been called into question by a systematic review, which has 

sparked many discussions in the field (Jauhar et al., 2023; Moncrieff et al., 2022). 

 Given that treatments restoring monoamines levels within hours only alleviate symptoms 

after several weeks, some argue that MDD is mainly a result of reduced neuroplasticity 

resulting from impaired BDNF signalling (Casarotto et al., 2021; Liu et al., 2017). In line with 

this theory, Casarotto et al. showed that common antidepressants (ADs) likely exert their 

clinical effects through their binding to the neurotrophins receptor TRKB (Casarotto et al., 

2021).  Numerous studies link depression and inflammation. Patients with inflammatory 

diseases show greater rates of MDD (Beurel et al., 2020), and conversely, patients with MDD 

show elevated peripheral inflammatory factors (Maes et al., 1992; Sluzewska, 1999). 

Inflammation can be caused by stress (Maydych, 2019), and stress can result in disturbed 

feedback mechanism of the hypothalamus-pituitary-adrenal axis (HPA), which is strongly 
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associated with MDD (Vreeburg et al., 2009).  Deciphering which of these manifestations are 

the causes of MDD and which are the consequences is a complex challenge. Furthermore, 

impaired mitochondrial function is increasingly considered to be involved in the etiology of 

depression  (Gardner & Boles, 2011; Klinedinst & Regenold, 2015; Kuffner et al., 2020; Manji 

et al., 2012; Moretti et al., 2003). 

1.1.4 Therapy options for MDD 

1.1.4.1 Antidepressants 

The first line of treatment classically offered to patients suffering from MDD is 

pharmacotherapy with ADs. Typical ADs such as tricyclic ADs, serotonin selective reuptake 

inhibitors, and monoamine oxidase inhibitors, increase the synaptic concentrations of 

monoamines by inhibiting their reuptake or metabolism. Alternatively, fast-acting 

antidepressants like ketamine inhibit NMDA-type glutamate receptors. However, as 

previously mentioned, some argue that their clinical effect is actually due to their binding to 

the TRKB receptor (Casarotto et al., 2021).  

1.1.4.2 Non-pharmacological interventions  

In addition, depression can also be tackled using non-pharmacological interventions. 

Frequently used psychological interventions can have a positive impact on mental 

functioning, social relationships, level of discomfort and engagement in everyday activities 

(Kolovos et al., 2016). However, the best way to combat depression effectively is to fight it on 

several fronts. A meta-analysis compared the differential efficacy of psychotherapy alone, or 

in combination with pharmacotherapy and found a clinically meaningful advantage of 

combined therapy in more severely depressed patients (Thase, 1997). Consistently, studies 

showed that cognitive behavioural therapy combined to AD treatment produced significantly 

improved short-term (Bowers, 1990) and long-term (I. W. Miller et al., 1989) outcomes 

compared with pharmacotherapy alone. For more severe MDD, another effective intervention 

is electroconvulsive therapy (ECT), offering relief to at least half of treatment-resistant MDD 

patients (Karlinsky & Shulman, 1984). 

1.1.5 Treatment resistant depression 

Despite numerous therapeutic options, treatment-resistant depression (TRD) remains a 

serious issue. There is no consensual definition of TRD yet, but commonly, a patient is 

categorised as treatment-resistant after the failure of at least two appropriately prescribed 

ADs (Berlim & Turecki, 2007; El-Hage et al., 2013). Due to this lack of consensus, estimating 

the proportion of TRD patients is complex. Remission rate after primary AD treatment is 

estimated to range between 30 and 45% (Fava & Rush, 2006). Keller et al. reported that 10 
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to 20% of MDD patients remained significantly symptomatic for at least 2 years even after 

sequential treatments. In 2006, the “Sequenced Treatment Alternatives to Relieve 

Depression” (STAR*D) trial was the largest study to examine TRD. It involved four different 

treatment levels, including pharmaco- and psychotherapy. TRD patients progressed to the 

next level if they did not achieve remission. The results showed that remission rates fell 

drastically after two treatment steps, and ranged between 7 and 14% in Level 4, indicating 

that many participants failed to attain remission even after trying four different treatment 

strategies (Sinyor et al., 2009).  

The mechanisms underlying AD response remain elusive, but some biomarkers can help 

predict the response to pharmacotherapy (reviewed in El-Hage et al., 2013). These markers 

include for example polymorphism in drug transporters genes, such as ABCB1, genetic 

differences in drug-metabolizing hepatic enzymes, alteration in the serotonergic system, 

polymorphism on the BDNF gene and defect in the HPA axis regulation (El-Hage et al., 

2013). Environmental and psychosocial factors also play a critical role. Smoking impacts AD 

concentration (Suzuki et al., 2011). Older age correlates with poorer remission whereas 

marital status was found to be protective (Barnhart et al., 2018). Failure to remit can also be 

favoured by poor compliance to treatment in relation to low income, health insurance status, 

and ethnicity (El-Hage et al., 2013). Finally, the patient’s expectations of the treatment 

outcome has a powerful impact and increasing them has the potential to optimise clinical 

response (Rutherford et al., 2010). 

1.2 The mitochondrion  

As atmospheric levels of oxygen increased in early Earth development, selective pressure 

favoured eukaryotic cells that acquired aerobic respiration through endosymbiosis of aerobic 

prokaryotic microorganisms, the protomitochondrion. This endosymbiont eventually evolved 

into mitochondria and has become a crucial part of cellular function (Gray, 1989; Lyons et al., 

2014).  

But mitochondria’s reach extends far beyond the cell membrane. They can influence 

metabolic processes in nearby cells, but also in distant organs, by releasing signals in the 

systemic circulation (Picard & Shirihai, 2022). They ensure species survival through sexual 

reproduction by synthesising steroid hormones (W. L. Miller, 2013). They can even be 

transferred to another cell for rescue (Cheng et al., 2020; Spees et al., 2006). 

Mitochondria are multifaceted organelles involved in a wide range of processes including 

energy production, calcium storage (Ichas et al., 1994), apoptotic cell death (Green & Reed, 

1998), thermogenesis and iron, lipid and neurotransmitter metabolism (Hertz, 2013; Jones & 

Jones, 1969; Nedergaard et al., 2001). They are highly dynamic and remodel their network 

by frequent fusion and fission. Since endosymbiosis, mitochondria have delegated the 
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production of some of their proteins to the cytoplasmic machinery, from nuclear encoded 

genes, but they also have remained semi-autonomous, in that they possess their own small 

genome and the necessary machinery to manufacture some of their own proteins (van der 

Bliek et al., 2017). 

1.2.1 Structure, morphology, and dynamics 

Testimony to their bacterial origin, mitochondria possess a double membrane.  

The outer mitochondrial membrane (OMM) contains porins, through which molecules can 

diffuse, enzymes involved in diverse pathways, and trafficking proteins such as the voltage-

dependent anion channel (VDAC). The OMM can associate with the endoplasmic reticulum 

membrane to create a collaboration for calcium signalling. Under the OMM lies the 

intermembrane space (IMS) (Figure 1A and B). If the OMM is disrupted, leaking of IMS 

proteins in the cytosol will cause apoptotic cell death (Chipuk et al., 2006).  

The inner mitochondrial membrane (IMM) encloses the mitochondrial matrix. It comprises the 

inner boundary membrane, parallel to the OMM, and invaginations called cristae, which 

extend into the matrix (Kühlbrandt, 2015). In contrast with the OMM, the IMM is impermeable 

to ions and molecules, and as a result, an electrochemical membrane potential of about 150-

180 mV builds up across the IMM (Kühlbrandt, 2015). The cristae membrane contains the 

protein complexes of mitochondrial respiration: the electron transport chain and the ATP-

synthase (Davies & Daum, 2013) (Figure 1A and B).  

The mitochondrial matrix is composed of densely concentrated enzymes and proteins and is 

the site of many biosynthetic reactions. It also contains mitochondrial DNA (mtDNA) and the 

machinery for its replication, transcription, and translation into proteins (Anderson et al., 

1981) (Figure 1B).  

 

Figure 1: Mitochondrial structure and morphology. (A) Electron microscopy image illustrating a mitochondrion 
in cultured astrocytes. (B) Schematic illustration of mitochondrial structure. Mitochondria have a double-

membrane structure with an outer and inner membrane. The OMM contains various porins and enzymes that 
regulate the exchange between mitochondria and cytosol. The IMM is impermeable to most molecules and ions 
and is extensively folded into structures called cristae, which increase the surface area to contain a large number 
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of proteins required for respiratory chain and other critical reactions for the mitochondria’s varied functions. The 
IMS is the narrow space between the two differentially permeable membranes, which allows the creation of ions 
gradients. The mitochondrial matrix contains a highly concentrated mixture of enzymes, ribosomes, granules, 
RNA, and several copies of the mitochondrial DNA. (C) Mitochondrial shape varies extensively to adapt to 

function or in response to stress. Mitochondrial morphology is maintained by a balance between fusion and 
fission. Created with BioRender.com. 

Mitochondria exist in a variety of different shapes, by far exceeding the textbook bean-shape. 

Mitochondrial shape dynamically adapts to function (Figure 1C). Tubular mitochondria form 

an interconnected network in metabolically active cells, whereas they are small and 

fragmented in quiescent cells (Westermann, 2012). Shape also varies in response to cellular 

perturbations. Mitochondria in apoptotic cells are highly fragmented but they are swollen and 

elongated during autophagy (Evans & Holzbaur, 2020). Ahmad et al. showed that 

mitochondria change their shape from tubular to donut or blob forms with increasing reactive 

oxygen species (ROS) (Ahmad et al., 2013). Horn et al. observed that mitochondria respond 

to plasma membrane injury by becoming fragmented and localising to the wound site (Horn 

et al., 2020). 

Mitochondria maintain their shape, distribution and size through balanced fusion and fission 

(Figure 1C), while damaged or old mitochondria are eliminated through mitophagy. This 

quality control is crucial, especially in energy-demanding cells like neurons (Evans & 

Holzbaur, 2020). Interestingly, Scaini et al. reported impaired quality control machinery in 

MDD patients (Scaini et al., 2021). 

1.2.2 Role in cellular metabolism 

Mitochondria have a manifold role in cellular metabolism. They are known as bioenergetics 

powerhouses but they are also biosynthetic centres, managers of redox reactions, and waste 

processing centres. They are involved in iron metabolism and haem synthesis (Jones & 

Jones, 1969; Shah et al., 2012) and control glutamate metabolism (Frigerio et al., 2008).   

However, mitochondria’s most critical role is to transform organic molecules into cellular 

energy in the form of ATP. They do so mainly by oxidising major products of glucose 

produced in the cytosol, pyruvate and NADH, using the tricarboxylic acid (TCA) cycle and 

oxidative phosphorylation (OXPHOS). On the other hand, fatty acid oxidation (FAO) converts 

fatty acids to acetyl-Coenzyme A, which enters the TCA and eventually feeds into OXPHOS 

to produce ATP (Alberts, 2015).  

1.2.2.1 Oxidative phosphorylation  

OXPHOS, also called mitochondrial respiration, uses breathed oxygen to generate energy. 

Glycolysis, TCA cycle and FAO pathways produce the reducing equivalents NADH and 

FADH2. Electrons from reducing equivalents are shuttled through the complexes of the 

electron transport chain (ETC), located in the IMM (Figure 2). The ETC passes the electrons 
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from donors to acceptors and uses the energy released to transport protons across the 

membrane. After these successive redox reactions, oxygen, the final electron acceptor, is 

reduced to water, in a reaction releasing half of the total energy (Alberts, 2015) (Figure 2).  

The ATP synthase generates the remaining energy. The exact mechanism was proposed by 

Peter D. Mitchell with his “chemiosmotic hypothesis” that won him a Nobel Prize in 1978. 

Mitchell showed that the protons transferred into the IMS during electron transport 

accumulate, and create an electrochemical gradient, where “electro” stands for the difference 

in electrical potential created by the positively charged protons, and “chemical” for the pH 

gradient constituted by the protons. This gradient, also called the proton-motive force, drives 

the rotation of parts of the ATP-synthase. This motion provides energy to phosphorylate ADP 

into ATP (Figure 2) (Mitchell, 1961). Adenine nucleotide translocases (ANTs) then transport 

ATP to the cytosol.  

 

Figure 2: Mitochondrial oxidative phosphorylation. The reduced cofactors NADH and FADH2 generated from 

prior metabolic processes including tricarboxylic acid cycle (TCA) donate electrons (e−) to complex I and complex 
II, respectively. The electrons are then passed along the electron transport chain through a series of redox 
reactions until the final acceptor oxygen (O2), which is reduced to water (H2O). Electron transfer fuels proton (H+) 
pumping from the matrix to the IMS, creating an electrochemical gradient. The flow of protons back to the matrix 
through the ATP synthase drives the phosphorylation of ADP into ATP. Created with BioRender.com    

1.2.2.2 Mitochondrial membrane potential 

As mentioned above, one component of the electrochemical gradient is the electrical 

potential created at the IMM. It is referred to as mitochondrial membrane potential (MMP). 

MMP varies across cell types and physiological activity but is typically around -150 mV in a 

normally functioning cell (Gerencser et al., 2012; Kamo et al., 1979). 

Different factors influence MMP. The functioning of the ETC generates it, and the ATP 

synthase uses it to phosphorylate ADP to ATP. Less commonly, when mitochondrial 

respiration is not operating normally, ATP synthase activity can be reversed, leading to 

hydrolysis of ATP and increased MMP (Walker, 2013; Zorova et al., 2018). Proton leak 
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through the IMM can dissipate MMP. Unregulated proton leak can occur passively through 

anion carriers or through the membrane, depending on its composition and integrity. Proton 

leak can be regulated and mediated by the ANT and uncoupling proteins (UCP) (Figure 2) 

(Jastroch et al., 2010). Conversely, reverse operation of the ANT, importing ATP into 

mitochondria, can support MMP (Chinopoulos, 2011). Finally, increased calcium (Ca2+) levels 

in the matrix speeds up TCA cycle activity and thereby OXPHOS activity which increases the 

MMP (Duchen, 2000). 

In addition to its crucial role in ATP production, MMP is a driving force for transporting 

charged compounds into mitochondria, a critical process for viability. For example, MMP is 

the primary driver of Ca2+ import (Gunter & Pfeiffer, 1990), which allows mitochondria to be 

major players in Ca2+ homeostasis.   

1.2.2.3 Calcium homeostasis 

Ca2+ is an essential ion that plays a crucial role in various cellular processes including cell 

differentiation and proliferation, gene transcription, oxidative metabolism regulation and 

neuronal transmission (Berridge et al., 2000). As a second messenger involved in many 

signalling pathways, it translates external stimuli into cell response.   

Hence, the finely tuned Ca2+ cytosolic concentration is crucial, orchestrated by a dynamic 

interplay between the endoplasmic reticulum (ER) and mitochondria.  They fulfil an important 

Ca2+ buffering function, with mitochondria accommodating a wide range of Ca2+ 

concentrations (50 to 500 nM) (Romero-Garcia & Prado-Garcia, 2019).  

To be imported into mitochondria, Ca2+ has to cross its double membrane. The OMM is 

highly permeable to Ca2+ due to the presence of VDCA1. In contrast, crossing the IMM is an 

electrogenic process occurring at the mitochondrial Ca2+ uniporter (MCU) complex, and 

driven by the negative MMP (Kamer & Mootha, 2015).  

The relationship between mitochondria and Ca2+ goes both ways. Mitochondria play a vital 

role in modulating Ca2+ dynamics, but they also rely on Ca2+ for many of their functions. 

Several enzymes of the TCA cycle are directly activated by Ca2+, which triggers oxidative 

metabolism and ATP production.  When it is accumulating, mitochondrial Ca2+ also leads to 

the collapse of MMP and initiates programmed cell death through the opening of the 

mitochondrial permeability transition pore (mPTP), leading to the release of pro-apoptotic 

factors in the cytosol (Haworth & Hunter, 1979).  

Therefore, it is clear that Ca2+ concentration in the matrix must be tightly regulated through 

influx and efflux mechanisms. Carafoli et al. were the first to propose that a sodium 

(Na+)/Ca2+  exchanger was responsible for Ca2+ extrusion from the mitochondria in 1974 

(Carafoli et al., 1974), but its molecular identity remained unknown until Palty et al. described 

the lithium-dependent Na+/Ca2+ exchanger, NCLX, more than 30 years later (Palty et al., 
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2010). Transient opening of the mPTP and a H+/ Ca2+ exchanger also play a role in Ca2+ 

efflux (Takeuchi et al., 2015). 

1.2.2.4 Reactive oxygen species production and regulation 

Mitochondria being the site of cellular respiration, they are also logically the main sources of 

reactive oxygen species (ROS). The reduction of O2 produces superoxide (O2-), which is the 

precursor for most other ROS. O2- production occurs predominantly at complex I of the ETC, 

where NADH from the TCA cycle passes an electron to the cofactor flavin mononucleotide 

(FMN) (Murphy, 2009). The reaction of O2 with reduced FMN then yields O2-. In physiological 

conditions, NADH/NAD+ ratio, and therefore the rate of O2- production, can be influenced by 

low ATP demand and consequent low respiration rate and by reverse electron transport 

(RET). RET occurs when a fraction of electrons from reduced ubiquinol is driven back 

towards complex I by a high proton-motive force, where it reduces NAD+ to NADH (Murphy, 

2009). Additionally but to a lesser extent, complex III generates O2- into the IMS and the 

matrix (Murphy, 2009; Zhang et al., 1998).  

In order to balance ROS production, cells evolved an antioxidant system composed of 

enzymes and antioxidant molecules. Superoxide dismutase enzymes dismutate O2- into the 

more stable hydrogen peroxide (H2O2). H2O2 is further dismutated into H2O and O2 by 

various antioxidant enzymes including catalase, glutathione peroxidase (GPx), and 

peroxiredoxins (Sies & Jones, 2020). GPx turns H2O2 into 2H2O by oxidising glutathione 

(GSH to GSSG) (Kaplowitz et al., 1985). In addition to the antioxidant system, cytochrome C 

in the ETC is able to scavenge O2- (Pasdois et al., 2011) and high mitochondrial ROS 

activate uncoupling proteins (UCP), thereby dissipating the proton gradient, decreasing 

respiratory rates and the resulting ROS production (Brand et al., 2004).  

If an excessive ROS production overwhelms the cells antioxidant system, oxidative stress 

will cause unspecific protein oxidation, damage biomolecules, and initiate detrimental 

signalling. For instance, lipid peroxidation generates 8-isoprostane which can activate the 

MAPK/ERK pathway and thereby influence the expression of inflammatory molecules 

(Scholz et al., 2003). Oxidative nuclear DNA damage favours mutagenesis and cancer 

development, while mtDNA damage results in mitochondrial dysfunction (Ide et al., 2001; 

Jackson & Bartek, 2009).  

In contrast, low levels of ROS are essential for physiological redox signalling. H2O2-mediated 

specific and reversible oxidation alters protein activity, localisation and interactions which can 

influence various processes including cell proliferation, differentiation, and migration (Sies & 

Jones, 2020). O2- has the potential to regulate mitochondrial energetics by uncoupling ETC 

activity and ATP synthesis through its interaction with UCP1 (Echtay et al., 2002). 
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1.3 Mitochondrial diseases 

Mitochondrial diseases (MDs) are a group of genetic disorders caused by mutations in 

nuclear or mitochondrial DNA. Affected genes encode structural mitochondrial proteins or 

proteins involved in mitochondrial function. Mutations primarily result in OXPHOS defects. 

MDs are the most common inherited metabolic disorders and it is likely that their prevalence 

is underestimated, due to obstacles in the epidemiological study of MDs (Schaefer et al., 

2019). Indeed, the bi-genomic nature of MDs results in high clinical heterogeneity. In the 

most recent review on the topic, authors estimated the prevalence of childhood-onset MDs to 

range between 5 and 15 cases per 10,000 (Schaefer et al., 2019).  

Organs most affected by MDs are those, which predominantly rely on mitochondrial energy 

production such as the eyes, ears, heart, and peripheral and central nervous systems. 

Accordingly, symptoms include hearing and visual loss, cardiomyopathy, neuropathy, 

neurological problems like seizures, developmental delays and stroke-like episodes 

(Rahman, 2020). However, MDs can also affect the gastrointestinal tract, kidneys, and 

endocrine organs, among others. Another factor adding to MDs complexity is the fact that 

many patients present a mixture of mutated and wild-type mtDNA, known as heteroplasmy. 

The proportion of mutant mtDNA often determines clinical severity (Wallace & Chalkia, 

2013). The unspecificity and high variability of symptoms complicates diagnosis as only a 

high level of clinical suspicion will lead to the specific genetic testing and invasive muscle 

biopsy, which are necessary to confirm the diagnosis (Schaefer et al., 2019).  

Treatment options for MDs are limited. Dietary supplements to support mitochondrial function 

are commonly used for the symptomatic management, but evidence of their efficacy is 

lacking. Further interventions mainly deal with organ-specific complications (Gorman et al., 

2016). 

1.4 The bioenergetics hypothesis of MDD 

Since the formulation of the monoamine theory of depression in the 1960’s, a lot of 

knowledge has been gained and new theories have arisen. As a result, many biological 

factors are suspected to underlie the pathophysiology of depression, including stress 

hormones and inflammatory cytokines, glucocorticoid neurotoxicity, decreased neurotrophic 

factors and decreased neurogenesis, altered GABAergic and glutamatergic 

neurotransmission, and circadian rhythms alterations. Mitochondria assume a central role in 

many of these proposed biological processes and a lot of evidence support a link between 

mitochondrial dysfunction, associated with bioenergetics impairments, and the development 

of MDD. 
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1.4.1 Mitochondrial and bioenergetics abnormalities in depressed patients 

1.4.1.1  Genetic proof of a link between MDD and mitochondrial dysfunction 

There is a recognised genetic element to MDD, as demonstrated by a 35-40% heritability in 

twin studies (Kendler et al., 2006). A number of genetic studies point toward mitochondrial 

abnormalities in people with depression, strengthening the hypothesis of a role of energy 

metabolism in the pathogenesis of depression. Mitochondria are maternally inherited (Pyle et 

al., 2015) and certain families are burdened by a maternal inheritance of depression. 

Bergemann and Boles inspected the pedigrees of 672 individuals with early-onset MDD and 

found that matrilineal relatives were more likely to suffer from depression than nonmatrilineal 

relatives, suggesting that a predisposing genetic factor was passed on via the mitochondrial 

genome (Bergemann and Boles, 2010). Furthermore, different types of mtDNA defects were 

reported in depressed patients, including decreased gene expression (M.-Y. Kim et al., 

2011), heteroplasmy (Cai et al., 2015), copy number variations, and deletions (Gardner et al., 

2003).   

1.4.1.2  MDD and mitochondrial functions in the brain: neuroimaging studies 

Neuroimaging in depressed patients also revealed some abnormalities in brain energy 

metabolism. Several studies reported decreased ATP in the brain of MDD patients, and one 

reported increased AMP in the frontal lobe (reviewed in Klinedinst & Regenold, 2015). 

Interestingly, Iosifescu et al. demonstrated that ATP decrease could be reversed by a 

successful antidepressant therapy (Iosifescu et al., 2008). They prescribed a thyroid 

hormone augmentation to MDD patients who failed to respond to selective serotonin 

reuptake inhibitor (SSRI) antidepressant drugs. They observed a significant increase of ATP 

and phosphocreatine, which buffers ATP, in patients who responded to the T3 augmentation 

(Iosifescu et al., 2008). 

1.4.1.3  Insight from post-mortem studies 

In addition to genetic studies carried out on blood samples, studies were conducted on post-

mortem brain tissue from depressed patients and revealed that the impairments observed at 

the peripheral level were also present and even possibly worse in the brain (Gardner & 

Boles, 2011; Manji et al., 2012). Indeed, in a case report on a severely depressed patient, 

researchers observed mitochondrial abnormalities in all tissues studied, but remarkably more 

mtDNA deletions in the brain than in skeletal muscles (Suomalainen et al., 1992). These 

findings suggest that the accumulation of mtDNA deletions in the brain could play a role in 

the pathophysiology of depression in some cases.  
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1.4.1.4  MDD and mitochondria interplay in patients’ cells 

Several studies have measured mitochondrial function directly in MDD patients’ cells.  

Gardner et al. found decreased ATP production and respiratory enzymes activity in muscle 

cells (Gardner et al., 2003). Hroudová et al. found a reduced mitochondrial respiration in 

platelets (Hroudová et al., 2013). In peripheral blood mononuclear cells obtained from 22 

MDD patients, Karabatsiakis et al. observed a decrease in several respiratory parameters, 

including ATP turnover-related respiration and coupling efficiency. Interestingly, they also 

showed that respiration was negatively correlated with the severity of depressive symptoms 

(Karabatsiakis et al., 2014). Garbett et al. measured stress-induced changes in mRNA of 

MDD patients fibroblasts and revealed impairments in pathways involved in the control of 

metabolism and energy production (Garbett et al., 2015). Based on a cohort of MDD 

patients, Kuffner et al. found decreased respiration and ATP in fibroblasts (Kuffner et al., 

2020). Triebelhorn et al. observed similar respiration impairments in neural progenitors as 

well as MDD-associated electrophysiological changes in neurons (Triebelhorn et al., 2022). 

1.4.2 Mitochondrial disorders and MDD  

Moreover, among the plethora of evidence associating mitochondrial dysfunction with MDD, 

many connections exist between mitochondrial diseases and psychiatric conditions, and 

particularly MDD. 

Indeed, people living with MDs have a higher risk to develop a major mental illness. In a 

study of 24 individuals with MD, Mancuso et al. recorded that 63% met the criteria for 

psychiatric illness, and among them, 58% had MDD, as compared to 20-30% in the general 

population in this country (Mancuso et al., 2013). Fattal et al. conducted a similar study with 

the largest sample to date, including 36 patients with mitochondrial cytopathies. They 

reported a 70% lifetime prevalence of psychiatric illness. Here as well, MDD was the most 

common diagnosis with 54% of patients, followed by bipolar disorder in 17% of patients and 

panic disorder in 11% of patients (Fattal et al., 2007). 

One might expect that the challenge of a chronic disorder such as a MD could be difficult to 

bear for the patients, leading to depressive symptoms. To address this, Inczedy-Farkas et al. 

assessed psychiatric symptoms in 19 adults with mitochondrial mutations and 10 patients 

with a non-mitochondrial chronic disorder. They found significantly higher scores on 

depression scales in the MD group, although the level of disability was similar in both 

disorders  (Inczedy-Farkas et al., 2012). In fact, psychiatric symptoms often precede the 

diagnosis of a MD, by an average of 7.5 years. In a study on 35 paediatric patients, Koene et 

al. reported that 14% of those eventually diagnosed with a MD initially presented depressive 

symptoms (Koene et al., 2009). Similarly, in families with the Mitochondrial Encephalopathy, 

Lactic Acidosis, and Stroke-like episodes (MELAS) mutation, 42% of the symptomatic 
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carriers, but also 22% of the asymptomatic carriers had depressive traits, as compared with 

7% in the control group. This might suggest that psychiatric symptoms were an early clinical 

presentation of the mutation (DiMauro and Schon, 2008).  

All in all, the evidence that characterised mitochondrial dysfunction provoke symptoms that 

can meet the full criteria for major depression, be it before or after the MD diagnosis, 

suggests that mitochondrial impairments themselves can underlie the full syndrome of MDD.  

This suggests that mitochondrial dysfunction alone can underlie the development of the full 

syndrome of MDD, or at least plays a central role in the pathophysiology of MDD. 

1.5 Context and aim of the thesis 

Our research aims at investigating the bioenergetics hypothesis of MDD, postulating a critical 

role of mitochondrial dysfunction in the pathophysiology of MDD. To tackle this question, our 

approach was to examine mitochondrial and cellular functions in patients-derived cell lines. 

The present thesis builds on data previously obtained in cells from a cohort of MDD patients 

and non-depressed controls (Kuffner et al., 2020; Triebelhorn et al., 2022). In this thesis, I 

used the MDD cohort data as a reference to investigate in depth specific aspects of the 

pathophysiology of MDD by conducting two case studies.  

1.5.1 Basis of the thesis: previous research in the lab 

1.5.1.1  MDD is associated with impaired mitochondrial function in skin 
fibroblasts, Kuffner et al. 

To investigate the biological underpinnings of depression, a human cellular model of MDD 

was established. At the end of their stay in the psychiatric clinic, 16 MDD patients underwent 

skin biopsies in order to collect dermal fibroblasts 

 

. 16 non-depressed volunteers donated their cells to form the control group. Kuffner et al. 

investigated mitochondrial and cellular function in fibroblasts from the MDD cohort by 

measuring OXPHOS activity, MMP, cytosolic Ca2+, ATP content, and mtDNA copy number. 

MDD cells had lower mitochondrial respiration rates and ATP concentration. MMP was 

increased, but cytosolic Ca2+ was unchanged. There were no differences in mtDNA copy 

number between MDD patients and non-depressed controls, suggesting a mitochondrial 

dysfunction in patients fibroblasts rather than a decreased mitochondrial content (Kuffner et 

al., 2020). 



Introduction 
 

22 

1.5.1.2  Induced neural progenitor cells and iPS-neurons from MDD patients 
show altered bioenergetics and electrophysiological properties, 
Triebelhorn et al. 

Fibroblasts from the MDD and controls cohort were reprogrammed to induced pluripotent 

stem cells (iPSCs) and differentiated into neural progenitor cells (NPCs) and neurons. 

Triebelhorn et al. investigated molecular mechanisms related to mitochondrial function in 

NPCs from 8 MDD patients and 8 non-depressed controls. In MDD patients’ NPCs, MMP 

and ATP content were unchanged, while cytosolic Ca2+ was increased and respiration and 

cell size were decreased. Additionally, Triebelhorn et al. inspected electrophysiological 

properties of  neurons and found decreased capacitance, resting membrane potential and 

spontaneous activity, and increased sodium current densities (Triebelhorn et al., 2022).  

Taken together, these two studies demonstrate that mitochondrial function is impaired in 

MDD patients, in line with the bioenergetics hypothesis of MDD, and offer insight into the 

impact of the pathology on several cellular and mitochondrial processes.  

1.5.2 Going further: case studies 

Building on these two previous studies, the present thesis focuses on two specific patients in 

the form of case studies, to gain new insight on the pathophysiology of MDD.  

1.5.2.1 Concept, scope, and advantages of a case study  

Case studies are often opposed to population or cohort studies and qualitative research to 

quantitative research. However, as phrased by James Mahoney and Gary Goertz, they could 

rather be compared to two cultures having their own traditions and specificities, but being 

complementary (Mahoney & Goertz, 2006). 

Case studies are detailed and intensive studies that seek to explain particular cases and 

understand causal mechanisms and processes. They allow an in-depth understanding of the 

factors under study. In biomedical research, they generally consist in investigating deeply 

atypical patients with interesting characteristics. Usually, case studies focus on deviant or 

outlier cases that do not fit the general theory. This brings the potential to help understand 

mechanisms that had not been explored before. This is comprised in the concept of 

“equifinality”, wherein different paths can lead to the same outcome (Mahoney & Goertz, 

2006). This, in turn, allows to develop new theories or to enrich the original theory. For 

instance, studying an atypical MDD patient could uncover a new factor in the disease’s 

aetiology. 

Importantly, case studies are not meant to be representative of an entire population. It is not 

their scope nor their goal, even though, in some instances, results can be generalised to a 

specific group, for example, patients with a very similar clinical presentation. More 

specifically, quantitative research (cohort studies) have a broad scope and a homogeneous 
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population to maximize generalisation, whereas qualitative research (case studies) adopt a 

narrow scope to avoid causal heterogeneity (Mahoney & Goertz, 2006). In other words, 

quantitative research measures a lot of cases roughly, with a limited number of parameters, 

whereas qualitative research aims to measure a few cases very precisely in order to 

understand the interplay between different parameters. When combining both methods, the 

strengths of one can offset the weaknesses of another.  

This thesis is built on this idea and combines the present case studies to the previous cohort 

studies to go further in the understanding of the interplay between mitochondrial 

(dys)function and MDD.  

1.5.2.2 Presentation of the case study patients 

1.5.2.2.1 Antidepressant non-responder patient (Non-R) 

The first case study patient was defined as anti-depressant non-responder, based on the 

most commonly accepted definition of TRD, according to which a depression case is 

considered resistant when at least two treatment regimens failed to induce remission (Berlim 

& Turecki, 2007). Upon the patient’s admission at the clinic, trained psychiatrists diagnosed 

him with very severe MDD after extensive interview and using the Hamilton Depression 

Rating Scale (HAM-D, score 34). The patient was first treated with the serotonin-

norepinephrine reuptake inhibitor (SNRI) duloxetine. When this treatment brought no 

improvement, psychiatrists prescribed venlafaxine, another SNRI. The patient did not 

respond to venlafaxine either, so the treatment was augmented with lithium. Indeed, lithium 

has been shown to be efficient in case of TRD (Alevizos et al., 2012). However, the patient 

did not remit, and eventually left the clinic after 12 weeks, still presenting severe depression 

(HAM-D score 22). This is when the patient accepted to participate in our study and the 

biopsy was conducted. The patient also had a light hypertension, which was medicated with 

Enalapril. He was a heavy smoker, as is often the case for people suffering from MDD. This 

patient is referred to as “Non-R”. 

1.5.2.2.2 Mitochondriopathy patient (Mito) 

The second case study patient was diagnosed with a mild mitochondriopathy with unknown 

causes. The patient presented several neurological symptoms and pains and was directed to 

the centre for rare diseases in Regensburg (Zentrum für Seltene Erkrankungen). The 

symptoms included recurrent pain of the musculoskeletal system (affecting tendons, joints, 

toes, fingers, and back) over the last 11 years, neurological deficits (such as paraesthesia of 

the arms, and numbness in the legs), abdominal pain, weakness, general fatigue, 

hypersomnia, and myopia. Clinical findings allowed to rule out inflammatory bowel disease 
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but showed a slight narrowing of the coeliac trunk, which could explain the abdominal pain. 

Blood tests ruled out immune-related diseases, thyroid disorders, ankylosing spondylitis, 

rheumatoid arthritis, osteoporosis, celiac disease, borreliosis, carcinoma, and 

neuroblastoma. However, some markers related to lactate chemistry and mitochondrial 

functions were altered. Blood levels of some lactate dehydrogenase (LDH) isoenzymes were 

abnormal (increased LDH4, decreased LDH2). The levels of citrate, cis-aconitate and 

isocitrate, which are involved in the TCA cycle, were decreased. The level of pyruvate kinase 

isoenzyme M2, which catalyses the last step of glycolysis, was found to be increased. 

Additionally, there was a vitamin D3 and coenzyme Q10 deficiency. Coenzyme Q10 is an 

electron carrier in the ETC and a deficiency causes respiratory chain defects and ROS 

production (Quinzii & Hirano, 2010). Vitamin D3 regulates mitochondrial respiration and 

oxidative stress, while hypovitaminosis D is known to reduce mitochondrial activity (Matta 

Reddy et al., 2022). Exome sequencing and mitochondrial genome sequencing revealed no 

anomaly. A genetic mitochondrial disease was therefore excluded. However, based on the 

patient’s symptoms and on blood test results, the differential diagnosis of a mild 

mitochondriopathy was established. Interestingly, the patient, referred to as “Mito”, also had 

a very low levels of 5-Hydroxyindoleacetic acid (5-HIAA) in their urine. 5-HIAA is a serotonin 

metabolite, and its low presence indicates inadequate serotonin production, which has been 

linked to depression. Notably, low levels of 5-HIAA have been found in the cerebrospinal fluid 

of depressed patients (Cheetham et al., 1991).  

1.5.3 Aim of the case studies 

1.5.3.1 Antidepressant non-responder patient (Non-R) 

In contrast with patients from the MDD cohort who all achieved a certain degree of remission 

(average remission 58±7%), the Non-R patient still suffered from severe MDD at the time of 

the biopsy. Studying this patient was therefore an opportunity to investigate how cellular and 

mitochondrial functions differed between remitted, treatment-responding MDD patients and a 

severely depressed, treatment-resistant MDD patient. Additionally, initial respiratory 

measurements in this patient’s cells showed very different results to the MDD cohort, which 

highlighted the potential to enrich the mitochondrial theory of MDD. 

1.5.3.2 Mitochondriopathy patient (Mito) 

Previous studies revealed mitochondrial dysfunctions in MDD patients. The present patient 

was diagnosed with a mitochondriopathy, but does not suffer from MDD. Studying this 

patient provided an opportunity to observe the interplay between different cellular and 

mitochondrial parameters and compare them within the context of a mitochondrial disorder 

and MDD. Another aim was to understand how specific cellular processes and 
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characteristics, such as electrophysiological properties, were influenced by mitochondrial 

(dys)function, rather than being a consequence of MDD. This case study seemed therefore 

relevant to our understanding of different aspects of MDD pathophysiology related to 

mitochondria.  
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2 Material and Methods 

2.1 Material 

2.1.1 Laboratory consumables and equipment 
 

Table 1: Laboratory consumables 

Consumable Manufacturer 

60μ-Dish (Ø 35 mm, high) Ibidi GmbH; Gräfelfing; Germany 

Cell culture plates Corning Incorporated; Tewksbury, Massachusetts 

CellTrics 50 µm cell strainer Sysmex; Hamburg, Germany 

Coverslips, glass (Ø 25 mm; Ø 12 mm) VWR by Avantor; Radnor, Pennsylvania 

Cryo vials 1.5 mL/2 mL Sarstedt; Nümbrecht, Germany 

Falcon tubes (15 mL, 50 mL) Greiner Bio One; Kremsmünster, Austria 

Falcon® 5mL Round Bottom Polystyrene Test 

Tube, with Cell Strainer Snap Cap 
Omnilab; Bremen, Germany 

Microplates 96-well Greiner Bio One; Kremsmünster, Austria 

Pipette filter tips Greiner Bio One; Kremsmünster, Austria 

Pipette tips Eppendorf; Hamburg, Germany 

Seahorse XFp-Flux-Pack Agilent Technologies; Santa Clara, California 

 

 

 

Table 2: Laboratory equipment 

Equipment Manufacturer 

5415R centrifuge Eppendorf; Hamburg, Germany 

Chamber for coverslips (Ø 25 mm) Warner Instruments; Hamden, Conneticut 

FACS CelestaTM BD Biosciences; Franklin Lakes, New Jersey 

Heracell 150 Incubator Thermo Fisher Scientific; Carlsbad, California 

Laminar Flow Hood Thermo Fisher Scientific; Carlsbad, California 

Megafuge 1.0 centrifuge Heraeus; Hanau, Germany 

Mikro 220R centrifuge Hettich; Tuttlingen, Germany 

Pipet controller accu-jet® pro Brand; Wertheim & Grossostheim, Germany 

Pipettes Eppendorf; Hamburg, Germany 

Seahorse XFp Flux Analyser Agilent Technologies; Santa Clara, California 

VarioSkan plate reader Thermo Fisher Scientific; Carlsbad, California 
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2.1.2 Chemicals, reagents, and kits 
 

Table 3: Chemicals and reagents 

Chemical and reagent Manufacturer 

Accutase Gibco by Life Technologies; Carlsbad, California 

Advanced DMEM/F12 Gibco by Life Technologies; Carlsbad, California 

Antimycin A Biomol GmbH; Hamburg, Germany 

Ascorbic acid (Vitamin C) Carl Roth; Karlsruhe, Germany 

Astrocyte Medium (ScienCell) Provitro AG; Berlin, Germany 

B-27 Plus Supplement Thermo Fisher Scientific; Carlsbad, California 

CryoStor CS10 STEMCELL Technologies; Vancouver, Canada 

Culture One Supplement  Thermo Fisher Scientific; Carlsbad, California 

Cytosine arabinoside (Ara-C) Biomol GmbH; Hamburg, Germany 

Dibutyryl-cAMP (dcAMP) STEMCELL Technologies; Vancouver, Canada 

DMEM/F12 Gibco by Life Technologies; Carlsbad, California 

DMSO Sigma-Aldrich; St. Louis, Missouri 

DPBS Gibco by Life Technologies; Carlsbad, California 

FCCP Biomol GmbH; Hamburg, Germany 

FBS Sigma-Aldrich; St. Louis, Missouri 

Fluorescent Mounting Medium Dako; Carpinteria, California 

Fura-2/AM Hölzel Biotec; Köln, Germany 

Geltrex LDEC Thermo Fisher Scientific; Carlsbad, California 

Glucose Carl Roth; Karlsruhe, Germany 

GlutaMax (100x) Gibco by Life Technologies; Carlsbad, California 

H2DCFDA Invitrogen by Life Technologies; Carlsbad, California 

HBSS Sigma-Aldrich; St. Louis, Missouri 

Hoechst Thermo Fisher Scientific; Carlsbad, California 

Isopropyl alcohol Carl Roth; Karlsruhe, Germany 

ImmersolTM 518 F Immersion Oil Carl Zeiss; Jena, Germany 

JC-1 Invitrogen by Life Technologies; Carlsbad, California 

Laminin Sigma-Aldrich; St. Louis, Missouri 

L-Glutamine Sigma-Aldrich; St. Louis, Missouri 

Matrigel Corning Incorporated; Tewksbury, Massachusetts 

MitoSOX Red Invitrogen by Life Technologies; Carlsbad, California 

MitoTracker Green Invitrogen by Life Technologies; Carlsbad, California 
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N2-Supplement Thermo Fisher Scientific; Carlsbad, California 

Neurobasal Medium Gibco by Life Technologies; Carlsbad, California 

Neurobasal Medium Plus Gibco by Life Technologies; Carlsbad, California 

Non-essential amino acids  Gibco by Life Technologies; Carlsbad, California 

Normal goat serum Thermo Fisher Scientific; Carlsbad, California 

Oligomycin Biomol GmbH; Hamburg, Germany 

Opti-MEM Gibco by Life Technologies; Carlsbad, California 

Paraformaldehyde Carl Roth; Karlsruhe, Germany 

Penicillin-Streptomycin Solution Sigma-Aldrich; St. Louis, Missouri 

Pluronic 10% F127 Thermo Fisher Scientific; Carlsbad, California 

Poly-L-ornithine solution Sigma-Aldrich; St. Louis, Missouri 

PSC Neural Induction Supplement (50x) Gibco by Life Technologies; Carlsbad, California 

Pyruvate Sigma-Aldrich; St. Louis, Missouri 

rH-BDNF PreproTech; Rocky Hill, USA 

rH-GDNF PreproTech; Rocky Hill, USA 

Rhod-2/AM Hölzel Biotech; Köln, Germany 

Rotenone Biomol GmbH; Hamburg, Germany 

Seahorse XF DMEM assay medium, pH 7.4 Agilent Technologies; Santa Clara, California 

Sodium pyruvate Gibco by Life Technologies; Carlsbad, California 

STEMdiff Nural Progenitor Freezing Medium STEMCELL Technologies; Vancouver, Canada 

Triton X-100 Sigma-Aldrich; St. Louis, Missouri 

Trypan Blue Sigma-Aldrich; St. Louis, Missouri 

 

Table 4: Kits  

Kit Manufacturer 

CellTiter-Glo® Cell Viability Assay Promega; Madison, Wisconsin 

PierceTM BCA Protein Assay Thermo Fisher Scientific; Carlsbad, California 

8-isoprostane ELISA Kit Cayman Chemical; Ann Harbor, Michigan 
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2.1.3 Culture media and buffer composition 
 

Table 5: Buffer and media 

Buffer/Media Composition 

Astrocyte Medium 

Astrocyte Medium (ScienCell) 

2% FBS 

1% Astrocyte growth supplement 

Neural Induction Medium (NIM) 

Neurobasal Medium 

2% Neural Induction Supplement 

0.5% Penicillin/Streptomycin 

Neural Expansion Medium (NEM) 

48.75% Neurobasal Medium 

48.75% Advanced DMEM/F12 

2% Neural Induction Supplement 

0.5% Penicillin/Streptomycin 

Neuronal Medium 

Neurobasal Medium 

1% B27 Plus  

0.5% GlutaMax 

0.5% non-essential amino acids  

0.5% CultureOne  

200 nM Ascorbic acid 

20 ng/mL BDNF  

20 ng/mL GDNF  

1 mM dibutyryl-cAMP  

100 µg Laminin  

50 U/mL Penicillin  

50 µg/mL Streptomycin  

Seahorse Assay Medium (pH 7.4) 

1 mM Pyruvate 

2 mM L-Gultamine 

10 mM Glucose 

Seahorse XF DMEM assay medium 

Antibody Buffer (pH 7.4) 

0.1% Triton X-100 

2% goat serum 

1x PBS 

Blocking Buffer (pH 7.4) 

0.5% Triton X-100 

10% goat serum 

1x PBS 

Ringer’s Solution (pH 7.4) 

140 mM NaCl 

5 mM KCl 

2 mM CaCl2 

1 mM MgCl2 

10 mM HEPES 

5 mM Glucose 

Intracellular patch-clamp solution 

140 mM KCl 

1 mM MgCl2 

 0.1 mM CaCl2 

 5 mM EGTA 

10 mM HEPES 
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2.2 Methods 

2.2.1 Cell culture methods 

2.2.1.1 Skin biopsy and primary human fibroblasts cultivation 

Skin biopsies were conducted by the Department of Dermatology, University Hospital of 

Regensburg, Germany. The study was approved by University of Regensburg’s ethics 

committee (ref: 13-101-0271), and all participants provided written informed consent.  

Biopsy samples of healthy skin were sectioned into smaller pieces, and distributed into a 6-

well plate (Sarstedt). They were allowed to attach for 5-7 min and covered with primary 

fibroblast medium (PrimFibM) (Table 5). The primary fibroblasts were then cultured for a 

period of 2–3 weeks under standard conditions (37 °C and 5% CO2) until they reached 

confluency. Cells were split, amplified and stored in a robotic storage system 

(SmartFreezer®, Angelantoni) in the Central Biobank Regensburg at the vapour phase of 

liquid nitrogen. For splitting, detachment was initiated with 1 mM ethylenediaminetetraacetic 

acid (EDTA), a chelator of divalent ions (Ca2+, Mg2+) (Invitrogen), in phosphate-buffered 

saline (PBS, Gibco). Subsequently, the cells were enzymatically detached with Trypsin 

(Sigma-Aldrich). The reaction was stopped with DMEM/F12. For storage, 1 million cells were 

frozen in PrimFibM, supplemented with 10% dimethyl sulfoxide (DMSO). For further growth 

or for experimental purposes, cells were seeded into T75 flasks or 6-well plates, respectively. 

Cryopreserved fibroblasts were thawed in a 37°C water bath and transferred into pre-

warmed DMEM/F12. After centrifugation, the pellet was resuspended in PrimFibM and 

seeded into a T75 flask.  

2.2.1.2 Human induced pluripotent stem cells 

Fibroblasts were reprogrammed to induced pluripotent stem cells (iPSCs) using non-

integrating episomal plasmid vectors encoding pluripotency-associated genes, also called 

“Yamanaka factors”: KLF4, SOX2, L-MYC, LIN28, OCT3/4, and p53DD (pCXB-EBNS, pCE-

hsk, pCE-hUL, pCE-hOCT3/4, and pCE-mp53DD (Addgene plasmid #41857, #41814, 

#41855, #41813, and #41856, gifted by Shinya Yamanaka)). 5x105 fibroblasts were 

electroporated with 600 ng of each factor using the Amaxa Nucleofector (Lonza) and cultured 

in TeSR-E7 medium for 3-4 weeks on Matrigel-coated dishes (Corning, 8.7 µg/cm2) until 

colonies appeared. iPSC colonies were manually picked, and cultured on Matrigel with 

mTeSR Plus medium supplemented with 50 µg/mL Gentamycin. Pluripotency was confirmed 

by the PluriTest® method, a patented bioinformatics assay for the quality assessment of 

iPSCs, which was adjusted for next-generation sequencing (Schulze et al., 2016). The 

medium was changed daily and areas of spontaneous differentiation, characterised by 

irregular colony morphology, were mechanically removed by aspiration. 
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For passaging, iPSCs were incubated with 1 U/mL dispase at 37°C until the edges of the 

colonies started to detach. The dispase was washed off with DMEM/F12 and mTeSR was 

added. The colonies were broken into small clusters using a 5 mL glass pipette, carefully 

lifted, and transferred to a fresh Matrigel-coated plate, in a 37°C, 5% CO2 incubator. iPSCs 

were passaged at 70-80% confluency with a split ratio of 1:3. iPSCs were cryopreserved in 

CryoStore CS10 freezing medium in liquid nitrogen. Cryopreserved iPSCs were thawed in a 

37°C water bath, transferred into pre-warmed DMEM/F12, and spun down. Fresh mTeSR 

was added on top of the pelleted colonies and they were resuspended by gentle shaking, 

before being seeded onto a Matrigel-coated plate.  

2.2.1.3 Neural progenitor cells 

iPSCs to neural progenitor cells (NPCs) differentiation was carried out following a monolayer 

culture method developed by Yan et al. (Yan et al., 2013). iPSCs were detached into small 

colonies and plated onto Matrigel-coated plates. On the next day, mTeSR was exchanged for 

Neural Induction Medium (Table 5). On day 7, the differentiating cells were detached and 

dissociated using Accutase (Life Technologies), then passed through a 50 µm strainer. After 

centrifugation, cells were resuspended in Neural Expansion Medium (NEM) (Table 5). Cells 

were then maintained and expanded on Geltrex-coated dishes (0.5mg/mL) at a density of 

1x105 cells per cm2. Cells were passaged, strained, and treated overnight with 5 µM ROCK 

inhibitor to favour attachment until passage 5, at which point a pure culture of NPCs was 

obtained. NPCs were cryopreserved in STEMdiff Neural Progenitor Freezing Medium in 

liquid nitrogen.  NPCs were thawed in a 37°C water bath, transferred into pre-warmed 

DMEM/F12, and centrifuged. Pellets were resuspended in fresh NEM and plated onto 

Geltrex-coated plates.  

2.2.1.4 Astrocytes 

NPCs were differentiated into astrocytes following a protocol adapted from Tcw et al., 2017. 

3x104 carefully dissociated NPCs were seeded on Matrigel-coated plates in astrocytes 

medium (Table 5). Upon confluency, cells were detached using Accutase and 3x104 cells 

were plated in new Matrigel-coated wells. After 30 days of differentiation, identity and 

maturity of the astrocytes were confirmed with immunostainings of typical astrocytes markers 

(GFAP, S100β, connexin 43, EAAT1, ALDH1L1). Astrocytes were used until day 60. 

Additionally, astrocytes were expanded and frozen in astrocyte medium supplemented with 

20% FBS and 10 % DMSO between days 20 and 35 of differentiation. Astrocytes were 

thawed in a 37°C water bath, transferred into pre-warmed DMEM/F12 and centrifuged. The 

astrocytes pellet was resuspended in fresh astrocyte medium and seeded onto Matrigel-

coated plates. 
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2.2.1.5 Neurons: Neuronal differentiation and cultivation 

For neuronal differentiation, NPCs from passages 5 to 12 were plated onto polymer imaging 

µ-dishes (Ibidi) coated with 20% poly-L-ornithine in PBS and 43 μg/mL laminin in DMEM/F12, 

both overnight at 37°C. On the next day, the medium was changed to Neuronal Medium (day 

1) (Table 5). Cells were differentiated for 21 days, with half of the medium changed every 3 

to 4 days, and kept in 37°C, 5% CO2 incubator. In order to remove proliferating cells, the 

cultures were treated with the mitotic inhibitor cytarabine (Biomol) at 1µM from day 5 to day 6 

or 7. 

2.2.2 Biochemical methods 

2.2.2.1 Lipid peroxidation ELISA 

The levels of the lipid peroxidation marker 8-isoprostane were measured in fibroblasts and 

NPCs culture supernatants, using the 8-isoprostane ELISA Kit (Cayman Chemicals), 

according to the manufacturer’s instructions. Fibroblasts or NPCs were plated in serum-free 

medium. When confluent, cells were detached and counted, and supernatants were collected 

and frozen with 1:1000 antioxidant butylated hydroxytoluene to protect lipids from 

degradation. Supernatants were measured in triplicate in the ELISA plate. Absorbance was 

measured at a wavelength of 420 nm using the VarioSkan (Thermo Fisher Scientific). 8-

isoprostane concentrations were calculated using a 0.8 pg/mL to 5 ng/mL standard curve 

and normalised to the number of cells. 

2.2.2.2 Glutathione (GSH/GSSG) 

Reduced and oxidized forms of glutathione were measured with the GSH/GSSG-Glo™ 

assay (Promega) according to the manufacturer’s instructions. 5x102 fibroblasts were seeded 

in duplicates in 96-wells plates. The next day, cells were lysed with either total or oxidized 

glutathione lysis reagent for 5 min on a plate shaker, at room temperature (RT). Luciferin 

generation and detection reagents were subsequently added, and incubated at RT for 30 and 

15 min, respectively, before recording luminescence using the VarioSkan. 

2.2.3 Metabolic analysis 

2.2.3.1 Mitochondrial Respiratory Function Analysis: Seahorse XF Flux analysis 

Mitochondrial respiration was analysed using Seahorse XFp Flux analyser (Agilent 

Technologies). The analysis relies on the measurement of oxygen consumption rates (OCR), 

which reflect the final reduction of oxygen to water during OXPHOS. Sensor probes 

containing polymer-embedded fluorophores detect OCR in a small volume of medium above 

the cell monolayer. During the measurement, an integrated drug delivery system injects 

relevant compounds to measure specific aspects of mitochondrial respiration. In the 
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Seahorse XFp Mito Stress Test Kit used here, oligomycin, FCCP and rotenone/antimycin A 

(Biomol) were injected sequentially, to a final concentration of 1 µM for oligomycin, 2 µM 

(fibroblasts, astrocytes) or 1 µM (NPCs) for FCCP, and 0.5 µM for rotenone/ antimycin A. 

The OCR after injection of each compound allows the calculation of six respiratory 

parameters (Figure 3). Before any injection, basal respiration (1) reflects the baseline level 

of mitochondrial respiration to meet normal ATP demand. Oligomycin inhibits complex V of 

the ETC, ATP synthase, thereby leading to a decrease of OCR, corresponding to ATP 

synthesis (ATP-related OCR (2)). The remaining oxygen consumption after ATP synthase 

inhibition corresponds to proton leak (3). The injection of FCCP facilitates the movement of 

protons back to the matrix, thereby dissipating the proton gradient, which would usually be 

harnessed to produce ATP. Respiration is uncoupled from ATP synthesis. To maintain the 

proton gradient, the ETC increases electron flow, which mimics physiological energy demand 

and reveals the maximal capacity of OXPHOS (maximal respiration (4)). Spare respiratory 

capacity (5) (SCR) represents the absolute increase in OCR between baseline and maximal 

respiration. SCR reflects a cell’s adaptation faculties in response to increased energy 

demand or stress. Rotenone and antimycin A inhibit complex I and complex II, respectively. 

At this stage, mitochondrial respiration is completely inhibited, and the remaining oxygen 

consumption reflects non-mitochondrial respiration (6) (Figure 3). 

 

 

Figure 3: Measure of mitochondrial respiration with the Seahorse XFp Flux Analyser. (Left) Several 

inhibitors are used to inhibit different parts of the respiratory chain and reveal different respiratory parameters. 
Oligomycin inhibits the ATP synthase, FCCP uncouples respiration, and a mixture of rotenone and antimycin A 
inhibits complex I and III. (Middle) Seahorse measurements rely on optical microsensors integrated into the 

cartridge. In the sensor, two fluorophores measure oxygen (O2) and protons (H+) concentrations in real time in live 
cells and the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) are calculated. (Right) 

Typical OCR curve obtained with the Agilent Seahorse XF Cell Mito Stress Test, illustrating respiratory states. 
Created with BioRender.com 

The day before the assay, 3x104 (fibroblasts, astrocytes) or 8x104 (NPCs) cells were grown 

in XFp 8-well miniplates with appropriate coating. The sensor cartridges were hydrated with 

Seahorse XF Calibrant and placed overnight in a non-CO2, 37°C incubator. On the day of the 

assay, cells were covered in Seahorse XF Assay medium (Table 5) and placed in a non-CO2, 



Material and Methods 
 

34 

37°C incubator for 30 min. The injection ports of the sensor cartridge were loaded with the 

test compounds and the XFp flux analyser started calibration. After calibration, the miniplate 

containing the cells was placed inside the machine and the Mito Stress Test protocol was 

initiated. Data acquisition and analysis were performed with the Wave software (Agilent). At 

the end of the assay, cells were fixed in 4% paraformaldehyde (PFA) and the nuclei were 

stained with Hoechst to normalise the respiration data.  

2.2.3.2 Total ATP content quantification 

For the quantification of cellular ATP content, 1x105 fibroblasts and astrocytes or 1x106 NPCs 

were pelleted and stored at -20 °C. The ATP content was measured by CellTiter-Glo®Cell 

Viability Kit (Promega) according to the manufacturer’s instructions. Cell pellets were 

resuspended in PBS, heated at 100 °C for 2 min to inactivate ATPases, and kept on ice. 

Triplicates of sample or standard were applied to a black 96-well-plate with CellTiter-

Glo®Reagent. Luminescence was measured with the VarioSkan using the SkanIT software. 

The relative light unit (RLU) was used to calculate the ATP content using a 1 nM to 10 µM 

standard curve. Concentrations were normalised to protein content, in µg/mL, using a BCA 

assay (Thermo Fisher Scientific). 

2.2.3.3 Substrate availability (NAD/NADH) 

To measure substrate availability, 5x102 fibroblasts or 5x103 NPCs were seeded in duplicates 

96-wells plates. NAD/NADH ratio was measured with NAD/NADH-Glo™ assay (Promega), 

according to manufacturer’s instructions. Cells were lysed in a base solution containing 

dodecyl trimethylammonium bromide. For NAD+ detection, 0.4 N HCl was added to the lysis 

solution, and the plate was heated at 60 °C for 15 min. Then, NAD+ and NADH wells were 

buffered with Trizma® and HCl/Trizma® solutions respectively. NAD/NADH-GloTM detection 

reagent was added and incubated for 30 min before recording luminescence using the 

VarioSkan and the SkanIt software.  

2.2.4 Microscopy techniques 

2.2.4.1 Immunocytochemical staining 

For immunocytochemical staining, astrocytes and NPCs were grown on Geltrex- and 

Matrigel-coated glass coverslips, respectively, while neurons were differentiated for 21 days 

in Ibidi dishes. Cells were fixed in 4% PFA and stored in PBS at 4°C. Unspecific binding sites 

were blocked by applying a serum-containing blocking buffer for 20 min (Table 5). Primary 

antibodies (Table 6) were incubated overnight at 4°C in antibody solution (Table 5). After 

washing with PBS, cells were incubated with antibody solution containing fluorochrome-

conjugated secondary antibodies (Table 7) and 1:1000 Hoechst to counterstain nuclei 
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(Sigma-Aldrich), and placed in the dark for 2 hours at RT. Coverslips were mounted on glass 

slides using Dako Fluorescing Mounting Medium. For Ibidi dishes, the mounting medium was 

applied on the cells, and covered with a glass coverslip.  

 

Table 6: Primary antibodies used for immunocytochemistry 

Antibody Host Dilution Manufacturer 

ALDHL1 (ab87117) rabbit 1:500 Abcam; Cambridge, UK 

EAAT1 (ab416-1001) rabbit 1:200 Abcam; Cambridge, UK 

GFAP (C53893) mouse 1:400 Sigma-Aldrich; St. Louis, Missouri 

MAP-2 (ab5392) chicken 1:500 Abcam; Cambridge, UK 

NeuN (ab177487) rabbit 1:1000 Abcam; Cambridge, UK 

PSD95 (K28/43) mouse 1:250 UC Davis/NIH NeuroMab Facility; Davis, California 

PAX6 mouse 1:10 
deposited to the DSHB by Kawakami, A. (DSHB 

Hybridoma Product PAX6) 

S100β (S2532) mouse 1:1000 Sigma-Aldrich; St. Louis, Missouri 

SOX2 (ab97959) rabbit 1:1000 Abcam; Cambridge, UK 

β-III-Tubulin (G712A) mouse 1:2000 Promega; Madison, USA 

VGLUT-1 (ab180188) rabbit 1:250 Abcam; Cambridge, UK 

Connexin 43 (14-4759-82) mouse 1:500 Invitrogen by Life Technologies; Carlsbad, California 

 

Table 7: Secondary antibodies used for immunocytochemistry 

Antibody Host Dilution Manufacturer 

Alexa Fluor® 488 anti-rabbit (A11008) goat 1:1000 Gibco by Life Technologies; Carlsbad, USA 

CY3® anti-mouse (A10521) goat 1:1000 Gibco by Life Technologies; Carlsbad, USA 

CY5® anti-chicken (ab97147) goat  1:1000 Abcam; Cambridge, UK 

2.2.4.2 Fluorescent live-cell imaging 

Live-cell imaging experiments were performed using an inverted Zeiss Axio Observer Z.1 

microscope equipped with a Fluar 40/1.3 objective lens (Zeiss). All recordings were 

performed with an AxioCam MRm CCD camera (Zeiss) and using a 40X oil immersion 

objective.  The Lambda DG-4 high-speed wavelength switcher (Sutter Instruments) was used 

for illumination and image acquisition and the microscope was controlled using the ZEN 2012 

imaging software. For the analysis, regions of interest were manually drawn around cells 

using ImageJ (version 2.9.2). Macros were used for background subtraction, and, where 

applicable, to calculate ratios, in order to ensure the repeatability of the analysis. Additionally, 

cell size was measured in Fura-2/AM-loaded cells.  
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2.2.4.2.1 Analysis of mitochondrial membrane potential with JC-1 

The mitochondrial membrane potential (MMP) was measured using the ratiometric 

fluorophore JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanineiodide). 

JC-1 is a membrane-permeable cationic dye, which enters mitochondria in a potential-

dependent manner. When accumulating in mitochondria with high MMP, JC-1 forms red 

fluorescent aggregates with an emission maximum at 596 nm. Conversely, in mitochondria 

with lower MMP, JC-1 remains monomeric and emits green fluorescence at 530 nm. The 

ratio of red to green fluorescence intensity represents MMP, and is not influenced by 

mitochondrial morphology, dye cellular distribution or concentration.  

2.2.4.2.2 Analysis of cytosolic and mitochondrial Ca2+ levels with Fura-2/AM and Rhod-

2/AM 

Cytosolic Ca2+ levels were assessed with Fura-2-acetomethyesther (Fura-2/AM). The ester 

group (AM) ensures that the dye can enter the cell, and is subsequently removed by cellular 

esterases, regenerating the Fura-2 Ca2+ indicator. Fura-2 excitation wavelength shifts upon 

Ca2+ binding, from 380 nm in the unbound state, to 340 nm in the Ca2+-bound state, while 

peak emission remains steadily around 510nm. The ratio between emitted fluorescence after 

excitation at 340 nm and at 380 nm (Fratio340/380) reflects the amount of intracellular Ca2+. 

Measurement of mitochondrial Ca2+ was carried out using the dye Rhod-2/AM. Rhod-2/AM is 

cell permeant thanks to its ester group. Its positive charge will cause it to accumulate in 

negatively charged mitochondria. Rhod-2 fluorescence emission at 580 nm increases with 

increasing Ca2+ levels, making it an intensity-based Ca2+ sensor.  

2.2.4.2.3 Experimental procedure for live-cell imaging 

One day prior to the live-cell experiment, 1.5x105 fibroblasts, 1.5x105 astrocytes or 2x106 

NPCs were plated on uncoated, Matrigel- or Geltrex-coated glass coverslips, respectively. 

For neurons, 3.5x104 NPCs were plated, and differentiated for 21 days on PLO/laminin-

coated Ibidi dishes. On the day of the experiment, the dyes were mixed at a ratio of 1:2 with 

the non-ionic poloxamer Pluronic F-127 to ensure good solubilisation, and diluted in 

OptiMEM. For MMP measurement, cells were loaded with JC-1/Pluronic. The JC-1 

concentration used was 300 nM in fibroblasts and astrocytes, and 1 µM in NPCs and 

neurons. For calcium measurements, cells were loaded with 2 µM Fura-2/AM/Pluronic and 2 

µM Rhod-2/AM/Pluronic. Cells were then incubated at 37 °C for 30 min. The cells were 

washed and covered with Ringer’s solution containing glucose (300 mosmol/kg). 
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JC-1 fluorescence was measured at 537/42 nm (green) and 620/60 nm (red), after excitation 

at 480/36 nm. In neurons, neurites and somas appeared on different focus planes, and were 

imaged separately.  

Fura-2 fluorescence was measured at 510 nm after excitation at 340 or 380 nm. Rhod-2 

fluorescence was measured at 576 nm after excitation at 556 nm. In neurons, in addition to 

basal cytosolic Ca2+ measurements, spontaneous Ca2+ peaks were recorded over 20 min 

with 2 Hz frequency using the Fluar 20X/0.75 objective lens. Spikes were analysed with the 

software IGOR Pro 9 (WaveMetrics). 

2.2.5 Flow cytometry analyses 

Flow cytometry was used to detect cytosolic and mitochondrial ROS, and mitochondrial 

content using specific fluorescent dye. DCFDA (2',7'-dichlorofluorescein diacetate) was used 

to detect cytosolic hydrogen peroxide and peroxyl radicals, mitochondrial superoxide was 

detected with MitoSOX, and mitochondrial mass was investigated using MitoTracker Green. 

Fibroblasts, NPCs, and astrocytes were first harvested and centrifuged. 

For DCFDA staining, cells were resuspended in FACS buffer (DPBS supplemented with 2% 

FBS) with 10 µM DCFDA. After 20 min at 37 °C, cells were washed with cold DPBS. 

For MitoSOX staining, cells were washed and resuspended in Hank’s Balanced Salt Solution 

(HBSS) with 5 µM MitoSOX, and incubated at 37 °C for 30 min. Then, cells were washed 

with FACS buffer.  

For MitoTracker Green staining, cells were resuspended in RPMI 1640 medium containing 2 

mM L-glutamine and 1 µM MitoTracker Green, and incubated at 37°C for 1 hour. 

Mitochondrial depolarisation was prevented by adding 1.5 µM cyclosporin A. 

Immediately before measurement, cells were washed again in FACS buffer and filtered into 

FACS tubes. Fluorescence was measured in single cells with the violet (405 nm), blue 

(488 nm) and red (640 nm) lasers of the BD Biosciences FACS Celesta™. The cytometer 

was run by the Diva software v7.0 (BD Biosciences), and set to record 2x104 events for 

fibroblasts and astrocytes, and 1x105 events for NPCs. The analysis was performed with 

FlowJo software (V10.8., Tree Star). 

2.2.6 Electrophysiological measurements  

Whole-cell patch-clamp recordings were performed on induced neurons during their 4th 

week of differentiation. Micropipettes were made of borosilicate glass (Science Products) by 

means of a horizontal pipette puller (Zeitz Instruments) and fire-polished to obtain a series 

resistance of 3-5 MΩ. Micropipettes were filled with intracellular solution (Table 5). A 

reference electrode was dipped into the recording chamber, containing the neurons in bath 

solution (Ringer’s solution with glucose, Table 5). The micropipette was brought into contact 
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with a cell using a micromanipulator (Scientifica). Gentle suction was applied to establish a 

tight seal (“gigaohm seal”) between the pipette tip and the membrane. The whole-cell 

configuration was achieved by rupturing the sealed membrane patch by further suction. The 

resting membrane potential (RMP) and capacitance were recorded directly after reaching the 

whole-cell configuration. The liquid-liquid junction potential was calculated to be 4 mV (LJP 

calculator of the pClamp software suite, Axon Instruments) but not corrected. The series 

resistance was assessed but not compensated. For voltage-clamp recordings, membrane 

potential was held at -80 mV and depolarised in steps of 10 mV to evoke voltage-activated 

Na+- and K+-channels. Spontaneous postsynaptic currents were recorded while holding the 

membrane potential at –80 mV. In current-clamp mode, manually adjusted currents were 

injected to hyperpolarise the membrane potential to about -80 mV or –50 mV, and to record 

spontaneous action potentials.  

Additionally, an 8-channels pressurised perfusion system (ALA Scientific) was employed for 

the acute application of compounds during recordings. GABA (10 µM) and glutamate (10 µM) 

solutions were prepared, passed through a 0.45 µm filter and placed into syringe reservoirs. 

The flow speed was controlled by adjusting the pressure and the valve controller allowed the 

delivery of the compounds. Air bubbles were pushed out of the tubing before each 

experiment. During recording, a constant flow of Ringer’s solution or compounds diluted 

therein was applied. Recordings were performed at RT using an EPC-10 amplifier (HEKA 

Electronic). Data were analysed using Patchmaster Next (HEKA Electronic). Cells with RMP 

of 0 mV and above or without inward Na+ currents were excluded from the analysis. 

2.2.7 Statistical analysis 

Graphical depiction and statistical analysis were conducted with Graph Pad Prism 9.5.1 

(GraphPad Software). For all experiments, except patch-clamp recordings, the means of two 

to three technical replicates were calculated and two to three biological replicates were 

averaged. A technical replicate refers to the same experimental procedure being repeated 

multiple times on the same sample. Biological replicates refer to independent samples. 

Measurements were conducted pairwise allowing direct comparison. Statistical outliers were 

detected and eliminated using ROUT-Method, except for the number of events in 

spontaneous activity experiments (post-synaptic currents and action potentials). Results of 

spontaneous activity were compared by Fisher’s exact test. All results showed variance 

homogeneity and were compared using paired Student’s t-Test. Results were presented as 

mean ± SEM. p-value limit for statistical significance was set to ≤ 0.05. Significant differences 

were indicated with * (p<0,05), ** (p<0,005), *** (p<0,0005) and **** (p<0,0001).  
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3 Results 

To better understand the neurobiological mechanisms behind Major Depressive Disorder 

(MDD), cellular and mitochondrial functions were studied in a human cellular model 

consisting of cells derived from a cohort of 16 MDD patients and 16 matched non-depressed 

controls. Dermal fibroblasts were first characterised (Kuffner et al., 2020), then induced 

pluripotent stem cells (iPSCs) were generated. These iPSCs were subsequently 

differentiated into neural progenitors (NPCs) and induced neurons, which were also 

investigated (Triebelhorn et al., 2022). 

In this study, a deeper exploration into the potential role of mitochondrial dysfunction in MDD 

was undertaken. Two specific patients were closely examined: one diagnosed with a 

mitochondriopathy (referred to as "Mito"), and a MDD patient who was not responsive to 

antidepressant treatments (referred to as "Non-R"). Results for these case study patients 

were compared with those of age and sex-matched healthy controls: Non-R with Control 17 

(Ctl17) and Mito with Control 18 (Ctl18). Additionally, these findings were compared with 

changes that were observed between the larger MDD and control cohorts (Kuffner et al., 

2020; Triebelhorn et al., 2022). 

3.1 Fibroblasts from the Non-R and the Mito patient show altered 
bioenergetic properties 

To investigate the activity of the oxidative phosphorylation system (OXPHOS) as a crucial 

function of mitochondrial metabolism, the oxygen consumption rate (OCR) was measured in 

the fibroblasts of patients and sex- and age-matched healthy controls. Figure 4A and Figure 

4B show representative Seahorse measurements obtained with the Agilent Seahorse XF Cell 

Mito Stress Test and represent the OCR at different respiratory states in Non-R and Mito 

patients, respectively. 

In the MDD cohort, OCR was significantly decreased across most assessed parameters 

(Figure 4C). Likewise, Mito patient’s fibroblasts exhibited a lower OCR in most parameters, 

except for basal respiration and proton leak (Figure 4C). Intriguingly, the Non-R patient 

showed generally higher OCR. Maximal respiration, spare respiratory capacity, and proton 

leak were particularly increased in this patient, compared to its matched control, and to the 

broader MDD and control cohorts (Figure 4C). 



Results 
 

40 

 

Figure 4: Mitochondrial respiration in fibroblasts. The oxygen consumption rate (OCR) was measured 

following the Agilent XF Mito Stress Test protocol consisting of sequential injections of oligomycin (Oligo), 
carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) and rotenone/antimycin A (Rot/AntA) to reveal 
different respiratory parameters. Representative OCR curves are shown for (A) Ctl 17 and Non-R and (B) Ctl 18 
and Mito. (C) Key respiratory parameters were compared between fibroblasts from patients and corresponding 

controls. Data are presented as mean OCR values ± SEM and were analysed using paired t-tests.  

To further characterise the bioenergetics properties in our patients' cells, the concentration of 

ATP, the primary product of the ETC, NAD coenzyme oxidation ratio, as a measure of 

substrate availability, and mitochondrial content were assessed. While significant variations 

in OXPHOS activity were apparent in patients’ fibroblasts, no substantial differences in ATP 

levels, the NAD/NADH ratio, and mitochondrial content were observed (Figure 5).  

 

Figure 5: Bioenergetics parameters in fibroblasts. (A) ATP content was measured using a luminescent assay 
and normalised to protein amount. Bar plot shows nM ATP per µg/mL proteins ± SEM (B) Substrate availability 

was estimated by measuring the NAD/NADH ratio with a colorimetric assay. Bar plots represent mean 
NAD/NADH ratio ± SEM (C) Mitochondrial content was measured using flow cytometry and is indicated by 

MitoTracker Green mean fluorescence ± SEM, 2x104 events were recorded for each replicate. All data were 
analysed using paired t-tests.  
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The mitochondrial membrane potential (MMP) serves as an indirect measure of the 

mitochondria's metabolic activity and capacity, reflecting the accumulation of protons in the 

intermembrane space. It was assessed using the potential-dependent ratiometric dye JC-1. 

Fibroblasts from both the MDD patients and the Mito patient showed a lower MMP compared 

to their respective controls (Figure 6A). However, despite the markedly increased respiration 

in the Non-R patient, the MMP remained unchanged (Figure 6A). 

Cellular Ca2+ homeostasis, which is crucial to mitochondrial function, is influenced by energy-

intensive active transport processes, and relies on both chemical and electrical gradients. 

This homeostasis plays an essential role in signalling, enzyme function, and metabolism. 

Using the live-cell imaging dyes Fura-2/AM and Rhod-2/AM, cytosolic and mitochondrial Ca2+ 

levels were investigated. Consistent with results from the MDD cohort, no significant changes 

in cytosolic Ca2+ levels were observed in the case study patients (Figure 6B). However, 

alongside increased respiration, a significant increase in mitochondrial Ca2+ was detected in 

the Non-R patient, while there was no change in the Mito patient (Figure 6C). Additionally, as 

found in the MDD cohort, there was a significant reduction in the size of the fibroblasts of 

both case study patients, when assessed in Fura-2/AM loaded cells (Figure 6D). This finding 

is consistent with the hypothesis of a bioenergetics dysregulation in patients’ cells, which 

could also lead to morphological changes. 

 

Figure 6: Mitochondrial membrane potential, calcium, and cell size in fibroblasts. (A) MMP was measured 

with the JC-1 dye and is indicated by the fluorescence ratio between JC-1 aggregates (red) over JC-1 monomers 
(green). Dot plot shows mean red/green ratios ± SEM. (B) Cytosolic calcium was measured as the Fura-2 
fluorescence ratio F340/380, and is represented as mean ratio ± SEM (C) Mitochondrial calcium levels were 

measured using Rhod-2/AM/AM and is presented as mean fluorescence intensity, in relative fluorescent unit ± 
SEM (D) Cell size is analysed by assessing area (pixels) of Fura-2/AM-loaded cells. Dot plot shows the number of 

pixels ± SEM. All data were analysed using paired t-tests.  

3.2 Redox homeostasis is partly affected in Non-R and Mito 
patient’s fibroblasts 

Mitochondria play a pivotal role in maintaining cellular redox homeostasis as primary 

producers of ROS at complex I and III of the ETC. While ROS are critical for signalling 

functions (Sies & Jones, 2020), excessive amounts can lead to oxidative stress and 
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molecular damage, such as lipid peroxidation (Scholz et al., 2003). The cells’ redox balance 

is maintained with the help of the antioxidant system, including glutathione. 

To investigate ROS levels in our case study patients' cells, cytosolic ROS and mitochondrial 

superoxide were measured using the DCFDA and MitoSOX dyes, respectively, in flow 

cytometry. There was no noticeable difference in cytosolic ROS, however, a significant 

increase in mitochondrial superoxide was observed in fibroblasts from the Non-R patient 

(Figure 7A and B), consistent with a hyperactive ETC, as previously noted in respirometry 

experiments (Figure 4C). Lipid peroxidation, reflected by 8-isoprostane concentration, was 

significantly increased in the Mito patient’s fibroblasts (Figure 7C). Concurrently, the 

GSH/GSSG ratio was significantly decreased, indicating higher glutathione oxidation (Figure 

7D). This suggests a potential oxidative stress and lower antioxidant capacity in the Mito 

patient’s cells. 

 

Figure 7: Oxidative stress indicators in fibroblasts. (A) Cytosolic reactive oxygen species (ROS) and (B) 

mitochondrial superoxide levels were measured using flow cytometry and are indicated by DCFDA and MitoSOX 
mean fluorescence, respectively. Bar plots show mean fluorescence ± SEM. 2x104 events were recorded for each 
replicate. On the right of each graph, with matching colour coding and order, are representative histograms 
showing fluorescence (x-axis) and cell count (y-axis). Numbers indicate mean fluorescence. (C) Lipid peroxidation 

was estimated by measuring 8-isoprostane concentration in cell culture supernatants, and normalised to the 
number of cells. The bar plot shows mean 8-isoprostane concentration in pg/mL/1000 cells ± SEM. (D) 

Antioxidant system function was estimated with the ratio of reduced (GSH) to oxidised (GSSG) glutathione using 
a luminescent assay. The bar plot represents the mean GSH/GSSG ratios ± SEM. All data were analysed using 
paired t-tests. 

A broader analysis of cellular and mitochondrial lipids using an untargeted lipidomics 

approach did not reveal any marked alterations in the lipid composition of Mito or Non-R 

patient fibroblasts (data not shown). 
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3.3 Induced neural progenitor cells of patients show altered 
bioenergetics properties 

To further investigate bioenergetics properties of neural cells, the patients’ primary skin 

fibroblasts were reprogrammed to iPSCs by transient episomal transduction, and 

differentiated to neural progenitor cells (NPCs). Immunocytochemical stainings with the 

neural progenitor markers SOX2 and PAX6 confirmed that our differentiation protocol yielded 

NPCs (Figure 8).  

 

Figure 8: Neural progenitor cells markers. Example images show that SOX2 and PAX6 are co-expressed by a 

majority of the NPCs differentiated from Ctl 17 and the Non-R patient. Scale bar indicates 20 µm. Quantifications 
are presented in Table 8. 

The percentages of cells positively labelled with the respective antibodies, presented in 

Table 8, indicate that most cells co-expressed both neural progenitor markers. 

 

Table 8: Generation of SOX2 and PAX6 positive iPSC-derived NPCs. Numbers represent proportion of SOX2 

and PAX6 positive cells in the analysed cell lines in percent. 

Cell line SOX2 positive (%) PAX6 positive (%) 

Ctl 17 90.4 95.0 

Non-R 90.5 94.6 

Ctl 18 90.9 95.4 

Mito 93.4 96.0 

 

After fibroblasts, mitochondrial respiration was measured in the iPSC-derived NPCs from the 

Non-R and Mito patients and their controls. Figure 9A and B show representative Seahorse 

Mito Stress Test measurements in Non-R and Mito patient, and their controls, respectively. 

NPCs from the MDD cohort had significantly lower respiration in all parameters measured 

(Figure 9C). In line with findings in fibroblasts, an increase in several respiratory parameters, 

including basal and maximal respiration, proton leak, and ATP-related oxygen consumption, 

was observed in NPCs from the Non-R patient. Conversely, NPCs from the Mito patient had 
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a reduced OCR, characterised by significant decreases in maximal respiration and spare 

respiratory capacity (Figure 9C). 

 

Figure 9: Mitochondrial respiration in neural progenitor cells. The oxygen consumption rate (OCR) was 

measured following the Agilent XF Mito Stress Test protocol consisting of sequential injections of oligomycin 
(Oligo), carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP), and rotenone/antimycin A (Rot/AntA) to 
reveal different respiratory parameters. Representative OCR curves are shown for (A) Ctl 17 and Non-R and (B) 
Ctl 18 and Mito. (C) Key respiratory parameters were compared between fibroblasts from patients and 

corresponding controls. Data are presented as mean OCR values ± SEM and were analysed using paired t-tests. 

Following this, further bioenergetics parameters were measured. In NPCs from both patients, 

no significant differences in cellular ATP levels and mitochondrial content were observed 

compared to their respective controls, as shown in Figure 10A and C. Notably, an increase in 

the NAD/NADH ratio was observed in both patients, yet, statistical significance was reached 

only in the case of the Mito patient (Figure 10B). This suggests potential alterations in 

substrate availability and a rather oxidative environment in both patients’ NPCs. 

 

Figure 10: Bioenergetics in neural progenitor cells. (A) ATP content was measured using a luminescent 
assay and normalised to protein amount. Bar plot shows nM ATP per µg/mL proteins ± SEM (B) Substrate 

availability was estimated by measuring the NAD/NADH ratio with a colorimetric assay. Bar plots represent mean 
NAD/NADH ratio ± SEM (C) Mitochondrial content was measured using flow cytometry and is indicated by 

MitoTracker Green mean fluorescence ± SEM, 2x104 events were recorded for each replicate. All data were 
analysed using paired t-tests. 
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MMP in the Non-R patient and the MDD cohort NPCs did not differ significantly from their 

respective controls (Figure 11A). However, a significant increase was observed between the 

Mito patient and its control. Cytoplasmic Ca2+ levels in NPCs were higher in both the Mito 

patient and the MDD cohort, while they did not differ between the Non-R patient and Ctl 17 

(Figure 11B). In contrast, mitochondrial Ca2+ levels were higher in the Non-R patient’s NPCs 

and lower in the Mito patient’s. (Figure 11C). Consistent with observations in fibroblasts, 

NPCs were significantly smaller in the Mito, Non-R, and MDD patients, compared to their 

respective controls (Figure 11D). 

 

Figure 11: Mitochondrial membrane potential, calcium levels and cell size in neural progenitor cells. (A) 

MMP was measured with the JC-1 dye and is indicated by the fluorescence ratio between JC-1 aggregates (red) 
over JC-1 monomers (green). Dot plot shows mean red/green ratios ± SEM. (B) Cytosolic calcium was measured 
as the Fura-2 fluorescence ratio F340/380, and is represented as mean ratio ± SEM (C) Mitochondrial calcium 

levels were measured using Rhod-2/AM and are presented as mean fluorescence intensity, in relative fluorescent 
unit ± SEM (D) Cell size is analysed by assessing area (pixels) of Fura-2/AM-loaded cells. Dot plot shows the 

number of pixels ± SEM. All data were analysed using paired t-tests. 

 

While there was no clear difference in cellular ROS between NPCs of patients and controls 

(Figure 12A), as observed in fibroblasts, NPCs from the Mito patient showed a significant 

increase in mitochondrial superoxide (Figure 12B). Despite a high interindividual variability 

between the controls, potentially attributable to the age difference (see page 23 for patients’ 

information) (Mecocci et al., 1999; Praticò, 2002), it appeared that lipid peroxidation was 

decreased in the NPCs of the Non-R patient and increased in the Mito patient (Figure 12C). 
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Figure 12: Oxidative stress indicators in neural progenitor cells. (A) Cytosolic reactive oxygen species 
(ROS) and (B) mitochondrial superoxide levels were measured using flow cytometry and are indicated by DCFDA 

and MitoSOX mean fluorescence, respectively. Bar plots show mean fluorescence ± SEM. 1x105 events were 
recorded for each replicate. On the right of each graph, with matching colour coding and order, are representative 
histograms showing fluorescence (x-axis) and cell count (y-axis). Numbers indicate mean fluorescence. (C) Lipid 

peroxidation was estimated by measuring 8-isoprostane concentration in cell culture supernatants, and 
normalised to the number of cells. The bar plot shows mean 8-isoprostane concentration in pg/mL/1000 cells ± 
SEM. All data were analysed using paired t-tests. 

3.4 Extending the cellular model of MDD to astrocytes 

In order to extend our cellular MDD model to another pathology-relevant type of brain cell, 

the differentiation of NPCs to astrocytes was established, adapting a protocol developed by 

Tcw et al. (Tcw et al., 2017). To validate the differentiation and maturation of the astrocytes, 

the expression of specific markers was assessed by immunostaining. The markers used 

were glial fibrillary acidic protein (GFAP), S100 calcium-binding protein β (S100β), glutamate 

transporter excitatory amino acid transporter 1 (EAAT-1), aldehyde dehydrogenase 1 family 

member L1 (ALDH1L1), and connexin 43 (Cx43). After 30 days of differentiation, all markers 

were expressed, as shown in Figure 13A.  

The functionality of the mature astrocytes was confirmed by the presence of spontaneous 

and ATP-elicited Ca2+ transients (Figure 13B) (Tcw et al., 2017). Indeed, some Fura-2/AM-

loaded cells exhibited spontaneous Ca2+ spikes, and most cells responded to a pulse of 

100µM ATP with a Ca2+ increase, which seemed to propagate as a wave within the culture 

(Figure 13C). These observations suggested that the obtained astrocytes were capable of 

responding to external cues with intracellular and intercellular signalling, and expressed 

functional ATP receptors, altogether suggesting they are able to engage in gliotransmission 

(Parpura & Zorec, 2010).  
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Figure 13: Validation of iPSC-derived astrocytes. (A) Immunofluorescence stainings indicated the expression 

of mature astrocyte markers, including GFAP, ALDH1L1, S100β, EAAT1 and connexin 43 (Cx43). The scale bar 
represents 20 µm. Representative traces of Fura-2 fluorescence show that astrocytes exhibited (B) spontaneous 
and (C) ATP-responsive calcium transients, both characterising mature and functional astrocytes. ATP was 

applied to a final concentration of 100 µM, at a time point indicated by the orange bars. On the left, representative 
Fura-2 ratio images show brighter cells post-ATP treatment, indicating increased intracellular calcium levels.  

In addition to the Mito and Non-R patients and their respective controls, astrocytes from 

subjects of the MDD and control cohort were generated (n=3) to serve as a reference in the 

present study. 
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3.5 Induced astrocytes of patients show altered bioenergetics 
properties and oxidative stress 

Mitochondrial functions were investigated in astrocytes by measuring respiration, ATP 

concentration and mitochondrial content. 

Figure 14A and B show representative Seahorse XF Cell Mito Stress Test profiles 

representing the OCR in different respiratory states in Non-R and Mito patients, respectively. 

MDD astrocytes displayed significantly reduced basal and maximal respiration as well as 

ATP-related and non-mitochondrial oxygen consumption (Figure 14C), consistent with 

findings previously reported in fibroblasts and NPCs. Contrastingly, the basal and maximal 

respiration of Non-R astrocytes were reduced compared to its control. In astrocytes of the 

Mito patient, no notable decrease was detected (Figure 14C). These findings suggest that 

the OXPHOS in astrocytes from both Mito and Non-R patients may be impacted in a 

differential, cell-dependent manner. 

 

Figure 14: Mitochondrial respiration in astrocytes. The oxygen consumption rate (OCR) was measured 

following the Agilent XF Mito Stress Test protocol consisting of sequential injections of oligomycin (Oligo), 
carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) and rotenone/antimycin A (Rot/AntA) to reveal 
different respiratory parameters. Representative OCR curves are shown for (A) Ctl 17 and Non-R and (B) Ctl 18 
and Mito. (C) Key respiratory parameters were compared between fibroblasts from patients and corresponding 

controls. Data are presented as mean OCR values ± SEM and were analysed using paired t-tests. 

Despite unchanged respiration, Mito patient’s astrocytes showed significantly decreased ATP 

concentrations. In contrast, ATP levels did not change in the MDD and Non-R patients’ 

astrocytes (Figure 15A). As in the other cell types, there was no significant difference in the 

mitochondrial content in astrocytes ( 

Figure 15B).  
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Figure 15: ATP and mitochondrial content in astrocytes. (A) ATP content was measured using a luminescent 
assay and normalised to protein amount. Bar plot shows nM ATP per µg/mL proteins ± SEM (B) Mitochondrial 

content was measured using flow cytometry and is indicated by MitoTracker Green mean fluorescence ± SEM. 
2x104 events were recorded for each replicate. All data were analysed using paired t-tests. 

Representing a further measure of bioenergetics functions, the MMP was decreased in 

astrocytes from MDD patients and the Mito patient, but significantly increased in the Non-R 

patient (Figure 16A). Regarding Ca2+ homeostasis, the MDD cohort astrocytes displayed 

slightly, yet significantly reduced cytosolic Ca2+ levels, whereas there was a marked increase 

in the Non-R astrocytes, and a significant elevation in the Mito astrocytes (Figure 16B). 

Consistently with a decreased MMP, mitochondrial Ca2+ levels were lower in the MDD cohort 

and Mito patient’s cells. In contrast, despite a higher MMP, Non-R astrocytes showed 

decreased levels of mitochondrial Ca2+ as well (Figure 16C). 

In line with prior findings, the cell size of MDD and Non-R astrocytes was decreased. 

Unexpectedly, astrocytes from the Mito patient exhibited a larger size than their control 

(Figure 16D). 

 

Figure 16: Mitochondrial membrane potential, calcium levels and cell size in astrocytes. (A) MMP was 

measured with the JC-1 dye and is indicated by the fluorescence ratio between JC-1 aggregates (red) over JC-1 
monomers (green). Dot plot shows mean red/green ratios ± SEM. (B) Cytosolic calcium was measured as the 
Fura-2 fluorescence ratio F340/380, and is represented as mean ratio ± SEM (C) Mitochondrial calcium levels 

were measured using Rhod-2/AM and are presented as mean fluorescence intensity, in relative fluorescent unit ± 
SEM (D) Cell size is analysed by assessing area (pixels) of Fura-2/AM-loaded cells. Dot plot shows the number of 

pixels ± SEM. All data were analysed using paired t-tests. 
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Finally, ROS levels were measured in both case study patients and their matched controls. 

Cellular ROS showed considerable variability between groups and were altered in opposite 

directions in the patients’ astrocytes. A decrease was observed in Non-R astrocytes, while an 

increase was noted in the Mito patient’s astrocytes (Figure 17A). Mitochondrial superoxide 

content remained constant across groups (Figure 17B).  

 

Figure 17: Cytosolic and mitochondrial reactive oxygen species in astrocytes. (A) Cytosolic reactive oxygen 
species (ROS) and (B) mitochondrial superoxide levels were measured using flow cytometry and are indicated by 

DCFDA and MitoSOX mean fluorescence, respectively. Bar plots show mean fluorescence ± SEM. 2x104 events 
were recorded for each replicate. On the right of each graph, with matching colour coding and order, are 
representative histograms showing fluorescence (x-axis) and cell count (y-axis). Numbers indicate mean 
fluorescence. All data were analysed using paired t-tests. 

3.6 Differentiation of neurons 

After 21 days of differentiation, iPSC-derived neurons were characterised using 

immunocytochemistry, as shown in Figure 18A. The neurite network was evidenced with the 

detection of Microtubule-Associated Protein 2 (MAP2), which plays a role in stabilising 

dendrites, and β-III-tubulin (β-III-Tub), which is part of the axonal and dendritic cytoskeleton 

(Dehmelt & Halpain, 2005; Roskams et al., 1998). The neuronal marker NeuN stains post-

mitotic nuclei, and its co-expression with the nuclear dye Hoechst demonstrated a highly 

pure neuronal culture (Mullen et al., 1992). The pre-synaptic marker vesicular glutamate 

transporters 1 (VGLUT1) and the postsynaptic density protein 95 (PSD95) attested the 

presence of mature synaptic terminals in the induced neurons. Additionally, PSD95 serves in 

the localisation of glutamate receptors and VGLUT1 loads glutamate into synaptic vesicles, 

making both proteins distinctive markers of glutamatergic neurons (Figure 18) (Martineau et 

al., 2017; Prange et al., 2004). Further visualisation of neuronal morphology was achieved by 

high-resolution electron microscopy, revealing densely interconnected networks of neurites 

and protrusions (Figure 18B). 

The functionality of the induced neurons was investigated using patch-clamp recordings and 

Ca2+ imaging.  
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A perfusion system was used to subject neurons to GABA or glutamate (both 10 µM). A 

membrane potential depolarisation was recorded (Figure 18C), testifying the expression of 

functional GABAA and glutamate receptors (AMPA, NMDA or kainate). In physiological 

settings, a depolarising effect of GABA would suggest neuronal immaturity. However, given 

the high intracellular chloride concentration used here, GABAA channel activation leads to 

chloride efflux, and therefore depolarisation. 

Spontaneous activity was detected in the induced neurons by monitoring Ca2+ levels. 

Electrical activity in neurons cause the opening of voltage-dependent Ca2+ channels, and 

thereby a rise in intracellular Ca2+ (Catterall, 2000). Such rises were detected in the neurons, 

further confirming successful differentiation (Figure 18D).  

 

Figure 18: Validation of iPSC-derived neurons. (A) Immunofluorescence stainings on neurons revealed the 

induced neurons expressed specific neuronal markers. The neurons expressed the typical cytoskeleton proteins 
β-III-tubulin (β-III-Tub) and Microtubule-Associated Protein 2 (MAP2), as well as the postmitotic neuronal nuclear 
marker NeuN. Immunostaining for vesicular glutamate transporters 1 (VGLUT1) and the postsynaptic density 
protein 95 (PSD95) indicates that the majority of induced neurons exhibit a glutamatergic phenotype. Scale bar 
indicates 20 μM. (B) Electron micrographs provide high-resolution visualisation of neuronal morphology. Scale 
bars indicate 50 µm (left) and 20 µm (right) (C) GABA and glutamate response were recorded in current-clamp 

without injection of current. Membrane potential was measured while applying 10 µM GABA (above) or glutamate 
(below) using a micro-perfusion system. Bars represent application duration.  (D) Live-cell imaging in Fura-2/AM-

loaded neurons revealed oscillations in intracellular Ca2+ concentrations, demonstrating the spontaneous activity 
of induced neurons. All experiments were performed on day 21 of neuronal differentiation. 
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3.7 Neurons of patients show altered MMP and Ca2+ homeostasis  

Mitochondrial functions in neurons were first investigated by evaluating JC-1 fluorescence 

ratio as a measure of MMP. Since mitochondria residing in the somas or in the neurites 

appeared in different focal planes, JC-1 fluorescence was imaged separately by focusing on 

the appropriate structures. The MMP of the Non-R neuronal mitochondria in the somas was 

decreased compared to the control (Figure 16A), whereas Mito mitochondria showed 

increased MMP, especially in the neurites (Figure 19A and B).  

 

Figure 19: Mitochondrial membrane potential in neurons. MMP was measured with the JC-1 dye and is 

indicated by the fluorescence ratio between JC-1 aggregates (red) over JC-1 monomers (green). Mitochondria 
from (A) somas and (B) neurites appeared on different focal planes and were therefore imaged separately. 

Representative images show red and green JC-1 fluorescence in the relevant structure. Scale bar indicates 
20 µm. Dot plot shows mean red/green ratios ± SEM. All data were analysed using paired t-tests. 

To further investigate neuronal mitochondrial function, Ca2+ homeostasis was measured. 

Remarkably, the levels of cytosolic Ca2+ were decreased in both patients’ neurons (Figure 

20A). In addition, levels of mitochondrial Ca2+ were decreased in the Mito patient’s neurons 

(Figure 20A and B), and they exhibited a significantly smaller size (Figure 20C). 

 

Figure 20: Calcium and cell size in neurons. (A) Cytosolic calcium was measured as the Fura-2 fluorescence 
ratio F340/380, and is represented as mean ratio ± SEM (B) Mitochondrial calcium levels were measured using 
Rhod-2/AM and are presented as mean fluorescence intensity, in relative fluorescent unit ± SEM (C) Cell size is 

analysed by assessing area (pixels) of Fura-2/AM-loaded cells. Dot plot shows the number of pixels ± SEM. All 
data were analysed using paired t-tests. 
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3.8 Functional properties and the activity of patient-derived 
neurons are altered 

Electrical activity is a hallmark of neuronal function. To investigate the biophysical properties 

of neurons, whole-cell patch-clamp recordings were performed on patient-derived and control 

neurons.  

Resting membrane potential (RMP) of the Mito patient’s neurons was significantly 

depolarised (less negative) than that of the control, as was the case in neurons from the 

MDD cohort (Figure 21A). Interestingly, the Non-R neurons showed a significantly 

hyperpolarised (more negative) RMP (Figure 21A).  It should be noted that the case study 

patients’ neurons had a more negative RMP than the MDD cohort neurons used in the 

previous study (Triebelhorn et al., 2022). Optimising the differentiation protocol might have 

led to a more mature and developed neuronal phenotype. Membrane capacitance is a 

measure of a cell's ability to store charges across its membrane, and it is directly proportional 

to the surface area of the cell. Consistently with the MDD cohort, and with findings in 

fibroblasts, NPCs, and astrocytes, neurons from the case study patients had a lower 

capacitance, indicating small soma size (Figure 21B).  

 

Figure 21: Resting membrane potential and capacitance. (A) Resting membrane potential (RMP) and (B) 

capacitance were recorded immediately after reaching the whole-cell configuration. RMP was measured in 
current-clamp mode without current injection. Dot plot shows mean RMP in mV ± SEM and mean capacitance in 
pF ± SEM. All data were analysed using paired t-tests. 

In addition to these neuronal passive biophysical properties, active electrophysiological 

parameters were measured, including sodium (Na+) and potassium (K+) currents. This was 

done by holding the membrane potential at -80 mV (Vhold) and depolarising it in steps of 10 

mV to induce the opening of voltage-gated Na+ and K+ channels (Figure 22A). The resulting 

currents were recorded and plotted against the potential, resulting in a current-voltage (IV) 

curve (Figure 22B). Given the high size variability observed, the currents measurements 

were normalised to the membrane capacitance by calculating current density (pA/pF). The 
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voltage-gated Na+ channels of Mito and MDD neurons showed a significantly higher current 

density, whereas Na+ current densities in Non-R neurons did not differ from those of its 

control (Figure 22C). Remarkably, the current density of voltage-gated K+ currents was 

significantly higher in neurons of both the Mito and Non-R patients relative to their controls 

(Figure 22D).   

 

Figure 22: Sodium and potassium currents. (A) Sodium (INa) and potassium (IK) currents were recorded in 

voltage-clamp mode while holding the membrane potential at -80 mV (Vhold) and depolarising in steps of 10 mV 
to provoke the opening of voltage-gated Na+ and K+ channels. Example traces show depolarising steps and the 
evoked Na+ and K+ current, and (B) the resulting IV curve. Currents measurements were normalised to the 

membrane capacitance to account for cell size variability (current density, pA/pF). Dot plots show (C) mean INa 

current density at 0 mV pA/pF ± SEM and (D) mean IK current density at +20 mV in pA/pF ± SEM. All data were 
analysed using paired t-tests. 

Furthermore, the current-clamp mode was used to adjust the basal membrane potential to 

approximately -50 mV or -80 mV by current injection, and record the potential fluctuations, 

which occasionally lead to spontaneous action potentials (APs). In this parameter as well, the 

patients neurons showed opposite trends. A high proportion of Mito neurons (76%) were 

spontaneously active at -50 mV, which represented a significant increase compared to Ctl 18 

with 49% of active cells (Figure 23A). Similarly, despite an overall low spontaneous activity, a 
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higher proportion of MDD neurons were active than control neurons (Ctl 11% vs. MDD 22%) 

(Figure 23A).  Additionally, active cells in the Mito patient’s neurons had a higher number of 

APs. In contrast, the Non-R patient’s neurons had significantly lower spontaneous activity at -

50 mV than the corresponding controls (Ctl 17 79% vs. Non-R 50%) (Figure 23A). This was 

accompanied by a decreased number of APs in the active cells of the Non-R patient (Figure 

23A). This patient also presented lower spontaneous activity at -80 mV than Ctl 17 (Ctl 17 

88% vs Non-R 59%) (Figure 23B). 

The recorded spontaneous APs were analysed individually in order to extract the amplitude 

and full width of the spikes at half of the maximum amplitude, expressed in seconds (full 

width half maximum, FWHM) (Figure 23C).The APs from Mito neurons were significantly 

larger and showed shorter FWHM time than those of Ctl 18 (Figure 23D). The amplitudes 

and FWHM time of Non-R APs were smaller (Figure 23D). 

 

Figure 23: Spontaneous action potential in neurons. Spontaneous action potentials (APs) were recorded in 

current-clamp while holding the membrane potential at -50 mV or -80 mV. Spontaneous activity bar graphs show 
the proportion of active cells (solid colour), inactive cells (pattern) and the percentage of active cells at (A) -50 mV 
and (B) -80 mV. The number of APs in each recording was counted manually. The dot plots show the mean 
number of recorded APs ± SEM. (C) The example traces show spontaneous APs at a holding potential of -80 mV 

(left) and a single AP illustrating the measured parameters maximal amplitude and full width at half maximum 
(FWHM, right). (D) Spontaneous APs at -80 mV were analysed individually to extract the maximal amplitude and 

the FWHM. Graphs show mean AP amplitude in mV ± SEM and mean FWHM in ms ± SEM. Spontaneous activity 

percentages were analysed with Fisher’s exact test, while all other data were analysed using paired t-tests. 

To further characterise spontaneous network activity, voltage-clamp experiments at a holding 

potential of -80 mV were used to record spontaneous postsynaptic currents (PSCs), which 

can be considered a measure of synaptic input. Only 30% of Non-R neurons displayed 

PSCs, while the proportion was 81% in Ctl 17 (Figure 24A).  In contrast, a large proportion of 

Mito neurons (72%) received synaptic input, although there was no significant difference 
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compared with synaptic activity in Ctl 18 (56%) (Figure 24A). Interestingly, the PSCs of Mito 

neurons differed in various parameters. They were significantly smaller in amplitude, showed 

a longer rise time from 10 to 90% of the maximal amplitude, and a prolonged time constant of 

decay compared to their control (Figure 24B). In Non-R neurons, in spite of a markedly 

smaller proportion of active cells, PSCs displayed significantly a longer rise times and larger 

amplitudes (Figure 24B). 

 

Figure 24: Spontaneous postsynaptic currents. Postsynaptic currents (PSCs) were analysed at a holding 
potential of -80 mV. (A) The proportion of active cells (solid colour), inactive cells (pattern) and the percentage of 

active cells were calculated (left), the PSCs were counted and plotted as the mean number of recorded PSCs ± 
SEM (right). Example traces show spontaneous PSCs (left) and one single PSC, as visualised when analysed 
with the IGOR Pro software (right). (B) Single PSCs were analysed to extract the maximal amplitude (pA ± SEM), 

the rise time from 10 to 90% of the maximal amplitude (ms ± SEM), and the time constant of decay Tau (ms ± 
SEM). Spontaneous activity percentages were analysed with Fisher’s exact test, while all other data were 
analysed using paired t-tests.   

The electrical activity of the cultured neurons triggered Ca2+ signals that were recorded by 

live-cell imaging using the Ca2+-sensitive dye Fura-2/AM. Each peak was then analysed in 

the same way as APs and PSCs. The amplitudes of the Ca2+ transients were not different in 
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a physiologically relevant manner between the groups, although a statistically significant 

decrease was observed in the Non-R patient’s neurons (Figure 25B). The rise time was 

unchanged in the Non-R patient, although the time constant of decay was increased (Figure 

25C and D). In contrast, both the rise time and the time constant of decay were longer in the 

Mito neurons, suggesting prolonged Ca2+ signals (Figure 25C and D).  

 

Figure 25: Kinetics of calcium peaks in neurons. Spontaneous calcium transients were analysed in Fura-
2/AM-loaded cells. (A) Example traces show a baseline subtracted calcium peak, illustrating maximal amplitude, 

rise time between 10 and 90% of maximal amplitude and the exponential fit used to calculate the time constant of 
decay Tau (left), and representative calcium transients in a neuron (right). (B) Graphs show the maximum 

amplitude of the calcium peaks (ratio 340 nm/380 nm ± SEM), the rise time and the time constant of decay Tau 
(ms ± SEM). All data were analysed using paired t-tests.  

 

A comprehensive overview of the alterations reported in this study, as well as  corresponding 

results in the MDD cohort from previous studies (Kuffner et al., 2020; Triebelhorn et al., 

2022) are provided in Table 9. 
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Table 9: Overview of results. Arrows represent increases (↗) and decreases (↘), and asterisks reflect the 

significance of the difference. Equal signs (=) represent an unchanged parameter.  

 
Non-R Mito MDD Cohort 

 
Fibroblasts NPCs Astrocytes Fibroblasts NPCs Astrocytes Fibroblasts NPCs Astrocytes 

Respiration ↗ ↗ ↘ ↘ ↘ = ↘ ↘ ↘ 

ATP = = = = = ↘ * ↘ * = = 

NAD/NADH = =  = ↗ *     

Mito. content = = = = = =    

MMP = = ↗ **** ↘ **** ↗ **** ↘ * ↘ **** = ↘ **** 

Cytosolic Ca
2+ = = ↗ **** = ↗ *** ↗ * = ↗ * ↘*** 

Mitochondrial Ca
2+ ↗ **** ↗ **** ↘ **** = = ↘ ****   ↘ **** 

Cell size ↘ **** ↘**** ↘ **** ↘ * ↘ **** ↗ ** ↘ **** ↘**** ↘ **** 

Cytosolic ROS = = ↘ * = = ↗ *    

Mito. ROS ↗ ** = = = ↗ ** =    

Lipid peroxidation = ↘ **  ↗ ** ↗ *     

GSH/GSSG =   ↘ *     

 
Neurons 

MMP somas ↘ **** ↗ ****    

MMP neurites = ↗ ****    

Cytosolic Ca
2+ ↘ **** ↘ ****    

Mitochondrial Ca
2+ = ↘ ****    

Cell size = ↘ *    

RMP ↗ ** (hyperpolarised) ↘ *  (depolarised) ↘ * (depolarised) 

Capacitance ↘ **** ↘ ** ↘ * 

INa+ 0mV  curr. 

density = ↘ **** ↘ **** 

IK+ 20mV  curr. 

density ↗ * ↗ ** = 

Spontaneous 
activity 

-50 mV -80 mV PSCs -50 mV -80 mV PSCs -50 mV 

↘* ↘* ↘**** ↗ * = = ↗ * 

Number of events 
-50 mV -80 mV PSCs -50 mV -80 mV PSCs    

↘* = ↘**** = = =    

Spont. AP 
amplitude ↘ **** ↗ ****    

Spont. AP FWHM ↘ **** ↘ ****    

PSC amplitude ↗ *** ↘ ****    

PSC rise time ↗ ** ↗ ****    

PSC decay time 
(Tau) 

= ↗ **** 
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4 Discussion 

Despite decades of research, the biological mechanisms underlying MDD remain a 

persistent enigma. Historically, early theories attributed MDD symptoms to humoral 

imbalances, but in the 20th century, the discovery of monoamine alterations in depression 

marked a turning point and revolutionised the treatment of this condition. As research 

evolved, it began to incorporate modern genetics methods, neuroimaging and even started 

considering the gut-brain axis, leading to the development of many theories. Despite the 

strides made by these advances, no single theory has prevailed and successfully provided a 

comprehensive explanation for depression. Instead, each discovery has added layers of 

complexity to our understanding. 

One promising area of research that emerged in the late 20th century is the potential link 

between mitochondria and depression. This connection is rooted in both mitochondria’s 

involvement in many mechanisms identified in depression, and early observations in patients 

with mitochondrial disorders. While there has been increasing research in this area, our 

understanding of the role of mitochondria in depression is still evolving. 

Building on previous work with an MDD patients cohort, in the present study, we focused on 

mitochondrial (dys)function in atypical patients, with the aim to gain a more comprehensive 

understanding of ways in which mitochondria can influence cellular function and potentially 

contribute to the development of depression.  

4.1 Bioenergetics alterations in patients 

Mitochondria play pivotal roles in cellular physiology, with their primary and most crucial 

function being the production of the body’s main energy currency: ATP. OXPHOS is the 

metabolic pathway that yields the highest amount of ATP from a single molecule of glucose. 

While glycolysis produces 2 ATP molecules from one glucose molecule, OXPHOS produces 

approximately 28 ATP molecules from the same initial glucose molecule. However, these 

numbers can vary depending on several factors affecting OXPHOS. These factors include 

the efficiency of the ETC, proton leak, cellular conditions, like the availability of oxygen and 

substrates, the presence of uncoupling proteins, and alternative pathways. Notably, some 

cells favour glycolysis for energy production, even when oxygen is readily available.  

As described previously, several studies reported alterations of mitochondrial respiration in 

peripheral cells from patients and in some cases, reduced ATP concentrations (Gardner et 

al., 2003; Hroudová et al., 2013; Karabatsiakis et al., 2014). In the cohort of MDD patients 

used as a reference here, both respiration and ATP levels were decreased in fibroblasts, 

compared to non-depressed controls (Kuffner et al., 2020), and lower respiration was 

observed in neural progenitor cells (NPCs) (Triebelhorn et al., 2022). In cells from the two 
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case studies patients investigated here, significant alterations in respiration were observed 

as well. 

4.1.1 Antidepressant non-responder patient 

Since MDD is known to involve mitochondrial alterations and reduced bioenergetics 

(Klinedinst & Regenold, 2015; Manji et al., 2012), findings of a significantly increased 

mitochondrial respiration in fibroblasts and NPCs from the non-responder (Non-R) patient 

were unexpected. The unchanged mitochondrial content suggests that this heightened 

respiration resulted from increased activity rather than an increase in the number of 

mitochondria. However, this high OXPHOS activity was not accompanied by an elevated 

ATP concentration, suggesting an uncoupling of the ETC and the ATP synthase.  

4.1.1.1 Proton leak 

Notably, proton leak was markedly increased in fibroblasts and elevated in NPCs from the 

Non-R patient, which could partly account for this uncoupling. The fact that ETC hyperactivity 

was not accompanied by a higher MMP also speaks for a contribution of proton leak. Basal 

proton leak occurs physiologically and may contribute to regulating metabolic rate. 

Composition and integrity of the phospholipid bilayer of mitochondrial membranes can 

influence proton conductivity. However, analysis of the lipid composition in isolated 

mitochondria using an untargeted lipidomics approach did not reveal any significant 

alterations in fibroblasts (data not shown). Moreover, Brookes et al. reported that only about 

5 % of proton leak is mediated by lipid bilayers (Brookes et al., 1997). These findings 

prompted Brand et al. to identify a mitochondrial protein responsible for proton leak and they 

demonstrated that the adenine nucleotide translocase (ANT) is a major catalyst of basal 

proton leak in mitochondria (Brand et al., 2005). It could be hypothesised that ANT 

expression or activity was altered in the Non-R patient’s fibroblasts and NPCs, resulting in a 

high proton leak and to the dissipation of the proton gradient, which caused a compensatory 

increase in ETC activity, in a failed attempt to maintain the MMP and ATP production.   

Importantly, the observed changes in respiration in the Non-R patient do not align with the 

mitochondrial hypothesis of MDD, which postulates that mitochondrial dysfunction is 

characterised in part by decreased respiration. The specificity of this antidepressant-resistant 

MDD patient suggests a need for a more nuanced view on this theory, one that 

encompasses an over activation of certain mitochondrial functions, thus creating a 

detrimental imbalance. 

4.1.1.2 Astrocytes specificity 

In contrast to fibroblasts and NPCs, mitochondrial respiration in the astrocytes from the Non-

R patient was generally reduced. One possible explanation for this contrast may be found in 
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another differing observation between fibroblasts and NPCs on one hand, and astrocytes on 

the other. It is known that Ca2+ stimulates respiration by activating key enzymes in the TCA 

cycle. In line with this, respiratory activity and mitochondrial Ca2+ levels showed a consistent 

trend in this patient’s cells: both increased in fibroblasts and NPCs but decreased in 

astrocytes. Interestingly, recent studies have revealed unique aspects of mitochondrial Ca2+ 

homeostasis in astrocytes when compared to other cell types. Astrocytes do not seem to rely 

on the mitochondrial uniporter (MCU) for Ca2+ influx (Huntington & Srinivasan, 2021), 

whereas the Na+/Ca2+/lithium exchanger (NCLX) plays a particularly important role in Ca2+ 

efflux in astrocytes (Palty et al., 2010). It is therefore conceivable that the Non-R patient’s 

cells expressed higher amounts of NCLX, resulting in a particularly enhanced Ca2+ efflux 

from astrocytic mitochondria, and, consequently, reduced mitochondrial Ca2+ and ETC 

activity in astrocytes. In contrast, the elevated mitochondrial Ca2+ observed in fibroblasts and 

NPCs from the Non-R patient could result from modulations of MCU expression, a 

mechanism that would not affect astrocytic mitochondrial Ca2+ level.  

4.1.2 Mitochondriopathy patient  

4.1.2.1 Bioenergetics impairments 

In the case study patient suffering from a mild mitochondriopathy (Mito), fibroblasts and 

NPCs showed significantly reduced oxygen consumption rates, mirroring the observations 

made in the MDD cohort (Kuffner et al., 2020; Triebelhorn et al., 2022). Decreased 

mitochondrial respiration is a hallmark of mitochondrial disorders. However, exome 

sequencing of fibroblasts from the Mito patient detected no known pathogenic disease-

associated variants in nuclear genes (data not shown). Likewise, mitochondrial genome 

sequencing did not identify any mutations linked to mitochondrial diseases. Nevertheless, it 

is important to note that the analysis of sequence data may not provide a comprehensive 

assessment of all genes. Limitations of this method include the detection of low-grade 

mosaics, of repeat expansions, of balanced changes (translocations and inversions), and in 

the calling accuracy of larger Indels. Furthermore, in exome sequencing, variants in non-

enriched regions (untranslated regions, introns, promoter and enhancer regions) cannot be 

detected. Additionally, given the potential for heteroplasmy in mitochondria, where mutated 

mtDNA can exist in only a subset of the total mtDNA population within a tissue, it is 

impossible to entirely rule out mitochondrial mutations (Wallace & Chalkia, 2013). It is 

conceivable that a sporadic mutation in one of the mitochondrial genes in a subset of cells, or 

an environmental factor, such as certain pharmaceutical drugs (Vuda & Kamath, 2016) or air 

pollution (Breton et al., 2019) is responsible for the phenotype observed in this patient.  

Despite the decrease in respiration, the ATP content in fibroblasts and NPCs from the Mito 

patient remained stable. This suggests a compensatory glycolytic activity that offsets the cost 
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of energy-intensive processes (Distelmaier et al., 2015). Moreover, the mitochondrial mass 

was not altered in this patient’s cells, indicating that decreased respiration resulted solely 

from lower OXPHOS activity.  

4.1.2.2 Astrocytes specificity 

As in the Non-R patient, astrocytes from the Mito patient displayed distinct characteristics. 

While in the MDD cohort, astrocytic respiration was consistently decreased, astrocytes from 

the Mito patient exhibited unchanged respiration, relative to the matched control. This finding 

is particularly intriguing considering that both mitochondrial Ca2+ levels and MMP were 

decreased. Typically, these factors would suggest a decreased OXPHOS activity, with 

mitochondrial Ca2+ acting as a cause, and MMP as a consequence. Moreover, ATP 

concentration was significantly decreased in astrocytes from this patient.   

Astrocytes predominantly use glycolysis for energy production (Rose et al., 2020). A 

decrease in ATP might result from diminished glycolysis, even when OXPHOS appears 

unaffected. Furthermore, in the Mito patient astrocytes, there was a notable increase in 

cytosolic ROS detected by DCFDA. ROS inhibit various glycolytic enzymes, including 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), pyruvate kinase M2, and 

phosphofructokinase-1. Hyslop et al. demonstrated that upon exposure to ROS, there was a 

decrease in ADP phosphorylation, leading to reduced ATP levels. This decrease was 

attributed to GAPDH inhibition, resulting in a slower glycolytic rate. In an additional 

experiment where oligomycin was used to inhibit complex V of the ETC, the ATP synthase,  

Hyslop and colleagues found that ROS-induced reduction in mitochondrial ATP production 

was due to the direct inhibition of ATP synthase rather than to a decreased respiratory chain 

capacity (Hyslop et al., 1988). It is plausible that elevated ROS in this patient’s astrocytes 

hindered ATP production by concurrently inhibiting glycolysis and the ATP synthase complex 

in the ETC. This would account for the observed reduction in ATP levels.  

While an unchanged respiration rate might at first glance indicate healthy mitochondrial 

functions in astrocytes, when put in a broader context, a mitochondrial dysfunction becomes 

apparent. Typically, decreased ATP levels and lower MMP would trigger a compensatory rise 

in the rate of OXPHOS. The absence of an OXPHOS increase suggests that the 

mitochondria are struggling to meet energy demands efficiently. In this context, the observed 

lower mitochondrial Ca2+ levels likely result from the decreased MMP, which in turn leads to 

reduced Ca2+ import into the mitochondrial matrix.  
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4.2 Calcium homeostasis and redox homeostasis 

Within the complex landscape of cellular physiology, calcium (Ca2+) and redox homeostasis 

are essential and interconnected regulators of cell health. Ca2+ homeostasis ensures that 

intracellular Ca2+ concentrations are maintained within a narrow range, a balance that is vital 

for numerous cellular processes, from signal transduction to energy metabolism. Redox 

homeostasis maintains the balance between oxidants and antioxidants, which is crucial in 

preventing oxidative stress and preserving cellular integrity. 

Changes in cytosolic Ca2+ levels were not evident in the MDD cohort relative to controls in 

fibroblasts (Kuffner et al., 2020). However, an increase was detected in NPCs from 

depressed patients (Triebelhorn et al., 2022). Several studies have suggested a connection 

between Ca2+ homeostasis and depression. For instance, a genome-wide meta-analysis of 

depression by Howard et al. found an association between depression and two genes coding 

for Ca2+ channels (Howard et al., 2019). Additionally, there is genetic evidence for a causal 

effect of depression on lower vitamin D concentrations, potentially causing a lower intestinal 

absorption of Ca2+ and reduced Ca2+ transport inside cells (Mulugeta et al., 2020). 

Research on Ca2+ homeostasis alterations in mitochondrial diseases (MDs) has been limited. 

Visch et al. observed that patients with an isolated complex I deficiency exhibited reduced 

mitochondrial Ca2+ uptake after physiological stimulation and lower cytosolic Ca2+ removal 

rate due to lower activity of membrane Ca2+ transporters (Visch et al., 2006). Additionally, 

Moudy et al. found that fibroblasts from MELAS patients had elevated Ca2+ levels and could 

not normally sequester Ca2+ influxes (Moudy et al., 1995). 

Since the investigation of redox markers was initiated in this study, there is currently no data 

available from the MDD and control cohorts. However, many studies have documented 

changes in redox homeostasis and increased oxidative stress in depression. Reported 

oxidative disturbances in depressed patients include elevated lipid peroxidation products, 

oxidative DNA damage and reduced serum vitamin C. Interestingly, some studies also 

identified a correlation between the severity of depression and oxidative stress indicators 

(reviewed in Ng et al., 2008). 

Patients with MDs have also shown imbalances in redox homeostasis and increased 

oxidative stress. Specifically, complex I deficiency in various MDs has been linked to 

increased superoxide production and induction of superoxide dismutase (Pitkanen & 

Robinson, 1996). This deficiency also led to an excessive formation of hydroxyl radicals and 

aldehydic lipid peroxidation products in skin fibroblasts from patients (Luo et al., 1997). 

Overall, existing literature underscores the importance of exploring Ca2+ and redox 

homeostasis in our depressed AD-non responder patient, and mitochondriopathy patient. 
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4.2.1 Calcium homeostasis 

Ca2+ is pivotal in cellular physiology, modulating numerous signalling pathways, making it the 

most versatile intracellular second messenger. The concentration gradient of cytosolic Ca2+ 

relative to extracellular Ca2+ levels is tightly regulated, and is crucial for triggering Ca2+-

dependent signalling cascades. Extracellular Ca2+ levels are typically 20,000 times higher 

than cytosolic concentration, a difference maintained by energy consuming Ca2+ transport 

(Hopp, 2021). Within the cell, rises in cytosolic Ca2+ are buffered by Ca2+-binding proteins 

and sequestration in organelles. The endoplasmic reticulum (ER) is the primary Ca2+ storage 

site, and its close interaction with mitochondria facilitates significant Ca2+ exchanges (Pizzo & 

Pozzan, 2007). At rest, the mitochondrial matrix maintains a Ca2+ concentration of about 100 

nM, balanced with the cytosol. When cytosolic Ca2+ rises, mitochondria can quickly uptake 

Ca2+, reaching concentrations up to 100 μM (Filadi et al., 2017). In this study, Ca2+ 

homeostasis was explored through two linked aspects: cytosolic and mitochondrial Ca2+.  

The main change observed over the different patients and different cell types was a rise in 

cytosolic Ca2+ levels. An effect of altered membrane composition on Ca2+ channels properties 

and activity was ruled out after lipidomics analysis did not reveal any changes in membrane 

lipid composition (data not shown; (Tillman & Cascio, 2003)). Elevated cytosolic Ca2+ levels 

could originate from a release of the ER store, or a decreased binding to Ca2+-binding 

proteins (Yáñez et al., 2012).  

When intracellular Ca2+ levels rise, transporters and pumps, such as the Plasma Membrane 

Ca2+ ATPase (PMCA), use ATP to extrude Ca2+ out of the cell, thus maintaining viability. 

Interestingly, in this study, most instances of increased cytosolic Ca2+ were accompanied by 

decreased respiration. The Km for ATP binding to the PMCA suggest that theoretically, a 

large drop in ATP would be needed for its inhibition. However, Mankad et al. demonstrated 

that in the case of altered mitochondrial respiration, even when global ATP concentrations 

are maintained by compensatory glycolytic rate, PMCA becomes particularly dependent on 

local ATP supply, and sensitive to small ATP fluctuations (Mankad et al., 2012). Castro et al. 

additionally demonstrated that when ATP is scarce, the cation pump Na+/K+ ATPase is prone 

to “steal” ATP from PMCA, leading to its inhibition and to the accumulation of intracellular 

Ca2+ (Castro et al., 2006). In the context of the present work, it is plausible that in patients 

cells exhibiting higher Ca2+ levels, perturbations in respiration may have reduced PMCA 

activity. This could be attributed to the prioritisation of other cation pumps, leading, in turn, to 

a moderate accumulation of cytosolic Ca2+. 

While an overload of Ca2+ can induce apoptosis and necrosis, a moderate elevation has 

subtler effects, including the enhanced activation of specific enzymes such as the Ca2+ 

calmodulin-dependent kinases (CaMKs) and phosphatases. These enzymes can, in turn, 

influence various cellular processes (Ishida et al., 2003). Notably, CaMKs are known to 
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phosphorylate several transcription factors, with cAMP response element-binding protein 

(CREB) being among the most extensively studied (Ishida et al., 2003). Thus, elevated 

cytosolic Ca2+ can indirectly regulate gene transcription. 

Cytosolic Ca2+ dynamics can also affect mitochondrial Ca2+ and vice versa. For instance, 

when cytosolic Ca2+ concentrations rise, mitochondria can enhance their Ca2+ uptake. 

Conversely, under stress conditions, such as oxidative stress, mitochondria may release 

Ca2+ into the cytosol as a protective mechanism against apoptosis. A concurrent increased 

cytosolic Ca2+ and decreased mitochondrial Ca2+ was observed in astrocytes from both 

patients. Yet, it did not correspond with increased ROS in mitochondria. Therefore, the 

unique characteristics of astrocytes concerning mitochondrial Ca2+ influx and efflux, as 

described above, seem to be more plausible explanations for these observed alterations. 

The patterns between cytosolic and mitochondrial Ca2+ was not consistent, making it 

challenging to draw definitive conclusions relating both parameters, especially since 

mitochondrial Ca2+ measurements were missing in fibroblasts and NPCs from the MDD 

cohort. Nonetheless, it is noteworthy that mitochondrial Ca2+ levels were altered in all cells 

derived from the patients, and that the variations consistently mirrored changes in 

mitochondrial respiration. This observation aligns with the activating role of Ca2+ on 

OXPHOS, and underscores the central role of mitochondria in the cellular anomalies 

observed in these patient’s cells.  

4.2.2 Redox homeostasis 

Redox homeostasis is fundamental to a wide range of cellular processes. On the one hand, 

moderate levels of ROS are essential for cell signalling. For instance, hydrogen peroxide 

oxidation of specific amino acid residues alters protein activity, localisation, and interactions 

(Rhee et al., 2000). On the other hand, disruption of the balance by excessive ROS 

accumulation leads to oxidative stress, which can have detrimental effects on cell health and 

is implicated in the pathogenesis of numerous diseases (Valko et al., 2007). Mitochondria are 

major sources of ROS, primarily at complexes I and III of the ETC. They also contain 

antioxidant systems to detoxify ROS, such as manganese superoxide dismutase, and thus 

play an important role in maintaining redox homeostasis.  

Here, different aspects of redox homeostasis were investigated. Mitochondrial and cytosolic 

ROS were measured in fibroblasts, NPCs and astrocytes. Lipid peroxidation was estimated 

in supernatants from fibroblasts and NPCs cultures. Finally, the glutathione antioxidant 

system was examined in fibroblasts.  
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4.2.2.1 Antidepressant non-responder patient 

In fibroblasts from the Non-R patient, mitochondrial superoxide was markedly increased, 

suggesting oxidative stress in these organelles. This aligns with the very high OXPHOS rate 

observed in these cells, since complex I of the respiratory chain produces most of the 

superoxide (Murphy, 2009). High OXPHOS could itself be a result of the markedly increased 

mitochondrial Ca2+ measured in these cells. Interestingly, the oxidative stress appeared to be 

exclusive to mitochondria, since cytosolic ROS levels and the peroxidation of membrane 

lipids were not increased, and the glutathione antioxidant system was not affected in 

fibroblasts. A study by Takashi and Asada demonstrated that superoxide diffuses very slowly 

through phospholipid bilayers (M.-A. Takahashi & Asada, 1983). This suggests that in these 

fibroblasts, the outer mitochondrial membrane effectively compartmentalised most of the 

superoxide within mitochondria. Any minor amount that did cross into the cytosol were likely 

efficiently neutralised by local antioxidant systems, preventing any detrimental effects. 

However, it is important to note that having both high ROS and Ca2+ levels in mitochondria is 

a dangerous combination. Elevated mitochondrial ROS can sensitise mitochondria to 

apoptotic Ca2+-induced mPTP opening (Drahota et al., 2012). Conversely, elevated 

mitochondrial Ca2+ can further increase ROS production, creating a positive feedback loop, 

which could potentially amplify mitochondrial dysfunction. Taken together, these findings 

emphasise again the pivotal role of mitochondria in the cellular anomalies detected in this 

patient’s cells.  

In NPCs and astrocytes derived from the Non-R patient, findings differ with the fibroblasts, 

with no increase in ROS. In fact, lipid peroxidation was reduced in NPCs, and there was a 

decrease in cytosolic ROS in astrocytes. However, it is important to note the high 

interindividual variability. On a closer look, it appears that these parameters might be 

elevated in the control group, rather than reduced in the Non-R patient. The levels in the 

Non-R patient were comparable to those in the Mito control. The high interindividual 

variability represents a major limitation in case studies, especially when, as in this instance, 

no cohort results are available.  

4.2.2.2 Mitochondriopathy patient 

In fibroblasts from the Mito patient, the increased lipid peroxidation coupled with a decreased 

GSH/GSSG ratio suggests a compromised antioxidant defence system. Lipid peroxidation 

can lead to membrane instability and potential cellular dysfunction. GSH is a primary cellular 

antioxidant, and its decrease can impair the cell's ability to neutralise reactive species. 

In NPCs, the dual increase of mitochondrial superoxide and lipid peroxidation suggests 

elevated oxidative stress. Complex I-mediated superoxide production is mainly regulated by 

the rate of reverse electron transport (RET). RET occurs when reduced ubiquinone transfers 
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electrons back through complex I to flavin mononucleotides. RET is driven by a high 

ubiquinol/ubiquinone ratio alongside a high proton-motive force (Murphy, 2009). In short, 

RET is characterised by lower respiration, high MMP and results in high superoxide. 

Interestingly, this corresponds exactly to the changes observed in the Mito patient’s NPCs. 

Therefore, RET is a likely explanation for high mitochondrial ROS in this patient. Continued 

RET results in high oxidative stress, and was associated with cell death during reperfusion 

following an ischemic episode (Chouchani et al., 2014). Oxidative stress was also evident in 

astrocytes from the Mito patient, which exhibited elevated cytosolic ROS.  

In conclusion, the distinct redox homeostasis profiles across the cell types derived from the 

Mito patient highlight the cell-specific responses to oxidative stress. Moreover, these various 

alterations associated with redox homeostasis are indicative of a general cellular dysfunction 

in the Mito patient.  

4.3 Focus on neurons  

The ground-breaking discovery of a simplified protocol to derive induced pluripotent stem 

cells (iPSCs) from patients by Shinya Yamanaka and Kazutoshi Takahashi in 2006 has 

revolutionised biomedical research (K. Takahashi & Yamanaka, 2006). Prior to this, obtaining 

live human neurons necessitated invasive procedures and opening a patient’s skull. Now, the 

iPSCs technology enables to generate iPSCs-derived neurons from easily accessible cells, 

from patients and healthy donors. In the present study, we utilised iPSC technology to 

produce mature cortical-like neurons from two case-study patients and their matched 

controls. The physiology of the neurons was investigated through two complementary 

approaches: live-cell imaging and patch-clamp measurements. The first approach provided 

insights into the MMP in somas and neurites, soma size, basal Ca2+ homeostasis, and the 

dynamics of spontaneous Ca2+ activity. The second approach allowed to measure both 

active and passive biophysical properties of the neurons, including resting membrane 

potential (RMP), currents densities, spontaneous action potentials (APs) and postsynaptic 

currents (PSCs).  

4.3.1 Mitochondrial membrane potential and calcium 

4.3.1.1 Mitochondrial membrane potential 

Neurons are highly polarised and complex cells, which primarily rely on OXPHOS in 

mitochondria to meet their substantial ATP demand during neuronal transmission. OXPHOS 

is recognised as the main source of energy during neuronal activity and synaptic 

transmission (Seager et al., 2020). Here, we were not able to measure mitochondrial 

respiration due to the geometry of Seahorse XFp Miniplate wells, which prevented an even 
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distribution of neurons. However, since MMP is established by the proton gradient generated 

during OXPHOS, it can serve as an indicator of OXPHOS function. 

Measuring MMP in both somas and neurites showed that MMP can be differentially regulated 

in these compartments. Specifically, in the Non-R patient, MMP was decreased solely in 

somas. Neuronal mitochondria have to respond to compartment specific needs. In the soma, 

mitochondrial energy production is primarily needed for the synthesis of proteins and lipids 

required for neuronal function. While it is challenging to infer mitochondrial functions based 

on MMP variations alone, the alterations observed in neurons from the Non-R patient 

suggest mitochondria do not function optimally. Assuming that decreased MMP reflects 

decreased OXPHOS rates and subsequent ATP production, it is plausible that biosynthetic 

pathways could be compromised in the somas of the Non-R patient neurons. Moreover, the 

soma is where most of the inputs from dendrites are integrated before an AP is generated. 

Insufficient ATP in the soma could affect the neuron's ability to integrate these signals 

effectively, potentially altering its responsiveness to synaptic inputs (Magee, 2000). 

Additionally, when their MMP is low, neuronal mitochondria are transported in the retrograde 

direction, towards the cell body (K. E. Miller & Sheetz, 2004). An accumulation of 

depolarised, deenergised mitochondria in the soma could therefore also reflect an 

exhaustion of mitochondria residing in distal parts of the neurons.   

In the Mito patient however, MMP variations were consistent, with a marked elevation both in 

somas and in neurites. While this elevated MMP might indicate a higher OXPHOS rate, it 

could also suggest alterations in the ETC complexes. For instance, a less active ATP 

synthase would lead to the accumulation of protons in the intermembrane space. As 

previously mentioned, a very high MMP has the potential to trigger RET, leading to a surge in 

ROS production (Murphy, 2009). Neurons are highly vulnerable to oxidative stress due to 

their high lipid content and weaker antioxidant defence. Thus, in neurons, RET could have 

serious consequences.  

4.3.1.2 Basal calcium 

Ca²⁺ ions are fundamental to neuronal function, not only serving as essential messengers in 

various cellular processes and signalling pathways but also playing a crucial role in 

mediating neuronal transmission within the nervous system.  

Mitochondria play a major role in buffering intracellular Ca2+ during synaptic transmission. 

Early work by Jouaville et al. identified Ca2+ as a key mediator enabling mitochondria to 

match ATP production to the energy demand resulting from neuronal transmission. Indeed, 

they demonstrated that the concentration of ATP is proportional to the rise in mitochondrial 

Ca2+, provided that oxidative substrates are available (Jouaville et al., 1999). While 

mitochondrial Ca2+ levels were unaffected in neurons from the Non-R patient, there was a 
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significant decrease in the Mito patient, despite an increased MMP. Taken together, these 

findings suggest that neurons from the Mito patient might struggle with the dynamic 

regulation of ATP synthesis, a process vital for their function.   

Interestingly, this apparent alteration in Ca2+ uptake capacity by mitochondria did not result in 

accumulation of cytosolic Ca2+. Instead, intracellular Ca2+ was markedly decreased in 

neurons from both the Non-R and the Mito patient. Given the central role of Ca2+ in neuronal 

function, such a decrease could have profound implications. At chemical synapses, the 

process of neurotransmitter release is Ca2+-dependent. When an AP reaches the synaptic 

terminal, Ca2+ influx triggers the fusion of synaptic vesicles with the presynaptic membrane, 

releasing neurotransmitters into the synaptic cleft. A decreased baseline concentration of 

cytosolic Ca2+ might result in a lower probability of neurotransmitter release. This can also 

influence the timing of release, potentially leading to slower postsynaptic responses. 

Furthermore, reduced Ca2+ can alter the Ca2+-dependent short term plasticity mechanisms, 

such as paired-pulse facilitation and depression (Neher & Sakaba, 2008).   

4.3.1.3 Calcium dynamics 

The drop in basal Ca2+ in neurons from both case study patients relative to their controls 

prompted us to investigate how neurotransmission could be affected in those patients. To do 

so, Ca2+ peaks were monitored using the fluorescent Ca2+ indicator Fura-2 over 20 min 

periods. The Ca2+ dynamics in the patients’ cells were analysed through the amplitude of the 

Ca2+ peaks, the rise and the decay time of the signal.  

Amplitude of the Ca2+ peaks did not change, but both rise time and time constant of decay 

were significantly longer in both patients. Prolonged Ca2+ signals could affect the timing and 

amount of neurotransmitter release, potentially leading to altered synaptic strength and 

plasticity (Südhof, 2012). Whether or not the prolonged Ca2+ signals lead to a higher amount 

of Ca2+ in the cytosol depends on the origin of the Ca2+ signal. The Ca2+ signal could 

originate from extracellular Ca2+ influx (e.g., through voltage-gated Ca2+ channels or NMDA 

receptors), or from the release of Ca2+ from intracellular stores. Given the 1-10 ms rise time 

and 1-60 ms decay time, and considering intracellular release is typically slower (Schiegg et 

al., 1995), the data suggests that the Ca2+ signal originated from extracellular Ca2+ entry (Ali 

& Kwan, 2020). While this would typically mean more Ca2+ entered the neurons, decreases 

in cytosolic Ca2+ levels were observed in patient-derived neurons, suggesting an enhanced 

buffering capacity. Considering that mitochondrial Ca2+ levels remained unchanged, an 

upregulation in Ca2+-binding proteins like parvalbumin or calbindin could be responsible for 

this increased buffering. Enhanced expression or activity of these proteins might counteract 

the increased Ca2+ entry, resulting in reduced concentrations of free Ca2+ in the cytosol in 

resting conditions.    
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4.3.2 Electrophysiology 

Electrophysiology represents a fundamental approach in neuroscientific research, enabling 

the quantification and analysis of neuronal electrical activities. Through the measurement of 

ion currents and voltage changes across neuronal membranes, the patch-clamp technique 

provides a direct assessment of neuronal biophysical properties and excitability. Alterations 

in electrophysiological parameters can be indicative of altered neuronal health or perturbed 

cellular homeostasis. Neuronal transmission and maintenance are highly energy-intensive 

processes. This is reflected in the high metabolic rate of the brain, which, despite accounting 

for only about 2% of body weight, consumes approximately 20% of the body's total energy 

(Clarke & Sokoloff, 1999). Considering this, it is obvious that perturbations in the brain’s 

energy metabolism can have drastic implications. In line with this, mitochondrial function 

changes in NPCs from MDD patients were accompanied by pronounced alterations of 

electrophysiological properties in neurons derived from these NPCs (Triebelhorn et al., 

2022). Here, the neurons derived from the Non-R and Mito case study patients displayed 

significant variations in many electrophysiological parameters.  

4.3.2.1 Membrane’s resting potential and capacitance, and ionic currents 

The resting membrane potential (RMP) is the electrical voltage difference across a cell’s 

membrane, primarily maintained by the differential distribution of potassium (K+) ions on each 

side, facilitated by ion channels and pumps. RMP is typically about -70 mV in neurons in 

vivo, and approximately -45 to -60 mV in cultured neurons (Johansson et al., 1992; Lamas et 

al., 2002). Another parameter giving insights into a neuronal membrane’s electrical 

properties is membrane capacitance, which reflects the membrane's ability to store electrical 

charges. This ability is directly linked to its surface area, and therefore to cell size (M.-H. Kim 

& von Gersdorff, 2010). Capacitance was remarkably decreased in neurons from all patients. 

Together with the depolarised RMP observed in the MDD cohort and the Mito patient, these 

findings indicate a compromised energy supply due to mitochondrial dysfunction. This is 

underscored by the substantial energy demands of maintaining RMP and the pivotal role of 

mitochondrial biogenesis in axonal growth (Vaarmann et al., 2016). To adjust for variations in 

soma size, Na+ and K+ currents were normalised to the membrane capacitance. The 

resulting parameter is called current density, and provides insights into neuronal excitability 

and AP generation and propagation. Specifically, Na⁺ drives rapid depolarisation, while K⁺ 

facilitates subsequent repolarisation. A striking feature of neurons from both patients, is the 

markedly increased density of K+ currents, pointing to efficient post-AP repolarisation. 

Furthermore, the MDD cohort and Mito patient-derived neurons displayed elevated Na+ 

current densities, suggesting a quicker depolarisation during AP, which could influence AP 

threshold and signal transmission.  
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4.3.2.2 Spontaneous action potentials 

Excitability is determined by the proximity of the RMP to the AP threshold, and by the 

strength of the input relative to the membrane’s resistance and capacitance, which together 

dictate the capacity of a current to generate a voltage change. On the other hand, Na⁺ and 

K⁺ current densities influence depolarisation and repolarisation. Together these parameters 

determine the frequency and dynamics of spontaneous APs.  

In the Non-R patient, a hyperpolarised RMP with constant Na+ current density made reaching 

the AP threshold challenging. Consistently, spontaneous activity was significantly lower, both 

at -50 and -80 mV, and there was a lower frequency of APs in active cells. Additionally, the 

APs observed were smaller and narrower. Overall, these observations point to a significant 

shift in excitability and neuronal transmission in the Non-R patient.  

In neurons from the Mito patient and the MDD cohort, a depolarised RMP was closer to the 

threshold for AP generation, and increased Na+ currents further promoted depolarisation. 

This led to a high proportion of neurons showing spontaneous APs at -50 mV. In the Mito 

patient, the resulting APs were taller, yet narrower, as seen in their maximal amplitude and 

half-maximum width. This is consistent with a faster depolarisation and repolarisation 

indicated by changes in Na+ and K+ currents. Such enhanced excitability can influence the 

overall activity patterns within neural circuits and might be associated with pathological 

conditions. 

4.3.2.3 Spontaneous postsynaptic currents 

Spontaneous postsynaptic currents (PSCs) provide valuable insights into the functional 

properties and dynamics of neural networks, including connectivity, neurotransmission and 

plasticity. At a holding potential of -80 mV, AMPA-type glutamate receptors, permeable to 

Na+ and K+, are involved in PSCs. The activation of these receptors leads to an influx of Na+ 

ions into the cell, producing a negative (inward) current. 

PSCs were drastically altered in neurons from the Non-R patient. A much smaller fraction of 

cells had spontaneous PSCs relative to the control and those that did have them, showed a 

significant drop in event frequency. The PSCs had extended rise time, potentially linked to 

the increased amplitude. This points to a modified network excitability, aligning with the 

infrequent spontaneous APs observed. These observations could be indicative of lower 

synaptic density, synaptic degeneration or altered properties of postsynaptic AMPA 

receptors, such as desensitisation or altered subunit composition.  

In neurons from the Mito patient, while there were no differences in the synaptic activity, 

spontaneous PSCs kinetics were significantly altered. Lower amplitude combined with longer 

rise time and decay time suggest PSCs that are both smaller and wider. This could indicate 

changes in neurotransmitter release, either due to reduced neurotransmitter content per 
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vesicle, or fewer vesicles being released. The latter seems plausible given the decreased 

Ca2+ levels in Mito neurons. The prolonged rise time could be due to changes in synaptic 

structure, like wider synaptic cleft. Collectively, the synaptic currents changes could lead to 

less efficient synaptic transmission and slower synaptic dynamics.  

4.3.2.4 Conclusions 

4.3.2.4.1 Antidepressant non-responder patient 

In neurons from the Non-R patient, analysis of the electrophysiological properties revealed 

decreased excitability and synaptic transmission.  

Reduced excitability can influence the growth and retraction of dendritic spines, the primary 

sites for excitatory synapses. This can affect the neuronal network’s connectivity patterns. In 

line with this, neuroimaging studies have shown changes in interregional connectivity in 

depressed patients (Helm et al., 2018).  

Altered synaptic transmission can result in altered synaptic plasticity, a hallmark of MDD 

(Vose & Stanton, 2017). The changes observed in our experimental conditions suggest 

impairments specifically in postsynaptic AMPA receptors. In line with this, Mao et al. reported 

a downregulation of surface AMPA receptor in a rat model of depression (Mao et al., 2022). 

Interestingly, Vadodaria et al. reported altered neurite growth and morphology in neurons 

derived from serotonin reuptake inhibitors (SSRI) non-responder depressed patients. These 

changes were associated with lowered expression of key Protocadherin alpha genes 

(Vadodaria et al., 2019). Such alterations in the Non-R patient could influence network 

activity and explain the observed decreases in spontaneous APs and PSCs.  

Moreover, the brain’s cortical region is densely innervated by serotonin neurons and has a 

high expression of serotonergic receptors (Puig & Gulledge, 2011). Considering our findings, 

cortical-like neurons from the Non-R patient might be less responsive to serotonergic signals 

due to their hyperpolarisation. This could mean that these neurons are less receptive to the 

increased serotonergic signalling resulting from AD treatment, potentially explaining the Non-

R patient's lack of response to such treatments. To validate this hypothesis, further 

investigations would be necessary. One approach could involve using pharmacological 

agents or optogenetic tools (e.g. chloride-conducting channel rhodopsins) to induce 

hyperpolarisation in cortical-like neurons from a healthy donor and then recording the 

postsynaptic response to serotonin.  

4.3.2.4.2 Mitochondriopathy patient 

In neurons from the Mito patient, we observed two main alterations: increased excitability 

and lower efficiency of synaptic transmission.  
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Hyperexcitability is a common feature of mitochondrial disorders, especially in MELAS 

(Sproule & Kaufmann, 2008) and Myoclonus Epilepsy associated with Ragged-Red Fibres 

(MERRF) (Lorenzoni et al., 2014). Supporting this, mice models with induced mitochondrial 

dysfunction by conditional knock-out of critical mitochondrial proteins showed increased 

excitability in both glutamatergic neurons (De La Rossa et al., 2022) and serotonergic 

neurons (Kato et al., 2018). While these studies did not identify the exact cause of 

hyperexcitability, both suggested a potential disruption in Ca2+ homeostasis, with defective 

Ca2+ accumulation in mitochondria following depolarisation. This aligns with the decreased 

mitochondrial Ca2+ levels observed in the Mito patient’s neurons.  

Synaptic mitochondria are critical in assisting synaptic transmission, aiding neurotransmitter 

synthesis, storage and the ATP-driven packaging of these neurotransmitters into vesicles.  

Mitochondria also contribute to vesicle cycling, largely due to their key role in maintaining 

intra-synaptic Ca2+ balance (Guo et al., 2017). There is a growing body of evidence linking 

mitochondrial dysfunction to synaptic transmission failures in Alzheimer’s disease. Notably, 

patients with early-stage Alzheimer’s disease show synaptic mitochondria issues even before 

significant synaptic damage occurs (Guo et al., 2017). Given this, it is plausible that the 

synaptic transmission alterations observed in the Mito patient stem from impairments of 

neuronal mitochondria.  

4.4 Decreased cell size 

When recording fluorescence in Fura-2/AM-loaded fibroblasts, we consistently observed that 

more patients’ cells fitted the visual field that control cells. Detailed analysis by carefully 

drawing regions of interest around the cytoplasm confirmed that patients’ fibroblasts were 

smaller. This encouraged a review of Fura-2 images from the previous studies, revealing that 

fibroblasts and NPCs from the entire MDD cohort were smaller compared to non-depressed 

controls (Triebelhorn et al., 2022). Systematic measurement confirmed this size reduction in 

patients across all cell types. Additionally, membrane capacitance, considered as another 

way to measure neuron size, was also decreased in MDD patients  and in the two case study 

patients (Triebelhorn et al., 2022). The only exception observed were larger astrocytes in the 

Mito patient, which also differed from other cells by exhibiting elevated cellular ROS. This 

size increase may be a defence against oxidative stress, where increased cytoplasm volume 

dilutes ROS. Additionally, oxidative stress can trigger the production of protective proteins, 

such as heat shock proteins and antioxidant enzymes, thus contributing to cellular 

hypertrophy (Reeg et al., 2016). All other patients’ astrocytes are consistently smaller than 

the corresponding controls, so overall, cell size remains a robust surrogate marker for 

patients’ cells. 
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Interestingly, in an iPS model where mitochondrial translocator protein 18-KDa (TSPO) was 

knocked-out, cells were also notably smaller. Specifically, the absence of TSPO led to 

reduced sizes in iPS-derived NPCs, astrocytes and neurons. This size reduction was 

accompanied by decreased mitochondrial respiration and MMP in NPCs and astrocytes 

(Wetzel et al., 2024, under review). Similarly, when TSPO was silenced in human microglia, 

the cells were smaller and had lower MMP (Bader et al., 2023). These findings, in 

conjunction with ours, suggest a relationship between mitochondrial dysfunction and reduced 

cell size.  

Cell size is influenced by growth, division, genetic regulation, and environmental conditions. 

Cells typically enlarge in preparation for division. However, in our study, cell cycle was 

synchronised by simultaneously splitting both patients and control cells.  

While most cellular components scale with cell size, mitochondrial content and function do 

not. For instance, OXPHOS and MMP are the highest in medium-sized cells. This 

discrepancy in mitochondrial function suggests an optimal cell size for maximising cellular 

health and proliferation potential (Miettinen & Björklund, 2017). Additionally, the mevalonate 

pathway, responsible for producing components like cholesterol for the plasma membrane, 

impacts how mitochondria function and scale (Miettinen et al., 2014). 

Growth factors are also essential regulators of cell size. Many of their receptors are tyrosine 

kinases that require ATP for activation. Moreover, growth factor-induced changes in cell size 

often coincide with increased biosynthetic activities, which are energy-intensive (Ward & 

Thompson, 2012). Cytoskeleton plays a central role in regulating cell shape and is therefore 

able to influence cell size. Specifically, actin filaments form a dense network under the 

plasma membrane that provides mechanical support and determines cell shape. Pedersen et 

al. have reported that cell shrinkage is associated with an increase, and cell swelling with a 

decrease in F-actin content (Pedersen et al., 2001). Interestingly, there seems to be a link 

between mitochondrial dysfunction and actin polymerisation. Notably, a study by Chakrabarti 

et al. revealed that actin polymerises in response to mitochondrial dysfunction (Chakrabarti 

et al., 2022). Considering these findings, it is conceivable that in our patients’ cells, 

mitochondrial dysfunction led to increased actin polymerisation, resulting in cell shrinkage.  

Overall, while further investigations are necessary to precisely pinpoint the reason for smaller 

size in patients’ cells, it is evident that mitochondrial dysfunction, leading to reduced energy 

output, is a likely factor. Future research might explore the activity of the mevalonate 

pathway in patient’s cells or attempt to replicate the size reduction by modifying 

mitochondrial functions in control cells.  
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4.5 Limitations 

While this study provides valuable insights into the role of mitochondrial (dys)function in 

MDD, it is essential to acknowledge its limitations. The present section outlines the potential 

constraints and boundaries of the research. 

4.5.1 Interindividual variability 

Interindividual variability in measurements from human patient-derived cells can stem from 

many factors including genetics, epigenetics, environmental, and lifestyle. 

Although one might expect consistent data from healthy, non-depressed controls, 

discrepancies were noted between Ctl 17 and Ctl 18 in our study, particularly in oxidative 

stress parameters. This inconsistency might be attributed to the 25-year age gap between 

the Ctl 17/Non-R and the Ctl 18/Mito pairs. Increased oxidative stress with age is well 

documented (Cui et al., 2012), specifically with increased steady-state concentrations of lipid 

peroxidation products (Praticò, 2002) and oxidative DNA damage (OH8dG; (Mecocci et al., 

1999)). This underscores the importance of age-matching controls and patients. Additionally, 

established sex differences in mitochondrial function emphasise the importance of sex-

matching in control/patient pairs (Demarest & McCarthy, 2015).  

Given the variability between individual subjects, we aimed to relate our case study data to 

data obtained from a larger cohort of MDD patients and controls. However, due to the depth 

and breadth of the case studies, cohort data was not always available for comparison. 

4.5.2 Generalisability 

Interindividual variability is an intrinsic limitation of case studies, limiting their broad 

generalisability, and we acknowledge that our findings are based on individual observations 

and should not be seen as universally representative of mitochondrial diseases and 

treatment-resistant depression.  

While generalisation in case study research is debated, some argue that case studies can 

offer "theoretical generalisation". This means that a case study can help in refining or 

building theories that can then be tested in larger samples for broader applicability (Roller, 

2020). We feel that our study aligns with this perspective. Data from the Non-R patient 

challenges the theory that mitochondrial dysfunction in MDD is solely about reduced 

functions. Instead, it suggests a harmful imbalance of mitochondrial and cellular parameters. 

Meanwhile, the Mito patient data offers detailed insights into mitochondrial dysfunctions and 

their impact on many cellular functions, shedding light on potential new MDD-related 

mitochondrial impairments.  
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4.5.3 Information about case study patients 

A limitation of our study is the incomplete understanding of the conditions affecting our case 

study patients.  

For the Mito patient, despite thorough clinical investigations, there is no clear diagnosis for 

the specific mitochondriopathy yet. While ongoing investigations continue, it is possible that 

the mitochondriopathy results from an unidentified pathology. However, this provides an 

opportunity to investigate the comorbidity of MDD with another condition affecting 

mitochondrial functions, as seen in mitochondrial diseases, Parkinson’s, Alzheimer’s, 

diabetes, and cardiovascular diseases (Arnaud et al., 2022).  

For the Non-R patient, the origin of antidepressant resistance was not determined through 

genetic testing. While pharmacogenomics can pinpoint genetic variations affecting drug 

response and have shown long-term cost-effectiveness in the U.S. (Groessl et al., 2018), 

such tests are not covered by public health insurance in Germany. They are available only as 

self-paid services, posing a significant cost to patients. For instance, a test for 16 frequently 

prescribed active substances costs around 400€, with an added 100€ for sample collection at 

a doctor’s office (STADApharm GmbH, 2016).  

5 Summary and conclusion  

This study provided a detailed analysis of two case study patient in order to elucidate the 

intricate pathomechanisms underlying the development of major depressive disorder (MDD).  

The antidepressant non-responder patient (Non-R) presented intriguing findings. In the Non-

R patient’s fibroblasts and NPCs, we observed an important increase in OXPHOS activity. 

However, this was not accompanied by a rise in MMP, suggesting a potential proton leak, 

possibly via the adenine nucleotide translocase on the outer mitochondrial membrane. The 

unexpected reduced respiration in astrocytes was thought to be due to the unique ways 

astrocytic mitochondria handle calcium. Specifically, we hypothesised that heightened 

activity or expression of the NCLX calcium transporter might cause an excessive 

mitochondrial calcium efflux to the cytosol. This could lead to reduced activation of the 

tricarboxylic acid cycle enzymes, resulting in decreased OXPHOS. In the Non-R patient’s 

fibroblasts, we speculated that high mitochondrial calcium induced an increased OXPHOS 

activity, leading to a rise in mitochondrial ROS. This combination of high mitochondrial 

calcium and ROS could initiate a damaging positive feedback loop, further indicating 

mitochondrial dysfunction in this patient. In neurons, evidence suggested compromised 

synaptic transmission. First, a decreased MMP in the soma indicated reduced OXPHOS 

activity and ATP production, potentially affecting the integration of synaptic inputs in the 

soma. Second, lowered basal calcium levels and extended calcium peak durations might 

affect synaptic transmission by affecting neurotransmitter release and short-term plasticity 
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mechanisms. Third, spontaneous postsynaptic currents were markedly reduced. Such an 

impairment in synaptic functions could be attributed to altered mitochondrial functions and 

changes in postsynaptic AMPA receptors. The Non-R patient’s neurons also displayed 

decreased excitability, attributed to the hyperpolarisation of the resting membrane potential 

(RMP), leading to fewer spontaneous action potentials. This altered network activity might be 

linked to altered neurite growth. Overall, these changes might make the patient’s cortical 

neurons less responsive to signals from neurons innervating the cortex, such as serotonergic 

neurons. This could potentially explain the patient’s non-responsiveness to serotonin-

increasing antidepressant treatments. 

In the patient with a mild mitochondriopathy (Mito), fibroblasts and NPCs displayed reduced 

mitochondrial respiration typical of mitochondrial disorders. However, astrocyte respiration 

was unchanged, again contrasting with other cells. Despite stable respiration, ATP levels 

were decreased, possibly due to ROS-mediated inhibition of ATP synthase and glycolysis. 

Moreover, the unchanged respiration, despite decreased MMP and ATP, suggested 

mitochondria failed to meet the astrocytes’ energy demand. Oxidative stress was elevated in 

Mito patient’s cells, varying by cell type, with signs including increased lipid peroxidation, and 

both cytosolic and mitochondrial ROS. In NPCs, the combination of high MMP, low 

respiration and elevated ROS suggested reverse electron transport, potentially impacting cell 

function and neuronal differentiation. Neurons from the Mito patient showed high MMP in 

both soma and neurites, indicating either enhanced OXPHOS or alteration in the electron 

transport chain. Both scenarios could lead to increased ROS production, particularly harmful 

for neurons. These neurons also exhibited hyperexcitability, linked to a depolarised RMP and 

increased sodium current density. This hyperexcitability might also arise from impaired 

calcium uptake into mitochondria during transmission, consistent with observed reductions in 

mitochondrial calcium. Given calcium’s role in dynamically regulating mitochondrial ATP 

synthesis in response to energy demand, the decreased mitochondrial calcium implied that 

Mito neurons struggled adjusting to the energy demands of neurotransmission. This was 

further supported by reduced cytosolic calcium and prolonged calcium peak durations, 

leading to diminished and slower synaptic currents. We postulate that mitochondrial 

dysfunction in the Mito patient’s neurons contributed to synaptic degradation. Overall, the 

Mito patient's cells showed clear signs of mitochondrial dysfunction.  

Finally, cells from both patients were overall smaller in size. Given mitochondria’s role in 

determining optimal cell size, this could be a marker for mitochondrial dysfunction.  

 

The Non-R patient's data offers a new perspective on MDD. It challenges the long-held belief 

that mitochondrial dysfunction in MDD is merely about reduced functions, hinting instead at a 

detrimental imbalance in mitochondrial and cellular dynamics. On the other hand, the Mito 
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patient's data provides a deeper dive into mitochondrial dysfunctions, illuminating their 

broader impact on cellular functions and potentially highlighting MDD-associated 

mitochondrial issues. Together, findings in these case study patients bring a new dimension 

to our understanding of MDD. 
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List of abbreviations 

 

  

AD antidepressants 

ADP adenosine diphosphate 

ALDH1L1 
aldehyde dehydrogenase 1 family 

member L1 

AMP adenosine monophosphate 

AMPA 
α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid 

ANT adenine nucleotide translocase 

AP action potential 

ATP  adenosine triphosphate 

BCA bichinoic acid 

BDNF brain-derived neurotrophic factor 

cAMP cyclic AMP 

CoA coenzyme A 

Cx 43 Connexin 43 

Cyt cytochrome 

DNA desoxiribonucleic acid 

DSM V 
Diagnostic and Statistical Manual 

of Mental Disorders V 

EAAT1 excitatory amino acid transporter 1 

ECAR extracellular consumption rate 

ECT electroconvulsive therapy 

ELISA 
enzyme-linked immunosorbent 

assay 

EM electron microscopy 

ER endoplasmic reticulum 

ERK 
extracellular signal-regulated 

kinases 

ETC electron transport chain 

FACS Flurorescent Activated Cell Sorting 

FAD+/FADH2 flavin adenine dinucleotide 

FCCP 
carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone 

FCS fetal calf serum 

FMN flavin mononucleotide 

GABAA gamma-aminobutric-acid type A 

GAPDH 
glyceraldehyde 3-phosphate 

dehydrogenase 

GFAP Glial Fibrillary Acidic Protein 

GPx glutathione peroxidase 

GSH glutathione 

H2O2 hydrogen peroxide 

HAM-D Hamilton Depression Rating Scale 

HPA axis 
hypothalamus-Pituitary-Adrenal 

axis 

IMM inner mitochondrial membrane 

IMS intermembrane space 

iPSC induced pluripotent stem cell 

LDH lactate dehydrogenase 

MAPK mitogen-activated protein kinase 

MCU mitochondrial Ca2+ uniporter 

MD mitochondrial disease 

MDD Major Depressive Disorder 

MELAS 

Mitochondrial Encephalopathy, 

Lactic Acidosis, and Stroke-like 

episodes 

MERRF 
Myoclonus Epilepsy associated 

with Ragged-Red Fibres 

MMP/Δψm mitochondrial membrane potential 

mPTP 
mitochondrial permeability 

transition pore 

mtDNA mitochondrial DNA 

NAD+/NADH nicotinamide adenine dinucleotide 

NCLX Na+/Ca2+/Li+ exchanger 

NMDA N-Methyl-D-aspartic acid 

NPC neural progenitor cell 

O2
- superoxide 

OCR oxygen consumption rate 

OMM outer mitochondrial membrane 

OXPHOS oxidative phosphorylation 

PBS phosphate buffered saline 

Pi phosphate 

PMCA Plasma Membrane Ca2+ ATPase 

Q ubiquinone/ubiquinol 

PFA paraformaldehyde 

PSC post-synaptic current 

PSD95 post-synaptic density 95 

RET reverse electron transport 

RLU relative light unit 

RMP resting membrane potential 

RNA ribonucleic acid 

ROS reactive oxygen species 

SEM standard error of the mean 

SNRI 
serotonin-norepinephrine reuptake 

inhibitor 

SSRI 
selective serotonin reuptake 

inhibitor 

TCA tricarboxylic acid cycle 

TRD treatment-resistant depression 

TSPO translocator protein 18 kDa 

UCP uncoupling protein 

VDAC voltage-dependent anion channel 

VGLUT1 vesicular glutamate transporters 1 

5-HIAA 5-hydroxyindoleacetic acid 
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% percentage 
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