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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. 

6 
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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 

6 
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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 
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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 

6 
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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.  
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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. 
 

  

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: 178PDF page: 178PDF page: 178PDF page: 178

                          SK channels regulate neurotoxicity during enhanced ER-mitochondrial coupling 

172 
 

Literature 
1. Tolar, M. et al. Truncated apolipoprotein E (ApoE) causes increased intracellular calcium 

and may mediate ApoE neurotoxicity. J. Neurosci. 19, 7100–7110 (1999). 
2. Boada, M. et al. Calhm1 p86l polymorphism is associated with late - Onset Alzheimer’s 

disease in a recessive model. J. Alzheimer’s Dis. 20, 247–251 (2010). 
3. Furukawa, K. et al. Plasma membrane ion permeability induced by mutant α-synuclein 

contributes to the degeneration of neural cells. J. Neurochem. 97, 1071–1077 (2006). 
4. Danzer, K. M. et al. Different species of α-synuclein oligomers induce calcium influx and 

seeding. J. Neurosci. 27, 9220–9232 (2007). 
5. Lashuel, H. A. et al. Α-Synuclein, Especially the Parkinson’S Disease-Associated Mutants, 

Forms Pore-Like Annular and Tubular Protofibrils. J. Mol. Biol. 322, 1089–1102 (2002). 
6. Federico, A. et al. Mitochondria, oxidative stress and neurodegeneration. J. Neurol. Sci. 

322, 254–262 (2012). 
7. Gandhi, S. & Abramov, A. Y. Mechanism of oxidative stress in neurodegeneration. Oxid. 

Med. Cell. Longev. (2012). doi:10.1155/2012/428010 
8. Sutachan, J. J. et al. Cellular and molecular mechanisms of antioxidants in Parkinson’s 

disease. Nutr. Neurosci. 15, 120–126 (2012). 
9. Lemasters, J., Theruvath, T., Zhong, Z. & Nieminen, A. Mitochondrial Calcium and the 

Permeability Transition in Cell Death. Biochim. Biophys. Acta 1787, 1395–1401 (2010). 
10. Chacon, E. & Acosta, D. Mitochondrial regulation of superoxide by Ca2+: an alternate 

mechanism for the cardiotoxicity of doxorubicin. Toxicol. Appl. Pharmacol. 107, 117–128 
(1991). 

11. Denton, R. M. & McCormack, J. G. The role of calcium in the regulation of mitochondrial 
metabolism. Biochem. Soc. Trans. 8, 266–8 (1980). 

12. Hansford, R. G. Physiological role of mitochondrial Ca2+ transport. J. Bioenerg. 
Biomembr. 26, 495–508 (1994). 

13. De Stefani, D. et al. VDAC1 selectively transfers apoptotic Ca(2+) signals to mitochondria. 
Cell Death Differ 19, 267–273 (2012). 

14. Szabadkai, G. et al. Chaperone-mediated coupling of endoplasmic reticulum and 
mitochondrial Ca2+ channels. J. Cell Biol. 175, 901–911 (2006). 

15. Rizzuto, R., Stefani, D. De, Raffaello, A. & Mammucari, C. Mitochondria as sensors and 
regulators of calcium signalling. Nature 13, 566–578 (2012). 

16. Hedskog, L. et al. Modulation of the endoplasmic reticulum-mitochondria interface in 
Alzheimer’ s disease and related models. Proc. Natl. Acad. Sci. U. S. A. 110, 7916–7921 
(2013). 

17. Calì, T., Ottolini, D. & Brini, M. Mitochondrial Ca2+ and neurodegeneration. Cell Calcium 
52, 73–85 (2012). 

18. Nishimura, A. L. et al. A mutation in the vesicle-trafficking protein VAPB causes late-onset 
spinal muscular atrophy and amyotrophic lateral sclerosis. Am. J. Hum. Genet. 75, 822–
31 (2004). 

19. 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). 

20. 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 

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

22. Wieckowski, M. R., Giorgi, C., Lebiedzinska, M., Duszynski, J. & Pinton, P. Isolation of 
mitochondria-associated membranes and mitochondria from animal tissues and cells. Nat. 
Protoc. 4, 1582–1590 (2009). 

23. Giorgi, C., De Stefani, D., Bononi, A., Rizzuto, R. & Pinton, P. Structural and functional 
link between the mitochondrial network and the endoplasmic reticulum. Int. J. Biochem. 
Cell Biol. 41, 1817–1827 (2009). 

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

25. Tan, S. & Maher, D. S. and P. Oxytosis: A Novel Form of Programmed Cell Death. 
Current Topics in Medicinal Chemistry 1, 497–506 (2001). 

26. 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). 

27. 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). 

28. Cao, G. F. et al. Rapamycin sensitive mTOR activation mediates nerve growth factor 



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: 179PDF page: 179PDF page: 179PDF page: 179

                          SK channels regulate neurotoxicity during enhanced ER-mitochondrial coupling 

173 
 

(NGF) induced cell migration and pro-survival effects against hydrogen peroxide in retinal 
pigment epithelial cells. Biochem. Biophys. Res. Commun. 414, 499–505 (2011). 

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

30. 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). 

31. Herrik, K. F. et al. CyPPA, a positive SK3/SK2 modulator, reduces activity of 
dopaminergic neurons, inhibits dopamine release, and counteracts hyperdopaminergic 
behaviors induced by methylphenidate. Front. Pharmacol. 3 FEB, 1–12 (2012). 

32. Zündorf, G. & Reiser, G. Calcium dysregulation and homeostasis of neural calcium in the 
molecular mechanisms of neurodegenerative diseases provide multiple targets for 
neuroprotection. Antioxid. Redox Signal. 14, 1275–1288 (2011). 

33. Rizzuto, R. et al. Close Contacts with the Endoplasmic Reticulum as Determinants of 
Mitochondrial Ca2+ Responses. Science (80-. ). 280, 1763–1766 (1998). 

34. Csordás, G. et al. Structural and functional features and significance of the physical 
linkage between ER and mitochondria. J. Cell Biol. 174, 915–921 (2006). 

35. Paillusson, S. et al. There’s Something Wrong with my MAM; the ER-Mitochondria Axis 
and Neurodegenerative Diseases. Trends Neurosci. 39, 146–157 (2016). 

36. Joshi, A. U., Kornfeld, O. S. & Mochly-Rosen, D. The Entangled ER-Mitochondrial axis as 
a potential therapeutic strategy in Neurodegeneration: A Tangled Duo Unchained. Cell 
Calcium (2016). doi:10.1016/j.ceca.2016.04.010 

37. Lebiedzinska, M., Szabadkai, G., Jones, A. W. E., Duszynski, J. & Wieckowski, M. R. 
Interactions between the endoplasmic reticulum, mitochondria, plasma membrane and 
other subcellular organelles. Int. J. Biochem. Cell Biol. 41, 1805–1816 (2009). 

38. Schwarzer, C., Barnikol-Watanabe, S., Thinnes, F. P. & Hilschmann, N. Voltage-
dependent anion-selective channel ( VDAC ) interacts with the dynein light chain Tctex1 
and the heat-shock protein PBP74. Int. J. Biochem. Cell Biol. 34, 1059–1070 (2002). 

39. Wang, W., Xie, Q., Zhou, X., Yao, J. & Zhu, X. Mitofusin-2 triggers mitochondria Ca2+ 
influx from the endoplasmic reticulum to induce apoptosis in hepatocellular carcinoma 
cells. Cancer Lett. (2014). doi:10.1016/j.canlet.2014.12.025 

40. 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). 

41. Iwasawa, R., Mahul-Mellier, A.-L., Datler, C., Pazarentzos, E. & Grimm, S. Fis1 and 
Bap31 bridge the mitochondria-ER interface to establish a platform for apoptosis 
induction. EMBO J. 30, 556–568 (2011). 

42. Deniaud, A. et al. Endoplasmic reticulum stress induces calcium-dependent permeability 
transition, mitochondrial outer membrane permeabilization and apoptosis. Oncogene 27, 
285–299 (2008). 

43. Breckenridge, D. G., Stojanovic, M., Marcellus, R. C. & Shore, G. C. Caspase cleavage 
product of BAP31 induces mitochondrial fission through endoplasmic reticulum calcium 
signals, enhancing cytochrome c release to the cytosol. J. Cell Biol. 160, 1115–1127 
(2003). 

44. Seyfried, J. & Wüllner, U. Inhibition of Thioredoxin reductase induces apoptosis in 
neuronal cell lines: Role of glutathione and the MKK4/JNK pathway. Biochem. Biophys. 
Res. Commun. 359, 759–764 (2007).  

45. Bobba, A., Casalino, E., Petragallo, V. A. & Atlante, A. Thioredoxin/thioredoxin reductase 
system involvement in cerebellar granule cell apoptosis. Apoptosis 19, 1497–1508 (2014). 

46. Lopert, P., Day, B. J. & Patel, M. Thioredoxin Reductase Deficiency Potentiates Oxidative 
Stress, Mitochondrial Dysfunction and Cell Death in Dopaminergic Cells. PLoS One 7, 
(2012). 

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

48. Anelli, T. et al. Ero1α Regulates Ca 2+ Fluxes at the Endoplasmic Reticulum–Mitochondria 
Interface (MAM). Antioxid. Redox Signal. 16, 1077–1087 (2012). 

49. 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). 

50. Bravo, R. et al. Increased ER-mitochondrial coupling promotes mitochondrial respiration 
and bioenergetics during early phases of ER stress. J. Cell Sci. 124, 2143–2152 (2011). 

51. Calì, T., Ottolini, D., Negro, A. & Brini, M. Enhanced parkin levels favor ER-mitochondria 
crosstalk and guarantee Ca2+ transfer to sustain cell bioenergetics. Biochim. Biophys. 

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: 180PDF page: 180PDF page: 180PDF page: 180

                          SK channels regulate neurotoxicity during enhanced ER-mitochondrial coupling 

174 
 

Acta - Mol. Basis Dis. 1832, 495–508 (2013). 
52. 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). 

53. 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). 

54. 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). 

55. Rapizzi, E. et al. Recombinant expression of the voltage-dependent anion channel 
enhances the transfer of Ca2+ microdomains to mitochondria. J. Cell Biol. 159, 613–624 
(2002). 

56. Dolga, A. et al. Subcellular expression and neuroprotective effects of SK channels in 
human dopaminergic neurons. Cell Death Dis. 5, e999 (2014). 

57. 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). 

58. Kuum, M., Veksler, V., Liiv, J., Ventura-Clapier, R. & Kaasik,  a. Endoplasmic reticulum 
potassium-hydrogen exchanger and small conductance calcium-activated potassium 
channel activities are essential for ER calcium uptake in neurons and cardiomyocytes. J. 
Cell Sci. 125, 625–633 (2012). 

59. Testai, L. et al. The activation of mitochondrial BK potassium channels contributes to the 
protective effects of naringenin against myocardial ischemia/reperfusion injury. Biochem. 
Pharmacol. 85, 1634–1643 (2013). 

60. 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). 

61. 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 

62. 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). 

63. 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). 

 
 
 
 


	Chapter 6



