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Abstract  
 
Small conductance calcium-activated potassium (SK) channels are a 
promising treatment target in atrial fibrillation. However, the functional 
properties that differentiate SK inhibitors remain poorly understood. The 
objective of this study was to determine how two unrelated SK channel 
inhibitors, apamin and AP14145, impact SK channel function in excised 
inside-out single channel recordings. Surprisingly, both apamin and AP14145 
exert much of their inhibition by inducing a class of very long-lived channel 
closures (apamin: 𝛕 c,vl=11.8±7.1 s, and AP14145: 𝛕 c,vl=10.3±7.2 s), which 
were never observed under control conditions. Both inhibitors also induced 
changes to the three closed and two open durations typical of normal SK 
channel gating. AP14145 shifted the open duration distribution to favor longer 
open durations, whereas apamin did not alter open state kinetics. AP14145 
also prolonged the two shortest channel closed durations (AP14145: 𝛕 
c,s=3.50±0.81 ms, and 𝛕 c,i=32.0±6.76 ms vs. control: 𝛕 c,s=1.59±0.19 ms, and 
𝛕 c,i=13.5±1.17 ms), thus slowing overall gating kinetics within bursts of 
channel activity. In contrast, apamin accelerated intra-burst gating kinetics by 
shortening the two shortest closed durations (𝛕 c,s=0.75±0.10 ms and 𝛕 
c,i=5.08±0.49 ms), and inducing periods of flickery activity. Finally, AP14145 
introduced a unique form of inhibition by decreasing unitary current amplitude. 
SK channels exhibited two clearly distinguishable amplitudes (control: 
Ahigh=0.76±0.03 pA, and Alow=0.54±0.03 pA). AP14145 both reduced the 
fraction of patches exhibiting the higher amplitude (AP14145: 4/9 patches vs. 
control: 16/16 patches), and reduced the mean low amplitude (0.38±0.03 pA). 
Here we have demonstrated that both inhibitors introduce very long channel 
closures, but that each also exhibits unique effects on other components of 
SK gating kinetics and unitary current. The combination of these effects is 
likely to be critical for understanding the functional differences of each 
inhibitor in the context of cyclical Ca2+-dependent channel activation in vivo.  
 
Statement of significance 
Due to their prevalence in the atria, and activity-dependent activation, small 
conductance calcium-activated potassium (SK) channels are an attractive 
target for treatment of atrial fibrillation. However, the mechanisms by which 
the gating and activity of these channels are altered by pharmacological 
agents remains poorly understood. Here we apply excised single channel 
patch clamp to discern the impacts of two developmentally unrelated SK 
channel inhibitors, apamin and AP14145. Surprisingly, the major inhibitory 
effect of these two antagonists is similar, but additional more subtle 
differences are likely to distinguish the pharmacological profile of each. These 
findings provide new quantitative insight to the actions of two lineage-distinct 
SK inhibitors, and are likely to help guide future pharmacological targeting of 
SK channels in the heart, and perhaps other tissues. 
 
 
 
 
 
 

Jo
urn

al 
Pre-

pro
of



 

 3 

Introduction 
Calcium-activated potassium (KCa) channels are expressed across many 
tissues, and in all cases these channels link fluctuation of intracellular calcium 
to membrane potential dynamics and ionic homeostasis.1,2 The KCa family 
consists of three independently cloned channels, encoded by separate genes 
and distinguished by characteristic divergence in sequence homology and 
unitary conductance: the large (BK; >200 pS, KCNMA1),3 intermediate (IK; 
50-100 pS, KCNN4)4,5 and small conductance (SK; <20 pS, 
KCNN1/KCNN2/KCNN3)1,6,7 channels. SK channels are the dominant KCa 
isoform expressed in the myocardium, and that expression is primarily atrial 
although some expression does occur in the ventricles and is thought to 
increase in certain disease conditions.8–11 There are three SK subtypes 
(SK1/KCa2.1/KCNN1, SK2/KCa2.2/KCNN2 and SK3/KCa2.3/KCNN3), and SK2 
and SK3 appear to be the dominant contributors to the human atrial SK 
population.12  
 
The atria-specificity of SK channel expression provides a basis for chamber-
selective pharmacological targeting, which is a major consideration for 
pharmacotherapy in atrial fibrillation (AF) - the most common cardiac 
arrhythmia.13,14 Additionally, genome wide association studies and 
subsequent meta-analyses have suggested that variants in KCNN2 and 
KCNN3 (encoding SK2 and SK3) are involved in AF etiology.15–17 Together, 
these characteristics have further pushed the SK family of channels to be 
among the front line molecular candidates for near-term AF 
pharmacotherapies. To that end, studies that have investigated the potential 
for SK channel targeting in AF have suggested that nonclinical inhibitors, such 
as NS8593 or ICAGEN, can exert an antiarrhythmic influence by prolonging 
the action potential (AP) in human atrial myocytes, without impacting the 
ventricular AP.12 Clinical lineage compounds have now also shown promise, 
with some having reached human trials (e.g. AP30663: Acesion Pharma 
(Denmark).18 These encouraging developments notwithstanding, relatively 
little is known about how the range of SK channel antagonists exert their 
effects on SK channel gating, and how these effects are likely to interact with 
the rapid calcium dynamics that regulate channel activity in vivo.  
 
Activation of SK channels depends solely on intracellular calcium, and 
involves complex gating kinetics. The SK monomers have no intrinsic 
calcium-binding domain,19 instead calcium interacts with the channel via 
calmodulin (CaM) constitutively bound to the intracellular C-terminal CaM 
Binding Domain (CaMBD). The activation sequence begins with calcium-CaM 
binding, followed by conformational changes within both CaM and its 
associated SK monomer, leading to a structural rearrangement of the pore-
occluding domain to allow potassium ions to pass.20–22 While relatively little 
single channel data is available to describe this activation sequence, it has 
generally been observed as a kinetic scheme involving three distinguishable 
closed durations, and two open durations.23 Additionally, SK channel gating 
exhibits a clear modal property when data are averaged over longer periods 
(seconds), whereby channels shift between high and low open probability but 
retain the five distinct kinetic components.23 Macroscopically, these effects 
cause channels, independent of SK isoform, to display a steep calcium 
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dependence with Hill coefficients ~3-5.1,24 This differs from the Ca2+-binding 
properties of free CaM, for which cooperativity is low, but is consistent with 
Ca2+-CaM-mediated protein kinase and phosphatase activation, which 
involves two Ca2+ association events prior to CaM-binding.25,26 This 
emphasizes a possible functional impact of the constitutive association 
between CaM and SK channels.1,23 
 
Broadly speaking, SK channel inhibitors have been classified in terms of their 
impact on macroscopic properties of SK current. The early scorpion and bee 
venom peptide inhibitors (and their derivatives) bind such that the bulk of the 
molecule resides in the outer pore region of the SK channel. This was initially 
interpreted to indicate an inhibitory mechanism involving direct block of the 
potassium permeation path.27 However, most currently known inhibitors have 
been classified (or reclassified) as negative modulators. This followed, in part, 
from observation that the bee-venom toxin, apamin (the prototypical SK 
selective inhibitor), acts via long range allosteric mechanisms rather than 
direct obstruction of the permeation path.28–30 Subsequent studies, involving a 
range of peptide and small molecule inhibitors, suggested that allosteric 
effects on Ca2+-CaM interaction or subsequent conformational changes in the 
activation sequence are the most common mechanisms of SK current 
inhibition.21,28,31 A subclass of negative modulators, including AP14145, have 
shown antiarrhythmic properties in animal models and have also been shown 
to exert their modulatory effects by desensitizing SK channels to Ca2+-
activation in macropatch recordings.32–38 While these studies have suggested 
a diversity and subtlety in the mechanisms of SK channel pharmacology, very 
few single channel data have been collected to directly characterize those 
mechanisms, either for apamin or indeed any negative modulator of SK 
channels. As such, our core objective was to quantitatively determine how 
apamin and AP14145 (a clinical lineage SK channel negative modulator 
developed by Acesion Pharma) impact single channel and macroscopic SK 

current. 
 
We report that the major mechanism of inhibition by apamin and AP14145 
results from infrequent but very long-lived channel closures. In the presence 
of AP14145, slower intra-burst gating kinetics and reduced amplitude was 
observed, while apamin induced shorter-lived intra-burst closures, most 
probably due in part to periods of flickery activity. Together, the long inter-
burst channel closures and short intra-burst closures induced by apamin 
reduce SK current significantly by reducing overall open probability (Po), while 
maintaining short periods of high intra-burst Po. The multitude of effects 
induced by AP14145 reduced SK current even further by additionally reducing 
Po within a burst, along with open channel amplitude. We conclude that 
apamin and AP14145 exhibit a similar dominant mechanism of inhibition, but 
more subtle differences in their impact on SK channel gating kinetics and 
unitary current amplitude emphasize the importance of small differences in 
their modulatory mechanisms. 
 
Methods 
Rat SK2 (rSK2) channel expression: 
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Recombinant rSK2 channels (GenBank accession number NM_019314) were 
transiently expressed in HEK293 cells. Cells were maintained in modified 
essential medium (DMEM, Invitrogen) supplemented with 10% fetal calf 
serum and 1% penicillin/streptomycin (Invitrogen) at 37°C. Cells were 
transfected using polyethylenimine (Alfa Aesar, Inc.) with rSK2 channels and 
enhanced green fluorescent protein (GFP, Invitrogen) using 1:10 plasmid ratio 
with maximal plasmid content of 1 μg. Only GFP-positive cells were used for 
single channel recordings, and these were made within 24 hours of 
transfection.  
 
Solutions: 
Patch clamp experiments were performed in symmetrical K+ solutions, as for 
earlier characterizations of rSK2 single channel function.1,23,39 The 
extracellular (pipette) solution contained (in mM) 97 K-aspartate, 30 KCl, 10 
acid free HEPES, 10 EGTA, 1.44 MgCl2 to a final Mg2+ concentration of 1 mM 
and 6.19 mM CaCl2 to a final free Ca2+ concentration of 60 nM. Extracellular 
pH and osmolarity were adjusted with KOH to 7.4 and 280-300 mOsm, 
respectively. The intracellular solution differed from the extracellular solution 
in Mg2+ and Ca2+ concentrations (in mM): 1.04 MgCl2 and 9.64 CaCl2 were 
substituted to yield a free intracellular [Ca2+] = 1 μM. This concentration is 
near-saturating in rSK2, but we chose it to approximate peak [Ca2+] in the bulk 
cytosol of cardiac myocytes. We made this selection because SK2 is known 
to colocalize with L-type calcium channels (specifically Cav1.2 and Cav1.3) in 
heterologous systems (HEK), as well as both human and mouse native 
cardiac tissue.40 Thus, suggesting that these channels experience elevated 
(Ca2+) due to local microdomain effects, as has been observed in rabbit 
ventricular myocytes.22 All reagents were obtained from Sigma-Aldrich. For 
pharmacological experiments, two different SK channel inhibitors were added 
to the extracellular (pipette) solution. Both were included at high 
concentration, as is common in the broader literature, and to provide the 
greatest chance of observing the active inhibitory mechanisms in these 
challenging recordings. In particular, apamin exhibits slow onset of inhibition 
(minutes timescale) near its IC50 of ~100 pM,1,41 and thus was applied at 100 
nM to overcome this limitation42. This apamin concentration also enables 
comparison with macroscopic SK recordings in clinically relevant populations, 
such as human atrial myocytes.42  
AP14145 exhibits a macroscopic IC50 of ~1 μM in human SK2 with more rapid 
onset of inhibition, thus we applied it at 10 μM as in our prior macropatch 
assessments.32 Apamin (Sigma Aldrich, UK) and AP14145 (Acesion Pharma, 
Denmark) solutions were prepared on the day of experiments from a frozen 
stock of 100 μM in water and 10 mM in dimethyl sulfoxide (DMSO), 
respectively. The final concentration of DMSO in the AP14145 containing 
solution was 0.1%. Calmodulin (CaM) is constitutively bound to the SK C-
terminus and is responsible for conferring Ca2+-dependence to SK channel 
gating.19,43 We did not supplement the extracellular solution with exogenous 
CaM. This choice was made both to remain consistent with our prior SK single 
channel characterizations,23,39 and because the degree to which SK 
monomers are saturated with endogenous CaM in atrial cardiomyocytes is not 
established.  
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Electrophysiology: 
All recordings were performed on inside-out patches using thick-walled quartz 
electrodes pulled with a Sutter P-2000 pipette puller. In cell-attached 
configuration these pipettes resulted in seal resistances of 10-40 GΩ.  
Currents were recorded in voltage clamp mode with an Axopatch 200A (MDS 
Analytical Technologies), coupled to a CV201A head stage. All recordings 
were made at a constant holding potential of -50 mV (expressed 
conventionally as intracellular minus extracellular). We chose this potential as 
it is in the linear range of the mildly inwardly rectified SK current. It thus 
facilitates interpretation of changes in unitary amplitude at a single potential, 
while also offering a reasonable compromise between signal-to-noise (for 
these small conductance channels) and seal stability. In addition, our previous 
study showed no difference in kinetics components at -50, -60 or -100 mV.23 
Data were filtered at 1 kHz (eight-pole Bessel; Frequency Devices, Inc.), 
acquired at a sample interval of 100 µs using Pulse software (HEKA 
Elektronik), and stored. Experiments were performed under steady-state 
conditions with solutions and pharmacological compounds continuously 
present during the recording and at least 1 minute before data acquisition. All 
experiments were performed at room temperature (20-25°C).  
 
Single channel analyses:  
Single channel transitions were analyzed via TAC software (X4.3.3, Bruxton), 
based on the 50% threshold technique and visual inspection, as previously 
reported.23,39 Data were analyzed by one of two trained analysts and, 
importantly, the same fraction of recordings was analyzed by each for all 
experimental groups. Single channel amplitudes were fit only to events > 1 ms 
to eliminate artifacts resulting for the rise time of the Bessel filter. Durations 
were visualized as logarithmically binned histograms (18 bins per order of 
magnitude in time), whereas amplitude histograms were linearly binned (10 
bins per 0.1 pA) using TACFit. The histograms were fitted with separate 
probability density functions (pdfs) for amplitude (Gaussian), open duration 
and closed duration (exponential), using the maximum likelihood method. The 
duration pdf for a distribution consisting of N exponentials is:   
 

𝑓(𝑡) =  ∑
𝑎𝑖

𝜏𝑖
𝑒−𝑡 𝜏𝑖⁄

𝑁

𝑖=1

 

where 𝜏i is the duration and ai is the weight of the i-th term. 
 
After log transformation:  

𝑔(𝑥) =  ∑ 𝑎𝑖𝑔0(𝑥 − 𝑙𝑛𝜏𝑖)

𝑁

𝑖=1

 

where 𝑥 = ln (𝑡), 𝑔0(𝑥) =  𝑒𝑥𝑝[𝑥 − exp(𝑥)] and ai is the weight of a given term. 
Parameters ai and 𝜏i were varied by Powell’s method in the maximum 
likelihood fitting for a variable number of components (i = 1,2… n).  
 
For amplitude pdfs, the distribution consisting of a sum of n Gaussians is: 
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𝑓(𝑥) =  ∑
𝑎𝑖

𝜎𝑖√2𝜋
𝑒𝑥𝑝 [−

(𝑥 − 𝐴𝑖)2

2𝜎𝑖
2 ]

𝑛

𝑖=1

 

  where f(x) is the total probability density of amplitude x, which can be 
described by fitted components (i = 1,2… n). Ai is the i-th amplitude, 𝜎𝑖 is the 
standard deviation of the i-th amplitude, and ai is the fraction of events 
exhibiting the i-th amplitude. The parameters ai, Ai and 𝜎𝑖 were again varied 
by Powell’s method in the maximum likelihood fitting.  
 
Gaussian distributions were required to exhibit equal variances, and a 
minimum 3-fold separation of the exponential components was applied as an 
a priori constraint.44 All components were assigned to a respective amplitude 
or duration class (Ai , 𝜏i). For patches in which the number of fitted 
components (n) in an amplitude or duration histogram was less than the 
maximum n, the components of that histogram were assigned to the 
component class (e.g. low or high amplitude) with the closest mean value 
from the patches that included all components. For amplitude and open 
duration, these procedures resulted in the probability density functions (pdfs) 
used for all further analyses. Closed duration histogram analyses consisted of 
an additional step.  
 
It is common for patches containing multiple channels to be excluded from 
closed-duration analyses because it is not possible to identify which of the 
identical channels is active. However, individual channel openings separated 
by short closures most likely result from bursting behavior of a single 
channel.45,46 Thus, we assumed that intra-burst kinetics represent the 
behavior of only one channel even in patches containing multiple 
channels.47,48 Bursts with simultaneous multi-channel openings were not 
analyzed. Through this approach we were able to analyze the gating kinetics 
within (from both single- and multi-channel patches) and between bursts 
(single-channel patches only). Hirschberg et al 23 observed 3 closed 
durations, with events in the longest closed duration class separating bursts of 
activity. Thus, for this burst analysis we assumed that the two shortest (later 
called short and intermediate) closed durations occur within a burst, while 
longer duration components separated bursts. Through decomposing the 
dataset in this way it was possible to observe unique characteristics of the 
inter-burst closed duration distributions. In the cases of apamin and AP14145, 
these inter-burst periods exhibited a number of very long channel closures 
(often > 10 s). For this reason, single channel experiments shorter than 10 s 
were excluded from inter-burst analyses for all groups i.e. because the 
longest closed duration (> 10 s for apamin and AP14145) would not be 
observable during the experiment.  
 
To formally assign each closed event to an intra- or inter-burst period, a burst 
delimiter (td) was calculated for each experimental group (control, apamin and 
AP14145). Defining burst delimiters in this group-specific manner was 
deemed necessary due to unknown kinetic effects of the inhibitors. To 
calculate these three burst delimiters, all closed events from single channel 
experiments lasting longer than 10 s were combined for each experimental 
group. The resulting three histograms were fitted with the number of 
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components determined by maximum likelihood, which yielded three closed 
durations for control and four closed durations for both the apamin and 
AP14145. From these group-level fits, the td value for each group was then 
calculated from the 2nd and 3rd closed duration components (the intermediate, 
𝜏c,i, and long, 𝜏c,l, closed durations, respectively) via: 

1 −  𝑒
−

𝑡𝑑
𝜏𝑐,𝑙 =  𝑒

−
𝑡𝑑

𝜏𝑐,𝑖  
This expression equalizes the proportion of intervals classified incorrectly as 
either intra- or inter-burst, and is easily solved for td.47 Once td was calculated 
for each experimental group, the intra-burst and inter-burst data for each 
patch were separately subjected to maximum likelihood fitting. The intra-burst 
closed events were fitted for two components - the short closed duration, 𝜏c,s, 
and 𝜏c,i, respectively. The inter-burst data were fitted for either one (𝜏c,l) or two 

(𝜏c,l and 𝜏c,vl, the very long closed duration) components depending on 
whether or not drug was present. 
 
Table 1 provides a comprehensive overview of the number of recordings 
contributing to each of these analyses, and the resulting characteristics for 
each of the three experimental groups. All data and analysis code for 
reproducing each figure will be publicly accessible here.  
 
Data Reduction and Statistical inference: 
To better visualize the influence of rare gating events with very long closed 
times, diary plots were constructed from the tables of tracked events and 
show the channel behavior over the full length of the recording. Bin-width for 
these analyses was chosen to be 0.1 s, which is between the observed 𝜏c,i 

and 𝜏c,l for all groups. We also use the “occurrence” of each amplitude or 
duration component in each experimental group to describe how commonly 
each of those components was observed in the three experimental groups. 
This was calculated as the proportion of patches exhibiting that component 
divided by the total number of patches in the corresponding group.  
 
Summary results are presented as means ± SEM. Data for each amplitude 
level, and each open and closed duration were subjected to separate 1-factor 
ANOVAs. The Bonferroni correction was applied for conservative type 1 error 
protection of all parametric post hoc comparisons. In all cases the correction 
was applied family-wise (n = 3 multiple comparisons) to cover all possible 
pairwise comparisons. Proportion values in diary plots, and occurrence values 
for the two amplitude levels and each kinetic component, were separately 
examined by the Chi-square test. In all cases, the threshold for type 1 error 
was set at ⍺ = 0.05. 
 
Results 
Single SK2 channel gating kinetics and unitary current amplitudes 
At a constant voltage (as applied here) the amplitude of single SK2 channel 
openings is indicative of single channel conductance. Our recordings of single 
rSK2 channels indicate two distinct amplitude components in 75% of control 
patches (Figure 1A-B), which has not been reported in previous studies of 
these channels. Direct transitions between amplitude classes were observed 
in both directions (up- and downward arrows in Figure 1B) without requiring 
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channel closure, which strongly suggests that these events represent 
transition between conductance states of a single channel. Figure 1C depicts 
exemplary amplitude (left), and open duration (right) distributions for all events 
from a single control patch. At -50 mV, 12 of 16 control patches exhibited both 
high (Ahigh) and low (Alow) amplitude components (Figure 1D). For the 
remaining 4 patches the single amplitude values were closest to the mean 
Ahigh, and thus were also designated as Ahigh (see Methods). On average, Alow 
was 71% of Ahigh, and as is expected from the maximum likelihood criteria, 
this difference easily reached significance (-0.538 ± 0.033 pA vs. -0.758 ± 
0.033 pA, p < 0.001). Importantly, we found no differences in the open 
duration distributions upon separating the two amplitude classes (Figure 1E-
G). Figure 1E shows the open duration distributions (right) for subsets 
(classes) of the opening events (left), with either high amplitude (top) or low 
amplitude (bottom). Both high and low amplitude events could be fit with two 
mean open durations, and those durations were not different for the two 
amplitude classes (Figure 1F), Because many events had to be excluded 
when separating the overall distribution into only high or low amplitude events, 
we also asked whether there was any correlation between open duration and 
amplitude across all events. We found none, as depicted for one exemplary 
recording in Figure 1G, again suggesting that channel open duration is 
independent of amplitude in rSK2 channels. For this reason, we grouped both 
amplitude classes together for further analysis of open duration kinetics.  
 
The broader kinetic profile for our control recordings (Figure 2) is very similar 
to previous reports of rSK2 channel gating.23 As mentioned above, control 
open duration histograms were best-fitted with a two-component probability 
density function (Figure 2A). The mean short (𝜏o,s) and long (𝜏o,l) open 
durations were 4.0 ± 0.1 ms (n=16 patches) and 34.8 ± 9.3 ms (n=14 
patches), respectively. The shorter open duration also comprised a larger 
fraction of total events in control patches (62 ± 6 % in 𝜏o,s, vs. 38 ± 6 % in 𝜏o,l). 
It is noteworthy that both open durations presented here are ~3-4 fold longer 
than the durations at [Ca2+] = 1 μM presented by Hirschberg et al.23 This is 
likely due to differences in identification of short open events assessed by the 
two different analysts, as all other procedures remained identical including 
hardware and filtering. Our prior studies suggest that rSK2 channels gate with 
3 distinguishable closed durations,23 and here we have again observed 3 
closed durations in the majority of control patches (Figure 2D-E). The mean 
short (𝜏c,s) and intermediate (𝜏c,i) closed durations were 1.59 ± 0.19 ms (n=16 
patches) and 13.5 ± 1.2 ms (n=16 patches), respectively. As described above, 
we applied burst analysis to decompose bursts of single channel activity in 
multi-channel patches. The burst delimiter value for control patches, which 
defines the maximum time a channel can remain closed within a bursting 
period,46 was 31.8 ms. As expected, most events occurred during burst 
periods, whereas the inter-burst periods yielded a much smaller number of 
longer duration closures. In control recordings only one component could be 
fitted to the inter-burst closed duration distributions. This long closed duration 
(𝜏c,l) averaged 132.4 ± 18.8 ms (Figure 2F). Because this approach 
necessitated rigorous constraint on the inter-burst data (single-channel 
patches each of at least 10 s duration), only 4 of the 16 control patches were 
analyzed for inter-burst kinetics.  
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Apamin does not alter open channel behavior, whereas AP14145 
reduces rSK2 channel unitary current amplitude but promotes longer 
duration openings  
While apamin did not alter either amplitude or open duration, AP14145 both 
reduced unitary current amplitude and slightly shifted the open duration 
distribution towards long opening events. Figure 3A shows a typically narrow 
and left-shifted representative amplitude distribution for AP14145 relative to 
apamin (and control, comparison shown in Figures 3A and 3B). Figure 3B 
depicts the more similar (to each other) open duration distributions for the two 
negative modulators. At the summary level, the fraction of patches exhibiting 
each amplitude was unchanged by apamin, whereas only 4 of 9 AP14145 
patches could be fit with a high amplitude component (Figure 3C, p < 0.001). 
The means of both amplitude components for apamin were not different from 
control (Alow = 0.54 ± 0.04 pA and Ahigh = 0.74 ± 0.04 pA; both p > 0.05 vs. 
control, Figure 3D), although apamin did occasionally induce long, low 
amplitude openings (Figure 4A). While these events were visually striking, 
they proved very rare in the complete dataset, and thus were not sufficient to 
alter the summary results. In contrast, AP14145 did reduce the mean low 
amplitude (0.38 ± 0.03 pA; p < 0.05 vs. control, Figure 3D), but interestingly 
left the higher amplitude class unaffected (0.58 ± 0.06 pA, p > 0.05 vs. 
control, Figure 3D). Similar to the amplitude results, apamin did not alter 
either the occurrence (Figure 3D) or mean open times (𝜏o,s = 3.6 ± 1.0 ms, 
and 𝜏o,l = 20.9 ± 3.6 ms; both p > 0.05 vs. control, Figure 3F). AP14145 subtly 
shifted the occurrence of the open time distribution to favor longer open times. 
That is, the number of patches exhibiting short duration openings was 
reduced in the presence of AP14145 (6/9 patches) vs. control, (16/16 
patches), p < 0.05 (Figure 3E). Neither the mean open times (𝜏o,s = 4.6 ± 0.8 

ms, and 𝜏o,l = 36.6 ± 11.5 ms, both p > 0.05 vs. control, Figure 3F), nor the 
relative weighting of each component (𝜏o,s = 42 ± 14 %, p > 0.05 vs. control, 
Table 1), were altered by AP14145. A complete overview of these amplitude 
characteristics and both the open- and closed-state durations is presented in 
Table 1. Together these data suggest that AP14145 acts to reduce whole-cell 
SK current at least in part by reducing the amplitude of single channel 
openings, and preventing the larger amplitude openings observed in 
untreated channels. Both effects will, however, be at least partially 
counteracted in vivo by longer duration openings in the presence of AP14145. 
In contrast, it does not appear that apamin consistently alters the function of 
open rSK2 channels. However, it is worth noting that we did occasionally 
observe openings in the presence of apamin that were striking in that they 
were both prolonged and of low amplitude (Figure 4A). 
 
Apamin and AP14145 exert opposite effects on intra-burst closed 
channel kinetics 
In contrast to the open channel dynamics (gating kinetics and unitary current 
amplitudes), both apamin and AP14145 induced pronounced changes to the 
rSK2 channel closed duration distributions. As mentioned in the methods, by 
applying burst analysis we are able to discriminate the rapid closed duration 
components (intra-burst kinetics) of single channels within multi-channel 
patches. The major effects of apamin and AP14145 on the intra-burst closed 
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channel kinetics are depicted in representative single channel recordings 
(Figure 4A) and representative closed dwell-time distributions (Figure 4B). 
Both apamin and AP14145 shifted the mean values of both the short (𝜏c,s) and 
intermediate (𝜏c,i) closed durations. This can be seen both in the 
representative distributions (Figure 4B) and the summary data (Figure 4D). 
Figure 4B shows that both components of the intra-burst durations (bold line) 
are left-shifted for apamin and right-shifted for AP14145, as are the 
corresponding burst delimiters. These effects were consistent and 
pronounced (Figure 4D). Apamin reduced both 𝜏c,s (0.75 ± 0.10 ms; p < 0.01 
vs. control) and 𝜏c,i (5.08 ± 0.49 ms; p < 0.01 vs. control) to less than half the 

corresponding control durations (𝜏c,s = 1.59 ± 0.19 ms and 𝜏c,I = 13.5 ± 1.2 
ms). Conversely, AP14145 approximately doubled both durations (𝜏c,s = 3.50 

± 0.81 ms; p < 0.05 vs. control, p < 0.001 vs. apamin; 𝜏c,i = 32.0 ± 6.76 ms; p 
< 0.01 vs. control, p < 0.001 vs. apamin). Neither apamin nor AP14145 
altered the ability to fit two closed dwell times to the intra-burst distributions 
(Figure 4C) – intra-burst periods for all but one AP14145 recording (of 9) were 
best fit with two closed dwell times. Interestingly, the effect of apamin may 
have been partially due to induction of periods in which channels appeared to 
exhibit rapid sustained transitioning between conducting and non-conducting 
states (depicted as flickery activity in Figure 4A). While these episodes were 
not common enough to introduce additional distinguishable kinetic 
components in either the closed or open duration distributions, they may 
represent a distinct form of apamin-mediated modulation. To formally 
investigate the prevalence of the periods of flickery activity, we assessed the 
fraction of time that was spent in contiguous sequences of events for which 
each closed event was less than 5 or 10 ms duration, and each open event 
less than 1 ms. We performed this analysis for sequences including at least 
10 events, 20 events, or 40 events, and present these results in Table 2. We 
observed that apamin uniquely increased the fraction of time spent in thus-
defined flickery activity using all versions of the defining criterion. This flickery 
mode accounted for between 3% (for 20 sequential events, closed times < 5 
ms) and 14% (10 sequential events, closed times < 5 ms) of the total 
recording time that remained after subtracting the large portion of time spent 
in the very-long channel closures. This suggests that this type of activity may 
be a unique modulatory action of apamin. 
 
Both apamin and AP14145 induce very long channel closures 
In the absence of inhibitor, single rSK2 channels exhibit modal gating (distinct 
from the apamin-induced flickery activity described above), where channels 
transition between relatively long-lived periods of high and low Po.23 Each 
mode is characterized by distinct single channel kinetics, for which low Po 
periods exhibit a long closed duration approximately an order of magnitude 
longer than high Po periods. Both modes still exhibit the same number of open 
and closed duration components. The fraction of time spent gating in high Po-
mode is steeply dependent on cytosolic [Ca2+] in the physiologic range (EC50 
= 0.52, Hill coefficient = 4.1).23 At the 1 μM [Ca2+] used herein, this modal 
property is nearly saturated such that approximately 90% of all gating is in 
high Po-mode.23 Our prior work suggests that the long closed duration (𝜏c,l) 
ranges between approximately 25 and 60 ms in this mode, as compared with 
250-2000 ms in low Po-mode.23 As shown in Figure 2F, our control recordings 
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at 1 μM [Ca2+] exhibit a mean long closed duration of 132 ± 19 ms, which 
likely indicates some mixing of low Po-mode behavior. To discriminate 
closures longer than approximately 500 ms requires long recording periods, 
and because they are relatively infrequent events (but functionally important), 
such long closures are not easily visualized in the closed duration distributions 
with more frequent and short-lived intra-burst closed events. Instead, closures 
on the time-scale of seconds can be observed as non-uniformities in diary 
plots of time-varying Po. We present these trajectories as Po frequency 
histograms (0.5 s binning duration) in Figure 5A. Here we observe some non-
uniformity in the control recordings, however, the outstanding result is that 
both apamin and AP14145 induce pronounced periods of very low (or zero) 
Po on the seconds-to-minute timescale, which alternate with brief periods of 
high activity (Figure 5A, middle and bottom panels). These observations 
strongly suggest that both inhibitors induce very long channel closures, or 
prolonged periods of very low channel activity. 

To assess this possibility in more detail, we analyzed the inter-burst closed 
durations in recordings with only one channel, and of at least 10-s total 
recording time (to allow discrimination of such long events). These analyses 
are shown in Figure 5B-D, and suggest that the drug-induced shifts observed 
in the diary plots most likely result from a class of very long closed events not 
present in control recordings. All patches treated with apamin and AP14145, 
required a second inter-burst closed duration component, which we termed 
the very long closed duration (𝜏c,vl), to fit this class of very long-lived closed 
events (Figure 5C). Because only long recordings of single-channel patches 
could be used for inter-burst analyses, and the number of such patches was 
quite small (n=4 for control and apamin, and n=3 for AP14145), our power for 
conducting formal statistical inference is relatively modest. Still, applying Chi-
square tests suggests that both apamin and AP14145 induced a separate 
class of closed events (3/3 channels, both p = 0.014 vs. control 0/3 channels, 
Figure 5C). This very long kinetic component reflected mean closed times of 
11.8 ± 7.1 s (apamin) and 10.3 ± 7.2 s (AP14145). The other inter-burst 
closed duration, 𝜏c,l, was present in both apamin and AP14145 recordings, but 
was not different to control (both p > 0.05). As described further in the 
discussion, we have not conducted a formal concentration-response to 
characterize the concentration dependence of this very-long closed duration. 
However, we can approximate on-rates for each drug by assuming that the Kd 
for this class of events is similar to the macroscopic Kd’s. For apamin we use 
5 pM.28 For AP14145, we use as proxy the Ki (550 nM) calculated from the 
Cheng-Prusoff equation (applying the AP14145 IC50 measured at 400 nM 
Ca2+).32 Applying this approach and the corresponding koff =1/𝜏c,vl for apamin 
we calculate an apparent kon at 100 nM of 1.7 x 107 s-1 and intrinsic kon of 1.7 
x 1011 mM-1.s-1. Proceeding similarly for AP14145, the apparent and intrinsic 
on-rates are 177 s-1 (at 10 μM) and 1.77 x 104 mM-1.s-1, respectively. 

Table 1 includes an explicit accounting of the importance of these very long 
(VL) closed events to overall inhibition by both drugs. There we applied two 
thresholds for counting a closure as a VL event (events longer than either 1s 
or 2.9s). The 1-second threshold is approximately 10-fold longer than the 
mean long closed duration for control patches, and 2.9-seconds was the 
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duration of the longest single closed event in a control patch. In either case 
we observed much greater prevalence of the VL events in both AP14145 and 
apamin. Further, the average fraction of recording time spent in closures > 
2.9s was 66% for apamin and 49% for AP14145 (control = 0%). If we pooled 
all events together (rather than averaged per patch), the effect was even more 
pronounced at 86% of total recording time for apamin and 62% for AP14145. 
Applying the 1s threshold, these values were 93% for apamin, 75% for 
AP14145, and 34% for control. Many tens of these VL events contributed to 
these effects for both apamin and AP14145, and they occurred at significantly 
higher frequency (Table 1). Together, these observations make a compelling 
argument that these long events are the major mechanism of inhibition for 
both AP14145 and apamin. 

To assess the possibility that there is some mode-specificity for induction of 
these very long closures by either apamin or AP14145 we analyzed segments 
of 500 ms before and after VL closures longer than 1 s and 2.9 s. Periods 
before and after closures showed no bias towards low or high Po behavior for 
either drug, nor were there any differences between drugs for the Po directly 
preceding or after VL closures (all p > 0.05, Table 1). This suggests that 
induction of the very long closed events is not more easily entered from a 
conformation promoting either Po-mode behavior.  
 
Together, these analyses strongly suggest that the major mechanism by 
which both apamin and AP14145 inhibit rSK2 channels is through induction of 
very long non-conducting events.  
 
Discussion 
We have examined the impact of two SK channel inhibitors (apamin and 
AP14145) on the dynamic properties of rSK2 channel gating in single 
channels. Both compounds are well known to selectively and potently inhibit 
SK-mediated currents, and both are thought to exert their inhibition as 
modulators of channel gating rather than by directly blocking the ion 
permeation path.28,29,32,33 However, the molecular bases for these effects are 
very likely to be distinct. Apamin is the prototypical peptide inhibitor of SK2 
current first isolated from western honey bee venom,49 whereas AP14145 is a 
clinical lineage small molecule developed by Acesion Pharma in pursuit of 
new and selective treatments for atrial fibrillation.32,33 Available structural data 
suggest that their inhibitory actions occur via distinct allosteric 
mechanisms.28,29,32,33 For these reasons we sought to determine if such 
differences manifest at the level of single SK2 channel dynamics, and may 
therefore provide a basis for predicting in vivo cardiac pharmacodynamic 
responses. 
 
The major mechanism of apamin and AP14145 inhibition is induction of 
very long-lived channel closures 
At the single channel level, both inhibitors exert their major influence on SK 
channel function by introducing a new very long closed duration, which was 
never observed under control conditions. This very long closed duration 
separates periods of channel activity with prolonged periods of apparent 
quiescence that last from several seconds to several tens of seconds. The 
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resulting reduction in overall channel activity would be expected to reduce the 
macroscopic SK current by up to 98% under conditions approaching 
saturating Ca2+ activation. It should be noted that this major finding is 
somewhat complicated by the modal behavior intrinsic to normal SK channel 
gating (in the absence of inhibitor), where shifts from high to low activity are 
accompanied by a change in the long closed duration of approximately an 
order of magnitude (30 to 300 ms, at 1 μM Ca2+).23 However, we contend, for 
two reasons, that the very long closures observed in the presence of either 
apamin or AP14145 are unambiguously different from this mode-shifting, and 
do not simply reflect an effect of the drugs to promote the low activity regime. 
First, the very long closed durations range from one to three orders of 
magnitude longer than the longest closed duration observed under control 
conditions herein, and in low Po-mode previously.23 Second, diary plots 
(Figure 5A) suggest that, while our relatively high (1 μM) Ca2+ conditions do 
shift gating kinetics towards the high-activity regime, both Po-modes are likely 
still present. Therefore, this mechanism of inhibition is likely to be independent 
of modal gating shifts, and both Po-modes occur in presence of the inhibitors. 
We also observed that both apamin and AP14145 can induce long channel 
closures during both low and high activity periods. AP14145 showed multiple 
effects on channel activity not included in this analysis of Po-mode specificity 
(e.g. changes to unitary amplitude and intra-burst kinetics). A second 
important note is that these effects were observed at relatively high 
concentrations of both drugs. AP14145 was applied at concentration that 
elicits between 50% and maximal inhibition (depending on [Ca2+]),32 and 
apamin was applied at supra-maximal (>IC99) inhibitory concentration. It 
would be desirable to understand the effect of differing drug concentrations on 
the length (or prevalence) of these very long closures, however the patch-to-
patch variability of 𝜏c,vl causes that assessment to constitute a tremendous 
experimental undertaking. Rudimentary power calculations suggest that 
approximately 50 recordings meeting all criteria would be required to discern 
even a relatively large (~50%) concentration-dependent change in 𝜏c,vl. Given 
that few (~30%) of all recordings met the criteria for 𝜏c,vl, the total number of 
recordings would be well in excess of 100 patches. The similarity between 
apamin and AP14145 in this major mechanism of inhibition is surprising. 
However, we have no evidence that the molecular mechanisms are common 
for the two drugs, and caution against such a conclusion. Indeed, given prior 
reports that the primary association domains are distant and on opposite 
sides of the membrane, considerable further investigation would be required 
to establish a common downstream mechanism.28–32,41 Apamin, in part due to 
the fact that it inhibits the channel from the extracellular side,29 was initially 
assumed to be a pore-blocker. However, site-directed mutagenesis, homology 
modeling, and poly-pharmacology studies have indicated that it has two 
binding sites, in the outer pore28–30 and the S3-S4 extracellular loop of a 
neighboring subunit within the channel tetramer.29 Given apamin’s small size 
(18 amino-acids), and the observation that the binding site closest to the 
channel pore exists in the S5-PHelix loop (outer pore region) of the SK 
monomer,28 it is geometrically incapable of directly obstructing the permeation 
path. In contrast, the structural basis for AP14145 inhibition appears far 
removed from apamin. Displacement experiments have shown that NS8593 
(a structural analog of AP14145) does not share an interaction site with 
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apamin, but rather binds in the inner pore vestibule of the SK channel.34,38 
Furthermore, both AP1414532 and its structurally similar precursor 
(NS8593)35,38 reduce SK channel calcium sensitivity and inhibit the channel 
via an allosteric mechanism. This effect represents negative modulation, and 
is liable to being reversed through competition from the positive modulator 
(calcium sensitizer) NS309.32 These functional data suggest that AP14145 
exerts a dominant mechanism of inhibition via altering calcium-dependent 
activation, but that multiple mechanisms may be important. 
 
To our knowledge, external Ba2+ is the only other inhibitor known to induce 
such long K+ channel closures. Ba2+ block is ubiquitous across many K+ 
channel families, and thought to reflect direct block of permeation through 
sites in the pore and particularly the selectivity filter.50 The time course of Ba2+ 
block often exhibits multiple components.51 The ability for Ba2+ to elicit very 
long closures has been reported for BK channels, where mean closed 
durations are in the range of several seconds (~1-4), depending on internal 
and external K+ concentration and membrane potential.52–55 Even longer Ba2+ 
blocking events occur Shaker K+ channels, where 2 mM external Ba2+ induces 
closures that can last several tens of seconds.56 It is possible that Ba2+-
induced events of this duration occur in other classes of K+ channel, but have 
not been reported due to the requirement for long recording durations, which 
are challenging in many single channel preparations. 
 
In summary, our observation that AP14145 and apamin elicit a similarly long-
lived non-conducting state of the SK2 channel suggests an unexpected 
commonality in the major outcome of inhibition for these two compounds. All 
available data indicate that the structural bases for these two effects are 
distinct, which in turn suggests that some common downstream allosteric 
outcome may be responsible for the inhibition resulting from these two very 
different classes of SK channel antagonist. Whatever the molecular events 
are that underlie those outcomes, it appears that they are the only significant 
mechanism for inhibition by apamin (although other modulatory effects are 
apparent), whereas both this and prior studies suggest that AP14145 may 
exhibit multiple mechanisms of inhibition. Certainly, the very long closures 
induced by AP14145 were the most powerful form of inhibition we observed 
for AP14145 inhibition, but this was not the only important mechanism in the 
complex changes to SK channel gating we have observed for AP14145.  
 
AP14145 slows whereas apamin accelerates intra-burst gating kinetics  
In addition to inducing very long duration closed events separating bursts, 
both apamin and AP14145 impacted gating kinetics within bursts. The 
duration of channel openings were not affected by AP14145, but the 
occurrence of the short opening events was significantly reduced, thus shifting 
the balance toward longer open durations. This subtle effect would be 
expected to result in a modest increase in SK channel activity in vivo, but is 
greatly overshadowed by the cumulative effect of AP14145’s other actions, all 
of which reduce macroscopic SK current. The closed durations within a burst 
(short and intermediate time constants) were prolonged by AP14145 but 
markedly abbreviated by apamin, which also appeared to induce occasional 
episodes of flickery activity, and similarly rare but prolonged low amplitude 
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openings. We have no direct evidence that either of these behaviors were due 
to a direct blocking mechanism, and may reflect forms of modulatory mode-
shifting. Together, the longer intra-burst closed durations and the greater 
prevalence of long open durations, result in slower overall intra-burst gating in 
the presence of AP14145. Because apamin did not alter the mean open dwell 
times, it is likely that its abbreviation of intra-burst channel closures (in part 
due to flickery activity) counteracts its major inhibitory effect of inducing very 
long inter-burst closed events. 
 
Only AP14145 impacts unitary current amplitude 
We have observed that single SK channels can open in two different 
amplitudes classes, and in this dataset each class occurred with 
approximately equal prevalence. While we have not conducted formal current-
voltage relationships to assess the slope conductance of each class, those 
calculated from the average amplitudes were 10.8 pS and 15.2 pS. Due to the 
small conductance of the SK channel and the small difference between the 
low and high conductances, it is not surprising that the difference in 
amplitudes has not been reported yet. The SK channel is commonly 
functionally identified by a unitary conductance < 20 pS, with most 
observations in the range 4-14 pS in symmetrical potassium. Both amplitude 
classes displayed identical open duration kinetics, and event amplitude was 
not correlated with kinetic behavior of the SK channel. Due to the similarity in 
open state kinetics and direct transitions between amplitude classes, it is most 
likely that the low amplitude openings represent a sub-conductance state of 
the open rSK2 channel. 
 
Apamin had no effect on SK channel amplitude at -50 mV and [Ca2+] = 1 μM, 
either in terms of their absolute values or relative prevalence. In contrast, 
AP14145 decreased the occurrence of the high amplitude and the absolute 
value of the low amplitude events. This adds another mechanism of inhibition 
attributable to AP14145. Viewing this mechanism from a structural 
perspective, two residues (S508 and A533 for rSK3; S507 and A532 for 
hSK3) in the inner pore of SK3 channels confer sensitivity to NS8593 as well 
as AP14145.32,34 Mutating corresponding residues in the NS8593-insensitive 
IK channel pore (to match the NS8593-sensitive SK3 channel) transfers both 
the interaction site and potent inhibition observed for SK3 channels, but 
confers a form of inhibition that is much less calcium- and NS309-sensitive.34 
This suggests that these residues permit a form of inhibition that resembles 
pore-block, rather than negative modulation.34 This partial pore-block 
mechanism is also supported by the mechanism of IK block via TRAM-34. 
The sensitivity of IK channels to TRAM-34 is mediated by the same sites in 
the pore region of the SK channel for NS8593 and AP14145 binding.21,34,57,58 
However, while molecular modeling of TRAM-34 suggests that it coordinates 
among all four subunits to fill the site that would ordinarily be occupied by K+ 
in the IK permeation pathway, NS8593 only coordinates with two adjacent 
subunits in a binding pose that is not expected to completely block 
permeation.21,34,58 Together, the similarity in binding site and mechanism of 
TRAM-34 makes it reasonable to expect that NS8593 (and perhaps AP14145) 
partially obstruct the SK channel pore, although this clearly requires further 
interrogation. With respect to AP14145, we have at least observed a reduced 
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frequency of high amplitude SK channel openings as well as reduced 
amplitude in the low amplitude class. This would be expected to contribute a 
component of inhibition that is calcium independent, and additional to the 
modulatory effects observed as changes to gating kinetics that are known to 
be calcium dependent.  
 
Conclusions and Limitations 
We have applied single channel patch clamp to elucidate the pharmacological 
effects of two developmentally distinct negative modulators on the complex 
gating kinetics of the SK channel. First, in the absence of inhibitors, we have 
extended our prior rSK2 channel characterizations23 by observing that open 
channels exhibit two amplitudes with identical open-state kinetics. Most 
importantly, and unexpectedly, we have demonstrated that (at the level of 
channel gating kinetics and unitary current) the major inhibitory outcome is 
similar for apamin and AP14145. Both compounds inhibit SK current by 
inducing long channel closures (> 10 s), the like of which are never observed 
in control recordings. This induction of long periods of inactivity was the only 
observed inhibitory effect of apamin on SK channel gating, although it also 
introduced counteractive shortening of closures during bursts of channel 
activity. In contrast, AP14145 elicited multiple inhibitory effects. Similar to 
apamin, very long closures constituted the primary mechanism of AP14145 
inhibition, but this combined with prolonged intra-burst closed durations and 
reduced unitary current. All of these three effects would result in a reduced SK 
current, but the combination illuminates the complexity and potency of 
AP14145’s inhibitory actions. These data clearly demonstrate unique dynamic 
modulation of these channels by both drugs, with implications for their effects 
in vivo. Integrating these observations through quantitative computational 
models of SK kinetics will permit a comprehensive mechanistic interrogation 
of both compounds in excitable cells and will be a high priority for future 
studies.  
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Table 1: Full recording inventory (* p< 0.05, ** p < 0.01, *** p < 0.001) 

 

 Control Apamin AP14145 

Complete dataset characteristics 

Number of recordings 16 11 9 

Total duration of recordings (s) 746 1577 1033 

Total number closing events 10915 8032 5534 

Total number of bursts 2282 1690 723 

Burst duration (ms) 328 ± 136 259 ± 149  570 ± 184 

Single channel patches 

Number of recordings 5 4 6 

Total duration of recordings (s) 372 1125 737 

Mean Po 0.32 ± 0.16 0.10 ± 0.03  0.21 ± 0.12 

Burst frequency (bursts.s-1) 3.56 ± 1.10 0.57 ± 0.30 * 1.06 ± 0.36 * 

Very long closed event analyses 

Number of recordings 4 4 3 

Total duration of recordings (s) 367 1125 720 

Mean Po 0.28 ± 0.21 0.10 ± 0.04 0.03 ± 0.01 

Number of bursts 386 ± 192 91 ± 33 189 ± 76 

Burst frequency (bursts.s-1) 3.97 ± 1.31 0.57 ± 0.30 0.99 ± 0.48 

Total number of closed events > 1s 15 90 76 

Total number of closed events > 2.9s 0 42 26 

Frequency of closed events > 1s (events.10s-1) 0.22 ± 0.16 1.36 ± 0.35 * 1.27 ± 0.52 

Frequency of closed events > 2.9s (events.10s-1) 0.00 ± 0.00 0.63 ± 0.15 ** 0.38 ± 0.06 *** 

% time in closed events > 1s 3.4 ± 2.3 78.7 ± 10.5 *** 63.6 ± 18.1 ** 

% time in closed events > 2.9s 0 ± 0 66 ± 16 ** 49 ± 23 * 

Po excluding closed events > 1s 0.28 ± 0.21 0.43 ± 0.19 0.19 ± 0.13 

Po excluding closed events > 2.9s 0.28 ± 0.21 0.29 ± 0.17 0.16 ± 0.11 

Po preceding closed events > 1s 0.05 ± 0.02 0.16 ± 0.07 0.12 ± 0.10 

Po preceding closed events > 2.9s NA 0.11 ± 0.07 0.11 ± 0.09 

Po after closed events > 1s 0.06 ± 0.04 0.13 ± 0.05 0.11 ± 0.07 

Po after closed events > 2.9s NA 0.15 ± 0.09 0.11 ± 0.07 

Intra-burst analyses 

Number of recordings 16 11 9 

Total duration of recordings (s) 300 452 313 

Alow (pA) 0.54 ± 0.03 0.54 ± 0.05 0.38 ± 0.03 

Weight Alow 0.49 0.61 0.80 

Ahigh (pA) 0.76 ± 0.03 0.74 ± 0.04 0.58 ± 0.06 

Weight Ahigh 0.51 0.39 0.20 

Tauo,s (ms) 4.01 ± 0.11 3.61 ± 1.00 4.59 ± 0.76 

Weight Tauo,s 0.62 0.65 0.42 

Tauo,l (ms) 34.8 ± 9.3 20.9 ± 3.6 36.6 ± 11.5 

Weight  Tauo,l 0.38 0.35 0.58 

Tauc,s (ms) 1.59 ± 0.19 0.75 ± 0.10 3.50 ± 0.81 

Weight Tauc,s 0.56 0.64 0.63 

Tauc,i (ms) 13.5 ± 1.2 5.1 ± 0.5 32.0 ± 6.8 

Weight Tauc,i 0.44 0.36 0.37 

Inter-burst analyses 
Number of recordings 4 4 3 

Total duration of recordings (s) 367 1125 720 

Total number closing events 7212 3116 3422 

Tauc,l (ms) 132 ± 19 153 ± 129 233 ± 38 

Weight Tauc,l 1.0 0.42 0.78 

Tauc,vl (ms) NA 11752 ± 7131 10265 ± 7249 

Weight Tauc,vl NA 0.58 0.22 
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Table 2: Flickery activity analyses (*** p < 0.001) 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Time in Flickery activity (s, %)  

Group Non-VL time (s) 
10 sequential events  
(C < 5 ms, O < 1 ms) 

20 sequential events  
(C < 5 ms, O < 1 ms) 

40 sequential events  
(C < 10 ms, O < 1 ms) 

Control 241.6 0.46 s, 0.19% 0 s, 0% 0 s, 0% 

Apamin 82.2 11.89 s, 14.47% *** 2.60 s, 3.16% *** 4.26 s, 5.19% *** 

AP14145 183.3 0.06 s, 0.03% 0 s, 0% 0 s, 0% 
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Figure legends 
 
Figure 1: rSK2 exhibits two opening amplitudes. Raw traces in A and B show 
single SK channel openings as downward deflections from baseline (dashed 
grey line). A. At -50 mV holding potential, the majority of rSK2 channels show 
two clear unitary amplitudes (Alow and Ahigh). B. Non-contiguous sweeps 
showing a number of clear transitions from Alow to Ahigh (↓), and vice versa (↑). 
C. Representative amplitude histogram (left) and exponential distribution of 
open dwell-time histogram (right) constructed from all opening events for a 
single patch. These distributions (dashed lines) clearly show two 
distinguishable amplitude components, and two distinguishable open 
durations (solid lines). D. Summary data for opening amplitudes across all 
control patches (n=16). All 16 patches exhibited Ahigh, whereas slightly fewer 
(12 of 16) patches also exhibited a significant Alow component as determined 
by maximum likelihood fitting (left panel). The two amplitudes are separated 
by approximately 50% of the mean Alow, suggesting a sub-conductance 
conformation (right panel). E. We next separated the tail regions (shaded 
areas) of the amplitude distributions into Ahigh events (top panels) and Alow 
events (bottom panels) to assess whether the two amplitude classes exhibited 
any differences in open duration. Representative histograms show that the 
mean open durations of the two amplitude classes are not different. F. While 
relatively few (n = 6) patches had sufficient opening events to be decomposed 
in this way, summary analyses of those 6 patches also suggest that there was 

no difference in either the short (τo,s) or long (τo,l) open dwell-times between 

the two amplitude classes.  G. Further supporting this assertion, there is no 
correlation (r2 = 0.006) between amplitude and open duration for all events in 
a single patch, although the independent high and low amplitudes can still be 
clearly visualized as horizontally oriented clusters around the mean of each 
amplitude level. Error bars in panels D and F represent mean and SEM, 
respectively. *** p <0.001 vs. Alow.  
 
Figure 2: Summary of control rSK2 single channel kinetics. A. As indicated by 
representative data in figure 1, most rSK2 channels exhibit open dwell-time 

distributions best fit by 2 exponentials (τo,s, and τo,l). Dashed distribution 

represents overall fit, with individual components in solid lines. B. When 
assessing all (n = 16) control patches, only 2 patches exhibited maximum 
likelihood fit for 1 rather than 2 open duration components. C. On average, 
τo,s, and τo,l were separated by approximately an order of magnitude in 

control patches, although both distributions were relatively broad. As 
mentioned in the methods section, because these recordings were analyzed 

by a different technician, the absolute values of the two open durations τo,s = 

4.0 ± 0.1 ms, and τo,l = 34.8 ms are slightly longer than we have previously 

published.23 D. A representative closed duration distribution (dashed line) 

indicating the three typical rSK2 closed dwell-times in solid lines (short: τc,s, 

intermediate: τc,i, and long: τc,l), and the control burst delimiter, as 

previously.23 E. All control patches (n=16) permitted fitting of the short (τc,s) 

and intermediate (τc,i) closed durations, however only patches with one 

identifiable channel and at least 10-s continuous recording were subjected to 
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burst analysis for distinguishing the long (τc,l) and very long (τc,vl) closed 

durations (see Methods). F. The three closed dwell-time components in these 
control patches were again separated by approximately 2 orders of magnitude 
(from several ms to several hundred ms). Bold horizontal bars and error bars 
in panels C and F represent mean and SEM, respectively.   
 
Figure 3: AP14145 reduces unitary currents and modestly slows open 
channel kinetics, whereas open channel dynamics are unaffected by apamin. 
A. Representative amplitude distributions for apamin (top) and AP14145 
(bottom), showing left-shifted and narrower amplitude profiles for AP14145. B. 
Representative open duration distributions for apamin (top) and AP14145 
(bottom), neither of which were altered compared to control. Dashed lines in A 
and B represent overall distribution, with individual components as solid lines. 
C. AP14145 decreased the number of patches with a distinguishable high 
amplitude class of channel openings - only 4 of 9 AP14145 patches exhibited 
Ahigh (right panel). D. AP14145 also decreased the mean amplitude of the Alow 
opening events to 71% of control Alow. E. AP14145 modestly reduced the 
fraction of patches (6/9) that exhibited a distinguishable short open duration 

(τo,s), relative to control. F. Neither apamin nor AP14145 impacted the mean 

duration of either short or long classes of channel opening (τo,s or τo,l) 

compared to control. Bold horizontal bars and error bars in panels D and F 
represent mean and SEM, respectively. *** p < 0.001 vs. control; † p < 0.05 
vs. control. 
 
Figure 4: Apamin abbreviates and AP14145 prolongs short and intermediate 
channel closures during burst periods. Raw traces in A show SK channel 
openings as downward deflections from baseline (dashed grey line). A. 
Representative raw traces for burst behavior in control, apamin, and AP14145 
recordings. B. Representative closed duration distribution showing the intra-
burst components (solid line), and overall distribution (dashed line) for apamin 
and AP14145. C. The great majority of patches for both apamin (n = 11) and 
AP14145 (n = 9) exhibited two distinguishable intra-burst closed durations. D. 

The mean durations for both τc,s and τc,i were markedly altered by both 

apamin and AP14145. apamin shortened both components (τc,s = 47%, τc,i = 

37%, both relative to control), whereas AP14145 prolonged both components 

(τc,s = 221%, τc,i = 237%, again both relative to control). Bold horizontal bars 

and error bars in panel D represent mean and SEM, respectively. † p < 0.05 

vs. control; ** p < 0.01 vs. control; # p < 0.001 vs. apamin. 

 
Figure 5: Both apamin and AP14145 introduce a fourth closed duration that 
represents very long periods of channel inactivity. A. Diary plots of channel Po 
averaged over epochs of 500 ms duration. Mean Po indicated for each 
condition is the average of all epochs in the recording. When channel activity 
is visualized over a time scale of 10s of seconds, it is clear that both apamin 
and AP14145 introduce long periods of inactivity that are not present in 
control recordings, and not observable on the scale of 100’s of milliseconds. 
B. Representative closed duration distribution showing the inter-burst 
components (solid line), and overall distribution (dashed line) for apamin and 

AP14145. In addition to the long closed duration (τc,l) present in control 
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patches, inter-burst histograms for both apamin and AP14145 exhibit an 

additional (fourth) very long closed (τc,vl) component in the presence of 

apamin or AP14145. C. In contrast to the control recordings, all single-
channel patches treated with apamin (n = 4) and AP14145 (n = 3) exhibited 

the new fourth duration.  D. The mean long closed duration, τc,l, was 

unaffected by apamin and AP14145, and neither (τc,l or τc,vl) differed between 

apamin and AP14145. Bold horizontal bars and error bars in panel D 
represent mean and SEM, respectively. † p < 0.05 vs. control. 
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