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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 



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: 78PDF page: 78PDF page: 78PDF page: 78

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

72 
 

 
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. 

 

3 
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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 



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: 86PDF page: 86PDF page: 86PDF page: 86

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

80 
 

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. 
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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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