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1. Introduction 

1.1. Cellular Energy Metabolism 

Production of energy equivalents, primarily ATP, is of major importance for cell 

survival. ATP is not only essential for anabolic reactions, but also for maintaining 

cellular membrane potential or compartmentalized ion concentrations and even for 

apoptosis. Eukaryotic animal cells have two major pathways to produce ATP, namely 

glycolysis and oxidative phosphorylation. Glycolysis is located in the cytoplasm and 

comprises ten reactions degrading a glucose molecule to two molecules of pyruvate. 

In this process, there is a net outcome of two ATP and two reduction equivalents in the 

form of nicotinamide adenine dinucleotide (NADH). For maximal energy output, 

pyruvate is converted to acetyl-CoA, which is fed into the tricarboxylic acid cycle (TCA). 

Likewise, fat and protein catabolism also result in acetyl-CoA. The TCA is located in 

the mitochondrial matrix and breaks down acetate in a series of reactions to carbon 

dioxide. The energy of these exothermic reactions is stored upon production of NADH 

and FADH2. The NADH produced in the cytoplasm during glycolysis can also be 

transferred to the mitochondrial matrix. This is performed via the malate-aspartate-

shuttle or the glycerol-phosphate-shuttle. Finally, the reducing equivalents are fed into 

the mitochondrial respiratory system resulting in a production of 32 to 34 ATP via 

oxidative phosphorylation (Figure 1).  

In more detail, NADH feeds two electrons to complex I, whereas FADH2 transfers two 

electrons to complex II of the mitochondrial electron transfer system (ETS). The 

electrons are further transmitted in a couple of redox reactions to oxygen. In this 

process, protons are pumped from the mitochondrial matrix to the intermembrane 

space, retaining the energy in form of a proton gradient. This protonmotive force 

consists of both, an electrical and a chemical gradient, which are used for ATP 

production by complex V of the respiratory system (Berg et al., 2011).  

Though, in case of an impairment of mitochondrial respiration, for example due to a 

lack of oxygen, first the reducing equivalents accumulate. This entails a depletion of 

the NAD+ pool also in the cytoplasm, which would finally impair glycolysis as well. 

Accordingly, lactic acid fermentation in the cytoplasm provides an alternative pathway 

for the products of glycolysis. Pyruvate and NADH are not shuttled in the mitochondria 

but are converted to lactic acid and NAD+, which is then available again for reduction 

in glycolysis. In general, this is referred to as anaerobic glycolysis, as no oxygen is 

consumed in the sequel (Fig.1). 
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As indicated above, the oxidation of NADH and FADH2 in the respiratory system is the 

most efficient way for energy production. Accordingly, the enzymatic reactions fueling 

the respiratory system are regulated in a manner that mostly prefers this pathway of 

energy production. This encompasses a product inhibition but also a strong allosteric 

inhibition by a high NADH/NAD+ ratio on the TCA. Also changes in the ATP/ADP ratio 

confer an inhibitory, but subordinate, effect on the TCA. This late regulation in the 

respiratory pathway by NADH as a master regulator results in NAD(H) redox state 

coinciding with cellular energy metabolism. Thus, together with the NADH 

autofluorescence, this provides the biochemical basis for NADH as a metabolic marker 

(Linnemann et al., 1995, Kay et al., 1997). 

      

Figure 1: Cellular energy metabolism with a focus on NADH 
Scheme of cellular energy metabolism. Glucose is degraded to pyruvate upon reduction of NAD+ to 
NADH in the cytoplasm (green). Pyruvate is preferably converted to acetyl-CoA and fed into the TCA in 
the mitochondrial matrix (blue). Upon exotherm degradation to CO2, more reduction equivalents are 
reduced. These transfer electrons via the ETS to oxygen. The proton gradient build up over the inner 
mitochondrial membrane (IMM) is used by complex V to convert ADP to ATP.  
 
 

 Neuronal Energy Metabolism 

The brain is, related to its weight, one of the most energy consuming organs 

(Magistretti and Allaman, 2015). What is more, the adult brain is very limited with 

respect to the energy substrate it can use, mainly relying on glucose as a substrate 
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(Mergenthaler et al., 2013). This results in 25% of the total glucose consumption being 

allotted to the brain (Bélanger et al., 2011). The strong dependance on continuous 

energy supply is further demonstrated by the grave consequences of short to 

intermediate hypoxia for example in stroke (Ferdinand and Roffe, 2016). Neurons even 

take an exceptional position in the metabolic framework of the brain. Neurons are 

strongly polarized and specialized cells, being perfectly suited for conducting and 

transmitting signals. However, this goes along with an immense energy consumption 

(Laughlin et al., 1998). To support them, glial cells like astrocytes or microglia do not 

only supply a structural framework (Nedergaard et al., 2003) or are involved in synaptic 

transmission (Halassa et al., 2007), but they also support neurons with respect to 

energy metabolism (Sofroniew and Vinters, 2010). For example astrocytes store large 

amounts of glycogen which can be utilized in hypoglycemic periods (Brown and 

Ransom, 2007). Another long discussed hypothesis is that of the astrocyte-neuron 

lactate shuttle (Pellerin and Magistretti, 2012). It was hypothesized that astrocytes 

secrete lactate, which is supposed to be the preferred substrate of neurons upon their 

activation (Occhipinti et al., 2009). Consequently, brain metabolism is highly 

interactive, which is an important factor to be considered in metabolic disturbances of 

the brain, for example in Alzheimer´s disease (Newington et al., 2013). 

 

 Mitochondria and associated Pathophysiologies 

According to the endosymbiotic theory, mitochondria are former prokaryotes that have 

been taken up and further lived in symbiosis with the host cell. Consequently, 

mitochondria, in contrast to several other organelles, have certain characteristics one 

should be aware of (Ku et al., 2015). The mitochondria consist of an outer and an inner 

mitochondrial membrane, which strongly differ in their composition and characteristics. 

The outer mitochondrial membrane (OMM) is rather freely permeable to most nutrients, 

small molecules or ions. Consequently, the intermembrane space has a similar 

microenvironment as the cytoplasm has, but with an altered protein composition 

because proteins cannot freely pass the OMM. In contrast, the inner mitochondrial 

membrane (IMM) is folded into cristae and is the localization of the respiratory 

complexes. The IMM separates the intermembrane space strictly from the matrix. 

Accordingly, the mitochondrial matrix is a well separated compartment (Weissig and 

Edeas, 2015). For example the mitochondrial matrix is rarely buffered, as this would 

reduce the chemical proton gradient (Poburko et al., 2011). This results in stronger pH 
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variations in the mitochondrial matrix in comparison to the cytoplasm. Another 

characteristic of the mitochondrial matrix is the high oxidative burden (Cadenas and 

Davies, 2000). This oxidative stress normally coincides with the level of respiration but 

can be dramatically increased upon impairment of the ETS (Murphy, 2009). The 

subsequent, excessive production, in turn, can result in oxidative damage to 

mitochondrial proteins, lipids or DNA (Van Remmen and Richardson, 2001). For 

example mutations in SOD1, a ROS detoxifying enzyme, have been associated with 

Amyotrophic lateral sclerosis (ALS) (D'Amico et al., 2013, Orrell et al., 1995).  

A further distinctive feature of mitochondria is, that they cannot be synthesized de novo 

but they rather multiply by fission. Though, for mitochondrial biogenesis, nuclear 

encoded proteins have to be imported as the mitochondrial DNA does not encode for 

all the mitochondrial proteins. For this purpose there is a protein import machinery 

consisting of translocases of the outer and inner mitochondrial membrane (TOM and 

TIM) (Dudek et al., 2013). Their function is critical for mitochondrial integrity. Clinically, 

a defect in a subunit of the TIM complex results, amongst others, in the human 

deafness dystonia syndrome (MacKenzie and Payne, 2007, Dudek et al., 2013), 

underlining the importance of a functional protein import. Besides mitochondrial 

biogenesis, the mitochondrial integrity is also maintained by a balance of fission and 

fusion. This goes in line with considering mitochondria not as individual entities but 

rather as a network. Accordingly, a dysbalance in mitochondrial dynamics is implicated 

in many cardiovascular or neurodegenerative diseases (Archer, 2014). Finally, 

severely damaged mitochondria must be cleared away as they are a major source of 

ROS and could induce apoptosis, thereby damaging the entire cell. This is done in a 

process called mitophagy, a degradation of mitochondria at the autophagosome 

(Springer and Macleod, 2016). Indeed, familial forms of Parkinson´s disease have 

been described to be due to mutations in the PINK/Parkin pathway, that is involved in 

targeting damaged mitochondria for degradation (Pickrell and Youle, 2015). In 

polarized cells like neurons another level of complexity comes into play with 

mitochondrial transport along the neurites, especially the axon. It could be 

demonstrated that mitochondrial transport in neurons is directly associated to neuronal 

activity (MacAskill and Kittler, 2010). This is not only to assure for sufficient energy 

supply but also for an adequate calcium buffering (Rizzuto et al., 2012). What is more, 

mitochondrial transport and motility is essential for the afore mentioned mitophagy and 

quality control (Sheng and Cai, 2012). Consequently, mitochondrial transport deficits 
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have been associated to numerous neurological disorders, for example Huntington´s 

disease (HD) (Song et al., 2011).  

Taken together, many factors need to collude for mitochondrial health. Due to the 

highly interactive environment, derangement of a single factor might already cause an 

insufficient mitochondrial function. Especially a defect in the respiratory system entails 

serious consequences such as a drop in mitochondrial membrane potential or 

increased ROS. For their part, this results in a further impairment of the mitochondrial 

respiration, creating a vicious cycle ending with mitophagy or apoptosis (Cui et al., 

2012, Kwong et al., 2007). Consequently, the mitochondrial respiratory system is still 

considered central, both as a marker and as a determinant of mitochondrial function.  

 

1.2. Alzheimer´s Disease 

Alzheimer´s disease (AD) is the most common neurodegenerative disease. As aging 

is the major risk factor for developing Alzheimer´s disease, the prevalence of AD will 

increase dramatically within the next years in western countries 

(Alzheimer's_Association, 2016). In 2050, it is estimated that more than 131 million 

people will be affected by AD (Prince et al., 2016).  

Pathophysiologically, there are two major hallmarks found in the AD brain. On the one 

hand there are amyloid plaques consisting of extracellular aggregates of amyloid beta 

(Aβ) and on the other hand there are tau tangles (Figure 2), consisting of an 

intracellular accumulation of hyperphosphorylated tau (Braak and Braak, 1991). 

Although these large aggregates are not considered as the toxic species anymore, 

their accumulation is a sign of AD pathology (Esparza et al., 2013). Another sign of AD 

is the profound loss of neurons in the hippocampus, but also in other brain regions. 

This is preceded by a loss of synapses which is in turn preceded by an impaired long 

term potentiation (Bredesen et al., 2006). Though, there are numerous, overlapping 

hypothesis about the origin of this cascade, finally resulting in the neurodegeneration 

in AD (Crews and Masliah, 2010). For that matter, Aβ oligomers have attracted 

attention as a potential toxic species (Haass and Selkoe, 2007). Furthermore, there 

are also strong indications of a disturbance in cellular energy metabolism as one of the 

underlying reasons for neuronal death (Moreira et al., 2010).  
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Figure 2: Pathological hallmarks of AD  
Typical hallmarks that can be found in the brain of AD patients. The left panel shows neurofibrillary 
tangles consisting of intracellular, hyperphosphorylated tau protein. The right panel displays an 
extracellularly located amyloid plaque of aggregrated amyloid β. Both images were taken from Deckert 
et al., 2004 (Deckert et al., 2004) 
 

 Metabolic and mitochondrial Alterations in Alzheimer´s Disease 

Metabolic changes have been reported to be a common feature of most 

neurodegenerative diseases (Procaccini et al., 2016). For Alzheimer´s disease, 

alterations in brain energy metabolism have been shown in multiple clinical (Hoyer, 

1993, Saint-Aubert et al., 2016, Inoue et al., 2013) and mouse model studies (Sims 

and Pulsinelli, 1987). This comprises a reduced glucose uptake and lower levels of 

pyruvate dehydrogenase (PDH) (Sorbi et al., 1983) and α-ketoglutarate 

dehydrogenase (KGDH) (Mastrogiacomo et al., 1993). Furthermore, the strong 

coincidence with other metabolic diseases like diabetes or obesity indicates an 

important role of energy metabolism in the pathogenesis of AD (Götz et al., 2009, Akter 

et al., 2011, Butterfield et al., 2014). Consequently, AD has been proposed to be 

fundamentally a metabolic disease (Blass and Zemcov, 1984, de la Monte and Tong, 

2014). 

Mitochondria were also found to be affected in Alzheimer´s disease at several levels. 

Mitochondrial morphology has been described to be altered in the AD brain as 

determined by electron microscopy (Saraiva et al., 1985). This goes in line with an 

impaired balance in fission and fusion (Wang et al., 2009b). Mitochondrial distribution 

was shown to be altered in AD, further underlining a defect in mitochondrial dynamics 

(Kopeikina et al., 2011). A reduced activity of the cytochrome c oxidase was found in 

AD brain (Kish et al., 1992, Parker et al., 1990). Likewise, an increase in oxidative 

stress was reported in many AD model systems (Gella and Durany, 2009). This can 

be detected as early as in mild cognitive impairment (Lovell and Markesbery, 2007). 
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Whereas the mitochondrial transport deficits are mainly attributed to tau pathology 

(Shahpasand et al., 2012), the defects in the respiratory system are rather assigned to 

the amyloid pathology (Eckert et al., 2011).  

 

 APP Processing and intracellular Transport of the Cleavage Products 

Aβ is a potential cleavage product of the amyloid precursor protein (APP). In general, 

APP can be cleaved by two distinct pathways, an amyloidogenic one, with Aβ as one 

of the end products, and a non-amyloidogenic one (Figure 3). Cleavage by the α-

secretase initiates the non-amyloidogenic pathway producing the soluble APP alpha 

fragment (sAPPα) and c-terminal fragment alpha (CTFα), which can be further 

processed by a γ-secretase to a fragment called p3 and a fragment called APP 

intracellular domain (AICD). In contrast, cleavage of APP by the β-secretase (BACE1) 

results in the amyloidogenic pathway with sAPPβ and a CTFβ as the first products. 

CTFβ in turn can then be cleaved by a γ-secretase to Aβ and the AICD (Zhang et al., 

2011). The rate-limiting step in Aβ formation is the β-cleavage by BACE1 (Ahmed et 

al., 2010). Another important factor that needs to be considered in Aβ production is the 

spatial localization of the different APP processing steps. After APP production and 

maturation in the ER and Golgi, the majority of APP is transported to the plasma 

membrane. As α-secretase activity is very high at the plasma membrane, the non-

amyloidogenic pathways mostly predominates. The remaining APP can be 

reinternalized by endocytosis. Especially in the slightly acidic microenvironment of 

early endosomes there is a high β-secretase activity (Haass et al., 2012). Accordingly, 

alterations in APP transport with an increased confinement to the endosomal 

compartment have been associated with increased Aβ formation and increased risk 

for AD (Choy et al., 2012). This underlines the role of APP and BACE1 transport in 

Alzheimer´s disease (Zhang and Song, 2013). The final step of APP processing by the 

γ-secretase seems not to be executed in a special cellular compartment. Indeed, γ-

secretase activity has been described for the Golgi, the plasma membrane and the 

endosomes, being not only involved in APP but also in Notch cleavage (Sisodia and 

St George-Hyslop, 2002). Interestingly, also a mitochondrial form of the γ-secretase 

has been described (Pavlov et al., 2011). Similarly, APP and Aβ have been associated 

spatially to mitochondria (Pavlov et al., 2009), which is not surprising taking into 

account the close proximity and direct contact sides of mitochondria and ER, called 

mitochondrial associated membranes (MAM). Indeed, processing of APP has been 



Introduction 

8 
 

associated to the MAM and MAM has been described to be altered in AD (Del Prete 

et al., 2017, Paillusson et al., 2016).  

 

Figure 3: Intracellular APP processing 
APP can be cleaved by an α-secretase, mostly at the plasma membrane, which initiates the non-
amyloidogenic pathway (to the left). Alternatively, APP can be cleaved by a β-secretase in the 
endosomes. Subsequent cleavage of the CTFβ by the γ-secretase results in a release of Aβ. 
 

 Mitochondrial Toxicity of APP and Aβ 

Both APP as well as Aβ have been described to impair mitochondrial function as 

drafted in figure 4. Concerning Aβ, it was shown that it is not only associated to 

mitochondria, but can also be imported into or even produced in mitochondria, mainly 

localizing to the inner mitochondrial membrane (Hansson Petersen et al., 2008).  
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Figure 4: Mitochondrial points of action of APP and Aβ 
APP has been reported to impair mitochondrial protein import by blocking the translocases of the 
mitochondrial membrane TIM and TOM (Anandatheerthavarada et al., 2003). In contrast Aβ has been 
described to impair the ETS and enzymes of the TCA (reviewed in (Kaminsky et al., 2015).  
 

Functionally, in-vitro studies on isolated mitochondria demonstrated a reduced 

complex IV activity as well as pyruvate dehydrogenase activity on Aβ treatment 

(Aleardi et al., 2005, Kwon et al., 2015). Similarly, a reduction in mitochondrial 

respiration was reported following Aβ treatment on tissue homogenate and cells 

(Bobba et al., 2013, Casley et al., 2002a, Lim et al., 2010). Moreover, Aβ was reported 

to lead to an opening of the mitochondrial permeability transition pore, thereby resulting 

in dissipation of the mitochondrial membrane potential and subsequent induction of 

apoptosis (Du et al., 2008). However this might not be a direct effect of Aβ but could 

rather be a consequence of the impairment of the mitochondrial respiratory system. 

Indeed, interference at one step of the interlock of the mitochondrial energy production 

can create a vicious cycle finally impairing the whole mitochondria or even the whole 

cell (Zhao and Zhao, 2013). For AD, it was demonstrated that this vicious cycle does 
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not only trigger further mitochondrial damage but also enhances Aβ production by 

elevating BACE1 cleavage (Leuner et al., 2012). 

Likewise, APP itself can be imported into the mitochondria by the mitochondrial 

translocases, as it even has a mitochondrial targeting signal (Anandatheerthavarada 

et al., 2003). Though, APP does not detach well from the translocases and is able to 

impair protein import into the mitochondria (Anandatheerthavarada and Devi, 2007, 

Devi and Anandatheerthavarada, 2010). 

Interestingly, most of the evidence of mitochondrial dysfunction in intact AD model 

systems has been deviated from APP-overexpressing models, elevating both APP 

and Aβ (Eckert et al., 2012, Rhein et al., 2009, Krako et al., 2013, Chang et al., 2015, 

Wang et al., 2008). Thus, the toxic species and its mechanism still remain to be 

determined taking into account the physiological localization of APP and its cleavage 

products. This is of special interest in view of the selective vulnerability of different 

cell and mitochondrial populations that has been reported for Alzheimer´s but also all 

other neurodegenerative disorders (Mattsson et al., 2016). 

 

 Selective Vulnerability of Brain Regions as well as cell and 

mitochondrial Populations  

Mitochondria are involved in most neurodegenerative disorders, often early in the 

progress of the pathology (Lezi and Swerdlow, 2012). However, different regions of 

the brain are affected in the single neurodegenerative diseases (Saxena and Caroni, 

2011). Thus, it remains to be determined why common mechanisms of all 

neurodegenerative disorders result in a selective perturbation of certain neuronal 

populations. One hypothesis goes in the direction of a selective vulnerability to the 

respective misfolded protein, underlining the importance of their localization (Jackson, 

2014). Indeed, also selective mitochondrial vulnerability could play a role.  

For example, it was shown that dopaminergic but not cholinergic neurons of Drosophila 

parkin mutants had depolarized mitochondria (Burman et al., 2012). Similarly, in an 

ALS mouse model a mitochondrial calcium uptake deficit was demonstrated selectively 

in the affected motoneurons, resulting in hyperexcitability (Fuchs et al., 2013). Also in 

Alzheimer´s disease a mitochondrial contribution to the selective vulnerability was 

hypothesized (Mattsson et al., 2016, Ko et al., 2001). In SMCA1 cells of transgenic 

animals, synapse remodeling was associated with an altered mitochondrial 

morphology, which was not present in cells of the dentate gyrus (Balietti et al., 2013). 
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The selective vulnerability is not only evident on the cellular level but also subcellularly. 

Accordingly, synaptic mitochondria showed earlier deficits in their function compared 

to non-synaptic ones in an AD mouse model (Du et al., 2010). Together these facts 

highlight the importance for assessing mitochondrial function on the subcellular level 

to get a deeper insight into the pathophysiology of Alzheimer´s disease. 

 

1.3. NADH Autofluorescence Imaging 

The NAD+/NADH redox couple is a mandatory energy transmitter for several cellular 

processes. Primarily it is known for its role as an energy equivalent in coupling 

glycolysis, β-oxidation and the TCA to complex I of the ETS. What is more, the redox 

couple is involved in calcium homeostasis, transcription, DNA repair and metabolic 

regulation via the sirtuins (Ying, 2006). Recently, modifying the NADH redox state has 

become an emerging idea in the field of aging (Titov et al., 2016). Especially 

supplementation of NAD+ has been reported to be of benefit in several diseases (Yang 

et al., 2016, Fang et al., 2016). Another aspect that arouses interest in this redox 

couple is that NADH, in contrast to NAD+, is autofluorescent (Chance, 1954). This 

allows detecting NADH microscopically without the need for any external marker 

(Chance et al., 1962). NADH can be excited using one photon excitation with a diode 

laser at 405nm or using a two-photon excitation with the excitation maximum at around 

740nm. The latter is advantageous in terms of phototoxicity and penetration depth, 

especially for potential in-vivo applications. NADH autofluorescence has a relatively 

broad emission spectrum peaking around 460nm to 470nm. There is a slight shift in 

the emission spectrum towards shorter wavelengths for protein-bound NADH versus 

free NADH (Heikal, 2010). Accordingly, there are some studies using these spectral 

characteristics for distinguishing both fractions (Chorvat and Chorvatova, 2006). 

However, the discriminative capacity is much better when using fluorescence lifetime 

imaging microscopy (FLIM), as free NADH has a very short decay time of about 400ps, 

whereas protein-bound NADH has a decay time between 1.5ns to 4ns, dependent on 

the protein it is bound to (Lakowicz et al., 1992). The pros and cons of the different 

approaches for metabolic imaging are further discussed in the following section. 

Nevertheless, it is essential to clarify to what extend the different approaches of NADH 

imaging mirror changes in the NADH redox state. First, one should be aware of the 

fact that NADH and NADPH cannot be separated spectrally, neither in the excitation 

nor in the emission (Blacker et al., 2014). Consequently, for absolute correctness, the 
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afore mentioned question should be, to what extend NAD(P)H imaging mirrors 

NAD(P)H redox state. Though, in the following we stick to the term NADH, and NADPH 

is mentioned separately, where it plays a major role. In general, it has been reported 

that NADH autofluorescence intensity, in the absence of any disturbances of detection, 

is proportional to the NADH concentration (Blinova et al., 2005). Consequently, in the 

case of a stable NAD+/NADH pool, NADH fluorescence intensity is in direct relationship 

to the redox state. Though, this does not prove to be true for altered pool sizes, for 

example after changes in the NAD+ consumption by sirtuin activation, DNA damage 

and subsequent PARP1 activation or in aging (Fang et al., 2016). For NADH FLIM the 

situation is even more complicated. NADH lifetime is not only dependent on the fraction 

of free to protein-bound NADH but also on the proteins NADH is bound to. Although 

the fractions and the associated lifetime of each fraction can be calculated separately, 

there will be an imprecision due to the fitting procedure (Becker, 2015). Within a cell, 

the concentration of free NADH is much more variable in comparison to the protein-

bound fraction. Consequently, there is often a coincidence of NADH lifetime and NADH 

intensity and hence the NADH redox state (Vishwasrao et al., 2005). Though, special 

caution is needed when comparing different cells with respect to their redox state. In 

this scenario, NADH lifetime is rather an indication only (Quinn et al., 2013). 

To sum up, NADH is involved in many cellular processes, but for the most part it is an 

energy equivalent feeding the mitochondrial electron transport system. Thus, in 

combination with its autofluorescence, it is a promising metabolic marker.  

 

 Metabolic Imaging using NADH Autofluorescence 

The idea of using NADH autofluorescence as a metabolic marker goes back to the 

1950´s when first associations to cellular energy metabolism have been described 

(Chance and Baltscheffsky, 1958). Simplified, this association is due to NADH being 

produced in glycolysis and the Krebs cycle versus its consumption in the electron 

transport system by complex I. In the subsequent, these alterations in NADH intensity 

have been extensively demonstrated upon metabolic modification for examples by 

inhibitors and uncouplers of the mitochondrial respiratory system. The qualitative 

readout of cellular energy metabolism could not only be achieved in monolayer cells 

but was further presented in numerous tissues like skeletal muscle or skin (Balu et al., 

2013). This underlines the suitability of NADH imaging also for tissue and in-vivo 

applications (Mayevsky and Rogatsky, 2007). Due to improvements at the side of 
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detectors, a big step forward was the introduction of NADH lifetime imaging microscopy 

(Lakowicz et al., 1992). As argued in the previous paragraph, changes in NADH occur 

mostly within the free fraction. With respect to metabolic measurements, a shift to 

glycolysis roughly results in a shorter NADH lifetime and vice versa. The advantages 

of lifetime versus intensity imaging are, on the one hand, less problems by differences 

in absorption, especially important in tissue. This is due to the fact that the fluorescent 

lifetime of a fluorophore is not dependent on the intensity. On the other hand lifetime 

imaging is one step towards an intercellular comparability of the metabolic readout. 

Similar to NADH intensity, multiple studies confirmed the qualitative association of 

NADH lifetime and alterations in cellular energy metabolism (Stringari et al., 2012, 

Drozdowicz-Tomsia et al., 2014, Vergen et al., 2012). This has led to applications for 

example in cancer research, with tumor cells being known to switch their energy 

metabolism towards glycolysis, a process called Warburg effect. Thus, tumor cells 

could be distinguished from healthy cells by their NADH profile. This was demonstrated 

amongst others in breast cancer, colon cancer or carcinoma of the skin (Walsh et al., 

2013, Pires et al., 2014, Rück et al., 2014). Similarly, stem cells could be distinguished 

by their NADH autofluorescence fingerprint (Stringari et al., 2012). Though, NADH 

imaging did not make the shift to a reliable marker for mitochondrial function yet, 

despite its major advantages in terms of offering a subcellular spatial resolution.  

 

 Influencing Factors in metabolic NADH Imaging 

The reason for NADH imaging failing to prove reliance as a quantitative metabolic 

marker so far, are the manifold influencing factors. More than 90% of the oxygen 

consumption, whose measurement is considered the gold standard in assessing 

mitochondrial function today, is assigned to the ETS (Solaini et al., 2010). In contrast, 

NADH is involved in many more cellular processes than respiration or metabolism, 

making its interpretation more challenging (Ying, 2006).  

As mentioned before, NADPH autofluorescence cannot be distinguished from NADH 

fluorescence. Although the total amount of NADP+/NADPH is much lower in 

comparison to the NADH redox couple, the reaction equilibrium is more on the reduced 

side for NADPH. Consequently, a notable portion of the signal detected is from 

NADPH. In the metabolic context, this could entail disturbances upon alterations in 

ROS level and the associated antioxidative response, in which NADPH is involved. 

Furthermore, NADPH is produced in the pentose phosphate pathway (PPP), which is 
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highly active in cells with a short doubling time. Consequently, cell division cannot only 

influence the NAD(P)H signal through a Warburg effect but also by altering the PPP 

(Blacker and Duchen, 2016). 

Another factor that is difficult to separate spectrally from NADH is the fluorescence of 

some lipid droplets, especially lipofuscin. 

 

Figure 5: Scheme of NAD(H) fractions upon metabolic changes and further determining factors 
Influencing factors are colored according to their primary effect on NADH. Transverse coloring indicates 
a shift in the ratio, vertical coloring a change of both parameters. 
 

Environmental factors do also play an important role. Similar to all fluorophores, 

temperature, viscosity and pH can vary the NADH fluorescence intensity and 

especially the lifetime, which is by definition sensitive to the microenvironment (Berezin 

and Achilefu, 2010). For metabolic imaging, temperature should be held constant for 

the sake of cell metabolism. Indeed, small, physiological variations in temperature, for 

example upon uncoupling, were shown to play a negligible role (Okabe et al., 2012). 

Concerning viscosity, major changes occur upon cell death for example. Accordingly, 

dying cells are easily detectable especially by NADH FLIM and the short NADH lifetime 

was addressed to the changes in viscosity (Wang et al., 2009a). More physiologically, 
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alterations in mitochondrial fission and fusion also entail changes in viscosity, possibly 

altering mitochondrial NADH autofluorescence (Yaseen et al., 2013, French et al., 

1998). For pH dependance, there are so far no direct connections made to metabolic 

imaging, but it was shown that NADH lifetime can serve as a pH-sensor, underlining 

an association (Ogikubo et al., 2011).  

Finally, the protein composition of a cell plays a decisive role. Although of superior 

importance for FLIM, also intensity-based imaging is slightly affected. This is due to 

the fact that protein-binding enhances NADH fluorescence (Blinova et al., 2008).  

This excerpt of the most prominent influencing factors (see Fig. 5) underlines the 

challenges that are faced when using an indirect marker such as NADH for assessing 

cell metabolism. 

 

 Current Approaches of metabolic NADH Imaging 

To limit the confounding of the metabolic readout by the aforementioned influencing 

factors, several approaches have evolved.  

An NADH redox index was defined (Bartolomé and Abramov, 2015). It puts the current 

NADH intensity or lifetime in the background of their inducible range upon treatment 

with an inhibitor and an uncoupler of the mitochondrial respiratory system. 

Consequently, it classifies cells as fully oxidized when the NADH in the untreated state 

conforms the one after uncoupler treatment or fully reduced when it conforms to the 

one after inhibitor treatment.  

NADH autofluorescence spectroscopy is used to distinguish other autofluorescent 

molecules like lipofuscin from NADH (Horilova et al., 2015). 

Further parameters are assessed to accomplish NADH signal. The most prominent 

one is the flavin adenine dinucleotide (FAD) , which is also involved in cellular energy 

metabolism and whose oxidized form has autofluorescence (Skala et al., 2007). In 

addition, the partial oxygen pressure was measured using phosphorescent probes, 

which are quenched in the presence of oxygen (Kalinina et al., 2016). This allows 

determining the oxygen microenvironment, giving an idea whether limited oxygen 

availability could be the underlying reason for metabolic changes. 

Finally, mathematical approaches have evolved, trying to model NADH profiles to 

cellular metabolic state. With respect to this, numerous formula have been described, 

allocating NADH intensity and lifetime of up to eight subpopulations (Vergen et al., 

2012).  
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Summing up, the association of NADH autofluorescence and cellular energy 

metabolism is indisputable. However, there are two major limitations. First, due to the 

interdisciplinary characteristic, many studies are lacking proper biochemical control of 

energy metabolism, especially important for applying uncouplers with a very narrow 

effective window. Second, application-orientation has been dropped by the attempts to 

model NADH profiles to metabolic conditions. 

 

1.4. Aim of the Thesis 

The aim of the thesis is to clarify the role of the amyloid precursor protein and amyloid 

beta in the mitochondrial dysfunction in the context of Alzheimer´s disease. A special 

focus is put on the localization of APP and Aβ. In favor of detecting the associated 

selective vulnerability of cell and mitochondrial populations, a novel, microscopical tool 

based on NADH autofluorescence should be developed. Thorough cross-validation 

with respirometry shall provide a quantitative readout of mitochondrial function on the 

subcellular level. The overall aim is to establish a valuable tool for investigating 

Alzheimer´s disease, with the potential to pave the way for analyzing cellular energy 

metabolism in the natural environment and with a broad applicability to all metabolic 

diseases. 
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Figure 6: Unraveling the underlying mechanisms of AD-related mitochondrial dysfunction on the 
subcellular level 
It is known that there are early mitochondrial alterations in AD, here graphically encoded by a disrupted 
mitochondrial network. However, it is pending which role APP and Aβ play in this context and why some 
cell or mitochondrial populations are affected more than others. NADH FLIM is assigned the potential 
to display mitochondrial function microscopically (healthy=green, dysfunctional =red). Though, at first it 
needs to be correlated to respirometry to provide a validated and quantitative readout



 

2. Materials and Methods 

2.1. Materials 

 Equipment 

460/60 emission filter       AHF Analysentechnik 

Axiovert 200 Fluorescence Microscope    Carl Zeiss 

ELx800 Absorbance Microplate Reader    Bio-Tek 

FACS CaliburTM       BD Biosciences 

HPM-100-40        Becker & Hickl GmbH 

Image Quant LAS 4000                                       GE Healthcare 

JEM-1400 transmission electron microscope   Jeol GmbH 

LSM 710 Confocal Laser Scanning Microscope  Carl Zeiss 

McIlwain Tissue Chopper      Bachofer 

Mai-Tai Titanium-Sapphire Laser     Spectra Physics 

Oroboros Oxygraph-2k      Oroboros Instruments 

Plastic ware        Nunc, Greiner, Sarstedt 

Ultracentrifuge Optima Beckman Coulter 

Veleta digital camera  Olympus Soft Imaging 

Solutions GmbH 

 

 Software 

Axio Vision 40, V. 4.8      Carl Zeiss 

BD Cell Quest V. 3.21        BD Biosciences 

Oroboros DatLab 6       Oroboros Instruments 

ImageJ 1.47v                                                     Wayne Rasband 

iTEM software  Olympus Soft Imaging 

Solutions GmbH 

KCjunior, V. 1.41.6       Bio-Tek 

pDRAW 32 revision 1.1.116     AcaClone software 

SigmaStat 3.5       Systat 

SPCM 9.6/SPCImage 5.0      Becker&Hickl 

Zen2010        Carl Zeiss 

 

 Kits 
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BCA Protein Assay Kit      Pierce, Thermo Scientific 

Citrate Synthase Assay Kit     Sigma-Aldrich 

Glycolysis Cell-based Assay Kit     Cayman Chemicals 

Mesoscale Aβ (4G8) Kit      Meso Scale Discovery 

Mesoscale sAPPalpha/sAPPbeta Kit    Meso Scale Discovery 

NAD+/NADH-GloTM Assay      Promega 

NADP+/NADPH-GloTM Assay     Promega 

 

 Chemicals 

2',7’-dichlorodihydrofluorescein diacetate (H2DCFDA)   Molecular Probes ® 

3-(N-morpholino)-propanesulfonic acid (MOPS)  AppliChem 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

(HEPES)        AppliChem 

7-Aminoactinomycin (7-AAD)              Biolegend   

Albumin standard       Pierce, Thermo Scientific 

Ammonium persulfate (APS)     Roth 

Ampuwa        Fresenius Kabi 

Antimycin A (AA)       Sigma-Aldrich 

Ascorbate sodium salt      Sigma-Aldrich 

Ascorbic acid       Sigma-Aldrich 

B-27 supplements       Invitrogen 

BCECF-AM        Thermo Scientific 

BD FACSFlow Sheath Fluid     BD Biosciences 

BD FACSRinse Solution      BD Biosciences 

BD FACSClean Solution      BD Biosciences 

Bicine         AppliChem 

Bis(2-hydroxyethyl)-amino-tris(hydroxymethyl)-methane)  

(Bis-Tris)        Roth 

Calcium chloride       AppliChem 

Carbonyl cyanide p-(trifluoro-methoxy) phenyl-hydrazone  

(FCCP)        Sigma-Aldrich 

Desoxycholate       Roth 

Dithiothreitol (DTT)       AppliChem 

Dulbecco's Modified Eagle's Medium (DMEM)   Invitrogen 
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Dulbecco’s Phosphate Buffered Saline  

with/without Ca2+/Mg2+ (DPBS)     PAA/Biochrom 

ECL Western Blotting Substrate     Pierce, Thermo Scientific 

Ethanol        Sigma-Aldrich 

Fetal calf serum (FCS)      PAA/Biochrom 

G418 disulfate salt       Sigma-Aldrich 

GlutaMAXTM supplement      Invitrogen 

Igepal CA-630       Sigma-Aldrich 

Isopropyl alcohol       Sigma-Aldrich 

Luminata Forte Western HRP Substrate    Millipore 

MagicMark XP Western Protein Standard   Invitrogen 

Methanol        Roth 

MitoTracker® Green FM                                  Molecular Probes ® 

N,N,N’,N’-Tetramethyl-p-phenylenediamine 

Dihydrochloride (TMPD)       Sigma-Aldrich 

Nigericin         

Novex Gel Cassettes, mini, 1.0 mm    Invitrogen 

Novex Sharp PreStained Protein Standard   Invitrogen 

NuPage LDS sample buffer (4x)     Invitrogen 

Oligomycin (Olg)       Sigma-Aldrich  

Opti-MEM®        Life Technologies 

PageRuler Plus Prestained Protein Ladder   Pierce, Thermo Scientific 

Penicillin-Streptomycin (P/S)     Invitrogen 

Poly-L-lysine (PLL)       Sigma-Aldrich 

Rotenone (Rot)       Sigma-Aldrich 

Roti-block (10x)       Roth 

Rotiphorese Gel 30       Roth 

SatisFection Transfection Reagent    Agilent Technologies 

Sodium chloride (NaCl)      AppliChem 

Sodium dodecyl sulfate (SDS)     Roth 

Sodium sulfide anhydrous      Alfa-Aaesar 

Tetramethylethylenediamine (TEMED)    Roth 

Tetramethyl-pphenylenediamine dihydrochloride (TMPD) Sigma-Aldrich 

Tris(hydroxymethyl)aminomethane (Tris)   AppliChem 
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Trypsin-EDTA       PAA/Biochrom 

Tween-20        Roth 

 

 Buffers and Solutions 

3.5x Bis-Tris buffer:       13.0755g Bis-Tris  

50ml ddH2O 

pH 6.5 – 6.8  

 

Blocking buffer Western Blot (WB):    1x Roti-block 

 

Brain extraction buffer (BEX):     25mM Tris pH 8.0 

20mM NaCl  

          0.6% desoxycholate, 

0.6% Igepal CA-630 

 

Calibration solution for pH imaging:  

 

HEPES buffered saline (HBS):     20mM HEPES 

140mM NaCl 

5mM dextrose 

50mM KCl 

140mM Na2HPO4  

pH 7.1 

 

Running buffer WB:       50mM MOPS 

50mM Tris 

1mM EDTA 

0.1% SDS 

 

SDS-PAGE collecting gel (6%):     0.5ml 3.5xBis-Tris buffer 

         349.5µl Rotiphorese  

Gel 30 

         12.5µl APS 10% 

         4.5µl TEMED 
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         883.5µl ddH2O 

SDS-PAGE separating gel (9%):     2ml 3.5xBis-Tris buffer

         2.1ml Rotiphorese  

Gel 30 

         50µl APS 10% 

         14µl TEMED 

         2.836ml ddH2O 

 

Stripping buffer WB:      0.5M glycine 

1% v/v SDS 

1% v/v Tween-20 

pH 3.5 

 

Transfer buffer WB:       25mM Tris 

25mM bicine 

10% methanol 

 

Tyrodes buffer:       135mM NaCl 

         5mM KCl 

         1.8mM CaCl2 

         20mM HEPES 

         5mM glucose 

         1mM MgCl2 

         pH 7.4 

 

Washing buffer WB:      1x PBS (w/o) 

0.1% Tween-20 

 

 

 Cell Culture Media 

Dulbecco's Modified Eagle's Medium (DMEM):   4.5g/l glucose 

L-glutamine 

pyruvate 

phenol red   
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NeurobasalTM Medium      Thermo Scientific  

 Antibodies 

2.1.7.1. Primary Antibodies 

Anti-Aβ (4G8)       Covance 

Anti-APP/Aβ (6E10)      Covance 

Anti-APP C-term (A8717), dilution: 1:1500   Sigma-Aldrich 

Anti-APP N-term (22C11), dilution: 1:1500   Millipore  

Anti-β-Actin (AC-15), dilution: 1:7500    Sigma-Aldrich  

Anti-BACE (D10E5), dilution: 1:1000    Cell Signaling  

Anti-HA (H6908), dilution: 1:2000     Sigma-Aldrich 

Anti-myc (9E10), dilution: 1:5000     Thermo Scientific 

 

2.1.7.2. Secondary Antibodies 

HRP Goat anti-Mouse IgG      Invitrogen 

HRP Goat anti-Rabbit IgG      Invitrogen 

Goat anti-Mouse IgG coupled to 10nm gold   Aurion 

 

 Cells  

Table 1: Cell lines and primary cells 

Cell line  Description Reference 

HEK 293       Human embryonic kidney cell line which 

grows adherently and expresses several 

neuronal markers 

DSMZ no.: 

ACC 305 

LentiX 293T HEK 293 cells made for virus production  

Neuro-2a (N2a) N2a is a mouse neuroblastoma cell line 

derived from an albino strain A mouse. 

DSMZ no.: 

ACC 148 

NIH/3T3  NIH/3T3 cells are mouse embryo fibroblasts DSMZ no.: 

ACC 173 

Primary 

astrocytes 

Prepared from P1-4 C57BL/6 mice  
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 Plasmids 

Table 2: Plasmid names and descriptions 

Primary 

hippocampal 

neurons (PHNs) 

Prepared from E18 C57BL/6 mouse 

embryos 

 

Plasmid name  Description Reference 

HA-phCMV3 Expression plasmid for the HA-tag under the 

control of a CMV promoter. In addition, it 

carries a resistance gene against neomycin 

(G418). 

Genlantis, 

product no.: 

p003300 

APP695-

CMV(myc) 

Expression plasmid for APP695 fused to a 

myc-tag under the control of a CMV 

promoter. In addition, it carries a resistance 

gene against neomycin (G418). 

(Kinoshita et 

al., 2001) 

BACE-

phCMV3(HA) 

Expression plasmid for BACE1 fused to a 

HA-tag under the control of a CMV 

promoter. In addition, it carries a resistance 

gene against neomycin (G418). 

(von Einem 

et al., 2015) 

pUltra-hot Lentiviral vector backbone for bi-cistronic 

expression of the gene of interest and the 

fluorescent reporter mCherry under the 

control of a human ubiquitin promoter. 

Addgene 

plasmid  

# 24130 

psPax2 Packaging plasmid encoding for HIV-1 

gag/pol sequences 

Addgene 

plasmid  

# 12260 

pMD2.G Envelope expressing plasmid encoding for 

VSV-G glycoprotein 

Addgene 

plasmid  

# 12259 

APP pUltra-hot Lentiviral expression plasmid for APP695 (Schaefer et 

al., 2016) 

BACE pUltra-hot Lentiviral expression plasmid for BACE1 (Schaefer et 

al., 2016) 
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2.2. Methods 

 Stable Overexpression 

To create a stable cell line, cells were transfected with an expression vector that 

contains a resistance gene against an antibiotic, here G418. HEK 293 cells were 

transfected using calcium-phosphate precipitation and N2a cells using SatisFection 

transfection reagent. 24h after transfection, medium was changed to selection 

medium, which in addition contained 400µg/ml G418 to achieve selection for 

transfected cells. The selection was maintained for two weeks, with a medium change 

at least every three days in order to prevent accumulation of dead cells. Afterwards, 

successful selection was controlled by western blot analysis. Concentration of G418 

was lowered to 200µg/µl as maintenance level in order to prevent the loss of the 

plasmid. Before usage, cells were given five days for adaption. 

Alternatively, stable overexpression was achieved by transduction of cells with 

lentivirus, which integrates stable in the genome resulting in a stable expression for at 

least four weeks. After transduction, cells were cultivated for 14 days and subsequently 

used for experiments for another 14 days. Expression was controlled by FACS analysis 

of the fluorescent reporter protein. 

 

 Lentiviral Transduction System 

The lentiviral expression vector pUltra-hot is a 3rd generation lentiviral vector deploit of 

all genes associated with packaging or replication of the virus. It just encodes for the 

bacterial replication, the terminal recombination sequences and the packaging signal. 

SypHer mt Expression plasmid for a green fluorescent 

pH sensor located to the mitochondrial 

matrix 

Addgene 

plasmid 

#48251 

GW1-Mito 

pHRed 

Expression plasmid for a red fluorescent pH 

sensor located to the mitochondrial matrix 

Addgene 

plasmid 

#31474 

Mito-Sypher 

pUltra-hot 

Lentiviral expression plasmid for SypHer 

targeted to the mitochondrial matrix 

(Schaefer et 

al., 2017) 

Cyto-pHred Mito-

Sypher pUltra-

hot 

Lentiviral expression plasmid for SypHer 

targeted to the mitochondrial matrix and 

pHred in the cytoplasm 

(Schaefer et 

al., 2017) 
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To produce virus, LentiX 293T cells (Clonetech) were co-transfected with pUltra-hot 

plus psPax2 and pMD2.G, which encode for the envelope and packaging proteins. Six 

hours after transfection, medium was changed to dispose of transfection reagent in the 

medium the virus is secreted to. 48h post transfection, conditioned medium was 

collected, filtered using a 0.2µM sterile filter (Sarstedt) and stored at -20°C. For 

transduction of PHNs, virus was further purified using ultracentrifugation. The 

conditioned medium containing the viruses was added on top of 2ml of 20% sucrose 

and this was centrifuged for 2h at 130 000g using a Beckman Coulter Ultracentrifuge. 

The supernatant was removed and the virus pellet was resuspended in DPBS. 

 

 Cell Culture 

Cell lines were grown under standard culturing conditions (37°C, 5% CO2, 95% 

humidity) in high-glucose DMEM supplemented with 10% FCS and 1% P/S. 

Cells were frozen in DMEM + 20% FCS + 10% DMSO and stored in liquid nitrogen. 

After thawing, cells were given seven days for recovery before usage in experiments 

and subsequently used for a maximum of ten passages. 

Primary hippocampal neurons (PHN) were prepared from embryonic (E18) mouse 

brains according to a previously published protocol (Kaech and Banker, 2006). 

Subsequently, PHNs were grown in serum-free neurobasal medium (Gibco®, 

Invitrogen, Germany) supplemented with 10% B27 (Gibco®, Invitrogen, Germany) and 

0.5 mM l-glutamine in a humidified incubator with 10% oxygen and 5% CO2. Medium 

was changed partially (removed 40%, added 60%) once a week.  

Primary astrocytes from postnatal mice (P1-P5) were prepared according to Wiesner 

et al. (Wiesner et al., 2013). Astrocytes were cultured in DMEM supplemented with 

10% FCS and 0.5 mM l-glutamine in a humidified incubator with 21% oxygen and 5% 

CO2 at 37°C. Twice a week microglia were removed by shaking of the flasks.  

For astrocyte-neuron co-cultures, astrocytes were seeded first on 24 well plates with 

glass bottom (Cellvis).  The following day, PHNs (8x104/well) were seeded on the 

astrocyte feeder layer (80% confluency). Subsequently, co-cultures were cultivated 

similarly to PHN alone, but with 2 partial medium changes per week. 

Organotypic hippocampal brain slices (OHBS) were prepared from adult/postnatal 

mice. After decapitation the hippocampi were isolated and chopped (McIlwain Tissue 

Chopper, Bachofer, Germany) into sections of 300 to 400µM. Five to six slices were 

transferred to culture plate inserts (Millipore, PICM03050) in a six well plate. 
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Preparation buffers and culturing conditions were used according to (Kim et al., 2013) 

for slices from adult animals or (Vinet et al., 2012) for postnatal material.  

 

 High-Resolution Respirometry using Oroboros Oxygraph-2k 

The basic principle in high-resolution respirometry is the measurement of the oxygen 

concentration in a gas-tight chamber, filled with the biological sample, via a Clark 

electrode. Thus, the oxygen consumption can be calculated as the first negative 

differentiation of the oxygen concentration, thereby revealing a measure for cellular 

respiration and consequently for mitochondrial function.  

48h prior to respirometry, cells (HEK cell lines: 4mio, N2a cell lines: 1mio) were seeded 

in a 75cm² cell culture flask. Approximately 18h before the measurement, medium was 

changed to synchronize the cells and to allow for valid measurement of glycolysis (see 

2.2.6) 

At the day of measurement, cells were harvested and resuspended in their conditioned 

medium at a concentration of 1mio/ml.  

The Oroboros Oxygraph-2k was calibrated to air with medium like the one cells were 

resuspended in. The block temperature was set to 37°C, the stirrer to 750rpm, the gain 

of the oxygen sensor sensitivity was set to level four and the data recording interval 

was two seconds. 

After calibration, the chambers were loaded with the previously prepared cell 

suspension and chambers were closed with the stoppers, preventing any air exchange. 

The output of the measurement can be seen in Figure 7. The blue line is the oxygen 

concentration decreasing over the time. The red line is the oxygen flow, or oxygen 

consumption in pmol / (sec x mio cells). 

After adding the cells, by the time the oxygen flow formed a plateau, which resembled 

the Routine respiration of the cells. A standard protocol for intact cells comprises the 

following steps:  

0.5µl of 5mM oligomycin (Olg) resulting in a final concentration of 1.25µM. Oligomycin 

is an inhibitor of the ATP-synthase, thereby blocking the backflow of protons over the 

inner mitochondrial membrane. As the membrane potential increases, also the electron 

transport system is disrupted and the oxygen consumption decreases. However, there 

is still some residual electron transport system activity and accordingly oxygen flux, 

due to protons that pass the inner mitochondrial membrane independently of complex 

V, a so-called proton leak. Therefore, this state is called Leak respiration and is a 
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marker for the integrity of the inner mitochondrial membrane and for the efficiency of 

mitochondrial respiration.   

Subsequently, an FCCP titration was performed in steps of 1µl of a 1mM solution until 

there was no further increase of respiration. The titration is necessary, as too high 

concentrations of FCCP result, in turn, in a decrease of respiration. FCCP is an 

uncoupler, thus bypassing the blocked complex V and relieving the proton gradient. 

Furthermore, in intact cells, it liberates the respiration from the supply with ADP, 

thereby revealing the full capacity of the electron transport system.  

Thereafter, 5µl rotenone of a 200µM stock solution and 2µl of 5mM antimycin A were 

added, fully inhibiting the electron transport system. This last state, called the residual 

oxygen consumption (ROX), comprises other oxygen consuming processes in the cell. 

For calculation of the single respiratory states, intervals were placed on the respective 

plateaus and the mean oxygen flux of all the data points, covered by the respective 

interval, was calculated. From these values, the ROX was subtracted, and 

consequently the respective values were averaged with the duplicate measure, 

together resembling one independent experiment.  

 

2.2.4.1. Complex IV Capacity 

To check the complex IV capacity, the protocol for intact cells was extended. After 

addition of antimycin A, 5µl of 800mM ascorbate and 200mM TMPD, respectively, were 

added. TMPD can shuttle electrons directly to complex IV, thereby bypassing the 

blocked complex III and allowing measuring complex IV alone. Ascorbate is needed to 

prevent TMPD autooxidation. However, ascorbate itself is autooxidized, thus 

interfering with the oxygen consumption of complex IV. To separate autooxidation from 

complex IV respiration, sodium sulfide was added to a final concentration of 50µM. 

Consequently, complex IV was blocked and the relation of autooxidation to oxygen 

concentration could be calculated.  

To prevent a faulty relation due to a nonlinear correlation between autooxidation and 

oxygen concentration, the chamber was opened and reoxygenized some minutes after 

sulfide addition. After closing the chamber again, some pairs of values with higher 

oxygen concentration than the one of the point of measurement could be achieved 

(see Fig.7b). 
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Figure 7: Respirometry of intact HEK 
293 cells    
a) Respirometric measurement of HEK 
293 cells in their conditioned growth 
medium in an Oroboros Oxygraph-2k. 
After addition of cells, the first plateau 
shows Routine respiration. Addition of 
1.25µM oligomycin (Olg) results in Leak 
respiration. After FCCP titration (steps of 
0.5µM) the electron transport capacity 
(ETS capacity) is achieved. 0.5µM 
rotenone (Rot) resulted in complex I 
inhibition. Finally, 5µM antimycin A (AA) 
led to residual oxygen consumption. b) 
Measurement of complex IV capacity in 
HEK 293 cells using Oroboros Oxygraph-
2k. After blockage of complex III, addition 
of 2mM ascorbate and 0.5mM TMPD 
results in maximum complex IV 
respiration plus autooxidation (intervals 
01-03). Addition of 50µM sodium sulfide 
results in oxygen consumption just by 
autooxidation, which is dependent on 
oxygen concentration (intervals 04-09). 
c) Calculation of complex IV capacity. 
Pairs of values of oxygen flux and the 
corresponding oxygen concentration are 
displayed. The grey squares show the 
dependance of the autooxidation on the 

oxygen concentration, whereas the black circles show the sum of autooxidation and complex IV 
respiration in relation to the oxygen concentration. Thus, complex IV capacity is the distance between 
the black and the grey regression curves. d) Effects of the chemicals used in (a) on the ETS. The 
magnitude of electron flux and oxygen consumption is indicated by the thickness of the arrows. NADH 
intensity and lifetime is indicated by the font size and color (red = short) of “NADH”. 
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For calculation of complex IV capacity, the oxygen flux values (intervals 01 - 09 in 

Fig.7b) were corrected for the residual oxygen consumption. Then the ratios between 

oxygen flux and oxygen concentration of the pairs of values of autooxidation (intervals 

04 - 09) were generated. These ratios displayed the oxygen consumption as a function 

of oxygen concentration (see Fig.7c). Finally the portion of autooxidation-caused 

oxygen consumption in the values of complex IV measure (intervals 01 - 03) were 

subtracted from the total oxygen consumption at these intervals, thereby revealing 

complex IV capacity. Graphically, this can be considered as the distance between the 

two regression curves in Figure 7c. 

 

2.2.4.2. Supernatant Treatment 

The supernatant for treatment of naïve HEK 293 cells was collected from HEK pUltra, 

HEK APP and HEK BACE after being seeded similarly to high-resolution respirometry 

experiments. 30h after seeding, the medium was replaced by a fresh one, which was 

removed 18h later and stored for a maximum of 10 days at 4°C before usage. Naïve 

HEK293 cells were cultivated in 10ml of this conditioned medium 18h before 

respirometry and measured in this medium. 

 

 Assessment of the Doubling Time 

The doubling time was determined in conjunction with the respirometry experiments. 

As the number of cells seeded was known and the cells were also counted before the 

respirometry, this allowed calculation of the doubling time via the formula: 

Doubling time (h) = culture time (h) / log2(cell numberend / cell numberstart) 

 

 Glycolysis Assay 

The samples for the glycolysis assay were collected in conjunction with the 

respirometry experiments as well. 1ml of the medium, removed at the day of 

respirometry experiment, was frozen at -20°C after centrifugation at 1000g for 5min. In 

those samples, the lactic acid concentration was determined using the glycolysis cell-

based assay kit (Cayman chemicals). The principle of this assay is the conversion of 

L-lactate to pyruvate via the lactic acid dehydrogenase. As a byproduct of this reaction 

NADH is produced, which can then reduce a tetrazolium substrate. The evolving 

formazan has a strong absorbtion at 490-520nm, allowing for a colorimetric 

measurement in 96-well format. 
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The assay was performed according to the manufacturer´s protocol with a 1:20 dilution 

of the samples. Absorbance was measured at 490nm. For calculation of lactic acid 

release, the lactate concentration in fresh medium was substracted from the lactate 

concentration in the samples and absolute values were calculated using the lactate 

standard provided. Afterwards, the lactic acid release was corrected for the mean cell 

number during collection time and finally, to get the release rate, it was corrected for 

the collection time. 

 

 Determination of the mitochondrial Mass 

On the one hand, mitochondrial mass was measured using MitoTracker Green FM, a 

green fluorescent dye that can passively diffuse across the plasma membrane. Due to 

its mildly thiol-reactive chloromethyl moiety, MitoTracker Green FM displays a 

mitochondria-specific localization. On the other hand, citrate synthase activity was 

determined. 

 

2.2.7.1. Mitochondrial Mass using MitoTracker 

Corresponding to respirometry experiments, cells were seeded two days before the 

measurement. 18h prior to the measurement, medium was changed to keep the 

conditions equal to that of respirometry. HEK 293 cells were stained already 18h prior 

to the experiment with 50nM MitoTracker Green FM remaining in the medium. In 

contrast, N2a were stained on the day of the experiment. For this, N2a were harvested 

and 1mio cells were pipetted into six FACS tubes per condition. The tubes were 

centrifuged for 5min at 500g to pellet the cells. The supernatant was removed and the 

cell pellet was resuspended in 1ml of DPBS. Cells were centrifuged for 5min at 500g 

again, the supernatant was removed and the pellet was resuspended in 200µl of 50nM 

MitoTracker Green FM diluted in OptiMEM or in pure OptiMEM as a control. N2a were 

stained for 30min at 37°C in the dark. All cell types were washed with 1ml DPBS after 

MitoTracker staining and resuspended in 100µl 7-AAD staining solution (1:100 7-AAD 

in DPBS). 7-AAD is a fluorescent dye that can intercalate with DNA. However, living 

cells exclude the dye, therefore making 7-AAD an eligible candidate for dead cell 

exclusion. The cells were stained with 7-AAD for 10min at 37°C in the dark. 

Subsequently, cells were pelleted, resuspended in 100µl DPBS and kept on ice until 

measurement on FACS.  
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The principle of flow cytometry is the detection of light emitted by cells being activated 

by a laser (488nm argon laser). The light is detected by a forward scatter channel 

(FSC) displaying the size of the cells and by a sideward scatter channel (SSC) showing 

the granulation of the cells. Furthermore, fluorescence of different wavelengths can be 

detected using optical filters. Here, MitoTracker Green FM with an emission at 519nm 

was detected using the FL1 channel equipped with a 525nm bandpass filter. 7-AAD, 

which could also be excited with 488nm, has an emission wavelength of 647nm and 

was detected in the FL3 channel with a 620nm bandpass filter. 20 000 cells were 

counted per sample. They were gated with a life gate drawn in an FSC/FL3 density 

plot to remove cell fragments (very low in the FSC) and dead cells (high in the FL3 

channel) (see Fig.8a). The green fluorescence intensity of living cells was displayed 

using a histogram plot of the FL1 channel (see Fig.8b). 

For calculation of the mitochondrial mass, the mean green fluorescence of living cells 

was taken after correction for the autofluorescence in the FL1 channel, detected in the 

unstained samples. One independent experiment comprises three stained and three 

unstained samples of each cell line measured. 

 

Figure 8: FACS analysis   
a) Analysis of FACS results of HEK 293 stained with 7-AAD in a FSC/FL3 density plot. The two upper 
cell populations are marked as dead by enhanced red fluorescence due to accumulation of 7-AAD. The 
cells alive are indicated by the black edging. b) Illustration of the green fluorescence signal (MitoTracker 
Green FM) using an FL1 histogram plot. 

 

2.2.7.2. Mitochondrial Mass using Citrate Synthase Activity 

Citrate synthase activity was determined as another marker for mitochondrial mass. 

Enzyme activity was measured using a commercial kit (Sigma-Aldrich, CS0720) 

executed according to manufacturer´s protocol. Cells were either lysed in BEX (40µg 

of total protein used as a sample) or in the provided lysis buffer of the kit (20µg). 

a b 



Materials and Methods 

33 
 

Enzyme activity was only compared directly for cells lysed in the same buffer and with 

similar sample age (within 1 month). 

 

 Detection of mitochondrial Membrane Potential 

Mitochondrial membrane potential was measured using several potentiometric 

fluorescent dyes, namely DiOC6, JC-1 and TMRM. HEK 293 cells were prepared 

similarly to MitoTracker staining. For JC-1 staining, JC-1 stock (5mg/ml) was mixed 

with DMSO (1:3), further diluted in DMEM+10%FCS+1%P/S to a concentration of 

2.5µg/ml and cells were stained for 15min at 37°C in the dark. For DiOC6 or TMRM 

staining, cells were treated with 25nM DiOC6 or 500nM TMRM respectively in 

DMEM+10%FCS+1%P/S for 30min at 37°C in the dark. Uncoupled cells (7.5µM 

FCCP) served as a positive control for abolished membrane potential. Cells were 

analyzed using a FACS Calibur measuring 20,000 cells per sample. Dead cells were 

excluded by gating in the FSC/SSC. JC-1 monomers versus oligomers were measured 

as the ratio of green (FL1 channel) to orange/red (FL2 channel; 585 band pass filter) 

fluorescence. TMRM was measured as the mean FL2 channel intensity and DiOC6 as 

the mean FL1 channel intensity. Results were corrected for the uncoupled (FCCP-

treated) control.  

 

 Transduction Reduction Assay 

The transduction reduction assay is used to differentiate between an extracellular 

versus intracellular toxicity and is described in detail in Schaefer et al. (Schaefer et al., 

2016). Shortly, transduction strength of HEK 293 cells was quantified every second or 

third day over a time period of 14 days using FACS analysis. The fluorescent reporter 

protein mCherry was detected in the FL3 channel of a FACS Calibur (BD Biosicence).  

Each condition was measured in triplicates with 20,000 cells analyzed per sample. The 

observation period was split into intervals of five days, each encomprising at least two 

time points of measurement. Mean FL3 fluorescence was normalized to day 0 and 

subsequently normalized to control cells. 

 

 Western Blot Analysis 

For western blotting, two million cells were harvested and resuspended in 100µl BEX 

lysis buffer and incubated for 15min on ice. Afterwards, cells were centrifuged for 

15min at 15,000g in a precooled centrifuge (4°C). Subsequently, pellets were 
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discarded and protein concentration was measured in the supernatant using Pierce 

BSA Protein Assay Kit. Next, proteins were denaturized by mixing 20µg of protein with 

1/10 of DTT and 1/4 of 4xSDS. The missing volume was filled up with dH2O. 

Afterwards the mixture was heated to 70°C for 10min.  

Subsequently, proteins were separated by gel electrophoresis using a 6% collecting 

and a 9% separating SDS PAGE gel. As a molecular mass marker Novex Sharp 

PreStained Protein Standard in combination with PageRuler Plus Prestained Protein 

Ladder was used. Gels were run in MOPS buffer at 50V until the samples had passed 

the collecting gel and then voltage was increased to 120V.  

After this, proteins were transferred onto a methanol-activated polyvinylidene fluoride 

membrane (PVDF membrane) using semidry blotting system. For this purpose, a 

Whatman paper was soaked with transfer buffer and was put on the blotting apparatus. 

Next, the activated PVDF membrane was laid on the Whatman paper followed by the 

gel and finally by another soaked Whatman paper. Air bubbles in the pile were removed 

and blotting was performed at a voltage of 25V for 30min. Afterwards, the membrane 

was put into blocking buffer for one hour to prevent unspecific binding of antibodies. 

For protein detection, the membrane was incubated with the respective primary 

antibody over night at 4°C. Subsequently, the membrane was washed in washing 

buffer three times for 10min, followed by incubation with the secondary antibody for 1h 

at room temperature (RT). The membrane was washed again in washing buffer three 

times for 10min and then the blot was developed using ECL western blotting substrate. 

The resulting chemiluminescence was detected via the Image Quant LAS 4000. In 

case of multiple protein detections on the same membrane, the previous antibodies 

bound, were removed by incubating the membrane in stripping buffer supplemented 

with 0.1% DTT for 30min at 37°C.   

 

 Enzyme-linked immunosorbant Assay (ELISA) 

To quantify the sAPP and Aβ levels, sandwich-ELISA kits from Meso Scale Discovery 

(K15120E, K150SJE-1, K15199E-1) were used. Supernatant samples taken along the 

Oroboros measurements were stored at -20°C. For quantifying intracellular Aβ, 6mio 

cells were harvested, washed in DPBS and lysed in 200µl lysis buffer (Miltenyi Biotec). 

Assay Kits were performed according to the manufacturer´s protocol and samples 

were run in duplicates. To calculate the secretion rates, the respective concentration 



Materials and Methods 

35 
 

in the medium was normalized to the collection time and to the mean cell number 

during collection time. 

 

 Immunoelectron Microscopy 

48h prior to fixation, cells were seeded on pretreated sapphire disks (Wilkat et al., 

2014). Thereafter, cells were high-pressure frozen according to (Walther et al., 2013). 

Freeze-substitution was performed in medium consisting of acetone (VWR 

International GmbH, Darmstadt, Germany) with 0.1% uranyl acetate (Merck KGaA, 

Darmstadt, Germany) and 5% water (Buser and Walther, 2008). Afterwards, cells were 

embedded in LR-Gold and cut according to (Wilkat et al., 2014). Prior to immunogold 

staining, ultrathin sections were first blocked by incubation in 1% BSA for 10min. For 

APP/Aβ detection, sections were incubated with ms α APP/Aβ-antibody (6E10) diluted 

1:50 in 1% BSA for 30min. After washing in 1% BSA, sections were incubated with 

goat-anti mouse antibody fused to 10nm gold particles (Aurion, Wageningen, The 

Netherlands). Post-fixation was done with glutaraldehyde and sections were counter-

stained with uranylacetate. Images with a resolution of 2,048 × 2,048 pixel were 

acquired using a JEM-1400 transmission electron microscope (Jeol GmbH, Eching, 

Germany) at an acceleration voltage of 120 kV and a Veleta digital camera (Olympus 

Soft Imaging Solutions GmbH, Münster, Germany) and the iTEM software (Olympus 

Soft Imaging Solutions GmbH, Münster, Germany). At least 20 image sections of 

different cells were acquired per condition. For analysis, the portions of 

mitochondrially-localized to total immunogold, corrected for the mitochondrial area in 

the respective image, were calculated. Consequently, the resulting quantification is 

independent of staining efficiency. 

 

 NADH FLIM  

HEK 293 cells, 3T3 cells, and H4 cells were seeded in four-chambered 35mm dishes 

with glass bottom (Greiner, 627870) in medium supplemented with 10% FCS, 1% P/S 

and 25mM HEPES (pH: 7.4). Primary astrocytes and primary hippocampal neurons 

were seeded in 24-well plates with glass bottom (Cellvis, P24-1.5H-N) in neurobasal 

growth medium. All cells were imaged at 37°C and atmospheric CO2 with 15min 

adaption time prior to the first image acquisition. 

Fluorescence lifetime imaging of NADH was executed on a laser scanning microscope 

(LSM 710). NADH was excited using two photon excitation with a pulsed (80MHz, 
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100fs pulse width) titanium-sapphire laser at a power of 3.64mW on the sample. Time-

correlated single photon counting (TCSPC) with the hybrid detector HPM-100-40 was 

performed. The detector is coupled to the NDD port of the LSM 710. FLIM images (512 

× 512 pixel) were taken at a temporal resolution of 256 time channels within a pulse 

period of 12.5ns. Final settings: 60sec collection time; ≈ 15µsec pixel dwell time; 132.5 

× 132.5 µm2 scanning area, EC Plan-Neofluar 40x/1.30 oil objective, 730nm excitation 

wavelength and 460/60 bandpass emission filter.  

 

Figure 9: Process of an NADH FLIM analysis of HEK 293 cells 
An autofluorescence image section (upper, left panel) with 512 x 512 pixel. For each pixel, a photon 
distribution over time (lower panel) is measured. After the excitation pulse, photons hitting the detector 
are counted within a time frame of 12.5ns (here only the first 5ns are displayed), which is separated into 
256 time channels. The photon number for each time channel is displayed as the blue dots in the lower 
panel. Due to technical setting, the decay does not start immediately after the pulse. The automatic 
generation of the instrumental response function (IRF, green) supports the decay calculation (red curve) 
to start at the right time. For our analysis, I chose a biexponential decay with lifetimes fixed to 400ps 
and 2500ps (see right part of the lower panel). The upper middle panel shows the autofluorescence 
image with the mean NADH lifetime (τmean (ps)) coded in false-color. The corresponding color-scale 
and a frequency distribution of the pixel are displayed on the upper right side.  

 

Data were recorded using SPCM 9.6 and subsequently analyzed using SPCImage 5.0 

assuming a biexponential decay. Final analysis settings: lifetime components fixed to 
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400ps and 2500ps for free and protein-bound NADH, binning four for whole cell and 

binning two for subcellular analysis, threshold adapted to background, shift fixed at a 

pixel of clear NADH signal. The mean lifetime (τmean) was calculated and fitting of the 

calculated lifetime curve was checked by checking the mean χ2, which should be below 

1.2. For subcellular analysis, region of interests (ROIs) were manually drawn with at 

least ten ROIs analyzed per image. 

 

 Determination of intracellular pH  

Cells were seeded similarly to NADH FLIM experiments. For staining, 1µM BCECF-

AM was diluted in Tyrodes buffer and cells were incubated for 15min. After three 

washing steps with DPBS, cells were incubated in the respective cell culture medium 

for at least 15min at 37°C in the microscope to allow the intracellular pH adjust to the 

conditions in the microscope. BCECF-AM was excited using 405nm, 458nm and 

488nm. Ratios of the emission at 525nm with the different excitation wavelengths 

(405/488, 458/488, 405/458) allow estimating pH alterations. Absolute pH values were 

related to the emission ratios by performing a calibration according to the nigericin-

high potassium method (Rink et al., 1982). Cells were incubated in calibration solutions 

with distinct pH, supplemented with 25µM of the K+/H+ ionophore nigericin. 

Consequently, the intracellular pH adjusts to the pH of the calibration solution. 

Calibration was executed at five different pH values ranging from 7.0 to 8.0. Each of 

the three emission ratios were converted to a pH-value and the mean pH value was 

calculated. Analysis was performed using the Zeiss Zen2010 software. 

 

 Determination of mitochondrial matrix pH  

Mito-SypHer, which was a gift from Nicolas Demaurex (Addgene plasmid # 48251), is 

a ratiometric fluorescent protein sensitive to pH alterations, which is targeted to the 

mitochondrial matrix. Mito-SypHer was virally expressed and its localization to the 

mitochondria was checked microscopically. Transduced cells were seeded according 

to the FLIM protocol. Mito-SypHer was excited at 405nm and 488nm and the emission 

was recorded at 525nm. According to the nigericin-high potassium method, pH values 

were assigned to the emission ratio at both excitation wavelengths (405/488). In the 

APP-overexpressing model and their respective control cells, Mito-SypHer was 

quantified using FACS analysis. Mean FL1 fluorescence was related to pH using the 

nigericin-high potassium method described above. Lack of ratiometric analysis was 
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overcome by counting 20 000 cells per sample and by separate calibrations for each 

cell model. 

 

 Parallel NADH FLIM/pH Imaging 

Lentiviral expression of vector containing pHred targeted to the cytoplasm and SypHer 

targeted to the mitochondria allows parallel imaging of mitochondrial and cytosolic pH 

as well as NADH autofluorescence. NADH and pH imaging were performed as 

described above. For NADH autofluorescence imaging a 436/20 emission filter was 

used to control and exclude Mito-SypHer being detected in the FLIM channel. Snap-

images of Mito-SypHer and Cyto-pHred were acquired first in order to avoid bleaching 

during the longer exposure for NADH FLIM measurements. 



3. Results 

3.1. Reduced mitochondrial respiration is conferred by Aβ but not APP 

Both APP and Aβ are discussed as possible causes for mitochondrial distrubances in 

Alzheimer´s Disease. To analyze the role of APP versus Aβ in AD-associated 

mitochondrial dysfunction, I overexpressed APP695 or BACE1 in HEK 293 cells 

(Fig.10a). 

 

Figure 10: APP processing in HEK 293 cells overexpressing APP or BACE1 
a) APP and BACE1 expression in HEK 293 cells transduced with APP pUltra-hot, BACE pUltra-hot or 
the empty control vector pUltra-hot, detected by western blotting using 6E10 α-Aβ antibody (Covance) 
and D10E5 α-BACE1 antibody. β-actin as a loading control was detected using AC-15 α-β-actin antibody 
(Sigma). b) Fold change of protein expression in HEK APP pUltra and HEK BACE pUltra versus control 
cells (HEK pUltra) by quantification of western blots. Western blots of three independent protein samples 
were analyzed with a total of 9 images. APP and BACE1 levels were corrected for β-actin loading control 
and normalized to the levels of control cells, which were set to 1. Error bars indicate standard 
error. c) Quantification of sAPP and Aβ secretion rates using ELISA, which were corrected for the 
collection time and the mean cell number during collection time. Results were normalized to the mean 
values of control cells, which were set to 1. The mean values of 3 independent experiments measured 
in duplicates are shown. Error bars indicate standard error. Figure and figure legend are taken from 
Schaefer et al.,2016 (Schaefer et al., 2016). 

First, I analyzed APP processing in those cell lines compared to the HEK pUltra control 

cells. HEK APP display a twofold overexpression of APP, no marked change in the 

beta to alpha cleavage and accordingly about twofold higher levels of secreted Aβ. In 

contrast, HEK BACE have a 30fold increase in their level of BACE1, as the 

endogenous levels of BACE1 are very low in HEK 293 cells. This results in a strong 

shift towards β-cleavage and a 5fold elevation of secreted Aβ40 (Fig.10 b/c). 
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Consequently, the resulting model systems display either both, higher APP and Aβ 

(HEK APP) or just higher Aβ levels (HEK BACE). 

 APP but not BACE Overexpression results in mitochondrial Alterations 

To evaluate mitochondrial function in HEK APP versus HEK BACE, high-resolution 

respirometry in an Oroboros Oxygraph-2k was performed. An uncoupler-inhibitor 

protocol for intact cells revealed a significantly reduced Routine respiration as well as 

ETS capacity in APP overexpressing cells but no marked alterations upon BACE 

overexpression (Fig.11a). As complex IV is known as a potential target, I assessed 

complex IV capacity alone, following the standard SUIT protocol for intact cells. 

Though, only a tendency in HEK APP could be observed, indicating complex IV not to 

be the most affected. To control for differences in mitochondrial mass, cells were 

stained with MitoTracker Green FM and analyzed using FACS. In addition, citrate 

synthase (CS) activity was determined as a marker for mitochondrial mass. Both 

markers do not indicate any alterations of mitochondrial mass in these cells (Fig.11b). 

In contrast, mitochondrial membrane potential is altered in HEK APP, but not in HEK 

BACE cells (Fig.11c). Interestingly, I observed an increase in membrane potential in 

APP overexpressing cells going along with reduced respiration in those cells. This 

renders possible, that the reduced respiration is based on respiratory control due to 

mitochondrial hyperpolarization and a rather intrinsic switch from oxidative 

phosphorylation to glycolysis. Consequently, I measured lactic acid release and also 

doubling time of the cells, but both showed no differences between the cell lines 

(Fig.11d, e). This renders an intrinsic metabolic switch to glycolysis unlikely. To sum 

up, I could demonstrate that APP but not BACE1 overexpression in HEK 293 cells 

results in mitochondrial disturbances, indicating rather an APP-mediated mitochondrial 

toxicity. 
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Figure 11: Mitochondrial alterations following APP but not BACE overexpression in HEK 293 
cells 
a) Oxygen consumption of the cells was corrected for ROX and normalized to the Routine respiration of 
HEK pUltra, which was set to 1. The mean of 7 (HEK pUltra), 8 (HEK APP pUltra) and 8 (HEK BACE) 
independent experiments, each measured in duplicate, are shown. Error bars indicate standard error. 
Significance versus control was calculated using Kruskal-Wallis test with Dunn´s method for correction 
of multiple comparison. b) Mitochondrial mass measured as Mitotracker Green FM fluorescence (MT 
Green) using FACS analysis or citrate synthase activity (CS activity). The mean values of 5 independent 
experiments measured in triplicate (MT Green) and 6 independent experiments measured in technical 
duplicates (CS activity) are shown, all normalized to control cells. Error bars indicate confidence intervals 
(95%). Significance versus control was calculated using Kruskal-Wallis test with Dunn´s method for 
correction of multiple comparison. c) Mitochondrial membrane potential was measured by staining the 
cells with the fluorescent dyes DiOC6, TMRM or JC-1 and subsequent analysis using FACS. Dead cells 
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were excluded by gating in the FSC/SSC plot. Mean fluorescent intensities or the ratio of FL1/FL2 for 
JC-1 were corrected for the uncoupled control cells and normalized to HEK pUltra, which were set to 1. 
Means of 7 (DiOC6), 6 (TMRM) and 3 (JC-1) independent experiments are shown, each measured in 
triplicates. Error bars indicate standard error. Significance versus control was calculated using Kruskal-
Wallis test with Dunn´s multiple comparison for DiOC6 and TMRM and One-way ANOVA with 
Bonferroni´s multiple comparison for JC-1. d) Calculated doubling time in the 48h period between 
seeding of the cells and high-resolution respirometry. The mean of 10 independent experiments is 
shown. Error bars indicate confidence intervals (95%). e) Measurement of lactic acid concentration in 
the conditioned medium in which also respirometry is performed in. Results of 5 independent 
experiments are shown, each measured in technical duplicates. Outcomes were corrected for collection 
time and mean cell number during collection time, and were finally normalized to the release rate of 
control cells, which was set to 1. Error bars indicate confidence intervals (95%). Figure and figure legend 
were modified from Schaefer et al.,2016 (Schaefer et al., 2016). 

 

To validate whether this also counts true for other cells, I created stable Neuro-2a cells 

overexpressing APPmyc or BACE HA (Fig.12a). Similar to HEK 293 cells, respirometry 

revealed a reduced routine respiration and ETS capacity following APP overexpression 

but no effect following BACE overexpression (Fig.12c). No alterations in doubling time 

or mitochondrial mass, measured using MitoTracker Green FM, were observed (Fig.12 

b, d). This is analogue to HEK 293 cells, further indicating APP to impair mitochondrial 

respiration. 

 

Figure 12: APP overexpression reduces mitochondrial respiration in Neuro-2a cells. 
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a) APP and BACE1 overexpression in N2a cells stably transfected with HA-phCMV3, APP695-
CMV(myc) or BACE-phCMV3(HA) detected by western blotting using α-HA antibody (Sigma) and 9E10 
α-myc antibody (Sigma). β-actin as a loading control was detected using AC-15 α-β-actin antibody 
(Sigma). b) Calculated doubling time in the 48h period between seeding of the cells and high-resolution 
respirometry. The mean of 5 independent experiments is shown. Error bars indicate confidence intervals 
(95%). c) High-resolution respirometry of stably transfected N2a cells in an Oxygraph-2k. Oxygen 
consumption of the cells was corrected for ROX and normalized to the Routine respiration of N2a HA, 
which was set to 1. The means of 10 independent experiments, each measured in duplicate, are shown. 
Error bars indicate standard error. Significance was calculated using Kruskal-Wallis test and Dunn´s 
multiple comparison test. d) Mitochondrial mass measured as MitoTracker Green FM fluorescence 
using FACS analysis. The mean fluorescence in the FL1 channel was normalized to control cells, which 
was set to 1. The mean values of 5 independent experiments measured in triplicate are shown. Error 
bars indicate confidence intervals (95%). Figure and figure legend were taken from Schaefer et al.,2016 
(Schaefer et al., 2016). 

 

 Gamma Secretase Inhibitor rescues mitochondrial Respiration in HEK 

APP  

As APP overexpression increases both, APP protein levels and Aβ levels, I cross-

checked whether the reduced mitochondrial respiration is truly not mediated by Aβ. 

For this purpose, HEK APP cells were treated with increasing concentration of a 

gamma secretase inhibitor, preventing Aβ formation. The gamma secretase inhibitor 

(GSI) did not increase respiration in control cells and only had a slight negative effect 

on mitochondrial respiration at a concentration of 5nM. In contrast, GSI increased 

respiration in APP overexpressing cells at 0.1nM and 1nM (Fig.13a). This becomes 

even more evident when being normalized to the respective control cells treated with 

the same GSI concentration. Upon increasing GSI concentrations, the respiratory 

reduction by APP is rescued more and more (Fig.13b). In contrast to the previous 

results, this clearly indicates that the mitochondrial respiration is reduced by Aβ. 
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Figure 13: Gamma secretase inhibitor treatment rescues mitochondrial respiration in HEK APP 
pUltra. 
a) High-resolution respirometry of HEK pUltra and HEK APP treated with 0 / 0.1 / 1 / 5nM GSI, performed 
in an Oroboros Oxygraph-2k. Oxygen consumption of the cells was corrected for ROX and normalized 
to the Routine respiration of HEK pUltra without GSI, which was set to 1. Means of at least 8 independent 
experiments measured in duplicates are shown. Error bars indicate standard error. Significance was 
evaluated for different GSI concentrations versus untreated control using Kruskal-Wallis test and Dunn´s 
multiple comparison test. b) Differences in respiration of HEK APP pUltra to the respective control cells 
treated with the same concentration of GSI and normalized to Routine respiration of control, which was 
set to 1. Lower asterisks indicate significances of HEK APP pUltra versus HEK pUltra, upper asterisks 
indicate significances between the differences (HEK APP pUltra to HEK pUltra) of GSI treated to 
untreated cells. Significance was calculated using Kruskal-Wallis test and Dunn´s multiple comparison 
test. Figure and figure legend were taken from Schaefer et al.,2016 (Schaefer et al., 2016). 

 

3.2. Mitochondrial Toxicity of Aβ is dependent on its intracellular Localization 

In order to unify these conflicting results, I had a closer look at the APP processing and 

Aβ production upon GSI treatment of HEK pUltra and HEK APP. Interestingly, I did not 

observe a decrease in Aβ secretion in cells treated with 0.1nM and 1nM GSI (Fig.14a), 

despite a rescue effect of GSI on respiration at these concentrations. However, 

western blotting of the APP c-terminal fragments (CTF) revealed an accumulation of 
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the c-terminal fragments, both CTFα and CTFβ, already at these low GSI 

concentrations (Fig.14c, d).  

 

Figure 14: Intracellular but not extracellular Aβ correlates with the rescue of mitochondrial 
respiration following GSI treatment. 
a) Quantification of Aβ38, Aβ40 and Aβ42 secretion rates using ELISA. Secretion rates were corrected 
for the collection time and the mean cell number during collection time. Results were normalized to the 
mean values of untreated HEK pUltra, which were set to 1. The mean values of at least 3 independent 
experiments measured in technical duplicates are shown. Error bars indicate standard 
error. b) Intracellular Aβ40 levels measured by ELISA and displayed as absolute raw counts normalized 
to untreated control cells, which were set to 1. Error bars indicate standard error. c) Accumulation of 
APP-CTF detected by western blotting using α APP C-terminus-antibody (Sigma). d) Fold change of 
APP-CTF accumulation in HEK pUltra and HEK APP pUltra normalized to untreated cells (set to 1) by 
quantification of western blots. Western blots of three independent protein samples per condition were 
analyzed with 3 images each. Equal loading was ensured by BCA protein assay and β-actin loading 
control. Error bars indicate standard error. Figure and figure legend were taken from Schaefer et al.,2016 
(Schaefer et al., 2016). 

 

This demonstrates a reduced Aβ production coinciding with a stable Aβ secretion. 

Consequently, I checked for the intracellular Aβ levels in HEK pUltra and HEK APP via 

ELISA of cell lysates. Indeed, I found a clear tendency of reduced intracellular Aβ40 
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already starting at a concentration of 0.1nM GSI (Fig.14b). Accordingly, there is a 

strong coincidence of decreasing intracellular Aβ levels with the rescue effect of 

mitochondrial respiration, strongly indicating a pronounced effect of intracellular Aβ on 

mitochondrial function. 

 APP but not BACE1 Overexpression increase intracellular Aβ in 

HEK293 Cells 

Next, I was interested in whether differences in intracellular Aβ can explain why there 

are mitochondrial alterations upon APP but not upon BACE overexpression in HEK 

293 cells. Consequently, I measured intracellular Aβ in HEK pUltra, HEK APP and HEK 

BACE. Indeed, I found significantly higher intracellular Aβ levels in HEK APP versus 

control cells, but not in HEK BACE (Fig.15b). Additional evidence for an intracellularly-

localized toxic product is provided by our “transduction reduction assay”. The 

expression plasmids additionally encode for mCherry, which I used to determine 

transduction strength over a time period of 14 days using FACS analysis. Transduced 

and untransduced cells are in the same culture dish, so both are exposed to the same 

extracellular stressors. As lentiviral vectors integrate stably into the genome, reduction 

of transduction strength is due to a selective advantage of untransduced over 

transduced cells. Accordingly, I could demonstrate that transduction reduction is 

significantly higher in HEK APP (Fig.15a), which have the highest level of intracellular 

Aβ. 

To verify that extracellular Aβ does not compromise mitochondrial respiration, I treated 

naïve HEK 293 cells for 18h with conditioned medium derived from HEK pUltra, HEK 

APP or HEK BACE. Performing high-resolution respirometry demonstrated, that none 

of the respiratory states was altered (Fig.15c), underlining that extracellular Aβ does 

not cause any mitochondrial alterations. 

Finally, I was interested whether the altered localization of Aβ in HEK APP versus HEK 

BACE is also evident in a different intracellular distribution, especially with respect to 

mitochondria. For this purpose, I performed immunoelectron microscopy using 6E10 

antibody, which binds to both APP and Aβ. Subsequently, I analyzed mitochondria-rich 

regions and quantified the portion of mitochondrially localized to total APP/Aβ 

normalized to the mitochondrial area in the respective image section. As demonstrated 

in Fig.15d, HEK APP have a significantly higher portion of APP/ Aβ localized to the 

mitochondria. 
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Figure 15: APP as against BACE1 overexpression results in higher intracellular Aβ and a 
reallocation towards mitochondria. 
a) Reduction of transduction strength quantified by measuring mCherry fluorescence of living cells by 
FACS analysis. Fluorescence was normalized to the first day of measurement (day 0) which was set to 
1. Means of 3 independent experiments each with at least 2 time points of analysis per time interval are 
displayed. Error bars indicate standard error. Significance versus control was calculated using One-way 
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ANOVA with Bonferroni´s Multiple comparison. b) Intracellular Aβ40 levels measured by ELISA and 
displayed as absolute raw counts normalized to control cells, which were set to 1. Error bars indicate 
standard error. Significance was calculated using unpaired two-tailed t-test. c) High-resolution 
respirometry of naïve HEK 293 cells treated with conditioned medium from HEK pUltra, HEK APP pUltra 
or HEK BACE pUltra for 18h, Oxygen consumption of the cells was corrected for ROX and normalized 
to the Routine respiration of HEK sn pUltra, which was set to 1. Means of 6 independent experiments 
measured in duplicates are shown. Error bars indicate standard error. Significance was evaluated 
versus control using Kruskal-Wallis test with Dunn´s multiple comparison for routine respiration and 
One-way ANOVA with Bonferroni´s multiple comparison for Leak respiration and ETS 
capacity. d) Quantification of mitochondrially localized portion of APP/Aβ determined by 
immunoelectron microscopy. Per experiment, at least 20 images of mitochondria-rich regions were 
taken and all immunogold particles were counted manually. Means of 3 independent experiments are 
displayed. Error bars indicate standard error. Significance was calculated using unpaired two-tailed t-
test. e) Exemplary image for the immunogold-staining of Aβ/APP in HEK 293 cells. Figure and figure 
legend were taken from Schaefer et al.,2016 (Schaefer et al., 2016). 

 

In summary, these results suggest that Aβ rather than APP impairs mitochondrial 

respiration. In addition, I underline the importance of the localization of Aβ with respect 

to its toxic effects. Indeed, Aβ only confers a toxicity on mitochondria when being 

localized intracellularly and maybe even needs to be associated directly to 

mitochondria. Accordingly, in polarized cells like neurons, differently localized Aβ might 

be an underlying reason for selective mitochondrial disturbances. 

 

3.3. Optimization of NADH FLIM for Metabolic Imaging 

 Optimization of the Analysis Procedure 

In order to be able to measure mitochondrial function on the subcellular level, my 

second aim was to establish and validate fluorescence lifetime imaging of NADH as a 

quantitative tool for assessing mitochondrial respiration. First, a calibration curve with 

NADH in solution was measured to confirm a linear relationship of NADH concentration 

and NADH autofluorescence signal (Fig.16a). More controversial is the way of 

analyzing NADH lifetime. For NADH in solution, the lifetime should be around 400ps 

as there is no protein-bound NADH. Thus, I analyzed image sections either with a 

monoexponential decay with unfixed lifetime (Fig.16b, red) or with a biexponential 

decay fixing lifetime components to 400ps for free NADH and 2500ps for protein-bound 

NADH (Fig.16b, green). Displaying the mean NADH lifetime over signal intensity 

shows that upon a high photon count for calculation of the decay, both approaches end 

up with the expected lifetime of about 400ps (Fig.16b). Though, at lower photon counts, 

calculations are more precise for fixed lifetimes. To check whether this is also true for 

NADH signal from cells, which is a real mixture of free and protein-bound NADH, I 

compared NADH image sections from HEK 293 cells. NADH signal per pixel for decay 



Results 

49 
 

calculation was varied using the binning function of the SPCImage software. In addition 

lifetime values had to be normalized within each image section, as different cells had 

slightly different “real” decay times. Normalization to the analysis with the highest 

binning (9) was performed, as the calculation is the most precise there. Like in our 

previous results, a biexponential decay with fixed decay components is superior to the 

biexponential decay with free decay components (Fig.16c). Furthermore, this 

experiment provided a good guiding value of the autofluorescence intensity necessary 

for a valid lifetime calculation and thus for future binning settings. 

 

Figure 16: Determination of FLIM data analysis settings 
a) Measurement of free NADH in PBS using 2-photon excitation with a Ti:Sa laser and a Zeiss LSM710. 
Each concentration of the NADH solution was measured 5 times. NADH autofluorescence intensity was 
calculated with a binning of 10 using SPCImage. b) Lifetime analysis of free NADH using either a 
monoexponential decay without determination of t1 (red) or a biexponential decay with components 
fixed to 400ps and 2500ps (green). 5 image sections per NADH concentration were analyzed and each 
pair of value is displayed c) Lifetime analysis of untreated HEK 293 cells. Background was elimated 
using ROI to avoid binning of background signal. Lifetime portions were calculated using a biexponential 
decay with free decay times (red) or fixed decay times to 400ps and 2500ps (green). 3 independent 
image sections were analyzed with binning running the gamut from 1 to 10.  
 

 Optimization of the Aquisitional Parameteres 

Next, technical parameters for NADH autofluorescence imaging were optimized. The 

first criterium was achieving a high autofluorescence intensity important for precise 

calculation of the fluorescent lifetimes and good spatial resolution. Furthermore, a high 
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signal to noise ratio and a high metabolic delta upon inhibition of respiration, which 

would indicate that mostly NADH is detected, are important.  

For two-photon excitation, excitation wavelengths between 710nm and 750nm were 

tested with respect to the aforementioned criteria. The best compromise was observed 

at 730nm excitation (Fig.17a). For emission filters, I first took a spectrum of 

autofluorescence using 730nm excitation. The emission spectrum was relatively broad 

peaking between 450nm to 500nm (Fig.17b). Similarly, the delta between untreated 

and respiratory-impaired cells was the strongest at these wavelengths. Subsequently, 

I evaluated 3 potential filters. It is known that there is a slight spectral shift of NADH to 

shorter wavelength upon protein-binding. Similarly, I detected a longer mean NADH 

lifetime in the 436/20 filter compared to the 470/20 filter. Though, signal intensity as 

well as metabolic delta were best with the broadest band pass filter (Fig.17c), so I 

decided for using the 460/60 filter. Finally, I evaluated excitation strength trying to find 

the best compromise between signal strength and bleaching or decrease of metabolic 

delta due to stressing the cells. Bleaching was measured as signal intensity to nominal 

signal intensity (black, left y-axis) either upon modification of the recording time (solid 

line) or upon modifying laser power (dashed line). Likewise, the metabolic delta (red, 

right y-axis) was analyzed upon varying the excitation strength. As there was less 

bleaching upon increasing recording time but the metabolic delta was less affected 

upon increasing the laser power at the low power level (Fig.17d), I decided for a 

3.64mW excitation power on the sample for 1min.  
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Figure 17: Optimizing technical settings for metabolic NADH FLIM 
a) Variation of the two-photon excitation wavelength for NADH FLIM. Signal intensity (black, n=3), signal 
to noise ratio (light grey, n=3) and metabolic delta upon rotenone treatment (dark grey, n=2) were 
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assessed of 5 image sections per experiment, normalized to 740nm excitation. b) Autofluorescence 
spectrum of untreated (black) and rotenone-treated (red) HEK 293 cells at 730nm excitation. 2 
independent experiments with 5 image sections analyzed per experiment. c) NADH FLIM of HEK 293 
cells using three different emission filters. At least 3 independent experiments, with 5 image sections 
analyzed per condition. d) Intensity as portion of nominal intensity (black) or metabolic delta (red) are 
displayed in dependance of excitation strength. Variation of excitation energy by changing laser power 
(dashed lines, 2.2mW to 8.56mW) or recording time (continuous lines, 0.5min to 3min). At least 3 
independent experiments, with 5 image sections analyzed per condition. All error bars indicate SEM.   

 

3.4. Validation of NADH FLIM by Correlation to Respirometry 

To bring NADH FLIM from a qualitative to a quantitative measure of mitochondrial 

respiration, I performed a correlation of NADH FLIM to high-resolution respirometry. 

This was realized in HEK 293 cells upon metabolic modification using an uncoupler 

and an inhibitor of the respiratory system. NADH FLIM was willingly not corrected for 

any potential influencing factors to reveal an unbiased correlation.  

Upon titrations of rotenone (Fig.18a) or FCCP (Fig.18c), the course of respiration 

resemble that of mean NADH lifetime (Fig.18b, d). Plotting mean NADH lifetime over 

respiration revealed linear correlations of both parameters within the single treatments 

used for metabolic modification (Fig.18e). However, the slopes of the linear 

correlations are significantly different (Tab.3), so there is no overall linear dependance 

of respiration and NADH lifetime. Consequently, this indicates that there is an 

influencing factor of NADH FLIM coming into play differently when using these 

metabolic modifiers. 
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Figure 18: Quantitative correlation of respirometry and NADH FLIM 
a/c) High-resolution respirometry performed in intact HEK 293 cells in an Oroboros Oxygraph-2k. 
Oxygen consumption of the cells was normalized to Routine respiration, which was set to 100%. The 
means of 7 independent experiments, each measured in duplicate, are shown. Error bars indicate 
standard error. b/d) Quantification of the NADH fluorescence lifetime after titrations of rotenone (b) or 
FCCP (d) in HEK 293 cells determined by NADH FLIM in conditioned medium at 37°C with ambient 
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Figure 19: Uncoupler-inhibitor protocols reveal deviations in respirometry and NADH FLIM 
a) Comparison of the oxygen flux (dark grey bars, left y-axis) and NADH FLIM (light grey bars, right y-
axis) of HEK 293 cells treated with an inhibitor (1mM potassium cyanide (CN-), 5µM antimycin A, 1µM 
rotenone) or uncoupler (1.5µM FCCP) of the mitochondrial respiratory system or a combination. At least 
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3 independent experiments were performed, each measured in duplicates for respirometry or for NADH 
FLIM each with 50 cells imaged per condition. Error bars indicate standard error. b) NADH fluorescence 
intensity (dark grey bars, left y-axis) and NADH redox state (light grey bars, right y-axis) of HEK 293 
cells treated with an inhibitor (1µM rotenone) or uncoupler (1.5µM FCCP) of the mitochondrial 
respiratory system or the combination. At least 3 independent experiments were performed, each with 
50 cells imaged per condition (for autofluorescence intensity) or measured in triplicates (for biochemical 
redox state). Error bars indicate standard error. c/d/e) Representative image sections of HEK 293 cells 
(c), primary astrocytes (d) and 3T3 fibroblasts (e) treated with FCCP, rotenone or the combination of 
both in their conditioned culture medium. The mean lifetime of NADH is false-color coded with the 
corresponding color-palette to be shown below the images. The white bar has a length of 20µm. Figure 
and figure legend are modified from Schaefer et al.,2017 (Schaefer et al., 2017). 

 

 The Confounding Factor of NADH FLIM is associated to the 

Protonmotive Force 

To further nail down this biasing influencing factor, I performed an FCCP titration in 

HEK 293 cells pretreated with rotenone (blocked respiration) versus non-pretreated 

cells. Despite pretreatment with an inhibitor of respiration accompanied by a short 

NADH lifetime, FCCP treatment strongly increased NADH lifetime (Fig.20a). This 

clearly demonstrates that the underlying cause must be independent of respiration. 

Interestingly, I observed significantly longer NADH lifetimes, especially at low FCCP 

concentrations, in the cells with a blocked respiratory chain, whereas the NADH 

lifetimes approximated at higher FCCP concentrations (Fig.20a). These lifetime 

alterations could also be visualized using false-color coding (Fig.20b). Regarding the 

theoretical background, FCCP releases the proton gradient over the inner 

mitochondrial membrane. Concurrently complex I, III and IV try keeping the proton 

gradient stable by increasing proton pumping to the intermembrane space. 

Consequently, upon blockage of the mitochondrial respiratory system, lower amounts 

of FCCP are sufficient to diminish this proton gradient (Fig.20a, right panel). 

Consequently, I hypothesized that alterations in mitochondrial matrix pH or membrane 

potential could be the sought-after influencing factor.  
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Figure 20: Respiratory inhibition enhances the effect of FCCP on NADH lifetime 
a) Quantitative analysis of NADH lifetime after an FCCP-titration in HEK 293 cells pretreated with mock 
(green) or rotenone (red). Means of 4 independent experiments, each with 50 cells per condition, are 
displayed. Error bars indicate standard error. Significance versus untreated cells was evaluated using 
the Mann-Whitney test (** p< 0.01; *** p< 0.001). The impact of FCCP on cells and their ETS with and 
without rotenone pretreatment is drafted in the right panel. b) Representative NADH FLIM image 
sections of HEK 293 cells pretreated with mock or 1µM rotenone after the addition of 0µM, 0.75µM or 
1.5µM of FCCP. NADH lifetime is coded in false-colors as indicated below. The white bar has a length 
of 10µm. Figure and figure legend are modified from Schaefer et al.,2017 (Schaefer et al., 2017). 

 

 The Mitochondrial Matrix pH confouds NADH FLIM 

To test mitochondrial matrix pH or membrane potential to affect NADH lifetime and to 

differentiate between these two factors, I applied valinomycin. Valinomycin is a 

potassium ionophore resulting in a potassium influx into the mitochondrial matrix. 

Consequently, the electrical gradient over the inner mitochondrial membrane is 

reduced, while the chemical gradient is even further increased (Fig.21a, right panel). 

Indeed, treating HEK 293 cells with valinomycin resulted in a stimulated respiration 

(Fig.21a, dark grey bars) but a shorter NADH lifetime (Fig.21a, light grey bars). 

Visually, this effect could be attributed to mitochondrial NADH primarily (Fig.21b). This 
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demonstrates that alterations in the mitochondrial matrix pH strongly confound 

metabolic measurements using NADH lifetime. 

 

Figure 21: NADH lifetime is influenced by respiration and pH 
a) Comparison of the oxygen flux (dark grey bars, left y-axis) and NADH FLIM (light grey bars, right y-
axis) of HEK 293 cells treated with valinomycin ± rotenone. Two independent experiments were 
performed in respirometry, each measured in duplicate and 3 independent experiments are shown for 
NADH FLIM, each with 50 cells analyzed per condition. Error bars indicate standard error. The impact 
of valinomycin on the membrane potential and matrix pH is drafted in the right panel. b) Representative 
image sections of NADH FLIM of HEK 293 cells treated with valinomycin and untreated control in their 
conditioned culture medium. The color code displays the mean lifetime of NADH. The corresponding 
color-palette is shown below the images. The white scale bar has a length of 10µm. Figure and figure 
legend are modified from Schaefer et al.,2017 (Schaefer et al., 2017). 
 

3.5. Mitochondrial Matrix pH as Determinant of NADH Fluorescence Lifetime 

To directly verify the effect of pH on NADH lifetime, I varied extracellular medium pH 

from 6.5 to 8.0. Analogue, the intracellular pH, measured using BCECF-AM, adapted 

extenuatedly (Fig.22a). Assessing mean NADH lifetime of the whole, untreated cells 

revealed shorter NADH lifetimes upon increasing pH (Fig.22b). This goes in line with 

the longer NADH lifetimes observed upon mitochondrial acidification with FCCP. 

Subsequently, NADH lifetime alterations in untreated cells upon extracellular pH 

modification were subcellularly analyzed for nucleus, cytoplasm and mitochondria-rich 

regions. I found a linear dependance of cytoplasmic and nuclear NADH lifetime on the 

intracellular pH (Fig.22c). Interestingly, the mitochondrial NADH lifetime was not 
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altered. This does also count true for mitochondrial NADH autofluorescence intensity 

(Fig.22d), whereas cytoplasmic and nuclear NADH intensity changed upon intracellular 

pH alterations. As the inner mitochondrial membrane is rather impermeable for protons 

in untreated cells, the lack of effect in mitochondrial NADH could possibly be due to a 

rather stable mitochondrial matrix pH upon modifying extracellular pH. Accordingly, in 

an acidic environment the protonmotive force would shift towards a higher ∆pH and a 

lower ∆Ψ and vice versa in a more alkaline environment (Fig.22e) 

 

Figure 22: Quantitative assessment of the influence of pH on NADH lifetime in cellular 
compartments 
a) Mean intracellular pH of untreated, intact HEK 293 cells in medium with different pH values 
determined microscopically using BCECF-AM. 4 independent experiments were performed, each with 
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50 cells analyzed per condition. b) NADH lifetime of untreated, intact HEK 293 cells in medium with 
different pH values. Means of 5 independent experiments, each with 50 cells per condition, are shown. 
c/d) Subcellular analysis of nuclear (red), cytoplasmic (green) or mitochondrial (grey) NADH lifetime (c) 
and intensity (d) alterations with intracellular pH. A representative experiment of (b) was analyzed with 
at least 50 cells per condition. Linear regressions were calculated, shown by the colored lines. e) 
Schematic draft of changes in mitochondrial pH and in the composition of the protonmotive force upon 
variation of intracellular pH. Figure and figure legend are modified from Schaefer et al.,2017 (Schaefer 
et al., 2017). 

 

To check the hypothesis of a higher ∆pH at a more acidic intracellular pH, HEK 293 

cells cultivated in medium with different pH were treated with FCCP+rotenone. 

Thereby, the inner mitochondrial matrix becomes permeable for protons and the 

protonmotive force dissipates. Mitochondrial matrix pH alterations upon this treatment 

were measured using Mito-SypHer, a pH-sensitive GFP derivate targeted to the 

mitochondrial matrix. Indeed, at the more acidic pH environment, the mitochondrial 

matrix is more strongly acidified (Fig.23a) by FCCP+rotenone, confirming our 

hypothesis. Accordingly, the treatment causes the earlier reported elongation of NADH 

lifetime (Fig.23b). In contrast, when the matrix pH alteration is less pronounced, 

FCCP+rotenone causes shorter NADH lifetimes as it would be expected because of 

the respiratory inhibition (Fig.23b). To quantify the effect of pH on NADH lifetime in 

mitochondria, mitochondrial NADH lifetime alterations (Fig.23b) were plotted over 

mitochondrial matrix pH alterations (Fig.23a) resulting in a linear dependence 

(Fig.23c). Similarly, I could reveal a linear dependence of NAD+/NADH redox state on 

pH, demonstrating that this pH dependence is not only lifetime-associated.  

Indeed, comparing the effect size of pH on the NADH lifetime for the different 

subcellular compartments (slopes of the regressions in Fig.22c, Fig.23c), it becomes 

evident that the effect size of pH on NADH lifetime is the largest in mitochondria 

(Tab.4). In addition, under physiological conditions, the mitochondrial matrix pH is the 

most variable, being inseparable from alterations of mitochondrial respiration. To sum 

up, I could demonstrate mitochondrial matrix pH as an essential factor to be considered 

in metabolic imaging of NADH. 
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 Correction for Matrix pH Alterations strongly improves the Correlation 

of Respiration and NADH Lifetime 

Next, I checked whether correction for matrix pH alterations improves the correlation 

of respiration and NADH lifetime (see Fig.18e). For this purpose, the endpoints of the 

FCCP and rotenone titration were analyzed subcellularly for mitochondrial-rich regions. 

Results are displayed in Fig.24a as the black squares. These were connected by lines, 

as I already know the linear characteristics of the single substance titrations. 

Subsequently, I measured the mitochondrial matrix pH alterations upon the treatments, 

multiplied it with the effect size of pH on NADH lifetime (slope of Fig.23c, Tab.4 

“mitochondria”), resulting in a pH-induced lifetime alteration (calculation see Tab.5). 

Subsequently, NADH lifetimes in the correlation were corrected for this pH-induced 

lifetime alteration, resulting in a pH-corrected correlation of respiration and mean 

mitochondrial NADH lifetime (Fig.24a, green squares and lines). This shows a strongly 

improved linearity for the whole correlation, spanning the substances used for 

metabolic modification. The same was done for the NADH - respiration correlation 

using valinomycin. Similarly, the correlation becomes more linear after pH correction 

(Fig.24b). In summary, this demonstrates that mitochondrial matrix pH is the major 

confounding factor in measuring mitochondrial respiration using NADH FLIM. What is 

more, these results underline that correcting for pH effects allow for valid measurement 

of mitochondrial respiration. 

 

Figure 24: Correction of mitochondrial NADH lifetime for mitochondrial matrix pH reveals a linear 
dependance of mitochondrial NADH lifetime on cellular respiration 
a) The end points of the FCCP and rotenone titrations in NADH FLIM (see Fig.18 b/d) were analyzed 
subcellularly for mitochondrial NADH lifetimes and compared to respiration (see Fig.18 a/c), resulting in 
the black rhombs. The green rhombs represent the NADH lifetime values corrected for the mitochondrial 
matrix pH - induced lifetime alterations in the respective conditions. Separate linear regressions for the 
FCCP and the rotenone part were added according to the observations in figure 18. Means of at least 3 
independent experiments, each with 50 cells per condition, are shown. b) NADH FLIM experiments of 
valinomycin (see Fig.21a) were analyzed subcellularly for mitochondrial NADH lifetimes and compared 



Results 

63 
 

to respiration, resulting in the black rhombs. The green rhombs represent the NADH lifetime values 
corrected for the mitochondrial matrix pH - induced lifetime alterations in the respective conditions. 
These were calculated by multiplying the respective pH delta with the pH dependency of mitochondrial 
NADH lifetime as assessed in Fig.23c. Means of at least 3 independent experiments, each with 50 cells 
per condition, are shown. All error bars indicate standard error. Figure and figure legend are modified 
from Schaefer et al.,2017 (Schaefer et al., 2017). 
 

Table 5: Calculation of the required pH correction in Figure 22 

 

 

 Parallel Imaging of Matrix pH and NADH Lifetime 

To make full use of the superior spatial resolution of NADH FLIM in assessing 

mitochondrial respiration, the necessary matrix pH has to be assessed with the same 

resolution in the same cells. Consequently, I established parallel NADH-pH imaging.  

 

Figure 25: Parallel measure of pH and NADH FLIM for metabolic imaging 
Representative image sections of parallel measurements of NADH lifetime, cytosolic pH using pHred 
and mitochondrial matrix pH using SypHer in HEK 293 cells treated with 1.5µM FCCP and 1µM rotenone 
in medium with pH 7.2. NADH lifetime is coded in false-colors with red indicating shorter lifetimes. Ratios 
of the emissions at the different excitation wavelengths of the pH-sensitive dyes are false-color coded 
with red indicating a more alkaline pH. The white bars have a length of 20µm. Figure and figure legend 
are modified from Schaefer et al.,2017 (Schaefer et al., 2017). 

  



Results 

64 
 

For this purpose, I created a lentiviral vector containing SypHer targeted to the 

mitochondrial matrix and pHred, another pH-sensitive dye, being located in the 

cytoplasm. First, pH measurements were conducted using snap-imaging with 

ratiometric excitation and subsequently NADH FLIM of the same cells was performed. 

Exemplary image sections of HEK 293 cells in medium with pH: 7.25 and treated with 

FCCP+rotenone are displayed in Fig.25. As respiration is blocked, these images 

underline the association of pH and NADH lifetime and illustrate the potential of parallel 

assessment of both parameters. 

 

3.6. Application Examples for NADH FLIM in Neuroscience 

 Visualization of the mitochondrial Dysfunction in HEK APP   

To demonstrate the suitability and sensitivity of the improved NADH FLIM for detecting 

pathophysiological mitochondrial disturbances, I applied it on the HEK APP cells I 

previously characterized metabolically. These cells displayed just a slight, but highly 

significant reduction in Routine respiration of about 10-15% as measured by the 

Oroboros Oxygraph (see Fig.11a). Similarly, in NADH FLIM, here already precorrected 

for mitochondrial matrix pH, HEK APP showed a significantly shorter NADH lifetime 

compared to control cells (Fig.26a, homogenate bars). To control that the different 

NADH lifetime is not due to an altered protein content between the different stable cell 

lines, the NADH lifetime was also compared following respiratory blockage by 

rotenone. Indeed, NADH lifetime was not significantly different after rotenone treatment 

(Fig.26a, dashed bars), underlining that the difference in untreated cells is due to 

respiratory activity. Furthermore, the comparison to rotenone-treated cells allows to 

estimate the magnitude of the mitochondrial defect in HEK APP. Equal to the Oroboros 

experiments, NADH FLIM reveals a reduction of respiration of about 15%, confirming 

the quantitative readout of matrix pH corrected NADH FLIM.  

This difference in NADH lifetime can not only be quantified very well, but can further 

be visualized to evaluate mitochondrial function on the subcellular level (Fig.26b). In 

contrast, no morphological differences of mitochondria between HEK pUltra and HEK 

APP could be found (Fig.26c). This indicates, that despite a postulated morpho-

functional association, small defects in mitochondrial function are not necessarily 

detectable by morphological analysis using electron microscopy. Consequently, NADH 

FLIM takes a unique position in visualizing mitochondrial function. 
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Figure 26: NADH FLIM in HEK APP 
a) pH-corrected NADH fluorescence lifetime in stably transduced HEK 293 cells (for respiration see 
Fig.11a). Mean mitochondrial NADH lifetime of 6 independent experiments with at least 50 cells per 
experiment. Respiration was blocked by 1µM rotenone. For mitochondrial matrix pH correction, 6 
independent experiments were performed using FACS analysis and NADH lifetime was corrected for 
pH-induced lifetime alterations (calculated as described in Tab.5). Error bars indicate standard error. 
Significance was evaluated using t-test with Welch correction for unequal variance. b) Representative 
image sections of (a) displaying the pH-corrected mean lifetime of NADH coded in false-colors. 
Corresponding color palette is shown below. The white bars have a length of 10µm. The upper panel 
shows the whole cells and the lower panel is analyzed for mitochondrial NADH. c) Mitochondrial 
morphology analyzed by TEM. Sizes are displayed in the µm-range. Whiskers indicate 5-95 percentile. 
3 independent experiments are shown with more than 500 mitochondria analyzed per condition. Figure 
and figure legend are modified from Schaefer et al.,2017 (Schaefer et al., 2017). 
 

 Redox Index of Primary Neurons using the NADH-pH Combination 

The superiority of evaluating mitochondrial function on the subcellular level becomes 

even clearer in polarized cells like primary hippocampal neurons. According to our 

previous findings, the localization of Aβ plays a decisive role in its mitochondrial 

toxicity, putting forward that different neuronal regions are affected differently. Here I 

demonstrate that the parallel measurements of NADH FLIM and matrix pH can easily 
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be transferred to primary hippocampal neurons (Fig.27), allowing to unravel such 

subcellular differences. Currently, this system is used to compare mitochondrial 

function between somata and neurites in PHN overexpressing AD-related proteins by 

Moritz Niederschweiberer, a medical doctoral candidate I am co-supervising. 

 

Figure 27: NADH FLIM / pH measurements in primary hippocampal neurons 
Exemplary image sections of a primary hippocampal neuron at DIV 14, transduced with Mito-SypHer at 
DIV7. NADH FLIM and mitochondrial matrix pH were measured before and after rotenone (1µM) 
treatment in the same neuron and each are displayed in false-color coding.  
 

 Revealing metabolic Interactions in Co-culture Systems using NADH 

FLIM  

Neurons are highly specialized cells for transmitting electrical signals, being supported 

by glial cells, amongst others with respect to cellular energy metabolism. Conventional 

respirometry experiments did not allow evaluating energy metabolism under these 

more physiological conditions. In contrast, NADH FLIM features the spatial resolution 

to assess energy metabolism on the single cell level, also in co-cultures, for example 
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of primary hippocampal neurons and primary astrocytes (Fig.28a). Analyzing the 

NADH profile, with the mean NADH lifetime and the lifetime alteration upon respiratory 

blockage, demonstrates that especially the neuronal energy metabolism is strongly 

altered in co-culture (Fig.28b). Currently, this is further investigated and combined with 

our pH measurements by Franz Ricken, a master student in molecular medicine that I 

am co-supervising. 

 

Figure 28: NADH FLIM of neuron-astrocyte co-cultures 
a) NADH lifetime of primary hippocampal neurons at DIV 14 (left), of primary astrocytes (right) and a co-
culture of both displayed with the similar false-color coding of NADH lifetime. b) NADH profiles of 
astrocytes (black) and neurons (red), alone (squares) and in co-culture (triangles). NADH profiles 
encompass mean NADH lifetime of untreated cells (y-axis) and the NADH lifetime alteration upon 
respiratory inhibition (x-axis). Each dot represents an image section from a total of 2 independent 
experiments.  
 

 NADH FLIM in Organotypic Hippocampal Brain Slices 

Finally, I also demonstrate the suitability of NADH FLIM for assessing cellular energy 

metabolism in organotypic hippocampal brain slices. Similar to the previous results, 

NADH lifetime shortens upon rotenone treatment (Fig.29a). Although corresponding 

pH measurements are pending at the moment, this underlines the potential of NADH 

FLIM to analyze mitochondrial function in different regions of the brain comparatively. 
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I could further show, that even in slices I do achieve a cellular resolution despite just 

measuring autofluorescence (Fig.29b). 

 

Figure 29: NADH FLIM of organotypic hippocampal brain slices 
a) NADH lifetime images (false-color coded) of adult mouse organotypic hippocampal brain slices at 
DIV 0 being untreated (left), or treated with antimycin A to block respiration (right). b) NADH lifetime 
image of the CA2 region of a postnatal mouse organotypic hippocampal brain slices at DIV 4. The white 
scale bar has a length of 500µm. 
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To sum up, here I demonstrate that NADH FLIM complemented with matrix pH imaging 

features the sensitivity and spatial resolution needed to gain new insights into 

pathophysiological alterations of mitochondrial function.  



4. Discussion 

4.1. Mitochondrial Alterations in Alzheimer´s Disease 

Alike most neurodegenerative diseases, Alzheimer´s disease is characterized by 

mitochondrial disturbances, which are thought to play an important role in the 

pathogenesis (Parihar and Brewer, 2007, Swerdlow et al., 2014). Though, the 

underlying mechanism of the mitochondrial dysfunction, comprising the reason for a 

selective mitochondrial vulnerability (Martin, 2012) or the toxic stimulus (García-

Escudero et al., 2013), is not well understood. Both APP and Aβ have been assigned 

a mitochondrial toxicity (Anandatheerthavarada and Devi, 2007, Kaminsky et al., 

2015). The first aim of my thesis was to clarify the role of the amyloid precursor protein 

and amyloid beta in the mitochondrial dysfunction in the context of Alzheimer´s 

disease, especially with regard to their physiological subcellular localization.   

For that purpose I analyzed the effect of APP and Aβ on mitochondrial function in HEK 

293 and N2a cells. In line with previous studies performing an APP overexpression 

(Eckert et al., 2012, Chang et al., 2015, Krako et al., 2013), I also found a reduced 

mitochondrial respiration in HEK APP (Fig.11a) and N2a APPmyc (Fig.12c) cells. In 

literature this effect is mostly assigned to Aβ (Rhein et al., 2010), based on reports of 

Aβ treatment impairing mitochondrial function and complex IV activity in isolated 

mitochondria and permeabilized cells (Rhein et al., 2009, Casley et al., 2002b, Bobba 

et al., 2013). Though, upon APP overexpression both APP and Aβ levels are elevated, 

not allowing any conclusions (Fig.10). Indeed, I did not find a reduced mitochondrial 

respiration upon BACE1 overexpression (Fig.11a, 12c), despite an even stronger Aβ 

production and secretion (Fig.10c). Interestingly, whereas many model systems for 

AD-associated mitochondrial dysfunction use APP overexpression, I am not aware of 

many studies using BACE1 overexpression, although this would be a straight forward 

approach for demonstrating Aβ as the assumed trigger. Together, this indicates rather 

an APP mediated mitochondrial toxicity at first glance.  

However, I could rescue the reduced mitochondrial respiration following APP 

overexpression by treatment with a gamma secretase inhibitor (Fig.13b). This goes in 

accordance with recent studies demonstrating beneficial effects of modulators or 

inhibitors of the gamma secretase (Mitani et al., 2012, Pohland et al., 2015, Sheng et 

al., 2009). Interestingly, I already observed a rescue effect on the mitochondrial 

respiration at concentrations that were not sufficient to decrease Aβ secretion (Fig.13b, 

14a). Therefore, it is important to consider potential side effects of GSI. These 
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encompass an impairment of Notch signaling (Sisodia and St George-Hyslop, 2002), 

a reduction in AICD release and an accumulation of APP c-terminal fragments. All 

three are rather reported to result in a decrease of mitochondrial activity (Devi and 

Ohno, 2012, Landor et al., 2011), potentially explaining the slightly reduced respiration 

of control cells treated with the highest concentration of GSI in our experiments 

(Fig.13a). Consequently, these side effects of GSI are unlikely to be causative for the 

rescue effect I observed, also because APP overexpressing cells were compared to 

controls treated with the same GSI concentration. Despite no alterations of Aβ 

secretion at 0.1nM and 1nM of GSI, I detected an accumulation of both CTFα and 

CTFβ at these concentrations (Fig.14c/d), indicating an alteration in APP processing 

and a reduced Aβ production at these concentrations. This goes in line with previous 

findings, reporting APP c-terminal fragment accumulation preceding the reduction of 

Aβ secretion. Similar to our experiments, the LY450139 gamma secretase inhibitor 

was used in this study (Mitani et al., 2012). Here I could detect that the low GSI 

concentrations primarily diminish the intracellular Aβ levels (Fig.14b). Gamma 

secretase is rather ubiquitous in the cell and so the localization of Aβ production is 

quite variable (Haass et al., 2012, Yonemura et al., 2016). Moreover, the gamma 

secretase complex is not uniform but is an assembly of several proteins with different 

isoforms (Yonemura et al., 2016). Consequently, one might speculate that the GSI 

used in my study has a higher affinity to a gamma secretase isoform being accountable 

for intracellular Aβ. To sum up, this result promotes the idea of intracellular Aβ causing 

the mitochondrial disturbances.  

However, it is necessary to harmonize the results obtained with GSI with those of HEK 

BACE, as these rather indicated no Aβ-mediated mitochondrial toxicity. Indeed, I could 

demonstrate that APP but not BACE overexpression result in higher intracellular Aβ 

(Fig.15b). This further underlines the association of intracellular Aβ levels and reduced 

mitochondrial respiration. The altered ratio of intra- to extracellular Aβ can be explained 

by a study reporting that a strong BACE overexpression results in an earlier cleavage 

of APP and thus an altered Aβ deposition (Lee et al., 2005). Accordingly, I found a 

higher percentage of APP and Aβ localized to the mitochondria in APP compared to 

BACE overexpressing HEK 293 cells (Fig.15d). Indeed, Aβ localization in mitochondria 

has already been reported in several studies (Caspersen et al., 2005, Gouras et al., 

2010, Benilova et al., 2012, Pagani and Eckert, 2011). Also the final gamma cleavage, 

releasing Aβ, has been demonstrated in mitochondrial associated membranes and 
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even in mitochondria (Schon and Area-Gomez, 2013, Pavlov et al., 2011). This 

highlights the importance of the subcellular localization of APP processing in 

determining the final Aβ localization and thereby its toxic effects. In my model systems 

the uptake of Aβ did not play a major role, as treatment with conditioned media 

containing elevated Aβ concentrations did not have any effect on mitochondrial 

respiration (Fig.15c). This is in contrast to previous reports (Cha et al., 2012) and could 

be due to cell specific characteristics. Especially in neurons it might be different, as 

neurons have a higher endocytosis rate. Although the mechanism of Aβ transport is 

different from cell to cell, here I could demonstrate that for mediating a mitochondrial 

toxicity, Aβ needs to be localized intracellularly and maybe associated to mitochondria. 

This brings into play the selective vulnerability of mitochondrial and cell populations. 

For example in a transgenic mouse model of AD, an altered morphology of synaptic 

mitochondria in the CA1 region of the hippocampus was found by electron microscopy 

(Xu et al., 2017). In another study, mitochondria isolated from different brain regions 

of transgenic AD mouse models were investigated, demonstrating synaptic 

mitochondria from hippocampus and cortex to be the most affected (Dragicevic et al., 

2010). Further characterizing these selective mitochondrial disturbances, also with 

respect to Aβ localization, will offer a deeper understanding and more targeted therapy 

for AD. 

 

4.2. NADH FLIM as a quantitative metabolic Tool 

Measuring NADH autofluorescence is a promising approach allowing the evaluation of 

mitochondrial function on the subcellular level. Although the idea is in the field for 60 

years now (Chance, 1954), NADH autofluorescence measurements did not succeed 

in becoming a standard approach in bioenergetics. On the one hand, this is due to the 

technical challenge and on the other hand due to NADH being an indirect marker of 

cellular energy metabolism, with many influencing factors confusing the results. These 

include for example NADPH, protein composition, viscosity, pH or inner filter effects 

(Stringari et al., 2011, Niesner et al., 2008). In contrast, a very direct approach like 

respirometry, using oxygen consumption as the readout, made it to the gold standard 

in cellular bioenergetics. The second aim of my thesis was developing a microscopical 

tool based on NADH autofluorescence to quantify mitochondrial function with high 

spatial resolution. For that purpose I performed an unbiased correlation of NADH FLIM 

and high-resolution respirometry to identify the most important influencing factor(s) in 
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metabolic NADH imaging, trying to enable NADH FLIM becoming a quantitative 

bioenergetic approach.  

First, the technical settings with respect to excitation and emission were optimized. 

NADH has a very broad emission overlapping with several other autofluorophores of 

the cell such as tryptophan and pyridoxin at lower wavelengths and flavins and 

lipofuscin at longer wavelength (Di Guardo, 2015, Monici, 2005, Andersson et al., 

1998). This signal overlap is reduced upon usage of a more specific excitation of 

NADH. Though, to achieve the strongest possible signal intensity and specificity for 

NADH, I defined intensity and the metabolic delta of intensity and lifetime as my main 

criteria. The metabolic delta is the normalized change of the autofluorescence to 

respiratory inhibition, as this condition will mostly alter NADH signal. For excitation 

strength, recent studies ranged from 3mW to 8mW laser power and 1min to 4min 

collection time for FLIM acquisition (Mazumder et al., 2013, Rück et al., 2014). 

Compared to that I used a rather low excitation energy to avoid any bias because of 

phototoxicity.  

The highest controversy in the technical part of NADH FLIM is the analysis procedure. 

Roughly, there are to major portions, the free and the protein-bound NADH, resulting 

in a biexponential decay (Lakowicz et al., 1992). Though, dependent on the protein 

NADH is bound to, the protein-bound NADH lifetime was reported to differ strongly 

(Vishwasrao et al., 2005, Blinova et al., 2005). This resulted in publications defining up 

to eight lifetime components of NADH (Vergen et al., 2012). Also NADPH was 

demonstrated to be separable from NADH on the lifetime level, defining it as a 

component with a decay time of about 3.5ns (Blacker et al., 2014). In addition, 

environmental factors might cause the lifetimes of those components to shift in one or 

the other direction, further confusing these multiexponential decays. Consequently, 

multiexponential analysis with a free variation in the number of decay components 

exceeds the potential information in low autofluorescence signal (Becker, 2015). 

Moreover, it is in contrast to the idea of a standardization of NADH FLIM as a 

quantifiable tool in bioenergetics.  

Thus, here I decided for fixing the NADH lifetimes to 400ps and 2500ps. This provides 

a more stable calculation of the mean NADH lifetime with minimal signal intensity 

needed, allowing a higher spatial resolution (Fig.16). This might reduce the information 

encoded by shifts of single lifetime components, but provides the basis for common, 

standardized NADH FLIM analysis. 
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To enable a quantitative readout of mitochondrial respiration by NADH FLIM, cellular 

energy metabolism had to be modified in a well-controlled way. This was achieved by 

using inhibitors and uncouplers of the mitochondrial respiratory system and by 

monitoring the metabolic modifications in an Oroboros Oxygraph. Respirometry control 

is crucial, as especially uncouplers are very ambivalent. They stimulate respiration up 

to a certain concentration, whereas even a slight overdose results in a complete 

collapse of respiration (Gnaiger, 2014). To make NADH FLIM and respirometry the 

most comparable, HEK 293 cells were used for establishing, as they can be cultured 

both, adherently or in suspension. Indeed, I found a good correlation of respiration and 

NADH lifetime within the titrations of single metabolic modifiers (Fig.18). However, the 

impaired respiration after an inhibitor-uncoupler combination could not be mirrored by 

NADH FLIM (Fig.19). As this was true for a range of inhibitors of the mitochondrial 

respiratory system, the confounding factor is more likely to be associated to 

uncoupling. This goes in line with a recent report describing an effect of uncoupling on 

NADH lifetime (Drozdowicz-Tomsia et al., 2014). Considering possible confounding 

factors in this situation, alterations in protein content are out of question, as the 

chemical treatments confer their effect within minutes. It can further be excluded that 

any of the imaging-associated factors like inner filter effects (French et al., 1998) 

account for the observation, as I could detect a similar change in the NAD+/NADH 

redox ratio biochemically (Fig.19b). Accordingly, NADPH can also not account for the 

observation because the biochemical approach is specific for NAD(H) versus 

NADP(H). Upon uncoupling, a slight increase in temperature was reported (Kiyonaka 

et al., 2013). Though, this increase is expected to be the highest as long as the 

respiratory system is still pumping protons in the intermembrane space and not after 

blockage of the proton pumping. Thus, the mitochondrial matrix pH and the 

mitochondrial membrane potential are the only factors with characteristics fitting to the 

observed confounding factor. Whereas FCCP reduces both, matrix pH and membrane 

potential, valinomycin reduces membrane potential, but alkalinizes the mitochondrial 

matrix (Selivanov et al., 2008). Valinomycin showing opposite effects on NADH lifetime 

compared to FCCP (Fig.21) demonstrates that mitochondrial matrix pH is the sought-

after confounding factor in the scenario of an uncoupler-inhibitor combination. Beyond 

that, correction for mitochondrial matrix pH could linearize the unbiased correlation of 

respiration and NADH lifetime (Fig.24), indicating that matrix pH is the major 

influencing factor in metabolic imaging using NADH. This is in accordance with a recent 
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study using NADH lifetime changes as a marker for pH (Ogikubo et al., 2011). 

However, the associated implications for metabolic imaging have not yet been taken 

into account. For this purpose, it is important to consider to what extend my study, 

modifying energy metabolism artificially, mirrors physiological conditions.  

Concerning mitochondrial matrix pH as an influencing factor, the physiological 

relevance is given. Mitochondrial respiratory complexes I, III and IV pump protons to 

the intermembrane space and the electrochemical gradient is used by complex V for 

ATP production. Accordingly, mitochondrial matrix pH is inevitably connected to the 

respiratory activity of the electron transport system. Thus, matrix pH has to be taken 

into account in any case. Although the absolute alterations in matrix pH were rather 

low in HEK 293 cells, this could be due to the highly glycolytic phenotype of those cells. 

Indeed, matrix pH in primary hippocampal neurons showed a change of 0.5 pH units 

upon respiratory inhibition, exceeding the matrix pH alteration of HEK 293 cells by 

more than tenfold (Tab.5, Fig.27). Similarly, in literature mitochondrial matrix pH is 

described to vary strongly, reporting a dynamic range of up to 1 pH unit (Santo-

Domingo and Demaurex, 2012). This goes along with a low pH-buffering in the 

mitochondrial matrix (Poburko et al., 2011) to allow for a strong pH gradient over the 

inner mitochondrial membrane. A potential scenario of not correcting for matrix pH is 

drafted in Figure 30. A healthy mitochondrion, with an intermediate long NADH lifetime 

encoded in green, becomes damaged. This results in a lower mitochondrial respiration, 

which would shorten NADH lifetime as indicated by the red color. Simultaneously, the 

lower mitochondrial respiration coincides with reduced proton pumping to the 

intermembrane space, resulting in a drop of the protonmotive force and thus an 

acidification of the mitochondrial matrix. In turn, an acidification results in a longer 

NADH lifetime, as reported by us. Consequently, the damaged mitochondrion would 

have a similar NADH lifetime as the healthy one, making NADH FLIM useless in 

differing between the healthy and the damaged mitochondrion. Although this is just a 

scenario here, multiple studies reported a similar coincidence of reduced respiration 

and reduced mitochondrial membrane potential (Chowdhury et al., 2015, Yao et al., 

2011, Amo et al., 2011). This highlights the significance of my finding also for metabolic 

imaging under physiological conditions. 
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Figure 30: Uncorrected NADH FLIM is not able to differ between healthy and damaged 
mitochondria 
Drafted NADH lifetime is false-color encoded with red indicating a short, green an intermediate and blue 
a long lifetime. A damage of the ETS results in both, a reduced respiration entailed by a shorter NADH 
lifetime and a matrix acidification entailed by a longer NADH lifetime. Consequently, a damaged 
mitochondrion is not distinguishable from a healthy one by uncorrected NADH FLIM. 
 

The next question would be, whether all potential influencing factors that could occur 

physiologically are taken into account by my study.  

One major difference is, that in monolayer cells there is no connective tissue containing 

collagen or elastin, which both are autofluorescent (Mycek, 2003). However, both can 

be separated spectrally quite well from NADH, as demonstrated by multiple studies 

characterizing skin cancer by NADH autofluorescence (Sanchez et al., 2010, Balu et 

al., 2013, Pires et al., 2014). In addition, connective tissue is more important for the 

applications in the skin (Weinigel et al., 2015) than for brain imaging. 

Concerning the way of how energy metabolism of the cells was modified in my study, 

one major difference is that most mitochondrial disturbances do not occur within 

minutes but there are long-term changes. Accordingly, alterations in protein 

composition are likely to occur under physiological conditions, as demonstrated in 

several studies (Francis et al., 2014, Baracca et al., 2010, Thomas et al., 2012). 

Furthermore, not only general alterations in protein composition could confuse single 

cell metabolism measurements, but also differences between single cells of a rather 

heterogeneous population such as neurons. Thus, differences in protein composition 

are another important influencing factor. One idea to overcome this is the redox index 

(Bartolomé and Abramov, 2015). The redox index defines the redox state of untreated 

cells within the dynamic range upon metabolic modification. For example cells, in which 

the redox state does not alter upon stimulation of respiration but strongly upon 

blockage, already have a very high respiration. This can also be adapted for NADH 
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lifetime. The classification within the dynamic range is advantageous as changes in 

protein composition shift both, the current NADH lifetime as well as its range. Though, 

matrix pH still has to be taken into account because matrix pH is shifted upon inducing 

the “fully oxidized” and “fully reduced” redox state. Consequently, combining parallel 

NADH FLIM – pH measurements with the idea of the redox index might be a very 

promising approach. This implies that from one cell, each, pH and NADH lifetime needs 

to be measured before and after respiratory inhibition. Indeed, I could show that this is 

possible, even in primary hippocampal neurons (Fig.27). 

Another difference of my study to physiological conditions is that I only simulated 

artificial modifications of the respiratory system and not respiratory regulation. Indeed, 

physiologically the ADP/ATP ratio is of importance in regulating respiration (Kay et al., 

1997). Thus, one should discuss to what extend NADH FLIM can measure such 

respiratory differences. Roughly, NADH FLIM measures the accumulation of NADH in 

the mitochondrial matrix. This accumulation is mainly determined by the balance of 

TCA-activity to ETS-activity. When the ETS is blocked, the high ADP/ATP ratio drives 

the TCA, resulting in an accumulation of NADH. Thus, defects of the ETS can be 

measured by NADH FLIM. When cellular energy expenditure is decreased, a low 

ADP/ATP ratio will result in a lower ETS-activity. Though, simultaneously the TCA-

activity could be decreased. Indeed, the TCA is regulated primarily by substrate 

availability and by product inhibition for example by NADH. Although ATP is an 

allosteric inhibitor, it only plays a secondary role. Accordingly, NADH should also 

accumulate under the condition of an altered cellular energy demand. This is verified 

by regarding the opposite situation of an increased energy demand as simulated by 

FCCP. FCCP induces a high ADP/ATP ratio driving both the ETS- and TCA-activity. 

Nonetheless, FCCP-induced changes could be measured quantitatively by NADH 

FLIM (Fig.18). This indicates that NADH FLIM can detect differences in mitochondrial 

respiration due to cellular energy expenditure. However, defects in the TCA can most 

likely not be detected by NADH FLIM, presenting a limitation of NADH as a metabolic 

indicator of mitochondrial function.   

Another difficulty can arise when mitochondrial NADH cannot be separated well from 

the cytoplasmic NADH. Mostly, NADH concentration in the mitochondria is more than 

tenfold higher than in the cytoplasm (Stein and Imai, 2012), allowing a clear image of 

the mitochondrial network by just an autofluorescence intensity image. However, in 

some cells subcellular NADH pools might be hard to distinguish, such as in primary 
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hippocampal neurons and especially in co-culture with astrocytes (Fig.28). Possible 

explanations could be a strong oxidative environment in the mitochondria due to high 

activity and simultaneously a reduced environment in the cytoplasm due to lactate 

uptake (Pellerin and Magistretti, 2012, Hung et al., 2011). However, the underlying 

reason for neurons having a shorter NADH lifetime when in co-culture with astrocytes 

needs further investigation. Nevertheless, it is worthwhile to be aware of influencing 

factors of cytoplasmic NADH. pH alterations do play a minor role, as cytoplasmic pH 

is reported to be more stable under physiological conditions (Casey et al., 2010). In 

contrast, the lactate/pyruvate ratio plays a major role underlining that medium 

composition has to be taken into account (Hung et al., 2011). In addition, cytoplasmic 

NADH is dependent on glycolysis levels (Drozdowicz-Tomsia et al., 2014). 

Accordingly, cytoplasmic NADH can be used as a readout for glycolysis, allowing 

detecting shifts from OxPhos to glycolysis and vice versa. Without the claim to be 

quantitative, this provided the basis for distinguishing tumor from healthy cells (Walsh 

et al., 2013). Indeed, I observed, if at all, minor changes in cytoplasmic NADH upon 

mitochondrial defects (Fig.19c). Consequently, for measuring mitochondrial 

respiration, cytoplasmic and nuclear NADH are only of secondary importance. 

Despite the role of the redox state as a metabolic indicator, especially NAD+ levels 

gain more and more attention in the regulation of cell metabolism (van de Ven et al., 

2017). Several reports could demonstrate a beneficial effect of increasing NAD+ levels 

(Fang et al., 2016, Titov et al., 2016). With respect to this, my study could unravel a 

potential new link by interconnecting mild uncoupling and NAD+/NADH redox state 

(Fig.20a). Mild uncoupling has been mostly described to improve cellular health by 

reducing oxidative stress and ROS, due to a lower mitochondrial membrane potential 

(Mailloux and Harper, 2011). Indeed, I could show that mild uncoupling acidifies 

mitochondrial matrix pH, especially of mitochondria with a low activity of the ETS 

(compare Fig.23a and Tab.5). In turn, this results in an increase of NAD+ levels with a 

high selectivity for damaged mitochondria. Thereby mild uncoupling could exert 

beneficial effects specifically. 

The tended area of application for NADH FLIM was unraveling subcellular differences 

in mitochondrial function in Alzheimer´s disease. I could demonstrate that NADH FLIM 

complies with all requirements to achieve this. NADH FLIM shows a good quantifiability 

and accordingly sensitivity to detect even minor changes in mitochondrial respiration 

(Fig.26). Beyond that, I highlight the applicability in mixed cultures and brain slices 
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(Fig.28 and Fig.29) combined with a spatial resolution allowing differing cell and 

mitochondrial populations. Thus, NADH FLIM is deemed to shed further light onto the 

interrelation of intracellular Aβ and selective mitochondrial disturbances. 



5. Summary 

Mitochondrial alterations are a major hallmark of all neurodegenerative diseases and 

are thought to be one underlying cause of neuronal death in Alzheimer´s disease. 

Amyloid β as well as the amyloid precursor protein are said to have a toxic effect on 

the electron transport system, thereby impairing mitochondrial respiration especially in 

neurons of the hippocampus. This high selective vulnerability of different cells and 

mitochondrial populations to toxic stimuli in neurodegeneration is still not understood 

at all. 

The aim of my thesis was to clarify the role of the subcellular localization of Aβ and 

APP on the selective vulnerability of mitochondria and to develop a novel approach to 

visualize mitochondrial respiration microscopically. 

I could demonstrate that reduced mitochondrial respiration is mainly conferred by 

intracellular, most likely intramitochondrial Aβ. This direct effect underlines the rational 

for a selective vulnerability of mitochondrial populations due to cell-specific transport 

differences of APP and Aβ. Consequently, I established an imaging approach based 

on NADH autofluorescence to visualize mitochondrial respiration on the subcellular 

level. By thorough correlations of NADH autofluorescence lifetime to high-resolution 

respirometry I could determine confounding factors, first and formost the pH. Parallel 

imaging of NADH and pH allowed a revolution in using NADH autofluorescence for 

quantifying even subtle changes in mitochondrial respiration on the subcellular level.   

To sum up, I could identify a potential underlying cause of the selective mitochondrial 

vulnerability in Alzheimer´s disease by highlighting the importance of Aβ localization in 

conferring mitochondrial toxicity. In addition, I provide a novel, functional imaging 

approach to shed light onto metabolic alterations of specific mitochondrial pools, cell 

types or brain regions. This will allow to clarify mitochondrial dysfunction not only in 

Alzheimer´s disease but it will provide a ubiquitous tool for multiple metabolic diseases. 
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Figure 31: NADH FLIM as the cornerstone for single cell metabolics in Alzheimer´s Disease 
I could demonstrate that both APP and extracellular Aβ do not impair mitochondrial function. In contrast, 
intracellular Aβ results in AD-associated mitochondrial dysfunction. This could be verified 
microscopically using the innovative combination of parallel NADH – pH imaging. This provides a 
cornerstone in dissecting mitochondrial function of cells in their natural surrounding tissue. 
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