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The pathology of neurodegeneration 
Neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s 
disease (PD), and neuropathological conditions such as epilepsy and 
ischemia/stroke are characterized by neuronal cell death and subsequent loss of 
neuronal circuits. The molecular pathways involved in neuronal decline may be 
different, yet the large-scale loss of neuronal networks generates symptoms that 
are common among different neuropathologies1–5. It is well known that Ca2+ plays a 
crucial role for signaling processes in the brain, and dysregulation of Ca2+ 
homeostasis has been associated with neurodegeneration in vitro and in vivo6–9. 
Not only is Ca2+ flux across the plasma membrane and associated ion channels 
critical, yet intracellular Ca2+ signaling, especially in the mitochondria and at contact 
sites between mitochondria and the ER also has a major impact on neuronal cell 
survival. Therefore, research studies have focused on developing strategies to 
restore physiological Ca2+ signaling in the brain wherein new lines for therapeutic 
interventions may be identified for diseases where Ca2+ dysregulation is relevant to 
disease pathology. To this end, the present work aimed at investigating the 
neuroprotective mechanisms of KCa channel activation and the impact of ER-
mitochondrial connections on pathological Ca2+ signaling in neurons.  
 
KCa channels: a promising target for neuroprotection 
Implications of KCa channels in neurodegeneration 
As reviewed in chapter 2, small conductance Ca2+-activated K+ (SK) channels 
belong to a large family of KCa channels which are expressed throughout the body, 
and which are enriched in different regions in the brain. These channels are subject 
to endogenous regulation by phosphorylation and dephosphorylation events, and to 
a large panel of pharmacological (synthetic and natural) compounds to positively or 
negatively modulate SK channel activity.  
SK channels are activated by changes in intracellular Ca2+ ([Ca2+]i), and their 
activation increases K+ efflux from the cell, thereby inducing membrane after-
hyperpolarization, attenuating [Ca2+]i influx and limiting neuronal firing. 
Pharmacological SK channel activation in different diseases of the brain including 
AD, PD and spinocerebellar ataxia successfully preserved neuronal cell survival by 
preventing hyperexcitation of the respective neurons. Similar to SK channels, the 
KCa channel subtypes BK (large conductance) and IK (intermediate conductance) 
also have protective features. Activation of the voltage-dependent BK channel 
prevented neuronal cell death in primary cortical neurons (PCN) and organotypic 
hippocampal slices in vitro10–12, and in models of ischemia/reperfusion injury in 
vivo13,14. In contrast to BK and SK channels, only few studies have reported on the 
relevance for IK channels in mechanisms of neuroprotection to date. IK channels 
have been described in enteric neurons15, astrocytes16 and microglia17,18. 
Interestingly, in vitro and in vivo models of AD showed that IK channel inhibition, 
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not activation, prevented astrogliosis19–21, a major hallmark of AD. Further, inhibition 
of these channels increased the number of tumor infiltrating microglia22 which 
reduced the infiltration of glioma cells into healthy brain areas, thus indicating an 
involvement of IK channels in neuroinflammatory-like processes.  
The discovery of intracellularly expressed SK channels has provided new insights 
into the potential applications of pharmacological SK channel activating compounds 
(chapter 2). In vitro studies showed that SK channels were present in the ER 
membrane23 and in the mitochondria of neuronal cells24 where they contribute to 
the regulation of Ca2+ homeostasis and to the maintenance of organelle function. 
While the function of mitochondrial SK channels (mitoSK) in neurons is widely 
unknown, more studies have investigated mitochondrial isoforms of the BK 
channel-subtype (mitoBK) in vitro. MitoBK channels induce K+ influx into the 
mitochondrial matrix, thereby lowering the mitochondrial membrane potential, 
decreasing the formation of ROS and attenuating the uptake of Ca2+ into the 
mitochondrial matrix25–27. Pharmacological activation of mitoBK channels by 
NS11021 in PCN challenged with glutamate prevented neuronal decline and 
preserved mitochondrial integrity28. Notably, BK channels have not been identified 
in the ER membrane, and mitochondrial IK channels have not been described in 
neuronal cell types at all.  
Investigating the subcellular expression of all KCa channel subtypes, and identifying 
their potential impact on neuronal survival will increase our understanding of the 
general function of KCa channels inside the cell. With respect to SK channels, I 
characterized intracellularly expressed SK channels in different in vivo (chapter 3) 
and in vitro (chapter 4 and 6) models of neurodegeneration in order to obtain 
mechanistic insights on neuroprotection conferred by activation of these channels 
at the level of the mitochondria. 
 
The role of SK channels during increased neuronal firing: implications in 
epileptogenesis 
Challenging PCN with glutamate elicits an excitotoxic cell death pathway involving 
enhanced Ca2+ influx through glutamatergic receptors (AMPAR/NMDAR), 
subsequent [Ca2+]i dysregulation and cell death29–31. In this paradigm of cell death, 
SK channels currents and SK channel protein expression were reduced in 
hippocampal and cortical neurons several hours after initiation of the damage32,33. 
Thus, enhancing SK channel function during enhanced neuronal excitation is 
thought to prevent neuronal cell death due to the after-hyperpolarizing effect on the 
plasma membrane. Indeed, SK channel activation by the pharmacological agonist 
NS309 protected against cell death in conditions of enhanced neuronal firing in 
vitro, and in models of ischemia in vivo34–36. Furthermore, oral administration of the 
SK channel activator NS13001 restored the physiological function of Purkinje cells 
in a transgenic mouse model of spinocerebellar ataxia37. 
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Dysregulated neuronal firing is a major characteristic of epilepsy, and is caused by 
spontaneous seizures in the temporal lobe leading to hippocampal sclerosis, 
aberrant mossy fiber sprouting and granule cell dispersion38–40. Several animal 
models are used to study seizure generation and increased neuronal activity during 
temporal lobe epilepsy (TLE) in mice or rats such as i) kainate injection into the 
amygdala41–45, ii) pilocarpine administration with or without lorazepam46–48, or iii) 
electrical stimulation of the perforant pathway (PP)49–51. To mimic TLE in vitro, PCN 
are deprived of Mg2+ to induce seizure-like activities in cultured neurons leading to 
neuronal damage through the activation of NMDAR, and subsequent [Ca2+]i 
influx52,53.  
In our study, we used different in vitro and in vivo models showing an involvement 
of SK3 channels in epileptogenesis (chapter 3). In PCN exposed to glutamate 
which increases neuronal firing, we detected a time-dependent reduction in SK3 
channel protein expression, and SK channel activation in PCN deprived of Mg2+ 
was able to restore physiological neuronal firing. In a model of PP stimulation in 
vivo, we found a decrease in SK3 channel protein expression in crude 
mitochondrial fractions as early as 1d following electrical stimulation, and which 
returned to basal levels 8d following stimulation.  
In pilocarpine-treated epileptic rats, SK channel protein expression was also 
decreased and SK channel-mediated outward currents were reduced54,55, thereby 
leading to sustained neuronal network excitation. Notably, SK channel inhibition by 
UCL1684 led to an exacerbation of the epileptic phenotype of the neurons. 
Pilocarpine administration induced status epilepticus (SE), and SK channel protein 
expression was decreased at 10 days following SE in chronic epileptic rats. 
However, we did not see a clear reduction of specific SK channel isoforms unlike 
Schulz and colleagues55 who observed a reduction in the SK2 channel isoform, and 
Oliveira and colleagues54 who reported a decrease in all SK channel isoforms 
(SK1-3). The study by Oliveira and colleagues further showed that that expression 
of SK1 and SK2 channels returned to basal levels at later stages (>1-2 months) 
while SK3 channel protein levels were permanently downregulated starting at 10d 
following SE. A reduction in SK channel expression seems to be common among 
the different model systems of epilepsy, yet the time frame of the disease onset 
and the severity of symptoms may be different between, for instance, the 
pilocarpine and the PP-stimulation model. Thus, future studies should aim at 
investigating the expression of mitochondrial SK3 channels at later stages following 
PP stimulation to compare the results to pilocarpine-induced SE. We propose that 
an alteration in SK channel subcellular localization is a novel factor that requires 
consideration in other established models of epilepsy, since a change in 
mitochondrial SK3 channel levels may not be reflected in the analysis of total 
lysates. Further, a change in intracellular SK channels may also precede changes 
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of SK channels at the plasma membrane, or may even be an independent effect of 
epileptogenesis.  
In addition, differentiating between effects of SK2 and SK3 channel subtypes will 
help to delineate the impact of each SK channel isoform on neuronal function, as 
some studies have indicated a differential effect, for instance, for medium after-
hyperpolarizing currents in hippocampal neurons56,57. SK1 channels can be studied 
apart from SK2/3 channel isoforms using SK1-specific pharmacological activators 
or inhibitors, while most pharmacological compounds have similar potencies in 
activating/inhibiting SK2 and SK3 channels (chapter 2). The use of Kcnn2 and 
Kcnn3-specific knockin animals will add to the current understanding of the 
relevance of these SK channel subtypes in epilepsy. 
 
A new level of regulation: miRNA-135a controls SK3 channel expression in 
epilepsy-like conditions 
KCa channel expression and function underlies a complex regulatory control 
mechanism involving activation/deactivation by (de)phosphorylation, channel 
internalization into endosomes and Ca2+ signaling. In chapter 3, we discovered that 
glutamate-induced excitotoxicity in vitro and PP stimulation in vivo reduced SK3 
channel expression. Interestingly, the mRNA level of SK3 (Kcnn3) was not changed 
following the glutamate challenge, indicating that post-transcriptional mechanisms 
might be involved in the observed reduction in SK3 channel protein expression. 
MicroRNAs (miRNA) are well known post-transcriptional regulators which bind 
target mRNAs and induce mRNA inhibition or degradation58–62. Some miRNAs have 
been identified to alter synaptic plasticity and neuronal excitability by regulating K+ 
channel expression63, and have therefore been linked to neurodegeneration. For 
instance, miRNA-324-5p reduced the expression of the voltage-dependent K+ 
(Kv4.2) channel which has been associated with seizure onset during 
epileptogenesis64. Furthermore, miRNA-9 altered the splice variant expression 
pattern of BK channel subtypes and thereby influenced the alcohol responsiveness 
in rats in vivo and in vitro65. In chapter 3, we identified miRNA-135a as a regulator 
of SK3 channels in PCN. Among other miRNAs, miRNA-135a was upregulated at 
the onset of TLE in human patients, and increased in murine hippocampal neurons 
in different models of epilepsy66–69. Using immortalized hippocampal HT22 cells 
which are deficient in Kcnn3/SK3 channel expression24, we first investigated the 
miRNA-135a-dependent regulation of Kcnn3 mRNA in an inducible system, and 
then continued the functional analysis in PCN strongly indicating that miRNA-135a 
was able to downregulate SK3 channel expression. In future experiments, two 
aspects should be studied in order to confirm our in vitro findings. On the one hand, 
miRNA-135a was shown to reduce SK3 channels in PCN and PP stimulation also 
decreased SK3 channel expression, yet there was no direct evidence showing that 
the reduction of SK3 channel protein levels was miRNA-135a-dependent in the 
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electrically sitmulated animals. Analyzing if and how miRNA-135a 
activity/expression was changed in these animals, and how an increase or 
decrease in miRNA-135a abundance would affect both, the neurological outcome 
of the animals as well as the expression of SK3 channels in the hippocampi, will 
help to understand and evaluate these novel findings. Moreover, it will add to the 
general understanding about miRNA-dependent SK channel regulation in 
physiological and pathophysiological processes, as so far only miRNA-499, being 
upregulated following traumatic brain injury70, was shown to regulate SK3 channel 
expression. On the other hand, SK2 and SK3 channel subtypes share common 
features and have a high sequence similarity. In order to obtain more information 
on potential differences between the isoforms, it would be interesting to screen for 
and discover potential miRNA binding sites in the 3’ untranslated region of SK2 
channels, and to investigate prospective candidate miRNA regarding their 
efficiency in regulating SK2 channel expression and possible implications in 
neurodegeneration.  
 
SK channels in the cardiovascular system: saving heart function by 
pharmacological SK channel agonists? 
So far, the studies described in this thesis focused on SK channels in the brain and 
their impact on mechanisms related to neurodegeneration. Yet, SK channels also 
play a major role in the heart during action potential propagation and in the 
cardiovascular system, indicating that their activation may be beneficial in cardiac 
pathologies. 
SK channels expressed in endothelial cells regulate blood flow and 
relaxation/contraction of the (micro)vasculature by contributing to the endothelium-
derived hyperpolarizing factor (EDHF) system71,72. SK channels open due to 
hyperpolarization-induced increases in [Ca2+]i and activate other K+ channels to 
induce subsequent hyperpolarization of adjacent myocytes. SK channel activation 
by SKA-31 lowered arterial blood pressure in dogs, while SK channel inhibition by 
UCL1684 increased the blood pressure in mesenteric arteries in rats73,74. In 
conditions of hypoxia, SK channel currents and protein levels were decreased 
suggesting that these effects may lead to reduced vasorelaxation75. Activation by 1-
EBIO restored vasorelaxation, enhanced K+ currents in endothelial cells and 
reinforced hyperpolarization of cardiac smooth muscle cells.  
In the heart, SK channels are involved in the late repolarization phase during 
cardiac action potential generation, and their expression is distinct in the atria and 
the ventricles76. Dysregulation of SK channel function or expression might lead to 
cardiac pathologies as, for instance, genetic knockout of SK2 channels (Kcnn2) in 
mice delayed repolarization and induced atrial arrhythmia77. In conditions of 
oxidative stress such as during ischemia/reperfusion injury, pharmacological 
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activation of SK channels by DCEBIO reduced the infarct size and restored the 
pressure in the left ventricle upon reperfusion78.  
Interestingly, SK channel inhibition was reported to have protective anti-arrhythmic 
properties in conditions of atrial fibrillation and heart failure. Perfusion of isolated 
hearts from guinea pigs, rats and rabbits with the SK channel inhibitors ICAGEN, 
NS8593 and UCL1684 abrogated atrial fibrillation to a similar extent than treatment 
with the anti-arrhythmic drug amiodarone79. During heart failure, angiotensin II 
levels were enhanced and induced Ca2+ overload80. Angiotensin II-mediated Ca2+ 
overload led to an increase in the [Ca2+]i sensitivity of SK channels in rabbits81 and 
to an upregulation of their protein expression in rats82. These findings indicate that 
in some conditions, SK channel activity contributed to disease progression due to 
enhanced [Ca2+]i sensitivity, and that inhibition of the channel conferred protection 
against pathological phenotypes affecting heart function.  
Regarding potential future in vivo applications of SK channel modulators for the 
treatment of neurodegenerative disorders and/or cardiac ischemia, the function of 
SK channels in other organs and the diverse effects of SK channels in the heart 
have to be considered. Depending on the route of administration (intraperitoneal, 
intravenous, intramuscular, subcutaneous), these substances might have potential 
side effects at other sites of the body, especially in endothelial cells and in the heart 
which might be harmful rather than beneficial.  
 
Mitochondrial SK channel (mitoSK) isoforms and neurodegeneration 
MitoSK channels enhance mitochondrial resilience and prevent neurotoxicity 
induced by oxidative stress 
Neuronal K+ channels are predominantly expressed at the plasma membrane, yet 
some studies have discovered their expression also at the inner mitochondrial 
membrane (IMM) such as ATP-dependent K+ channels (mKATP), the mitochondrial 
K+/H+ exchanger (mKHE) and KCa channels83,84.  
Among KCa channels, BK channels (mitoBK) at the IMM of neurons were the first to 
be described in human glioma cells85, followed by the identification of SK channel 
isoforms (mitoSK) in mitochondrial fractions obtained from neuronal HT22 cells24. In 
these cells, SK channel currents have been recorded from isolated mitoplasts, and 
pharmacological SK channel activation protected against cell death induced by 
glutamate which leads to oxidative stress and mitochondrial dysfunction24. 
Moreover, SK channel activation in HT22 cells was able to prevent mitochondrial 
damage and cell death in response to H2O2 treatment86.  However, the mechanism 
of SK channel-mediated protection and the relevance of mitoSK channels in 
conditions of oxidative stress is still unclear. 
In chapter 4, we aimed at delineating the impact of mitoSK channels on 
neuroprotection against glutamate and we sought to obtain mechanistic insights 
into SK channel-mediated protection. In order to address this, we used 
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immortalized neuronal HT22 cells as a model system in which glutamate induces 
cell death through oxidative stress and mitochondrial damage, yet independent of 
NMDAR-mediated Ca2+ influx at the plasma membrane87. Thus, this model system 
allowed the specific assessment of the effects of SK channel activation on 
mitochondrial function and integrity. Moreover, adding to investigations on different 
SK channel subtypes (SK2/3), HT22 cells do not express SK3 channels24 rendering 
it a suitable model system to study SK2 channel effects independent of SK3 
channels. By overexpressing mitochondria-targeted SK2 channel plasmids and 
activating mitoSK2 channels by their pharmacological activator CyPPA, we showed 
that an increase in mitoSK2 channel expression enhanced CyPPA-mediated 
preservation of cell viability and prevented mitochondrial demise. In particular, 
CyPPA maintained the mitochondrial membrane potential (ΔΨm), attenuated 
mitochondrial ROS formation and restored cellular ATP levels, effects that were 
enhanced by mitoSK2 channel overexpression. Using acute measurements of 
mitochondrial Ca2+ ([Ca2+]m) uptake, we showed that SK channel activation 
attenuated [Ca2+]m influx in response to stimulation with ATP or carbachol which 
drives Ca2+ release from the ER ([Ca2+]ER). Our findings were confirmed in PCN 
where acute [Ca2+]m uptake stimulation by glutamate was decreased upon SK 
channel activation by NS309. In addition, we unraveled that CyPPA reduced 
mitochondrial respiration. Thus, we postulate that mitoSK2 channels confer 
protection against glutamate-induced oxidative stress through inhibiting [Ca2+]m 
dysregulation and reducing mitochondrial respiration, as will be discussed in the 
following part. 
 
Unraveling the mechanism of mitoSK2 channels: relevance of mitochondrial 
preconditioning and metabolic reprogramming  
Identification of mitoSK2 channels as key regulators of [Ca2+]m homeostasis 
represented the first evidence to show a direct impact of SK2 channels on 
mitochondrial function.  
SK channel activation and/or mitoSK2 channel overexpression attenuated [Ca2+]m 
uptake and blocked mitochondrial ROS formation following glutamate toxicity 
(chapter 4). We suggest that [Ca2+]m uptake was inhibited as CyPPA reduced 
mitochondrial respiration leading to a slight ΔΨm depolarization wherein the driving 
force for [Ca2+]m influx was reduced. Paradoxically, while CyPPA reduced 
mitochondrial respiration, its treatment still provided protection against glutamate-
induced ΔΨm dissipation, mitochondrial ROS formation, loss of mitochondrial 
respiration and ultimately cell death88. These results indicated that restoring 
homeostatic [Ca2+]m levels may only be half of the story. 
Richter and colleagues86 discovered that CyPPA reduced mitochondrial respiration 
and slightly decreased cellular ATP level. In addition, CyPPA increased glycolysis 
in HT22 cells. Metabolic reprogramming from aerobic respiration to glycolyis 
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(Warburg effect89) is a major hallmark of cancer development and progression. 
However, in contrast to the Warburg effect wherein respiration and glycolysis 
change simulatenously, CyPPA reduced mitochondrial respiration in a time frame 
of several hours, while glycolysis was increased much faster. Thus, CyPPA may 
induce metabolic reprogramming to preserve energy generation and to prevent the 
induction of oxidative stress. In support of this concept, we obtained preliminary 
data showing that CyPPA treatment of cells supplemented with galactose-based 
medium induced cell death as the cells are forced to rely on aerobic respiration for 
energy generation. To further prove our hypothesis, co-treatment of HT22 cells with 
CyPPA and 2-deoxyglucose (2DG) to block glycolysis will reveal if the metabolic 
reprogramming is essential. In line with the CyPPA-mediated increase in cell death 
in galactose-based medium where glycolysis is blocked, we expect that CyPPA in 
the presence of 2DG will fail to preserve cell viability following glutamate toxicity. 
Regarding mitochondrial respiration, we expect that the co-treatment with CyPPA 
and 2DG will amplify the glutamate-induced decrease in respiration. 
So far, we observed that CyPPA treatment induced ROS formation, depolarized the 
mitochondrial membrane, reduced respiration (chapter 4 and 5) and increased 
glycolysis86. The effect of CyPPA on energy generation may be explained by 
metabolic repogramming, however, the exact molecular mechanisms inducing ROS 
formation and membrane depolarization are incompletely understood. ROS 
formation is a key player in a protective mechanism called mitochondrial 
preconditioning. The concept underlying mitochondrial preconditioning implies that 
moderate increases in mitochondrial ROS through endogenous mechanisms will 
induce a slight oxidative response without harming the cells. Yet, the pre-exposition 
to ROS will render the cells less vulnerable to future oxidative insults90,91. Similar to 
SK channels, the activation of mitoBK channels, abundant in neurons and cardiac 
cells, protected against cardiac ischemia/reperfusion injury and chronic hypoxia by 
inhibiting ROS formation92,93. Importantly, mitoBK channel-mediated protection in 
these models of cardiac injury was abolished in the presence of the antioxidants 
tempol94 and Mn(III)tetrakis(4-benzoic acid)porphyrin (MnTBAP) to neutralize 
ROS93. Since protection was abolished in the presence of antioxidants, the mitoBK 
channel-induced ROS formation prior to the insult was a major determinant of 
cardioprotection. These findings strongly indicate an involvement of mitoBK 
channels in mitochondrial preconditioning. In favor of this concept, Bednarczyk and 
colleagues95 identified that the β4 subunit of neuronal mitoBK channels interacted 
with complex IV of the respiratory chain, and mitoBK channel activity was 
modulated in the presence of different substrates of the respiratory chain.  
Besides cardiac mitoBK channel isoforms, mitoSK channels are also expressed in 
cardiac cells and their pharmacological activation by 1-EBIO protected against 
ischemia/reperfusion injury78,96. In agreement with mitoBK channel activation, 
cardioprotection by mitoSK channel activation was ROS-dependent as co-
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treatment with the antioxidant TBAP prior to the insult blocked 1-EBIO-mediated 
protection78. This suggests that SK channels may also be involved in mitochondrial 
preconditoning. As described above, we indeed observed that the SK channel 
activator CyPPA induced mitochondrial ROS formation and a slight ΔΨm 
depolarization (chapter 5). In support of this concept, the effect of CyPPA on these 
parameters was much smaller compared, for instance, to the toxic effects of 
glutamate, and CyPPA treatment did not reduce cell viability. Neutralizing CyPPA-
mediated ROS by antoxidants such as mitoquinone in our model system prior to 
the glutamate challenge will reveal if our hypothesis that CyPPA plays a role in 
mitochondrial preconditioning can be verified. Furthermore, a major implication of 
ROS and ROS-related stress responses in the process of ageing has been 
proposed97. According to this theory, ROS and oxidative stress may not be the 
primary cause of ageing, yet they could predispose for age-related damages, and 
thereby increase the lifespan indicating a preconditioning effect. Indeed, moderate 
increases in mitochondrial ROS in young worms led to an increase in their 
longevity98,99, and mechanistically this may involve an upregulation of several stress 
response pathways100. To this end, investigating whether CyPPA may influence 
longevity may be a further approach to unravel the molecular mechanism of 
CyPPA. Since the inhibition of mitochondrial respiratory chain complexes gives rise 
to mitochondrial ROS101–103, it would be worth investigating whether the CyPPA-
mediated increase in mitochondrial ROS is a consequence of altered expression or 
function of individual mitochondrial complexes. 
 
MitoSK3 channels and epilepsy: is there a link between the reduced mitoSK 
channel expression and impaired mitochondrial performance? 
In chapter 3, we described that PP stimulation in vivo downregulated the 
expression of SK3 channels in crude mitochondrial fractions. Interestingly, we also 
observed a decrease in the performance of mitochondrial complex I in the 
electrically stimulated animals which corresponds to previous studies showing an 
impairment of mitochondrial function in different models of epilepsy104,105. 
Given that the SK channel agonist CyPPA reduced basal and maximal uncoupled 
respiration in HT22 cells (chapter 4) which conferred protection against glutamate 
toxicity, we speculate that the impaired performance of mitochondrial complex I in 
the PP-stimulated animals may be linked to the reduction in mitoSK3 channel 
expression, and that SK channel activation could preserve mitochondrial function. 
Further, we propose that SK channel activation in vivo would prevent 
hyperexcitability of the neurons, therefore preventing the impairment of 
mitochondrial function. In order to address this hypothesis, we suggest to 
investigate mitoSK3 channel expression and mitochondrial respiration in models of 
Mg2+ starvation and glutamate excitotoxicity to confirm the effect of epileptogenesis 
on mitochondrial function in vitro. Following these assessments, SK channel 
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agonists and antagonists could be used to investigate whether an increase in SK 
channel activity could restore mitochondrial function. Furthermore, with the help of 
high resolution respirometry and protein analysis, the activity and expression levels 
of individual mitochondrial complexes could be assessed in the presence or 
absence of SK channel agonists. Preliminary data from our group suggest that 
CyPPA decreased the activity of complex I and complex II in HT22 cells and murine 
brain mitochondria, supporting the notion that reduced mitoSK3 channel expression 
and impaired mitochondrial function may be linked during epileptogenesis. In favor 
of this concept, transgenic Kv1.1 knockout mice showed higher levels of complex I-
derived ROS compared to control animals106. Kv1.1 knockout mimicked epilepsy in 
humans, and the impairment in complex I activity was restored by a combination 
treatment using different antioxidants. Thus, restoring complex I function and 
attenuating complex I-derived ROS formation by SK channel activation may 
potentially preserve mitochondrial function during epilepsy.  
 
MitoSK channel function: K+ influx or efflux? 
The function of plasma membrane SK channels in neurons is to induce after-
hyperpolarization through increasing K+ efflux. At the level of the ER, ER-SK 
channel-mediated K+ influx into the ER lumen in HT22 cells is suggested to 
promote H+ influx through the KHE, thereby facilitating Ca2+ retention in the ER 
through SERCA activation23. However, there is no clear evidence on mitochondrial 
K+ flux mediated by mitoSK channels.  
A very recent study by Yang and colleagues96 discovered the expression of a yet 
unknown SK3 channel isoform in mitochondria obtained from ventricular myocytes 
in humans and guinea pigs. The authors showed that in isolated mitochondria from 
guinea pigs and cancer cells overexpressing SK3 channels, stimulation with CaCl2 
induced K+ influx into the mitochondrial matrix. Moreover, pharmacological SK 
channel inhibition blocked the Ca2+ induced K+ influx. Accordingly, genetic silencing 
of this mitoSK3 channel isoform potentiated ΔΨm loss and cell death evoked by 
hypoxia/reoxygenation injury. These novel findings and the implied methodology 
might represent a new and more consistent approach to study the effect of SK 
channel modulation of mitochondrial K+ flux in mitochondria isolated from neuronal 
cell lines or unique parts of the murine brain.  
 
SK channels and [Ca2+]m measurements in HT22 cells: overcoming technical 
limitations 
Many methods allow the assessment of [Ca2+]m uptake, however, their applicability 
depends on the experimental setup, the amplitude of the signal and the temporal 
resolution (see table 1 and107). 
On the one hand, we used the acetoxymethylester of rhodamine-2 (Rho2AM) and 
subsequent flow cytometric analysis (FACS). Rho2AM is a cell-permeant 
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fluorescent dye emitting fluorescence at 581nm which co-localized with 
mitochondria of HT22 cells. Using Rho2AM staining, an increase in [Ca2+]m induced 
by glutamate exposure was recorded, and concomitantly a reduction of [Ca2+]m 
mediated by SK channel activation was observed (chapter 4). Accordingly, using 
Rho2AM we revealed that [Ca2+]m uptake was increased in response to cell death 
induction by H2O2 and erastin, both of which induce oxidative stress and 
mitochondrial dysfunction in HT22 cells86,108. With the same method, it was also 
shown that [Ca2+]m influx was dispensable for ER stress in our model system23. 
Thus, in HT22 cells Rho2AM staining is useful as an “endpoint” measurement to 
assess [Ca2+]m overload as a long-term consequence of cell death induction, while 
it is not suitable for real-time [Ca2+]m influx stimulations with high temporal 
resolution as has been applied in other cell lines109. In addition, Rho2AM 
fluorescence increases up to 100fold upon Ca2+ binding, yet it may lack sensitivity 
towards small scale alterations. 
Due to the limitations in acute stimulation setups, we implemented another method 
to track real-time changes in [Ca2+]m in response to [Ca2+]m uptake stimulation that 
does not affect cell viability. In recent years, a large number of different genetically-
encoded Ca2+ indicators (GECI) were developed which are based on the fusion of 
fluorescent proteins and calmodulin (FP/CaM)110–113. GECI can be targeted to 
different organelles, including mitochondria, through the addition of specific 
targeting sequences fused to the FP/CaM construct. One group of GECI are 
cameleon sensors, which are used for fluorescence-resonance energy transfer 
(FRET)112. FRET-based GECI are flanked by yellow (YFP) and cyan (CFP) 
fluorescent protein at each distal end114. Upon Ca2+ binding, the FRET sensor 
undergoes a conformational change bringing YFP and CFP into close proximity. 
Due to spectral overlap, the energy released upon excitation of the CFP will induce 
excitation of the YFP resulting in a decrease in CFP fluorescence and an increase 
in YFP fluorescence. Using a mitochondria-targeted cameleon FRET sensor, we 
sought to analyze the [Ca2+]m response in single cells upon perfusion with 
substances inducing rapid [Ca2+]m uptake using an automated pressure-based 
perfusion system. Since HT22 cells are amenable to transfection yielding a 
transfection efficiency of up to 80%, non-amenability to transfection was not an 
issue. However, classical [Ca2+]m uptake inducers such as ionomycin, histamine, 
carbachol or ATP produced highly inconsistent and highly variable responses in 
single HT22 cells, and a considerable number of cells (~60%) did not respond at 
all. Functional co-expression of muscarinic M3 receptors induced IP3R signaling as 
controlled by a FRET sensor for the downstream target diacylglycerol, yet did not 
increase the responsiveness or consistency of responses following histamine and 
carbachol stimulation. Due to these limitations, we performed FRET-based [Ca2+]m 

measurements in PCN, where glutamate triggered an acute response that results in 
Ca2+ influx into the cytosol and subsequent [Ca2+]m accumulation115. 
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Alternatively, we utilized a luminescence-based measurement using HT22 cells 
stably overexpressing a mitochondria-targeted variant of the photoprotein aequorin  
(HT22-mtAEQ)116,117. Here, we implemented a population-based analysis using a 
96well plate format and automated injection of [Ca2+]m uptake stimulating 
substances. Administration of carbachol and ATP produced consistent responses 
of the HT22-mtAEQ cells, and application of the MCU inhibitor KB-R7943 or the 
mitochondrial complex III inhibitor antimycin A attenuated ATP- and carbachol-
induced [Ca2+]m influx (chapter 4). Notably, changes in [Ca2+]m can be quantified 
into a numeric concentration using defined parameters and calculations, if this is 
desired in the experimental design.  
Although this method worked well in “wildtype” HT22 cells where no other plasmid 
has been transfected, we faced technical limitations when overexpressing other 
fluorescently-labeled proteins, as the fluorescence abolished any luminescent 
signal resulting from excitation of the mitochondrial aequorin. In chapter 5, we 
sought to investigate [Ca2+]m uptake in HT22 cells following artificial ER-
mitochondrial coupling by using genetically-encoded bifunctional linkers109. These 
fluorescent linkers are tagged with cyan and red fluorescent proteins, and the 
attempt to use HT22-mtAEQ cells failed due to lack of luminescence emission. 
Research has focused on optimizing existing and developing novel GECI to 
overcome these issues, one of them being the so-called calcium-measuring 
organelle-entrapped protein indicator (CEPIA) designed to emit green, red or blue 
fluorescence upon binding of Ca2+ at intracellular sites118. Together with our Master 
Student Carmen Ijsebaart, we tested a mitochondria-targeted CEPIA construct in a 
single-cell live imaging setup following stimulation with ionomycin and carbachol in 
the presence of the ER-mitochondrial linkers. However, due to the single cell 
analysis setup, we did not obtain consistent responses in HT22 cells.  
Another alternative was introduced when GFP-aequorin fusion proteins were 
developed for in vitro and in vivo approaches119,120. These chimeric proteins are 
designed for ratiometric measurements based on changes in the 
excitation/emission spectra of the GFP (GAP)119, or for luminescence 
measurements based on light emission from the aequorin photoprotein (GFP-
AEQ)121. Although the GAP measurements as well as CEPIA measurements were 
again inconsistent, we successfully implemented the population-based GFP-AEQ 
measurements in HT22 cells in the presence of the ER-mitochondrial linkers 
following carbachol and CaCl2 stimulation. 
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Table 1: Methods for the detection of [Ca2+]m uptake in HT22 cells 

 
 
Taken together, several factors have to be considered for choosing the optimal 
method for measuring [Ca2+]m uptake in HT22 cells including the timeframe of 
[Ca2+]m uptake induced by the stimulus (rapid or long-term), the amplitude of 
expected changes (sensor sensitivity), additional fluorescent proteins that might 
have spectral overlap with the GECI, and most importantly, the fact that single cell 
analysis was not applicable to HT22 cells. Thus, Rho2AM is best suitable to assess 
large scale increases in [Ca2+]m as induced by glutamate, and aequorin 
measurements should be used to assess small scale changes in [Ca2+]m uptake 
occuring with high temporal resolution. 
 
SK channels at the ER-mitochondrial interface 
Modulating ER-mitochondrial coupling determines neuronal cell survival during 
oxytosis 
The physical connection between ER and mitochondria is established by ER-bound 
IP3R, GRP75 and OMM-bound VDAC. These mitochondria-associated ER 
membrane (MAM) were unraveled as a critical compartment wherein [Ca2+]i 
signaling and energy metabolism is regulated. Under physiological conditions, Ca2+ 
is transferred from the ER along the MAM into the mitochondrial matrix where it 
drives ATP production through promoting the citric acid cycle and mitochondrial 
respiration122. However, under pathophysiological conditions as in oxidative stress, 
MAM-mediated [Ca2+]m uptake is enhanced leading to depolarization of the 
mitochondrial membrane, ROS formation and ultimately to cell death123–125. 
Although several studies have proven that enhanced ER-mitochondrial coupling 

Method Format Construct and 
mechanism upon Ca2+ 
binding 

Mode of 
[Ca2+]m 
uptake 

Device  Suitable for 
HT22 

FRET 
(cameleon; 
4mtD3cpv) 

Single cell Energy transfer from CFP 
to YFP: change in 
YFP/CFP emission 
 

Rapid  Microscope no 

CEPIA Single cell Ca2+ measuring 
organelle-entrapped 
protein indicator: Increase 
in GFP fluorescence  
 

Rapid  Microscope no 

GAP Single cell GFP-aequorin: ratometric 
change in GFP excitation 
 

Rapid Microscope no 

Rho2AM Population Fluorescent dye: increase 
in fluorescence 
 

Endpoint FACS yes 

Aequorin 
(mtAEQ) 

Population Photoprotein: emission of 
light/luminescence 
 

Rapid Plate 
reader 

yes 

GFP-
aequorin 
(GFAQ) 

Population GFP-photoprotein fusion: 
emission of 
light/luminescence 

Rapid Plate 
reader 

yes 

 



514473-L-bw-honrath514473-L-bw-honrath514473-L-bw-honrath514473-L-bw-honrath
Processed on: 23-10-2017Processed on: 23-10-2017Processed on: 23-10-2017Processed on: 23-10-2017 PDF page: 195PDF page: 195PDF page: 195PDF page: 195

                                                                                General discussion & main conclusions 

189 
 

(EMC) and associated mitochondrial impairment is detrimental, the exact role of 
each individual component in this subcellular compartment is not completely 
understand. Using genetically-encoded linkers and rapamycin application (chapter 
6), we provided evidence that strengthening EMC increased the vulnerability of 
HT22 cells to cell death induced by glutamate and auranofin, through an increase 
in [Ca2+]m uptake and an impairment of mitochondrial respiration. However, these 
linkers consist of fusion proteins whose endogenous function is not related to EMC 
and which heterodimerize upon rapamycin treatment. Thus, this way of linkage 
formation may overcome endogenous mechanisms of EMC and may be 
independent of endogenous mechanisms regulating EMC. In contrast to this 
approach, the genetic depletion or overexpression of other proteins involved in 
EMC is not as straight forward. In chapter 5, we found that genetic downregulation 
or CRISPR/Cas9-mediated knockout of GRP75, the chaperone that facilitates the 
IP3R1-VDAC1 interaction, protected HT22 cells against glutamate-induced 
oxidative stress by attenuating [Ca2+]m overload and preventing mitochondrial 
dysfunction. Accordingly, we found that enhancing the expression of this protein 
rendered HT22 cells more vulnerable to glutamate toxicity. However, the role of 
GRP75 in EMC is controversially discussed. In our study, we evaluated EMC by 
assessing IP3R1-VDAC1 interactions in collaboration with Jennifer Rieusset (Lyon 
University, France) and we analyzed functional consequences following GRP75 
silencing. GRP75 downregulation reduced the number of IP3R1-VDAC1 
interactions, indicating reduced EMC, which preserved mitochondrial function and 
conferred protection against glutamate toxicity.  
Under physiological conditions, EMC is essential to drive mitochondrial respiration 
and the generation of ATP. However, either the relevance of EMC for energy 
metabolism or the strength of EMC may be different in different cell types and 
stress conditions. For instance, decreasing EMC by GRP75 knockdown or 
overexpression of non-functional GRP75 mutants increased mitochondrial ROS 
formation, depolarized the mitochondrial membrane and caused mitochondrial 
fragmentation in different cell lines126–128. In these cells EMC may be low, and 
therefore weakening EMC by GRP75 depletion may lead to mitochondrial damage 
due to a decrease in [Ca2+]m uptake. In contrast, GRP75 knockdown in our study 
(chapter 6) did not lead to ROS formation, ΔΨm dissipation or mitochondrial 
fragmentation, suggesting that EMC and associated [Ca2+]m uptake may not be the 
primary route of [Ca2+]m influx to increase mitochondrial bioenergetics in HT22 cells. 
Given the concept that EMC may not be equally relevant or strong in all cell types 
might further explain why under pathophysiological conditions, both EMC 
attenuation and amplification can cause cell death. EMC alterations may therefore 
determine the vulnerability to cell death either by diminishing basal [Ca2+]m uptake 
or by inducing [Ca2+]m overload which directly impairs mitochondrial energy 
metabolism. If a cell death trigger decreases EMC then re-introducing the linkage 
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between ER and mitochondria, for instance through the overexpression of GRP75, 
renders protection. In contrast, if cell death signaling promotes EMC, then 
weakening EMC either by silencing or inhibiting GRP75 would prevent cell death, 
as observed in our current study.  
Similar to GRP75, these contrasting effects were also described for mitofusin 2 
(MFN2). MFN2 heterodimerizes with MFN1 to link ER and mitochondria, however, 
MFN2 also mediates mitochondrial fusion to drive mitochondrial metabolism129,130. 
In rat skeletal muscle cells, MFN2 knockdown impaired mitochondrial fusion and 
induced oxidative stress in one study131 while MFN2 knockdown primarily 
decreased EMC and reduced [Ca2+]m in another study without affecting cell 
viability132. Therefore, it is essential to investigate if EMC was increased or 
decreased in the applied model system. Regarding our own study, we are currently 
investigating how EMC is changed in HT22 cells following glutamate exposure by 
analyzing IP3R1-VDAC1 interaction sites (Jennifer Rieusset, France). Since store-
operated Ca2+ entry, which serves to refill intracellular Ca2+ stores upon depletion, 
is an integer part of glutamate toxicity in HT22 cells133, we assume that glutamate 
increased EMC, and therefore, GRP75 knockdown and not overexpression was 
neuroprotective. Indeed, NMDAR stimulation induced [Ca2+]ER depletion through 
enhanced generation of the IP3 ligand in cerebellar granule cells134, and  activation 
of metabotropic glutamate receptors involved IP3R-dependent [Ca2+]ER release in 
Purkinje cells135. In favor of this concept, oxidative stress induced by tert-
butylhydroperoxide led to an upregulation of IP3R2 subtypes in HT22 cells. IP3R2 
subtypes localize to perinuclear regions where they regulated Ca2+ release into the 
nucleoplasm136.  
Taken together, our studies revealed that the functional coupling of ER and 
mitochondria is critical for neuronal survival as an increase in EMC amplified 
[Ca2+]m uptake and impaired energy production by mitochondrial pathways, thereby 
increasing the vulnerability of cells to cell death induction. 
 
SK channel activation at the ER-mitochondrial interface 
Neuronal SK channels provide protection by regulating Ca2+ homeostasis at the 
level of the plasma membrane, the ER and also at the mitochondria (chapter 2). In 
HT22 cells, activation of SK channels in the ER protected against cell death 
induced by brefeldin A that proceeds by a caspase-dependent cell death, a 
pathway that is independent of mitochondria23. In addition, we found that SK 
channel activation at the level of the mitochondria protected against glutamate-
induced mitochondrial dysfunction and cell death (137 and chapter 4). Owing to the 
different mechanisms of cell death following stress induction, there is only little 
knowledge on the interactions between ER and mitochondria in the context of 
physiological and pathophysiological conditions. In chapter 5, we have described a 
fundamental role for EMC in determining the sensitivity of HT22 cells to cell death. 
Due to the discovery of SK channels in the ER and in the mitochondria, we sought 
to investigate the effect of SK channel activation in conditions where EMC is 
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increased resulting in enhanced mitochondrial [Ca2+]m uptake and an impairment of 
mitochondrial respiration. We identified SK channel expression in subcellular 
fractions of the MAM, indicating a potential contribution of SK channels at this 
subcellular compartment. In response to the glutamate challenge which increased 
cell death in the presence of ER-mitochondrial linkers, SK channel activation still 
provided protection suggesting that the impact of SK channel on mitochondrial 
resilience was dominant. In addition, as observed previously (chapter 4), the 
overexpression of a mitoSK2 channel plasmid enhanced the protective effect of 
CyPPA. Notably, overexpression of a wildtype SK2 channel plasmid partially co-
localizing with ER and mitochondria, also had an additive effect on CyPPA-
mediated protection. These results suggest that glutamate toxicity in conditions of 
enhanced EMC was prevented by SK channel activation at the level of the ER and 
at the level of the mitochondria. 
 
Auranofin and glutamate: diverse effects of SK channel activation on neuronal 
survival during oxidative stress 
Surprisingly, in a model of cell death involving the inhibition of thioredoxin (TRX) 
reductases (TRXR) by the gold derivative auranofin138, SK channel activation failed 
to preserve cell viability. Increasing EMC also enhanced the sensitivity of HT22 
cells towards auranofin toxicity, yet CyPPA co-treatment further potentiated cell 
death induction. These observations may be explained by the fact that auranofin 
activated different pathways leading to cell death in which CyPPA-mediated effects 
on glycolysis and mitochondrial preconditioning are dispensable. 
Blocking the TRX/TRXR system deprived the cell from antioxidants and led to a 
collapse of the entire mitochondrial respiratory chain, thereby lowering the 
mitochondrial membrane potential, supporting mPTP opening and promoting Ca2+-
dependent cell death139,140. In chapter 6, we showed that auranofin reduced both, 
mitochondrial respiration and extramitochondrial glycolysis, respectively, and we 
suggest that the inhibitory effect of auranofin on energy metabolism accounted for 
the toxic effect of SK channel agonism. Thioredoxin-related transmembrane protein 
1 (TMX1) activity in the ER membrane has been linked to an increase in 
mitochondrial respiration. Accordingly, reduced TMX1 levels were associated with 
decreased EMC and the metabolic reprogramming towards glycolysis in cancer 
cells (Warburg effect)141, and the Warburg effect was shown to involve NADH-
dependent redox signaling142. Furthermore, in some species TRXR function was 
NADPH-dependent143–145. Thus, we suggest that inhibition of TRXR function by 
auranofin led to depletion of substrates for mitochondrial respiration, and blocked 
NADH-dependent redox signaling which attenuated glycolysis. Since we have 
shown previously that CyPPA-mediated neuroprotection involved an increase in 
glycolysis, we speculate that SK channel activation enhanced cell death as it failed 
to restore cellular ATP levels via the glycolytic pathway. In favor of this concept, SK 

7 



514473-L-bw-honrath514473-L-bw-honrath514473-L-bw-honrath514473-L-bw-honrath
Processed on: 23-10-2017Processed on: 23-10-2017Processed on: 23-10-2017Processed on: 23-10-2017 PDF page: 198PDF page: 198PDF page: 198PDF page: 198

                                                                                General discussion & main conclusions 

192 
 

channel inhibition by the SK3 channel-specific antagonist Ohmline in a mouse 
model of melanoma reduced the development of metastasis146, likely owing to 
blocking SK channel-mediated increases in glycolysis to promote tumor cell 
survival.  
The other mechanism involved in CyPPA-mediated neuroprotection is linked to 
mitochondrial preconditioning. In chapter 6, we found that CyPPA enhanced ROS 
formation and depolarization of the mitochondrial membrane. In cells challenged 
with glutamate, these effects conferred protection, however, auranofin toxicity was 
potentiated. One possible explanation could be that auranofin enhanced total ROS 
rather than mitochondrial ROS. In this scenario, an increase in mitochondrial ROS 
induced by CyPPA would increase the damage rather than preserving 
mitochondrial function.  
An experimental approach to prove these hypotheses will help to explain our novel 
findings. Identifying the molecular pathway induced by TRXR inhibition, including 
the source of ROS, in HT22 cells as compared to glutamate toxicity represents the 
first step to understand the effect of auranofin. Furthermore, a study by Eftekhapour 
and colleagues147 revealed that the primary antioxidant defense may vary among 
different neuronal cell types. Thus, the relevance of TRX as compared to 
glutathione, which is decreased upon glutamate treatment, could be assessed, and 
the protective potential of antioxidants such as mitoquinone or Trolox should be 
tested. In line with the study using the SK3 channel inhibitor Ohmline, testing 
whether SK2/3 channel-specific inhibitory substances will protect against auranofin-
induced cell death will ultimately support our hypothesis. 
In conclusion, SK channel activation by CyPPA did not provide protection as it 
failed to activate the glycolytic pathways to restore ATP levels, and further 
enhanced oxidative stress by increasing mitochondrial ROS formation. Therefore, 
the findings presented in this study showing that SK channel activation was 
mediated by enhancing glycolysis and inducing mitochondrial preconditioning 
highlights the relevance of SK channel-mediated neuroprotection in paradigms 
involving oxidative stress elicited by dysfunctional mitochondria. 
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Main conclusions  
In the present thesis, the role of (intracellularly expressed) SK channels and Ca2+ 
signaling has been investigated covering a variety of novel aspects that contribute 
to neuronal cell death. The main conclusions from this work are: 
  

 Dysregulation of Ca2+ homeostasis is a critical component of 
neurodegeneration. 

 The discovery of intracellularly expressed SK channels allows a new platform 
for the therapeutic application of SK channel agonists or antagonists in various 
conditions of oxidative stress (chapter 2). 

 SK channel activation prevents neuronal cell death by attenuating neuronal 
hyperexcitability and regulating NMDAR-dependent Ca2+ influx. 

 Epileptogenesis reduced the expression of SK3 channels in crude mitochondrial 
fractions which may be linked to the impaired performance of mitochondrial 
complex I following epilepsy induction in rats (chapter 3). 

 SK3 channels are regulated by miRNA-135a that has been linked to epilepsy 
(chapter 3). 

 Mitochondrial SK2 channel isoforms enhance mitochondrial resilience in a 
model of oxytosis by restoring mitochondrial Ca2+ homeostasis and reducing 
mitochondrial respiration (chapter 4). 

 SK channel-mediated protection might involve mitochondrial preconditioning 
and a metabolic shift from aerobic respiration towards glycolysis (chapter 4 and 
chapter 6). 

 ER-mitochondrial coupling (EMC) determines the sensitivity of HT22 cells to 
oxytosis regulating mitochondrial Ca2+ uptake and mitochondrial respiration 
(chapter 5 and chapter 6). 

 SK channel activation protected against oxytosis in conditions of enhanced 
EMC, yet potentiated auranofin toxicity (chapter 6). 

 Auranofin toxicity was potentiated by SK channel activation due to amplification 
of oxidative stress through increasing mitochondrial ROS formation and 
mitochondrial membrane depolarization (chapter 6). 
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