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Preface 
“Milch macht müde Männer munter” (english: milk cheers up tired chaps, dutch: 
melk is goed voor elk) is a slogan from an old commercial created by the German 
milk industry in the 1950s that was thought to increase the sales quantity of milk by 
highlighting its healthy ingredients, especially calcium (Ca2+). Although it turned out 
that milk is not an indispensable food, it has now become clear that Ca2+ indeed 
plays a central role in our body including the brain.  
The primary objective of this work is to study how neuronal Ca2+-activated 
potassium (K+) channels (KCa) regulate Ca2+ homeostasis in the context of 
neurotoxicity triggered by (oxidative) stress and mitochondrial dysfunction. In this 
general introduction, I will focus on the importance of Ca2+ on physiological and 
pathological processes in neurons. After presenting principal pathways regulating 
neuronal Ca2+ homeostasis, KCa channels and their relevance in health and disease 
conditions will be discussed. Subsequently, intracellular Ca2+ homeostasis will be 
described with particular emphasis on energy metabolism, mitochondrial respiration 
and the interplay between the endoplasmic reticulum and mitochondria. 
 
1. Neuronal Ca2+ homeostasis  
Key physiological processes in neurons such as action potential formation and 
propagation are regulated through neurotransmitter release and dynamic ion flux 
(Ca2+, sodium (Na+), K+). Among these ions, Ca2+ builds the driving force for the 
initiation and propagation of neuronal signaling events1,2. For instance, in 
presynaptic compartments, action potentials are generated through opening of 
voltage-dependent Ca2+ channels, thereby initiating the release of 
neurotransmitters into the synaptic cleft. Furthermore, the maintenance of a proper 
membrane potential is sustained by the activation and deactivation of K+ and Na+ 
channels, and to a great extent also by Ca2+ channels (see figure 1). Owing to the 
fact that Ca2+ acts as a second messenger molecule in multiple downstream 
signaling pathways, it is critical to control and maintain intracellular Ca2+ ([Ca2+]i) 
homeostasis. 
 
Neurotransmitter receptors 
Neurotransmitters are released from presynaptic membranes into the synaptic cleft, 
and bind to the corresponding receptors on postsynaptic membranes. Depending 
on the type of neurotransmitter receptor, the membrane is either hyperpolarized 
due to chloride (Cl-) extrusion (inhibitory effect) or depolarized due to Na+ release 
(excitatory effect). Some neurotransmitter receptors such as those for glutamate, 
dopamine, acetylcholine (ACh) and γ-aminobutyric acid (GABA), also modulate the 
[Ca2+]i concentration following ligand-gated activation. The impact of 
neurotransmitter receptors on [Ca2+]i will be described below using glutamate, 
dopamine and GABA as examples.  
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In excitatory synapses, the action potential is propagated and neuronal excitability 
is enhanced through the release of glutamate, dopamine or ACh. Among these, 
glutamate appears to be the most prominent neurotransmitter as it binds to 
metabotropic or ionotropic glutamate receptors throughout the central nervous 
system. Ionotropic glutamate receptors such as N-methyl-D-aspartate receptors 
(NMDAR), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
(AMPAR) or kainate receptors (KAR) bind glutamate, thereby allowing the flux of 
cations. NMDAR are usually occupied and therefore blocked by bound divalent 
Mg2+ and Zn2+ ions3–8. Membrane depolarization activates NMDAR by releasing the 
Mg2+/Zn2+ blockade, allowing influx of Na+ and Ca2+ into the synapse9,10. The 
increase in [Ca2+]i activates subsequent signaling mechanisms leading to 
propagation of the signal. Uncontrolled NMDAR activation through glutamate 
binding or other NMDAR agonists amplifies Ca2+ influx and induces neuronal cell 
death, a process known as excitotoxicity11,12. In cultured neurons, excitotoxicity also 
promotes mitochondrial damage through mitochondrial Ca2+ ([Ca2+]m) overload, 
thereby depolarizing the mitochondrial membrane and stimulating the generation of 
toxic reactive oxygen species (ROS) in the mitochondria13–15. NMDAR inhibition by 
the antagonist MK-801 prevented neuronal cell death and restored [Ca2+]i 
homeostasis in different cell death models in vitro and in vivo16–19. Therefore, the 
therapeutic potential of NMDAR antagonists was exploited in different 
neurodegenerative diseases, and the NMDAR inhibitor memantine is used for the 
symptomatic treatment of patients with Alzheimer’s disease (AD) or Parkinson’s 
disease (PD)20. Similar to NMDAR, KAR activation was also associated with 
neurodegeneration, and administration of kainate to neuronal cultures is an 
established model to study epilepsy in vitro. 
Apart from glutamate, dopamine acting on dopaminergic (DA) neurons also alters 
neuronal Ca2+ homeostasis. DA neurons are expressed in the striatum, substantia 
nigra, cortex and hippocampus, they control movement and motor function, and 
their expression is highly associated with the pathology of PD21–24. Dopamine 
receptors belong to the G protein-coupled receptors that are divided into D1-like (D1 
and D5) and D2-like (D2-4) receptors. They are differentially expressed in the DA 
neurons of different brain regions and have distinct effects on adenylyl   cyclases25–

28. Upon coupling to Gs or Gi proteins, these receptors can activate adenylyl 
cyclases to generate cyclic adenosine monophosphate (cAMP) which in turn 
activates its main target cAMP-dependent protein kinase A (PKA). PKA 
subsequently phosphorylates, and thereby activates different targets including 
cyclic nucleotide-gated Ca2+ channels at the plasma membrane29–34. For instance, 
D1 receptor activation in striatal slices induced cAMP-dependent Ca2+ influx and the 
consequent release of γ-aminobutyric acid (GABA) to inhibit neuronal activity35. In 
mouse striatopallidal neurons, the activation of D2 receptors strongly reduced 
glutamate release and subsequent Ca2+ influx36.  

1 
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Dopamine receptors also crosstalk with NMDAR, as dopamine D4 receptor 
activation in the murine prefrontal cortex reduced NMDAR currents as well as 
NMDAR expression at the plasma membrane37. In line with these findings, low 
dose dopamine treatment prevented delayed Ca2+ deregulation and excitotoxic cell 
death of DA neurons in response to glutamate treatment12. Loss of DA neurons is 
associated with the progression of PD38, and supplementation with dopamine 
receptor agonists or Levodopa is a strategy to treat symptoms of PD. 
The most important inhibitory neurotransmitter is GABA which binds to 
corresponding GABA receptors and induces Cl- influx, thereby further lowering the 
membrane potential and inhibiting neuronal firing. The class of GABA receptors 
includes the sub-types fast responding, ionotropic, ligand-gated (GABAA) receptors 
and the slow responding, metabotropic, G protein-coupled (GABAB) receptors. 
Pharmacologically, GABAA receptors can be targeted by picrotoxin and 
bicuculine39–41. GABAA receptor activation in pyramidal neurons prevented their 
excitation and contributed to the regulation of neuronal Ca2+ homeostasis42. During 
retinal neurogenesis, application of GABA activated GABAA receptors and 
increased Ca2+ influx through L-type Ca2+ channels (LTCC)43. This LTCC-mediated 
increase in Ca2+ enhanced the sensitivity of cerebellar Purkinje cells to GABA44. 
Accordingly, inhibitors of LTCC also blocked GABAA receptors in vitro45. 
Furthermore, in globus pallidus neurons, both GABA receptor subtypes are 
expressed and their modulation altered Ca2+ currents. This effect was blocked by 
inhibitors of both, LTCC and N-type Ca2+ channels (NTCC), respectively46.  
 
Ca2+ channels 
Voltage-gated Ca2+ channels (VGCC) 
Voltage-gated Ca2+ channels (VGCC) are activated in response to depolarization of 
the membrane. LTCC and NTCC are expressed in different neuronal cell types 
where they contribute to synaptic plasticity and the regulation of neuronal firing47–49. 
Due to their function, LTCC are frequently associated with the onset or the 
predisposition to certain brain diseases such as affective disorders or PD50–52. The 
different LTCC isoforms (CaV1.1-1.4) are distinguished based on the pore-forming 
α-subunit and are differentially expressed in the central nervous system where they 
predominantly localize to presynaptic membranes53,54. Mechanistically, LTCC-
mediated Ca2+ influx activates Ca2+-dependent downstream processes such as 
gene transcription through binding to Ca2+-sensitive calmodulin55,56, and are subject 
to phosphorylation by calmodulin kinase II (CaMKII) or PKA, and dephosphorylation 
by calcineurin57,58. NTCC (CaV2.2) are sensitive to inhibition by ω-conotoxin, and 
are involved in synaptic transmission59,60.  
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Figure 1. Plasma membrane channels involved in regulating neuronal Ca2+ homeostasis. 
Neuronal Ca2+ homeostasis underlies multiple lines of control. Ca2+ uptake, and therefore 
elevations in intracellular Ca2+ ([Ca2+]i), are controlled by neurotransmitter channels. N-methyl-D-
aspartate (NMDAR), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAR) and kainate 
(KAR) receptors are mixed ion channels activated by extracellular glutamate. Dopamine receptors 
(DR) and γ-aminobutyric acid receptors (GABAR) may activate intracellular signaling pathways to 
facilitate Ca2+ influx through voltage-gated Ca2+ channels (VGCC). Neuronal nicotinic acetylcholine 
receptors (nAChR) increase the activity of phospholipase C to produce inositol-1,4,5-triphosphate 
(IP3) which induces IP3 receptor-dependent Ca2+ release from the endoplasmic reticulum (ER). ER-
Ca2+ release also activates Ca2+-release activated Ca2+ channels (CRAC) to drive Ca2+ import. The 
Na+/Ca2+ exchanger regulates Ca2+ efflux, and Ca2+-activated K+ channels (KCa) are activated by 
increases in [Ca2+]i. Full line: direct effect of channel activation at the plasma membrane on 
intracellular Ca2+, dashed line: indirect effect following activation of pathways activated by 
intracellular Ca2+. 

 
 
Na+/Ca2+ exchangers (NCX/NCKX) 
Ca2+ flux across neuronal membranes is further regulated by Na+/Ca2+ exchangers, 
which can be K+ independent (NCX) or K+ dependent (NCKX). Under physiological 
conditions, NCX/NCKX are driven by the electrochemical gradient of Na+, and thus 
extrude Ca2+ into the extracellular space, thereby influencing synaptic plasticity and 
memory formation61–63. Upon depolarization of the membrane or opening of Na+-
gated channels, the Ca2+ exchanging mode of NCX/NCKX is reversed, and Ca2+ 
influx is initiated64,65. Animal models of NCX/NCKX knockout have shown that these 
exchangers are relevant for Ca2+ clearance from neuronal cells. Ncx2 knockout 
mice showed a delay in Ca2+ clearance from hippocampal neurons and improved 
cognitive functions62, and Ncxk2 knockout rats showed enhanced [Ca2+]i elevations 
and an increased infarct size in a model of cerebral ischemia66.  
 
Ca2+ release-activated Ca2+ (CRAC) channels  
The mechanisms of Ca2+ influx from the extracellular space into the cell described 
above, are early events which contribute to neuronal cell death. Notably, Ca2+ influx 

1 
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also promotes neuronal damage at later stages as a response to the replenishment 
of intracellular Ca2+ stores via store-operated Ca2+ entry (SOCE). The endoplasmic 
reticulum (ER) is the biggest intracellular Ca2+ store in neurons (discussed in part 
3). In response to activation of ER-resident Ca2+ channels and subsequent release 
of Ca2+ into the cytosol, Ca2+ release-activated Ca2+ (CRAC) channels at the 
plasma membrane are activated to enhance Ca2+ influx in order to refill the 
depleted intracellular stores.  
Stromal interaction molecules (STIM1, STIM2), situated in the ER membrane, 
sense changes in ER-Ca2+ ([Ca2+]ER) and subsequently translocate to and activate 
CRAC channels, such as Ca2+ release-activated Ca2+ modulator 1 (ORAI1), to 
induce Ca2+ influx67–69. In neurons, the interaction between STIM2 and ORAI1 
depends on [Ca2+]i, while the interaction between STIM1 and ORAI1 depends on 
[Ca2+]ER release70,71. STIM1 is capable of sensing changes in [Ca2+]ER through an 
EF-hand Ca2+ binding domain (CaBD) in the ER lumen. STIM1-mediated plasma 
membrane localization was inhibited in response to SOCE-mediated [Ca2+]i 
elevation to prevent detrimental Ca2+ overload72. SOCE is critical for neuronal 
differentiation during development and for synaptic plasticity. Stim1 knockdown 
impaired neuronal differentiation, and Orai1 knockdown reduced [Ca2+]ER load 
leading to defective SOCE in both conditions73,74. Further, inhibition of SOCE 
through genetic depletion of ORAI1 prevented neuronal damage in a model of 
oxidative stress-induced cell death75. In line with these findings, upregulation of the 
immediate early gene Homer1a prevented late Ca2+ dysregulation in the same 
model through disrupting the interaction of STIM1 and ORAI1 required to induce 
SOCE76. 
Besides ORAI1, also transient receptor potential channels (TRPC) were identified 
as mediators of SOCE through binding Ca2+ in their pore domain77. In a model of 
Huntington’s disease in mice, huntington fibrils enhanced late Ca2+ entry, and this 
was attenuated by knockdown of TRPC1 suggesting an involvement of these 
channels in SOCE78. 
 
Ca2+-activated K+ channels  
A great impact on neuronal excitability is also elicited by Ca2+-activated K+ (KCa) 
channels, belonging to a large family of K+ channels that were first identified in 
nervous tissues79. KCa channels are expressed in a variety of cell types, including 
neuronal and cardiac cells, where they are involved in membrane potential 
regulation. In neurons, KCa channels mediate after-hyperpolarization, decrease 
neuronal excitability, and regulate synaptic plasticity. KCa channels are classified, 
based on their Ca2+ conductance, into large conductance (BK; 100-300pS), 
intermediate conductance (IK; 25-100pS) and small conductance (SK; 2-25pS) KCa 
channels80 (see table 1). Furthermore, they differ in their pharmacological 
properties and their dependence on Ca2+ for channel activation (see 81–84 and 
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detailed review in chapter 2). While BK channel activation is mediated by voltage 
changes and the presence of Ca2+ reduces the voltage range required for 
activation, SK and IK channel activation fully depends on the binding of Ca2+ to C-
terminally bound calmodulin85–87. A common feature of all KCa channels is that 
pharmacological activation of the channels in pathological conditions is associated 
with protective effects that lead to preservation of cell viability88–90.  
Most studies investigated the function of BK channels and SK channels, while the 
number of studies on IK channels is limited. BK channel activation is an established 
strategy to protect against neuronal and cardiac dysfunction. For instance, in 
organotypic hippocampal slice cultures and cultured primary cortical neurons, 
activation of BK channels by NS1619 or NS11021, respectively, strongly attenuated 
excitotoxic neuronal cell death91,92. NS11021 also protected cardiomyocytes against 
O2 deprivation and ischemia/reperfusion injury in vitro93,94. So far, studies on the IK 
channel subtype mainly focused on the generation of isotype-selective 
pharmacological compounds to modulate IK channel function, but only few studies 
actually investigated their effects in disease models. For instance, the 
pharmacological activator SKA-121, having a higher specificity to IK than SK 
channels, reduced blood pressure and heart rate in hypertensive rats suggesting a 
protective potential in cardiac diseases95.  
In addition to plasma membrane expression, all KCa channel groups were identified 
in the mitochondria in different cell types where they contribute to mitochondrial 
function96–98. Mitochondrial isoforms of the BK channel (mitoBK) subtype influence 
the mitochondrial membrane potential (ΔΨm), and upon activation, increase K+ flux 
from the cytosol into the mitochondrial matrix99,100, an effect that contributes to the 
neuro- and cardioprotection mediated by mitoBK channel activation. The function of 
SK channels expressed in the inner mitochondrial membrane (mitoSK), compared 
to that of plasma membrane SK channels, is incompletely understood. Thus, the 
role of mitoSK channels in cell death mechanisms warrants further studies.  
 
 
Table 1: Overview KCa channel subtypes 

 
*PM: plasma membrane, ER: endoplasmic reticulum, IMM: inner mitochondrial membrane 

 
 

KCa channel Abbreviation Conductance [pS] Mode of activation Expression  
Large 
conductance 

BK 100-300 
 

Voltage 
Ca2+  
 

PM, IMM 

Intermediate 
conductance 
 

IK 25-100 
 

Ca2+ PM 

Small 
conductance 

SK 2-25 
 

Ca2+ PM, ER, IMM 

1 
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Physiological SK channel function in the brain 
The small conductance type of KCa channels (SK) is subdivided into three isoforms 
(SK1-3) and shows a differential expression pattern in the central nervous 
system101. At neuronal plasma membranes, SK channels are situated in close 
proximity to NMDA receptors and LTCC102, and become activated upon NMDA 
receptor-mediated Ca2+ influx. Elevations in [Ca2+]i increase the opening probability 
of these channels and initiate K+ efflux which leads to hyperpolarization of the 
membrane and reduction of the excitatory postsynaptic    potential103–105. 
Furthermore, SK channel activation modulates neuronal spike frequency and 
duration106,107. In addition to K+ efflux, SK channel activation attenuates [Ca2+]i 
accumulation which creates a local current that re-establishes NMDA receptor 
blockade by Mg2+, thereby delaying the initiation of subsequent action potentials. 
Thus, the function of SK channels in regulating [Ca2+]I homeostasis is crucial as, for 
instance, prolonged NMDA receptor-mediated or ischemia-induced [Ca2+]i influx 
promotes cell death, thus SK channel opening can prevent neuronal cell death108–

110.  
SK channels in the hippocampus and the cortex have a strong impact on the 
regulation of synaptic plasticity, thus affecting learning and memory formation. Ca2+ 
influx and subsequent neuronal excitation are key mechanisms to enhance 
synaptic plasticity and to induce long-term potentiation (LTP) for memory formation. 
SK channel inhibition in mice by the bee venom toxin apamin enhanced NMDAR-
dependent neuronal excitation in the hippocampus, inducing LTP and resulting in 
improved performance in Morris Water Maze tests and object-recognition tests111–

113. SK channel expression at the plasma membrane was found to correlate with 
LTP induction and spatial learning, as PKA-mediated SK channel internalization 
was increased during learning114. In another study, activation of muscarinic M1 
receptors by LH-77-28-1 induced hippocampal LTP by inhibiting SK channels, 
thereby relieving the negative feedback of SK channels on NMDA receptors115. 
Accordingly, enhanced SK2 channel expression in the dentate gyrus was 
accompanied by a post-training memory deficit in SK2 channel transduced 
animals116. 
 
SK channels and neurodegeneration 
Due to their differential expression pattern in the brain and involvement in [Ca2+]i 
homeostasis, SK channels have been linked to brain injuries and 
neurodegenerative diseases. 
During ischemia, the O2 supply of the brain is significantly reduced, leading to 
oxidative stress and neuronal cell death. Ischemic brain damage at early stages is 
initiated in the infarct core region and then progresses to surrounding areas 
(penumbra). In models of oxidative stress and ER stress in hippocampal-derived 
immortalized cells in vitro, SK channel activation protected against cell 
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death97,117,118. Furthermore, the SK channel agonist NS309 reduced the infarct size 
in a model of cerebral ischemia in vivo89. 
AD is a neurodegenerative disease mainly affecting elderly people that develops 
due to the generation of neurotoxic amyloid beta (Aβ) plaques and neurofibrillary 
tangles that induce neuronal cell death. Interestingly, due to the effect of NMDA 
receptors on synaptic plasticity, these receptors have been associated with AD 
progression. For instance, in human postmortem brains, NMDA receptor 
expression in specific hippocampal regions correlated with the predisposition for 
developing Aβ plaques119, and in rat hippocampal slices, Aβ oligomers caused 
spine loss by enhancing NMDA receptor activation120. Stimulation of NMDA 
receptors using glutamate in vitro is an established model to study 
neurodegenerative diseases, and SK channel activation was shown to prevent 
glutamate-induced neuronal cell death by attenuating NMDA receptor-mediated 
Ca2+ influx and [Ca2+]i dysregulation89.  
PD is a neurodegenerative disorder characterized by loss of DA neurons in the 
substantia nigra which are involved in motor coordination and memory formation. 
Interestingly, SK channels regulate motor activity, as mice expressing the so-called 
Kcnn2 frissonant deletion mutant show locomotor deficits and tremor similar to PD 
patients121. In mice, SK channel activation blocked the hyperactive phenotype 
induced by the methylphenidate122. In an in vitro model of PD, cell death of DA 
neurons was induced by the mitochondrial complex I inhibitor rotenone, and SK 
channel activation preserved the dendritic network and cell viability123. In another in 
vitro PD model induced by 6-hydroxydopamine (6-OHDA), SK channel opening by 
1-EBIO normalized the irregular firing pattern of DA neurons, and preserved cell 
viability124. In line with these findings, glutamate-mediated stimulation of AMPAR in 
DA neurons reduced SK channel currents125 further suggesting a link between SK 
channel activity and survival of DA neurons which is relevant for PD treatment. 
Epilepsy is a neurological disorder characterized by spontaneous seizures 
particularly in the temporal lobe causing hippocampal sclerosis and granule cell 
dispersion126–128. In vitro, temporal lobe epilepsy (TLE) is mimicked by the treatment 
with either pilocarpine to enhance cholinergic signaling, kainate to induce KAR-
mediated Ca2+ influx, or Mg2+ deprivation leading to uncontrolled NMDAR 
stimulation and Ca2+ dysregulation129–132. In vivo, TLE can be induced either by 
kainate injections into the amygdala, intrahippocampal infusion with 4-
aminopyridine (4-AP) or by stimulation of perforant pathway (PP) neurons which 
project from the hippocampal formation to the entorhinal cortex133–135. Only a few 
studies have investigated the protective potential of SK channel activation in the 
treatment of epilepsy to date. NS309 treatment in a 4-AP-induced model of 
epilepsy prevented the epileptic discharge of hippocampal neurons136. Similarly, 
enhanced SK2 channel expression after viral SK2 plasmid delivery to the dentate 
gyrus in rats alleviated kainate-induced lesions in the CA3 region in vivo, and 

1 
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reduced granule cell excitability in hippocampal slices in vitro116. In contrast, SK 
channel inhibition by UCL1684 in an epilepsy model induced by pilocarpine 
enhanced neuronal spiking in hippocampal slices137, and SK channel blockage by 
apamin potentiated epileptiform neuronal activities after Mg2+ starvation138, 
suggesting that SK channel activation may be a therapeutic option in for the 
prevention of epileptic seizures. 
 
2. The power generating organelle: the mitochondrion 
Ca2+ signaling, and especially disturbances in [Ca2+]i, will ultimately affect 
intracellular structures such as mitochondria. Mitochondria are small organelles 
with a unique composition and function. They are composed of a permeable outer 
membrane (OMM) and a non-permeable inner membrane (IMM) which is folded 
into cristae. Metabolic processes occur in the mitochondrial matrix, and the IMM is 
pivotal for electron flow-dependent mitochondrial respiration. 
 
Mitochondrial dynamics 
Mitochondria undergo dynamic structural changes, such as fission and fusion, 
allowing an adaptation to changes in energy demands, and facilitating the 
clearance of damaged organelles. The establishment of high-resolution 
fluorescence microscopy in the 1990s provided the starting point for detailed 
analyses of mitochondrial dynamics in physiological and pathological conditions139.  
 
Mitochondrial fusion 
Mitochondria are capable of fusing with adjacent mitochondria to increase the area 
for electron flow and adenosine triphosphate (ATP) generation. This is a two-step 
process involving the fusion of the OMM and the IMM. Fusion of the IMM was 
sensitive to inhibition of glycolysis by 2-deoxyglucose and dissipation of the IMM 
potential by ionophores, while OMM fusion depended on the hydrolysis of 
guanosine triphosphate (GTP) and subsequent activation of mitofusins 1 and 2 
(MFN1, MFN2)140,141. Electron cryo-tomography has shown that upon hydrolysis 
and binding of GTP, MFN1 and MFN2 residing in the OMM heterodimerize to form 
ring-like structures around contact points between two adjacent mitochondria, 
thereby fusing the OMM142,143.  
Enhancing mitochondrial fusion to prevent mitochondrial fragmentation has been 
explored as a strategy to prevent cell death involving mitochondrial dysfunction. In 
cerebellar granule cells, overexpression of MFN2 provided protection against 
oxidative stress by attenuating mitochondrial fission and cristae reorganization that 
would facilitate cytochrome c release144. MFN2 was also linked to mitochondrial 
metabolism and energy production, and a lack of MFN2 expression resulted in 
reduced respiration, energy generation and mitochondrial biogenesis145. Optic 
atrophy 1 (OPA1), a GTPase residing in the IMM, dimerizes to drive IMM fusion 



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: 17PDF page: 17PDF page: 17PDF page: 17

                                                                                                         General introduction 
 

11 
 

which depends on the presence of MFN1 in the OMM146. Depolarization of the 
OMM induced degradation of OPA1 and subsequent mitochondrial fragmentation, 
and mitochondrial fusion was restored by overexpression of OPA1147. Furthermore, 
OPA1 activity is involved in organizing mitochondrial cristae structures and in 
sequestering cytochrome c within the cristae148,149. 
Mitochondrial fission 
Mitochondrial fission is initiated by Fission 1 (FIS1) and the GTPase dynamin-
related protein 1 (DRP1). FIS1 serves as an adapter molecule on the OMM which 
counteracts OPA1, and FIS1 knockdown prevented apoptotic cell death150. Upon 
phosphorylation, DRP1 translocates from the cytoplasm to the mitochondria and 
induces OMM fission by creating ring-like structures around constriction points151. 
DRP1 translocation is initiated by phosphorylation of Ser616 by extracellular signal 
related kinase 2 (ERK2) or PKA-mediated DRP1 phosphorylation at Ser656152,153. 
Further, DRP1 was deactivated by calcineurin-mediated dephosphorylation of 
Ser656, and also by activation of LTCC, Ca2+ ionophore treatment and Ca2+ release 
from the ER153. DRP1-mediated mitochondrial fission prevented [Ca2+]m uptake and 
impaired mitochondrial function under basal conditions154. Further, overexpression 
of a dominant-negative DRP1 mutant to suppress endogenous DRP1 activity 
during apoptosis prevented mitochondrial fragmentation, cytochrome c release and 
mitochondrial swelling155. Thus, the mitochondrial morphology is a key determinant 
of cell fate. Once these organelles are damaged, the “point of no return” is passed 
and cell death is inevitable. 
 
Energy generation in the cell 
Energy is generated in several catabolic, multistep processes involving the 
breakdown of large macromolecules into smaller molecules. These metabolic 
pathways occur in the cytoplasm and in the mitochondria, and mitochondria-related 
processes are sensitive to changes in O2 availability and mitochondrial integrity.  
 
Glycolysis 
Glycolysis represents the first step in energy production (Figure 2A), and is 
independent of the O2 level in the cell. In a process involving ten reactions, the 
hexa-carbon sugar molecule glucose is broken down into pyruvate. Some of the 
steps involved in glycolysis are rate-limiting. For instance, the phosphorylation of 
glucose depends on hexokinase-mediated glucose import which is feedback-
inhibited by increasing concentrations of the product glucose-6-phosphate156. If 
sufficient ATP is present, glycolysis is halted. 
The net result of glycolysis is 2 pyruvates, 2 ATP, 2 NADH+H+ and 2 molecules of 
water (H2O). In order to facilitate continuous energy production, the reduced 
NADH+H+ has to be recycled which requires the presence of an electron acceptor. 
Under normoxic conditions, the final electron acceptor is O2 being converted to H2O 

1 
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(aerobic respiration). Under hypoxic conditions, pyruvate is metabolized into lactate 
(anaerobic respiration) to produce energy, a process that is favored in cancer cells 
and known as the Warburg effect. This phenomenon primarily occurs in the center 
of solid cancers where the O2 availability is limited. Due to the solidity of the tumor, 
the core region faces hypoxic conditions and maintains its ability to survive due to 
this metabolic switch. The outer areas are mostly impermeable to pharmacological 
compounds, thereby rendering resistance to pharmacological intervention. On the 
molecular level, the metabolic shift from aerobic respiration to glycolysis has been 
associated with decreased or defective expression of mitochondrial complex I and 
complex IV (see part 2)157,158. 
 
Citric acid cycle 
The main function of the citric acid cycle (CAC) (Figure 2B) in the mitochondrial 
matrix is the regeneration of NAD+ into NADH+H+. Pyruvate produced by glycolysis 
is catabolized into acetyl-CoA by pyruvate dehydrogenase which is subsequently 
converted into different carboxylic acid intermediates such as citrate, succinate, 
fumarate and malate by corresponding dehydrogenases. In the final step, malate is 
used to produce oxaloacetate which can be converted back into acetyl-CoA upon 
decarboxylation by pyruvate decarboxylase.  
Importantly, [Ca2+]m uptake is essential to preserve mitochondrial metabolism. The 
activity of pyruvate dehydrogenase, isocitrate dehydrogenase, succinate 
dehydrogenase and oxaloacetate dehydrogenase requires the presence of 
sufficient [Ca2+]m159–161, and limited [Ca2+]m availability reduces the citric acid cycle-
dependent production of substrates used for respiration. Thus, [Ca2+]m uptake 
enhances the conversion of pyruvate into substrates that are used for subsequent 
mitochondrial respiration in order to generate ATP, and concomitantly supports 
NAD+ regeneration as an electron donor. 
 
Mitochondrial respiration 
When O2 is available, aerobic respiration in the mitochondria is enhanced (Figure 
2C). The interconversion of NAD+ to NADH+H+ is used to transfer electrons across 
the electron transport chain (ETC) located in the IMM to facilitate further redox 
reactions. The ETC is generated by four complexes (complex I-IV) establishing the 
electrochemical proton motif force to drive the oxidative phosphorylation 
(OXPHOS) of ADP to ATP.  
NADH dehydrogenase (complex I) is a multiprotein complex responsible for the 
conversion of NADH+H+ into NAD+. NAD binds to complex I, and two electrons are 
transferred onto different iron-sulfur (Fe-S) clusters. During this process flavin 
mononucleotide (FMN) is reduced to FMNH2, and four H+ are transferred from the 
matrix into the intermembrane space. Succinate dehydrogenase (complex II) 
converts succinate into fumarate and transfers electrons from flavin adenine 
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dinucleotide (FAD) in the mitochondrial matrix through Fe-S clusters. The 
cytochrome bc1 complex (complex III) consisting of one cytochrome c (CytC) and 
two cytochrome b (CytB) subunits, oxidizes ubiquinol and reduces CytC in a two-
step process wherein four H+ are generated. CytC oxidase (complex IV) depends 
on the presence of H+ and O2, and ultimately establishes the proton motif force by 
both, the CytC-oxidation driven electron transfer through Fe-S clusters to convert 
into H2O, and the direct transfer of H+ into the intermembrane space. The high H+ 
gradient is used by ATP synthase (complex V). Complex V comprises the 
membrane integral FO portion which acts as an H+ channel, and the matrix F1 
portion which catalyzes the oxidation of NAD+ and ubiquinol to generate ATP. 
 
 

 
Figure 2. Energy generation in the cell: glycolysis, citric acid cycle and mitochondrial 
respiration. 
In order to preserve cell survival, the energetic demands of a cell are covered by enhancing 
glycolysis and/or mitochondrial metabolism and respiration, depending on the availability of O2. (A) 
When glucose is taken up into cells, the hexose ring is broken down into smaller molecules in a 
multistep process involving the intermediates glyceraldehyde-3-phosphate (G3P) and 
phosphoenolpyruvate (PEP) from which pyruvate and ATP are generated. Pyruvate is transported 
into mitochondria where it is hydrolyzed to acetyl-CoA and enters the citric acid cycle to drive 
respiration, and to produce ATP. (B) Acetyl-CoA is converted into different substrates (citrate, 
isocitrate, succinate, fumarate, malate, oxaloacetate) wherein different electron donors are 
liberated (Coenzyme Q10, NADH+H+). Some of the enzymes involved in substrate catabolism are 
Ca2+ dependent. (C) The electron transport chain is established by four mitochondrial complexes 
that facilitate redox reactions of electron carriers or acceptors, thereby liberating H+ into the 
intermembrane space. H+ from complexes I, II and III are the driving force for complex V to produce 
ATP. Due to their ability to perform redox reactions, complexes I-III and V are sources of reactive 
oxygen species (ROS). 
 
 

CytC and coenzyme Q10 (Q10; ubiquinone) in the mitochondrial matrix are 
essential co-factors that frequently undergo redox reactions to maintain 
mitochondrial respiration. Q10 drives the regeneration of NAD+ from complex I and 
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is reduced to ubiquinol upon the generation of FMNH2. Ubiquinol generated at 
complex II is oxidized in complex III, and again at later stages in complex V. In 
hepatocytes, chromium toxicity led to Q10 deficiency and mitochondrial damage162, 
and in fibroblasts a decrease in Q10 levels correlated with an increase in ROS due 
to the lack of electron acceptance163. Due to its antioxidant properties, the 
therapeutic potential of Q10 is investigated to increase mitochondrial function and 
to prevent cell death in conditions of oxidative stress164,165. CytC is a critical co-
factor for complex IV function, and triggering apoptosis diminished the 
mitochondrial CytC pool leading to attenuated respiration, diminished Ca2+ retention 
and cell death166,167. 
 
Respiration-induced formation of ROS 
ROS, such as hydroxyl radicals (·OH), superoxides (·O2

-) and hydrogen peroxide 
(H2O2), are short-lived toxic free radicals generated from non-toxic precursor 
molecules, and are frequently produced in the cell as part of the physiological redox 
homeostasis. The most prominent ROS precursors are superoxide anions. These 
are converted to hydroxyl radicals in an iron-dependent reaction, or react to O2 and 
H2O. In addition to superoxide anions and hydroxyl radicals, peroxides also play an 
important role in cell death induction (discussed in part 4). ROS can be produced in 
the cytosol, for instance by peroxidation of lipids of the plasma membrane, yet the 
largest pool of ROS is generated by electron leakage from the ETC168,169. 
Complexes I, II, III and V generate superoxide anions which accumulate in the 
mitochondrial matrix. Complex III also facilitates the reverse transfer of superoxide 
anions from the mitochondrial matrix into the cytosol170. Controlled ROS production, 
within the cells’ redox balance, are also required for some signaling pathways and 
cellular maintenance. As long as the endogenous antioxidant defense is intact, the 
redox balance is maintained and ROS are used in signaling pathways or 
transformed into non-reactive molecules. However, when physiological levels of 
ROS are exceeded, cell death is inevitable.  
Interfering with a functional ETC or blocking individual mitochondrial complexes 
causes either cell cycle arrest or detrimental ROS formation which promotes cell 
death. For instance, challenging HeLa cells, lacking a functional ETC, with ethidium 
bromide initiated genotoxic stress and led to cell cycle arrest171. The complex I 
inhibitor rotenone induced neuronal cell death through enhancing the formation of 
mitochondrial ROS, subsequent mPTP opening and CytC release172–174. Mild 
inhibition of complex II by 3-nitroproprionic acid in neurons induced a slight 
increase in ROS accompanied by a drop in ATP levels, without altering 
mitochondrial morphology175, and full blockage of complex II through malonate or 
lonidamine induced cell death through excessive ROS formation176,177. Similarly, 
antimycin A which inhibits complex III promoted cell cycle arrest and 
apoptosis178,179. Complex IV is antagonized by potassium cyanide, and feedback 
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inhibits complexes II and III180. Complex V inhibition by oligomycin is less effective 
in inducing cell death under standard culturing conditions181. Interestingly, in cancer 
cells oligomycin induced a metabolic shift towards glycolysis to compensate for the 
lack of OXPHOS suggesting that oligomycin could become toxic when glucose is 
eliminated from the culture medium182.  
ROS production can also act as an adaptive mechanism to prevent the spreading 
of cell death in response to a subsequent stress, a process termed 
mitohormesis183–185. Mitohormesis is characterized by temporally elevated ROS 
levels through endogenous pathways which prevents subsequent insults, and 
thereby may facilitate longevity186. 
 
Mitochondrial ion homeostasis 
Given the sensitivity of the mitochondrial respiratory chain to changes in proton or 
free radical levels, an adequately balanced ion flux is essential in maintaining 
mitochondrial respiration and ATP production. Imbalances or dysregulation of ion 
homeostasis can cause ΔΨm dissipation, mitochondrial swelling and cell death. In 
the mitochondria, K+ and Ca2+ fluxes are especially important for preserving the 
ΔΨm (see figure 3). 
 
Mitochondrial K+ homeostasis 
K+ homeostasis in mitochondria is mainly regulated by the IMM-resident ATP-
dependent K+ channels (mKATP), the mitochondrial K+/H+ exchanger (mKHE) and 
Ca2+-activated K+ channels (see part 1) expressed in the IMM (mitoKCa). 
Imbalances in mitochondrial matrix K+ ([K+]m) can cause ΔΨm dissipation, and 
subsequent mitochondrial rupture187,188. 
The mKATP channel facilitates [K+]m uptake, and its activation depends on intact 
mitochondrial respiration176,189–191. Apoptosis in differentiated neurons is preceded 
by ΔΨm depolarization and ROS formation, which was prevented by 
pharmacological inhibition of mKATP channels192. The mKHE mediates K+ influx into 
the mitochondrial matrix in exchange for H+, thereby contributing to the proton 
gradient across the IMM193,194.  
Mitochondrial KCa channels of the BK channel (mitoBK) type have been extensively 
studied in cardiomyocytes and neurons. Pharmacological mitoBK channel 
activation enhances [K+]m efflux leading to ΔΨm depolarization through inhibition of 
mitochondrial complexes100,195 and ROS formation196. Interestingly, mitoBK 
channels preserved cell viability in various models of cardiac and neuronal toxicity 
indicating an involvement of mitoBK channel-induced ROS production and ΔΨm 
depolarization, thereby underlying the molecular mechanisms of 
mitohormesis88,93,197,198. The mitochondrial IK channel (mitoIK) subtype was 
identified in mitochondria derived from melanoma cells where it led to ΔΨm 
hyperpolarization, and pharmacological mitoIK channel inhibition decreased 
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mitochondrial respiration in a subset of pancreatic ductal adenocarcinoma 
cells199,200.  
Mitochondrial SK (mitoSK) channels have been identified in cardiomyocytes and 
neurons97,201. It is well established that SK channel activation confers 
neuroprotection by enhancing mitochondrial resilience to cell death, however, the 
impact of mitoSK channels during SK channel-mediated protection on cell viability 
and mitochondrial function are largely unknown. Recently, in a study using 
immortalized neuronal HT22 cells, the pharmacological SK channel activator 
CyPPA slightly induced ΔΨm depolarization and ROS formation indicating that 
neuroprotective effects of mitoSK channel activation might also involve 
mitohormesis117.  
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Figure 3. Ca2+ and K+ channels in mitochondria and the ER. 
(A) On the outer mitochondrial membrane (OMM), mitochondrial Ca2+ uptake is facilitated by 
voltage-dependent anion channels (VDAC) that become permeable for different ions including 
Ca2+. Ca2+ uptake across the inner mitochondrial membrane (IMM) into the mitochondrial matrix is 
directly regulated by the mitochondrial calcium uniporter (MCU), and supported by the activity of 
mitochondrial ryanodine receptors (mRyR), the mitochondrial Na+/Ca2+ exchanger (mNCX) and the 
H+/Ca2+ exchanger (HCX). In addition, Ca2+ influx is influenced by the activity of big (BKCa) and 
small (SKCa) conductance Ca2+-activated K+ channels. BKCa, IKCa and SKCa channels together with 
the mitochondrial ATP-dependent K+ pump (KATP) and the mitochondrial K+/H+ exchanger (KHE) 
regulate K+ flux into mitochondria. (B) In the endoplasmic reticulum (ER) membrane, Ca2+ release 
occurs through RyR and inositol-1,4,5-triphosphate receptors (IP3R), and Ca2+ retention is 
regulated by the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA). The activity of Ca2+ 
channels in the ER membrane is strongly influenced by KHE and SKCa channels which control K+ 
uptake into the ER lumen. 
 
 
Mitochondrial Ca2+ homeostasis 
Transient oscillations in [Ca2+]c are buffered by temporal increases in mitochondrial 
Ca2+ ([Ca2+]m) uptake, leading to transient enhancement of mitochondrial 
metabolism202,203. Thus, [Ca2+]m uptake is critical for mitochondrial function and is 
subject to strict regulation.  
The first step in [Ca2+]m uptake is through the non-selective voltage-dependent 
anion channel (VDAC) located in the OMM204,205. VDAC-induced Ca2+ entry into the 
mitochondrial matrix is mediated by the mitochondrial calcium uniporter (MCU)206–

208. Additionally, the reverse mode Na+/Ca2+ exchanger (mNCX), the H+/Ca2+ 
exchanger (HCX; LETM1) and the mitochondrial isoform of the ER-resident 
ryanodine receptor (mRyR) contribute to [Ca2+]m regulation209–214. Continuous 
accumulation of [Ca2+]m in the mitochondrial matrix is detrimental and promotes cell 
death215,216. Excessive [Ca2+]m influx results in dissipation of ΔΨm, collapse of the 
metabolic machinery, and in opening of the mitochondrial permeability transition 
pore (mPTP), mitochondrial swelling and cell death217–219.  
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Inhibition of [Ca2+]m uptake by Nelfinavir or the MCU inhibitor Ruthenium Red 
successfully preserved mitochondrial integrity and protected against cell death in 
HT22 cells exposed to oxygen-glucose deprivation both, in vitro and in an in vivo 
model of hypoxia ischemia/reperfusion in neonatal mice220. Genetic downregulation 
of MCU expression by RNA interference was protective against NMDAR 
excitotoxicity in primary neurons221. Antagonizing mRyR by dantrolene222 or mNCX 
by CGP37157223 also attenuated [Ca2+]m dysregulation in striatal and cortical 
neurons, respectively. SK channels at the neuronal plasma membrane provide 
protection in different cell death models by inhibiting [Ca2+]i influx and [Ca2+]i 
dysregulation, yet the effect of mitoSK channels on [Ca2+]m homeostasis has not 
been elucidated.  
 
Mitochondrial matrix swelling, mitochondrial permeability transition pore and cell 
death 
A reduction in cellular antioxidants such as glutathione (GSH) can induce 
mitochondrial matrix swelling, and ultimately lead to mitochondrial disruption 
through mPTP opening224. Matrix swelling induced by Ca2+ or ROS leads to CytC 
release and caspase activation. However, Ca2+-mediated swelling induced ROS-
dependent dissipation of the ΔΨm through enhanced [Ca2+]m uptake, yet a strong 
increase in ROS led to matrix swelling and attenuated NADPH production by 
inhibiting citrate synthase and citrate dehydrogenase activity225,226. 
Mitochondrial ROS, at non-detrimental levels, are generated through peroxidation 
of cardiolipin at the IMM which leads to dissociation of CytC from cardiolipin and 
subsequent VDAC1-dependent release of CytC into the cytosol227–229. Similarly, 
Ca2+-induced matrix swelling and CytC release at low Ca2+ concentrations did not 
induce mPTP opening or mitochondrial damage in brain mitochondria, and 
maintained the activity of ATP synthase230. In contrast, liver mitochondria were 
vulnerable to mitochondrial swelling and sensitive to Ca2+-induced CytC release231. 
[Ca2+]i elevations were shown to enhance cardiolipin-mediated ROS accumulation 
and to induce mPTP opening, thereby accelerating CytC release and caspase 
activation227,232. In addition, mitochondrial ROS accumulation in astrocytes 
potentiated [Ca2+]ER release and mPTP opening leading to [Ca2+]m dysregulation 
and cell death233.  
 
3. The endoplasmic reticulum (ER) 
Ca2+ homeostasis in the endoplasmic reticulum (ER) is considerably influenced by 
changes in [Ca2+]i. The ER is closely associated with the nuclear envelope and is 
formed by an endomembrane system (cisternae), the site of protein synthesis, 
protein folding and subsequent protein secretion into vesicles that target the Golgi 
apparatus234. ER dysfunction leads to defective protein folding, and accumulation of 
such misfolded proteins in the ER lumen initiates the unfolded protein response 
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(UPR)235. The UPR is a tightly controlled molecular pathway that initially increases 
the expression of molecular chaperones to compensate for the misfolding and to 
induce ubiquitin-mediated proteasomal degradation of misfolded proteins to restore 
ER function236. However, prolonged activation of the UPR induces ER stress and 
caspase-dependent cell death237.  
 
Ca2+ signaling in the ER  
The ER constitutes the major source of Ca2+ ([Ca2+]ER) within the cell, and [Ca2+]ER 
homeostasis is maintained by the activity of inositol-1,4,5-triphosphate receptors 
(IP3R), RyR, the sarco-/endoplasmic reticulum Ca2+ ATPase (SERCA), KHE and 
KCa channels. 
The IP3R is the main [Ca2+]ER release channel, and is activated by binding of its 
ligand IP3 

238. IP3 is generated through G-protein coupled receptor signaling at the 
plasma membrane which activates phospholipase C to hydrolyze 
phosphatidylinositol-biphosphate (PIP2) into IP3 and diacylglycerol239,240. Low 
[Ca2+]ER levels also activate IP3R-dependent [Ca2+]ER release while high [Ca2+]ER 

levels block IP3R signaling241–244. Pharmacological inhibition of the IP3R with 2-
aminoethoxydiphenyl borate (2-ABP) or xestospongin C attenuated [Ca2+]ER release 
and subsequent Ca2+ signaling245,246. Ca2+-regulated RyR in the ER membrane also 
modulate neuronal [Ca2+]ER homeostasis as they facilitate Ca2+-induced Ca2+ 
release from the ER247,248, and therefore activate store-operated Ca2+ entry (SOCE) 
(see part 4). 
SERCA pumps coordinate [Ca2+]ER re-uptake and are regulated by the movement of 
counterions to evoke an electroneutral state in the ER lumen249. Irreversible 
inhibition of SERCA activity by thapsigargin led to complete [Ca2+]ER depletion 
which culminated in ER stress and cell death250,251. SERCA-mediated [Ca2+]ER 

uptake depends on proton flux mediated by SK channels (ER-SK) and KHE in the 
ER. Recently, it was shown that SK channel-mediated K+ flux drives KHE-mediated 
H+ entry, thereby allowing [Ca2+]ER uptake through SERCA118,252. Additionally, 
pharmacological ER-SK channel activation attenuated thapsigargin-induced 
[Ca2+]ER release and protected against cell death induced by brefeldin A which 
initiated prolonged UPR118. 
 
ER-mitochondrial crosstalk and Ca2+ signaling 
The communication and association of organelles is essential for the exchange of 
proteins, metabolites, lipids or Ca2+ to maintain intracellular signaling253–258.  
ER and mitochondria are physically linked at a local and dynamic interface, termed 
mitochondria-associated ER membrane (MAM) wherein signaling between the 
organelles occurs254. This physical connection is mainly formed upon the interaction 
of ER-bound IP3R and OMM-bound VDAC being facilitated by the heat shock 
protein 70 family member glucose-regulated protein 75 (GRP75) at multiple sites in 
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the MAM259–263. Additionally, ER/SR and mitochondria can be tethered by 
heterocomplexes formed between MFN1 and MFN2264, and Mfn2 deficiency 
impaired [Ca2+]m uptake and mitochondrial bioenergetics265. 
At the MAM interface the distance between ER and mitochondria is temporally 
reduced to ~10-25nm266, and contact sites with greater distance function to refill the 
ER following Ca2+ depletion267. The Ca2+ microdomains that are generated by IP3R 
are propagated through the MAM interface268, and are sufficient to activate MCU-
dependent [Ca2+]m uptake and to stimulate oxidative phosphorylation and ATP 
generation269. Interestingly, ER stress inducing ER dysfunction, [Ca2+]ER depletion 
and cell death, is accompanied by an increase in ER-mitochondrial coupling in 
early phases after stress induction. This early increase in MAM formation led to a 
rise in [Ca2+]m, and therefore resulted in increased OXPHOS and ATP production 
preceding the detrimental reduction of respiration at later stages of ER stress270. In 
contrast, interfering with MAM formation directly reduced mitochondrial respiration 
and energy metabolism through an impairment of Ca2+ transfer271,272.  
 
ER-mitochondrial coupling and cell death 
ER-mitochondrial coupling is essential to maintain cellular bioenergetics270. 
However, when control mechanisms are disrupted, MAM formation is detrimental. 
For instance, ER stress and prolonged exogenous stimulation of IP3R to release 
Ca2+ from the ER caused [Ca2+]m accumulation, mPTP opening and cell death273. 
Furthermore, stimulating IP3R-dependent [Ca2+]ER release by palmitate, CytC or 
MFN2 overexpression enhanced [Ca2+]m overload and potentiated apoptosis 
induction274–276. In addition, overexpression of VDAC which increased the Ca2+ 
permeability of the OMM amplified Ca2+ signaling through the MAM interface, and 
increased the susceptibility to apoptosis277. Oxidative stress also affects MAM-
dependent signaling. Oxidative stress in hepatocytes induced by xanthine/xanthine 
oxidase treatment enhanced IP3R-dependent [Ca2+]ER release and mitochondrial 
[Ca2+]m dysregulation278, and TNFα treatment of smooth muscle cells induced ROS 
formation and ER stress resulting in disrupted MAM formation and reduced [Ca2+]m 
uptake279. 
 
4. Neuronal cell death mechanisms induced by glutamate 
Neurodegeneration and the underlying molecular mechanisms can be studied 
using different model systems in vitro and in vivo. Neuronal cell death initiated by 
glutamate is a well-defined cell death paradigm wherein glutamate stimulates 
NMDAR, thereby inducing excessive neuronal firing, oxidative stress, activation of 
caspases and ultimately cell death. However, glutamate in cells lacking NMDAR 
can induce caspase-independent cell death which is mediated by oxidative stress 
and mitochondrial cell death signaling (see figure 4). 
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Figure 4. Glutamate-induced neuronal cell death: excitotoxicity versus oxytosis. 
In general, glutamate exposure results in cell death of neurons, yet the molecular pathways 
involved in glutamate toxicity may be distinct depending on the neuronal cell type. (Left part) In 
primary cortical neurons (PCN) where N-methyl-D-aspartate receptors (NMDAR) are expressed, 
glutamate binds to these receptors, thereby relieving their blockage and triggering Ca2+ influx into 
the cells (excitotoxicity). An increase in intracellular Ca2+ facilitates PKA-dependent 
phosphorylation to activate and open other Ca2+ channels, thereby enhancing the influx of Ca2+ into 
the cytosol. NADPH oxidases (NOX) generate reactive oxygen species (ROS) and neuronal nitric 
oxide synthase (nNOS) converts L-arginine into nitric oxide (NO) and citrulline, wherein reactive 
nitrogen species (RNS) are produced. This leads to ROS accumulation in the mitochondria. 
Further, Ca2+ from the endoplasmic reticulum (ER) is released and propagated to the mitochondria. 
ER-Ca2+ release activates Ca2+ channel in the plasma membrane to refill the depleted stores 
(store-operated Ca2+ entry, SOCE). Ultimately, mitochondrial damage leads to the release of 
cytochrome C (CytC) into the cytosol which executes cell death. (Right part) In immortalized 
hippocampal neurons (HT22 cells) which do not express NMDAR, glutamate toxicity induces cell 
death by a different mechanism (oxytosis). Glutamate blocks the Cys/Glu antiporter (XCT) in the 
plasma membrane leading to loss of glutathione (GSH) and glutathione peroxidase 4 (GPX4) 
activity. This enhances the oxidation of lipids by 12/15-lipoxygenases (12/15LOX), wherein ROS 
are produced. 12/15LOX activation promotes Ca2+ influx, and triggers the translocation of pro-
apoptotic proteins (BID and BAX) to the mitochondria, thereby inducing permeabilization of the 
mitochondrial membrane leading to further ROS production. ER-Ca2+ release results in 
accumulation of Ca2+ in the mitochondria and in the cytosol, and is facilitated through the 
interaction of stromal interaction molecule (STIM) and ORAI to induce SOCE. Mitochondrial Ca2+ 
influx and ROS formation impair mitochondrial respiration and therefore potentiate mitochondrial 
damage. In addition, dynamin-related protein 1 (DRP1) accumulates at the mitochondria and 
induces mitochondrial fission. Mitochondrial damage ultimately leads to the liberation of apoptosis-
inducing factor (AIF) from mitochondria to the nucleus where it induces DNA damage and cell 
death. Full line: effect of glutamate toxicity, dashed line: indirect effect of glutamate on Ca2+ influx. 
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Excitotoxicity 
In excitable neurons, glutamate stimulates NMDAR leading to Ca2+ influx. This 
prolongs neuronal excitation and induces subsequent excitotoxic cell death 
mediated by activation of the caspase cascade11,12,280. Similarly, enhanced synaptic 
expression of NMDAR also promotes excitotoxicity31. 
Excitotoxicity-induced [Ca2+]i dysregulation leads to mitochondrial damage through 
enhancing [Ca2+]m influx which depolarizes the mitochondrial membrane and 
stimulates the generation of mitochondrial ROS13–15,281–283. Excessive NMDAR 
activation further induced the generation of soluble ROS largely depending on the 
activity of NADPH oxidases (NOX), which contribute to excitotoxic cell death in vitro 
and in vivo, and NOX inhibition by apocynin and by compounds interfering with the 
formation of NOX complexes prevented cell death284. In addition, free radicals are 
generated from the activation of neuronal nitric oxide (NO) synthase which, in 
conditions of enhanced NMDAR activation, favors the production of citrulline, NO, 
and NO-derived peroxynitrite (RNS) from L-arginine285–287.  
[Ca2+]i dysregulation, ROS formation, RNS generation and mitochondrial damage 
ultimately cooperate in the execution of neuronal cell death by both, necrotic and 
CytC-dependent apoptotic signaling pathways286,288,289. Pharmacological NMDAR 
antagonism successfully prevented neuronal decline by inhibiting NMDAR-
mediated Ca2+ influx at early stages, and is used for the therapeutic intervention 
against neurodegenerative diseases19,290,291. 
 
Oxytosis 
In immature neurons and in immortalized hippocampal HT22 cells, glutamate 
induces oxidative stress and subsequent mitochondrial dysfunction leading to cell 
death independent of NMDAR (oxytosis). Oxytosis is distinct from glutamate-
induced excitotoxicity and the classical programmed apoptosis, wherein cell death 
is executed independent of the cellular cascade triggering CytC release from the 
mitochondria and caspase activation292,293. Furthermore, the subcellular localization 
of the tumor suppressor p53 which is critical for apoptosis induction, is dispensable 
during oxytosis294. 
Glutamate initiates cell death directly at the plasma membrane by perturbing the 
import and export of glutamate and cystine, respectively. High extracellular 
glutamate blocks the extrusion of glutamate and the import of cystine along the 
Cys/Glu antiporter (XCT)295–297, thereby limiting the availability of cystine to be 
incorporated into GSH which is composed of glutamate, cystine and glycine. GSH 
aids in maintaining a physiological redox balance due to its ability to become 
reduced (GSH) or oxidized (GSSG). Increasing either GSH component might help 
to restore normal GSH levels, as shown for N-acetylcysteine (NAC) in red blood 
cells and neurons298,299. The supplementation of GSH has also emerged as a 
strategy to block oxidative stress at early stages in this lethal pathway300,301. 
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As a consequence of reduced GSH levels, the activity of glutathione peroxidase 4 
(GPX4) is reduced. GPX4 is a key enzyme involved in maintaining the redox 
balance within cells, and GPX4 deficiency in mice introduced a cell death pathway 
strongly resembling oxytosis302. Loss of GSH and GPX4 enhanced the activity of 
12/15-lipoxygenases (12/15-LOX), thereby establishing pathological levels of free 
radicals and inducing Ca2+ influx into the cytosol302,303. These early elevations in 
ROS can be prevented by treatment with radical scavengers such as Trolox or 
NAC which also blocked neuronal cell death299. In addition, CytC oxidases (COX) 
contribute to ROS generation, however, COX are dispensable during oxytosis299. 
The generation of lipid peroxides facilitates the translocation of pro-apoptotic 
proteins to the mitochondria where they alter the mitochondrial morphology and 
impair mitochondrial function. Among the pro-apoptotic proteins translocating to the 
mitochondria, the BH3-interacting domain death agonist (BID) has a central role. 
Upon induction of apoptosis, BID is transactivated and translocates to the OMM 
where it interacts with BAX304,305. This induced oligomerization of BAX and 
facilitated the BAX-VDAC1 interaction, thereby inducing mitochondrial damage 
through enhanced OMM permeation306. In addition, BID-mediated mitochondrial 
damage accelerated ROS formation and mitochondrial fission downstream of 
12/15-LOX activation, thereby further conferring damage299,307. Pharmacological 
inhibition and CRISPR/Cas9-mediated knockout of Bid provided full protection 
against glutamate-induced cell death in HT22 cells308.  
Oxytosis induces the phosphorylation-dependent activation and mitochondrial 
accumulation of DRP1309. Mitochondrial DRP1 promotes mitochondrial fission, and 
pharmacological inhibition of DRP1 by mDivi compounds successfully prevented 
cell death and mitochondrial damage310. In the same study, these neuroprotective 
effects of DRP1 inhibition were further confirmed in an in vivo model of transient 
focal ischemia. Upon activation of DRP1, OPA1 released into the cytosol may 
prevent mitochondrial fusion as a potential repair mechanism, thereby leading to 
cell death311. 
The initial [Ca2+]i elevation induced by activation of 12/15-LOX is further propagated 
into massive [Ca2+]m uptake in response to OMM permeation. [Ca2+]m overload, in 
concert with ROS accumulation due to enhanced cardiolipin peroxidation227, leads 
to breakdown of mitochondrial metabolism and the respiratory chain, and results in 
loss of ATP synthase activity. Mitochondrial damage represents the “point of no 
return” at which mitochondrial breakdown and cell death become inevitable. 
Downstream of mitochondrial damage, additional mechanisms contribute to the 
execution of cell death. For instance, Ca2+ influx induced by SOCE is a late event 
during glutamate-induced oxytosis in HT22 cells. In glutamate-resistant HT22 cells, 
ORAI1 expression was downregulated leading to a reduction of SOCE indicating 
that ORAI1 is essential for SOCE in these cells75. Along with ORAI1, TRPC1 is 
involved in the late Ca2+ entry in HT22 cells following glutamate exposure as 

1 
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genetic downregulation or pharmacological inhibition of TRPC1 blocked cell 
death312. The ability of mitochondria to buffer rising levels of cytosolic Ca2+ also 
reflects on the induction and termination of SOCE, as mitochondria facilitate the 
activation of this process and control the extent and duration of the resulting Ca2+ 
influx313.  
Together with mitochondrial dysfunction and SOCE, cell death pathways are 
facilitated by translocation of the apoptosis-inducing factor (AIF) from the 
mitochondria to the nucleus where it induces chromatin condensation and DNA 
damage. In HT22 cells, genetic ablation of AIF and inhibition of the AIF-cyclophilin 
A interaction prevented cell death314,315. 
Different strategies have been exploited in the past years to protect neuronal cells 
from glutamate-induced cell death through mitochondrial conservation. These were 
mainly related to signaling components i) upstream of mitochondrial damage that 
sequester ROS and restore glutathione levels, ii) to components that directly induce 
mitochondrial damage through translocation to the OMM such as BID or DRP1, and 
iii) components downstream of mitochondria which are liberated from the 
mitochondria, including AIF or CytC, to execute cell death. However, many aspects 
such as mitochondrial Ca2+ or K+ channels, or the crosstalk between mitochondria 
and the ER to facilitate Ca2+ transfer also affect mitochondrial integrity and, 
therefore, represent potential neuroprotective targets. 
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Scope of the thesis 
Under physiological conditions, small conductance Ca2+-activated K+ (SK) channels 
play a key role in synaptic plasticity and in regulating neuronal firing activities. 
Owing to their ability to induce after-hyperpolarization by which neuronal excitability 
is decreased and NMDAR-mediated Ca2+ influx is attenuated, SK channels provide 
protection in different models of increased neuronal excitability and neuronal cell 
death.  
The identification of intracellular isoforms of SK channels raises the question of 
what the function of these intracellularly expressed SK channels is at the level of 
the mitochondria, and what impact these channels might have on SK channel-
mediated protection. In chapter 2, I review and discuss current studies on the 
molecular mechanisms underlying neuroprotection mediated by SK channels 
expressed at the plasma membrane, the ER (ER-SK) and the IMM (mitoSK) 
revealing the requirement of studies delineating the impact of intracellularly 
expressed SK channels.  
SK channel function has been studied extensively in various models of 
neurodegeneration in vitro and in vivo where their pharmacological activation 
prevented neuronal hyperexcitability. However, SK channel activation in the context 
of enhanced neuronal firing, for instance as in epilepsy, has not been fully 
elucidated. Only few studies reported a protective role in experimental models of 
epilepsy, and in vivo evidence for a role of SK channels in epileptogenesis is 
largely missing. In chapter 3, I investigate SK channel expression in different in 
vitro and in vivo models of epilepsy and assess functional consequences of 
epilepsy induction on mitochondrial performance, a critical parameter for preserving 
cell survival. As epileptogenesis and seizure duration was shown to involve the 
post-transcriptional regulation of protein expression316–318, I also exploit the potential 
involvement of microRNA-dependent regulation of SK channel protein expression. 
In chapter 4, I investigate the role of mitoSK2 channels in a model of oxidative 
stress (oxytosis), as cell death was triggered by glutamate primarily through 
mitochondrial dysfunction. To this end, I performed a detailed analysis of 
mitochondrial function, regarding mitochondrial respiration and Ca2+ uptake, to 
delineate mitoSK channel function under physiological and pathophysiological 
conditions, thereby exploiting the therapeutic potential of SK channel activation for 
enhancing mitochondrial resilience in conditions of oxidative stress and neuronal 
decline. This study proposes that mitoSK channels mediate neuroprotection 
through attenuating mitochondrial Ca2+ overload and reducing mitochondrial 
respiration. 
The dysregulation of Ca2+ signaling across the plasma membrane and subsequent 
intracellular Ca2+ accumulation is involved in the development and progression of 
neurodegenerative diseases. However, Ca2+ signaling inside the cell is more 
complex as multiple organelles contribute to Ca2+ homeostasis. The ER and 

1 
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mitochondria both constitute large Ca2+ sources, and the maintenance of Ca2+ 
homeostasis at these intracellular sites is critical for the metabolic activity and for 
cell survival. In chapter 5, I investigate how modulation of ER-mitochondrial 
connectivity affected the sensitivity of neuronal cells to glutamate-induced oxidative 
stress through altering the expression and function of GRP75, the molecular 
chaperone involved in physically connecting ER and mitochondria. In chapter 6, I 
investigate consequences of ER-mitochondrial connections on mitochondrial 
bioenergetics using an inducible system to link ER and mitochondria. SK channels 
control Ca2+ handling at the level of the ER and at the level of the mitochondria (118 
and chapter 4). Thus, SK channels located at either organelle might contribute to 
Ca2+ signaling at the ER-mitochondrial interface. In chapter 6, I elucidate the role 
of SK channels at ER-mitochondrial contact points and investigate their 
neuroprotective potential in conditions of enhanced ER-mitochondrial coupling, and 
thus increased ER-mitochondrial Ca2+ transfer. Finally, in chapter 7, the main 
findings of this work are placed into context and compared to the current literature. 
This chapter covers open questions and provides suggestions on future directions 
for each chapter. 
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Abstract 
Ca2+-activated K+ (KCa) channels regulate after-hyperpolarization in many types of 
neurons in the central and peripheral nervous system. Small conductance Ca2+-
activated K+ (KCa2/SK) channels, a subfamily of KCa channels, are widely expressed 
in the nervous system, and in the cardiovascular system. Voltage-independent SK 
channels are activated by alterations in intracellular Ca2+ ([Ca2+]i) which facilitates 
the opening of these channels through binding of Ca2+ to calmodulin that is 
constitutively bound to the SK2 C-terminus. In neurons, SK channels regulate 
synaptic plasticity and [Ca2+]i homeostasis, and a number of recent studies 
elaborated on the emerging neuroprotective potential of SK channel activation in 
conditions of excitotoxicity and cerebral ischemia, as well as endoplasmic reticulum 
(ER) stress and oxidative cell death. Recently, SK channels were discovered in the 
inner mitochondrial membrane and in the membrane of the endoplasmic reticulum 
which sheds new light on the underlying molecular mechanisms and pathways 
involved in SK channel-mediated protective effects. In this review, we will discuss 
the protective properties of pharmacological SK channel modulation with particular 
emphasis on mitochondrial SK channels as potential therapeutic targets in 
paradigms of neuronal dysfunction.  
 
Introduction 
Regulation of cellular ion homeostasis is an important physiological process to 
maintain the integrity of the plasma membrane and of intracellular organelles. Ion 
homeostasis is mainly determined by balanced concentrations of intracellular 
sodium (Na+), potassium (K+) and calcium (Ca2+). While Na+ and K+ are more 
involved in maintaining the membrane potential, Ca2+ is also a secondary 
messenger regulating intracellular signaling1,2. In the past decades, numerous 
proteins have been identified to coordinate intracellular ion homeostasis. These are 
ion exchangers such as the Na+/Ca2+ exchanger (NCX)3, the H+/Ca2+ exchanger 
(HCX)4 or the H+/K+ exchanger (KHE)5,6, voltage-gated Ca2+ channels (VGCC)7, 
ATP-dependent potassium channels (KATP)8 or the mitochondrial Ca2+ uniporter 
(MCU)9,10. The regulation of Ca2+ flux across membranes, and Ca2+-dependent 
activation of downstream signaling targets are key physiological processes with 
particular importance for neuronal function. In the past decades, numerous studies 
exploited the activity and function of Ca2+-activated K+ (KCa) channels which belong 
to a large family of K+ channel proteins. KCa channels control neuronal excitability 
and regulate synaptic plasticity, and their dysfunction was associated with ageing 
and diseases of the brain such as psychiatric disorders, neurodegenerative 
diseases or cerebral ischemia11–13.  
In this review, we discuss the emerging roles of a subfamily of these K+ channels, 
namely the small conductance Ca2+-activated K+ (KCa2/SK) channels, as a target in 
neurodegenerative diseases. In particular, we will delineate the function of SK 
channels at different intracellular localizations such as the inner mitochondrial 
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membrane and the endoplasmic reticulum (ER), and highlight their importance for 
the regulation of intracellular calcium ([Ca2+]i) homeostasis and neuronal cell 
viability.  
 
Ca2+-activated K+ (KCa) channels 
Ca2+-activated K+ (KCa) channels were first described in nervous tissues14 where 
they mediate after-hyperpolarization of the membrane. They are subdivided into 
three major families based on their molecular and pharmacological features: large 
conductance (KCa1.1/BKCa/BK), intermediate conductance (KCa3.1/SK4/IKCa/IK) and 
small conductance (KCa2.1-2.3/SKCa/SK) KCa channels. BK channels are activated 
by millimolar concentrations of Ca2+ and by voltage changes, which is unique for 
this subfamily of KCa channels15,16. In conditions of low Ca2+, BK channels open 
upon depolarization of the membrane, while at normal Ca2+ concentrations BK 
channels can open at a physiological membrane potential17–19. They are expressed 
in smooth muscle cells and in neurons of the central nervous system20,21. IK and SK 
channels are structurally very similar, and in contrast to BK channels, they are 
voltage-independent and are activated at submicromolar (0.5μM) Ca2+ 
concentrations22–24. IK and SK channel activation is mediated by Ca2+ binding to 
calmodulin which is constitutively bound to the C-terminal tail of the channel 
proteins25,26. IK channels are widely expressed in different cell types including mast 
cells, astrocytes, thrombocytes, T lymphocytes, smooth muscles of the urinary 
bladder and the placenta, endothelial cells of lung vessels, crypts of the colon and 
pancreatic duct cells27–37. SK channels are predominantly expressed in microglia, 
mast cells and neurons, in cardiac myocytes, and also occur in endothelial cells of 
coronary arteries24,38–41. 
The activity of KCa channels plays an essential role in shaping oscillations of [Ca2+]i. 
A plethora of pharmacological modulators is available which elicit different binding 
specificities for the KCa channel subfamilies (see table 1). For example, many 
substances were developed with high specificity for BK channels, such as NS1619 
(EC50 3μM), NS15904 (EC50 11μM) or NS11021 (EC50 400nM)42–44, and the fluoro-
oxindole BMS204352 (EC50 300-400nM)45. Due to the great similarities between IK 
and SK channels, there are currently no specific activators available that only target 
IK channels. However, a number of substances have been developed with large 
differences in their selectivity towards the KCa channel subtype. NS309, 1-EBIO and 
SKA-31 activate both IK and SK channel subtypes, although they are more specific 
for IK channels (EC50: NS309 10nM, 1-EBIO 74μM and SKA-31 0.11-0.26μM) 
compared to SK channels (EC50: NS309 30nM, 1-EBIO 700μM and SKA-31 0.4-
3μM)46–48. SKA-111 and SKA-121 seem to show the highest selectivity for the IK 
channel subtype (EC50: SKA-111 111nM and SKA-121 109nM) compared to SK 
channels (EC50: SKA-111 13.7μM and SKA-121 4.4μM)49.  

2 
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The generation of SK channel subtype-specific positive modulators is an emerging 
field, as there are many rather non-specific compounds (see table 2). For the 
selective activation of the SK1 channel isoform, GW542573X (EC50 8.2μM) and (-
)CM-TPMF (EC50 24nM) were developed50,51. Both substances show a 20x higher 
selectivity for SK1 channels compared to SK2/3 channels. So far, only CyPPA 
(EC50 5.6-14μM) and its derivative NS13001 (EC50 0.14-1.9μM) are known to 
specifically activate SK2 and SK3 channels while they do not activate SK1. Both 
compounds exerted neuroprotective properties in a mouse model of 
spinocerebellar ataxia type 252,53. These studies also revealed a higher specificity of 
CyPPA (SK3-EC50 5.6μM compared to SK2-EC50 14.4μM), and of NS13001 (SK3-
EC50 0.14μM compared to SK2-EC50 1.9μM) for the activation of the SK3 channel 
isoform (see table 1).  
 
Table 1: Synthetic modulators of KCa channels. 

 

Concerning KCa channel inhibitory compounds, the available substances seem to 
be more specific. Tetraethylammonium is the only pharmacological substance 
inhibiting only BK channel activity with an IC50 of 500nM54. For IK channel inhibition, 
TRAM-34, clotrimazole and rac-16 can be used, of which rac-16 (IC50 8nM) is more 
potent than TRAM-34 (IC50 20-25nM) or clotrimazole (IC50 390nM)29,55,56. For SK1 
channel inhibition (-)B-TPMF is effective (IC50 31nM) in inhibiting this channel 
subtype51. In addition, ICAGEN also preferentially inhibits SK1 channels with an 
IC50 of 4nM compared to SK2 (IC50 110nM) or SK3 channels (IC50 59nM)57. In 
contrast, the membrane-permeable substance UCL1684 (IC50 0.364nM), which is 

Substance Effect Chemical name KCa channel KD value or IC/EC50 Reference 

NS1619 

 

Activator 1,3-dihydro-1-[2-hydroxy-5-
(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-
benzimidazol-2-one 

BK channels EC50 3μM (Olesen, Munch, Moldt, & Dreje
1994) 

NS19504 Activator 5-[(4-Bromophenyl)methyl]-2-thiazolamine BK channels EC50 11μM (Nausch et al., 2014) 

NS11021 Activator 1-(3,5-Bis-trifluoromethyl-phenyl)-3-[4-bromo-2-
(1H-tetrazol-5-yl)-phenyl]-thiourea 

BK channels EC50 400nM (Bentzen et al., 2007) 

(Layne, Nausch, Olesen, & Nelso
2010) 

BMS204352 Activator (3S)-(+)-(5-Chloro-2-methoxyphenyl)-1,3-
dihydro-3-fluoro-6-(trifluoromethyl)-2H-indole-2-
one 

BK channels EC50 300-400nM (Cheney et al., 2001; Gribkoff et a
2001) 

SKA-111 Activator 5-methylnaphtho[1,2-d]thiazol-2-amine IK channels EC50 111nM (Coleman et al., 2014) 

SKA-121 Activator 5-methylnaphtho [2,1-d]oxazol-2-amine IK channels EC50 109nM (Coleman et al., 2014) 

NS13001 Activator 4-Chlorophenyl)[2-(3,5-dimethylpyrazol-1-yl)-9-
methyl-9H-purin-6-yl]amine 

SK channels EC50 0.14-1.9μM 

 

(Kasumu et al., 2012) 

CyPPA Activator Cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-yl)-6-
methyl-pyrimidin-4-yl]-amine 

SK channels EC50 5.6-14μM 

 

(Hougaard et al., 2007) 

NS309 Activator 6,7-dichloro-1H-indole-2,3-dione 3-oxime 

 

SK channels 

IK channels 

EC50 30nM 

EC50 10nM 

(Pedarzani et al., 2005; Strøbæk 
al., 2004) 

1-EBIO Activator 1-Ethylbenzimidazolinone SK channels 

IK channels 

EC50 700μM 

EC50 74μM 

(Pedarzani et al., 2001) 

(Jensen et al., 1998) 

SKA-31 Activator Naphtho[1,2-d]thiazol-2-ylamine SK channels 

IK channels 

EC50 0.4-3μM 

EC50 115-260nM 

(Sankaranarayanan et al., 2009) 



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: 51PDF page: 51PDF page: 51PDF page: 51

                                               SK channels: pharmacology & implications in neuronal diseases 

45 
 

able to bind to intracellular domains of the membrane-bound SK channels58 as well 
as dequalinium chloride (IC50 162nM) are 3-4x more potent in inhibiting SK2/3 
channels compared to SK1 channels59,60. In contrast, NS8593 shows similar 
potencies for all SK channel subtypes (IC50 100nM)61,62. Recently, a few more 
studies were published presenting new subtype-specific inhibitors, one of which 
was Ohmline (IC50 300nM) showing a greater potency for SK3 channel inhibition 
compared to SK1, and negligible effects on SK2 channel isoforms63. Based on the 
structure of Ohmline, new analogues were developed which also inhibited SK3 
channels, yet did not block SK2 channels64 (table 2). 
 
Table 2: SK channel modulators. 

 

 
In addition to synthetic pharmacological modulators, substances of natural origin 
have been identified to alter KCa channel activity (table 3), some of which are 
derived from toxins of different scorpion species; iberiotoxin (IC50 0.36-0.76nM) 
potently blocks BK channels and charybdotoxin (IC50 3nM) inhibits BK and IK 
channels. Notably, tamapin (IC50 0.024nM) and scyllatoxin (IC50 0.29-80nM) 
specifically block SK channels30,44,65–67. The antiseptic compound dequalinium 
chloride (IC50 0.16-0.44nM) and the bee venom toxin apamin (IC50 0.83-3.3nM), are 
also highly selective blockers for SK channels65,66,68. Apamin which binds to the 
extracellular loop of SK channels facing the extracellular space, is more selective 
for SK2 channels (IC50 0.083nM) compared to SK1 channels (IC50 3.3nM) which is 
similar to scyllatoxin (SK2-IC50 0.29nM compared to SK1-IC50 80nM)66. In line, also 
tamapin shows SK2 channel selectivity with an IC50 of 0.024nM compared to SK3 
(IC50 1.7nM) or SK1 (IC50 42nM) channels67. One peptide derivative of the scorpion 
toxin leiurotoxin, Lei-Dab7, was identified as a potent activator of SK2 channel 
subtypes with a IC50 of 34.5nM69–71 (table 2).  

Effect Substance Selectivity Effect Substance Selectivity 

  SK1 SK2 SK3   SK1 SK2 SK3 

Activating GW542373X +++ + + Inhibitory ICAGEN +++ + ++ 

 (-)CM-TPMF +++ + +  (-)B-TPMF +++   

 Lei-Dab7 - +++ -  UCL1684 + +++ +++ 

 CyPPA - ++ +++  Dequalinium + +++ +++ 

 NS13001 - ++ +++  Tamapin + +++ ++ 

 1-EBIO + + +  Scyllatoxin ++ +++ +++ 

 NS309 + + +  Apamin + +++ +++ 

 SKA-31 + + +  Ohmline + - +++ 

      NS8593 + + + 

2 
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The identification and development of SK channel-specific modulators (both 
positive and negative) allowed for analyzing the functional impact of these channels 
on neuronal excitability, neuronal dysfunction and neuro-inflammatory responses in 
vitro and in vivo. How SK channels expressed at the plasma membrane, in 
mitochondria and the ER are involved in neuronal cell function and in different 
paradigms of neurodegeneration will be discussed in detail in the following parts of 
the review. 
 

Table 3: Natural modulators of KCa channels. 

 

Small conductance Ca2+-activated K+ (KCa2/SK) channels 
The three isoforms of SK channels (KCa2.1-3/SK1-3) are distinguished based on 
their expression profile and responsiveness to defined pharmacological modulators. 
In humans, the expression of SK1 (KCa2.1) channels is mainly restricted to the brain 
while SK2 (KCa2.2) channels are found in several organs including brain and heart. 
SK2 channels are also found in smooth muscle of the urinary bladder, the kidneys 
and in bile duct cells of the liver. SK3 (KCa2.3) channels are widely expressed in the 
body with particular enriched expression levels in brain cells, skeletal muscle and 
vascular smooth muscle cells of different organs72–77.  
SK channels are highly abundant in the brain, and they have been involved in 
[Ca2+]i-dependent processes such as synaptic plasticity, cell metabolism and cell 
survival. In mice, decreasing SK channel activity by apamin determined synaptic 
strength and initiated long-term potentiation (LTP), while an increase in SK channel 
activity reduced synaptic strength and promoted long-term depression (LTD)78,79. 
SK channels are found in the postsynaptic membrane of glutamatergic neurons in 
close proximity to N-methyl-D-aspartate receptors (NMDAR) and VGCC78,80,81, 
where they are activated by NMDAR-mediated Ca2+ influx that leads to a rise in 
[Ca2+]i in response to action potential generation at the incoming synapse. Opening 
of SK channels induces K+ efflux which alters the membrane potential and reduces 
the excitatory postsynaptic potential82. Further, K+ efflux and SK channel-mediated 

Substance Effect Origin KCa channels  KD value or IC50 Reference 

Iberiotoxin Inhibitor Scorpion toxin BK channels IC50 0.36-0.76nM (Layne et al., 2010) 

Charybdotoxin Inhibitor Scorpion toxin BK channels 

IK channels 

IC50 3nM (Grissmer, Nguyen, & Cahalan, 1993; Hanselmann 
Grissmer, 1996) 

Scyllatoxin Inhibitor Scorpion toxin SK channels IC50 0.29-80nM (Hanselmann & Grissmer, 1996; Strøbaek et al., 2000) 

Tamapin Inhibitor Scorpion toxin SK channels IC50 0.024nM (Pedarzani et al., 2002) 

Dequalinium 
chloride 

Inhibitor Antiseptic compund SK channels IC50 0.16-0.44nM (Strøbaek et al., 2000) 

Apamin Inhibitor Bee venom toxin SK channels IC50 0.83-3.3nM (Hanselmann & Grissmer, 1996; Strøbaek et al., 2000) 

Lei-Dab7 Activator Based on scorpion 
leiurotoxin I with di-
aminobutanoic acid (Dab) 

SK channels IC50 34.5nM (Mpari, Sreng, Regaya, & Mourre, 2008) 

 



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: 53PDF page: 53PDF page: 53PDF page: 53

                                               SK channels: pharmacology & implications in neuronal diseases 

47 
 

reduction of [Ca2+]i create a local current that re-establishes NMDA receptor 
blockade by Mg2+, thereby preventing re-excitation of the neurons78. In addition to 
modulating neuronal excitability, SK channels are involved in regulating the late 
repolarization phase during cardiac action potentials in human and mouse heart 
cells83, and in regulating blood flow, (micro) vascular relaxation and contraction in 
endothelial cells84,85. Further, SK channels play a role in maintaining the blood-
brain-barrier, as SK channel currents were increased by ATP-induced [Ca2+]i rises, 
and subsequent hyperpolarization augmented the proliferation of brain capillary 
endothelial cells86.  
 
Regulation of SK channel activity and localization 
SK channel activity is regulated by binding of Ca2+ to calmodulin in the calmodulin-
binding domain (CaMBD). In this domain, calmodulin is constitutively bound to the 
C-terminal tail of SK channels (SK2-CTD) and is regulated by phosphorylation and 
dephosphorylation87. SK channel isoforms (SK1-3) share common features in their 
homology and in their mechanisms of gating, yet, most studies on the regulation of 
channel gating were performed on the SK2 channel isoform. The cytoplasmic 
termini of SK2 channels interact with the catalytic and regulatory subunits of casein 
kinase 2 (CK2) which facilitates the phosphorylation of SK2-bound calmodulin at 
Thr80. Thereby, the Ca2+ affinity of calmodulin is decreased and SK channels are 
deactivated. Further, the SK2-CTD, CK2 and calmodulin assemble into a large 
multiprotein complex with protein phosphatase 2A (PP2A) which is suggested to 
create a dynamic environment for phosphorylation and dephosphorylation events to 
regulate SK channel function. PP2A can dephosphorylate Thr80, thereby 
increasing the Ca2+ affinity of calmodulin and activating SK channel function88,89. 
PP2A and CK2 alter the phosphorylation state of the same threonine residue 
suggesting further protein interactions within this large complex at the SK2-CTD 
which contribute to the regulation of SK channel function in neurons90. For instance, 
enhanced CK2 activity increased calmodulin phosphorylation and thereby reduced 
SK channel function in hypothalamic neurons91.  
On the other hand, membrane SK channel localization is regulated through 
phosphorylation by cAMP-dependent protein kinase (PKA) at Ser136 in the N-
terminal domain and Ser568-570 in the C-terminal domain92. PKA activity increased 
the accumulation of SK channels into nanoclusters in somatodendritic spines of 
hippocampal neurons, and strongly restricted their expression to the soma, thus 
reducing SK channel function at the plasma membrane93. Transient GABAB 
receptor stimulation in dopaminergic (DA) neurons in the substantia nigra caused 
irregular spiking which was evoked by reduced PKA activity and concomitant 
increasing surface SK channel expression in these neurons94. In line with these 
observations, isoprenaline-mediated β-adrenergic stimulation of rat pyramidal 
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neurons in the lateral amygdala activated PKA and induced SK channel 
internalization at the level of excitatory synapses95.  
Many proteins were identified to play a role in SK channel expression, trafficking 
and internalization into endosomes, such as the F-actin crosslinking protein α-
actinin 96 and the scaffold protein filamin A97. Co-expression of SK2 channels and 
α-actinin or filamin A enhanced the expression of SK channels at the plasma 
membrane of HEK293 cells, and this was mediated by recycling from endosomes98. 
Blocking endosome recycling with primaquine99 reduced membrane SK channel 
expression, while inhibition of endocytosis by the dynamin inhibitor dynasore100 had 
no effect on the membrane expression. Furthermore, the Rab GTPases Rab4 and 
Rab11 were involved in anterograde trafficking of SK channels further supporting 
the concept that the expression of SK channels at the plasma membrane is 
regulated through recycling from endosomes. 
 
The role of SK channels in neuronal disease pathology 
Due to the broad expression pattern of SK channels in the brain and the 
importance of these channels in maintaining homeostasis of Ca2+ and K+ fluxes 
within and across neuronal cells, SK channels are highly promising targets for the 
therapy of diseases affecting the brain.  
The contribution to synaptic plasticity links SK channel function to disorders 
affecting learning and memory such as Alzheimer’s disease, and to psychiatric 
disorders such as schizophrenia12,13,101–103. Further, it was hypothesized that [Ca2+]i 
levels are slowly, but steadily, elevated with increasing age thereby contributing to 
pathological [Ca2+]i signaling in neurons104–106. The decreased ability of aged 
hippocampal neurons to undergo after-hyperpolarization107 suggests on the one 
hand that SK channel expression might decrease with age and on the other hand 
that activation of remaining SK channels might compensate for age-related cellular 
defects that are associated with dysfunctional [Ca2+]i handling and/or excitability. 
This concept is supported by our study showing that SK channel activation by 
NS309 prevented channel degradation, excitotoxicity-induced [Ca2+]i deregulation 
and prevented cell death of cultured primary cortical neurons108. In agreement with 
this idea, SK2 channels were shown to be internalized in a model of ischemia, an 
effect that was reversed upon by administration of 1-EBIO81. 
In the past years, a large number of studies demonstrated the neuroprotective 
potential of SK channels in different in vitro and in vivo models of cell death. 
Notably, after the discovery of intracellularly expressed SK channels in the ER and 
in mitochondria, recent studies now focus more on the impact of these 
intracellularly located SK channels in paradigms of oxidative stress and cell 
death109–112. In the following part, we will discuss the current knowledge on SK 
channel expression in different neuronal cell types which are known to be involved 
in neurodegenerative diseases, and we will highlight findings that link the 
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neuroprotective effect of SK channel activation to the function of intracellularly 
expressed SK channels (see figure 1).  
 
 

 
Figure 1. SK channel function at the plasma membrane and in membranes of the 
endoplasmic reticulum and the mitochondria. SK channels are expressed in the plasma 
membrane, in the endoplasmic reticulum (ER) and in the inner mitochondrial membrane. In the 
plasma membrane of neurons, they are in close proximity to N-methyl-D-aspartate receptors 
(NMDAR) and are activated through NMDAR-dependent Ca2+ influx. SK channel opening induces 
K+ efflux and leads to hyperpolarization of the membrane, thereby controlling the activation of 
NMDA receptors in physiological paradigms of long-term potentiation (LTP) in learning and 
memory formation, and in pathological paradigms of glutamate-induced excitotoxicity. In response 
to excitotoxic activation of NMDAR by glutamate, SK channel activation prevents cell death by 
attenuating excessive Ca2+ influx108. In the ER membrane, SK channels (SKER), the K+/H+ 
exchanger (KHE) and the sarco-/endoplasmic reticulum Ca2+ ATPase (SERCA) coordinate [Ca2+]ER 
release and retention to maintain [Ca2+]ER homeostasis110. At this intracellular site, SKER channel-
mediated K+ flux establishes the driving force for KHE to transport protons into the ER lumen which 
in turn drives SERCA-mediated [Ca2+]ER uptake. SKER channel activation preserves [Ca2+]ER levels 
and cell viability in conditions of brefeldin A-induced ER stress. In the mitochondria, SK channels 
(mittoSK) channels reside in the inner mitochondrial membrane. Together with the mitochondrial 
Ca2+ uniporter (MCU) and the mitochondrial Na+/Ca2+ exchanger (mNCX), mitoSK channels 
contribute to balancing [Ca2+]m uptake and efflux. In response to oxidative glutamate toxicity 
through inhibition of the glutamate-cystine antiporter (XCT), mitoSK channel activation restores the 
mitochondrial membrane potential, prevents mitochondrial fission, and attenuates the formation of 
mitochondrial reactive oxygen species (ROS) as well as [Ca2+]m overload113. 

 
 
SK channels at the plasma membrane 
In the central nervous system of the mouse, the SK channel subtypes are 
differentially expressed as shown by Sailer and colleagues114. The SK1 isoform is 
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highly expressed in the cortex (layers I-IV), in the hippocampus (stratum lucidum, 
stratum radiatum, dentate gyrus, subiculum), midbrain (superior colliculus, 
interpeduncular nucleus), cerebellum (molecular and Purkinje cell layer) and in the 
spinal cord, while SK2 is predominantly expressed in the ganglionic layer of the 
cortex, the hippocampus (stratum oriens, subiculum), in the anterior and posterior 
basolateral nuclei of the amygdala, the medial habenula, the area postrema and in 
the inferior olivary complex. The SK3 isoform is found in the olfactory bulbs, the 
hilus of the dentate gyrus, the stratum lucidum, the stratiopallidal system, in most 
parts of the thalamus and in the locus coeruleus. In all these cell types, SK 
channels are abundant in the plasma membrane where they contribute to ion 
homeostasis, both by inducing K+ efflux into the extracellular space and by 
regulating [Ca2+]I homeostasis. The expression of SK channels in the brain is of 
special importance, as neuronal loss in the aforementioned brain regions is 
associated with different diseases. 
In mouse hippocampal CA1 pyramidal neurons, SK channels shape the after-
hyperpolarizing current and modulate spike amplitude and duration115–117. Activation 
of these KCa channels prevented neuronal damage by blocking NMDAR-mediated 
excitotoxicity in vitro. For instance, in cultured primary cortical neurons glutamate 
stimulation induced cell death by deregulating [Ca2+]i calcium homeostasis108. 
Enhanced [Ca2+]i accumulation by glutamate led to suppression of SK channel 
expression at the plasma membrane which was prevented by pharmacological SK 
channel activation. In this study, we identified a substantial role for SK channel 
activity in neuroprotection against excitotoxicity, and SK channel-mediated 
regulation of [Ca2+]i homeostasis as an underlying molecular mechanism of 
protection. Our results from the neuronal cell cultures in vitro were transferred to an 
in vivo model of middle cerebral artery occlusion where intraperitoneal application 
of the positive SK channel modulator NS309 prior to the insult significantly reduced 
the infarct size. Furthermore, neuroprotective effects of SK channel activation were 
confirmed in a model of cerebral ischemia following cardiac arrest and 
cardiopulmonary resuscitation. In this model of global cerebral ischemia, CA1 
pyramidal neurons were damaged and this resulted in a reduction of LTP and 
cognitive impairments118. Post-insult (30min) SK channel activation by 1-EBIO 
restored LTP by a mechanism involving post-synaptic signaling, likely by regulation 
of [Ca2+]i handling. In line with these findings, two post-insult injections of 1-EBIO 
(30min and 6h) reduced neuronal cell death and improved the associated cognitive 
defects in the same model system81. Further, enhanced SK2 channel expression 
after viral SK2 plasmid delivery to the dentate gyrus in rats also alleviated kainate-
induced lesions in the CA3 region in vivo, reduced the excitability of granule cells in 
hippocampal slices in vitro, yet was accompanied by a post-training memory deficit 
in SK2 channel transduced animals119.  
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In addition to paradigms of acute brain injury such as cerebral ischemia, there is 
also increasing evidence for a therapeutic potential of SK channel modulators in 
neurodegenerative diseases such as Parkinson’s disease (PD). PD progression is 
characterized by the loss of DA neurons in the substantia nigra pars compacta 
which coordinate movement and working memory, and SK channels regulate the 
Ca2+-dependent pacemaker activity of these cells120,121,103,122. Our work revealed a 
protective role for SK channels in human postmitotic DA neurons challenged with 
the mitochondrial complex I inhibitor rotenone123. In this study, SK channel 
activation by NS309 preserved the cellular network and cell survival against 
rotenone toxicity in vitro suggesting that SK channel activation may be beneficial in 
diseases involving the degeneration of DA neurons. In line with our observations, 
CyPPA application dose-dependently suppressed the depolarization-induced 
dopamine release from DA neurons in midbrain slices, and prevented the 
hyperactive phenotype induced by methylphenidate, a blocker of 
dopamine/norepinephrine re-uptake, in vivo124. In the so called frissonant mutant 
mice a deletion in the 5’UTR of Kcnn2 leads to loss of SK2 channel expression, 
and these animals show constant rapid tremor along with deficits in locomotor 
activity due to altered neuronal firing125, thereby presenting a link to the motor 
dysfunction in PD patients. SK channel-mediated regulation of neuronal excitability 
was also linked to the development of schizophrenia. For instance, reduced 
expression of Disrupted in Schizophrenia 1 (DISC-1) altered cAMP signaling and 
lead to upregulation of NMDAR-mediated Ca2+ influx and SK channel-mediated 
hyperpolarization in cortical slices obtained from adult rats126. 
In addition, recent studies have examined the role of SK channels in serotonergic 
neurons in model systems of mood disorders such as depression. In animals 
exposed to chronic social isolation, Sargin and colleagues identified a reduced 
activity of serotonin-producing neurons which was accompanied by increased SK3 
channel protein expression, and in vivo SK channel inhibition normalized the 
depressive-like behavior127. In the same study, also inhibition of VGCC suppressed 
the pathological phenotype supporting the concept that restoring [Ca2+]i signaling is 
essential to attenuate the progression of affective disorders. Furthermore, using the 
SK2/3 channel inhibitor apamin and the SK2 isoform-specific inhibitor Lei-Dab7, the 
authors showed that serotonergic neurons in socially isolated animals were 
insensitive to SK2 channel inhibition while the responsiveness to apamin (affecting 
also SK3 channels) was unchanged. This study not only links SK channel activity 
and [Ca2+]i signaling to the regulation of serotonergic neurons, yet also gives first 
insights into a distinct function of the SK3 channel isoform in these cells and their 
potential as a target for the therapy of affective disorders.  
In a model of spinocerebellar ataxia type 2 (SCA2), oral administration of the SK2/3 
channel-specific activator NS13001 restored the pacemaker activity of Purkinje 
cells in cerebellar slices obtained from transgenic SCA2 mice, and improved motor 
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performance of these animals53. Likewise, computational modeling of deep 
cerebellar nuclei revealed an increase in the firing rate upon SK channel blockage 
which is suggested to contribute to the development of cerebellar ataxia128. In 
agreement, SK channel activation by CyPPA and NS309 reduced Purkinje cell 
spiking activity in vivo in aged rats (22-28 months) compared to young adult rats (3-
6 months)129 indicating that SK channel activation not only reduced cerebellar 
defects in pathological conditions, yet also compensated for the age-related 
impairment of cerebellar function. Similarly, endothelial dysfunction of mesenteric 
arteries in >24 months old rats was associated with impaired SK channel function 
together with decreased nitric oxide supplementation further indicating a protective 
role of SK channel activity in ageing85.  
 
Mitochondrial SK (mitoSK) channels 
In addition to the well-investigated functional expression at the plasma membrane, 
SK channels were also identified in the inner mitochondrial membrane of neuronal 
cells and guinea pig cardiomyocytes where they play a crucial role for cellular 
homeostasis and survival. In murine immortalized hippocampal HT22 cells, we 
identified SK channels in the inner mitochondrial membrane (mitoSK) by 
immunostaining using SK2-specific antibodies and immunoblotting of mitochondria-
enriched fractions obtained from subcellular fractionation, and we confirmed their 
functional expression using patch-clamp recordings of isolated mitoplasts109. In 
HT22 cells, cell death is triggered by high extracellular glutamate concentrations 
which induces oxidative stress, mitochondrial dysfunction and NMDAR-
independent cell death130–132. We observed that mitoSK channel activation in HT22 
cells blocked major hallmarks of mitochondrial damage in response to glutamate 
treatment and prevented cell death113. Interestingly, SK channel activation or 
overexpression of a mitochondria-targeted SK2 channel plasmid enhanced 
mitochondrial resilience against oxidative glutamate toxicity by reducing 
mitochondrial respiration and by attenuating mitochondrial Ca2+ ([Ca2+]m) overload. 
Similar results were obtained in another study in neuronal HT22 cells challenged 
with H2O2

133. Here, cell death triggered by exogenous H2O2 also induced 
mitochondrial damage, and SK channel activation by CyPPA provided protection. In 
these conditions of oxidative stress, CyPPA dose-dependently decreased 
mitochondrial respiration while it increased glycolysis, thus inducing an adaptive 
metabolic switch in the cells.  
Notably, our study in human postmitotic DA neurons exposed to rotenone not only 
showed that SK channel activation rescued from loss of the dendritic network and 
cell death, yet also restored cellular ATP levels, thus mitochondrial function123. In 
these cells, SK2 and SK3 channel isoforms were identified both, at the plasma 
membrane and in the inner mitochondrial membrane. This study shows that there is 
a potential crosstalk between SK channels at the plasma membrane and those in 
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the inner mitochondrial membrane, likely through the regulation of [Ca2+]i handling. 
On the one hand, this suggests that inhibiting SK channels at the plasma 
membrane will also affect mitoSK channels and might therefore change 
mitochondrial function. However, on the other hand SK channel activators will also 
activate mitoSK channels and may provide further protection at the level of the 
mitochondria which might not have been considered so far.  
Functional expression of mitoSK channels was also reported in guinea pig 
hearts134. Their activation by 1-EBIO prior to initiation of ischemia-reperfusion injury 
(IRI) significantly reduced the infarct size, maintained mitochondrial function and 
attenuated the formation of reactive oxygen species (ROS). Further, a study in 
neutrophils revealed an effect of SK channel modulation on mitochondrial integrity. 
Upon exposure of pathogens, neutrophils elicit an immune response that induces 
an oxidative burst and the release of neutrophil extracellular traps (NET), also 
termed NETosis135. SK channel activation by 1-EBIO lead to partial mitochondrial 
ROS formation under basal conditions which induced NETosis in neutrophils136 
suggesting that the SK channel-mediated effect on mitochondrial function is a 
component of the immune response against invading pathogens. SK channels 
were also identified in cultured primary microglial cells, and their activation by 
CyPPA decreased the inflammatory response (cytokine and nitric oxide release) 
elicited by lipopolysaccharide stimulation137. Future studies are warranted to further 
elucidate functional SK channel expression also in microglia and to evaluate their 
potential impact on the pro- and anti-inflammatory effects in paradigms of neuronal 
disease. 
Not only mitoSK channels have been identified and are involved in protective 
mechanisms, yet also mitoIK and mitoBK channels were identified in human colon 
cancer cells138 and rat or guinea pig cardiomyocytes139,140, indicating that protection 
by mitochondrial isoforms could be a class effect of this KCa channels family, and 
that mitoSK channel modulation serves as a potential target for neurodegenerative 
diseases or cardiac injuries where mitochondrial demise contributes to disease 
progression. 
 
Endoplasmic reticulum-bound SK (ER-SK) channels 
In the ER, different ion channels are involved in balancing ion flow between the 
cytoplasm and the ER lumen, and Ca2+ storage in the ER depends on the counter-
transport of protons141,142. Kuum and colleagues showed that SK channels present 
in the ER membrane, along with the K+/H+ exchanger (KHE) control 
transmembrane proton flux to allow ER-Ca2+ ([Ca2+]ER) uptake and retention. This 
was the first study identifying SK channel expression in the ER membrane (SKER) 
of rat cortical neurons and cardiac fibers using immunofluorescence analysis, and 
in ER fractions isolated from brain tissues111.  

2 
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In neuronal HT22 cells transfected with GFP-tagged SK2 channel plasmids, SK2 
channels partially co-localized with the ER as shown by immunofluorescence. 
Furthermore, the SK2 channel protein was detectable in an ER-microsome 
enriched fraction (SKER) after subcellular fractionation of these cells110. In this study, 
HT22 cells were challenged with toxic concentrations of brefeldin A, a substance 
that inhibits protein trafficking in the ER endomembrane system and subsequently 
leads to accumulation of unfolded proteins in the ER lumen143. In this model 
system, SKER channel activation by CyPPA successfully protected against brefeldin 
A-induced cell death. Notably, we confirmed a substantial regulatory function of 
SKER channels in [Ca2+]ER homeostasis in conditions of ER stress as CyPPA-
mediated SKER channel activation attenuated thapsigargin-induced [Ca2+]ER release. 
Furthermore, a study on spatial working memory in rats described an interplay 
between inositol-1,4,5-triphosphate receptor-mediated [Ca2+]ER release in 
conditions of stress and subsequent activation of SK channels to induce 
hyperpolarization of neurons in the prefrontal cortex144. Similarly, in porcine 
coronary arteries, endothelial dysfunction induced by homocysteine was mediated 
through ER stress which led to suppression of IK/SK channel currents and reduced 
expression of SK channels at the plasma membrane145. This study also suggests a 
role for ER stress in failing vascular relaxation and contraction, and in addition 
associates ER stress with a change in SK channel protein expression. Taken 
together, SKER channel function can therefore be linked to regulation of [Ca2+]ER 
homeostasis. 
Interestingly, the ER forms a dynamic interface with mitochondria to facilitate Ca2+ 
transfer from ER-resident channels to the mitochondrial matrix. Tightening ER-
mitochondrial coupling enhances Ca2+ transfer and promotes cell death146,147. SK 
channels were identified in membranes of the ER and in mitochondria, however, 
the effect of SK channel modulation in this subcellular compartment of ER-
mitochondrial connections has not been investigated so far. We suggest that 
regulation of [Ca2+]i homeostasis in neuronal cells depends on both, SK channel 
activities at the plasma membrane and at the subcellular levels of mitochondria and 
the ER, including regulation of ER-mitochondrial interfaces. Future studies should 
elucidate how SK channels are regulated in the ER and in mitochondria, and how 
plasma membrane-SK channels and subcellular SK channels in these organelles 
orchestrate their activities to modulate [Ca2+]i, neuronal function and survival. 
 
Concluding remarks 
The therapeutic potential of pharmacological SK channel modulators in the 
treatment of diseases affecting the nervous system, the cardiovascular system and 
the immune system is supported by a large number of studies investigating the 
molecular mechanisms and identifying new implications for SK channel function in 
physiological and pathological pathways.  
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Especially studies in neurons related to dysfunctional Ca2+ signaling revealed an 
essential role for SK channels in cell physiology and ion homeostasis, and pointed 
towards the therapeutic application of SK channel modulating compounds in brain 
disorders. Most intriguingly, a new role for SK channels has been unraveled in 
conditions where mitochondrial demise and ER dysfunction are critical. In these cell 
death paradigms, SK channel activation mediated neural protection by maintaining 
mitochondrial integrity and by restoring [Ca2+]ER homeostasis in concert with other 
ER ion channels. In many neuronal cells, SK channels are expressed at the plasma 
membrane as well as in the inner mitochondrial membrane. Thus, pharmacological 
modulation of SK channels, which was originally intended to alter synaptic 
plasticity, also affects [Ca2+]m and [Ca2+]ER homeostasis, and in consequence the 
function of mitochondria and the ER. These new findings need to be taken into 
account in future studies. Furthermore, Ca2+ transfer facilitated by ER-mitochondrial 
coupling is an important aspect for cell death signaling in neurons and in non-
neuronal cells. The involvement of SK channels in [Ca2+]i signaling between these 
organelles and the implication of ER-mitochondrial contact formation in different cell 
death paradigms is an emerging field of research which may provide novel targets 
for therapeutic intervention.  
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Abstract 
Small conductance Ca2+-activated K+ (SK) channels have been implicated in 
several neurodegenerative diseases due to their ability to regulate neuronal 
excitability, and their activation was shown to provide neuroprotection in different 
paradigms of cell death, including oxidative stress and excitotoxicity. However, their 
functional implication in epilepsy which is characterized by irregular neuronal firing, 
is still largely unknown. In this study, we aimed to assess the function and 
regulation of SK channel expression in different models of epilepsy. In an in vitro 
model of epilepsy, we found that SK channel activation stably attenuated Mg2+ 
deprivation-induced enhanced neuronal firing, and in an in vivo epilepsy model of 
perforant pathway (PP) stimulation, we showed that SK3 channel expression was 
decreased in mitochondrial fractions from the hippocampi of electrically stimulated 
rats. In addition, we found that mitochondrial complex I performance was impaired 
in the hippocampi of the PP-stimulated animals. Further, we identified miRNA-135a 
binding sites in the 3’UTR of the SK3 channel (Kcnn3), and we unraveled miRNA-
135a as a regulator of SK3 channels in primary cortical neurons. MiRNA-135a 
overexpression reduced SK3 channel levels while inhibiting miRNA-135a function 
using a miRNA-135a sponge restored SK3 channel expression to control levels. 
Together, our findings unraveled a new mechanism of SK3 channel regulation by 
miRNA-135a which represents a potential target for the treatment of epilepsy.  
 
Introduction 
Epilepsy is a neurological disorder which is characterized by recurrent, 
spontaneous seizures in the temporal lobe leading to hippocampal sclerosis, 
aberrant mossy fiber sprouting and granule cell dispersion1–3. During seizures, the 
patients can undergo various symptoms ranging from mild discomfort to 
unexplained emotional behavior and even to loss of consciousness and cramping. 
The number of seizure-generating brain areas was shown to correlate with seizure 
duration in patients with temporal lobe epilepsy (TLE)4. 
In order to study the pathology of TLE, different rat models are used. For instance, 
kainate injections into the amygdala induce seizures causing hippocampal and 
cortical lesions leading to loss of a functional neuronal network5–9. Furthermore, the 
administration of pilocarpine to mimic cholinergic agents induces seizures in the 
limbic system10, and pilocarpine is frequently combined with lithium or with the 
benzodiazepine lorazepam11,12. Moreover, the perforant pathway (PP) connecting 
the entorhinal cortex with the hippocampal formation is also used as a model of 
TLE13–15. Similar to kainate, PP stimulation leads to epileptiform discharges and 
neuronal death in the hilus of the dentate gyrus, and CA1 and CA3 pyramidal 
neurons in rats. This model system is described to reproduce the neuropathology of 
human epileptiform diseases16. To mimic TLE in vitro, Mg2+ deprivation is used to 
induce seizure-like activities in cultured neurons leading to neuronal damage 
through the activation of NMDA receptors and subsequent Ca2+   influx17–20. 
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Epileptogenesis or alterations in the neuronal firing pattern can promote the 
reduction of ion channel expression at the plasma membrane, and mutations in 
these ion channels can predispose for the development of epilepsy21–23. Among 
others, KCa channels have been described to be downregulated in different epilepsy 
models. For instance, in pilocarpine-induced epilepsy, the expression levels of 
large conductance (BK) and small conductance (SK) Ca2+-activated K+ channels 
were downregulated24,25. SK channels, which regulate after-hyperpolarization, 
thereby controlling neuronal excitability and synaptic plasticity26, were found to be 
reduced in conditions of enhanced neuronal firing27.  
Protein expression is also regulated at a post-transcriptional level by microRNAs 
(miRNA). These small non-coding RNA sequences, once processed into mature 
miRNA, can block transcription of a target mRNA upon binding and loading into the 
RNA-induced silencing complex28–32. In turn, the corresponding mRNA is either 
degraded or translation is repressed, depending on the sequence 
complementarity33. Several miRNAs have been identified to contribute to the 
regulation of synaptic plasticity and neuronal excitability34, and have therefore been 
linked to diseases associated with dysregulated neuronal firing. For instance, 
miRNA-137 facilitates long-term depression (LTD) by targeting the GluA1 subunit of 
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors and 
hippocampal metabotropic glutamate receptor 5 (mGluR5)35, and was therefore 
linked to schizophrenia36. MiRNA-324-5p inhibited the expression of the voltage-
dependent K+ (Kv4.2) channel, and Kv4.2 channel activity was directly linked to 
seizure onset37. In this study, we sought to identify potential miRNAs which regulate 
SK3 channel expression in a rat model of PP-stimulated epileptogenesis. We 
hypothesize that prolonged epileptic seizures affect the expression and localization 
of SK channels, and we suggest that miRNA are involved in the regulation of these 
processes. 
 
Methods 
Animal treatment 
Male Sprague–Dawley rats (300–400g; Harlan-Winkelmann, Borchen, Germany) 
were treated in accordance with the European Communities Council Directive 
(2010/63/EU). All experiments were approved by the local regulation authority 
(Regierungspräsidium Gieβen). Animals were housed in an on-site animal facility 
(21–25 °C; 31–47% humidity) under a 12:12 light/dark cycle and with ad libitum 
access to food and water. 
 
Bilateral electrode implantation 
Under isoflurane (2-4% in oxygen) anesthesia, bipolar stainless-steel stimulating 
electrodes (NEX-200, Rhodes Medical Instruments, Summerland, USA) were 
positioned in the angular bundles of the perforant pathway and unipolar recording 
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electrodes (crafted from 796000, A-M Systems, Carlsborg, USA) were lowered into 
the dorsal dentate gyrus. Ultimate electrode positions were determined by 
optimizing the potentials evoked by low-frequency (0.2 Hz) perforant pathway (PP) 
stimulation. Dental cement formed a mechanically-stable "cap" by connecting the 
electrodes to three anchor screws and the skull. Plastic connectors (GS09PLG, 
Ginder Scienti c, Ottawa, Ontario, Canada) were used to connect the electrodes 
with stimulation/recording equipment. 
 
Perforant pathway (PP) stimulation in rats 
All stimulation protocols utilized a paradigm designed to evoke and maintain 
hippocampal seizure activity, but not convulsive status epilepticus, throughout the 
stimulation13. Stimulation consisted of continuous 2Hz paired-pulse stimuli, with a 
40ms interpulse interval, plus a 10s train of 20Hz single-pulse stimuli delivered 
once per minute, generated by a S88 stimulator (Grass Instruments, West 
Warwick, USA). Biphasic pulses (0.1ms duration) were delivered at 20–24V, as this 
voltage evoked granule cell discharging, but not tissue-damaging hydrolysis. The 
current associated with these voltages was 15–30μA. Stimulation evoked 
population spikes with an amplitude of 5–10 mV throughout the stimulation. No 
samples displayed any signs of hydrolysis, for instance, holes around the 
stimulating electrodes. Rats were stimulated for 30min on two consecutive days, 
then for 8h on the third day. All animals survived the 8h stimulation. 
 
Cell culture 
Primary cortical neurons (PCN) were isolated from Sprague Dawley rats at 
embryonic day E18. PCN were cultured on polyethyleneimine-coated culture plates 
for 7-10 days (7-10 days in vitro; 7-10DiV) or 35mm coverslips for 20DiV in 
neurobasal medium (PAA, Cölbe, Germany) supplemented with 100U/mL penicillin, 
100μg/mL streptomycin, 2mM L-glutamine and 2% B27 supplement (Gibco, Life 
technologies, Darmstadt, Germany).  
 
Multielectrode array (MEA) 
Dissociated PCN (35000 cells per MEA) were plated on the PO and laminin-coated 
60-electrode multi-electrode arrays (MEAs) (Multichannel Systems, 200μm 
electrode distance, 30μm electrode diameter, 8X8 (60) planar electrodes) for 
recording. The plated area was restricted to the area completely covering 
electrodes. MEA measurements were performed at 37°C/5%CO2 for 3min in 
artificial neurobasal solution to establish a stabilized signal at 20DiV. Extracellularly 
detected spontaneous action potential activity was recorded in the absence and 
presence of NS309 in Mg2+-free neurobasal solution. Data were normalized for the 
basal value recorded before the artificial neurobasal solutions. Spike detection was 
performed using MC-Rack (Multi Channel Systems MCS, Reutlingen, Germany). 
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The data was filtered with 200Hz high-pass filter to remove field potentials and 
spikes were detected by voltage-threshold method with five-fold the standard 
deviation of the noise. Bursts were detected with the following criteria: 50ms 
maximum inter-spike interval in a burst, 60ms minimum burst duration and a 
minimum of 4 spikes/burst. 
 
Subcellular fractionation of hippocampal lysates 
The crude mitochondrial membrane fraction was isolated from the hippocampi as 
previously described38, in a glass homogenizer (5mM HEPES, 320mM saccharose, 
1mM EDTA, pH7.4 with 0.5% protease inhibitor cocktail, Sigma-Aldrich, Germany), 
centrifuged at 1300xg, 4°C, 4min to collect the supernatant. Debris was washed 
twice and all supernatants were centrifuged again at 1500xg, 4°C, 4min as a pre-
clean to discard any remaining debris. Supernatants were centrifuged at high 
speed 17000xg, 4°C, 12min, to collect the mitochondria. Aliquots were frozen and 
kept at –80°C. Protein amounts in samples were determined using Pierce® BCA 
Protein Assay Kit (Perbio Science, Bonn, Germany).  
 
Mitochondrial complexes activity analysis and assembly using blue-native 
electrophoresis and in-gel staining 
Blue-native (BN) polyacrylamide gel electrophoresis (PAGE) was performed as in 
earlier studies39. Freshly solubilized mitochondrial membranes (8g digitonin/g 
protein) from electrically stimulated and control animals 8d following electrical 
stimulation, were separated by BN-PAGE in linear 3-13% acrylamide gradient gels 
at 4°C. The in-gel activity tests were performed as described38 immediately after 
BN-PAGE in reaction solutions for 2h: for complex I (Cx I) (100mM Tris, 768mM 
glycin, 0.5mM 4-nitro blue tetrazolium chloride, 0mM reduced β-NADH, pH7.4), for 
Cx IV (50mM sodium phosphate, 1.58mM 3,3‘-diaminobenzidine, 50μM bovine 
heart cytochrome c, pH7.2) at room temperature and for Cx II (100mM PBS, 1.5mM 
nitroterazolium blue, 130mM sodium succinate, 0.2mM phenazine methosulfate, 
1mM sodium azide) at 27oC. Except for Cx II, gels were scanned (Epson Perfection 
V750 Pro) before reaction start (t0) and after (tn), approx. every 10min to determine 
the time course of staining. Due to light sensitivity, for Cx II activity gels were 
scanned before reaction start (t0) and once after 2h. Respective bands from 
consecutive gel scans were outlined and their integrated grey value determined 
(Vtn) (Delta2D, Decodon). The slope of staining kinetics curve, after background 
subtraction, within the linear range was referred to as “performance” of enzyme 
(slope of [Vtn-Vt0min]). Amount of protein in the bands was estimated by the Serva 
Blue staining from the electrophoresis buffer (Vt0min). Specific activity of an enzyme 
in each band representing particular supercomplex (SCx) or individual Cx was 
calculated as performance to amount ratio (slope of (Vtn-Vt0min)/Vt0min). Each of the 
identified bands, as well as summed values for all SCx composed of Cx I, III, IV 
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together, as well as total values (all measured SCx + individual Cx) have been 
analyzed for performance, amount and specific activity of Cx I, Cx II and CxIV. 
 
Western Blot 
To analyze protein expression, hippocampal or cell lysates were obtained 1d or 8d 
following PP stimulation by harvesting in lysis buffer containing 0.25M mannitol, 
0.05M Tris-HCl, 1M EDTA, 1M EGTA, 1mM DTT, 1%Triton-X100 and 
supplemented with protease inhibitor cocktail (Sigma-Aldrich, Munich, Germany). 
Cell lysates were centrifuged at 10.000xg for 15min at 4°C to remove insoluble 
fragments. The total protein content was determined using the Pierce® BCA 
Protein Assay Kit (Perbio Science, Bonn, Germany). For Western blot analysis, 30-
50μg of protein were loaded on a 10% SDS-gel and transferred onto a PVDF-
membrane. Incubation with primary antibody was performed overnight at 4°C. The 
following primary antibodies were used: rabbit polyclonal anti-SK3 (Innsbruck, 
Austria), mouse polyclonal anti-β-actin (Sigma Aldrich, Munich, Germany), mouse 
monoclonal anti-TIM23 (Santa Cruz Biotechnology, Dallas, Texas, USA). Following 
overnight incubation, PVDF membranes were washed 3x with 0.05% TBS-Tween 
and incubated with corresponding secondary HRP-labeled antibodies (Vector 
Laboratories, Burlingame, CA, USA). Protein expression was detected by 
chemiluminescence using the Chemidoc software (Bio-Rad, Munich, Germany) and 
quantified using the Quantity One software (Bio-Rad). 
 
Reverse transcriptase PCR (RT-PCR) 
RNA was extracted from cell lysates after glutamate treatment using the InviTrap® 
Spin Universal RNA Kit (Stratec molecular, Berlin, Germany). For cDNA synthesis 
using the SuperScript III One-Step RT-PCR Kit with Platinum Taq (Invitrogen, 
Karlsruhe, Germany) and RT-PCR, 1μg RNA was used. To detect Kcnn3 mRNA 
levels, the PCR was performed with the following protocol: 30min 42°C, 2min 94°C, 
30x[15sec 94°C, 30sec 52°C, 45sec 68°C], 5min 68°C using Kcnn3 primers. 

Forward primer 5’ CGAACTGTCTTGGGGTTTGT 3’ 
Reverse primer 5’ GACGAATCGGGTGTTGAAGT 3’ 

As a control, Gapdh mRNA was detected using the following PCR protocol: 30min 
60°C, 2min 95°C, 21x[30sec 95°C, 60sec 57°C, 2min 70°C], 10min 70°C using 
Gapdh primers. 

Forward primer 5’ CGTCTTCACCACCATGGAGAAGGC 3’ 
Reverse primer 5’ AAGGCCATGCCAGTGAGCTTCCC 3’. 

PCR products were analyzed on a 1.5% agarose gel using UV illumination. 
 
Luciferase Reporter Assay 
We utilized a luminescent-based approach using a fragment of the 3’UTR of the 
KCNN3 gene containing the predicted binding site for miRNA-135a which was 
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subcloned into a luciferase reporter vector (contains Renilla luciferase, Switchgear 
Genomics). These vectors were co-transfected into PCN (DiV13) either with a 
miRNA-135a sponge (to decrease miRNA-135a function) or with overexpression 
vectors for miRNA-135a1 and miRNA-135a2 (cloned in pTP9 vector). As a negative 
control, a miRNA control (ctr) sponge was co-transfected (depicted as miRNA 
sponge neg ctrl). Further, we have cloned the first part of 3’-UTR of KCNN3 into 
hLuc- and Renilla luciferase-containing vector (UTR length= 300bp; short). 
Additionally, we have inserted into hLuc- and Renilla luciferase-containing vector 
another part of 3’-UTR of KCNN3 that contains the miRNA-135a seed sequence 
(UTR length= 1259 bp, long). The luciferase measurement was performed 
according to the manufacturer’s protocol (Promega, Madison, Wisconsin, USA). 
 
Results 
SK channel activation protects against Mg2+ deprivation-induced neuronal 
hyperexcitation. 
SK channels regulate neuronal excitability, membrane after-hyperpolarization and 
Ca2+ homeostasis, and their activation prevented excitotoxicity-induced cell death 
of primary neurons27.  
To test the potential neuroprotective effects of SK channel activation on an in vitro 
model for epileptogenesis, we studied the SK channel activator NS309 in Mg2+-
depleted rat primary cortical neurons (PCN)20. To this end, we measured the 
activity (spiking rate) of PCN using multielectrode array (MEA) recordings. Mg2+ 
depletion increased the spiking rate in single channels (Figure 1A) as well as the 
entire network activity (Figure 1B) in PCN compared to control cells, indicating that 
Mg2+ depletion induced increased neuronal activation (Figure 1B, Mg2+ plus and 
minus raster plots). SK channel activation with 20μM NS309 decreased the spiking 
rate (Figure 1B, Mg2+ minus and NS309 raster plots), and this reduction was 
reversible after washout (Figure 1B, post). SK channel activation prevented the 
increase in neuronal firing induced by Mg2+ deprivation, thus indicating a protective 
role for SK channel activation in model systems of epilepsy.  

3 
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Figure 1. Multielectrode array recordings of neuronal activity during Mg2+ deficiency. 
(A) Representative multielectrode array (MEA) traces of cultured primary cortical neurons (PCN) 
following Mg2+ depletion in the presence or absence of NS309 (50μM). (B) Raster plots of multi-unit 
activity recorded in the presence or absence of NS309 (20μM). Each line represents a single spike 
detected in a given channel during 1-min recording. (C) Quantification of the spiking rate of MEA 
recordings in PCN following Mg2+ depletion in the presence or absence of NS309 (20μM). Data are 
presented as mean ± SEM, n=3, unpaired Students t-test, *p<0.05 compared to Mg2+ depletion. 

 
As SK channel activation preserved physiological neuronal firing following Mg2+ 
deprivation, we sought to investigate whether enhanced neuronal firing affected the 
protein expression of SK3 channels. Despite Mg2+ deprivation which abrogated the 
endogenous Mg2+ blockade of NMDA receptors, neuronal hyperexcitation is also 
achievable through the stimulation of NMDA/AMPA receptors using extracellular 
glutamate40. Glutamate exposure of PCN for 1h, 2h and 4h did not alter the mRNA 
levels of SK3 (Kcnn3) (Figure 2A), yet time-dependently reduced SK3 channel 
protein expression (Figure 2B). These findings suggest that SK3 channel 
expression was downregulated due to glutamate-induced neuronal hyperexcitability 
in PCN which may be linked to the pathogenesis of diseases characterized by 
enhanced neuronal firing. 
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Figure 2. SK3 channel expression following excitotoxicity-induced enhanced neuronal firing 
in vitro. 
Quantification of SK3 channel (A) mRNA (Kcnn3) and (B) protein expression in PCN treated with 
100μM glutamate for 1h, 2h and 4h. Data are shown as mean ± SEM, n=3, **p<0.01, ***p<0.0001 
compared to untreated control. 

  
 
Perforant pathway (PP) stimulation alters SK3 channel expression. 
SK channels control neuronal excitation and firing. In order to investigate the 
effects of epileptogenesis on SK3 channel expression, we induced prolonged 
epileptic seizures in rats using electrical perforant pathway (PP) stimulation. We 
analyzed SK3 channel subtype expression in the total, cytosolic and crude 
mitochondrial fractions obtained from the hippocampi of PP-stimulated rats or age-
matched control animals, 1 day (n=3) and 8 days (n=4) following PP stimulation. 
Early after electrical stimulation (1d), SK3 channel expression in the total lysates 
and in the cytosolic fraction was unchanged when comparing PP-stimulated 
animals and age-matched controls (Figure 3A, B). Interestingly, SK3 channel 
expression in the crude mitochondrial fraction was decreased in PP-stimulated 
animals after 1d compared to non-stimulated animals (Figure 3C, D). Notably, 8d 
following the insult, SK3 channel expression in all analyzed fractions was similar in 
control and PP-stimulated animals indicating that SK3 channel expression might 
have returned to basal levels at later time points after stimulation (Figure 3E-H).  
 

3 
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Figure 3. Epileptogenesis-induced changes in SK3 channel expression in vivo. 
(A-C) Western blots probing SK3 channels in hippocampal extracts of (A) total fraction, (B) 
cytosolic fraction and (C) mitochondrial fraction 1d following PP stimulation (EP) compared to age-
matched controls (CTR). Actin and TIM23 were used as fraction markers. (D) Quantification of SK3 
channel protein levels 1d following PP stimulation. Data are shown as mean ± SEM, n=3, *p<0.05. 
(E-G) Western blots probing SK3 channels in hippocampal extracts of (E) total fraction, (F) 
cytosolic fraction and (G) mitochondrial fraction 8d following PP stimulation (EP) compared to age-
matched controls (CTR). Tubulin, actin and TIM23 were used as fraction markers. (H) 
Quantification of SK3 channel protein levels 8d following PP stimulation. Data are shown as mean 
± SEM, n=3. 

 
 
Taken together, we found that epileptogenesis led to an initial downregulation of 
SK3 channel isoform expression in crude mitochondrial fractions early after the 
insult (1d) while it returned to basal levels at later stages (8d). These results 
indicate that SK3 channel downregulation in the mitochondria may be linked to the 
onset of epilepsy, and that the restoration mitochondrial SK3 channel expression 
may be beneficial to counteract neuronal hyperexcitability as observed in epilepsy.  
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Mitochondrial complex I activity is reduced following electrical stimulation of 
rats. 
The loss of mitochondrial integrity and function is a common hallmark in the 
pathology of different neurodegenerative diseases41. Energy is mainly generated 
through mitochondrial respiration involving the different respiratory complexes 
located in the inner mitochondrial membrane. Complexes I, III and IV from higher 
organized forms called supercomplexes (SCx) to maintain the function of the 
electron transport chain42,43.  
Here, we sought to investigate whether the electrically stimulated rats showed 
alterations in mitochondrial performance in vivo following PP stimulation. To 
address this, we evaluated the functionality of individual respiratory enzymes 
(performance and specific activity) as well as potential changes in the proportion of 
different SCx

38 present in the mitochondria isolated from hippocampi of stimulated 
and age-matched control animals. 
 
 

 
Figure 4. Complex I activity is reduced in PP-stimulated rats. 
(A, C) In-gel analysis of particular forms of (A) supercomplexes and (B) individual complex I1 in 
mitochondria isolated from the hippocampi of electrically stimulated rats (EP) compared to age-
matched controls (CTR) 8d following electrical stimulation. Data are presented as mean ± SEM, 
n=3-4, paired Students t-test, *p<0.05 and #0.05<p<0.01. (C, D) Quantification of the total 
performance of (C) all supercomplexes and (D) all individual complexes. Data are presented as 
mean ± SEM, n=3-4, paired Students t-test, *p<0.05 and #0.05<p<0.01. 
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Mitochondrial complex analysis revealed a decrease in complex I activity following 
electrical stimulation. A small reduction in the performance of higher forms of SCx, 
I1III2IV2 and I1III2IV1 compared to age-matched controls was observable (Figure 4A). 
Further, the specific activity of complex I within SCx, I1III2IVa and I1IVn was reduced 
(Figure 4B). There was no change in the amount of complex I, yet the total 
performance and specific activity of complex I (sum of SCx and individual complex 
I) was reduced in PP-stimulated rats compared to controls (Figure 4C, D). Complex 
II does not form SCx, and there was no change in complex II performance or 
specific activity (Supplementary figure 1A, C). Moreover, analysis of complex IV 
revealed a small, yet not significant, decrease in the performance of different SCx, 
and no change in the specific activity (Supplementary figure 1B, D). 
Taken together, mitochondrial complex analysis in vivo revealed that electrically 
stimulated animals showed decreased mitochondrial performance, in particular of 
complex I. This effect on mitochondrial metabolism may contribute to the epileptic 
phenotype induced by PP stimulation. 
 

MiRNA target prediction identifies miRNA-135a as a regulator of SK3 channel 
expression. 
Kcnn3, the gene that encodes for SK3 channels, has multiple microRNA (miRNA) 
binding sites. Using Targetscan, miRanda, DIANA-microT, PITA and miRwalk 
algorithms, a large number of miRNA were identified to potentially regulate Kcnn3 
gene expression (Supplementary table 1). Comparing predictions from the 
TargetScan with miRanda algorithms using the rat Kcnn3 sequence showed an 
overlap for miRNA-150, miRNA-31, miRNA-208, miRNA-9, miRNA-499, and 
miRNA-135a the latter being the best predicted miRNA (Supplementary table 2). A 
genome-wide miRNA profiling approach identified miRNA-135a, amongst others, to 
be upregulated in human TLE patients44.  
Thus, we aimed at investigating whether there is a link between upregulation of 
miRNA-135a and the hyperexcitability-induced downregulation of SK3 channel 
expression. To address this, we utilized a luminescent-based approach based on 
luciferase reporter plasmids. Cells were co-transfected with the Kcnn3 3’UTR 
containing the predicted miRNA-135a binding site together with either a miRNA-
135a sponge to decrease miRNA-135a function or overexpression vectors (miR-
135a1 and miR-135a2). As a negative control, a miRNA sponge negative control 
was transfected.  
To prove that the constructs are suitable to examine the expression of SK3 
channels, we performed an initial experiment in hippocampal-derived immortalized 
HT22 cells being deficient of SK3 channel expression. These cells were transfected 
with either the Kcnn3 3’UTR (3’UTR Kcnn3) or a control 3’UTR (3’UTR ctr) plus 
miRNA-135a (pTP9-miRNA-135a1 (miR-135a1) or pTP9-miRNA-135a2 (miR-
135a2)) and a corresponding control (pTP9). Luciferase measurements revealed 
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that overexpression of either miR-135a1 or miR-135a2 in the presence of 3’UTR-
SK3 decreased the luciferase activity, while there was no effect of pTP9 on either 
3’UTR and no effect of miRNA-135a overexpression on the 3’UTR control 
suggesting that miRNA-135a specifically decreased the induced expression of SK3 
channels in HT22 cells (Figure 5A). 
 

 
Figure 5. miRNA-135a regulates SK3 channel expression. 
(A) Luciferase assay in HT22 cells transfected with either 3’UTR ctr or 3’UTR Kcnn3 and co-
transfected with control plasmid (pTP9), pTP9-miRNA-135a1 (miR-135a1) or pTP9-miRNA-135a2 
(miR-135a2). Data are presented as relative luciferase activity, mean ± SD, n=3. (B, C) Luciferase 
assay in PCN transfected with either 3’UTR ctr or 3’UTR Kcnn3 and co-transfected with miRNA 
control (ctr) sponge or miRNA-135a sponge in the (B) absence or (C) presence of glutamate 
(100μM, 4h). Data are presented as relative luciferase activity, mean ± SD, n=3. (D) Luciferase 
assay in PCN transfected with either 3’UTR ctr or 3’UTR Kcnn3 and co-transfected with pTP9, 
miR-135a1 or miR-135a2. Data are presented as relative luciferase activity, mean ± SD, n=3. (E) 
Luciferase assay in PCN transfected with either 3’UTR ctr or mutant 3’UTR Kcnn3 lacking the 

3 
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miRNA-135a seed sequence (3’UTR Kcnn3mut) and co-transfected with pTP9, miR-135a1 or miR-
135a2. Data are presented as relative luciferase activity, mean ± SD, n=3. 

 
 
Having shown that the constructs were suitable to assess miRNA-dependent 
changes in SK3 channel expression, we next investigated whether a decrease in 
the availability of miRNA-135a alters SK3 channel expression in PCN using 
miRNA-135a sponge (sponge(135)) or miRNA control sponge (sponge(ctr)). 
Transfection of PCN with miRNA-135a and sponge(ctr) decreased SK3 channel 
expression, indicated by a lower relative luciferase activity, in the presence of the 
3’UTR Kcnn3 compared to the 3’UTR ctr (Figure 5B). In the presence of the 
sponge(135), the relative luciferase activity of 3’UTR Kcnn3 was restored to control 
levels (3’UTR ctr) indicating a direct link between miRNA-135a activity and SK3 
channel protein levels.  
In this experimental setup, challenge of PCN with glutamate (4h) further reduced 
SK3 channel levels in the presence of the sponge(ctr), and transfection of miRNA-
135a sponge did not completely restore SK3 channel levels (Figure 5C). These 
results indicate that the concerted effect of glutamate and miRNA-135a activity on 
SK3 channels led to reduced expression and impaired function, yet blocking 
miRNA-135a activity by the miRNA-135a sponge was not sufficient to restore SK3 
channel expression. 
To further investigate miRNA-135a-dependent SK3 channel regulation, we 
transfected PCN with either the 3’UTR Kcnn3 or 3’UTR ctr plus pTP9, miR-135a1 
or miR-135a2 to increase miRNA-135a abundance, and performed the luciferase 
measurement (Figure 5D). Co-transfection of pTP9 control did not alter SK3 
channel levels. Interestingly, miR-135a2 but not miR-135a1 overexpression 
reduced SK3 channel levels to a similar extent in PCN as observed in HT22 cells. 
As an additional proof to show that the observed effects were mediated by miRNA-
135a, we transfected miRNA-135a along with sponge(ctr) or sponge(135) and 
either 3’UTR ctr or a mutated 3’UTR Kcnn3 which lacks the seed sequence for 
miRNA-135a (3’UTR Kcnn3mut) (Figure 5E). Transfection of the 3’UTR Kcnn3mut did 
not result in miRNA-135a-dependent reduction of the luciferase assay as observed 
before (Figure 5B), indicating that SK3 channel levels were specifically regulated by 
miRNA-135a. 
Together, our findings strongly indicate that miRNA-135a, in particular miR-135a2, 
were able to modulate SK3 channel expression in an induced system of 
immortalized hippocampal HT22 cells and in PCN. In PCN with enhanced neuronal 
firing following glutamate treatment, SK3 channel levels were further reduced, yet 
inhibiting miRNA-135a only partially restored SK3 channels indicating the 
involvement of further regulatory mechanisms for SK3 channel expression. 
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Discussion 
Growing evidence suggests that SK channels are involved in the pathogenesis of 
diseases affecting the brain such as Alzheimer’s disease, Parkinson’s disease and 
epilepsy, due to their ability of modulating neuronal firing (chapter 2). In this study, 
we sought to investigate SK channel activation, and changes in SK channel 
expression in different models of epilepsy in vitro and in vivo. SK3 channel 
activation prevented Mg2+ depletion-induced enhanced neuronal firing in vitro, and 
we observed a decrease in SK3 channel expression in vivo in mitochondrial 
extracts from electrically stimulated rats in a model of perforant pathway (PP) 
stimulation at 1d following stimulation. Interestingly, we identified miRNA-135a, that 
was found to be upregulated in epileptic animals, as a regulator of SK3 channels in 
PCN, thereby discovering a new regulatory pathway for SK3 channels in neurons. 
SK channel activation in cultured neurons obtained from the hippocampus, the 
cortex and the substantia nigra pars compacta protected against 
excitotoxicity27,45,46, and overexpression of the SK2 channel isoform in the dentate 
gyrus of rats rescued hippocampal lesions induced by kainate treatment in vivo. SK 
channels and kainate receptors were both enriched in the hippocampus47,48. Thus, 
SK channel activation in this brain region may be beneficial during kainate-induced 
epileptogenesis to restore physiological neuronal firing. In the present study, we 
applied an in vitro model of epilepsy in cultured PCN, namely Mg2+ depletion, and 
investigated the effects of SK channel activation by NS30949 on neuronal activity. 
Mg2+ depletion increased the neuronal firing rate and SK channel activation by 
NS309 stably attenuated enhanced neuronal firing, even after washing out of the 
SK channel agonist. These findings are in agreement with a previous study 
showing that NS309 treatment prevented the 4-aminopyridine-induced epileptic 
discharge in hippocampal neurons50. In line, SK channel inhibition by UCL1684 in a 
model of pilocarpine-induced status epilepticus increased the spike number and 
amplitude in hippocampal slices of both, control and epileptic animals24. Thus, we 
confirmed the potential protective application of SK channel agonists in the in vitro 
model of Mg2+-deprivation induced epilepsy. 
Hippocampal seizures in patients suffering from TLE led to the release of large 
amounts of glutamate that is thought to potentiate the neurotoxic effects of seizure 
formation51,52. To this end, we investigated the effect of glutamate treatment on SK3 
channel expression in PCN. The exposure of PCN to glutamate led to a fast 
reduction of SK3 channel protein expression without affecting mRNA levels. These 
findings correspond to previous studies where SK channel expression was reduced 
in models of glutamate toxicity in PCN in vitro27, and ischemia in vivo53. Therefore, 
we suggest that the glutamate-induced increase in neuronal firing, resembling the 
pathogenic phenotype of epilepsy, was linked to downregulation of SK3 channel 
expression. 

3 
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Indeed, previous studies reported a downregulation of SK channel expression in 
different models of epilepsy. For instance, Oliveira and colleagues24 observed a 
decrease in the mRNA and protein levels of SK channels ten days following 
pilocarpine-induced status epilepticus. Further, SK3 channel expression as well as 
SK channel currents were downregulated in hippocampal slices from chronic 
epileptic rats54. In our study, we identified a downregulation regulation of SK3 
channel expression in the hippocampus in vivo following PP stimulation. One day 
following electrical stimulation, no change in total or cytosolic SK3 channels was 
observable, however, in the mitochondrial fraction SK3 channel expression was 
reduced. In contrast, 8 days following the insult, the expression of mitochondrial 
SK3 channel isoforms in PP-stimulated rats was comparable to healthy control 
animals. These results indicate that epileptogenesis reduced mitochondrial SK3 
channel expression early after epilepsy induction, yet returned to control levels at 
later time points. Further experiments in the PP stimulation model to analyze SK3 
channel expression at later time points, and/or in animals developing chronic 
epilepsy will give more insight on the relevance and importance of SK3 channel 
expression and consequences of altered expression levels. 
As neuronal survival is greatly influenced by mitochondrial integrity and function, 
we next analyzed whether PP stimulation impaired mitochondrial function in the 
stimulated animals. We found that mitochondrial performance, in particular of 
complex I, was reduced in electrically stimulated animals (8d) compared to age-
matched controls. The formation of mitochondrial supercomplexes by complex I, III 
and IV increases the activity of each individual mitochondrial complex to maintain 
electron transport and to minimize the generation of toxic reactive oxygen species 
(ROS)42,43. Thus, a reduction in complex I performance, as observed in these rats, 
impairs electron transport and could induce ROS formation. Indeed, mitochondrial 
ROS formation was previously identified in epileptic animals in a model of kainite-
induced hippocampal damage55 and in a model of lithium/pilocarpine-induced 
epilepsy56. Furthermore, administration of antioxidants such as manganese (III) 
tetrakis(4-benzoic acid)porphyrin, N-acetyl-cysteine, ascorbic acid or vitamin E 
successfully attenuated ROS formation in different models of epilepsy55,57–59. In line 
with our findings on reduced complex I performance, kainate-induced status 
epilepticus in rats was also accompanied by depressed complex I and complex III 
activity in the dentate gyrus, CA1 and CA3 pyramidal regions60. Similar to our 
study, the authors did not detect a change in complex II or complex IV 
performance. Together with the fact that mitochondrial SK3 isoform expression was 
decreased following epilepsy induction, our results indicate a potential link between 
the impaired mitochondrial performance and the reduced mitochondrial SK3 
channel levels. Enhancing SK channel expression or activating SK channels in 
those animals might therefore represent a promising approach to reduce neuronal 
excitability on the one hand, and to restore mitochondrial function on the other 
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hand. However, further studies are required to support our concept that the 
impaired mitochondrial performance was linked to the reduction in mitochondrial 
SK3 channel expression in vitro and in vivo.  
Many genetic studies correlated the expression of various risk genes and/or single 
nucleotide polymorphisms predisposing for the development of, for instance, 
schizophrenia or epilepsy with a change in miRNA expression and downstream 
targets. Post-mortem studies in brains of schizophrenic patients or mouse models 
of schizophrenia revealed that one prominent single nucleotide polymorphism 
(rs1625579) was associated with reduced expression of miRNA-13761, and 
consequently miRNA-137 target genes were enriched in the prefrontal cortex62. 
Moreover, a deletion on chromosome 22q11.2, known to predispose for 
schizophrenia, reduced miRNA-185 expression in neurons of the prefrontal cortex 
and the hippocampus, and impaired spine development63. Several miRNA were 
found to be upregulated in rat or mouse hippocampal neurons in different models of 
epilepsy, such as miRNA-132, miRNA-135a, miRNA-23 and miRNA-964–66. A 
genome-wide miRNA profiling approach further identified miRNA-135a, amongst 
others, to be increased at the onset of epilepsy in human TLE patients44. MiRNA-
499 which was upregulated following traumatic brain injury67 is known to regulate 
SK3 channel expression. Therefore, we sought to identify potential miRNA that 
regulate SK3 channel expression and are associated with the onset or progression 
of epilepsy. In our study, we performed a miRNA target prediction to identify 
potential miRNA which regulate SK3 channel expression. Careful analysis using 
different algorithms revealed miRNA-135a as a potential regulator of SK3 channels 
in cultured PCN, and therefore, we focused on this miRNA in subsequent 
experiments. Using a luciferase-based approach, we showed that miRNA-135a 
overexpression decreased SK3 channel levels, and this effect was reversed by 
using either a miRNA-135a-specific sponge to block miRNA-135a activity or mutant 
3’UTR Kcnn3 construct lacking the miRNA-135a seed sequence. Moreover, 
treatment with glutamate further reduced SK3 channel levels, and miRNA-135a 
inhibition did not fully restore SK3 channel expression to control levels suggesting 
an additive effect of glutamate on SK3 channel expression which is independent of 
miRNA-135a activity. Since SK3 (Kcnn3) mRNA levels were not affected by 
glutamate exposure, these findings support the concept of a post-transcriptional 
regulation of SK3 channels during glutamate excitotoxicity. Thus, our study 
revealed a novel regulatory mechanism of miRNA-135a activity on SK3 channel 
expression in neurons. Together with the fact that mitochondrial SK3 channel 
expression was reduced 1d following epileptogenesis, these findings suggest that 
miR-135-dependent regulation of SK3 channel expression may contribute to the 
progression of epilepsy. In agreement with this concept, a few studies also showed 
miRNA-dependent regulation of other KCa or Ca2+ channels in pathological 
conditions. For instance, miRNA-9 altered the splice variant expression pattern of 

3 
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BK channels, which belong to the same KCa channel family as SK channels, and 
thereby influenced the alcohol responsiveness in rats in vivo and in vitro68. Further, 
reduced expression of miRNA-103 increased the expression of the L-type Ca2+ 
channels (Cav1.2) in a model of neuropathic pain69, and enhanced miRNA-103 
expression decreased Cav1.2 levels in a model of simulated microgravity in 
osteoblasts70. 
In the present study, we suggest that SK3 channels play a crucial role in the 
development of epilepsy in vitro and in vivo, and we identified a novel regulatory 
function of miRNA-135a in SK3 channel expression. In vitro, SK channel activation 
protected against Mg2+ deprivation-induced irregular neuronal firing, and SK 
channel expression was reduced following glutamate-mediated neuronal 
hyperexcitability. In vivo, PP stimulation induced a decrease in SK3 channel 
expression in crude mitochondrial fractions. The mitochondrial SK3 channel 
expression might contribute to the impairment of mitochondrial complex I 
performance observed following electrical stimulation, which is consistent with the 
concept that SK channels regulate mitochondrial respiration71. Lastly, we showed 
that miRNA-135a downregulated SK3 channel expression in cortical neurons, 
thereby shedding new light on the neuroprotective potential of miRNA-dependent 
SK3 channel regulation in epilepsy. 
 
Acknowledgements  
We thank Katharina Elsässer for her excellent technical support and advice. This 
work was supported by a grant from the Deutsche Forschungsgemeinschaft, DFG 
(DO 1525/3-1), the European Union’s ‘Seventh Framework’ Programme (FP7) 
EpimiRNA, and, in parts, by the von-Behring-Röntgen Stiftung. AMD is the recipient 
of a Rosalind Franklin Fellowship co-funded by European Union and University of 
Groningen. 
  



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: 87PDF page: 87PDF page: 87PDF page: 87

                                      SK3 channels are regulated by miRNA-135a in epilepsy-like conditions 

81 
 

 

 

Supplementary figure 1. Complex II and complex IV activity are unaffected by 
epileptogenesis. 
(A-B) Quantification of the (A) total performance and (B) total specific activity of complex II which 
does not form supercomplexes. Data are presented as mean ± SEM, n=3-4. (C, D) Quantification 
of the total performance of (C) all supercomplexes and (D) all individual complexes formed by 
complex IV. Data are presented as mean ± SEM, n=3-4. 
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Supplementary table 1: TargetScan analysis for potential microRNAs 
regulating Kcnn3 (NM_170782) in vertebrates. 

miRNA conserved sites poorly conserved sites Total 
Contex
t score 

Aggre
gate 
PCT 

Total 8mer 7mer-m8 7mer-1A Total 8mer 7mer-m8 7mer-
1A 

  

miR-
135ab/135a-5p 

3 1 2 0 1 0 0 1 -0.08 0.98 

miR-
124/124ab/506 

1 0 1 0 0 0 0 0 -0.06 0.94 

miR-218/218a 1 1 0 0 0 0 0 0 -0.03 0.94 

miR-27abc/27a-
3p 

2 0 2 0 3 0 3 0 -0.10 0.89 

miR-128/128ab 2 1 0 1 3 2 0 1 -0.14 0.89 

miR-145 2 0 1 1 1 0 1 0 -0.05 0.89 

miR-9/9ab 2 1 0 1 1 0 0 1 -0.05 0.88 

miR-101/101ab 1 0 1 0 1 0 0 1 -0.03 0.87 

miR-
30abcdef/30abe
-5p/384-5p 

1 1 0 0 3 1 1 1 -0.09 0.65 

miR-
26ab/1297/4465 

1 0 0 1 0 0 0 0 -0.01 0.63 

miR-499-5p 1 0 0 1 1 0 0 1 -0.10 0.58 

miR-
208ab/208ab-3p 

1 0 0 1 1 0 0 1 -0.12 0.58 

miR-
132/212/212-3p 

1 0 1 0 0 0 0 0 -0.02 0.43 

miR-
103a/107/107ab 

0 0 0 0 2 0 1 1 -0.14 0.37 

miR-203 1 0 1 0 3 0 2 1 -0.07 0.36 

miR-34ac/34bc-
5p/449abc/449c
-5p 

0 0 0 0 2 0 0 2 -0.02 0.32 

miR-125a-
5p/125b-
5p/351/670/431
9 

0 0 0 0 1 0 0 1 -0.01 0.31 

miR-31 1 0 1 0 0 0 0 0 -0.05 0.21 

miR-150/5127 1 0 1 0 2 0 1 1 -0.13 0.20 

miR-141/200a 0 0 0 0 1 0 1 0 -0.02 0.20 

miR-
15abc/16/16abc
/195/322/424/49
7/1907 

0 0 0 0 4 0 4 0 -0.31 0.19 

miR-223 0 0 0 0 2 0 0 2 -0.02 0.19 

miR-18ab/4735-
3p 

0 0 0 0 1 0 1 0 -0.02 0.15 

miR-338/338-3p 0 0 0 0 2 0 0 2 -0.02 0.14 

miR-
204/204b/211 

0 0 0 0 1 0 1 0 -0.02 0.13 

miR-139-5p 0 0 0 0 4 1 1 2 -0.13 0.13 

miR-
1ab/206/613 

0 0 0 0 1 0 1 0 -0.02 0.12 

miR-205/205ab 0 0 0 0 1 1 0 0 -0.03 < 0.1 

miR-23abc/23b-
3p 

0 0 0 0 2 0 0 2 -0.02 < 0.1 

miR-
143/1721/4770 

0 0 0 0 4 1 2 1 -0.23 < 0.1 

miR-455-5p 0 0 0 0 1 1 0 0 -0.24 < 0.1 

miR-194 0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-184 0 0 0 0 1 0 0 1 -0.14 < 0.1 

miR-219-
5p/508/508-
3p/4782-3p 

0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-
146ac/146b-5p 

0 0 0 0 1 0 1 0 -0.02 < 0.1 
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miR-19ab 0 0 0 0 4 2 0 2 -0.09 < 0.1 

miR-144 0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-
24/24ab/24-3p 

0 0 0 0 3 1 0 2 -0.10 < 0.1 

miR-217 0 0 0 0 2 1 0 1 -0.04 < 0.1 

miR-129-
5p/129ab-5p 

0 0 0 0 2 0 1 1 -0.03 < 0.1 

miR-33a-
3p/365/365-3p 

0 0 0 0 1 1 0 0 -0.13 < 0.1 

miR-375 0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-
214/761/3619-
5p 

0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-
181abcd/4262 

0 0 0 0 1 1 0 0 -0.03 < 0.1 

miR-
93/93a/105/106
a/291a-
3p/294/295/302
abcde/372/373/
428/519a/520be
/520acd-
3p/1378/1420ac 

0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-
25/32/92abc/36
3/363-3p/367 

0 0 0 0 2 0 1 1 -0.03 < 0.1 

miR-7/7ab 0 0 0 0 1 0 1 0 -0.02 < 0.1 

miR-
96/507/1271 

0 0 0 0 2 0 1 1 -0.03 < 0.1 

miR-33ab/33-5p 0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-137/137ab 0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-
221/222/222ab/
1928 

0 0 0 0 1 0 0 1 -0.15 < 0.1 

miR-490-3p 0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-210 0 0 0 0 1 1 0 0 -0.32 < 0.1 

miR-187 0 0 0 0 1 0 1 0 -0.04 < 0.1 

miR-148ab-
3p/152 

0 0 0 0 2 0 2 0 -0.04 < 0.1 

miR-140/140-
5p/876-3p/1244 

0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-
122/122a/1352 

0 0 0 0 2 0 0 2 -0.01 < 0.1 

let-
7/98/4458/4500 

0 0 0 0 1 0 1 0 -0.08 < 0.1 

miR-29abcd 0 0 0 0 1 0 1 0 -0.02 < 0.1 

miR-190/190ab 0 0 0 0 2 0 2 0 -0.04 < 0.1 

miR-182 0 0 0 0 1 0 0 1 -0.01 < 0.1 

miR-425/425-
5p/489 

0 0 0 0 1 0 1 0 -0.02 < 0.1 

miR-191 0 0 0 0 1 0 1 0 -0.02 < 0.1 

 

Supplementary table 2: Predicted sequence pairing of the Kcnn3 3’UTR and 
miR-135 
 Predicted consequential pairing of Kcnn3 3’UTR and miR-

135 
Kcnn3 3’UTR 5’ ... ACC GUG UCA UUG CUU AAG CCA UA.... 3’ 

Rno-miR-135b-5p 3’ ... AGU GUA UCC UUA CUU UUC GGU AU .... 5’ 

 

3 
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Abstract 
Mitochondrial calcium ([Ca2+]m) overload and changes in mitochondrial metabolism 
are key players in neuronal death. Small conductance calcium-activated potassium 
(SK) channels provide protection in different paradigms of neuronal cell death. 
Recently, SK channels were identified at the inner mitochondrial membrane, 
however, their particular role in the observed neuroprotection remains unclear. 
Here, we show a potential neuroprotective mechanism that involves attenuation of 
[Ca2+]m uptake upon SK channel activation as detected by time lapse mitochondrial 
Ca2+ measurements with the Ca2+-binding mitochondria-targeted aequorin and 
FRET-based [Ca2+]m probes. High-resolution respirometry revealed a reduction in 
mitochondrial respiration and complex I activity upon pharmacological activation 
and overexpression of mitochondrial SK2 channels resulting in reduced 
mitochondrial ROS formation. Overexpression of mitochondria-targeted SK2 
channels enhanced mitochondrial resilience against neuronal death, and this effect 
was inhibited by overexpression of a mitochondria-targeted dominant-negative SK2 
channel. These findings suggest that SK channels provide neuroprotection by 
reducing [Ca2+]m uptake and mitochondrial respiration in conditions where sustained 
mitochondrial damage determines progressive neuronal death.  
 
Introduction 
Under physiological conditions, mitochondrial calcium ([Ca2+]m) uptake across the 
inner mitochondrial membrane (IMM) is essential to drive mitochondrial metabolism 
and respiration, as many enzymes involved in these processes are Ca2+-sensitive. 
Moderate increases in [Ca2+]m activate Ca2+-sensitive dehydrogenases to enhance 
oxidative phosphorylation and ATP production, thereby maintaining the driving 
force for [Ca2+]m uptake and allowing for a fast adaptive response to increasing 
energy demands1–3. Oxidative stress in neurons leads to rapid Ca2+ influx through 
voltage-dependent channels at the plasma membrane, and to the release of Ca2+ 
from the endoplasmic reticulum (ER) through inositol-1,4,5-triphosphate receptors 
(IP3R)4–7. Together, this facilitates an increase in intracellular Ca2+ and 
accumulation of [Ca2+]m which induces detrimental formation of the mitochondrial 
permeability transition pore8–10. Further, oxidative stress-induced [Ca2+]m overload is 
accompanied by changes in mitochondrial metabolism, for instance alterations in 
ATP synthesis and NADP(H) oxidation leading to a further increase in reactive 
oxygen species (ROS)11,12. Such [Ca2+]m overload and ROS formation are key 
players in neuronal cell death. In contrast, the physiological Ca2+ buffering capacity 
of mitochondria is of significant importance for neuronal function and maintenance. 
For instance, in the neuronal presynapse [Ca2+]m buffering contributes to the 
regulation of synaptic transmission13, and in the postsynaptic compartment [Ca2+]m 
buffering spatially modulates Ca2+ wave propagation when synaptic activity is 
increased14.  
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[Ca2+]m buffering is tightly regulated by Ca2+ influx and efflux mechanisms1,2,15.  
[Ca2+]m influx at the IMM is mediated by the mitochondrial calcium uniporter (MCU), 
and [Ca2+]m efflux is mediated by the mitochondrial Na+/Ca2+-exchanger (mNCX) 
and H+/Ca2+ exchanger (mHCX)16–18. Further, mitochondrial potassium channels 
may significantly contribute to the regulation of [Ca2+]m buffering and related 
metabolic functions of mitochondria, thereby, determining neuronal functionality 
and survival.  
Recently, small conductance calcium-activated potassium channels 
(KCNN/SK/KCa), in particular the SK2 and SK3 channel subtypes, were identified at 
the inner mitochondrial membrane of neuronal and cardiac cells19–21. Dysfunction of 
these potassium channels has been implicated in the pathogenesis of psychiatric 
disorders and neurodegenerative diseases such as schizophrenia and Alzheimer’s 
disease or Parkinson’s disease, respectively22–24. At the plasma membrane, SK 
channels reside in close proximity to NMDA receptors and mediate after-
hyperpolarization thereby reducing neuronal excitability. Positive pharmacological 
SK channel modulation using CyPPA or NS309 protected neuronal cells in different 
paradigms of cell death triggered by H2O2, glutamate21,25, or ER stress26 in vitro, 
and in models of cerebral ischemia in vivo20,27–29. Importantly, the observed 
protection of neuronal cells was not exclusively conferred by reducing the 
excitability of the plasma membrane20,30. Rather, SK channel activation by CyPPA 
preserved mitochondrial integrity by restoring the mitochondrial membrane potential 
(MMP), reducing mitochondrial ROS formation and preventing organelle 
fragmentation in paradigms of oxidative stress21.  
So far, most studies investigated the neuroprotective potential of SK channels at 
the plasma membrane in cell death models related to neuronal excitability or 
ischemia. However, little is known about their distinct function in mitochondria in 
conditions of oxidative stress. In this study, we investigated the impact of 
mitochondrial SK2 channels in a model of oxidative glutamate toxicity, also termed 
oxytosis, in neuronal HT22 cells. In these cells, glutamate induces cell death by 
oxidative stress that is independent of NMDAR activation31. We show that the 
activation of mitochondrial SK2 channels is a major determinant in the protection 
against oxytosis by a mechanism involving the regulation of mitochondrial 
respiration and mitochondrial Ca2+ uptake.  
 
Materials & Methods 
Cell culture  
HT22 cells were cultured in Dulbecco’s modified Eagle Medium (DMEM; Sigma 
Aldrich, Munich, Germany) supplemented with 10% fetal calf serum (FCS; PAA 
Cölbe, Germany), 100U/mL penicillin, 100μg/mL streptomycin and 2mM L-
glutamine (Invitrogen, Karlsruhe, Germany) at 37°C and 5% CO2. Primary rat 
cortical neurons (PCN) were cultured on PEI-coated 24mm coverslips in 
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neurobasal medium (PAA, Cölbe, Germany) supplemented with 100U/mL penicillin, 
100μg/mL streptomycin, 2mM L-glutamine and 2% B27 supplement (Gibco, Life 
technologies, Darmstadt, Germany). SK2 channels were pharmacologically 
activated with the selective SK2/SK3 channel activator N-Cyclohexyl-N-[2-(3,5-
dimethyl-pyrazol-1-yl)-6-methyl-4-pyrimidinamine (CyPPA; Sigma Aldrich, Munich, 
Germany)32 and inhibited with the bee venom toxin apamin (Sigma Aldrich, Munich, 
Germany)33.  
 
Plasmid transfection 
HT22 cells were transfected with control plasmids (pEGFP (GFP) or AAV2-CMV-
2xMTS-eGFP (mitoGFP)), non-targeted and targeted SK2 channel plasmids 
(pEGFP-SK2 (SK2) or pEGFP-2xMTS-SK2 (mitoSK2)) or dominant-negative SK2 
channel plasmids (pEGFP-SK2 DN (SK2 DN) or pEGFP-2xMTS-SK2 DN (mitoSK2 
DN) using the attractene protocol (Qiagen, Hilden, Germany). MitoSK2 was 
generated by fusing the mitochondrial targeting sequence of cytochrome c at the N-
terminus of SK2 on the plasmid twice. Due to a GYG-to-AAA mutation at amino 
acid positions 393-395 in the pore domain, the dominant-negative SK2 channel 
mutants have lost the ability to gate potassium. The transfection efficiency was 
quantified using FACS analysis. PCN (Div4-5) were transfected with 2μg of the 
cameleon FRET sensor (pcDNA-4mtD3cpv; Addgene, Cambridge, USA)34 for 72-
96h using the lipofectamine2000 protocol (Thermo Fisher Scientific, Darmstadt, 
Germany). 
 
Confocal imaging 
HT22 cells (2.5x104 cells) were seeded onto 12mm coverslips and transfected with 
control plasmids (GFP or mitoGFP), SK2 constructs (SK2 or mitoSK2) or dominant-
negative SK2 constructs (SK2 DN or mitoSK2 DN) for 48h. Mitochondria were 
stained with 200nM MitoTracker Deep Red (Thermo Fisher Scientific, Darmstadt, 
Germany) for 30min at 37°C. PCN (2.5x105 cells) were cultivated on a PEI-coated 
24well plate for 96h and transfected with pcDNA-4mtD3cpv and mitodsRed 
(Addgene, Cambridge, USA) for 72-96h. Coverslips were fixed with 4% 
paraformaldehyde for 25min at room temperature and mounted onto glass slides 
using Aqua-Poly/Mount (Polysciences, Eppelheim, Germany). Confocal images 
were acquired using a Leica SP5 microscope at 64x magnification. Image overlays 
were done using the ImageJ software. 
 
Cell viability assays 
HT22 cells were transfected with GFP control or SK2 channel plasmid in a 96well 
plate. Cell viability was assessed in real-time using the xCELLigence system 
(Roche, Munich, Germany) with cellular impedance measured every 30min and 
represented as cellular index. Alternatively, cell viability was assessed by addition 
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of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at a final 
concentration of 0.5mg/mL and incubation for 1h at 37°C. After removal of the 
medium and incubation at -80°C, the resulting purple formazan was dissolved in 
DMSO. Absorbance was measured at 570nm versus 630nm with FluoStar Optima 
(BMG Labtech, Offenbach, Germany). For calcium chelation experiments, HT22 
cells were treated with glutamate in the presence of EGTA (1mM or 1.5mM), in 
calcium-free or calcium-free medium supplemented with EGTA (0.25mM). Cellular 
ATP levels as a measure of cell viability were determined using the ATP ViaLight 
Plus Kit (Lonza, Verviers, Belgium). After cell lysis for 10min at 37°C, 150rpm, 
cellular ATP was detected by addition of the ATP monitoring reagent for 2min at 
room temperature using the FluoStar Optima (BMG Labtech, Offenbach, 
Germany). 
 

Electrophysiology 
2.5x104 cells were seeded onto 12mm coverslips, transfected with GFP, SK2 or 
SK2 DN and grown for 48h. Electrophysiological recordings were performed at 
room temperature (20–22°C). Whole-cell Voltage Clamp recordings of SK currents 
were performed with an EPC10 amplifier (HEKA). Patch pipettes were prepared 
from borosilicate glass capillaries GB 150TF-8P (Science Products, Hofheim, 
Germany), with tip resistances of 3 to 5MΩ. Series resistance was compensated by 
50%. The bath solution contained 130mM NaCl, 5mM KCl, 10mM glucose, 1mM 
MgCl2, 2mM CaCl2, and 10mM HEPES (pH7.4). The pipette solution contained 
120mM KCl, 2mM MgCl2, 5mM BAPTA, 4.43mM CaCl2 and 10mM HEPES (pH7.3). 
The concentration of 1μM free Ca2+ to fully activate SK currents was calculated 
using the program WINMAXC. Data were analyzed with ClampFit10 (Molecular 
Devices, Sunnyvale CA, USA). To measure SK channel-mediated currents, a 
voltage ramp protocol starting from a holding potential of -50mV and subsequently 
depolarizing the membrane potential from -130mV to +70mV in 1000ms was used. 
Data were analyzed with ClampFit10 (Molecular Devices, Sunnyvale CA, USA). 
 
High-resolution respirometry 
Mitochondrial respiration was analyzed by high-resolution respirometry using the 
oxygraph O2K (Oroboros systems, Innsbruck, Austria). Wildtype or transfected 
HT22 cells (5-9x107) were harvested, and mitochondria were extracted using a 
pump-controlled system as described 35. The mitochondrial respiration of 200μg 
crude mitochondria was monitored under continuous stirring at 750rpm in 1mL 
MiR05 buffer (0.5mM EGTA, 3mM MgCl2, 60mM lactobionic acid, 20mM taurine, 
10mM KH2PO4, 20mM HEPES, 110mM D-Sucrose, BSA, 1g/L essentially fatty acid 
free, at pH7.4). Oxygen polarography was performed at 37°C and the oxygen flux 
per tissue mass (pmol O2.s−1*mg−1) were recorded in real-time using the DatLab 
software. Non-phosphorylating respiration or mitochondrial respiration state 2 was 
induced by adding the complex I-linked substrates pyruvate (5mM), and malate 
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(2mM) (Figure 3A, state 2). Subsequently, the OXPHOS-capacity of complex I-
linked activity or basal respiration (state 3) was measured after addition of a 
saturating concentration of ADP (0.8mM). Afterwards, oligomycin (0.1μg/ml) was 
added to inhibit the ATP synthase. The maximum respiration (mitochondrial state 
4u) was monitored by stepwise titration of the protonophore carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (FCCP) in 1μM steps. The oxygen 
concentration and the first derivative of the oxygen concentration, reported as the 
oxygen consumption given in the O2 slope (pmol*(mL/s)) of crude isolated 
mitochondria were recorded in 2s intervals using instrumental background 
correction after calibration of the polarographic oxygen sensors.  
 
Measurement of mitochondrial calcium 
Changes in mitochondrial calcium were determined by the rhodamine-2-
acetoxymethylester dye (Rho2-AM, Life Technologies). Cells were harvested and 
incubated with 2μM dye in DMEM without serum for 25-30min followed by 
incubation in DMEM for 25-30min at room temperature in the dark. The 
fluorescence was excited at 552nm and detected at 581nm using the Guava Easy 
Cite 6-2L system (Merck Millipore, Darmstadt, Germany). Data were recorded from 
1x104 cells in triplicate per condition. 
 

Mitochondrial superoxide (ROS) formation 
Mitochondrial ROS formation was assessed by the MitoSOX dye (Invitrogen, 
Karlsruhe, Germany). Cells were incubated with 2.5μM MitoSOX dye for 30min at 
37°C and harvested afterwards. Fluorescence was excited at 488nm and detected 
at 690/50nm. Data were recorded from 1x104 cells in triplicate per condition. 
 

Measurement of the mitochondrial membrane potential (Δψm) 
Loss of the Δψm was evaluated by staining with TMRE (tetramethylrhodamine-ethyl 
ester; Invitrogen, Karlsruhe, Germany) dye. Cells were harvested and incubated 
20min with 0.2μM TMRE. TMRE fluorescence was excited at 488nm and detected 
at 690/50nm. Data were recorded from 1x104 cells in triplicate per condition. 
 

Lipid peroxidation 
Lipid peroxidation was analyzed by staining with 2μM BODIPY dye (Invitrogen, 
Karlsruhe, Germany) for 60min at 37°C. A shift in BODIPY fluorescence from red to 
green was assessed by excitation at 488nm and detection with a 525/30nm band 
pass filter and a 690/50nm band pass filter. Data were recorded from 1x104 cells in 
triplicate per condition. 
 
Mitochondrial aequorin 
HT22 cells stably transfected with the mitochondrial apoprotein36 of aequorin 
(HT22[mtAEQ]) were generated by viral transduction and kindly provided by Prof. 
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Fabiana Perocchi. HT22[mtAEQ] cells (8x104 cells) were seeded into a white-
walled 96well (Greiner Bioscience, Frickenhausen, Germany) and incubated for 
24h with SK channel modulators CyPPA (50μM), and apamin (1μM), the mNCLX 
inhibitor KB-R7943 (10μM)37, antimycin A (50μM) or mitoKATP inhibitors quinine 
(25μM) or glibenclamide (20μM) for 24h. The cells were washed twice with 
modified Krebs Ringer Buffer (mKRB) containing 135mM NaCl, 5mM KCl, 0.4mM 
KH2PO4, 20mM HEPES and 5.5mM glucose and 1mM CaCl2. The active aequorin 
was reconstituted by incubation with 2.5μM coelenterazine (Biotium, VWR 
Technologies, Darmstadt, Germany) for 2h at 37°C. The basal luminescence signal 
was recorded followed by injection of 50μL calcium-perturbing agent (100μM ATP 
or 500μM carbachol) and final cell lysis with 1% Triton-X100/10mM CaCl2. For the 
measurement, the FluoStar OPTIMA (BMG Labtech, Offenbach, Germany) was 
used. Each condition was recorded in triplicate and the peak amplitude was 
calculated for each treatment as percent of control. 
 
FRET-based calcium measurement 
Rat primary cortical neurons (Div6-8) (PCN) transfected with a mitochondrial 
(4mtD3cpv) or cytosolic (D3cpv) FRET sensor were maintained in pre-warmed 
buffer containing 137mM NaCl, 5.4mM KCl, 1mM MgCl2, 10mM HEPES, pH7.2, 
supplemented with 2mM CaCl2 and 1%BSA (Sigma Aldrich, Munich, Germany) at 
room temperature. [Ca2+]m uptake was induced by stimulation with 25μM glutamate 
or 100μM ATP after pre-incubation with SK channel modulators for 60-90min. SK 
channels were activated with the SK2/SK3-specific activators CyPPA (50μM) or 
NS309 (50μM) and inhibited by the addition of apamin (1μM). KB-R7943 (10μM) 
was used as a positive control. PCN were analyzed at 100x magnification in real-
time using an inverted eclipse Ti Nikon microscope. CFP fluorescence was excited 
at 435nm (430/24 filter, T455LP beam splitter). CFP and YFP fluorescence 
emission were collected using a CFP/YFP beam splitter (z 488/800-1064 rpc) and 
emission filters F480 (480/40) and F535 (535/30). The fluorescent signal was 
collected using a charge-coupled device camera (Evolve 512; Photometrics, 
Tucson, AZ). The FRET signal was calculated as the ratio of YFP fluorescence to 
CFP fluorescence (FYFP/FCFP) including corrections for background, bleed through 
and photobleaching, and normalized to the initial measurement values. The 
exposure was set to 60-80ms to avoid photobleaching. Triplicate recordings were 
performed for each condition. For comparative analysis, the area under curve 
(AUC) was calculated. 
 

Statistical analysis 
Statistical significance was assessed using the unpaired Student’s t-test or ANOVA 
and Scheffé’s test for multiple comparisons, unless otherwise stated. P values 
indicating statistically significant differences between the mean values are defined 
as follows: *p<0.05, **p<0.01 and ***p<0.001. 

4 
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Results 
Targeted expression of SK2 channels at the mitochondria enhances CyPPA-
mediated protection against glutamate toxicity. 
The applied model system of HT22 cells is deficient in SK3 channels21. In order to 
distinguish between SK2 channel-mediated effects at the plasma membrane and 
those at the inner mitochondrial membrane, HT22 cells were transfected with 
plasmids encoding for non-targeted SK2 channels (SK2), mitochondrial SK2 
channels (mitoSK2) and corresponding control plasmids GFP or mitoGFP with a 
transfection efficiency of 60-80% (Supplementary Figure 1A). In contrast to non-
targeted SK2 showing a diffuse cellular distribution (Figure 1A), transfection with 
mitoSK2 resulted in a strong co-localization with the mitochondria (Figure 1B).  
As shown by impedance-based measurements38, application of CyPPA alone did 
not alter cell growth irrespective of the transfected SK2 plasmids (Supplementary 
Figure 1B, C). In previous studies, CyPPA exerted sustained protection against 
glutamate toxicity at concentrations higher than 20μM21. Therefore, we used lower 
concentrations (10μM) to induce transient protection. Overexpression of GFP or 
non-targeted SK2 and glutamate treatment showed cell death approximately 8-10 
hours after onset of glutamate exposure (Figure 1C), and CyPPA delayed cell 
death as detected by a right shift in the cellular impedance curves. Cells 
overexpressing mitoSK2 showed delayed cell death during glutamate treatment 
compared to cells overexpressing mitoGFP, and a prolonged protection when 
treated with CyPPA (Figure 1D). Notably, mitoSK2 overexpression delayed 
glutamate-induced cell death compared to non-targeted SK2 expression, and only 
mitoSK2 overexpression fully protected cells against glutamate when co-treated 
with CyPPA (Figure 1E). 
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Figure 1. Overexpression of mitochondrial SK2 channels enhances CyPPA-mediated 
protection against glutamate-induced cell death. (A, and B) Representative confocal images of 
HT22 cells overexpressing (A) non-targeted GFP-tagged SK2 channel or (B) mitochondrial SK2 
channel co-localizing with mitochondria (MitoTracker Red) (n=10-15 cells/plasmid). Lower panels: 
plot profile of GFP and MitoTracker Red along the dashed line. Scale bars: 10μm. (C, D and E) 
xCELLigence measurement of cell viability during glutamate exposure in the presence or absence 
of CyPPA (CY) in cells overexpressing (C) GFP control and SK2, (D) mitoGFP control and 
mitoSK2, or (E) SK2 and mitoSK2 (mean ± SD, n=6-8). (F) Electrophysiological recordings of 
apamin-sensitive currents in HT22 cells transfected with the SK2 alone or SK2 combined with SK2 
DN before and after application of 1μM apamin (AP). Left panel: representative whole-cell currents. 
Right panel: quantification of apamin-sensitive currents. Data are shown as mean ± SEM, n=6, 
paired Student’s t-test, *p<0.05, ns not significant. (G and H) xCELLigence measurement of cell 
viability during glutamate exposure in the presence or absence of CyPPA (CY) in cells 
overexpressing (G) SK2 and SK2 DN, or (H) mitoSK2 and mitoSK2 DN (mean ± SD, n=6-8). 
 
 
 

Next, we assessed the effects of overexpression of a dominant-negative SK2 
channel mutant (non-targeted or mitochondrial) on cell viability during the glutamate 
challenge (SK2 DN; mitoSK2 DN). To determine SK channel-encoded currents in 
native cells and cells overexpressing functional or dominant-negative SK2 
channels, the selective SK channel inhibitor apamin33 was used. Cells transfected 
with SK2 showed an increased apamin-sensitive current compared to wildtype 
control cells (Figure 1F). SK2 DN significantly reduced the apamin-sensitive current 
in native and SK2-transfected cells.  
The subcellular localization of non-functional SK2 DN and mitoSK2 DN was 
confirmed by immunofluorescence (Supplementary Figure 1D). Further, the 
dominant-negative mutants did not alter cell proliferation in the presence or 
absence of CyPPA (Supplementary Figure 1E, F). Cells overexpressing SK2 DN 
showed a negligible reduction of CyPPA-mediated protection against oxidative 
glutamate toxicity compared to control SK2-overexpressing cells (Figure 1G). On 
the contrary, overexpression of mitoSK2 DN greatly compromised CyPPA-
mediated protection compared to mitoSK2 overexpression (Figure 1H).  
Further, overexpression of mitoSK2, but not non-targeted SK2, significantly 
enhanced CyPPA-mediated preservation of cellular ATP levels during the 
glutamate challenge compared to the corresponding GFP controls (Supplementary 
Figure 2A, B). Cells overexpressing mitoSK2 DN showed reduced cellular ATP 
levels compared to mitoSK2, while overexpression of SK2 DN failed to impair 
CyPPA-mediated protection against oxidative glutamate toxicity compared to SK2 
as a control (Supplementary Figure 2C, D). Direct comparison revealed that 
mitochondrial SK2 channels conferred an additive effect to the pharmacological 
activation compared to non-targeted SK2 channels (Supplementary Figure 2E) 
which supports the conclusion that protection was mediated by the mitochondrial 
SK2 channels.  
Moreover, CyPPA-induced protection against oxytosis was independent of 
extracellular calcium. Co-treatment of HT22 cells with CyPPA and glutamate in 
medium supplemented with different EGTA concentrations (Supplementary Figure 
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3A, B), calcium-free medium (Supplementary Figure 3C) or calcium-free medium 
supplemented with 0.25mM EGTA (Supplementary Figure 3D) prevented cell death 
strengthening the view that CyPPA-conferred protection against oxidative 
glutamate toxicity is largely independent of SK channels localized in the plasma 
membrane. 
These results show that the mitochondrial SK2 channels exerted the observed 
protective effects while (non-targeted) SK channels at the plasma membrane had 
only minor effects in this paradigm of oxidative cell death.  
 
MitoSK2 channels attenuate mitochondrial respiration in HT22 cells. 
We next assessed whether pre-activation or overexpression of mitochondrial SK2 
channels influenced mitochondrial oxidative phosphorylation (OXPHOS) in isolated 
mitochondria (Figure 2A). We found that CyPPA reduced the complex I-linked 
respiration rate in the presence of ADP (state 3; basal respiration) (Figure 2B).  
Moreover, the respiration rate in the presence of the uncoupling protonophore 
FCCP was reduced in mitochondria pre-treated with CyPPA compared to controls 
(state 4u). Overexpression of non-targeted SK2 reduced the state 3 mitochondrial 
respiration rate compared to GFP control, while the state 4u respiration rate was 
comparable between these groups (Figure 2C). On the contrary, mitoSK2 
overexpression reduced both mitochondrial state 3 and state 4u compared to 
overexpression of mitoGFP (Figure 2E). In comparison to non-targeted SK2, 
mitoSK2 reduced mitochondrial state 3 and state 4u respiration (Figure 2E). 
Collectively, these data demonstrate that SK2 channel activation and enrichment of 
mitochondrial SK2 channels reduced mitochondrial respiration.  
 

4 
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Figure 2. Overexpression of mitochondrial SK2 channels attenuates mitochondrial 
respiration. (A) Representative oxygen slope of isolated mitochondria from HT22 cells. Left panel: 
definition of mitochondrial states (1, 2, 3, 4, 4u) by addition of indicated substances in a 
representative measurement. Right panel: corrected oxygen slope showing mitochondrial states 
after treatment with vehicle (VEH) or CyPPA (CY). Mitochondrial states are indicated as (2-4u). (B, 
C, D and E) Quantification of state 3 (left panels) and state 4u (right panels) of mitochondria pre-
treated with vehicle (VEH) or CyPPA (CY) (B), of HT22 cells overexpressing GFP or SK2 (C), 
mitoGFP or mitoSK2 (D), or SK2 or mitoSK2 (E). Data are shown as mean ± SD, n=3-5, *p<0.05, 
**p<0.01 compared to indicated control. 
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Figure 3. Targeted overexpression of SK2 channels in the mitochondria augments CyPPA-
mediated preservation of mitochondrial integrity. Mitochondrial integrity was analyzed by 
means of fluorescent-activated cell sorting using fluorescent probes for mitochondrial membrane 
potential (A-D) or mitochondrial ROS formation (E-H) following glutamate exposure (16h) in the 
presence or absence of CyPPA (CY) in wildtype HT22 cells (A, E), and HT22 cells overexpressing 
(B, F) GFP versus SK2, (C, G) mitoGFP versus mitoSK2, and (D, H) SK2 versus mitoSK2. Data 
are presented as mean ± SD, n=3, *p<0.05, **p>0.01, ***p<0.001. 

4 
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MitoSK2 channels augment CyPPA-mediated preservation of mitochondrial 
integrity. 
Neuronal glutamate exposure impairs mitochondrial integrity causing loss of the 
MMP, increases in mitochondrial ROS formation, mitochondrial calcium ([Ca2+]m) 
overload and subsequent cellular ATP depletion39.  
 
 

 
Figure 4. SK channel activation and overexpression of mitochondrial SK2 channels 
decreases glutamate-induced accumulation of mitochondrial calcium. Representative 
measurements of mitochondrial calcium levels following glutamate exposure (16h) in the presence 
or absence of CyPPA (CY), in (A) wildtype HT22 cells or HT22 cells overexpressing (B) GFP 
versus SK2, (C) mitoGFP versus mitoSK2, and (D) SK2 versus mitoSK2. Data are presented as 
mean ± SD, n=3, *p<0.05, **p>0.01, ***p<0.001. 

 
 
In line with previous studies21, we found that wildtype HT22 cells co-treated with 
glutamate and CyPPA showed reduced MMP loss (Figure 3A, Supplementary 
figure 4A), reduced mitochondrial ROS formation (Figure 3E, Supplementary Figure 
4B) and reduced [Ca2+]m levels (Figure 4A, Supplementary figure 4C). 
Overexpression of SK2 did not accelerate the observed protective effect of CyPPA 
on MMP loss (Figure 3B), ROS formation (Figure 3F) or [Ca2+]m levels (Figure 4B) 
compared to GFP-expressing cells. On the contrary, overexpression of mitoSK2 
reduced glutamate-induced mitochondrial ROS formation (Figure 3G) compared to 
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mitoGFP-expressing cells in the presence of CyPPA. Interestingly, cells 
overexpressing mitoSK2 compared to mitoGFP showed lower mitochondrial ROS 
and [Ca2+]m levels when treated with CyPPA under basal conditions demonstrating 
that mitoSK2 overexpression specifically enhanced the protective effect of CyPPA 
on mitochondrial integrity. In line with these findings, mitoSK2 overexpressing cells 
showed reduced ROS and [Ca2+]m levels independent of the treatment compared to 
SK2 overexpressing cells (Figure 3D, H; Figure 4D).  
In order to investigate whether CyPPA also affected parameters upstream of 
mitochondrial damage, we analyzed changes in lipid peroxidation 8h after onset of 
the glutamate challenge, i.e. before mitochondrial damage becomes detectable40. 
Exposure of wildtype HT22 cells to glutamate induced a large increase in lipid 
peroxidation (Figure 5A, Supplementary Figure 4D). CyPPA co-treatment minimally 
reduced lipid peroxidation while the 12/15-lipoxygenase (12/15-LOX) inhibitor 
PD14617640,41 fully attenuated it. Overexpression of neither non-targeted SK2 
channels (Figure 5B), nor mitoSK2 channels (Figure 5C) altered the glutamate-
induced increase in lipid peroxidation or PD146176-mediated protection.  
 
 

 
 

Figure 5. Lipid peroxidation precedes CyPPA-mediated mitoprotection. Representative 
measurements of lipid peroxidation following glutamate exposure (8h) in the presence or absence 
of CyPPA (CY) and PD146176 (PD) in (A) wildtype HT22 cells, (B) cells transfected with GFP 
versus SK2 or (C) mitoGFP versus mitoSK2. Results are shown as mean ± SD, n=3, *p<0.05, 
**p>0.01, ***p<0.001. 
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Taken together, we show that targeted expression of SK2 channels in the 
mitochondria enhanced CyPPA-mediated protection against oxidative glutamate 
toxicity compared to wildtype HT22 cells, mitoGFP-transfected cells and, notably, 
also compared to non-targeted SK2 plasmid transfected cells.  
 
SK2 channel activation attenuates [Ca2+]m uptake in HT22 cells. 
Next, we investigated the direct effects of SK channel modulation on [Ca2+]m uptake 
using mitochondrial aequorin42 including different stimuli to mobilize Ca2+.  
 

 
Figure 6. SK2 channel activation reduces ATP-dependent mitochondrial calcium uptake in 
HT22 cells. (A) Mitochondrial calcium uptake kinetics in HT22[mtAEQ] cells stimulated with ATP. 
(B-E and F) ATP-induced changes in mitochondrial calcium uptake in cells pre-treated with (B) KB-
R7943 (KBR) and antimycin A (AA), (C) CyPPA (CY), (D) apamin (AP), (E) quinine (QUI) and (F) 
glibenclamide (GLI). In D-F, CyPPA co-treatment was included. Data are calculated as peak 
amplitude (% of control) and presented as mean ± SEM, n=6-8.  *p<0.05, **p<0.01, ***p<0.001 
compared to control, ns not significant. 

 
 
HT22 cells stably transfected with mitochondrial aequorin (HT22[mtAEQ]) were pre-
incubated with CyPPA and apamin, respectively. ATP and carbachol-stimulated 
IP3R-signaling in HT22[mtAEQ] cells showed typical kinetics of [Ca2+]m uptake as 
recorded in real-time after onset of the respective stimuli (Figure 6A, 
Supplementary Figure 5A)4,36,42. The uptake of [Ca2+]m was quantified as the [Ca2+]m 
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peak amplitude in response to ATP and carbachol stimulation. As a positive control, 
cells were pre-treated with KB-R7943, a blocker of the reverse mode Na+/Ca2+ 
exchanger (mNCX)30, which was shown to prevent [Ca2+]m uptake in HeLa cells43. 
The complex III inhibitor antimycin A served as a further positive control for [Ca2+]m 
uptake inhibition44. Pre-treatment with either KB-R7943 or antimycin A reduced the 
peak amplitude after stimulation with ATP or carbachol (Figure 6B, Supplementary 
Figure 5B). Furthermore, both substances also prevented glutamate-induced cell 
death as measured by the MTT assay (Supplementary Figure 6A, B).  
Pre-treatment with CyPPA reduced the [Ca2+]m peak amplitude following ATP 
application (Figure 6C) and also in conditions of carbachol-induced IP3R-dependent 
[Ca2+]m uptake (Supplementary Figure 5C)4. Inhibition of endogenous SK channels 
with apamin alone did not alter glutamate-induced cell death (Supplementary 
Figure 6C) or the ATP-induced [Ca2+]m peak amplitude (Figure 6D). However, 
apamin blocked CyPPA-mediated effects on the ATP-induced [Ca2+]m peak 
amplitude and provoked an increase in the [Ca2+]m peak amplitude compared to 
control cells. Following carbachol treatment, neither apamin alone nor combined 
with CyPPA changed the [Ca2+]m peak amplitude (Supplementary Figure 5D).  
Quinine, an inhibitor of the mitochondrial proton/potassium exchanger (mKHE)45, 
reduced the [Ca2+]m peak amplitude upon stimulation with ATP and carbachol 
(Figure 6E, Supplementary Figure 5E). In response to ATP, quinine enhanced the 
effect of CyPPA as the [Ca2+]m peak amplitude was slightly more reduced than with 
CyPPA alone. Interestingly, quinine lowered cell viability and inhibited CyPPA-
mediated protection in a model of ER stress26 while the protective effect of CyPPA 
against oxidative glutamate toxicity remained unchanged (Supplementary Figure 
6D). HT22[mtAEQ] cells were further treated with glibenclamide (Figure 6F), an 
inhibitor of the ATP-dependent potassium channel (KATP)45,46 which was previously 
shown to reduce ATP-induced [Ca2+]m uptake47. However, in response to carbachol 
(Supplementary Figure 6F), glibenclamide did not reduce the [Ca2+]m peak 
amplitude. Notably, glibenclamide treatment rendered no protection against 
glutamate-induced cell death (Supplementary Figure 6E), and did not attenuate 
CyPPA-mediated protection against glutamate toxicity in HT22 cells21. These 
findings suggest that inhibition of mKHE or KATP channels did not affect SK 
channel-mediated effects on [Ca2+]m uptake.  
Together, our results demonstrate that SK channel activation reduced the [Ca2+]m 
peak amplitude, thus [Ca2+]m uptake, in response to ATP and carbachol-induced 
IP3R-dependent ER-Ca2+ release into mitochondria.  
 
 
 

4 
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SK channel activation reduces [Ca2+]m uptake in response to glutamate and 
ATP in primary cortical neurons. 
Next, we sought to verify our findings of SK channel-mediated modulation of [Ca2+]m 
uptake in primary cortical neurons (PCN). Therefore, we performed quantitative 
single cell analysis of basal [Ca2+]m and agonist-stimulated rises in [Ca2+]m in PCN 
using the mitochondria-targeted cameleon FRET sensor (Figure 7A)34,48.  
Glutamate initiated a rapid increase in FRET in the range of seconds, indicated by 
an increase in FYFP/FCFP (Figure 7B) which reflects an increase in [Ca2+]m uptake. 
Pre-treatment of PCN with the positive control KB-R7943 reduced [Ca2+]m levels 
during the glutamate exposure. Pre-treatment with the SK channel activator CyPPA 
also resulted in a fast response similar to glutamate treatment. The initial increase 
in FRET was delayed and a lower FRET signal was maintained throughout the 
measurement showing a reduction of [Ca2+]m levels compared to glutamate 
treatment. SK channel inhibition by apamin caused an accelerated onset kinetic in 
response to glutamate, and the FRET signal was maintained at high levels 
throughout the measurement depicting highly increased [Ca2+]m levels. MK801, an 
NMDA receptor antagonist, also reduced mitochondrial calcium uptake in response 
to glutamate. Compared to CyPPA, the MK801-induced decline in mitochondrial 
calcium was delayed. 
Both, SK channel activation by CyPPA and NMDA receptor inhibition by MK801 
decreased glutamate-induced calcium rises and oscillations in the cytosol with 
comparable kinetics (Figure 7D) indicating a possible interdependence between 
changes in cytosolic and in mitochondrial calcium. Thus, SK channel activation 
reduced [Ca2+]m uptake while its inhibition rapidly increased the uptake in response 
to glutamate.  
Compared to glutamate, ATP treatment resulted in a slower initial increase in 
[Ca2+]m uptake and a less pronounced response that was not maintained 
throughout the measurement (Figure 7C). Instead, maximal [Ca2+]m levels were 
reached within 20s following ATP application and nearly returned to basal levels 
afterwards. In response to ATP, [Ca2+]m levels were lower in cells pre-treated with 
the SK channel activator NS309, and higher in cells pre-treated with the SK 
channel inhibitor apamin. In line with our previous findings, pre-treatment with KB-
R7943 reduced the FRET signal. Interestingly, in the early phase of ATP 
application, pre-treatment with KB-R7943 and NS309 delayed [Ca2+]m uptake and 
the FRET signal was maintained at low levels. While the variation in the response 
to glutamate was quite small, ATP-induced responses showed a high variability, 
thus not revealing overall significant differences in [Ca2+]m uptake in the presence of 
SK channel modulators. However, SK channel activation reduced the magnitude of 
[Ca2+]m uptake in the early phase of ATP stimulation which was in line with the 
results from glutamate stimulation. 
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Figure 7. SK channel activation reduces mitochondrial calcium uptake in PCN. (A) 
Representative confocal images of PCN expressing the FRET sensor and mitochondrial dsRed 
(mitodsRed). Scale bar: 10μm, n=5. (B) FRET recordings of PCN expressing 4mtD3cpv following 
glutamate stimulation. Left panel: FRET traces after pre-treatment with CyPPA (CY; red line), KB-
R7943 (KBR; blue line), apamin (AP; green line) and MK801 (MK; purple line). Each trace was 
normalized to the initial value. Right panel: quantification of FRET recordings as area under curve 
after glutamate stimulation. Data are shown as mean ± SEM, n=8-20. *p<0.05, **p<0.01 compared 
to control. (C) FRET recordings of PCN expressing 4mtD3cpv following ATP stimulation after pre-
treatment with NS309 (NS; red line), KB-R7943 (KBR; blue line) and apamin (AP; green line) 
following ATP stimulation. Each trace was normalized to the initial value. Data are shown as mean 
± SEM, n=8-20. *p<0.05, **p<0.01 compared to control. (D) FRET recordings of PCN expressing 
D3cpv following glutamate stimulation after pre-treatment with CyPPA (CY; red line) or MK801 
(MK; purple line). Each trace was normalized to the initial value. Data are shown as mean ± SEM, 
n=10-15. *p<0.05, **p<0.01 compared to control. 
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Taken together, our data suggest that SK channel activation is involved in the 
regulation of [Ca2+]m uptake in conditions of glutamate-induced oxidative stress, 
excitotoxicity and ATP-induced increases in [Ca2+]m levels.  
 
Discussion 
In the present study, we show that mitochondria-targeted SK2 channels preserved 
mitochondrial integrity by a mechanism involving the regulation of mitochondrial 
respiration and [Ca2+]m uptake in models of oxidative glutamate toxicity in a 
neuronal cell line and glutamate-induced excitotoxicity in primary cortical neurons. 
Using mitoSK2 overexpressing cells, we delineated effects of mitochondrial SK2 
channels independent of those elicited by SK2 channels at the plasma membrane. 
We show that mitoSK2 overexpression enhanced CyPPA-mediated protection, 
delayed cell death and preserved cellular ATP levels compared to control cells. In 
addition, overexpression of mitoSK2 further enhanced this protection compared to 
non-targeted SK2 overexpression suggesting a stronger impact of mitochondrial 
SK2 channels on cell viability after the onset of oxytosis.  
In a previous study, the effect of SK2 inhibitory peptides and/or SK2 RNA 
interference on cell viability was assessed in HT22 cells challenged with 
glutamate21. Our work reveals that overexpression of a mitochondria-targeted 
dominant-negative SK2 channel mutant reversed the CyPPA-mediated effects on 
cell viability and on cellular ATP levels. In contrast, functional overexpression of a 
non-targeted SK2 DN mutant failed to attenuate CyPPA-mediated protection. 
Together with the fact that glutamate-induced cell death in conditions of 
extracellular Ca2+ depletion was still prevented by SK channel activation, we 
therefore suggest that protection against oxidative glutamate toxicity is mainly 
conferred by activation of mitochondrial SK2 channels. 
Inhibition of complex I of the respiratory chain by high concentrations of rotenone 
induced cell death in human dopaminergic neurons which was restored by SK 
channel activation through mitochondrial conservation20. However, it is not entirely 
understood which mitochondrial respiratory complex is affected by SK channel 
activation. How disturbance of oxidative phosphorylation (OXPHOS) leads to a 
sustained MMP could be explained by an inhibition of mitochondrial complex V. 
Complex V inhibition allows a decrease in ATP production and no change in FCCP-
induced mitochondrial respiration. However, activation of SK channels did not result 
in complex V inhibition as ATP levels were not attenuated and mitochondrial 
respiration was still increased. Analysis of OXPHOS in isolated mitochondria from 
HT22 cells revealed that CyPPA reduced the complex I-linked ADP coupled (state 
3) respiration and the maximal uncoupled respiration. While complete inhibition of 
complex I by high rotenone concentrations was toxic, the partial reduction in 
mitochondrial respiration by CyPPA was protective in our study. This corresponds 
to previous findings showing that at low concentrations, which induce partial 
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complex I inhibition, rotenone protected against glutamate toxicity in HT22 cells49. 
In addition, mitoSK2 overexpression also attenuated ADP coupled and uncoupled 
respiration compared to overexpression of GFP or SK2 as controls without exerting 
toxic effects. Thus, we suggest a direct link between the neuroprotective mitoSK2 
overexpression and the observed decrease in respiration. This conclusion is 
strongly supported by detailed analysis of mitochondrial endpoints following the 
glutamate challenge. In fact, overexpression of mitoSK2 further enhanced CyPPA-
induced protection against MMP loss, ROS formation and reduced [Ca2+]m overload 
compared to non-targeted SK2 overexpression. This finding corresponds to 
previous studies showing that a reduced function of the mitochondrial electron 
transport chain is accompanied with a decrease in ROS formation50.  
In cultured primary neurons, activation of SK channels protected against glutamate-
induced excitotoxicity by reducing NMDAR-mediated accumulation of intracellular 
Ca2+ 27. In this study, we show that glutamate also triggered [Ca2+]m uptake which 
was blocked by SK channel activation. Further, pre-treatment with CyPPA 
decreased [Ca2+]m uptake in response to ATP or IP3R-dependent signaling 
indicating a direct impact of mitoSK2 channel modulation on [Ca2+]m regulation.  
Inhibition of KHE and KATP at the ER attenuated CyPPA-mediated effects in a 
model of Brefeldin A-induced ER stress indicating an essential role for proton 
uptake and release in the protective mechanisms observed against ER stress26. In 
this study, mKHE and KATP channel inhibition did not affect the CyPPA-mediated 
reduction in [Ca2+]m uptake in response to ATP. Thus, activation of mitochondrial 
SK2 channels protected against oxidative glutamate toxicity independent of other 
channels involved in proton flux across the inner mitochondrial membrane. This 
was further confirmed in rat primary neurons, where pharmacological activation of 
SK channels rapidly reduced [Ca2+]m uptake in response to glutamate and ATP. 
Although SK channels also influenced NMDAR-mediated Ca2+ influx and 
excitotoxicity in PCN, the obtained results overall confirm our findings from the 
aequorin measurements showing that SK channel modulation was linked to Ca2+ 
uptake into mitochondria. This conclusion is further supported by the fact that 
CyPPA-mediated protection of mitochondria was independent of extracellular Ca2+ 
in HT22 cells.  
As [Ca2+]m uptake primarily depends on an intact mitochondrial membrane 
potential51,52, the reduced mitochondrial respiration, and therefore the reduced 
MMP observed after SK channel activation and/or overexpression in the 
mitochondria may directly affect [Ca2+]m uptake and mitochondrial ROS formation. 
Similar to our findings on SK channel activation in the mitochondria, 
pharmacological activation of mitochondrial BKCa channels was shown to protect 
against ischemia reperfusion by reducing ROS formation and [Ca2+]m uptake in rat 
and guinea pig heart53,54, and against ischemic injury in guinea pig heart by 
reducing the MMP and [Ca2+]m uptake. In line with mitochondrial BKCa channels, an 
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increased activity of mitochondrial IKCa channels has also been linked to changes in 
MMP and [Ca2+]m levels55, which corresponds to our findings on the influence of 
mitoSK2 channels on mitochondrial respiration and [Ca2+]m homeostasis. 
Taken together, our study reveals that the activation of mitochondrial SK2 channels 
determines protection against oxidative stress-induced cell death by preventing 
mitochondrial dysfunction. In particular, SK channel activation and mitoSK2 
overexpression preserved cell viability, and reduced MMP loss and the formation of 
mitochondrial ROS through a mechanism involving attenuation of mitochondrial 
respiration and [Ca2+]m uptake.  
 
Acknowledgements 
We thank Katharina Elsässer for her excellent technical support and advice, and 
Emma Jane Esser for careful reading and correction of the manuscript. Further, we 
thank Prof Bernd Fakler for providing the SK2 channel plasmids, Susanne Michels 
for performing the MTT assays with MK801 and Maren Richter for providing 
fluorescence images of Rho2 distribution in HT22 cells. The work of FP was 
supported by the German Research Foundation (DFG) under the Emmy Noether 
Programme [PE 2053/1-1] and the Bavarian Ministry of Sciences, Research and 
the Arts in the framework of the Bavarian Molecular Biosystems Research Network 
[D2–F5121.2–10c/4822]. This work was supported by a grant 
from the Deutsche Forschungsgemeinschaft, DFG (DO 1525/3-1) and, in parts, by 
the von-Behring-Röntgen Stiftung. AMD is the recipient of a Rosalind Franklin 
Fellowship co-funded by European Union and University of Groningen. 
 
 
  



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: 115PDF page: 115PDF page: 115PDF page: 115

                           SK2 channels regulate mitochondrial respiration and mitochondrial Ca2+ uptake 

109 
 

 
Supplemental figure 1. Overexpression of SK2 channel mutant variants in HT22 cells. (A) 
Transfection efficiency of HT22 cells transfected with GFP, mitoGFP, SK2 and mitoSK2 quantified 
by FACS analysis, n=3. (B and C) xCELLigence measurements of cell viability in the presence or 
absence of CyPPA (CY) in HT22 cells overexpressing (B) GFP versus SK2 or (C) mitoGFP versus 
mitoSK2, n=6-8). (D) Representative confocal images of non-targeted (upper panel) and 
mitochondria-targeted (lower panel) dominant-negative SK2 channel mutants co-localizing with 
mitochondria (MitoTracker Red). Scale bar: 10μm, n=10-15 cells/plasmid. (E and F) xCELLigence 
measurements in the presence or absence of CyPPA (CY) in HT22 cells overexpressing (E), SK2 
versus SK2 DN or (F) SK2 versus mitoSK2, n=6-8). 
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Supplemental figure 2. Overexpression of mitochondrial SK2 channels prevents loss of 
cellular ATP levels. Representative measurements of cellular ATP levels 16-18h after initiation of 
the glutamate challenge in the presence or absence of CyPPA (CY) in HT22 cells overexpressing 
(A) GFP versus SK2, (B) mitoGFP versus mitoSK2, (C) SK2 versus SK2 DN, (D) mitoSK2 versus 
mitoSK2 DN, or (E) SK2 versus mitoSK2. Data are presented as mean ± SD, n=4, *p<0.05, 
**p>0.01, ***p<0.001. 
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Supplemental figure 3. CyPPA protects against glutamate-induced cell death in calcium-free 
conditions.  
Representative MTT Assay of HT22 cells treated with glutamate for 16h in the presence or 
absence of CyPPA in culture medium supplemented with (A) 1mM EGTA and (B) 1.5mM EGTA, 
(C) in calcium-free medium and (D) in calcium-free medium supplemented with 0.25mM EGTA. 
Results are presented as mean ± SD, n=8, ***p<0.001 compared to untreated control, ##p<0.01 and 
###p<0.001 compared to glutamate treated cells. 
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Supplemental figure 4. SK channel activation protects against mitochondrial damage during 
glutamate exposure. Representative measurements of (A) mitochondrial membrane potential, (B) 
mitochondrial ROS formation, (C) mitochondrial calcium levels, and (D) lipid peroxidation in 
wildtype HT22 cells following glutamate exposure (16h or 8h, respectively). Results are presented 
as mean ± SD, n=3, **p<0.01, ***p<0.001 compared to untreated control, ###p<0.001 compared to 
glutamate treated cells. 
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Supplemental figure 5. SK2 channel activation reduces carbachol-dependent mitochondrial 
calcium uptake in HT22 cells. (A) Mitochondrial calcium uptake kinetics in HT22[mtAEQ] cells 
stimulated with carbachol. 
(B, C, D, E and F) Carbachol-induced changes in mitochondrial calcium uptake in cells pre-treated 
with (B) KB-R7943 (KBR) and antimycin A (AA), (C) CyPPA (CY), (D) apamin (AP), (E) quinine 
(QUI) and (F) glibenclamide (GLI). In D-F, CyPPA co-treatment was included. Data are calculated 
as peak amplitude (% of control) and presented as mean ± SEM, n=6-8.  *p<0.05, **p<0.01, 
***p<0.001 compared to control, ns not significant. 
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Supplemental figure 6. Effect of calcium- and SK2 channel-modulating agents on cell 
viability in HT22 cells challenged with glutamate. Representative MTT Assays following 
glutamate exposure (16h) of HT22 cells treated with (A) KB-R7943 (KB), (B) antimycin A (AA), (C) 
apamin (AP), (D) quinine (QUI) -/+ CyPPA (CY), (E) glibenclamide (GLI). Results are presented as 
mean ± SD, n=8, *compared to untreated control, #compared to glutamate treated control: one 
symbol p<0.05, three symbols p<0.001. 
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Abstract 
The crosstalk between different organelles allows for the exchange of proteins, 
lipids and ions. Endoplasmic reticulum (ER) and mitochondria are physically linked 
and signal through the mitochondria-associated ER membrane (MAM) to regulate 
the transfer of Ca2+ from ER stores into the mitochondrial matrix thereby affecting 
mitochondrial function and intracellular Ca2+ homeostasis. The chaperone glucose-
regulated protein 75 (GRP75) is a key protein expressed at the MAM interface 
which regulates ER-mitochondrial Ca2+ transfer. Previous studies revealed that 
modulation of GRP75 expression largely affected mitochondrial integrity and 
vulnerability to cell death. In the present study, we show that genetic ablation of 
GRP75, by weakening ER-mitochondrial junctions, provided protection against 
mitochondrial dysfunction and cell death in a model of glutamate-induced oxidative 
stress. Interestingly, GRP75 silencing attenuated both cytosolic and mitochondrial 
Ca2+ overload in conditions of oxidative stress, blocked the formation of reactive 
oxygen species and preserved mitochondrial respiration. These data revealed a 
major role for GRP75 in regulating mitochondrial function, Ca2+ and redox 
homeostasis. In line, GRP75 overexpression enhanced oxidative cell death induced 
by glutamate. Overall, our findings suggest weakening ER-mitochondrial 
connectivity by GRP75 inhibition as a novel protective approach in paradigms of 
oxidative stress in neuronal cells. 
 
Introduction 
Maintaining intracellular Ca2+ ([Ca2+]i) homeostasis is of major importance to 
preserve cell survival in neuronal tissues, as for instance oxidative stress induces 
massive Ca2+ influx through different receptor-operated or voltage-dependent Ca2+ 

channels1,2. Enhanced Ca2+ influx together with Ca2+ release from internal stores 
such as the endoplasmic reticulum (ER) leads to mitochondrial Ca2+ overload and 
cell death3–6. Small Ca2+ microdomains are frequently transferred from the ER to the 
mitochondria as part of homeostatic organelle communication7–9. The propagation 
of these Ca2+ microdomains is regulated by a multiprotein complex formed by 
voltage-dependent anion channel 1 (VDAC1) located at the outer mitochondrial 
membrane (OMM), the inositol-1,4,5-trisphosphate receptor (IP3R) on the ER 
membrane and glucose-regulated protein 75 (GRP75), a member of the heat shock 
protein 70 family10–14. Proper integration of this multiprotein complex into the 
mitochondria-associated ER membrane (MAM) is critical for Ca2+ transfer into the 
mitochondrial matrix via the tightly regulated mitochondrial Ca2+ uniporter which 
drives mitochondrial metabolism15–19.  
By establishing local contact points between ER and mitochondria, GRP75 plays a 
major role in maintaining crosstalk between these organelles through coordinating 
the exchange and transfer of Ca2+, and to drive subsequent signaling cascades11,20–

23. GRP75 has been extensively studied in various cancer cells where its 
expression increased susceptibility to cell death24,25. However, the consequences of 
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an alteration in GRP75 expression to neuronal cell survival are not entirely clear. 
For instance, GRP75 overexpression in SH-SY5Y cells reduced basal levels of 
reactive oxygen species (ROS) in physiological conditions, and GRP75 knockdown 
in these cells activated mitochondrial stress responses. However, following 
proteolytic stress initiated by overexpression of mitochondrial ornithine 
transcarbamylase, stress-induced ROS formation and loss of the mitochondrial 
membrane potential (MMP) was prevented by GRP75 overexpression26,27. In 
contrast, GRP75 overexpression in dopaminergic neurons exposed to the 
mitochondrial complex I inhibitor rotenone enhanced cell death, and 
overexpression of GRP75 in rat mesencephalic neuronal cells potentiated the 
effects of rotenone on mitochondrial complex I inhibition and oxidative stress28. 
These studies suggest that GRP75 might mediate both beneficial or harmful effects 
depending on the cell type, and the pathological context. Thus, further studies are 
required to clarify the function of GRP75 in paradigms of cell death relevant to 
degenerative diseases. 
In the present study, we sought to investigate the impact of GRP75 expression in 
neuronal HT22 cells in conditions of oxidative stress and mitochondrial dysfunction. 
In these immortalized hippocampal neurons, exposure to high concentrations of 
extracellular glutamate induces oxidative stress, and a form of cell death termed 
oxytosis29. Glutamate-induced oxytosis involves severe mitochondrial damage 
through loss of MMP, accumulation of ROS and massive influx of extracellular Ca2+ 

along with extensive mitochondrial fragmentation30–33. Preventing mitochondrial 
dysfunction using different strategies such as activation of Ca2+-activated K+ 
channels, inhibition of lipoxygenases, suppressing the mitochondrial translocation 
of pro-apoptotic Bid or nuclear translocation of apoptosis-inducing factor AIF 
successfully blocked glutamate-induced cell death in neuronal HT22 cells31,34–36. 
However, the role of GRP75 and organelle crosstalk in this mitochondrial death 
pathway is so far unknown. In our study, we analyzed the impact of altered GRP75 
expression on mitochondrial function and cell death. We show for the first time that 
silencing GRP75 expression impaired ER-mitochondrial coupling and enhanced 
mitochondrial resilience in a neuronal model of oxidative cell death. 
 
Materials and methods 
Cell culture and plasmid transfection 
HT22 cells were cultured in Dulbecco’s modified Eagle Medium (DMEM; Sigma 
Aldrich, Munich, Germany) supplemented with 10% heat-inactivated fetal calf 
serum (PAA Cölbe, Germany), 100U/mL penicillin, 100μg/mL streptomycin and 
2mM L-glutamine (Invitrogen, Karlsruhe, Germany) at 37°C and 5% CO2. HT22 
cells were transfected with 1-4μg pcDNA or pcDNA-c-myc-GRP75 (pcGRP75) 
using the attractene transfection protocol (Qiagen, Hilden, Germany) for 24h or 48h 
depending on the plate format. 
 

5 
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RNA-interference and reverse transcriptase PCR 
For reverse transfection with siRNA, HT22 cells were seeded in antibiotic-free 
medium and transfected with non-specific universal negative siRNA (Sigma Aldrich, 
Munich, Germany) and two different siRNAs directed against GRP75 
(si01=ACACGGAGCAAUAGUUCUCUU, and 
si02=ACUUUAAGCUAUGGCUAACUU) using the lipofectamine RNAiMAXX 
transfection protocol (Thermo Fisher Scientific, Darmstadt, Germany) and 
incubated for 24h. After overnight incubation, the cells were harvested, re-seeded 
into the desired culture plate format for subsequent experiments and incubated for 
further 24h. For reverse transcriptase PCR, RNA was extracted from cell lysates 
after transfection with scrambled siRNA, si01 or si02 for 48h using the InviTrap® 
Spin Universal RNA Kit (Stratec molecular, Berlin, Germany). For cDNA synthesis 
using the SuperScript III One-Step RT-PCR Kit with Platinum Taq (Invitrogen, 
Karlsruhe, Germany) and RT-PCR, 1μg RNA was used. To detect Grp75 mRNA 
levels, the PCR was performed with the following protocol: 30min 45°C, 2min 94°C, 
21x[15sec 94°C, 30sec 50°C, 45sec 68°C], 5min 68°C using Grp75 primers. 

Forward primer 5’ TGCATCAGAAGCAATCAAGG 3’ 
Reverse primer 5’ TGGCCCAAGTAATTTTCTGC 3’ 

As a control, Gapdh mRNA was detected using the following PCR protocol: 30min 
60°C, 2min 95°C, 21x[30sec 95°C, 60sec 57°C, 2min 70°C], 10min 70°C using 
Gapdh primers. 

Forward primer 5’ CGTCTTCACCACCATGGAGAAGGC 3’ 
Reverse primer 5’ AAGGCCATGCCAGTGAGCTTCCC 3’. 

PCR products were analyzed on a 1.5% agarose gel using UV illumination. 
 
CRISPR/Cas9-mediated GRP75 knockout 
GRP75 knockout (KO) cells were generated using the CRISPR/Cas9 technique. 
HT22 cells were transfected for 48h with a GFP-tagged CRISPR plasmid 
(pSpCas9_BB_2A-GFP (PX458); U6248BE310_1; GenScript, Piscataway, New 
Jersey, USA) with a specific gRNA against GRP75 and sorted for high GFP 
fluorescence, excluding dead cells via DAPI staining, and giving rise to one clonal 
colony (1-1; KO). GRP75 protein expression was controlled by Western blot. 
Changes on DNA level were investigated by specific primers. To minimize the 
number of off target genes, the gRNA sequence was chosen using to the CRISPR 
design database (crispr.mit.edu).  
 
Protein analysis and Western Blot 
To analyze changes in protein expression, cell lysates were obtained by harvesting 
in lysis buffer containing 0.25M mannitol, 0.05M Tris-HCl, 1M EDTA, 1M EGTA, 
1mM DTT, 1%Triton-X100 and supplemented with Complete Mini Protease 
Inhibitor Cocktail and PhosSTOP (both Roche Diagnostics, Penzberg, Germany). 
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Cell lysates were centrifuged at 10.000xg for 15min at 4°C to remove insoluble 
fragments. The total protein content was determined using the Pierce® BCA 
Protein Assay Kit (Perbio Science, Bonn, Germany). For Western blot analysis, 
50μg of protein were loaded on a 10% SDS-gel and transferred onto a PVDF-
membrane. Incubation with primary antibody was performed overnight at 4°C. The 
following primary antibodies were used: rabbit polyclonal anti-GRP75 (Cell 
signaling, Danvers, Massachusetts, USA), mouse monoclonal anti-c-myc 9E10 
(Santa Cruz Biotechnology, Heidelberg, Germany), rabbit monoclonal anti-GADPH 
(Cell signaling, Danvers, Massachusetts, USA) and mouse monoclonal anti-vinculin 
(Sigma Aldrich, Munich, Germany). Following overnight incubation, PVDF 
membranes were washed 3x with 0.05% TBS-Tween and incubated with 
corresponding secondary HRP-labeled antibodies (Vector Laboratories, 
Burlingame, CA, USA). Protein expression was detected by chemiluminescence 
using the Chemidoc software (Bio-Rad, Munich, Germany) and quantified using the 
Quantity One software (Bio-Rad). 
 
In situ proximity ligation assay 
ER-mitochondria interactions were analyzed using an optimized in situ proximity 
ligation assay (PLA) targeting the IP3R/GRP75/VDAC1 complex at the MAM 
interface, as previously described37,38. Briefly, HT22 cells were cultured on 35mm 
glass bottom dishes (MatTek, Ashland, MA, USA). After fixation with 4% 
paraformaldehyde for 10min, the cells were permeabilized using 0.3% PBS/TritonX 
for 30min. Then saturation was performed and in situ PLA experiments were done 
according to the manufacturer’s protocol. Preparations were mounted in Duolink II 
mounting medium containing DAPI 18 (Sigma Aldrich, Munich, Germany) and 
analyzed with a Zeiss inversed fluorescent microscope at 63x magnification. 
Quantification of signals (number of red dots per cell) was done using the 
BlobFinder software. Experiments were performed in triplicate, n=10 pictures per 
conditions. 
 
Cell viability measurement 
Cell viability was assessed in real-time using the xCELLigence system (Roche, 
Munich, Germany). HT22 cells were grown in 96well plates and treated with 
glutamate. Cellular impedance was measured every 30min and represented as 
cellular index, normalized to the time of glutamate initiation. Alternatively, cell 
viability after glutamate exposure was assessed by addition of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at a final concentration 
of 0.5mg/mL and incubation for 1h at 37°C. After removal of the medium from the 
plate and incubation at -80°C for 1h, the resulting purple formazan was dissolved in 
DMSO. Absorbance was measured at 570nm versus 630nm with FluoStar Optima 
(BMG Labtech, Offenbach, Germany). In order to exclude differences in basal cell 

5 
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viability while analyzing protection, the glutamate treatment for each condition was 
normalized to the corresponding control. In addition, cell death was analyzed by 
annexin V (early apoptosis) and propidium iodide (late apoptosis) double staining 
using the annexin-V-FITC detection kit (Promokine, Heidelberg, Germany) followed 
by flow cytometric analysis with excitation at 488nm and detection 530nm (green) 
and 680nm (red). Data were recorded from 1x104 cells in triplicate per condition. In 
addition, cell death was analyzed by annexin V (early apoptosis) and propidium 
iodide (late apoptosis) double staining using the annexin-V-FITC detection kit 
(Promokine, Heidelberg, Germany) followed by flow cytometric analysis with 
excitation at 488nm and detection 530nm (green) and 680nm (red). Data were 
recorded from 1x104 cells in triplicate per condition. 
 
Mitochondrial morphology 
HT22 cells were seeded into an iBidi containing 1.6x104 cells per well and grown 
overnight. Before initiating the glutamate challenge with 8-10mM glutamate for 16h, 
mitochondria were stained with MitoTracker Green FM (Thermo Fisher Scientific, 
Darmstadt, Germany) and DAPI for 30min at 37°C. After glutamate treatment, the 
plate was washed with PBS and cells were fixed with 4% paraformaldehyde for 
25min at RT. Images were acquired with a Leica epifluorescence microscope using 
a 63x magnification objective and additional 1.6x magnification. A total of ~300 cells 
per condition were counted. Mitochondria were classified into category I (elongated, 
distributed throughout the whole cell), category II (elongated and partially 
fragmented) or category III (fragmented, accumulated around the nucleus). Images 
were analyzed using the ImageJ software. 
 
Mitochondrial Ca2+ overload 
Changes in mitochondrial Ca2+ were determined by the rhodamine-2-
acetoxymethylester dye (Rho2-AM, Life Technologies). Cells were harvested and 
incubated with 2μM dye in DMEM without serum for 25-30min followed by 
incubation in DMEM for 25-30min at room temperature in the dark. The 
fluorescence was excited at 552nm and detected at 581nm using the Guava Easy 
Cite 6-2L system (Merck Millipore, Darmstadt, Germany). Data were recorded from 
1x104 cells in triplicate per condition. 
 

Cytosolic Ca2+ entry 
Changes in cytosolic Ca2+ were determined by a Ca2+ dye (Ca2+ Green 5N, Life 
Technologies). Cells were harvested and incubated with 2μM dye for 30min at 
room temperature. The fluorescence was excited at 506nm and detected at 532nm 
using the Guava Easy Cite 6-2L system (Merck Millipore, Darmstadt, Germany). 
Data were recorded from 1x104 cells in triplicate per condition. 
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Mitochondrial superoxide (ROS) formation 
Mitochondrial ROS formation was assessed by the MitoSOX dye (Invitrogen, 
Karlsruhe, Germany). Cells were incubated with 2.5μM MitoSOX dye for 30min at 
37°C and harvested afterwards. Fluorescence was excited at 488nm and detected 
at 690/50nm. Data were recorded from 1x104 cells in triplicate per condition. 
 

Measurement of the mitochondrial membrane potential (Δψm) 
Loss of the Δψm was evaluated by staining with TMRE (tetramethylrhodamine-ethyl 
ester; Invitrogen, Karlsruhe, Germany) dye. Cells were harvested and incubated 
30min with 0.2μM TMRE at 37°C. TMRE fluorescence was excited at 488nm and 
detected at 690/50nm. Data were recorded from 1x104 cells in triplicate per 
condition. 
 
Seahorse XF analysis 
HT22 cells were grown and treated with glutamate in Seahorse XF 96well plates 
(Seahorse Biosystems, Agilent Technolgies, Waldbronn, Germany). Before the 
measurement, the medium was removed and replaced by 180μL assay medium 
containing 4.5g/L glucose, 2mM L-glutamine, 1mM pyruvate (pH7.35) for 1h at 37 
°C. Using the Seahorse XF Biosystem, oxygen consumption rate (OCR) and 
extracellular acidification rate (ECAR) were analyzed. Three baseline 
measurements were recorded followed by 4 different injections: 3μM oligomycin in 
port A (20μL), 0.5μM FCCP in port B (22.5μL), 100nM rotenone and 1μM antimycin 
A in port C (25μL), and 50mM 2-deoxyglucose in port D (27.5μL). After injection of 
each compound, OCR and ECAR were measured (3min mix and 3min measure). 
 

Lipid peroxidation 
Lipid peroxidation after 8h of glutamate exposure was analyzed by staining with 
2μM BODIPY dye (Invitrogen, Karlsruhe, Germany) for 60min at 37°C. A shift in 
BODIPY fluorescence from red to green was assessed by excitation at 488nm and 
detection with a 525/30nm band pass filter and a 690/50nm band pass filter. Data 
were recorded from 1x104 cells in triplicate per condition. 
 

Statistical analysis 
Statistical significance was assessed using the unpaired Student’s t-test or ANOVA 
and Scheffé’s test for multiple comparisons, unless otherwise stated. P values 
indicating statistically significant differences between the mean values are defined 
as follows: *p<0.05, **p<0.01 and ***p<0.001. 
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Results 
Glucose-regulated protein (GRP75) determines ER-mitochondrial coupling in 
neuronal HT22 cells. 
GRP75 creates a physical link between the ER membrane and the OMM through 
facilitating the interaction between ER-bound IP3R and mitochondrial VDAC110,11.  
To confirm that GRP75 is involved in MAM formation in neuronal HT22 cells, we 
applied two different siRNA sequences targeting GRP75 and performed an in situ 
proximity ligation assay (in situ PLA) to assess the interaction between IP3R1 and 
VDAC1. Successful gene silencing of GRP75 successfully was confirmed at the 
level of mRNA (Figure 1A) and protein expression (Figure 1B). Following GRP75 
silencing, we found that IP3R1-VDAC1 interaction sites, as indicated by the red 
punctae (Figure 1C), were reduced compared to control cells. 
To validate these findings, we also analyzed IP3R1-VDAC1 interaction sites 
following the application of the pharmacological GRP75 inhibitor MKT-077. 
Treatment with 10μM MKT-077, an HSP70 inhibitor known to inhibit GRP7539–41, 
also reduced the number of red punctae compared to DMSO-treated control cells 
(Figure 1D) indicating that GRP75 both, pharmacological inhibition and GRP75 
depletion reduced ER-mitochondrial contact formation in HT22 cells. 
 
GRP75 downregulation prevents glutamate-induced cell death. 
Exposure of neuronal HT22 cells to toxic glutamate concentrations initiates a 
signaling cascade that mediates cell death through excessive production of ROS 
and destruction of mitochondria31. In order to investigate whether impaired ER-
mitochondrial contact formation could alter cell death signaling induced by oxidative 
stress, we downregulated GRP75 expression by two different siRNA sequences 
followed by initiation of cell death with glutamate. 
Indeed, glutamate induced morphological signs of cell damage; the HT22 cells 
rounded up and detached from the culture dish (Figure 2A). This was largely 
prevented in cells that were transfected with the siRNAs prior to the glutamate 
challenge. An impedance-based measurement of cell viability42 revealed that 
siRNA-mediated GRP75 silencing fully blocked glutamate-induced cell death 
(Figure 2B). This was further confirmed by FACS analysis of necrotic and late 
apoptotic cells using annexin V (AV) and propidium iodide (PI) double staining. The 
glutamate-induced increase in AV/PI positive cells was prevented by knockdown of 
GRP75 (Figure 2C). 
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Figure 1. ER-mitochondrial contact points are established by GRP75.  
(A) mRNA levels of Grp75 and Gapdh in control cells (CTR), cells transfected with scrambled 
siRNA (Scr) and cells transfected with siRNAs against GRP75 (si01, si02). Knockdown on mRNA 
level is quantified by densitometric analysis. Data are presented as mean + SD, n=3, unpaired 
Student’s t-test, **p<0.01. (B) GRP75 protein expression in control cells (CTR), cells transfected 
with scrambled siRNA (Scr) and cells transfected with siRNAs against GRP75 (si01, si02). Actin is 
used as a loading control. Knockdown on protein level is quantified by densitometric analysis. Data 
are presented as mean + SD, n=5, unpaired Student’s t-test, ***p<0.0001. (C) In situ proximity 
ligation assay (PLA) in control cells (CTR), cells transfected with scrambled siRNA (Scr) and cells 
transfected with siRNAs against GRP75 (si01, si02). Left panels: representative images of HT22 
cells after in situ PLA, DAPI-stained nuclei. Scale bar: 20μm. Right panel: quantification of 
IP3R/VDAC1 spots on the analyzed pictures. Data are presented as mean + SEM, n=25-30 per 
condition. (D) In situ proximity ligation assay (PLA) in HT22 cells treated with DMSO as a control or 
with 10μM MKT-077. Left panels: representative images of HT22 cells after in situ PLA, DAPI-
stained nuclei. Scale bar: 20μm. Right panel: quantification of IP3R/VDAC1 spots on the analyzed 
pictures. Data are presented as mean + SEM, n=25-30 per condition. 

 
 

5 



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: 134PDF page: 134PDF page: 134PDF page: 134

                               GRP75 determines ER-mitochondrial coupling and sensitivity to oxidative stress 

128 
 

 
 
Figure 2. Silencing of GRP75 protects against glutamate-induced cell death.  
(A) Light microscopic pictures of control cells (CTR), cells transfected with scrambled siRNA (Scr) 
and cells transfected with siRNAs against GRP75 (si01, si02) in the absence (left panel) or 
presence (right panel) of glutamate (16h). Scale bar: 30μm, 20x magnification, n=3. (B) 
xCELLigence measurement cell viability following glutamate treatment of control cells (CTR), cells 
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transfected with scrambled siRNA (Scr) and cells transfected with siRNAs against GRP75 (si01, 
si02). Data are presented as mean ± SD, n=6-8 per condition. (C) Annexin V (early apoptosis) and 
propidium iodide (late apoptosis) double staining of control cells (CTR) and cells transfected with 
scrambled siRNA (Scr) or with siRNAs against GRP75 (si01, si02) following glutamate exposure for 
16h. Data are presented as mean + SD, n=3, unpaired Student’s t-test, ***p<0.0001 compared to 
control, ###p>0.0001 compared to glutamate. (D) Western blot analysis of HT22 control cells and 
GRP75 KO cells showing GRP75 (75kDa) expression and vinculin (110kDa) as a loading control 
(n=3). (E) Light microscopic pictures of HT22 cells and GRP75 KO cells 16h following the 
glutamate challenge. Scale bar: 30μm, 20x magnification, n=3. (F) Cell viability analysis using the 
MTT Assay in HT22 cells and GRP75 KO cells following the glutamate challenge (16h). Data are 
presented as mean + SD, n=8. (G) Annexin V (early apoptosis) and propidium iodide (late 
apoptosis) double staining of HT22 and GRP75 KO following glutamate exposure for 16h. Data are 
presented as mean + SD, n=3, unpaired Student’s t-test, ***p<0.0001 compared to control, 
###p>0.0001 compared to glutamate. 

 
 
To validate these findings at the genetic level, we generated a knockout (KO) cell 
line of GRP75 using the CRISPR/Cas9 technique. Western blot analysis showed 
that there was no protein expression of GRP75 in the KO colony (Figure 2D). In line 
with the previous results obtained with siRNA-mediated gene silencing, GRP75 KO 
cells were protected against glutamate-induced oxidative cell death as shown at the 
morphological level (Figure 2E), by the MTT Assay (Figure 2F), and by AV/PI 
staining (Figure 2G). Further, we applied MKT-077 (10μM) which downregulated 
the IP3R-VDAC1 interaction as assessed by in situ PLA, and tested for 
neuroprotective effects against glutamate toxicity. MKT-077 preserved cell viability 
in a dose-dependent manner (Figure 3A) as indicated by real-time cellular 
impedance measurements in conditions of glutamate toxicity. Furthermore, MKT-
077 (10μM) provided protection against cell death, even when it was applied up to 
6h after onset of the glutamate exposure (Figure 3B).  
 
 

 
 

Figure 3. Inhibition of GRP75 prevents glutamate-induced cell death.  
(A) xCELLigence measurement of HT22 cells treated with glutamate and different concentrations of 
MKT-077 (1, 5, 10μM). Data are presented as mean ± SD, n=6-8 per condition. (B) xCELLigence 
measurement of HT22 cells treated with glutamate and 10μM MKT-077. MKT-077 was applied 
together with glutamate or 2-8h following glutamate exposure (post-treatment). Data are presented 
as mean ± SD, n=6-8 per condition. 
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Enforcing the physical linkage between ER and mitochondria increases 
mitochondrial Ca2+ uptake, thus susceptibility to stress43. To test whether 
impairment of ER-mitochondrial coupling also protected against ER stress, we 
exposed KO cells, GRP75-silenced cells, cells treated with MKT-077 (10μM) and 
respective controls to ER stress for 24h.  
 

 
Figure 4. Knockdown, knockout and inhibition of GRP75 fails to protect in other paradigms 
of cell death.  
Cell viability analysis using the MTT assay (A, D, G) of HT22 and GRP75 KO cells, (B, E, H) of 
HT22 control cells (CTR) and cells transfected with scrambled siRNA (Scr) or siRNA against 
GRP75 (si01, si02), or (C, F, I) of HT22 cells treated with 10μM MKT-077 following exposure to (A-
C) 2μM thapsigargin, (D-F) 2μM brefeldin A or (G-I) 50μM rotenone for 24h or 16h, respectively. 
Data are presented as mean + SD, n=8 per condition, unpaired Student’s t-test, ***p<0.0001. 
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ER stress was induced by thapsigargin, a sarcoplasmic/endoplasmic reticulum Ca2+ 
ATPase (SERCA) inhibitor44 or by brefeldin A that leads to accumulation of 
unfolded proteins in the ER lumen45. Neither knockout, knockdown, nor 
pharmacological inhibition of GRP75 by MKT-077 could prevent cell death induced 
by thapsigargin (Figure 4A-C) or brefeldin A (Figure 4D-F) as assessed by the MTT 
assay and AV/PI staining.  
In addition, we tested whether downregulation of GRP75 rescued HT22 cells from 
cytotoxicity induced by the mitochondrial complex I inhibitor rotenone46,47. AV/PI 
double staining and the MTT assay revealed that neither GRP75 KO, GRP75 
siRNA, nor pharmacological inhibition by MKT-077 conferred protection in this 
paradigm of rotenone-induced cell death (Figure 4G-I).  
In summary, genetic downregulation of GRP75 prevented glutamate-induced 
oxidative cell death but failed to protect against ER stress or mitochondrial complex 
I inhibition. Thus, the ER-mitochondrial junction seems to play a critical role in cell 
death cascades where mitochondrial damage is a consequence of oxidative stress 
initiated upstream of mitochondria, while it is dispensable for ER stress and for 
toxicity caused by direct mitochondrial damage. 
 
GRP75 depletion preserves mitochondrial function and regulates [Ca2+]i 
homeostasis. 
Mitochondrial fragmentation, loss of mitochondrial function and mitochondrial 
demise are major hallmarks of oxidative glutamate toxicity in neuronal cells, and 
strategies for preserving mitochondrial function are widely investigated due to their 
promising therapeutic potential in neurological diseases. Here, we exploited the 
neuroprotective potential of diminishing ER-mitochondrial contact formation on 
mitochondrial integrity during the oxidative glutamate challenge.  
First, we analyzed the mitochondrial morphology after glutamate exposure and 
classified cells into three categories (category I: cells containing elongated, widely 
distributed mitochondria; category II: cells containing elongated and fragmented 
mitochondria, widely distributed in the cell; category III: cells with fragmented 
mitochondria, accumulated around the nucleus)32. Fluorescence imaging and 
quantification of the mitochondrial morphology revealed that the glutamate-induced 
mitochondrial fragmentation was reduced after siRNA-mediated GRP75 knockdown 
(Figure 5A, S1) with siRNA-01 (si01) indicating that mitochondrial integrity was 
preserved through GRP75 silencing. Although GRP75 knockdown using si01 
preserved mitochondrial morphology, quantification of the mitochondrial 
morphology in cells with reduced GRP75 levels as a consequence of siRNA-02 
(si02) transfection did not reach statistical significance. 
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Figure 5. Ablating GRP75 preserves mitochondrial morphology and attenuates 
mitochondrial ROS formation in response to glutamate treatment.  
(A) Representative images of mitochondrial morphology in HT22 control cells (CTR) and cells 
transfected with scrambled siRNA (Scr) or siRNA against GRP75 (si01, si02) in the presence or 
absence of glutamate (16h). Mitochondria are stained with MitoTracker Green. Scale bar: 10μm, 
63x magnification, n=3.(B, C) Representative measurement of mitochondrial reactive oxygen 
species following glutamate exposure (16h) in (B) HT22 control cells (CTR) and cells transfected 
with scrambled siRNA (Scr) or siRNA against GRP75 (si01, si02), and (C) HT22 and GRP75 KO 
cells. Data are presented as mean + SD, n=3, ***p<0.0001 compared to control, ###p<0.0001 
compared to glutamate. 
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Figure 6. GRP75 knockdown and knockout restores mitochondrial respiration and regulates 
Ca2+ flux following the glutamate challenge.  
(A, B) Representative measurement of the mitochondrial membrane potential following glutamate 
exposure (16h) in (A) HT22 control cells (CTR) and cells transfected with scrambled siRNA (Scr) or 
siRNA against GRP75 (si01, si02), and (B) HT22 and GRP75 KO cells. Data are presented as 
mean + SD, n=3, ***p<0.0001 compared to control, #p<0.05, ##p<0.01, ###p<0.0001 compared to 
glutamate. (C, D) Representative measurement of (C) oxygen consumption (OCR) and (D) 
extracellular acidification following glutamate exposure (16h) in HT22 control cells (CTR) and cells 
transfected with scrambled siRNA (Scr) or siRNA against GRP75 (si01, si02). Data are presented 
as mean ± SD, n=6-8 per condition. (E, F) Representative measurement of the mitochondrial Ca2+ 
following glutamate exposure (16h) in (A) HT22 control cells (CTR) and cells transfected with 
scrambled siRNA (Scr) or siRNA against GRP75 (si01, si02), and (B) HT22 and GRP75 KO cells. 
Data are presented as mean + SD, n=3, ***p<0.0001 compared to control, ###p<0.0001 compared 
to glutamate. (G, H) Representative measurement of the cytosolic Ca2+ following glutamate 

5 
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exposure (16h) in (A) HT22 control cells (CTR) and cells transfected with scrambled siRNA (Scr) or 
siRNA against GRP75 (si01, si02), and (B) HT22 and GRP75 KO cells. Data are presented as 
mean + SD, n=3, ***p<0.0001 compared to control, ###p<0.0001 compared to glutamate. 
 
 
 

Next, we investigated parameters indicating mitochondrial function in conditions of 
oxidative stress and altered GRP75 protein expression. ROS and MMP48 were 
analyzed in response to glutamate using specific fluorescence-based probes and 
subsequent flow cytometric analysis. Glutamate-induced oxidative stress was 
featured by a substantial increase in mitochondrial ROS, and was attenuated in 
both, HT22 cells with reduced GRP75 expression (Figure 5B) and in GRP75 KO 
cells (Figure 5C). The MMP was disturbed following glutamate treatment which led 
to membrane depolarization. Both, RNA interference with GRP75 expression and 
KO cells were able to rescue the glutamate-induced loss of MMP compared to the 
control cells (Figure 6A, B). 
Furthermore, we analyzed the respiratory capacity of mitochondria (oxygen 
consumption rate; OCR) and the glycolytic activity (extracellular acidification rate; 
ECAR) after the glutamate challenge. Applying inhibitors of different respiratory 
chain complexes and 2-deoxyglucose to block glycolysis according to established 
protocols49,50, allowed to evaluate OCR and ECAR. Glutamate reduced basal 
mitochondrial respiration, and attenuated the maximal respiration after uncoupling 
with FCCP compared to untreated control cells (Figure 6C). Interestingly, 
glutamate-challenged cells with reduced GRP75 expression showed higher basal 
and maximal respiration compared to glutamate-treated cells. In line with the OCR 
values, the ECAR values indicating glycolysis were also decreased in glutamate-
treated cells.  
Silencing of GRP75 expression induced a decrease in the glycolytic activity 
compared to control cells, and partially restored it compared to glutamate-treated 
cells (Figure 6D). Similarly, inhibition of GRP75 by MKT-077 lead to a decrease in 
basal and maximal respiration as well as in a decrease in glycolysis compared to 
control cells, yet to partial rescue of maximum respiration and the glycolytic 
capacity in conditions of glutamate-induced oxidative stress (Figure S2A, B). 
Together, these results indicate a direct regulatory effect of GRP75 expression on 
energy metabolism in HT22 cells.  
To prove that neuroprotection of HT22 cells by GRP75 silencing was mediated at 
the mitochondrial level and not upstream of mitochondrial damage at the level of 
ROS production, we investigated lipid peroxidation after 8h of glutamate exposure 
which preceded mitochondrial damage (Figure S2C). We found that GRP75 
knockdown only partially blocked the glutamate-induced increase in lipid 
peroxidation while a substantial percentage of GRP75-silenced cells (60-70%) still 
showed enhanced lipid peroxidation. Thus, GRP75 knockdown-mediated 
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neuroprotection against oxidative glutamate toxicity can be linked to its function at 
the mitochondria, likely at the level of ER-mitochondrial connections.  
ER-mitochondrial junctions coordinate Ca2+ transfer from the ER into the 
mitochondria in forms of high local [Ca2+]i microdomains9,21. In order to investigate 
whether reduced ER-mitochondrial contact formation changed Ca2+ homeostasis, 
we determined cytosolic ([Ca2+]c) and mitochondrial ([Ca2+]m) calcium levels using 
specific fluorescence-based dyes. FACS measurements revealed a massive 
glutamate-induced increase in [Ca2+]m as detected by Rho2 staining which was 
abolished by both siRNAs against GRP75 (Figure 6E) and in the KO cells (Figure 
6F). Furthermore, we analyzed changes in [Ca2+]c by Ca2+ Green 5N staining. 
Glutamate treatment lead to elevated [Ca2+]c levels which were attenuated by 
siRNA-mediated GRP75 knockdown (Figure 6G) and in KO cells (Figure 6H) 
compared to control cells.   
In summary, GRP75 depletion provided protection against glutamate-induced 
oxidative stress by enhancing mitochondrial resilience. GRP75 silencing and KO 
restored mitochondrial function by maintaining the mitochondrial membrane 
potential, attenuating ROS formation, and by preserving the mitochondrial 
respiratory capacity. Notably, we found a major role for GRP75 in [Ca2+]c and 
[Ca2+]m handling during oxidative stress.  
 
Overexpression of GRP75 sensitizes HT22 cells to glutamate-induced cell 
death. 
To further validate the impact of GRP75 expression on the ER-mitochondrial link in 
this paradigm of oxidative cell death, we overexpressed a myc-tagged plasmid 
encoding for GRP75 (pcGRP75) or a pcDNA3 control plasmid (pcDNA). 
Transfection with different plasmid amounts for 24h resulted in an increase in c-
myc-tagged GRP75 protein and mRNA expression after transfection with pcGRP75 
compared to transfection with pcDNA alone (Figure 7A, S3A). In addition, in situ 
PLA analysis revealed that HT22 cells overexpressing GRP75 showed a higher 
number of IP3R1-VDAC1 interaction sites compared to cells overexpressing the 
control plasmid (Figure 7B). These results indicate that enhanced GRP75 
expression tightens ER-mitochondrial coupling through increased ER-mitochondrial 
contact formation. 
Under physiological conditions, overexpression of either pcGRP75 or pcDNA did 
not reduce cell proliferation or cell survival as assessed by real-time impedance 
measurements (Figure S3B). However, in conditions of oxidative glutamate toxicity 
GRP75 accelerated the susceptibility to cell death compared to pcDNA controls. 
Exposure of HT22 cells to glutamate reduced cell viability of pcDNA-transfected 
cells after approximately 10h of treatment (Figure 7C). In contrast, the impedance 
in pcGRP75-transfected cells exposed to glutamate was already reduced 7.5h after 
initiation of the damage. Notably, in response to glutamate, cellular impedance of 
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GRP75-transfected cells almost reached zero, indicating accelerated cell death 
while a considerable portion of pcDNA-transfected cells was still viable.  
Taken together, our results indicate that depletion of GRP75 provided protection 
against oxidative glutamate toxicity while pcGRP75 overexpression rendered HT22 
cells more vulnerable to cell death and increased their sensitivity to oxidative stress 
through an increase in ER-mitochondrial contact formation. 
 

 
Figure 7. Overexpression of GRP75 enhances ER-mitochondrial coupling and sensitizes to 
oxytosis.  
(A) Overexpression of myc-tagged GRP75 in HT22 cells after transfection with different amounts of 
either pcDNA or pcGRP75 (1/2/4μg for 24h). GAPDH is used as a loading control. GRP75 
overexpression is quantified by densitometric analysis. Data are presented as mean + SD, n=3, 
unpaired Student’s t-test, *p<0.05, **p<0.01. (B) In situ PLA in HT22 cells transfected with pcDNA 
or pcGRP75. Left panels: representative images after in situ PLA, DAPI-stained nuclei. Scale bar: 
20μm. Right panel: quantification of IP3R/VDAC1 spots on the analyzed pictures. Data are 
presented as mean + SEM, n=25-30 per condition. (C) xCELLigence measurement of HT22 cells 
transfected with pcDNA or pcGRP75 following glutamate treatment (2mM and 3mM). Data are 
presented as mean ± SD, n=6-8 per condition. 

 
 
Discussion 
Glutamate-induced oxidative cell death signaling culminates in the damage of the 
key organelles of energy metabolism, the mitochondria, which leads to irreversible 
cell death in HT22 cells. Therefore, mitoprotection is an emerging strategy to 
prevent neuronal cell death induced by oxidative stress. In the present study, we 
exploited the role of ER-mitochondrial contact formation in the model of glutamate-
induced oxidative stress in immortalized neuronal HT22 cells. We found that 
relieving ER-mitochondrial coupling by genetic ablation of the chaperone GRP75 
protected against oxidative glutamate toxicity by preserving mitochondrial 
morphology and function.  
GRP75 is suggested to mediate organelle communication between the ER and 
mitochondria through interacting with both the IP3R and VDAC110. In this study, we 
performed an in situ proximity ligation assay between IP3R1 and VDAC1, and 
confirmed that GRP75 is a component of the complex that forms the MAM. In fact, 
we showed that GRP75 knockdown and pharmacological inhibition reduced the 
number of interaction sites between IP3R1 and VDAC1, thus reduced ER-
mitochondrial coupling. In previous studies, GRP75 overexpression was associated 
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with protection against cell death in cancer cells exposed to lethal cellular stress 
such as UV irradiation or in cultured astrocytes exposed to oxygen-glucose 
deprivation51,52. Here, we showed that GRP75 was involved in pro-death rather than 
pro-survival signaling in neuronal HT22 cells. We found that glutamate-induced cell 
death was prevented in GRP75 knockdown and KO cells, whereas GRP75 
overexpression enhanced the sensitivity of neuronal cells to the oxidative insult. 
Interestingly, the protective effect of GRP75 knockdown/knockout was specific for 
oxidative glutamate toxicity as it failed to protect against ER stress. In line with our 
findings in the oxytosis model, GRP75 expression sensitized rat mesencephalic 
(MES) cells to rotenone toxicity28. However, as opposed to MES cells, blocking 
GRP75 by MKT-077 in HT22 cells had no effect on rotenone-induced cell death 
regarding protection or higher vulnerability to cell death. Therefore, we conclude 
that the cellular function of GRP75 strongly depends on the cell type and the 
pathological context of how mitochondrial damage and cell death are initiated. 
Inhibition of GRP75 with MKT-077 at low doses (50-200nM) induced cell cycle 
arrest in a panel of human tumor cell lines25. Furthermore, constant intraperitoneal 
injection of MKT-077 (3mg/kg) inhibited tumor growth in a mouse liver cancer 
xenograft model and potentiated apoptosis of hepatocellular carcinoma cells 
induced by HSP90 inhibition53. Both studies suggested a major role for GRP75 in 
regulating nucleo-cytoplasmic shuttling of the tumor suppressor p53. GRP75 is 
thought to bind to p53, thereby inhibiting p53 function by retaining it in the 
cytoplasm, and MKT-077 treatment allowed nuclear translocation of p53. Similarly, 
GRP75 downregulation by small hairpin RNAs or anti-peptides induced apoptosis 
in HepG2 liver cancer cells, and this effect was attributed to reduced GRP75-p53 
interaction and concomitant nuclear p53 translocation in these cells54. In contrast, 
in our study, MKT-077 reduced ER-mitochondrial contact points and conferred 
protection against oxidative glutamate toxicity suggesting the disconnection of ER 
and mitochondria as an underlying mechanism for the observed protection after 
GRP75 inhibition in HT22 cells. In favor of these findings, p53 was dispensable in 
the present model system55. Thus, we conclude that ER-mitochondrial coupling 
facilitated by GRP75 plays a critical role during oxidative stress in neuronal cells. 
GRP75 was previously linked to mitochondrial protection, as knockdown or 
inhibition of GRP75 orthologues in yeast, Caenorhabditis elegans and Drosophila 
melanogaster induced mitochondrial damage56–58. In line with these findings, 
inhibition of GRP75 was associated with neuronal disease pathology through 
mitochondrial fragmentation in a model of amyloid-β toxicity in glioblastoma cell 
lines59. Moreover, GRP75 knockdown or overexpression of non-functional GRP75 
mutants increased mitochondrial ROS formation and mediated mitochondrial 
membrane depolarization in HEK293 cells26, and in HeLa cells exposed to H2O2

60. 
These previous findings showing deleterious effects of GRP75 inhibition are in 
contrast to our present findings in neuronal cells, where GRP75 depletion 
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significantly blocked major hallmarks of glutamate toxicity that affected 
mitochondrial morphology and function, and cell death. Under physiological 
conditions, GRP75 knockdown did not change the mitochondrial morphology, 
whereas under conditions of oxidative stress, GRP75 depletion maintained the 
tubular shape and mitochondrial network in these cells. Further, GRP75 depletion 
did not produce mitochondrial ROS or depolarization of the mitochondrial 
membrane as observed in previous studies in non-neuronal cells, but rather 
restored these parameters to control levels following glutamate-induced stress. 
Interestingly, we found that reduced ER-mitochondrial coupling after GRP75 
silencing decreased mitochondrial respiration compared to control cells 
independent of glutamate treatment, yet did not fully restore mitochondrial 
respiration back to control levels in glutamate-treated cells. These findings indicate 
that ER-mitochondrial coupling was important for the regulation of mitochondrial 
energy homeostasis which may contribute to the underlying protective mechanism 
independent of redox homeostasis or mitochondrial membrane integrity. 
The capacity of mitochondria to buffer changes in [Ca2+]i is essential to maintain 
[Ca2+]i homeostasis. However, in HT22 cells oxidative stress induced massive 
[Ca2+]m accumulation61 and enhanced ORAI1-dependent [Ca2+]c entry62. Here, we 
show that GRP75 ablation attenuated [Ca2+]m overload following glutamate toxicity 
suggesting that oxidative stress was prevented by reduced Ca2+ transfer between 
ER and mitochondria. Interestingly, we found that GRP75 silencing also prevented 
glutamate-induced [Ca2+]c entry. ORAI1-dependent extracellular Ca2+ entry is a late 
event during oxidative glutamate toxicity which is thought to refill intracellular Ca2+ 
stores62,63. Therefore, we conclude that impairing the connectivity between ER and 
mitochondria by GRP75 silencing reduced ER-Ca2+ transfer into mitochondria 
which prevented mitochondrial damage, and in addition blocked late-stage Ca2+ 
dysregulation in the cytosol downstream of mitochondrial damage. The fact that 
siRNA-mediated downregulation of GRP75 did not prevent the glutamate-induced 
increase in lipid peroxidation, which occurs upstream of mitochondrial damage, 
further strengthens the concept that ER-mitochondrial coupling is important for 
mitochondrial integrity. 
GRP75 overexpression in vitro prevented or delayed ROS accumulation in PC12 
cells exposed to oxygen-glucose deprivation60,64,65, in liver cells treated with H2O2

66 
and in a model of amyloid-β toxicity in SH-SY5Y cells67. Moreover, GRP75 
overexpression in vivo reduced the infarct size and protected from mitochondrial 
damage following focal ischemia induced by middle cerebral artery occlusion in 
rats68. In sharp contrast to these protective effects of GRP75 overexpression, we 
show that GRP75 overexpression increased the susceptibility of HT22 cells to 
oxidative stress through enhanced contact formation between ER and 
mitochondria. In the current model of oxidative stress, these findings correspond to 
the fact that GRP75-depleted cells were resistant against the glutamate challenge. 
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The discrepancy between our findings and the aforementioned studies might be 
attributed to the various cellular functions of GRP75 which seem to be different in 
different cell types. Besides its role in ER-mitochondrial coupling, GRP75 is also a 
major component of the mitochondrial import machinery, being identified as a 
regulator of MAPK (Akt/Erk)-dependent pro-survival signaling51,54, and being linked 
to the regulation of p53. Moreover, the cell death or disease model seems to 
influence the outcome of GRP75 modulation. In our study, we identified a protective 
role for GRP75 knockdown in a model of oxidative stress initiated upstream of the 
mitochondria while cell death triggered directly at the level of the ER (brefeldin A 
and thapsigargin) or at the level of the mitochondria (rotenone) was not prevented. 
In addition, we did not observe an effect of GRP75 depletion in control conditions 
suggesting that glutamate enhanced the GRP75-dependent ER-mitochondrial 
coupling. Interfering with this physical link therefore provided protection against 
oxidative stress, while an additional tightening by GRP75 overexpression was even 
more harmful. These findings agree with an earlier study showing that enhanced 
ER-mitochondrial contact formation rendered cells more vulnerable to [Ca2+]m 
overload, thereby facilitating the formation of the mitochondrial permeability 
transition pore (mPTP)43. In conditions where the cell death trigger ceased ER-
mitochondrial coupling, thus reduces Ca2+ transfer rather than forcing it, GRP75 
overexpression re-introduced the physical connection and restored Ca2+ signaling, 
thereby protecting against cell death.  
ER stress induced by thapsigargin in human cancer cells69 or tunicamycin in HeLa 
cells70 promoted cell death involving mitochondrial swelling, dissipation of the 
electrochemical gradient and opening of the mPTP. However, in HT22 cells ER 
stress induced by brefeldin A, thapsigargin or tunicamycin induced caspase-
dependent cell death through enhanced ER-Ca2+ release that was independent of 
mitochondrial damage50. The fact that ER stress-mediated cell death was 
independent of mitochondrial performance might explain why GRP75 knockdown 
did not rescue the cells in the paradigm of ER stress. In line with our findings, 
GRP75 knockdown also reduced cell death induced by mitochondrial translocation 
of α-synuclein71, and the authors argued that the disease state may determine 
protective versus detrimental effects of GRP75. 
Similarly, contrasting effects were also described for other tethering proteins, such 
as Mitofusin 2 (MFN2). MFN2 heterodimerizes with MFN1 to link ER and 
mitochondria, however, they also mediate mitochondrial fusion to drive 
mitochondrial metabolism72,73. In rat skeletal muscle cells, MFN2 knockdown 
impaired mitochondrial fusion and induced oxidative stress in one study74 while 
MFN2 knockdown primarily decreased ER-mitochondrial coupling and reduced 
[Ca2+]m in another study75. 
In conclusion, we demonstrate that downregulation of GRP75 expression reduced 
ER-mitochondrial coupling and protected against oxidative glutamate toxicity in 
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neuronal HT22 cells. The observed protection was mediated by attenuating ER-
Ca2+ transfer to mitochondria which restored [Ca2+]m homeostasis and enhanced 
mitochondrial resilience in conditions of oxidative stress. In turn, an increase in 
GRP75 expression increased the sensitivity of HT22 cells towards glutamate-
induced oxidative cell death. Together, we report a protective function for GRP75 in 
the paradigm of oxytosis through the regulation of ER-mitochondrial coupling and 
related metabolic processes. To clarify the current discrepancies on GRP75 
function in different cell types and paradigms of cellular stress, further studies are 
required to delineate the role of GRP75-mediated ER-mitochondrial contact 
formation and mitochondrial homeostasis in physiological and pathological 
conditions. 
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Supplementary figure 1. GRP75 knockdown preserves mitochondrial morphology.  
Quantification of mitochondrial morphology analysis HT22 control cells (CTR) and cells transfected 
with scrambled siRNA (Scr) or siRNA against GRP75 (si01, si02). Mitochondria are categorized 
into category I (elongated), category II (elongated and fragmented) or category III (fragmented). 
Data are presented as mean + SD, 300 cells/condition, n=3, unpaired Student’s t-test, ***p<0.0001 
compared to control, ##p<0.01 compared to glutamate. 
 

 
 
 
 
Supplementary figure 2. Effect of GRP75 
inhibition/depletion on mitochondrial 
respiration and lipid peroxidation.  
(A, B) Representative measurement of (A) oxygen 
consumption (OCR) and (B) glycolysis 
(extracellular acidification, ECAR) following 
glutamate exposure (16h) in HT22 cells treated 
with 10μM MKT-077. Data are presented as mean 
± SD, n=6-8 per condition. (C) Representative 
measurement of the lipid peroxidation following 
glutamate exposure (16h) in HT22 control cells 
(CTR) and cells transfected with scrambled siRNA 
(Scr) or siRNA against GRP75 (si01, si02). Data 
are presented as mean + SD, n=3, ***p<0.0001 
compared to control, ###p<0.0001 compared to 
glutamate. 
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Supplementary figure 3. Overexpression of GRP75 does not affect proliferation in the 
absence of glutamate.  
(A) Detection of Grp75 and Gapdh mRNA levels in HT22 cells after transfection with different 
amounts of either pcDNA or pcGRP75 (1/2/4μg for 24h). GRP75 overexpression is quantified by 
densitometric analysis. Data are presented as mean + SD, n=4, unpaired Student’s t-test, 
*p<0.05.(B) xCELLigence measurement of HT22 cells transfected with pcDNA (4μg) or pcGRP75 
(1/2/4μg). Data are presented as mean ± SD, n=6-8 per condition. 
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Abstract 
Alterations in the strength and interface area of contact sites between the 
endoplasmic reticulum (ER) and mitochondria contributes to Ca2+ dysregulation and 
neuronal cell death, and has been implicated in the pathology of several 
neurodegenerative diseases. Weakening this physical linkage may reduce Ca2+ 
uptake into mitochondria, while boosting it may lead to mitochondrial Ca2+ overload 
and cell death. Small conductance Ca2+-activated K+ (SK) channels reduce 
mitochondrial respiration and attenuate oxidative stress-induced mitochondrial Ca2+ 
overload and mitochondrial superoxide formation, thereby protecting against 
mitochondrial dysfunction and neuronal cell death. In the present study, we 
enhanced ER-mitochondrial coupling and investigated the impact of SK channels 
on survival of neuronal HT22 cells in conditions of oxidative stress. Using 
genetically-encoded linkers, we show that mitochondrial respiration and the 
vulnerability of HT22 cells to oxidative stress was inversely linked to the strength of 
ER-mitochondrial contact points and the increase in mitochondrial Ca2+ uptake. 
Intriguingly, pharmacological activation of SK channels by CyPPA provided 
protection against glutamate-induced cell death while it potentiated auranofin-
induced neurotoxicity and limited mitochondrial respiration in cells with increased 
ER-mitochondrial associations.  
Oxidative cell death initiated by glutamate is elicited upon the specific inhibition of 
the glutamate/cystine antiporter while auranofin mediates cell death through 
inhibiting thioredoxin reductases, thereby directly inducing mitochondrial damage. 
The findings presented herein suggest that SK channel activation by CyPPA in 
conditions of enhanced ER-mitochondrial coupling diversely affected neuronal 
survival in the different paradigms of oxidative stress. Given that CyPPA still 
prevented glutamate toxicity highlights the therapeutic value for SK channel 
agonism in diseases associated with glutamate-mediated oxidative stress and 
mitochondrial dysfunction. 
 
Introduction 
Multiple research lines indicate that the etiology of neurodegenerative disorders 
such as Alzheimer’s disease (AD) or Parkinson’s disease (PD) are strongly 
associated with dysregulation of Ca2+ homeostasis and oxidative stress-induced 
neuronal damage1–8. Altered Ca2+ homeostasis can lead to mitochondrial Ca2+ 
([Ca2+]m) overload, and subsequently to an impairment of mitochondrial metabolism 
and respiration9,10. However, under physiological conditions, [Ca2+]m stimulates 
oxidative phosphorylation (OXPHOS) and ATP production11,12.  
Close spatial interactions between the endoplasmic reticulum (ER) and 
mitochondria are essential for rapid and sustained [Ca2+]m uptake. These close 
contacts are established at the so called mitochondria-associated ER membrane 
(MAM), thereby facilitating Ca2+ transfer between ER and mitochondria through 
voltage-dependent anion channels (VDAC) on the outer mitochondrial membrane 
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(OMM) and ER-located inositol-1,4,5-trisphosphate receptors (IP3R), physically 
connected by glucose-regulated protein 75 (GRP75)13–15. Mutations in MAM-
associated proteins have been identified which either enhance or reduce ER-
mitochondrial coupling (EMC), thereby leading to dysregulation of MAM interfaces 
and which have been associated with neurodegeneration as in AD and amyotrophic 
lateral    sclerosis16–18. 
In neuronal cells, activation of small conductance Ca2+-activated K+ (SK) channels 
regulated Ca2+ uptake and retention in the ER19, and controlled Ca2+ homeostasis 
and respiration of the mitochondria20. Activation of SK channels in conditions of ER 
stress and glutamate-induced oxidative stress (oxytosis) preserved cell viability, 
and restored ER and mitochondrial function, respectively. Due to the fact that both 
organelles come into close contact at the MAM interface, we evaluated the ability of 
SK channels to confer protection following oxidative stress in conditions of 
enhanced EMC. We suggest that enhancing the organelle linkage accelerates 
mitochondrial Ca2+ uptake, thereby increasing the vulnerability of cells to undergo 
cell death, and we investigated whether SK channel activation will protect against 
mitochondrial damage and neuronal cell death. 
 
Materials and methods 
Cell culture 
HT22 cells were cultured in Dulbecco’s modified Eagle Medium (DMEM; Sigma 
Aldrich, Munich, Germany) supplemented with 10% heat-inactivated fetal calf 
serum (PAA Cölbe, Germany), 100U/mL penicillin, 100μg/mL streptomycin and 
2mM L-glutamine (Invitrogen, Karlsruhe, Germany) at 37°C and 5% CO2. Plasmid 
transfection was performed using the attractene transfection reagent according to 
the manufacturer’s fast-forward protocol (Qiagen, Hilden, Germany). HT22 cells 
were transfected with 1.2μg plasmid DNA and grown in a 6well plate for 48h 
followed by re-seeding into the appropriate plate format for subsequent 
experiments. HEK293T cells were transfected with 400ng plasmid DNA and grown 
in a white-walled 96well plate for 48h. 
 
Cell viability 
Cell viability was determined based on the metabolic activity using the MTT assay 
at a final concentration of 0.5g/L by incubation for 1h at 37 °C, followed by removal 
of the MTT and at least 1h incubation at -20 °C. After dissolving the resulting 
formazan in DMSO, the absorbance of each well was determined with the Synergy 
H1 Multi-Mode reader (Biotek, LA, USA) at 570nm and at 630nm. Alternatively, cell 
viability was monitored in real-time with cell impedance measurements, using the 
xCELLigence system (Roche Diagnostics, Penzberg, Germany). Cell impedance 
was normalized to the time of treatment (normalized cell index) which is defined as 
the starting point (t=0h) of the experiment. 
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Visualization of ER-mitochondrial contacts in living cells  
To evaluate ER-mitochondrial contact formation upon transfection with TOM70-
FKBP-mRFP and either ER-9xFRB-CFP (both linkers, depicted as EML) or ER-
Flipper-GFP (depicted as FL) followed by the rapamycin-induced 
heterodimerization, widefield fluorescence microscopy (DeltaVision Elite) studies 
were performed. Transfected HT22 cells (2x105 cells/well) were grown on Ø25mm 
coverslips (Menzel-Gläser, Thermo Fisher, Landsmeer, The Netherlands). After 
image acquisition in untreated conditions, rapamycin (100nM) was applied, and 
images were taken again after 5min and 10min at 60x magnification, pixel size 
6.5μmx6.5μm, 2560x2160 pixels, speed 400fps at 512x512 pixel. The software 
adopted for acquisition and integrated deconvolution was softWoRx (on Linux 
CentOS 6.3 platform). Image overlays were done using the ImageJ software.  
 
[Ca2+]m measurements 
HEK293T cells were transfected with wildtype and mutant mitochondrial GFP-
aequorin (mtGAwt, mtGAmut) for 48h in a clear bottom, white-walled 96well plate 
(Greiner Bioscience, Frickenhausen, Germany), and the measurement was 
performed according to established protocols21. MtGA constructs were 
reconstituted with native coelenterazine (Biotium, VWR Technologies, Darmstadt, 
Germany) in medium for 2h. Cells were washed with PBS followed by addition of 
100μL internal buffer (140mM KCl, 1mM KH2PO4, 1mM MgCl2, 10mM glucose, 
0.1mM EGTA, 20mM HEPES, 8mM Na-succinate, 4mM Na-pyruvate,4mM 
MgATP). Ca2+ uptake was initiated by addition of 25-50mM CaCl2 or 500μM 
carbachol in internal buffer supplemented with 2.5mM MgEDTA following 
background measurement for 5s. Final sensor saturation was performed by 
addition of lysis buffer (140mM KCl, 10mM CaCl2, 1% TritonX100). Luminescence 
was recorded using the FluoStar OPTIMA plate reader (BMG Labtech, Offenbach, 
Germany). Each condition was measured at least in triplicate, and Ca2+ uptake was 
calculated as the total luminescent counts per second (L) from the time of 
stimulation (t=5sec) until the time of final cell lysis (t=30sec). Values were 
normalized to the initial value. Alternatively, changes in mitochondrial Ca2+ load 
were determined in HT22 cells by flow cytometry using the dye rhodamine-2-
acetoxymethylester (Invitrogen, Karlsruhe, Germany). Cells were harvested and 
incubated with 2μM dye in DMEM without serum for 30min followed by incubation 
in DMEM for 30min at room temperature in the dark. The fluorescence was excited 
at 552nm and detected at 581nm using the Guava Easy Cite 6-2L system (Merck 
Millipore, Darmstadt, Germany). Data were recorded from 1x104 cells in triplicate 
per condition. 
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Fractionation of the mitochondria-associated membrane 
Mitochondria-associated ER membranes (MAM) were fractionated according to 
established protocols22. In brief, cells were collected homogenized using Teflon 
pestles. Crude mitochondrial fractions (CM) were obtained by centrifugation at 
7.000xg for 10min. MAM and pure mitochondrial fractions (PM) were purified from 
the CM fractions using a Percoll gradient and high-speed centrifugation at 95.000xg 
for 30min. MAM were collected and again centrifuged at 100.000xg for 1h, and PM 
fractions were obtained after centrifugation at 6.300xg for 10min. The purity of the 
obtained fractions as well as SK2 expression was determined by Western blot 
using antibodies for rabbit polyclonal anti-SK2 (Abcam, Cambridge, UK), mouse 
monoclonal anti-TIM23 (BD Bioscience, Heidelberg, Germany), mouse monoclonal 
anti-OPA1 (BD), goat polyclonal anti-Calregulin (Santa Cruz, Dallas, TX, USA), 
rabbit polyclonal anti-IP3R (Abcam), mouse monoclonal anti-α-tubulin (Sigma 
Aldrich, Munich, Germany) and goat polyclonal anti-VDAC1 (Santa Cruz) following 
application of the respective secondary antibodies. Protein expression using the 
Chemidoc software (Bio-Rad, Hercules, CA, USA) and quantified using the 
Quantity One software (Bio-Rad). 
 
Mitochondrial superoxide (ROS) formation 
Mitochondrial superoxide (ROS) formation was assessed by the MitoSOX dye 
(Invitrogen, Karlsruhe, Germany). Cells were incubated with 2.5μM MitoSOX dye 
for 30min at 37°C and harvested afterwards. Fluorescence was excited at 488nm 
and detected at 690/50nm. Data were recorded from 1x104 cells in triplicate per 
condition. 
 
Measurement of the mitochondrial membrane potential (Δψm) 
Loss of the mitochondrial membrane potential (Δψm) was analyzed by staining with 
tetramethylrhodamine-ethyl ester (TMRE; Invitrogen, Karlsruhe, Germany) dye. 
Cells were harvested and incubated 30min with 0.2μM TMRE at 37°C. TMRE 
fluorescence was excited at 488nm and detected at 690/50nm. Data were recorded 
from 1x104 cells in triplicate per condition. 
 
Seahorse XF analysis 
HT22 cells were transfected with mitochondrial linkers and either ER-Flipper control 
plasmid or the ER linker in Seahorse XF 96well plates (Seahorse Biosystems, 
Agilent Technolgies, Waldbronn, Germany). Before the measurement, the medium 
was removed and replaced by 180μL assay medium containing 4.5g/L glucose, 
2mM L-glutamine, 1mM pyruvate (pH7.35) for 1h at 37 °C. Using the Seahorse XF 
Biosystem, oxygen consumption rate (OCR) and extracellular acidification rate 
(ECAR) were analyzed. Three baseline measurements (3min mix, 0min delay, 3min 
measure = 3/0/3) were recorded followed by injection of rapamycin (50-200nM) or 
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medium and measurement for 2h (3/5/3). Following EMC, mitochondrial function 
was assessed by injection of 3μM oligomycin (3/0/3), 50μM DNP (3/0/3), and 
100nM rotenone, 1μM antimycin A and 50mM 2-DG (3/0/3). For the auranofin 
experiment, auranofin (-/+CyPPA) and DNP were injected in port A for 6h (3/10/3). 
After injection of each compound, OCR and ECAR were determined.  
 
Statistical analysis 
Statistical significance was assessed using the unpaired Student’s t-test or ANOVA 
and Scheffé’s test for multiple comparisons, unless otherwise stated. P values 
indicating statistically significant differences between the mean values are defined 
as follows: *p<0.05, **p<0.01 and ***p<0.001. 
 
Results 
Inducing a physical linkage between the ER and mitochondria 
ER and mitochondria temporarily and dynamically form close contacts at the MAM, 
thereby allowing for the exchange of proteins, lipids and ions between the 
organelles23. To study the structure and function of ER-mitochondrial connections, 
we used genetically encoded bifunctional linkers24 that both tighten the contact 
between ER and mitochondria, and expand the MAM interface area. These linkers 
consist of OMM-FKBP12-mRFP and ER targeted-FRB-CFP fusion proteins which 
heterodimerize in response to a very low concentration of 100nM rapamycin.  
Upon application of rapamycin, we observed a time-dependent co-localization of 
CFP-tagged ER with RFP-tagged mitochondria indicating the induction of EMC, 
reaching full co-localization after 10min following rapamycin treatment (Figure 1). In 
contrast, a GFP-tagged ER-Flipper control plasmid (FL), co-transfected with OMM-
FKBP12-mRFP, failed to co-localize with RFP-tagged mitochondria following 
rapamycin treatment, which confirmed the specificity of the ER-mitochondrial 
linkers (Supplementary figure 1). 
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Figure 1. Inducing ER-mitochondrial associations in neuronal HT22 cells.  
Representative fluorescent images of an individual HT22 cell expressing ER-mitochondrial linkers 
(EML) prior to and 10min following rapamycin (100nM) addition. Fluorescent traces are shown 
individually (left and middle panel) and as an overlay of both fluorescent channels (right panel). 
Cyan: ER-CFP-9xFRB, red: TOM70-FKBP12-RFP. 

 
 
Strengthening EMC potentiates neuronal cell death 
To study the consequences of increased EMC on neuronal cell death, we induced 
oxidative stress and mitochondrial damage in neuronal HT22 cells by glutamate 
(oxytosis)25, and by the thioredoxin reductase inhibitor auranofin (1-Thio-β-D-
glucopyranose atotriethylphosphine gold-2,3,4,6-tetraacetate)26,27. Auranofin lowers 
the mitochondrial membrane potential and leads to formation of the mitochondrial 
permeability transition pore (mPTP)26, thereby inducing cell death. 
In HT22 cells, cell death was detectable approximately 12h following glutamate 
exposure with maximal damage detected after 16-18h, as assessed using the MTT 
assay (Supplementary figure 2A). In contrast, auranofin-induced cell death was 
detectable already after ~2h reaching its maximal effect at 6-8h (Supplementary 
figure 2B). By pharmacologically inducing heterodimerization of the linkers through 
the addition of rapamycin, we now investigated the consequences of increased 
EMC on cell viability using the MTT assay. As expected, glutamate reduced cell 

6 



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: 160PDF page: 160PDF page: 160PDF page: 160

                          SK channels regulate neurotoxicity during enhanced ER-mitochondrial coupling 

154 
 

viability in ER-transfected control and in linker-transfected cells. However, in linker-
transfected cells, cell death was enhanced following rapamycin-induced linker 
heterodimerization (Figure 2A). In line with oxytosis, also toxic effects of auranofin 
on cell viability were potentiated in the presence of rapamycin (Figure 2B). Since 
rapamycin induces mammalian target of rapamycin (mTOR) signaling and could 
thereby induce autophagy28, we also investigated effects of rapamycin on cell 
viability. Rapamycin alone neither affected glutamate nor auranofin toxicity 
(Supplementary figure 2C-D), and did not change proliferation of HT22 cells 
transfected with ER or linkers (Supplementary figure 2E). This indicates that 
rapamycin at low concentrations used in our study did not induce mTOR-dependent 
autophagy.  
 
 

Figure 2. Enhancing EMC 
potentiates neuronal cell death.  
(A-B) MTT Assay in HT22 cells 
transfected with ER-CFP (ER) or 
ER-FRB-CFP and TOM70-
FKBP12-RFP (EML) following 
treatment with (A) glutamate 
(4mM) and rapamycin (100nM) or 
(B) auranofin (1.5μM) and 
rapamycin (30min pre-treatment, 
100nM). Data are presented as 
mean ± SD, n=6, Student’s t-test 
***p<0.0001 compared to 
glutamate in ER control. 

 
 
 
Mitochondrial respiration is impaired by enhancing EMC 
It has been reported that Ca2+ transfer to the mitochondria along the MAM interface 
is determined by EMC, and thereby modulates mitochondrial respiration and 
function29. 
Here, we determined the effects of strengthening EMC on mitochondrial 
bioenergetics by assessing mitochondrial respiration (OXPHOS) and glycolysis in 
HT22 cells using the Seahorse extracellular flux analysis. Analysis of the OXPHOS 
activity, assessed as the O2 consumption rate (OCR), revealed that strengthening 
EMC did not influence basal OCR in linker-transfected cells as compared to control 
(FL) cells (Figure 3A and supplementary figure 3A). However, following uncoupling 
with dinitrophenol (DNP), the OCR was lower in linker-transfected as compared to 
FL-transfected cells. To evaluate mitochondrial function, OCR values were 
quantified following the application of rapamycin, oligomycin, DNP, and antimycin 
A/rotenone/2DG (Figure 3B-E). In linker-transfected cells, rapamycin application 
over a period of 2h did not reduce basal OXPHOS or ATP production, as assessed 
by oligomycin treatment. Interestingly, uncoupling of the respiratory chain using 
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DNP, indicating maximal OXPHOS activity, was decreased in linker-transfected 
cells in the presence of rapamycin compared to FL-transfected cells. Final inhibition 
of mitochondrial complexes I (rotenone) and III (antimycin A) and glycolysis (2DG) 
resulted in a reduction of the OCR to a similar extent in all cells. Regarding the 
extracellular acidification rate (ECAR), an indicator of glycolysis, there was no 
change in either FL- or linker-transfected cells following rapamycin application 
(Supplementary figure 3B). These results suggest that enhanced EMC reduced 
mitochondrial bioenergetics by attenuating the respiratory capacity and maximal 
respiration. 
 
 

 
 

Figure 3. Augmenting EMC impairs mitochondrial bioenergetics in HT22 cells. 
(A) Representative measurement of the O2 consumption rate (OCR) in HT22 cells transfected with 
TOM70-FKBP12-mRFP and Flipper control plasmid (named FL) or together with CFP-FRB-ER 
(named EML) following the application of 100nM rapamycin. A:rapamycin, B:oligomycin, C:DNP, 
D:antimycin A, rotenone, 2DG. Data are presented as mean ± SD, n=3-6 per condition. Arrows 
indicate analyzed time points. (B-E) Quantification of OCR values at the indicated time points 
following the application of (B) rapamycin, (C) oligomycin, (D) DNP and (E) antimycin A, rotenone, 
2DG. Student’s t-test, ***p<0.0001. (F) Representative OCR measurement following the application 
of 1.5μM auranofin (Aura). A:auranofin, B:oligomycin, C:DNP, D:antimycin A, rotenone, 2DG. Data 
are presented as mean ± SD, n=6-8 per condition. Arrows indicate analyzed time points. (G-I) 
Quantification of OCR values at the indicated time points following the applicat ion of (G) auranofin, 
(H) oligomycin and (I) DNP. Student’s t-test, ***p<0.0001. 

 
 
Glutamate-induced mitochondrial dysfunction is characterized, in parts, by 
attenuated OXPHOS activity30, however, the effect of auranofin on mitochondrial 
respiration is still unclear. As shown in our previous experiments, glutamate 
induced cell death within approximately ~16h, while auranofin-induced cell death 
was detectable few hours following the onset of treatment. Therefore, we 
performed a real-time analysis of OXPHOS and glycolysis for a period of 6h 
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following auranofin application. Analysis of the OCR revealed a decrease in basal 
respiration following auranofin application (Figure 3F). Subsequent oligomycin 
treatment to assess ATP production, revealed that auranofin treatment led to an 
impairment of energy production. Uncoupling with DNP induced maximal OXPHOS 
activity in untreated cells while there was no increase in auranofin-treated cells. 
Final application of antimycin A/rotenone/2DG to block mitochondrial respiration 
and glycolysis resulted in a strong decrease in OCR values to a similar extent in 
untreated and auranofin-treated cells. Quantification of OCR values revealed a 
decrease in basal respiration and maximal uncoupled respiration (Figure 3G-I). 
Interestingly, auranofin application also reduced glycolysis, measured and 
quantified as the ECAR (Supplementary figure 3C). These results suggest that 
auranofin attenuated the overall energy metabolism by inhibiting maximal 
respiration and decreasing the glycolytic activity. 
To rule out the possibility that auranofin-induced toxicity was mediated by 
uncoupling the respiratory chain, we included DNP as an uncoupling compound. 
Unlike auranofin, DNP increased mitochondrial respiration and glycolysis, as 
assessed by OCR and ECAR values, immediately after application and maintained 
these high values over the full period of 6h (Supplementary figure 3D-E). OCR and 
ECAR values in DNP-treated cells following ATP synthase inhibition, uncoupling 
and final blockage of respiration and glycolysis were similar to untreated control 
cells. These findings indicate that auranofin did not act by uncoupling the 
respiratory chain, rather it attenuated respiration and reduced glycolysis.  
 
 

 
Figure 4. EMC strengthening by rapamycin does not further promote the auranofin-mediated 
reduction of maximal uncoupled respiration or the effect on glycolysis. 
(A) Representative OCR measurement of HT22 cells transfected with the ER-mitochondrial linkers 
(EML) following the application of 100nM rapamycin and 1.5μM auranofin. A:auranofin±rapamycin, 
B:oligomycin, C:DNP, D:antimycin A, rotenone, 2DG. Data are presented as mean±SD, n=6-8 per 
condition. Arrow indicates analyzed time point. (B) Quantification of OCR values at the indicated 
time point following the application of DNP. Data are presented as mean±SD, n=6-8 per condition, 
Student’s t-test **p<0.01. (C) Representative ECAR measurement of HT22 cells transfected with 
the ER-mitochondrial linkers (EML) following the application of 100nM rapamycin and 1.5μM 
auranofin. A:auranofin±rapamycin, B:oligomycin, C:DNP, D:antimycin A, rotenone, 2DG. Data are 
presented as mean±SD, n=6-8 per condition. 
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In our previous experiments, we observed that auranofin-mediated cell death was 
enhanced in HT22 cells where EMC was amplified by transfection of the 
genetically-encoded linkers and upon rapamycin addition. Thus, we investigated if 
strengthening EMC had an additive effect on the auranofin-dependent reduction in 
mitochondrial uncoupled respiration. To this end, we applied auranofin to HT22 
cells transfected with the linker plasmids (EML) in the presence or absence of 
rapamycin. However, although both, EMC and auranofin treatment reduced 
mitochondrial respiration, the combination of these treatments did not further 
reduce OCR values (Figure 4A-B) or ECAR values (Figure 4C), suggesting that 
auranofin-induced cell death may rely on additional pathways such as alterations of 
mitochondrial calcium homeostasis. 
 
Mitochondrial Ca2+ uptake is increased by EMC 
The rapamycin-induced heterodimerization of the genetically-encoded linkers 
tightens ER-mitochondrial contact points and increases the surface of the MAM 
interface24 which might amplify Ca2+ transfer into the mitochondrial matrix. 
To this end, we assessed [Ca2+]m uptake in the presence or absence of the linkers 
and their pharmacological inducer rapamycin. Glutamate (Figure 5A) and auranofin 
(Figure 5B) initiated [Ca2+]m influx as assessed using Rho2 fluorescence and flow 
cytometry. However, glutamate- and auranofin-induced cell death and associated 
[Ca2+]m overload is a long-term effect occurring in the range of 16h (glutamate) and 
6h (auranofin). In order to study fast changes in [Ca2+]m uptake induced by 
strengthening EMC, we utilized a system to perform real-time [Ca2+]m uptake 
measurements in HEK293T cells transfected with the linkers and a mitochondrial 
GFP-aequorin21. Up to 80% of HEK293T cells on average were transfected with the 
wildtype (mtGAwt) or a Ca2+-binding deficient mutant aequorin version (mtGAmut) 
serving as an internal control (Supplementary figure 4A). Calibration of the 
aequorin sensor revealed a dose-dependent increase in the luminescence 
(analyzed as counts per second) with increasing CaCl2 concentrations 
(Supplementary figure 4B). Stimulation of HEK293T cells transfected with the 
linkers and mtGAwt with 50mM CaCl2 induced [Ca2+]m uptake as shown by an 
increase in the luminescence signal (Figure 5C) and in the total luminescence (sum 
of L; Figure 5D) compared to cells stimulated with control solution.  
 

6 
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Figure 5. Increased EMC amplifies [Ca2+]m uptake. 
(A-B) Representative measurement of [Ca2+]m levels using Rho2 staining in HT22 cells exposed to 
(A) 3mM glutamate and (B) 1.5μM auranofin. Data are presented as mean ± SD, n=3, ***p<0.0001. 
(C) Representative measurement of [Ca2+]m uptake in HEK293T cells transfected with mtGAwt 
stimulated with buffer (CTR) or 50mM CaCl2 in the presence or absence of 100nM rapamycin. Data 
are presented as mean ± SD, n=3-4. (D-E) Quantification of [Ca2+]m in HEK293T cells expressing 
(D) mtGAwt or (E) mtGAmut in response to stimulation with buffer (left bar) or 50mM CaCl2 in the 
presence or absence of 100nM rapamycin. Data are presented as mean ± SD, n=3-4, **p<0.01 
compared to untreated control, ##p<0.01 compared to 50mM CaCl2 without rapamycin. 

 
 
Importantly, stimulation of linker-transfected HEK293T cells which were pre-treated 
with 100nM rapamycin during sensor reconstitution, resulted in higher [Ca2+]m 
uptake compared to control and untreated cells. [Ca2+]m uptake in cells transfected 
with the Ca2+-binding deficient mutant (mtGAmut) was unchanged, indicating the 
specific binding of Ca2+ to the mtGAwt construct (Figure 5E). The treatment of 
transfected HEK293T cells with rapamycin did not affect cell viability as measured 
by the MTT Assay (Supplementary figure 4C). Taken together, we show that 
specifically [Ca2+]m influx was specifically amplified in cells where EMC was 
increased. 
 
Small conductance Ca2+-activated K+ (SK) channels alter cell survival in 
conditions of enhanced EMC  
Small conductance Ca2+-activated K+ (SK) channels have been identified in the ER 
membrane19 as well as in the IMM20 of neuronal cells where they contribute to cell 
survival in conditions of stress.  
Here, we investigated the effect of pharmacological SK channel activation on 
mitochondrial function, and further on cell survival in conditions of strengthened 
EMC in neuronal HT22 cells. We identified SK channel expression in subcellular 
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fractions of the MAM as well as mitochondria, and confirmed the purity of the 
isolated MAM compartment by analysis of the corresponding ER, mitochondrial and 
MAM marker proteins (Figure 6A).  
SK channel activation with the SK2/3 channel activator CyPPA31 reduced 
mitochondrial respiration which preconditioned mitochondria against following 
injuries20. In our study, we found that prolonged exposure of HT22 cells to CyPPA 
dose-dependently increased mitochondrial superoxides (Figure 6B) and 
depolarized the mitochondrial membrane (Figure 6C), supporting the concept that 
mitochondrial preconditioning might be involved in the molecular mechanism of 
CyPPA-mediated protection.  
In order to assess the effects of SK channel activation in conditions of strengthened 
EMC on neuronal toxicity induced by oxytosis or auranofin, we treated linker-
transfected HT22 cells with rapamycin and challenged them with either glutamate 
or auranofin, in the presence or absence of CyPPA. To rule out the possibility that 
CyPPA impaired cell growth under basal conditions, we treated HT22 cells 
transfected with Flipper control or linkers with CyPPA, and did not observe a 
change in cell viability as assessed by cellular impedance measurements 
(Supplementary figure 5). In agreement with our previous study20, CyPPA protected 
against oxytosis even in conditions of strengthened EMC (Figure 6D). Interestingly, 
SK channel activation further potentiated neuronal toxicity induced by auranofin 
rather than providing protection (Figure 6E). Analysis of metabolic flux 
measurements revealed that co-treatment of HT22 cells with auranofin and CyPPA 
slightly accelerated the auranofin-induced decrease in OXPHOS and particularly 
the decrease in glycolysis (Figure 7A-B). Quantification of the OCR revealed that 
CyPPA lowered basal respiration and ATP production following auranofin treatment 
which resulted in blockage of maximal respiration (Figure 7C-E). Although the 
ECAR values at the indicated time point were not further reduced in the presence 
of auranofin and CyPPA (Figure 7F), the auranofin-mediated decrease in glycolysis 
was strongly accelerated in the presence of CyPPA (Figure 7B). These results 
indicate that CyPPA had differential effects on neuronal cell death, and we suggest 
that this is due to the fact that the pathway leading to mitochondrial dysfunction is 
different between glutamate (oxytosis cascade) and auranofin (TRXR inhibition). 
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Figure 6. SK channels are expressed in mitochondria-associated membranes and 
differentially affect neuronal toxicity in conditions of enhanced EMC. 
(A) Subcellular fractionation of mitochondria-associated membranes from HT22 cells and detection 
of SK2 channels by Western blot. SK2 channel expression in the MAM fraction is assessed using 
SK2-specific antibodies. IP3R, Calregulin, Tubulin, VDAC1 and TIM23 are used as fraction 
markers. HG: homogenate, CM: crude mitochondria, PM: pure mitochondria, MAM: mitochondria-
associated membrane. (B-C) Mitochondrial superoxides and the mitochondrial membrane potential 
was assessed following pharmacological SK channel activation by CyPPA (10, 25, 50μM) for 24h 
by (B) MitoSOX staining, and (C) TMRE staining. CCCP was used as a positive control for TMRE 
staining. Data are shown as mean ± SD, n=3, **p<0.01, ***p<0.0001. (D-E) MTT Assay assessing 
cell death in HT22 cells transfected with ER-mitochondrial linkers following treatment with (D) 
glutamate (4mM) or (E) auranofin (1.5μM) in the presence or absence of rapamycin (100nM) and 
CyPPA (10μM). Data are presented as mean ± SD, n=6, ***p<0.0001. 
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Figure 7. CyPPA promotes auranofin-induced mitochondrial dysfunction. 
(A-B) Representative measurement of O2 consumption (OCR; A) and glycolysis (ECAR; B) in HT22 
cells treated with auranofin (1.5μM) in the presence or absence of CyPPA (10μM). A:rapamycin, 
B:oligomycin, C:DNP, D:antimycin A, rotenone, 2DG. Data are presented as mean ± SD, n=3-6 per 
condition, unpaired Student’s t-test, *p<0.05, §p<0.01 compared to auranofin. Arrows indicate 
analyzed time points. (C-E) Quantification of O2 consumption using extracellular flux analysis at the 
indicated time points following the injection of (C) auranofin±CyPPA, (D) oligomycin and (E) 
dinitrophenol (DNP). Data are presented as mean ± SD, n=5-8, unpaired Student’s t-test **<0.01, 
***p<0.0001 compared to untreated control, #p<0.05 compared to auranofin. (F) Quantification of 
glycolysis using extracellular flux analysis following the application of auranofin±CyPPA at the 
indicated time point. Data are presented as mean ± SD, n=5-8, unpaired Student’s t-test *p<0.05, 
**<0.01 compared to untreated control.  

 
 
Differential effect of SK channel overexpression on neuronal toxicity 
mediated by EMC 
Recently, we reported that the overexpression and activation of SK channels in the 
IMM protected neuronal cells from oxidative glutamate toxicity20. Here, we showed 
that SK channel activation restored cell viability in conditions of strengthened EMC 
and oxytosis while cell death was potentiated during auranofin toxicity. 
To this end, we challenged linker-transfected HT22 cells co-transfected with either 
wildtype SK2 channels (SK2) or mitochondria-targeted SK2 channels (mitoSK2) 
with glutamate in the presence of rapamycin to induce linkage formation. 
Overexpression of either SK2 (Figure 8A) or mitoSK2 (Figure 8B) combined with 
CyPPA preserved cell viability following oxytosis. Cell survival was enhanced in 
cells transfected with SK2 or mitoSK2 compared to the GFP/mitoGFP control 
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plasmids, indicating that overexpression of SK2 channels increased CyPPA-
mediated protection against glutamate toxicity.  
 
 

 
Figure 8. SK channel overexpression during glutamate and auranofin toxicity 
(A-B) MTT Assay in HT22 cells transfected with linker plasmids (EML) and (A) GFP or SK2 or (B) 
mitoGFP and mitoSK2 plasmids following treatment with glutamate (4mM) in the presence or 
absence of rapamycin (100nM) and/or CyPPA (10μM). Data are presented as mean ± SD, n=6-8, 

xxp<0.01, xxxp<0.0001, *compared to control, #compared to glutamate+rapamycin, §compared to 
GFP in the same treatment. (C-D) MTT Assay in HT22 cells transfected with EML plasmids and (C) 
GFP or SK2 or (D) mitoGFP and mitoSK2 plasmids following treatment with auranofin (1.5μM) in 
the presence or absence of rapamycin (100nM) and/or the indicated concentrations of CyPPA. 
Data are presented as mean ± SD, n=6-8, *p<0.05, **p<0.01, ***p<0.0001. 

 
 
As we observed that CyPPA further potentiated auranofin-induced neuronal cell 
death in conditions of strengthened EMC, we investigated the effects of SK channel 
overexpression on auranofin-induced toxicity. HT22 cells co-transfected with either 
GFP/SK2 or mitoGFP/mitoSK2 in the presence of the linkers were challenged with 
auranofin plus rapamycin, and different concentrations of CyPPA. Cell viability 
analysis revealed that overexpression of either wildtype or mitochondria-targeted 
SK2 channels did not influence cell death induced by auranofin compared to the 
corresponding GFP/mitoGFP control plasmids (Figure 8C-D). Co-treatment with 
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CyPPA dose-dependently increased cell death in cells transfected with SK2 and 
mitoSK2 following auranofin treatment, yet this was not observed in GFP/mitoGFP-
transfected cells. These findings indicate that activation of the transfected SK 
channels might enhance the toxic effects of auranofin on cell viability. 
 
Discussion 
Recent advances in the knowledge on the pathology of neurodegenerative 
diseases revealed a strong impact of EMC, MAM formation and associated 
mitochondrial Ca2+ transfer on mitochondrial metabolism and neuronal cell survival, 
as Ca2+-dependent processes are activated to drive mitochondrial respiration and 
the generation of ATP32–34. Modulating the ER-mitochondrial interface, thereby 
controlling mitochondrial function, has therefore emerged as a strategy to prevent 
the pathological death of neurons35,36. SK channels which control neuronal 
excitability and neuronal firing have been linked to neuroprotection in different 
disease paradigms in vitro and in vivo. In the present study, we provide evidence 
that increasing EMC in neuronal HT22 cells potentiated cell death in models of 
oxytosis and auranofin toxicity. In these paradigms, SK channel activation 
differentially affected neuronal survival as glutamate-induced cell death was 
prevented while auranofin toxicity was enhanced. 
ER and mitochondria are physically linked mainly by a trimeric complex consisting 
of ER-bound IP3R, VDAC on the OMM and the molecular chaperone GRP7514,37,38. 
In addition, the mitochondrial tethering proteins mitofusin 1 and 2 (MFN1/2) 
heterodimerize39,40, and mitochondrial fission 1 (FIS1) interacts with the ER 
membrane-integral protein BAP3141 to establish this physical connection. Recently, 
it has been shown that ER-mitochondrial contact points can be formed using drug-
inducible fluorescent organelle linkers at the ER membrane and OMM which bring 
ER and mitochondria into close proximity (<10nm), thereby facilitating Ca2+ uptake 
into mitochondria24. These linkers are based on dimerization partners from the 
mTOR signaling pathway which heterodimerize in the presence of rapamycin. In 
our current study, we expressed these drug-inducible ER-mitochondrial linkers in 
immortalized hippocampal HT22 cells, and confirmed the rearrangement of ER and 
mitochondria into the MAM interface using live-cell imaging. Similar to Csordás and 
colleagues24, we observed full co-localization of the CFP-tagged ER plasmid and 
RFP-tagged mitochondrial plasmids, indicating a pronounced increase in EMC 
within minutes following addition of rapamycin. 
Contact points between the ER and mitochondria determine organelle function 
through the transfer of proteins and Ca2+ ions. Stress-induced Ca2+ dysregulation in 
both organelles is detrimental per se, and ER stress was also shown to impair 
mitochondrial function and to induce cell death42,43. In HT22 cells, brefeldin A 
triggered ER stress by inhibiting protein trafficking in the endomembrane system, 
thereby leading to [Ca2+]ER dysregulation19. Interestingly, subsequent cell death was 
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mediated by caspase activation, yet independent of the mitochondrial cell death 
axis. In contrast, oxytosis in HT22 involved oxidative stress and mitochondrial 
dysfunction through [Ca2+]m overload and the accumulation of mitochondrial 
reactive oxygen species (ROS)20 without affecting the ER. In this study, we sought 
to investigate mitochondrial function and cell survival following stress induction in 
HT22 cells expressing the bifunctional linkers to establish a stable platform for 
increased ER-mitochondrial interactions. We found that glutamate-induced cell 
death was increased in linker-transfected cells compared to control cells indicating 
that the detrimental effects of glutamate on mitochondrial integrity were further 
enhanced when EMC was increased.  
In addition to the well-known paradigm of oxidative glutamate toxicity, we confirmed 
our findings in another cell death model using an inhibitor of the 
thioredoxin/thioredoxin reductase (TRX/TRXR) system44,45. Here, we applied the 
gold(I)-phosphine derivative auranofin27 to block TRXR, thereby impairing the 
generation of antioxidants which lowers the mitochondrial membrane potential, 
supports the formation of the mPTP and induces Ca2+-dependent cell death26. 
Following auranofin treatment, we also observed potentiated cell death in 
conditions of increased EMC.  
The pathways underlying auranofin toxicity and oxytosis share [Ca2+]m overload as 
well as ROS formation46,47 as critical parameters. Since ROS and Ca2+ can result 
from similar intracellular processes in either the cytosol or the mitochondria, an 
interplay between these parameters may potentiate the toxic outcome following cell 
death induction. For instance, ER oxidase 1α (ERO1α) activation increased IP3R-
dependent ER-mitochondrial Ca2+ transfer by preventing the inhibitory association 
of the ER chaperone ERp44 with IP3R, a process that was accompanied by H2O2 
generation48. Further, H2O2 generation in the mitochondrial matrix following ER-
mitochondrial Ca2+ transfer was shown to induce a positive feedback loop on IP3R 
opening which amplified ER-Ca2+ release49. Thus, we suggest that introducing a 
stable interaction between ER and mitochondria served as a platform for sustained 
ER-mitochondrial Ca2+ transfer that amplified Ca2+-dependent cell death and may 
have enhanced oxidative stress. 
Several lines of evidence suggest that EMC is essential to maintain the cellular 
bioenergetic state. In particular, this was shown for Ca2+ release through IP3R29,50,51 
and the interaction of MFN1 and MFN252 at the MAM interface. Bravo and 
colleagues50 reported that ER stress led to an initial increase in EMC accompanied 
by an increase in OXPHOS activity before mitochondrial respiration was attenuated 
at the onset of cell death (20h). In our study, we observed a decrease, rather than 
an increase, in mitochondrial respiration upon establishing a fast and stable 
connection between ER and mitochondria. In particular, extracellular flux analysis 
revealed that enhanced EMC did not increase basal respiration or glycolysis, yet 
fully blocked uncoupled respiration. EMC induced by the bifunctional linkers was a 
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rather fast and highly efficient process occurring within minutes compared to the 
ER stress-induced increase in EMC (1-4h). Thus, we propose that the 
mitochondrial respiration was constantly decreased without an initial increase due 
to the speed and strength of the artificial linkage induced by the linkers. Matching 
the observations that mitochondrial respiration was impaired while there was no 
change in cell survival or in glycolysis following increased EMC further suggests 
that energy supply to maintain cell survival might have been exclusively covered by 
the glycolytic pathway.  
Recently, it was shown that thioredoxin-related transmembrane protein 1 (TMX1) in 
the ER membrane was enriched in the MAM interface, a process blocking the 
activity of the sarcoplasmic/endoplasmic Ca2+ ATPase (SERCA) and enhancing 
mitochondrial respiration by increasing Ca2+ release from the ER. Further, in cancer 
cells reduced TMX1 levels were associated with decreased EMC and a metabolic 
shift from respiration towards glycolysis53. Similarly, treatment of immortalized 
dopaminergic N27 cells with auranofin or mitochondrial TRXR2 silencing in these 
cells was found to decrease maximal mitochondrial respiration. In line with these 
findings, we show that auranofin-mediated TRXR inhibition blocked maximal 
respiration and attenuated glycolysis suggesting that auranofin impaired energy 
production from both pathways, mitochondrial respiration and glycolysis.  
ER-mitochondrial Ca2+ transfer and [Ca2+]m load are critical factors to maintain 
mitochondrial function, and alterations in these processes promotes mitochondrial 
dysfunction. For instance, enhanced EMC provoked by the saturated fatty acid 
palmitate disrupted intracellular Ca2+ homeostasis, thereby promoting 
hepatotoxicity54, and enhanced VDAC-mediated [Ca2+]m influx amplified cell death 
induction in HeLa cells13,55. In HT22 cells, [Ca2+]m uptake induced by glutamate and 
auranofin occurred slow and at advanced stages following cell death induction. To 
detect rapid changes in [Ca2+]m induced by strengthened EMC, we performed real-
time [Ca2+]m uptake measurements following the stimulation with CaCl2 in HEK293T 
cells transfected with the linkers and a mitochondria-targeted GFP-aequorin21. We 
found that rapamycin-induced EMC formation in HEK293T cells evoked an 
increase in [Ca2+]m uptake which was absent in cells stimulated with a solvent 
solution. As rapamycin treatment in the range of the applied concentrations did not 
reduce cell viability, this rise in [Ca2+]m was independent of cell death induction. Our 
results confirm that the use of the linkers specifically enhanced the transfer of Ca2+ 
from ER to mitochondria at the MAM interface. 
SK channels which are involved in controlling synaptic plasticity and neuronal firing, 
preserve cell survival in multiple disease paradigms by regulating Ca2+ signaling 
and mitochondrial function56,57. Despite their localization at the plasma membrane, 
recent studies have identified intracellularly expressed SK channels in the ER 
membrane and the IMM19,20,56,58 where they provide protection against ER stress 
and/or mitochondrial demise. Here, we show that SK channels were enriched in 
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MAM fractions isolated from HT22 cells. Activation of SK channels by the 
pharmacological SK2/3 channel activator CyPPA induced mitochondrial ROS 
formation and mitochondrial membrane depolarization suggesting that SK channels 
and CyPPA-mediated SK channel activation may play a role in mitochondrial 
preconditioning. These findings are in agreement with a previous study where 
CyPPA reduced mitochondrial respiration, thereby protecting against oxytosis20, 
and with another study investigating preconditioning by BK channels59 which 
belong to the same family of KCa channels. In the present study, we found that 
CyPPA-mediated SK channel activation was still able to protect HT22 cells from 
glutamate-induced cell death, even in conditions of enhanced EMC. Interestingly, 
CyPPA failed to protect against auranofin-induced cell death, and rather increased 
neuronal damage. In addition to cell death potentiation, CyPPA accelerated the 
auranofin-induced impairment of both, mitochondrial respiration and glycolysis, 
respectively. The overexpression of mitoSK2 channels along with CyPPA 
enhanced mitochondrial resilience in HT22 cells during glutamate toxicity20. In 
particular, CyPPA treatment consistently prevented major hallmarks of 
mitochondrial damage induced by glutamate including loss of cellular ATP and 
mitochondrial ROS production. The overexpression of mitochondrial SK2 channels 
had an additive effect on the observed protection in all analyzed parameters 
compared to overexpression of wildtype SK2 channel which localized only partially 
to the mitochondria. Interestingly, the overexpression of both, wildtype and mitoSK2 
channels, provided an additive effect on CyPPA-mediated protection against 
oxytosis compared to the corresponding controls. Wildtype SK2 channels partially 
co-localized with the ER19 suggesting that in the MAM interface, SK channels from 
the ER and the mitochondria might contribute to the observed protection during 
increased EMC and impaired mitochondrial function. In contrast, overexpression of 
wildtype or mitoSK2 channels alone had no effect on auranofin-induced cell death. 
Yet, in line with our results showing that SK channel activation enhanced auranofin 
toxicity, co-treatment of SK2/mitoSK2-overexpressing cells with CyPPA further 
reduced cell viability compared to auranofin treatment alone in these cells.  
These unexpected findings lead us to the conclusion that CyPPA-mediated 
mitochondrial preconditioning did not apply to auranofin toxicity. The distinct effect 
of SK channel activation on auranofin toxicity might be due to the different signaling 
pathway involved. Oxytosis is initiated at the plasma membrane through inhibiting 
glutamate export from the cell which leads to loss of the antioxidant glutathione, 
and subsequently to mitochondrial demise within several hours25. Mitochondrial 
damage is associated with [Ca2+]m overload and ROS formation. In contrast, 
auranofin inhibits TRXR which are present in the cytosol and in the mitochondria60 
and induces mitochondrial damage through ROS formation and mPTP opening. 
However, ROS-mediated damage may result from total ROS as well as 
mitochondrial ROS. In addition, TRX-related proteins such as ER-bound TMX1 
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might be affected by TRXR inhibition, thereby also causing ER stress. In plants and 
some bacterial species, it was shown that the NADPH-dependent TRXR is 
essential to cope with oxidative stress61–63. As NADPH is a substrate required for 
the redox reactions in mitochondrial complexes and the citric acid cycle, inhibition 
of TRXR might impair mitochondrial metabolism and ATP generation at multiple 
steps. Indeed, extracellular flux analysis showed that respiration and glycolysis 
were attenuated by auranofin in HT22 cells. Therefore, we suggest that CyPPA 
failed to protect against auranofin toxicity due to the multiple targets of auranofin 
that culminated in mitochondrial demise and neuronal cell death which exceeds the 
protective capacity of CyPPA. To follow up on these novel findings, more 
experiments are required to identify the exact pathway(s) involved in auranofin 
toxicity in HT22 cells, and to investigate the performance and function of individual 
mitochondrial complexes following auranofin treatment.  
In conclusion, we show that strengthening EMC using the genetically encoded 
linkers potentiated neuronal cell death induced by glutamate and the TRXR 
inhibitor auranofin by attenuating mitochondrial respiration and promoting [Ca2+]m 

overload. SK channel activation by CyPPA, known to provide protection in different 
in vitro models of neurodegeneration, conferred protection against glutamate 
toxicity in conditions of increased EMC. Protection against oxytosis involved 
mitochondrial preconditioning, as CyPPA generated mitochondrial ROS and slightly 
depolarized the mitochondrial membrane. Interestingly, CyPPA failed to protect 
against auranofin toxicity and it accelerated the auranofin-induced decrease in 
mitochondrial respiration and glycolysis. In line, SK channel overexpression 
positively added on protection against glutamate-induced cell death while cell death 
following auranofin treatment was more pronounced in the presence of CyPPA This 
novel differential effect of SK channel activation on neurotoxicity opens a new 
platform to study SK channel-mediated protection in yet unexplored mechanisms of 
oxidative stress. 
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Supplementary figure 1. Inducing ER-mitochondrial associations in neuronal HT22 cells. 
Representative fluorescent images of an individual HT22 cell expressing ER-Flipper-GFP control 
plasmid and TOM70-FKB12-RFP prior to and 10min following rapamycin (100nM) addition. 
Fluorescent traces are shown individually (left and middle panel) and as an overlay of both 
fluorescent channels (right panel). Green: ER-Flipper-GFP, red: TOM70-FKBP12-RFP. 
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Supplementary figure 2. Effects of rapamycin on cell proliferation and cell viability of HT22 
cells. 
(A-B) MTT Assay following (A) glutamate treatment (8mM) for 12-18h or (B) auranofin treatment 
(1.5μM) for 0-8h. Data are presented as mean ± SD, n=8, Student t-test ***p<0.0001 compared to 
untreated control. (C-D) MTT Assay following treatment with (C) glutamate (16h) or (D) auranofin 
(6h) in the presence or absence of rapamycin (0, 50, 100, 150, 200nM). Data are presented as 
mean ± SD, n=6, Student t-test ***p<0.0001 compared to untreated control. (E) xCELLigence 
measurement of HT22 cells transfected with ER-Flipper-GFP (FL) or ER-FRB-CFP and TOM70-
FKBP12-RFP (EML) following addition of the indicated rapamycin concentrations. Data are 
presented as mean ± SD, n=6. 
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Supplementary figure 3. Extracellular flux analysis of mitochondrial function in HT22 cells. 
(A-B) Representative measurement of (A) OCR and (B) ECAR following the application of 
rapamycin at the indicated concentrations (50, 100, 150, 200nM). A:rapamycin, B:oligomycin, 
C:DNP, D:antimycin A, rotenone, 2DG. Data are presented as mean ± SD, n=6-8. (C) Left panel: 
representative ECAR measurement following auranofin application. A:auranofin, B:oligomycin, 
C:DNP, D:antimycin A, rotenone, 2DG. Data are presented as mean ± SD, n=6-8. Arrow indicates 
analyzed time point. Right panel: quantification of ECAR values at the indicated time point following 
auranofin application, unpaired Student t-test, *p<0.05. (D-E) Representative (D) OCR and (E) 
ECAR measurement of following DNP application. A:DNP, B:oligomycin, C:DNP, D:antimycin A, 
rotenone, 2DG. Data are presented as mean ± SD, n=6-8.  
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Supplementary figure 4. [Ca2+]m measurements in HEK293T cells. 
(A) Transfection efficiency of HEK293T cells transfected with mtGAwt or mtGAmut. Data are 
presented as mean ± SD, n=8-9, ***p<0.0001. (B) Representative measurement of [Ca2+]m uptake 
in HEK293T cells transfected with mtGAwt stimulated with 0-100mM CaCl2. Data are presented as 
mean ± SD, n=3-4. (C) MTT assay in ER or linker-transfected HEK293T cells treated with the 
indicated rapamycin concentrations. Data are presented as mean ± SD, n=6-8. 
 
 

 
Supplementary figure 5. CyPPA does not affect cell viability in linker-transfected cells. 
xCELLigence measurement of HT22 cells transfected with Flipper control plasmid (FL) or linkers 
(EML) following treatment with CyPPA (10, 25, 50μM). Data are presented as mean ± SD, n=6. 
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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 
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(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 
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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). 

 
  

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: 200PDF page: 200PDF page: 200PDF page: 200

                                                                                General discussion & main conclusions 

194 
 

Literature 
1. Seeley, W. W., Crawford, R. K., Zhou, J., Miller, B. L. & Michael, D. Neurodegenerative 

diseases target large-scale human brain Networks. Neuron 62, 42–52 (2009). 
2. Palop, J. J., Chin, J. & Mucke, L. A network dysfunction perspective on neurodegenerative 

diseases. Nature 443, 768–773 (2006). 
3. Khurana, V. et al. Genome-Scale Networks Link Neurodegenerative Disease Genes to a-

Synuclein through Specific Molecular Pathways. Cell Syst. 4, 157–170.e14 (2017). 
4. Greicius, M. D. & Kimmel, D. L. Neuroimaging insights into network-based 

neurodegeneration. Curr. Opin. Neurol. 25, 727–734 (2012). 
5. Ahmed, R. M. et al. Neuronal network disintegration: common pathways linking 

neurodegenerative diseases. J. Neurol. Neurosurg. Psychiatry 87, 1234–1241 (2016). 
6. Imamura, K. et al. Calcium dysregulation contributes to neurodegeneration in FTLD 

patient iPSC-derived neurons. Sci. Rep. 6, 34904 (2016). 
7. Leal, S. S., Cardoso, I., Valentine, J. S. & Gomes, C. M. Calcium ions promote superoxide 

dismutase 1 (SOD1) aggregation into non-fibrillar amyloid: A link to toxic effects of calcium 
overload in amyotrophic lateral sclerosis (ALS)? J. Biol. Chem. 288, 25219–25228 (2013). 

8. Piacentini, R. et al. Dysregulation of intracellular calcium homeostasis is responsible for 
neuronal death in an experimental model of selective hippocampal degeneration induced 
by trimethyltin. J. Neurochem. 105, 2109–2121 (2008). 

9. Kipanyula, M. J. et al. Ca 2+ dysregulation in neurons from transgenic mice expressing 
mutant presenilin 2. Aging Cell 11, 885–893 (2012). 

10. Yan, X. H., Guo, X. Y., Jiao, F. Y., Liu, X. & Liu, Y. Activation of large-conductance Ca2+-
activated K+ channels inhibits glutamate-induced oxidative stress through attenuating ER 
stress and mitochondrial dysfunction. Neurochem. Int. 90, 28–35 (2015). 

11. Piwońska, M., Szewczyk, A., Schröder, U. H., Reymann, K. G. & Bednarczyk, P. Effectors 
of large-conductance calcium-activated potassium channel modulate glutamate 
excitotoxicity in organotypic hippocampal slice cultures. Acta Neurobiol. Experimnetalis 
76, 20–31 (2016). 

12. Rundén-Pran, E., Haug, F. M., Storm, J. F. & Ottersen, O. P. BK channel activity 
determines the extent of cell degeneration after oxygen and glucose deprivation: A study 
in organotypical hippocampal slice cultures. Neuroscience 112, 277–288 (2002). 

13. Liao, Y. et al. Neuronal Ca2+-Activated K+ Channels Limit Brain Infarction and Promote 
Survival. PLoS One 5, e15601-1859 (2010). 

14. Liu, J., Yi, Z., Liu, S., Chang, J. & Dang, X. The mitochondrial division inhibitor mdivi-1 
attenuates spinal cord ischemia – reperfusion injury both in vitro and in vivo : Involvement 
of BK channels. Brain Res. 1619, 155–165 (2015). 

15. Furness, J. B. et al. Intermediate conductance potassium (IK) channels occur in human 
enteric neurons. Auton. Neurosci. Basic Clin. 112, 93–97 (2004). 

16. Longden, T. A. et al. Intermediate-conductance calcium-activated potassium channels 
participate in neurovascular coupling. Br. J. Pharmacol. 164, 922–923 (2011). 

17. Schlichter, L. C., Kaushal, V., Moxon-Emre, I., Sivagnanam, V. & Vincent, C. The Ca2+ 
activated SK3 channel is expressed in microglia in the rat striatum and contributes to 
microglia-mediated neurotoxicity in vitro. J. Neuroinflammation 7, 4 (2010). 

18. Kaushal, V., Koeberle, P. D., Wang, Y. & Schlichter, L. C. The Ca2+-Activated K+ 
Channel KCNN4/KCa3.1 Contributes to Microglia Activation and Nitric Oxide-Dependent 
Neurodegeneration. J. Neurosci. 27, 234–244 (2007). 

19. Yu, Z., Yu, P., Chen, H. & Geller, H. Targeted inhibition of KCa3.1 attenuates TGF-β-
induced reactive astrogliosis through the Smad2/3 signaling pathway. J. Neurochem. 130, 
41–49 (2014). 

20. Yi, M. et al. KCa3.1 constitutes a pharmacological target for astrogliosis associated with 
Alzheimer’s disease. Mol. Cell. Neurosci. 76, 21–32 (2016). 

21. Wei, T. et al. The potassium channel KCa3.1 represents a valid pharmacological target for 
astrogliosis-induced neuronal impairment in a mouse model of Alzheimer’s disease. Front. 
Pharmacol. 7, 1–14 (2017). 

22. Grimaldi, A. et al. KCa3.1 inhibition switches the phenotype of glioma-infiltrating 
microglia/macrophages. Cell Death Dis. 7, e2174 (2016). 

23. Richter, M. et al. Activation of SK2 channels preserves ER Ca2+ homeostasis and 
protects against ER stress-induced cell death. Cell Death Differ. 23, 1–14 (2015). 

24. Dolga, A. et al. Mitochondrial small conductance SK2 channels prevent glutamate-induced 
oxytosis and mitochondrial dysfunction. J. Biol. Chem. 288, 10792–10804 (2013). 

25. Kulawiak, B., Kudin, A. P., Szewczyk, A. & Kunz, W. S. BK channel openers inhibit ROS 
production of isolated rat brain mitochondria. 212, 543–547 (2008). 

26. Skalska, J., Bednarczyk, P., Piwo, M. & Kulawiak, B. Calcium Ions Regulate K+ Uptake 



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: 201PDF page: 201PDF page: 201PDF page: 201

                                                                                General discussion & main conclusions 

195 
 

into Brain Mitochondria : The Evidence for a Novel Potassium Channel. 1104–1120  
(2009). doi:10.3390/ijms10031104 

27. Gáspár, T. et al. Immediate neuronal preconditioning by NS1619. Brain Res. 8, 196–207 
(2009). 

28. Yan, X., Guo, X., Jiao, F., Liu, X. & Liu, Y. Activation of large-conductance Ca 2+ -
activated K+ channels inhibits glutamate-induced oxidative stress through attenuating ER 
stress and mitochondrial dysfunction. Neurochem. Int. 90, 28–35 (2012). 

29. Frandsen, A., Drejer, J. & Schousboe, A. Direct Evidence That Excitotoxicity in Cultured 
Neurons Is Mediated via N-Methyl-D-Aspartate (NMDA) as well as Non-NMDA Receptors. 
J. Neurochem. 53, 297–299 (1989). 

30. Ankarcrona, M. et al. Glutamate-induced neuronal death: A succession of necrosis or 
apoptosis depending on mitochondrial function. Neuron 15, 961–973 (1995). 

31. Reynolds, I. J. & Hastings, T. G. Glutamate induces the production of reactive oxygen 
species in cultured forebrain neurons following NMDA receptor activation. J. Neurosci. 15, 
3318–3327 (1995). 

32. Benitez, B. et al. Functional reduction of SK3-mediated currents precedes AMPA-
receptor-mediated excitotoxicity in dopaminergic neurons. Neuropharmacology 60, 1176–
1186 (2011). 

33. Dolga et al. TNF-α mediates neuroprotection against glutamate-induced excitotoxicity via 
NF-κB-dependent up-regulation of K Ca 2.2 channels. J. Neurochem. 107, 1158–1167 
(2008). 

34. Dolga, A. et al. KCa2 channels activation prevents [Ca2+]i deregulation and reduces 
neuronal death following glutamate toxicity and cerebral ischemia. Cell Death Dis. 2, e147 
(2011). 

35. Allen, D. et al. SK2 channels are neuroprotective for ischemia-induced neuronal cell 
death. J. Cereb. blood flow Metab. 31, 2302–12 (2011). 

36. Kobayashi, K., Nishizawa, Y., Sawada, K., Ogura, H. & Miyabe, M. K(+)-channel openers 
suppress epileptiform activities induced by 4-aminopyridine in cultured rat hippocampal 
neurons. J. Pharmacol. Sci. 108, 517–528 (2008). 

37. Kasumu, A. et al. Novel selective positive modulator of calcium-activated potassium 
channels exerts beneficial effects in a mouse model of spinocerebellar ataxia type 2. 
Chem Biol. 19, 1340–1353 (2012). 

38. Berkovic, S. F. et al. Hippocampal sclerosis in temporal lobe epilepsy demonstrated by 
magnetic resonance imaging. Ann. Neurol. 29, 175–82 (1991). 

39. Buckmaster, P. S. Mossy fiber sprouting in the dentate gyrus. Epilepsia 51, 39 (2010). 
40. Thorn, M. Neuropathologic findings in postmortem studies of sudden death in epilepsy. 

Epilepsia 38, S32-4 (1997). 
41. Sliwa, A., Plucinska, G., Bednarczyk, J. & Lukasiuk, K. Post-treatment with rapamycin 

does not prevent epileptogenesis in the amygdala stimulation model of temporal lobe 
epilepsy. Neurosci. Lett. 509, 105–109 (2012). 

42. Wu, X. M., Wang, G. L., Miao, J. & Feng, J. C. Effect of connexin 36 blockers on the 
neuronal cytoskeleton and synaptic plasticity in kainic acidkindled rats. Transl. Neurosci. 
6, 252–258 (2015). 

43. Shinozaki, H. & Konishi, S. Actions of several anthelmintics and insecticides on rat cortical 
neurones. Brain Res. 24, 368–371 (1970). 

44. Connell, P., Bayat, A., Joshi, S. & Koubeissi, M. Z. Acute and spontaneous seizure onset 
zones in the intraperitoneal kainic acid model. Epilepsy Behav. 68, 66–70 (2017). 

45. Gill, R. S., Mirsattari, S. M. & Leung, L. S. Resting state functional network disruptions in a 
kainic acid model of temporal lobe epilepsy. NeuroImage Clin. 13, 70–81 (2017). 

46. Honchar, M. P., Olney, J. W. & Sherman, W. R. Systemic cholinergic agents induce 
seizures and brain damage in lithium-treated rats. Science (80-. ). 220, 323–325 (1983). 

47. Kienzler-Norwood, F. et al. A novel animal model of acquired human temporal lobe 
epilepsy based on the simultaneous administration of kainic acid and lorazepam. 
Epilepsia 58, 222–230 (2017). 

48. Turski, W. A., Czuczwar, S. J., Kleinrok, Z. & Turski, L. Cholinomimetics produce seizures 
and brain damage in rats. Experientia 39, 1408–1411 (1983). 

49. Kienzler, F., Norwood, B. & Sloviter, R. Hippocampal injury, atrophy, synaptic 
reorganization, and epileptogenesis after perforant pathway stimulation-induced Status 
Epilepticus in the Mouse. J. Comput. Neurol. 515, 181–196 (2010). 

50. Sloviter, R. & Damiano, B. Sustained electrical stimulation of the perforant path duplicates 
kainate-induced electrophysiological effects and hippocampal damage in rats. Neurosci. 
Lett. 24, 279–284 (1981). 

51. Sloviter, R. S. ‘Epileptic’ brain damage in rats induced by sustained electrical stimulation 

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: 202PDF page: 202PDF page: 202PDF page: 202

                                                                                General discussion & main conclusions 

196 
 

of the perforant path. I. Acute electrophysiological and light microscopic studies. Brain 
Res. Bull. 10, 675–97 (1983). 

52. Dravid, S. M. & Murray, T. F. Spontaneous synchronized calcium oscillations in 
neocortical neurons in the presence of physiological [Mg2+]: Involvement of 
AMPA/kainate and metabotropic glutamate receptors. Brain Res. 1006, 8–17 (2004). 

53. Isaev, D. et al. Surface charge impact in low-magnesium model of seizure in rat 
hippocampus. J. Neurophysiol. 107, 417–23 (2012). 

54. Oliveira, M. S. et al. Altered expression and function of small conductance (SK) Ca2+ 
activated K+ channels in pilocarpine-treated epileptic rats. Brain Res. 12, 187–199 (2010). 

55. Schulz, R. et al. Network excitability in a model of chronic temporal lobe epilepsy critically 
depends on SK channel-mediated AHP currents. Neurobiol. Dis. 45, 337–347 (2012). 

56. Hammond, R. S. et al. Small-Conductance Ca2+-Activated K+ Channel Type 2 (SK2) 
Modulates Hippocampal Learning, Memory, and Synaptic Plasticity. J. Neurosci. 26, 
1844–1853 (2006). 

57. Bond, C. T. et al. Small Conductance Ca2+-Activated L+ Channel Knock-Out Mice Reveal 
the Identity of Calcium-Dependent Afterhyperpolarization Currents. J. Neurosci. 24, 5301–
5306 (2010). 

58. Lau, Nelson C.; Lim, Lee P.; Weinstein, Earl G.; Bartel, D. P. An abundant class of tiny 
RNAs with probable regulatory roles in Caenorhabditis elegans. Science (80-. ). 294, 858–
862 (2001). 

59. Ambros, V. microRNAs: Tiny regulators with Great Potential. Cell 107, 823–826 (2001). 
60. Meister, G. & Tuschi, T. Mechanisms of gene silencing by double-stranded RNA. Nature 

431, 343–349 (2004). 
61. Weiß, K., Antoniou, A. & Schratt, G. Non-coding mechanisms of local mRNA translation in 

neuronal dendrites. Eur. J. Cell Biol. 94, 363–367 (2015). 
62. Hutvágner, G. & Zamore, P. D. A microRNA in a Multiple- Turnover RNAi Enzyme 

Complex. Science (80-. ). 297, 2056–2060 (2002). 
63. Manakov, S. a, Grant, S. G. N. & Enright, A. J. Reciprocal regulation of microRNA and 

mRNA profiles in neuronal development and synapse formation. BMC Genomics 10, 419 
(2009). 

64. Gross, C. et al. MicroRNA-Mediated Downregulation of the Potassium Channel Kv4.2 
Contributes to Seizure Onset. Cell Rep. 17, 37–45 (2016). 

65. Pietrzykowski, A. et al. Post-transcriptional regulation of BK channel splice variant stability 
by miR-9 underlies neuroadaptation to alcohol. Neuron2 59, 274–287 (2008). 

66. Wibrand, K. et al. Differential regulation of mature and precursor microRNA expression by 
NMDA and metabotropic glutamate receptor activation during LTP in the adult dentate 
gyrus in vivo. Eur. J. Neurosci. 31, 636–645 (2010). 

67. Song, Y. J. et al. Temporal lobe epilepsy induces differential expression of hippocampal 
miRNAs including let-7e and miR-23a/b. Brain Res. 1387, 134–140 (2011). 

68. Jimenez-Mateos, E. M. et al. MiRNA expression profile after status epilepticus and 
hippocampal neuroprotection by targeting miR-132. Am. J. Pathol. 179, 2519–2532 
(2011). 

69. Kan, A. A. et al. Genome-wide microRNA profiling of human temporal lobe epilepsy 
identifies modulators of the immune response. Cell. Mol. Life Sci. 69, 3127–3145 (2012). 

70. Hu, Z. et al. Expression of miRNAs and their cooperative regulation of the 
pathophysiology in traumatic brain injury. PLoS One 7, 1–11 (2012). 

71. Edwards, G., Félétou, M. & Weston, A. H. Endothelium-derived hyperpolarising factors 
and associated pathways: A synopsis. Pflugers Arch. Eur. J. Physiol. 459, 863–879 
(2010). 

72. Zhou, E., Qing, D. & Li, J. Age-associated endothelial dysfunction in rat mesenteric 
arteries: Roles of calcium-activated K+ channels (Kca). Physiol. Res. 59, 499–508 (2010). 

73. Hilgers, R. H. P., Janssen, G. M. J., Fazzi, G. E. & Mey, J. G. R. De. Twenty-Four-Hour 
Exposure to Altered Blood Flow Modifies Endothelial Ca2+ -Activated K+ Channels in Rat 
Mesenteric Arteries. 210–217 (2010). doi:10.1124/jpet.109.161448. 

74. Damkjaer, M. et al. Pharmacological activation of KCa3.1/KCa2.3 channels produces 
endothelial hyperpolarization and lowers blood pressure in conscious dogs. Br. J. 
Pharmacol. 165, 223–234 (2012). 

75. Yang, Q., Huang, J. H., Man, Y. B., Yao, X. Q. & He, G. W. Use of intermediate/small 
conductance calcium-activated potassium-channel activator for endothelial protection. J. 
Thorac. Cardiovasc. Surg. 141, 501–510 (2011). 

76. Xu, Y. et al. Molecular identification and functional roles of a Ca2+-activated K+ channel in 
human and mouse hearts. J. Biol. Chem. 278, 49085–49094 (2003). 

77. Li, N. et al. Ablation of a Ca2+-activated K+ channel (SK2 channel) results in action 



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: 203PDF page: 203PDF page: 203PDF page: 203

                                                                                General discussion & main conclusions 

197 
 

potential prolongation in atrial myocytes and atrial fibrillation. J. Physiol. 587, 1087–100 
(2009). 

78. Stowe, D. et al. Protection against cardiac injury by small Ca2+-sensitive K+ channels 
identified in guinea pig cardiac inner mitochondrial membrane. Biochim. Biophys. Acta 18, 
1199–1216 (2013).  

79. Diness, J. G. et al. Inhibition of small-conductance ca2+-activated k+ channels terminates 
and protects against atrial fibrillation. Circ. Arrhythmia Electrophysiol. 3, 380–390 (2010). 

80. Zhang, M. et al. Contractile Function during Angiotensin-II Activation: Increased Nox2 
Activity Modulates Cardiac Calcium Handling via Phospholamban Phosphorylation. J. Am. 
Coll. Cardiol. 66, 261–272 (2015). 

81. Chua, S. et al. Small-Conductance Calcium-Activated Potassium Channel and Recurrent 
Ventricular Fibrillation in Failing Rabbit Ventricles. Circ. rRsearch 108, 971–979 (2011). 

82. Ni, Y. et al. Bisoprolol reversed small conductance calcium-activated potassium channel 
(SK) remodeling in a volume-overload rat model. Mol. Cell. Biochem. 384, 95–103 (2013). 

83. Baldev, N., Sriram, R., Prabu, P. C. & Kurian Gino, A. Effect of mitochondrial potassium 
channel on the renal protection mediated by sodium thiosulfate against ethylene glycol 
induced nephrolithiasis in rat model. Int. Braz J Urol 41, 1116–1125 (2015). 

84. Gursahani, H. I. & Schaefer, S. Acidification reduces mitochondrial calcium uptake in rat 
cardiac mitochondria. Am. J. Physiol. Heart Circ. Physiol. 287, H2659-65 (2004). 

85. Siemen, D., Loupatatzis, C., Borecky, J., Gulbins, E. & Lang, F. Ca2+-Activated K+ 
Channel of the BK-Type in the Inner Mitochondrial Membrane of a Human Glioma Cell 
Line. Biochem. Biophys. Res. Commun. 257, 549–554 (1999). 

86. Richter, M. et al. SK channel activation modulates mitochondrial respiration and 
attenuates neuronal HT-22 cell damage induced by H2O2. Neurochem. Int. 81, 63–75 
(2015). 

87. Murphy, T. H., Miyamoto, M., Sastre, A., Schnaar, R. L. & Coyle, J. T. Glutamate toxicity 
in a neuronal cell line involves inhibition of cystine transport leading to oxidative stress. 
Neuron 2, 1547–1558 (1989). 

88. Neitemeier, S. et al. Inhibition of HIF-prolyl-4-hydroxylases prevents mitochondrial 
impairment and cell death in a model of neuronal oxytosis. Cell Death Dis. 7, e2214 
(2016). 

89. Bustamante, E., Morris, H. P. & Pedersen, P. L. Energy metabolism of tumor cells. 
Requirement for a form of hexokinase with a propensity for mitochondrial binding. J. Biol. 
Chem. 256, 8699–8704 (1981). 

90. Ristow, M. & Schmeisser, K. Mitohormesis: Promoting health and lifespan by increased 
levels of reactive oxygen species (ROS). Dose-Response 12, 288–341 (2014). 

91. Ristow, M. Unraveling the Truth About Antioxidants: Mitohormesis explains ROS-induced 
health benefits. Nat. Med. 20, 709–11 (2014). 

92. Borchert, G. H., Yang, C. & Kolár, F. Mitochondrial BK Ca channels contribute to 
protection of cardiomyocytes isolated from chronically hypoxic rats. Am. J. Physiol. Hear. 
Circ. Physiol. 300, 507–513 (2011). 

93. Stowe, D. F. et al. Cardiac mitochondrial preconditioning by Big Ca2+-sensitive K+ 
channel opening requires superoxide radical generation. Am. J. Physiol. Heart Circ. 
Physiol. 290, H434–H440 (2006). 

94. Borchert, G. H., Hlaváčková, M. & Kolář, F. Pharmacological activation of mitochondrial 
BK(Ca) channels protects isolated cardiomyocytes against simulated reperfusion-induced 
injury. Exp. Biol. Med. (Maywood). 238, 233–41 (2013). 

95. Bednarczyk, P. et al. Putative Structural and Functional Coupling of the Mitochondrial BK 
Ca Channel to the Respiratory Chain. (2013). doi:10.1371/journal.pone.0068125 

96. Yang, M., Camara, A. K. S., Aldakkak, M., Kwok, W.-M. & Stowe, D. F. Identity and 
function of a cardiac mitochondrial small conductance Ca 2+ -activated K + channel splice 
variant. Biochim. Biophys. Acta - Bioenerg. 1858, 442–458 (2017). 

97. Hekimi, S., Lapointe, J. & Wen, Y. Taking a ‘good’ look at free radicals in the aging 
process. Trends Cell Biol. 21, 569–576 (2011). 

98. Yang, W. & Hekimi, S. A Mitochondrial Superoxide Signal Triggers Increased Longevity in 
Caenorhabditis elegans. 8, (2010). 

99. Schaar, C. E., Dues, D. J., Spielbauer, K. K. & Machiela, E. Mitochondrial and 
Cytoplasmic ROS Have Opposing Effects on Lifespan. 1–24 (2015). 
doi:10.1371/journal.pgen.1004972 

100. Dues, D. J. et al. Uncoupling of Oxidative Stress Resistance and Lifespan in Long-lived 
isp-1 Mitochondrial Mutants in Caenorhabditis elegans. Free Radical Biology and 
Medicine (Elsevier B.V., 2017). doi:10.1016/j.freeradbiomed.2017.04.004 

101. Li, N. et al. Mitochondrial complex I inhibitor rotenone induces apoptosis through 

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: 204PDF page: 204PDF page: 204PDF page: 204

                                                                                General discussion & main conclusions 

198 
 

enhancing mitochondrial reactive oxygen species production. J. Biol. Chem. 278, 8516–
8525 (2003). 

102. Malinska, D. et al. Complex III-dependent superoxide production of brain mitochondria 
contributes to seizure-related ROS formation. Biochim. Biophys. Acta - Bioenerg. 1797, 
1163–1170 (2010). 

103. Liot, G. et al. Complex II inhibition by 3-NP causes mitochondrial fragmentation and 
neuronal cell death via an NMDA- and ROS-dependent pathway. Cell Death Differ. 16, 
899–909 (2009). 

104. Chuang, Y. C., Chang, A. Y. W., Lin, J. W., Hsu, S. P. & Chan, S. H. H. Mitochondrial 
dysfunction and ultrastructural damage in the hippocampus during kainic acid-induced 
status epilepticus in the rat. Epilepsia 45, 1202–1209 (2004). 

105. Chen, S. Der, Yw Chang, A. & Chuang, Y. C. The potential role of mitochondrial 
dysfunction in seizure-associated cell death in the hippocampus and epileptogenesis. J. 
Bioenerg. Biomembr. 42, 461–465 (2010). 

106. Simeone, K. A., Matthews, S. A., Samson, K. K. & Simeone, T. A. Targeting deficiencies 
in mitochondrial respiratory complex I and functional uncoupling exerts anti-seizure effects 
in a genetic model of temporal lobe epilepsy and in a model of acute temporal lobe 
seizures. Exp. Neurol. 251, 84–90 (2014). 

107. Maher, P. et al. The role of Ca 2+ in cell death caused by oxidative glutamate toxicity and 
ferroptosis. Cell Calcium (2017). doi:10.1016/j.ceca.2017.05.007 

108. Neitemeier, S. et al. BID links ferroptosis to mitochondrial cell death pathways. Redox 
Biol. 12, 558–570 (2017). 

109. Csordás, G. et al. Imaging Interorganelle Contacts and Local Calcium Dynamics at the 
ER-Mitochondrial Interface. Mol. Cell 39, 121–132 (2010). 

110. Whitaker, M. Genetically-encoded probes for measurement of intracellular calcium. 
Methods Cell Biol. 99, 153–182 (2010). 

111. Nagai, T., Sawano,  a, Park, E. S. & Miyawaki,  a. Circularly permuted green fluorescent 
proteins engineered to sense Ca2+. Proc. Natl. Acad. Sci. U. S. A. 98, 3197–3202 (2001). 

112. Palmer, A. E. & Tsien, R. Y. Measuring calcium signaling using genetically targetable 
fluorescent indicators. Nat. Protoc. 1, 1057–1065 (2006). 

113. Grynkiewicz, G., Poenie, M. & Tsien, R. Y. A new generation of Ca2+ indicators with 
greatly improved fluorescence properties. J. Biol. Chem. 260, 3440–3450 (1985). 

114. Palmer, A., Qin, Y., Park, J. & McCombs, J. Design and application of genetically encoded 
biosensors. Trends Biotechnol. 29, 144–152 (2011). 

115. Stout, A. K., Raphael, H. M., Kanterewicz, B. I., Klann, E. & Reynolds, I. J. Glutamate-
induced neuron death requires mitochondrial calcium uptake. Nat. Neurosci. 1, 366–373 
(1998). 

116. Bonora, M. et al. Subcellular calcium measurements in mammalian cells using jellyfish 
photoprotein aequorin-based probes. Nat. Protoc. 8, 2105–2118 (2013). 

117. Pinton, P. et al. Reduced loading of intracellular Ca(2+) stores and downregulation of 
capacitative Ca(2+) influx in Bcl-2-overexpressing cells. J. Cell Biol. 148, 857–62 (2000). 

118. Suzuki, J. et al. Imaging intraorganellar Ca2+ at subcellular resolution using CEPIA. Nat. 
Commun. 5, 1–13 (2014). 

119. Navas-Navarro, P. et al. GFP-Aequorin Protein Sensor for Ex Vivo and in Vivo Imaging of 
Ca2+ Dynamics in High-Ca2+ Organelles. Cell Chem. Biol. 23, 738–745 (2016). 

120. Baubet, V. et al. Chimeric green fluorescent protein-aequorin as bioluminescent Ca2+ 
reporters at the single-cell level. Proc. Natl. Acad. Sci. U. S. A. 97, 7260–5 (2000). 

121. Alonso, M. T., Navas-Navarro, P. & García-Sancho, J. A Microplate-Based 
Bioluminescence Assay of Mitochondrial Calcium Uptake María. 1567, 245–253 (2017). 

122. Cárdenas, C. et al. Essential Regulation of Cell Bioenergetics By Constitutive InsP3 
Receptor Ca2+ Transfer to Mitochondria. Cell 142, 270–283 (2011). 

123. De Stefani, D. et al. VDAC1 selectively transfers apoptotic Ca2+ signals to mitochondria. 
Cell Death Differ. 19, 267–273 (2012). 

124. Booth, D., Enyedi, B., Geiszt, M., Várnai, P. & Hajnóczky, G. Redox Nanodomains Are 
Induced by and Control Calcium Signaling at the ER-Mitochondrial Interface. Mol. Cell 63, 
240–248 (2016). 

125. Egnatchik, R. A., Leamy, A. K., Jacobson, D. A., Shiota, M. & Young, J. D. ER calcium 
release promotes mitochondrial dysfunction and hepatic cell lipotoxicity in response to 
palmitate overload. Mol. Metab. 3, 544–553 (2014). 

126. Burbulla, L. et al. Dissecting the role of the mitochondrial chaperone mortalin in 
Parkinson’s disease: Functional impact of disease-related variants on mitochondrial 
homeostasis. Hum. Mol. Genet. 19, 4437–4452 (2010). 

127. Yang, H. et al. Mitochondrial dysfunction induced by knockdown of mortalin is rescued by 



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: 205PDF page: 205PDF page: 205PDF page: 205

                                                                                General discussion & main conclusions 

199 
 

Parkin. Biochem. Biophys. Res. Commun. 410, 114–120 (2011). 
128. Park, S. J. et al. Down-regulation of mortalin exacerbates Abeta-mediated mitochondrial 

fragmentation and dysfunction. J. Biol. Chem. 289, 2195–2204 (2014).  
129. Fang, D., Yan, S., Yu, Q., Chen, D. & Yan, S. S. Mfn2 is Required for Mitochondrial 

Development and Synapse Formation in Human Induced Pluripotent Stem Cells/hiPSC 
Derived Cortical Neurons. Sci. Rep. 6, 31462 (2016). 

130. Chen, Y. et al. Mitofusin 2-containing Mitochondrial-Reticular Microdomains Direct Rapid 
Cardiomyocyte Bioenergetic Responses via Inter- Organelle Ca2+ Crosstalk. Circ. Res. 
111, 863–875 (2013). 

131. Nie, Q. et al. Mitofusin 2 deficiency leads to oxidative stress that contributes to insulin 
resistance in rat skeletal muscle cells. Mol. Biol. Rep. 41, 6975–6983 (2014). 

132. Ainbinder, A., Boncompagni, S., Protasi, F. & Dirksen, R. Role of Mitofusin-2 in 
Mitochondrial Localization and Calcium Uptake in Skeletal Muscle. Cell Calcium 57, 14–
24 (2015). 

133. Henke, N. et al. The plasma membrane channel ORAI1 mediates detrimental calcium 
influx caused by endogenous oxidative stress. Cell Death Dis. 4, e470 (2013). 

134. Young, K. W., Garro, M. A., Challiss, R. A. J. & Nahorski, S. R. NMDA-receptor regulation 
of muscarinic-receptor stimulated inositol 1,4,5-trisphosphate production and protein 
kinase C activation in single cerebellar granule neurons. J. Neurochem. 89, 1537–1546 
(2004). 

135. Hartmann, J. et al. STIM1 Controls Neuronal Ca2+ Signaling, mGluR1-Dependent 
Synaptic Transmission, and Cerebellar Motor Behavior. Neuron 82, 635–644 (2014). 

136. Kaja, S. et al. Novel mechanism of increased Ca2+ release following oxidative stress in 
neuronal cells involves type 2 inositol-1,4,5- trisphosphate receptors. Neuroscience 175, 
281–291 (2011). 

137. Honrath, B. et al. SK2 channels regulate mitochondrial respiration and mitochondrial Ca2+ 
uptake. Cell Death Differ. 1–13 (2017). doi:10.1038/cdd.2017.2 

138. Gromer, S., Arscott, L. D., Williams, C. H., Schirmer, R. H. & Becker, K. Human Placenta 
Thioredoxin Reductase: Isolation of the selenoenzyme, steady state kinetics, and 
inhibition by therapeutic gold compounds. J. Biol. Chem. 273, 20096–20101 (1998). 

139. Rigobello, M. P., Scutari, G., Boscolo, R. & Bindoli, A. Induction of mitochondrial 
permeability transition by aurano®n, a Gold(I)-phosphine derivative. Br. J. Pharmacol. 
136, 1162–1168 (2002). 

140. Ejima, K., Nanri, H., Toki, N., Kashimura, M. & Ikeda, M. Localization of thioredoxin 
reductase and thioredoxin in normal human placenta and their protective effect against 
oxidative stress. Placenta 20, 95–101 (1999). 

141. Raturi, A. et al. TMX1 determines cancer cell metabolism as a thiolbased modulator of 
ER-mitochondria Ca2+ flux. J. Cell Biol. 214, 433–444 (2016). 

142. Pelicano, H. et al. Mitochondrial respiration defects in cancer cells cause activation of Akt 
survival pathway through a redox-mediated mechanism. J. Cell Biol. 175, 913–923 (2006). 

143. Ojeda, V. et al. NADPH thioredoxin reductase C and thioredoxins act concertedly in 
seedling development. Plant Physiol. pp.00481.2017 (2017). doi:10.1104/pp.17.00481 

144. Sánchez-Riego, A. M., Mata-Cabana, A., Galmozzi, C. V. & Florencio, F. J. NADPH-
thioredoxin reductase C mediates the response to oxidative stress and thermotolerance in 
the Cyanobacterium Anabaena sp. PCC7120. Front. Microbiol. 7, 1–13 (2016). 

145. Shahpiri, A., Svensson, B. & Finnie, C. The NADPH-Dependent Thioredoxin 
Reductase/Thioredoxin System in Germinating Barley Seeds: Gene Expression, Protein 
Profiles, and Interactions between Isoforms of Thioredoxin h and Thioredoxin Reductase. 
Plant Physiol. 146, 789–799 (2007). 

146. Girault, A. et al. New Alkyl-Lipid Blockers of SK3 Channels Reduce Cancer Cell Migration 
and Occurrence of Metastasis. Curr. Cancer Drug Targets 11, 1111–1125 (2011). 

147. Eftekharpour, E., Holmgren, A. & Juurlink, B. H. J. Thioredoxin reductase and glutathione 
synthesis is upregulated by t-butylhydroquinone in cortical astrocytes but not in cortical 
neurons. Glia 31, 241–248 (2000). 

 
 
 
 
 
 
 
 
 

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: 206PDF page: 206PDF page: 206PDF page: 206

                                                                                General discussion & main conclusions 

200 
 

 
 



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: 207PDF page: 207PDF page: 207PDF page: 207

       
 

 
 

Nederlandse sammenfasseng/ 
Zusammenfassung 
 

Acknowledgements 
 

Curriculum vitae



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: 208PDF page: 208PDF page: 208PDF page: 208

 

202 
 

Nederlandse Sammenfasseng 
In dit proefschrift is de relevantie van calcium-geactiveerde kaliumkanalen met lage 
geleidbaarheid (small conductance calcium-activated potassium channels: SK-
kanalen) en de daarbij behorende calcium signaaltransductie onderzocht met het 
doel om nieuwe therapeutische behandelingen te ontwikkelen voor 
neurodegeneratieve ziekten. De invloed van intracellulaire SK-kanalen op het 
functioneren van mitochondria en de potentiële interacties tussen mitochondria en 
het endoplasmatisch reticulum (ER) zijn door ons geïdentificeerd als nieuwe 
factoren die significant bijdragen aan neuronale celdood. 
 
SK-kanalen: Farmacologie en implicaties voor neuronale ziekten 

Eén van de algemene kenmerken van diverse neurodegeneratieve ziekten 
is een onbalans in ionstromen, en dan vooral een dysregulatie in intracellulair 
calcium. Deze onbalans in ionstromen draagt in belangrijke mate bij aan de 
pathogenese van deze ziekten. Normaal gesproken handhaaft een fijn afgestemd 
netwerk van ionkanalen de balans in iontransport over het plasmamembraan. 
Hierdoor blijft de integriteit van het plasmamembraan gehandhaafd en wordt de 
intracellulaire signaaltransductie zorgvuldig gereguleerd. Een onbalans in het 
iontransport, bijvoorbeeld als gevolg van een toename in intracellulaire kationen, 
leidt tot een verhoogd membraanpotentiaal dat hierdoor minder negatief wordt 
(depolarisatie). Dit leidt tot het openen van spanning-afhankelijke ionkanalen 
(natrium en kalium) en de vorming van een actiepotentiaal. Bij chronische 
verstoring van de ionbalans kan dit uitmonden in een overmatige neuronale 
exciteerbaarheid, wat uiteindelijk kan resulteren in neuronale celdood. Deze 
ionstromen vinden niet alleen plaats aan het plasmamembraan tussen cellen en 
hun omgeving, maar ook tussen intracellulaire organellen zoals mitochondria en 
het ER.  

SK-kanalen, die geactiveerd worden door een toename aan intracellulair 
calcium, kunnen door de uitstroom van kalium te verhogen de membraanpotentiaal 
weer negatiever maken (hyperpolarisatie) waardoor de neuronale exciteerbaarheid 
afneemt. In diverse experimentele modellen van verhoogde exciteerbaarheid van 
neuronen is aangetoond dat farmacologische activatie van SK kanalen zowel in 
vitro als in vivo leidt tot verminderde neuronale celdood. Zo is aangetoond in een in 
vivo model van cerebrale ischemie dat activatie van SK-kanalen de infarctgrootte 
sterk kan verminderen. Naast de kanalen op het plasmamembraan zijn SK-kanalen 
ook op het binnenste membraan van de mitochondria te vinden, hun functie daar is 
echter nog grotendeels onbekend. De ontdekking van SK-kanalen in mitochondria 
heeft een volledig nieuw onderzoeksgebied geopend, aangezien de invloed van 
farmacologische stoffen op intracellulaire SK-kanalen nog niet onderzocht is. In 
hoofdstuk 2 wordt de momenteel beschikbare wetenschappelijke literatuur met 
betrekking tot de expressie, functie en neuroprotectieve eigenschappen van SK-
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kanalen en de desbetreffende SK-kanaalagonisten besproken. Hierbij zijn zowel 
studies over SK-kanalen in het plasmamembraan, het membraan van mitochondria 
als die in het ER beoordeeld en geëvalueerd.  

SK-kanalen in het ER (ER-SK) werken samen met andere ionenkanalen in 
het ER-membraan om de calciumhomeostase te handhaven. Hierdoor wordt de cel 
beschermd tegen ER-stress, een proces dat leidt tot een toename in reactieve 
zuurstofverbindingen, zogenoemde Reactive Oxygen Species (ROS), en caspase-
afhankelijke celdood. SK-kanalen in de mitochondria (mitoSK) reguleren de 
mitochondriale respiratie en verminderen de mitochondriale calciumopname. 
Hierdoor worden de cellen beschermd tegen schade aan de mitochondria en wordt 
glutamaat-geïnduceerde celdood grotendeels voorkomen (zie ook hoofdstuk 4). 
De wisselwerking tussen het ER en de mitochondria met betrekking tot 
calciumoverdracht wordt in toenemende mate gezien als pathogene factor in 
neurodegeneratieve processen. Dit komt omdat de overdracht van calcium tussen 
deze twee organellen invloed heeft op de calciumafhankelijke 
signaaltransductieroutes in mitochondria, die op hun beurt weer invloed hebben op 
energiemetabolisme en -productie. Hieruit is geconcludeerd dat intracellulaire SK-
kanalen in het ER en de mitochondria mogelijk van therapeutische waarde zouden 
kunnen zijn bij de behandeling van neurodegeneratieve ziekten. Dit geldt zowel 
voor de effecten van de SK-kanalen op de afzonderlijke organellen als voor de 
effecten van deze kanalen op de wisselwerking tussen het ER en de mitochondria. 
 
SK3 kanalen worden gereguleerd door miRNA-135a in epilepsie-achtige 
aandoeningen 

De rol van SK-kanalen in het neuronale netwerk is uitvoerig bestudeerd, 
waarbij vastgesteld is dat eiwitexpressie van deze kanalen afneemt wanneer 
neuronen chronisch overgestimuleerd zijn. Overeenkomstig hiermee werd een 
afname in eiwitexpressie van deze kanalen waargenomen in experimentele 
modellen van epilepsie (Temporal lobe Epilepsie: TLE). Epilepsie is een 
neurologische aandoening die wordt gekenmerkt door spontaan en herhaaldelijke 
optreden van (epileptische) aanvallen als gevolg van hypersynchrone ontlading van 
neuronen. Hierdoor wordt de normale hersenfunctie onderbroken en treden er 
klinische symptomen op uiteenlopend van kortstondig verlies van bewustzijn tot 
oncontroleerbare krampaanvallen (bilaterale convulsies). In patiënten met TLE is 
een correlatie aangetoond tussen het aantal hersengebieden dat betrokken is bij 
het ontstaan van de (epileptische) aanval en de duur van de aanval. Echter, de rol 
van SK-kanalen in het ontstaan van epilepsie (epileptogenese) en welke 
signaaltransductieroutes leiden tot een afname in de expressie van deze kanalen is 
tot op heden onbekend. MicroRNAs (miRNA) vervullen een belangrijke rol in de 
post-transcriptionele regulatie van eiwitten in neuronen en diverse miRNAs dragen 
bij aan zowel synaptische plasticiteit als exciteerbaarheid van neuronen. In 
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hoofdstuk 3 is onderzocht welke miRNAs er eventueel betrokken zijn bij de 
regulatie van SK3-kanalen eiwitexpressie. Hiervoor werd gebruik gemaakt van 
gekweekte primaire neuronen, die in een epilepsie-achtige toestand werden 
gebracht door depletie van magnesium of door behandeling met glutamaat. Tevens 
werd gebruikt gemaakt van een in vivo rattenmodel waarbij door stimulatie van de 
zogenoemde “perforant pathway” (PP) epileptogenese (i.e. het ontstaan van 
epilepsie) geactiveerd werd. In beide modellen van epilepsie werd een afname in 
eiwitexpressie van SK3 kanalen waargenomen. Deze bevinding ondersteunt de 
hypothese dat deze kanalen betrokken zijn bij de ontwikkeling van epilepsie. 
Ziekten van de hersenen, waaronder epilepsie, die gepaard gaan met het verlies 
van zenuwcellen vertonen ook vaak schade aan mitochondria. Vervolgens hebben 
wij in ons diermodel onderzocht of de ontwikkeling van epilepsie ook leidt tot 
schade aan de mitochondria. Dit was de verwachting aangezien epilepsie 
geassocieerd is met een lagere eiwitexpressie van SK3-kanalen en SK3-kanalen 
een belangrijke rol spelen bij de mitochondriale respiratie. In dieren waarbij de PP 
gestimuleerd was, werd een verminderde vorming van zogenoemde 
supercomplexen waargenomen worden, duidend op een sterk verminderde functie 
van de respiratiecomplexen. miRNA-135a is een miRNA dat mogelijkerwijs de 
expressie van SK3-kanalen kan beïnvloeden en dat verhoogt tot expressie wordt 
gebracht in patiënten met TLE. Daarom werd in hoofdstuk 3 ook de expressie van 
miRNA-135a geanalyseerd. In de 3’UTR sequentie van het mRNA coderend voor 
SK3-kanalen werden bindingsplaatsen voor miRNA-135a gevonden. Functionele 
experimenten in gekweekte primaire neuronen toonden inderdaad aan dat miRNA-
135a in staat is om de expressie van SK3-kanalen in deze cellen te doen afnemen. 
Samenvattend, de miRNA-135a gemedieerde reductie in expressie van SK3-
kanalen is door ons geïdentificeerd als een nieuwe post-transcriptioneel 
mechanisme waardoor SK3 kanalen gereguleerd wordt en dit zou erg relevant 
kunnen zijn voor de ontwikkeling van nieuwe therapieën voor de behandeling van 
epilepsiepatiënten.  
 
SK2 kanalen zijn betrokken bij mitochondriale respiratie en Ca2+ opname door 
mitochondria 

Om beter inzicht te krijgen in de moleculaire mechanismen betrokken bij 
SK2-kanaal-gemedieerde bescherming van neuronen werd in hoofdstuk 4 
onderzocht of mitochondriale SK2-kanalen (mitoSK2) bijdragen aan het overleven 
van cellen in reactie op glutamaat-geïnduceerde oxidatieve stress en dysfunctie 
van mitochondria (oxytosis). Om deze vraagstelling te beantwoorden werd er 
gebruik gemaakt van geïmmortaliseerde neuronale HT22 cellen die geen SK3-
kanalen tot expressie brengen. Door toediening van de farmacologische SK2/3 
kanaal activator CyPPA tijdens de glutamaat behandeling konden de specifieke 
effecten van SK2-kanalen onderzocht worden. Verder is de functie van SK2 
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kanalen onderzocht door de expressie van deze kanalen kunstmatig te verhogen 
door HT22-cellen te transfecteren met constructen die coderen voor wildtype 
(wtSK2) of mitochondria-specifieke SK2-kanalen (mitoSK2). Nadat schade aan de 
cellen was geïnduceerd door glutamaat, werd zowel de levensvatbaarheid van de 
cellen als de functie van de mitochondria bestudeerd. Meer cellen overleefden de 
behandeling met glutamaat en CyPPA als ze met mitoSK2 getransfecteerd waren 
in vergelijking met cellen die met wtSK2 getransfecteerd waren. Om de invloed van 
mitoSK2 kanalen op de functie van mitochondria verder te onderzoeken werden 
meer parameters, die door glutamaat behandeling beïnvloedt worden, 
geanalyseerd. Als eerste toonden we aan dat de farmacologische agonist CyPPA 
de mitochondriale respiratie vermindert. Dit effect trad alleen in versterkte mate op 
in mitoSK2 getransfecteerde cellen, en niet in wtSK2 getransfecteerde cellen. Deze 
toename in effect door overexpressie van mitoSK2 tijdens glutamaat en CyPPA 
stimulatie werd ook waargenomen bij de analyse van de mitochondriale 
membraanpotentiaal, de hoeveelheid mitochondriale superoxiden en bij de analyse 
van de calciumopname door mitochondria. Door middel van het meten van het 
calciumbindend eiwit Aequorin kan de calciumopname door de mitochondria in 
real-time geanalyseerd worden. Deze analyse liet zien dat zowel ATP- als 
carbachol-geïnduceerde calciumopname in de mitochondria sterk verminderd werd 
door toevoeging van CyPPA. Soortgelijke effecten werden waargenomen in 
primaire neuronen. Hierin leidde remming van de SK-kanalen tot een versterkte 
toename in de glutamaat-geïnduceerde calciumopname door mitochondria. De 
verkregen resultaten impliceren dat CyPPA-gemedieerde bescherming tegen 
glutamaat intoxicatie in belangrijke mate afhankelijk is van mitoSK2-kanalen, 
doordat deze kanalen de mitochondriale respiratie en de absorptie van calcium 
door de mitochondria verminderen.  
 
Het glucose-gereguleerde eiwit 75 (GRP75) beïnvloedt de koppeling tussen 
het ER en de mitochondria en bepaalt de gevoeligheid van cellen voor 
oxidatieve stress 

De wisselwerking tussen het ER en de mitochondria bij de overdracht van 
calcium is van cruciaal belang voor cellen om te overleven. Om beter te begrijpen 
of deze interactie ook relevant is voor oxidatieve celdood, werd in hoofdstuk 5, 
met behulp van het reeds genoemde glutamaat model, onderzocht wat het effect is 
van veranderingen in de koppeling tussen het ER en de mitochondria. In HT22 
cellen werd de ER-mitochondria interactie onderzocht door de expressie van het 
eiwit GRP75, dat de fysieke interactie tussen beide organellen verzorgt, te verlagen 
door middel van een specifiek siRNA of CRISPR-Cas9 gemedieerde knock-out, of 
door het eiwit direct te remmen met behulp van een farmacologische inhibitor. 
Vervolgens werden de cellen behandeld met glutamaat om oxidatieve celdood 
(oxytosis) te induceren. Het verminderen van de expressie of de functie van 
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GRP75 resulteerde in een vermindering van het aantal contactpunten tussen het 
ER en de mitochondria en beschermde de cellen tegen glutamaat. Verder werd 
aangetoond dat niet alleen de cellen beschermd waren tegen celdood, maar dat 
vooral de mitochondria beschermd werden en dat die hun functie volledig 
behielden. Ook werd waargenomen dat een vermindering in expressie en/of functie 
van GPR75 de fysiologische calciumhomeostase en het redoxevenwicht in de 
cellen herstelde. In overeenstemming met deze resultaten konden wij aantonen dat 
HT22 cellen gevoeliger waren voor glutamaat wanneer GRP75 door middel van 
een plasmide tot overexpressie werd gebracht in deze cellen. Uit deze studie blijkt 
dat de interactie tussen ER en mitochondria van cruciaal belang is voor de mate 
waarin mitochondriën mogelijk beschadigd raken en hoe ernstig de glutamaat-
geïnduceerde celdood is. 
 
SK-kanalen hebben verschillende effecten op neurotoxiciteit in cellen met 
verhoogde ER-mitochondria koppeling 

De bevinding dat ER-mitochondria koppeling toeneemt bij oxytosis vormt 
de basis voor de studie beschreven in hoofdstuk 6, waarbij onderzocht werd wat 
de rol van SK-kanalen is bij de interactie tussen het ER en de mitochondria. Om dit 
te kunnen bestuderen werd er gebruik gemaakt van fluorescerende bifunctionele 
linkers die dimeriseren onder invloed van rapamycine en zodoende zorgt voor een 
stabiele koppeling tussen het ER en de mitochondria. De glutamaat-geïnduceerde 
celdood van HT22 cellen werd versterkt door de rapamycine-gemedieerde 
dimerisatie van de linkers. Gelijksoortige effecten werden waargenomen bij de 
experimenten met auranofine, een thioredoxin reductase remmer die de 
membraanpotentiaal van mitochondria verlaagt en een snelle calcium-afhankelijke 
celdood induceert. Bovendien kon worden aangetoond dat een toename in de 
koppeling tussen het ER en de mitochondria de mitochondriale functie deed 
afnemen. In de mitochondria werd een verstoorde basale respiratie, maximale 
respiratiecapaciteit en energieproductie waargenomen, terwijl de calciumopname 
door de mitochondria was toegenomen. Chronische stimulatie van HT22 cellen met 
enkel CyPPA leidde, onafhankelijk van de ER-mitochondria koppeling, tot een 
geringe toename in mitochondriale superoxide productie en een lichte depolarisatie 
van het membraan van de mitochondria. Dit effect van CyPPA op de mitochondria 
resulteerde, ondanks dat er verhoogde ER-mitochondria koppeling optrad, tot 
neuroprotectie tegen glutamaat-geïnduceerde schade. Er werd echter geen 
neuroprotectie tegen auranofine-geïnduceerde celdood waargenomen. Deze 
resultaten suggereren dat juist het licht giftige effect van CyPPA onder basale 
condities verantwoordelijk kan zijn voor de potentiëring van auranofine-
geïnduceerde oxidatieve stress en een toegenomen celdood. 
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 Samenvattend, de bevindingen beschreven in dit proefschrift geven inzicht 
in de rol van zowel de mitochondriale SK-kanalen als de calcium-afhankelijke 
wisselwerking tussen ER en mitochondria in de pathogenese van 
neurodegeneratieve ziekten, die gekarakteriseerd worden door oxidatieve stress en 
beschadiging van de mitochondria. We hebben waardevolle mechanistische 
informatie verkregen over hoe farmacologische activatie van SK-kanalen in 
mitochondria leidt tot neuroprotectie. De regulatie van de calcium-opname en de 
mitochondriale respiratie spelen een belangrijke rol in dit neuroprotectieve effect. 
Mogelijk dragen de afwijkende vorming van superoxiden en het depolariseren van 
het membraan hier ook aan bij. Onze resultaten geven waardevolle informatie over 
mitochondriale SK-kanalen, alsmede over de relevantie van calciumsignalen over 
de ER-mitochondria interface. Dit stelt ons in staat om het belang van deze 
factoren voor hersenfunctie en aandoeningen aan de hersenen beter begrijpen. 
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Zusammenfassung 
Gegenstand der vorliegenden Arbeit waren Untersuchungen zur Relevanz von 
Kalzium-abhängigen Kaliumkanälen mit geringer Leitfähigkeit (small conductance 
calcium-activated potassium channel; SK Kanäle) und Kalzium-abhängigen 
Signalwegen in Abhängigkeit von deren intrazellulärer Lokalisation bei 
neurodegenerativen Prozessen. Als neue Faktoren, die maßgeblich zum 
programmierten Zelltod in Neuronen beitragen, wurden der Einfluss von 
intrazellulär-exprimierten SK Kanälen auf die Mitochondrienfunktion und die 
potentiellen Wechselwirkungen zwischen Mitochondrien und dem 
endoplasmatischen Retikulum identifiziert. Diese Erkenntnisse präsentieren SK 
Kanäle als vielversprechende Angriffspunkte für protektive Strategien zur 
therapeutischen Intervention bei neurodegenerativen Erkrankungen. 
 
SK Kanäle: Pharmakologie & Implikationen bei neuronalen Erkrankungen. 
Der fortschreitende und irreversible Verlust von funktionellen Neuronen ist ein 
wesentliches Merkmal bei neurodegenerativen Erkrankungen, wie Morbus 
Alzheimer, Amyotroper Lateralsklerose und Morbus Parkinson. Trotz einer ganz 
unterschiedlichen Pathogenese, liegt diesen Erkrankungen der programmierte 
Zelltod zugrunde, wie etwa durch ein Ungleichgewicht an Ionenströmen, 
insbesondere der Entgleisung der intrazellulären Kalziumkonzentration. Unter 
physiologischen Bedingung hält ein fein reguliertes Netzwerk verschiedener 
Ionenkanäle den Ionenhaushalt normalerweise im Gleichgewicht, und trägt so zur 
Integrität und Funktion der Plasmamembran bei. Ändert sich nun unter 
pathologischen Bedingungen die intrazelluläre Kalziumkonzentration, verändert 
dies die Ladungsverteilung an der Plasmamembran und bewirkt möglicherweise 
eine Änderung des Membranpotentials bis hin zur Depolarisierung. Dies führt zur 
Öffnung spannungsabhängiger Natrium – und Kaliumkanäle und der Entstehung 
eines Aktionspotentials. Liegt eine chronische Störung des Ionenhaushaltes vor, 
kann dies zur dauerhaften und schädlichen Übererregung der Neurone führen, was 
schließlich zum Untergang der Zellen führt. Der Ionenfluss und die fein gesteuerte 
Regulation der Ionenhomöostase findet aber nicht nur zwischen der Zelle und ihrer 
Umgebung statt, sondern auch im Inneren der Zelle, wie etwa zwischen 
Mitochondrien und dem endoplasmatischen Retikulum (ER). 
SK Kanäle, die durch Änderung der intrazellulären Kalziumkonzentration aktiviert 
werden, können die neuronale Erregbarkeit senken, indem sie den Ausstrom von 
Kalium erhöhen und das Membranpotential in einer Phase der 
Nachhyperpolarisierung weiter absenken. Aktiviert man SK Kanäle durch 
pharmakologische Substanzen, so kann man die Übererregung der Neurone und 
den damit verbundenen neuronalen Zelltod verhindern (“Neuroprotektion”). Dies 
konnte bereits in einem in vitro Modell der Glutamat-induzierten Hyperaktivierung in 
kultivierten Neuronen gezeigt werden. Darüber hinaus reduzierte die Anwendung 
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eines SK Kanal Aktivators im Tiermodell auch die Infarktgröße nach einer 
zerebralen Ischämie in vivo. Über die bekannte Expression der SK Kanäle an der 
Plasmamembran hinaus, wurden diese Kanäle kürzlich auch erstmals an der 
inneren Membran der Mitochondrien von Neuronen beschrieben, wo ihre Funktion 
bislang noch weitestgehend unbekannt ist. Diese Entdeckung eröffnete ein völlig 
neues Forschungsfeld, denn der Einfluss der pharmakologischen Substanzen auf 
die intrazellulären SK Kanäle wurde bislang nicht erforscht. Das Kapitel 2 fasst die 
aktuelle Literatur zu SK Kanälen hinsichtlich ihrer Expression, Funktion und 
neuroprotektiver Eigenschaften pharmakologischer SK Kanal Agonisten 
zusammen. Hierbei wurden sowohl Studien über SK Kanäle an der 
Plasmamembran als auch solche an der inneren Mitochondrienmembran und am 
ER zusammengetragen und bewertet. 
Am ER interagieren SK Kanäle mit anderen Ionenkanälen der ER Membran, und 
tragen somit zur Regulation der intrazellulären Kalziumhaushaltes bei. Diese 
Funktion der SK Kanäle am ER trägt maßgeblich zum Schutz gegen ER Stress bei, 
der durch vermehrte Bildung löslicher reaktiver Sauerstoffspezies (reactive oxygen 
species, ROS) und Caspase-abhängigen Zelltod gekennzeichnet ist. SK Kanäle an 
den Mitochondrien regulieren dort lokal die Mitochondrien-Atmung und verhindern 
daher eine tödliche Überladung der Organellen mit Kalzium, wodurch letztlich auch 
Zellen vor einer Schädigung bewahrt werden und beispielsweise gegen Glutamat-
induzierten Zelltod verhindern (siehe Kapitel 4). Der Kalziumtransfer zwischen ER 
und Mitochondrien wird zunehmend als pathogener Faktor in neurodegenerativen 
Prozessen wahrgenommen, denn der Ionentransfer zwischen den Organellen 
beeinflusst auch Kalzium-abhängige Signalwege innerhalb der Mitochondrien, die 
wiederum den Energiestoffwechsel und die Energiegewinnung steuern.  
Daraus lässt sich schließen, dass sowohl intrazellulär-exprimierte SK Kanäle, 
deren Einfluss auf die Funktion von ER und Mitochondrien, als auch die 
Wechselwirkung zwischen diesen beiden Organellen einen möglichen neuen 
Ansatz in der Therapie von neurodegenerativen Erkrankungen darstellt.  
 
MiRNA-135a reguliert die Expression von SK3 Kanälen unter epilepsie-ähnlichen 
Bedingungen. 
Die Rolle von SK Kanälen im neuronalen Netzwerk ist vielfach untersucht worden, 
wobei festgestellt wurde, dass die Expression dieser Kanäle signifikant reduziert 
wird, wenn Neurone dauerhaft erregt werden. Dieser Effekt wurde auch in 
experimentellen Modellen und Hirngewebe von Patienten mit 
Temporallappenepilepsie (temporal lobe epilepsy; TLE) bestätigt. Epilepsie ist eine 
neurologische Erkrankung, die sich durch spontane, wiederkehrende und 
hypersynchrone Entladungen von Neuronen auszeichnet und durch diese 
Übererregung zu ausgeprägten Hirnläsionen führt. Die Hirnfunktion wird dadurch 
stark eingeschränkt, und TLE Patienten leiden unter zunehmend unkontrollierbaren 
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Krampfanfällen. Man hat weiterhin festgestellt, dass die Anzahl der Läsionen mit 
der Dauer der Krämpfe korreliert. Wie genau die Regulation von SK Kanälen nun 
an der Entstehung von TLE (Epileptogenese) beteiligt sind, und welche Signalwege 
zur Reduktion der SK Kanal Proteine führen ist bislang nicht erforscht. Ein 
potentieller Signalweg, der involviert sein könnte, ist die post-transkriptionelle 
Regulation der Kanalexpression durch sogenannte mikroRNAs (miRNA), denn 
einigen miRNAs wurde eine Funktion in der synaptischen Plastizität und 
neuronalen Erregbarkeit zugeschrieben. In Kapitel 3 wurde aufgezeichnet, welche 
miRNAs potentiell in der Regulation der SK3 Kanal Proteinlevel involviert sind. 
Dazu wurden kultivierte Primärneurone durch Magnesiumdepletion oder 
Glutamatbehandlung in einen dauerhaft erregten Zustand versetzt, sowie in einem 
Tiermodell der Epilepsie in Ratten der “perforant pathway” (PP) stimuliert, um die 
Epileptogenese auch in vivo zu untersuchen. Die Befunde dieser Untersuchungen 
zeigten, dass in beiden Modellen eine verminderte Expression von SK3 Kanälen 
vorlag. Dies stützt die Hypothese, dass die Regulation dieser Kanäle an der 
Entstehung der Epilepsie beteiligt sind. Erkrankungen des Gehirns, einschlieβlich 
der Epilepsie, die mit einem Untergang von Nervenzellen einhergehen zeigen 
häufig auch Schädigungen der Mitochondrien in den betroffenen Hirnregionen. 
Folglich wurde im Tiermodell untersucht, ob die Epileptogenese im verwendeten 
Tiermodell, die mit einer Reduktion von SK3 Proteinexpression assoziiert ist, auch 
zur Schädigung der Mitochondrien führt. Ein besonderer Fokus lag dabei auf der 
Charakterisierung der Komplexe der mitochondrialen Atmungskette, denn SK 
Kanäle sind an der Regulation der mitochondrialen Atmung beteiligt. Tatsächlich 
konnte in den Tieren, bei denen zuvor Epilepsie induziert wurde, eine vermindete 
Bildung von Superkomplexen nachgewiesen werden, was auf eine verminderte 
Funktionsstärke der Atmungskomplexe hinweist. Hinsichtlich der Proteinspiegel 
von SK3 Kanälen wurde miRNA-135a als potentielle SK3-regulierende miRNA 
analysiert, deren Expression in vorangegangen Studien auch in TLE Patienten als 
erhöht gefunden wurde. In dieser Studie wurden Bindestellen  für  die miRNA-135a 
in der Sequenz der 3’UTR der SK3-mRNA nachgewiesen, und weitere funktionelle 
Analysen in kultivierten Primärneuronen haben bestätigt, dass miRNA-135a die 
Proteinspiegel von SK3 Kanälen reduzieren kann.  
Zusammenfassend, konnte die miRNA-135a-vermittelte Reduktion von SK3 
Kanälen als neuer regulatorischer Signalweg identifiziert werden, der auch für die 
Entwicklung neuer Therapieansätze bei Epilepsiepatienten relevant sein kann. 
 
SK2 Kanäle regulieren die mitochondriale Atmung und die Aufnahme von 
mitochondrialem Kalzium. 
Um die neuroprotektiven Mechanismen von intrazellulIären SK Kanälen, besser zu 
verstehen, wurde in Kapitel 4 der Einfluss von mitochondrialen SK2 Kanälen 
(mitoSK2) in einem Modell des Glutamat-induzierten Zelltods herausgearbeitet. Im 
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verwendeten Modellsystem der neuronalen HT22 Zelllinie, induziert Glutamat 
oxidativen Stress und in Folge eine Schädigung der Mitochondrien, die schließlich 
zum Zelltod führt.  
Die immortalisierten neuronalen HT22 Zellen ermöglichen die gezielte 
Untersuchung von SK2 Kanälen, da diese Zellen keine Expression der SK3 Kanal 
Isoform aufweisen. Durch Zugabe des pharmakologischen SK2/3 Kanal Aktivators 
CyPPA während der Glutamatschädigung behandelt, konnten somit die 
spezifischen Effekte von SK2 Kanälen untersucht werden. Weiterhin wurden HT22 
Zellen mit Wildtyp (wtSK2) oder Mitochondrien-gerichteten (mitoSK2) SK2 Kanälen 
transfiziert, um die Expression dieser Kanäle zu erhöhen. Nach der Schädigung 
durch Glutamat wurde die Zellviabilität und die Funktionsfähigkeit der 
Mitochondrien evaluiert. Die Ergebnisse zeigten, dass eine Anreicherung von 
mitoSK2 im Vergleich zu wtSK2 Kanälen das Überleben der Zellen nach 
Schädigung und CyPPA Behandlung erheblich verbesserte. Um den Einfluss von 
mitoSK2 Kanälen auf die Funktion der Mitochondrien genauer zu untersuchen, 
wurden weitere Parameter analysiert, die von der Glutamatschädigung betroffen 
sind. Erstmalig konnte gezeigt werden, dass der pharmakologische Agonist CyPPA 
die mitochondriale Atmung reduzierte und, dass dieser Effekt nur durch die 
Anreicherung von mitoSK2 Kanälen verstärkt wurde, nicht aber durch den wtSK2 
Kanal. Diese Effektverstärkung infolge von mitoSK2 Überexpression konnte in der 
Analyse des mitochondrialen Membranpotentials, der mitochondrialen Superoxide 
und der mitochondrialen Kalziumaufnahme nach Stimulation mit Glutamat und 
CyPPA bestätigt werden. Die Aufnahme von Kalzium in die Mitochondrien wurde 
daraufhin durch lumineszenz-basierte Aequorinmessungen in Echtzeit angeschaut 
und es stellte sich heraus, dass CyPPA eine durch ATP oder Carbachol-induzierte 
Kalziumaufnahme in die Mitochondrien stark reduzierte. In Primärneuronen nach 
Stimulation mit Glutamat nachweisen konnten ähnliche Effekte bewiesen werden, 
wobei eine Inhibition der Kanäle den Kalziumeinstrom in die Mitochondrien erhöhte.  
Diese Ergebnisse deuten darauf hin, dass mitoSK2 Kanäle maβgeblich zur CyPPA-
vermittelten Protektion gegen Glutamattoxizität beitragen, indem sie die 
mitochondriale Atmung reduzieren und die Aufnahme von Kalzium in die 
Mitochondrien verringern. 
 
Das Glukose-regulierte Protein 75 (GRP75) beeinflusst die Kopplung zwischen ER 
und Mitochondrien und bestimmt die Sensitivität der Zellen gegenüber oxidativem 
Stress. 
Das Zusammenspiel zwischen ER und Mitochondrien im Transfer von Kalzium 
kann für das Überleben oder Sterben von Zellen entscheidend sein. Um zu 
verstehen, ob diese Wechselwirkung für den oxidativen Zelltod relevant ist, wurde 
in Kapitel 5 im Glutamatmodell untersucht, welche Auswirkungen eine veränderte 
Kopplung zwischen ER und Mitochondrien hat. Hierzu wurde in HT22 Zellen mittels 
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genetischer Verminderung und/oder Depletion des Glukose-regulierten Proteins 75 
(GRP75) die physische Bindung zwischen den Organellen vermindert, und 
anschließend die Zellen mit Glutamat geschädigt, um den oxidativen Zelltod 
(Oxytose) einzuleiten. Eine Verringerung der Expression von GRP75, ebenso wie 
die Blockade durch einen pharmakologischen Inhibitor, reduzierte die Anzahl an 
Kontaktpunkten zwischen dem ER und Mitochondrien und schützte die Zellen vor 
Glutamat-induziertem Zelltod. Weiterhin wurde gezeigt, dass nicht nur der Zelltod 
verhindert wird, sondern insbesondere die Mitochondrien in der Zelle geschützt 
wurden und ihre Funktion vollständig erhalten blieb. Außerdem wurde beobachtet, 
dass eine Reduktion von GRP75 den physiologischen Kalziumaushalt und das 
Redoxgleichgewicht der Zellen wieder herstellte. Passend zu diesen Ergebnissen 
reagierten HT22 Zellen sensitiver auf Glutamat, wenn GRP75 durch Plasmid-
vermittelte Überexpression in den Zellen angereichert wurde.  
In dieser Studie wurde als herausgestellt, dass die Wechselwirkung zwischen ER 
und Mitochondrien entscheidend dafür ist, wie stark die Mitochondrien geschädigt 
werden und wie gravierend der glutamat-induzierte Zelltod ist. 
 
SK Kanäle haben unterschiedliche Auswirkungen unter Neurotoxizität in Zellen mit 
erhöhter ER-mitochondrialer Wechselwirkung.  
Basierend auf diesen Ergebnissen, wurde in Kapitel 6 erarbeitet, welche Rolle SK 
Kanäle an der Schnittstelle von ER und Mitochondrien spielen. Dazu wurden 
fluoreszierende, bifunktionale Linker verwendet, die nach Zugabe des Induktors 
Rapamycin dimerisieren und damit eine stabile Plattform für ER-Mitochondrien 
Wechselwirkungen darstellen. Nach Einleitung der Dimerisierung der Linker durch 
Rapamycin wird die toxische Wirkung von Glutamat auf den Zelltod verstärkt. 
Zusätzlich wurde das Goldderivat Auranofin in die Studie aufgenommen, was zur 
Verringerung des mitochondrialen Membranpotentials führt und einen kalzium-
abhängigen Zelltod einleitet und eine ähnliche Verstärkung der Toxizität 
beobachten können. Außerdem wurde bewiesen, dass ein Anstieg der ER-
Mitochondrien Interaktion die Funktionsfähigkeit der Mitochondrien einschränkte, 
da unter diesen Bedingungen die basale Atmung, die Energieproduktion und die 
maximale Atmungskapazität der Mitochondrien beeinträchtigt waren, während die 
Aufnahme von Kalzium in die Mitochondrien gesteigert war. Die chronische 
Behandlung der HT22 Zellen mit dem SK Kanal Aktivator CyPPA selbst führte, 
unabhängig von ER-Mitochondrien Kopplung, zu einem leichten Anstieg der 
mitochondrialen Superoxide und einer leichten Depolarisierung der 
Mitochondrienmembran. Dieser Effekt von CyPPA auf die Mitochondrien leitete 
zwar trotz erhöhter ER-Mitochondrien Kopplung eine Neuroprotektion gegen 
Glutamatschädigung ein, jedoch konnte keinerlei Neuroprotektion gegen Auranofin-
induzierten Zelltod beobachtet werden.  
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Aus diesen Daten lässt sich schlussfolgern, dass genau dieser leicht toxische 
Effekt von CyPPA unter basalen Bedingungen dafür verantwortlich sein könnte, 
dass die von Auranofin ausgehende Toxizität unter CyPPA Behandlung potenziert 
wurde. 
 
Zusammengefasst, zeigt die vorliegende Arbeit auf, welche Rolle mitochondriale 
SK Kanäle und kalzium-bedingte Wechselwirkungen zwischen dem ER und 
Mitochondrien in der irreversiblen Schädigung und dem Verlust von Neuronen 
spielen. Dies gilt besonders für die Pathogenese neurodegenerativer 
Erkrankungen, die sich speziell durch oxidativen Stress und eine Schädigung der 
Mitochondrien auszeichnen. Es konnten neue mechanistische Details aufgedeckt 
werden, welche die Neuroprotektion durch den SK Kanal Agonisten CyPPA an den 
Mitochondrien vermitteln. Diese schließen eine Regulation der Kalziumaufnahme 
und der mitochondrialen Atmung, sowie eine potentielle Rolle von Superoxiden und 
Depolarisierung der mitochondrialen Membran als Teil des neuroprotektiven 
Mechanismus von CyPPA ein. Diese Ergebnisse liefern somit neue, wertvolle 
Informationen, die dazu beitragen, die Relevanz der ER-Mitochondrien Kopplung 
und die Bedeutung der SK Kanäle für den Erhalt der mitochondrialen Integrität und 
Funktion, das Überleben der Neurone und damit letztendlich der Hirnfunktion 
besser zu verstehen. 
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designing my thesis cover. You are a very down-to-earth person who is an 
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Thanks also to you, Hoeke. You supported me a lot with “Western blöd”, and you 
were always available for questions irrespective of the topic. Thanks also for 
preparing the translation of my dutch summary. It is really a pity that you could not 
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Further, I would like to thank John-Poul and Pavan who had been available at any 
time for questions and advice on any subject. Sharing your knowledge and 
experience is valuable for all of us.  
 
In addition, I would like to thank Sarah. We only met in August when our 
collaboration started but you showed me everything I needed to know for the 
FACS, helped me tremendously to set up all the experimental details and spend 
many hours to help me with data analysis. I really appreciate it, and I hope 
everything will go well for you in Belgium. 
 
Carolina, Sophie, Annet and Susan, I would like to say thanks to you. You were 
available for questions and offering their help on protocols, substances and 
organizing things in the lab at any time. It is good to have such experienced people 
in the lab who can share their expertise and give advice. 
 
Janneke, thank you for offering help on administrative things, sending packages 
and organizing reimbursements. 
 
Philipps-Universität Marburg 
Mein Dank gilt natürlich auch dem gesamten Institut für Pharmakologie und 
Klinische Pharmazie in Marburg mit den Arbeitsgruppen um Prof. Bünemann, Prof. 
Kockskämper, Prof. Nieweg und Prof. Culmsee.  
 
Insbesondere möchte ich mich bei der gesamten Arbeitsgruppe von Prof. Culmsee 
bedanken. Ich bin sehr froh, dass wir nicht nur bei der Arbeit, sondern auch privat 
viel unternommen haben. Der Kurztrip zum Skifahren nach Österreich und das 
legendäre Oktoberfestwochenende werden mir sicher noch lange in Erinnerung 
bleiben. Man konnte sich immer auf den anderen verlassen, und Höhen und 
Tiefpunkte gemeinsam überstehen. Ich bin für eure Unterstützung sehr dankbar. 
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Ein großes Dankeschön geht hier auch vor allem an dich, Anja. Du hast damals 
kurz nach mir angefangen und wir haben uns schnell angefreundet. Du warst 
immer für mich da, hast mich unterstützt, meine Tränen getrocknet, wenn es 
gerade nicht so gut lief, mich aufgemuntert, mir geholfen und mich auch mal in die 
Schranken gewiesen, wenn es nötig war. Ohne dich wäre der Start in Marburg 
sicher deutlich schwieriger geworden! Wir haben viel unternommen und zusammen 
erlebt, und du hast mich durch alle Höhen und Tiefen begleitet, beruflich und auch 
privat. Du hattest immer ein offenes Ohr (auch jetzt natürlich noch) und ich finde 
einfach, dass du ein großartiger Mensch bist! Du hast eine wahnsinns Entwicklung 
hingelegt in den letzten 3.5 Jahren und man sieht, dass du einfach jede noch so 
große Herausforderung mit Bravur meisterst. Trotz Stress und viel Arbeit, hast du 
immer ein Lächeln drauf und bist für einen guten Spruch zu haben. Das schätze ich 
sehr an dir, und ich hoffe, dass du diese Eigenschaften immer beibehältst. 
 
Genauso möchte ich euch danken, Ina und Lena. Ihr wart immer hilfsbereit und als 
Ansprechpartner verfügbar. Es ist beeindruckend zu sehen, wie ihr alle 
Herausforderungen und Projekte meistert.  
 
Auch wenn wir, Malena, nicht mehr so viel Zeit im Labor zusammen verbracht 
haben, hattest du trotzdem immer ein offenes Ohr für mich und ich fand es echt 
großartig, dass du mit nach München zum Oktoberfest gekommen bist.  
 
Ich möchte mich auch bei dir für deine Unterstützung bedanken, Susanne. Egal 
was gerade ansteht an Organisation der Lehre oder die lange Liste an 
Experimenten im Labor, du lässt dich durch nichts aus der Ruhe bringen und 
bleibst immer positiv, egal wie viele Rückschläge du hinnehmen musst. 
 
Auch dir, Julia, möchte ich danken. Obwohl du thematisch etwas völlig anderes 
gemacht hast als wir, hast du immer versucht bei Problemen im Labor und auch 
privat weiterzuhelfen und hattest immer ein offenes Ohr. Ich bewundere sehr, wie 
du die ganze Organisation der Lehre und den Berg an Literatur für deine 
Doktorarbeit unter einen Hut bringst und bewältigst. 
 
Außerdem möchte ich mich bei Sandra bedanken, die immer für Fragen zur 
Verfügung stand und jederzeit ihre Hilfe angeboten hat. Auch dir, Goutham, 
möchte ich Danke sagen. Du hast mir vor allem in der Anfangsphase meiner 
Doktorarbeit mit vielen Ratschlägen und Tipps weitergeholfen, und durch die 
gemeinsame Arbeit mit Amalia und Lena die Weichen für unser MitoSK2 Projekt 
gestellt.  
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Ich möchte mich auch bei Lina und Niels bedanken. Eure Unterstützung im 
MitoSK2 Projekt war essentiell um das Projekt so zu veröffentlichen, wie es am 
Ende geworden ist. Für eure Hilfe mit den Experimenten, vor allem der 
Elektrophysiologie, die nicht ganz selbstlaufend war, und die Ratschläge zum 
Manuskript bin ich sehr dankbar.  
 
Ein ganz großes Dankeschön geht auch an dich, Cornelius. Ich kann gar nicht oft 
genug sagen, wie wichtig du für uns alle bist. Deine Tür steht immer offen, und egal 
aus welcher Arbeitsgruppe wir sind, du versuchst immer zu helfen und nimmst dir 
die Zeit dafür. Deine Hilfe am FRET war unerlässlich, und ohne deine 
aufmunternden Worte und neue Ideen zur Umsetzung wären die Messungen sicher 
nicht möglich gewesen. Hierbei möchte ich meinen Dank auch noch an Olga 
richten, die genauso immer für Fragen zur Verfügung stand. 
 
Zu guter Letzt, möchte ich mich bei den guten Seelen im Labor bedanken. 
Katharina, du bist nicht nur Herr(in) der Zellkultur, sondern auch ständiger 
Ansprechpartner für jede Art von Fragen. Du lässt dich durch nichts aus der Ruhe 
bringen und verfolgst klare Regeln, die du auch sehr gut durchzusetzen weißt. Du 
bietest immer deine Hilfe an, wenn es brennt und bist dir für keine Arbeit zu 
schade. Ich bin dir für deine Unterstützung sehr dankbar.  
 
Susen, wenn ich nicht wüsste, dass du Hessin bist, würde ich mit Fug und Recht 
sagen, dass deine „rheinische“ Frohnatur uns alle ansteckt – so ist es dann doch 
die „hessische“ Frohnatur. Deine gute Laune und deine Sprüche haben mich immer 
aufgeheitert, und du hattest immer einen Rat zur Hand, wenn es mal nicht so gut 
lief.  
 
Ein besonderer Dank gilt vor allem dir, Emma. Du bist nicht nur Mittelsfrau 
zwischen uns und dem Chef, sondern auch die erste Anlaufstelle bei Kummer und 
Sorgen. Du versuchst immer zu helfen, auch wenn es nur durch zuhören ist oder 
die Themen schwierig anzusprechen sind. Du nimmst dir Zeit zum Korrekturlesen 
unserer Manuskripte, zur Organisation der Ausflüge und Feiern, für die Studenten, 
Mitarbeiter und Chefs - einfach für jeden, der Hilfe braucht. Ich finde das sehr 
beeindruckend, und bin dir extrem dankbar dafür, dass du immer versucht hast mir 
bei meinen Problemen zu helfen. Du bist eine ganz wichtige Konstante, auf die 
man sich immer verlassen kann. 
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Familie und Freunde 
Neben den Kollegen, geht ein ganz großes Dankeschön natürlich auch an Freunde 
und Familie. 
 
Vanessa, du hast mir den Start in Groningen echt sehr erleichtert. Ich war extrem 
froh, als du mir die Zusage für mein Zimmer letztes Jahr gegeben hast, und ich 
hatte von Anfang an das Gefühl, dass es eine tolle Zeit wird. Deine aufmunternden 
Worte haben mich jedes Mal aufgebaut, wenn ich gestresst oder genervt nach 
Hause kam. Vor allem in der Zeit, wo ich zu Hause an meiner Doktorarbeit 
geschrieben hab, hast du mich immer neu motiviert, wenn ich gerade mal einen 
Durchhänger hatte. Unsere Wochenend-Fisch-Tradition und die Zucchini-Nudel-
Bolognese werden mich immer an dich erinnern.  
 
Wir beide, liebe Lara, kennen uns jetzt auch schon fast 10 Jahre und du warst mir 
immer eine große Stütze. Wir haben zusammen in Rheinbach studiert, sind für 1 
Jahr nach Schottland gegangen und danach zum Master nach Marburg gezogen. 
Unsere Idee schon damals in Bonn mit dem Hockey anzufangen, hast du in 
Marburg umgesetzt und mich mit ins Boot geholt. Ich brauche dir ja nicht sagen, 
wie glücklich ich darüber bin, dass ich mitgegangen bin. Egal ob privat oder 
beruflich, ich konnte mich in der ganzen Zeit, die wir uns kennen immer auf dich 
und deinen Rat verlassen und unser Motto „Aufstehen, Krone richten, weiter 
machen“ bringt mir immer wieder neue Motivation.  
 
Außerdem möchte ich mich auch bei euch Meike, Sylle, Feli und Jojo bedanken. 
Wir kennen uns jetzt schon fast 20 Jahre und haben in den ganzen Jahren einiges 
zusammen erlebt. Obwohl ich während des Studiums 1 Jahr in Schottland war, 
danach nach Heidelberg und für 5 Jahre nach Marburg gegangen bin, und es mich 
dann Anfang des Jahres nach Groningen verschlagen hat, seid ihr eine 
unersetzbare Konstante in meinem Leben. Eure grenzenlose Unterstützung und 
euer Verständnis sind für mich sehr wertvoll und ich freue mich auf jedes Mal, 
wenn wir zusammen kommen und alles ist, als hätten wir uns gerade erst gestern 
gesehen. Nach der Schule sind wir alle unsere eigenen Wege gegangen und trotz 
Hunderten von Kilometern oder 20 Stunden-Tagen sind wir immer für den anderen 
da – ihr seid meine zweite Familie. Danke! 
 
Eine wichtige Stütze bist auch du für mich, Simon, und ich möchte die Gelegenheit 
hier nutzen, um dir für alles Danke zu sagen. Wir haben uns kennengelernt, als ich 
gerade meine Masterarbeit angefangen habe. Obwohl du mit Forschung und 
Laborarbeit so gar nichts zu tun hattest, hattest du von Anfang an Verständnis für 
meine langen Arbeitstage und auch dafür, dass ich das ein oder andere 
Wochenende im Labor war. Als ich dann zur Doktorarbeit wieder nach Marburg 
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kommen konnte, war die Freude sehr groß. Es lief natürlich nicht immer so, wie 
man sich das wünscht, aber ich wusste immer, dass ich mich an dich wenden 
konnte, wenn es gerade überhaupt nicht rund lief. Deine Sicht auf die Dinge hat mir 
immer weitergeholfen und mir neue Perspektiven aufgezeigt. Vor allem das letzte 
Jahr und die Zeit vor dem Umzug waren extrem stressig. Der Druck und die 
Erwartungen an mich selbst waren extrem hoch, aber trotz der vielen langen Tage 
und zahllosen Wochenenden, die ich in dieser Zeit gearbeitet habe, hast du mir 
den Rücken gestärkt, und mir niemals deswegen Vorwürfe gemacht. Ich sehe das 
nicht als selbstverständlich an, und möchte dir nochmal sagen, wie dankbar ich 
dafür bin. Der gleiche Dank gilt auch deiner ganzen Familie. Ihr habt mich herzlich 
aufgenommen und mir von Anfang an das Gefühl gegeben, ein Teil eurer Familie 
zu sein. Bei jedem Umzug (und es waren ja einige), jeder Feier, jeder Reparatur, 
ganz gleich was, wart ihr zur Stelle und habt geholfen. Als ich Anfang des Jahres 
noch mal für eine Weile nach Marburg kommen wollte, um dort im Labor einige 
Versuche zu machen, habt ihr mich mit offenen Armen empfangen und es war 
ganz selbstverständlich, dass ich bei euch wohnen konnte. Ich sehe das Ganz und 
Gar nicht als selbstverständlich an, und kann nicht oft genug sagen, wie dankbar 
ich bin. Das nächste Mal wird es eine Einladung zu einem „gemeinsamen Abend“ 
in der Burgruine geben, und nicht nur zu einem „gemeinsamen Essen“. 
 
Zuletzt gilt der Dank meiner Familie, der ich diese Arbeit widmen möchte, vor allem 
Mama und Norbert, Papa und Kathrin. In der ganzen Zeit vom Studium in 
Rheinbach 2008 bis heute, habt ihr mich uneingeschränkt unterstützt und hinter mir 
gestanden. Ihr hattet immer ein offenes Ohr in Zeiten, wo es überhaupt nicht gut 
laufen wollte, und habt euch mit mir über jede positive Nachricht und jedes 
Erfolgserlebnis gefreut. Jede Arbeit, ob Bachelorarbeit oder Masterarbeit und jedes 
Paper, habt ihr versucht zu lesen, um zu verstehen, was ich eigentlich den ganzen 
Tag so mache - trotz englischer Sprache, die vor allem in wissenschaftlichen 
Texten nicht einfach zu verstehen ist. Ihr habt mich nach allen Kräften unterstützt 
(mental und auch finanziell), damit ich meinen Traum verwirklichen und meine Ziele 
verfolgen kann. Ihr habt mich ermutigt, das Auslandsjahr in Schottland anzugehen, 
den Umzug nach Marburg zu machen, den nächsten Schritt in Heidelberg zu 
wagen und schließlich wieder nach Marburg zu gehen, um dort meine Doktorarbeit 
zu machen. Ich weiß, ihr hättet es für weitere Stationen temperaturtechnisch lieber 
wärmer gehabt, daher tut es mir leid, dass ich euch mit Groningen leider etwas 
enttäuschen musste (wobei das Septemberwochenende schon nicht schlecht war). 
Trotz des (meistens) kalten Wetters, habt ihr mich überall besucht, wo ich Halt 
gemacht habt, und ich war stolz darauf, euch die Städte zeigen zu dürfen, wo ich 
gewohnt habe, denn ohne euch, hätte ich gar nicht da sein können. Auch bei jedem 
Umzug war auf euch Verlass, und ich bin sehr dankbar, dass ich mir nie um 
Gedanken um ein Dach über dem Kopf machen muss, wo ich in Übergangsphasen 
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unterkommen kann, da ihr immer eine offene Tür für mich habt. Das letzte Jahr der 
Doktorarbeit war wahrlich nicht einfach, aber ich wusste, dass ihr mir meine 
Launen nicht krumm nehmt, dass ihr da seid wenn es brennt, und dass ich mir um 
nichts Sorgen machen muss. Dafür bin ich euch zutiefst dankbar! 
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