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Abstract

Recent work has shown the increased predictive power of cardiac action-potential models that

include variability in their parameters. Yet quantitative data on variability in the kinetics of

ionic currents is scarce. We investigated and quantified variability in one of the major ionic

currents, the cardiac fast sodium current INa. Using a simple voltage step experiment, we

found that time constants of inactivation varied between roughly one-half and twice the most

common value. This suggests that a skewed, perhaps lognormal, distribution is appropriate

when modeling variability in time constants. Time constants of fast and slow inactivation were

linearly correlated (R=0.66). Next, we performed a literature review and found that midpoints

of activation and inactivation were reported over a 40mV range. Midpoints of activation

and inactivation were both approximately normally distributed. Midpoint of activation and

inactivation showed a linear correlation (R=0.82) and linear regression suggested an average

distance of approximately 40mV between midpoints. Fluctuations in the distance between

midpoints also appear approximately normally distributed. By reviewing the literature on

sources of variability in patch-clamp experiments such as temperature, time since membrane

rupture and liquid junction potential, we showed that the observed variability exceeds that

which can be expected from experimental conditions alone. Finally, we used computational

models to show that the observed variability affects the cellular action potential, and leads to

variability in the automaticity of isolated Purkinje cells.
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Variability in the dynamical properties of human cardiac INa

5.1 Introduction

Variability in the maximum conductance and in the dynamical properties of cardiac ion chan-

nels has been linked to critical differences in the response to antiarrhythmic drugs (Sarkar

et al., 2012; Britton et al., 2013), and may be a factor explaining the diverse arrhythmias

sometimes observed between different carriers of the same mutation (Remme et al., 2008;

Weiss et al., 2012, 2015). Incorporating variability into models of the action potential (AP)

has been identified as one of the key challenges in the future of cardiac cellular electrophys-

iology (Abriel et al., 2013) and was the subject of a white-paper featured recently in the

Journal of Physiology (Mirams et al., 2016). Yet, studies with an experimental basis that

quantify the variability in even the major cardiac ion currents are scarce.

In the present study, we have investigated variability in the kinetical parameters of the

cardiac fast sodium current INa, which is responsible for the initial rapid upstroke of the

AP, and plays a major role in AP propagation. Abnormalities in INa have been linked

to long-QT syndrome (type 3), Brugada syndrome, cardiac conduction disease, atrial and

ventricular fibrillation, ‘overlap syndromes’ and more (Amin et al., 2010). While some

studies of variability in ionic currents have focused entirely on changes in maximum con-

ductance (Sánchez et al., 2014; Chang et al., 2015; Passini et al., 2016), others have shown

the predictive power of including variability in kinetic parameters such as time constants of

(in)activation (Romero et al., 2009; Sarkar and Sobie, 2011; Britton et al., 2013). In contrast

to changes in maximum conductance, which can be explained by variable ion channel expres-

sion levels and measured using protein counting techniques, measuring variability in kinetics

requires cellular-electrophysiological experiments and a careful analysis of the experimental

factors influencing these results.

Our study proceeds in three parts. First, we perform simple voltage-step experiments and

fit a mathematical model to the results to quantify variability in the time constants of inac-

tivation. With these experiments we show that variability between cells occurs even under

controlled conditions. Next, we conduct a review of previously reported midpoints of activa-

tion and inactivation. This provides an insight into the variability in repeated measurements

in and between different laboratories, over a time span of several years. Finally, we incorpo-

rate the observed variability into computational models and show the effect of variability on

the AP of ventricular and Purkinje cells. By comparing our results to estimates of the un-

certainty due to experiment and analysis, we argue that this variability is not experimental

noise but an inherent property of the channels. A graphical overview of the study is given

in Fig. 5.1.
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We measured and analyzed the distributions
of the kinetical parameters of INa

Vinactivation Vactivation

τfast τslow

~40mV

Journal
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Figure 5.1: Graphical overview of this study. We performed patch-clamp experiments to characterize
and quantify variability in the time constants of INa inactivation, after transfection of wild-type SCN5A.
Next, variability in midpoints of activation and inactivation was studied by reviewing the existing literature.
With this knowledge in hand, we can move from conventional average-based modeling to variability-aware
modeling, which predicts not just a single outcome but a biologically realistic range of outcomes.

5.2 Methods

5.2.1 Experimental set-up

To determine whether variability could be observed in a simple, well-controlled experiment,

we investigated the currents elicited by applying a single voltage step to cells expressing

human SCN5A. To quantify the results, a Hodgkin-Huxley style model was fit to the data

using whole-trace fitting, which gives more reliable results than the conventional ‘disjoint’

method of analysis (Willms et al., 1999). Based on the results of an analysis by Walch and

Eisenberg (2015), we concentrated on the time constants instead of the steady-states, as the

latter cannot be determined uniquely (i.e., variability in fitted parameters may be observed

even for identical currents) unless the initial state of the system is known exactly. Finally,

we chose to focus on inactivation alone because the membrane-charging process can interfere

with recordings of INa activation (Sherman et al., 1999). A further description of the last

two points is provided in the Supplement.

5.2.2 Electrophysiological measurements

Chinese hamster ovary (CHO) cells were cultured in 35 mm dishes with Ham’s F-12 medium,

supplemented with 10% fetal calf serum and 1% penicillin/streptomycin. Cells were tran-

siently transfected with human WT SCN5A (NCBI reference sequence NM 000335.4, isoform

b) and green-fluorescent protein (2.5µg pIRES-WT-SCN5A-GFP) using Fugene 6 (Promega
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Benelux, Leiden, The Netherlands) as transfection agent. Fluorescence was boosted by

adding an additional 0.25µg of DNA coding for fluorescent protein (0.25µg pIRES-empty-

GFP).

The cells were then incubated for 24 hours at 37°C, briefly trypsinized and washed twice in

culture medium. They were then placed on an inverted microscope in a bath perfused

continuously with a solution containing (in mmol/L): 145 NaCl, 4 CsCl, 1 MgCl2, 1.8

CaCl2, 10 HEPES, and 11.1 glucose (pH=7.4 with CsOH). Pipettes were filled with (in

mmol/L): 10 NaCl, 120 CsCl, 20 TEACl, 5 MgATP, 5 EGTA, and 5 HEPES (pH=7.2

with CsOH). Patch pipettes were pulled and fire-polished using a DMZ-Universal-Puller

(Zeitz-Instruments Vetriebs GmbH, Martinsried, Germany) from 2mm borosilicate glass

capillaries (Science Products GmbH, Hofheim, Germany). Experiments were performed at

room temperature, which was measured as 22± 1.5°C.

Data was collected using three set-ups: An Axopatch 200B amplifier, Digidata 1322A digi-

tizer and Clampex 8.2.0, an Axopatch 200B amplifier, Digidata 1440A digitizer and Clam-

pex 10.2.0, and an Axopatch 1D amplifier, Digidata 1322A digitizer and Clampex 8.2.0 (all

Molecular Devices, Sunnyvale, CA, USA). Green fluorescent protein was used to identify

cells with successful transfection, which were then patch-clamped in the whole-cell configu-

ration. Access resistance was below 8MΩ for all cells. Cell capacitances ranged from 5.5pF

to 47pF. Series resistance compensation (60 to 80%) was employed, with ‘prediction’ enabled

on the amplifiers that provided this (see Sherman-Gold and Maertz, 2012). Data was filtered

at 1kHz using the analog low-pass 4-pole Bessel filter on the amplifiers and subsequently

digitized at 20kHz.

Directly after rupturing the membrane, cells were stimulated repeatedly with a single voltage

step, until the observed peak current had stabilized. Subsequently, a protocol with increasing

voltage steps was run (used to characterize voltage-dependent activation). From this data

the current elicited by a step from −120mV to −20mV was extracted. All steps were

preceded by a few seconds at −120mV to inactivate the channels.

Capacitance artefacts were filtered digitally by omitting data from the first ta milliseconds

after each change in potential. The value for ta was set manually for each recording, and was

in the order of 0.5ms. To estimate the leak in each signal, we fit a simple biexponential curve

to the decaying part of the current: Ifit = Ileak + c1e
−t/τ1 + c2e

−t/τ2 . Here, Ileak, c1, c2, τ1

and τ2 were cell-specific parameters that were determined by minimizing the sum-of-squares

error between Ifit and the recorded I using a downhill simplex method (Nelder and Mead,

1965). The entire signal was then corrected by subtracting the estimated Ileak.

6



Chapter 5

5.2.3 Quantifying time constants of inactivation

To quantify differences between experimental recordings, a Hodgkin-Huxley style model of

INa was fit to each recording. We used the equations by Beeler and Reuter (1977), but

without the constant term gNaC that was intended to capture background sodium current.

The resulting model includes slow and fast inactivation, and has the form:

INa(t) = m3 · h · j · g · (V − E) (5.1)

dm/dt = (m∞(V, p)−m)/τi(V, p) (5.2)

dh/dt = (h∞(V, p)− h)/τh(V, p) (5.3)

dj/dt = (j∞(V, p)− j)/τj(V, p) (5.4)

Here, g is the fixed maximum conductance, V is the membrane potential and E is the

reversal potential for INa. The model has a single activation variable m, a fast inactivation

variable h and a slow inactivation variable j. After a change in membrane potential, each of

these variables approaches a voltage-dependent steady state (m∞, h∞ and j∞) with a speed

determined by its time constant (τm, τh and τj). The steady states and time constants are

all functions of V and a vector of parameters p. When m∞(V, p) is plotted against voltage

it forms a sigmoid curve and the voltage at which it passes through 0.5 is the midpoint of

activation. The midpoint of inactivation is the voltage at which h∞(V, p) passes through

0.5. We used the equations for the steady states and time constants from Beeler and Reuter

and rewrote them in a parametrizable form, leading to a model with 16 parameters (not

including the reversal potential E or maximum conductance g). The complete equations are

given in Section 5.A.

When a voltage step is applied to a cell, its membrane potential approaches the applied

command potential in a process well approximated by:

dV

dt
=
Vcmd(t)− V

τc
(5.5)

where Vcmd(t) is the desired command potential, V is the actual membrane potential and τc

is a time constant dependent on the membrane capacitance, series resistance, and amplifier

series-resistance compensation settings (Sigworth, 1995). For INa, this charging time is in

the same order as the time constant of activation, even when applying series-resistance

compensation (Sherman et al., 1999). We therefore included Vcmd in our model as an

instantaneous voltage step and modeled V using the above equation. The time constant

of the compensated charging process τc was added as an additional model parameter to be

estimated in our model fitting procedure (see also Clerx et al., 2015).

Model parameters were estimated from measured currents by minimizing a score function

f(p) =
∑
t [Isim(p)− Iref]

2
, where the sum was taken over all sampled instances. Function
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minimization was performed using a parallelized particle swarm optimization (PSO) method

(Eberhart and Kennedy, 1995). This method requires no derivatives, can deal well with non-

smooth functions, and has been reported to perform well on ion-channel model fitting tasks

(Loewe et al., 2013, 2016). PSO uses many (pseudo-)random steps, which means it may

not always return the same value when re-applied, especially on noisy data. Our parameter

vector included the 16 parameters determining the model’s time constants and steady states,

the maximum conductance g, and the membrane charging time constant τc. The reversal

potential E was held constant at E = 50mV. A small number of heuristic modifications

were made to the score function to ensure good fits for all cells: First, based on our analysis

of the error introduced by the slowly charging membrane, we fit only to the signal starting

approximately halfway into the initial downslope. Next, we added a number of constraints

to ensure the variables took on the role of activation and (fast and slow) inactivation. We

used m∞(−20, p) ≥ 0.5, h∞(−20, p) ≤ 0.5 and j∞(−20, p) ≤ 0.5 and constrained the time

constants with τm(−20, p) < τh(−20, p) < τj(−20, p) and the heuristics τh/τm ≤ 75 and

τj/τm ≤ 400.

5.2.4 Computational methods

Simulations of the cellular AP were performed using the human ventricular model by Grandi

et al. (2010) and the human Purkinje model by Stewart et al. (2009). Both models include

an INa formulation based on the human ventricular model by ten Tusscher and Panfilov

(2006). All simulations were carried out using Myokit (see Chapter ??). Patch-clamp data

preprocessing and ion-current model fitting were performed using Myokit and NumPy/SciPy

(Jones et al., 2001).

5.2.5 Review of midpoints of (in)activation

In the second part of our research, we conducted a review of published midpoints of activa-

tion and inactivation of INa. These midpoints are widely reported, allowing a large number

of experiments to be compared. In addition, they are measured and calculated in a more

uniform way than time constants or other channel characteristics. Peak current was not

investigated as it varies strongly with channel density, activation and inactivation kinet-

ics, and measurement factors such as temperature, sampling rate, and the applied voltage

protocol.

Published recordings of INa in human myocytes are limited, with notable exceptions being

Sakakibara et al. (1992); Schneider et al. (1994); Feng et al. (1996) for atrial myocytes and

Sakakibara et al. (1993) for ventricular cells. By contrast, studies with cloned human sodium

channels in expression systems are far more common. Typically, these studies investigate

the changes caused by a mutation, but also report midpoints measured with wild-type (WT)

DNA. This allowed us to collect a large number of reports of WT midpoint of activation
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Table 5.1: Collected reports of either midpoint of activation, midpoint of inactivation or both, split by
α-subunit. Where possible, GenBank accession numbers are provided. The total number of reports using
each α-subunit is given as N. For every subtype, the number of reports made with β1-subunit co-expression
is given as β1. Finally, the number of reports N (with and without β1-subunit) is broken down according
to the expression system used (HEK293 or tsA201, Xenopus oocytes and CHO cells). The totals for each
subgroup are given on the bottom row.

Code Description Acc. No. N β1 HEK Ooc. CHO
a Isoform a (Q1077) AC137587 25 4 23 0 2
b Isoform b (Q1077del) AY148488 28 7 23 1 4
a* hH1 (R1027Q) M77235 67 42 49 16 2
b* hH1a (T559A; Q1077del) None 6 3 6 0 0
? Unknown None 41 24 38 2 1

167 80 139 19 9

and inactivation.

Table 5.1 shows the number of reports from expression system experiments collected in

our study. The pore-forming, α-subunit expressed in these experiments differed slightly,

and included the 2016 amino-acid long reference sequence (isoform a), the naturally more

common isoform with a deletion at position 1077 (isoform b) and variants of both a and

b with a slight variation not commonly found in human DNA, which we dubbed a* and

b* (Makielski et al., 2003; Ye et al., 2003). In addition, we included experiments with and

without the β1-subunit, made in human embryonic kidney (HEK) cells (including tsA201),

Xenopus oocytes or CHO cells. The complete list of publications is given in Section 5.C.

All reported midpoints included in our analysis were specified as (1) the mean midpoint of

(in)activation, (2) the corresponding number of measurements (i.e., the number of cells) and

(3), the corresponding standard error of the mean (SEM). Using this data, we calculated

the standard deviation (SD) for each report and constructed a probability density function

(PDF) assuming that the measurements in each report followed a normal distribution. The

different PDFs were then multiplied by the number of measurements, discretized (so that

they resembled fine-grained histograms) and summed to create the combined PDFs seen in

Fig. 5.5.
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Figure 5.2: (A) A simple step protocol from −120mV to −20mV. (B) The resulting INacurrent, measured
in 21 cells. All data was leak-corrected and had the capacitance artefacts removed, leading to the initial flat
(zero) response. Data was time-shifted so that the peak occurred at t = 1ms. (C ) Time constants of fast
and slow inactivation, measured by fitting models to the data from each cell. (D) The correlation between
the time constants of fast and slow inactivation.

5.3 Results

5.3.1 The time constants of inactivation vary from cell to cell

Fig. 5.2.B shows the current measured in 21 cells, normalized to a peak current of −1, and

time-shifted to have its peak at t = 1ms. The initial downward slope and the time to peak

varies from cell to cell (see also the alternative views in Section 5.B.1). Once the peak

is reached, the current inactivates with a time course that varies from cell to cell. This

variability was quantified by fitting a model of INa, and the resulting time constants of fast

and slow inactivation are shown in Fig. 5.2.C. The distribution appears skewed, possibly

lognormal, with values ranging from about half to twice the most common value (or mode),

although the distribution for slow inactivation shows an outlier at around 4 times the mode.

5.3.1.1 Slow and fast inactivation are not independent

Fig. 5.2.D shows the relation between the slow and fast time constants. A moderate linear

correlation was found, with a Pearson correlation coefficient R = 0.64. Linear regression
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yielded τj ≈ −0.7 + 6.1τh. The small offset suggests that perhaps the relation between the

time constants is best expressed as the ratio τj/τh. Calculated per cell, this had a mean of

5.4 and a standard deviation of 1.9.

5.3.1.2 The time constants do not correlate with time since rupture

The time between membrane rupture and application of the step protocol varied between

the experiments. It is possible that slow changes in membrane potential occurred during

this time, e.g., due to a drifting liquid junction potential (Hanck and Sheets, 1992). Fig. 5.3

shows that the largest and smallest time constants were all measured around 500ms after

membrane rupture, and there is no clear correlation between time since rupture and the time

constants (Pearson correlation coefficient −0.039 for τh and time, 0.082 for τj and time). In

addition, we obtained recordings at a second point of time for a subset of cells but generally

saw only small differences between both measurements (see Section 5.B.1).
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Figure 5.3: The fast (τh) and slow (τj) time constants of inactivation, plotted against the time between
rupturing the membrane and performing the voltage step and current measurement. No clear relation
between the time and the time constants can be seen, as indicated by the almost horizontal regression lines.

5.3.1.3 The influence of noise is limited

We estimated time constants by searching for the values that gave the best fit to our data

using a pseudo-randomized approach (see Section 5.2.3). However, in the presence of noise,

this procedure may not return a unique result, as multiple parameter sets can be found

that will give different but almost equally good results, so that the ‘best fit’ chosen depends

on details of the algorithm and score function used, rather than the underlying biology.

To investigate the resulting noise-induced variability, we ran the analysis procedure several

times for each cell. Because our dataset contained 21 cells, we performed 21 fits per cell so

that the variability between cells and between fits could more easily be compared.

Fig. 5.4 shows the values obtained this way for each cell, alongside the values obtained by

a single fit to each cell. For most cells, the variability between repeated fits was far smaller

than the variability between cells. A numerical analysis supports this observation. Between

cells, τh had a mean of 1.0ms and a standard deviation of 0.36ms, while the mean and

standard deviation for τj were 5.7ms and 3.4ms respectively. The mean standard deviation
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Figure 5.4: Variability between cells exceeds variability in repeated fits. (A) Fast (top) and slow
(bottom) time constants of inactivation. The data points at position -1 each represent a single fit to a
different cell. The subsequent signs at position 1, 2, 3, etc. indicate the outcomes of repeated fits to cells 1,
2, 3, etc. (B) The standard deviation of fits to different cells (position -1) and of repeated fits to the same
data (positions 1, 2, 3, etc.).

observed in repeated fits was 0.21ms for τh and 0.99ms for τj . If we assume both standard

deviations (between cells and between fits) describe independent distributions, we can use

σ2
x+y = σ2

x + σ2
y to correct the inter-cell standard deviations for the fitting error to find

σh = 0.29ms and σj = 3.2ms.

5.3.1.4 Variability is not explained by temperature

Temperature was kept within a ±1.5°C bracket during the recordings. If temperature alone

induced the observed variability, this should cause the ratio between our highest and lowest

time constants to be 0.5−3/10 ≈ 1.23, for both slow and fast inactivation (Nagatomo et al.,

1998). However, the ratio seen in our data was closer to 4 for both, suggesting temperature

differences may partly, but not fully explain the observed variance.
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5.3.2 The midpoints of (in)activation vary from cell to cell
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Figure 5.5: (A) The midpoints of activation and inactivation reported in human myocyte studies on n
cells. All four studies show large variability, represented here as a normal curve with the reported mean and
standard deviation, and an area under the curve equal to the number of measured cells. (B) Distribution of
reported midpoints of activation and inactivation based on measurements in expression systems. The shaded
areas shows the summed distribution constructed from the reported data for n cells in m individual reports.
The thick dashed lines indicate a normal distribution with the corresponding mean and SD. The vertical grey
lines indicate the mean of the inactivation and activation distributions. (C ) Correlation between reported
midpoints of activation (Va) and inactivation (Vi), shown for studies that reported both. The white dots
indicate a reported pair of mean midpoints, with the corresponding ±2σ range indicated by the blue ellipses.
(D) A histogram of the difference between midpoints of activation and inactivation.

Fig. 5.5.A shows the distributions of Vi and Va obtained from studies with human myocytes,

one with ventricular myocytes and three with atrial samples. All studies show large vari-

ability in outcome, independent of the number of cells being used. Similar variation was

seen in the expression system data. In these reports, the standard deviation of Va ranged

from 0.4mV to 22mV, with a mean standard deviation of 4.5mV. Standard deviations of Vi

ranged from 0.13mV to 15mV, with a mean of 4.0mV. Assuming a normal distribution, this

indicates a spread of ±8mV (95% interval) is not uncommon in a single run of experiments.

5.3.2.1 The mean midpoints of (in)activation vary from study to study

Fig. 5.5.B shows the distribution of cellular Va and Vi constructed by summing the distribu-

tions from multiple studies. Both distributions show a spread of approximately ±20mV (95%

interval), indicating a much larger variance between studies than within studies. Even the

smaller peaks, which indicate the means of individual reports, occur over a range of ±20mV
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for both activation and inactivation. Both reconstructed distributions are reasonably well

approximated by a normal distribution.

5.3.2.2 The midpoint of activation and inactivation are not independent

Fig. 5.5.B shows the distributions for Vi and Va overlap. However, physiologically it seems

likely some distance between Vi and Va is required and that the two distributions are not

independent. Fig. 5.5.C shows the midpoint of inactivation plotted against the midpoint of

activation from the same study. Studies reporting only the midpoint of activation or only

inactivation had to be omitted for this figure, but no other filtering was performed, leading

to a total of 138 data points. A strong linear correlation is seen between the reported

midpoints of activation and inactivation (Pearson correlation coefficient R=0.82). Using

unweighted least-squares based linear regression, we found an offset of −42.06mV and a

slope of 1mV/mV (1.000046).

To separate the simultaneous variance of Va and Vi from their individual variance, we calcu-

lated the quantity Va − Vi (using only the means, not the reconstructed distributions) and

plotted its distribution in Fig. 5.5.D. Here, we found a standard deviation of 6.3mV (the

corresponding standard deviations for Va and Vi in this dataset were 8.8mV and 10.8mV

respectively). This indicates that, despite their strong linear relation, both midpoints also

fluctuate independently.

5.3.2.3 Cell-type and channel-variant do not explain study-to-study variability

Fig. 5.5.B incorporates data from all reports included in our analysis, and so contains data

from different expression systems, with and without the β1-subunit and with slightly dif-

ferent α-subunits. To remove these influences, Fig. 5.6.A was made using only data from

the largest subgroup: The a* α-subunit, co-expressed with β1-subunit in HEK cells. As can

be seen, this created a slight shift in the mean of the distribution, but did not significantly

reduce the observed spread. A quantitative view of the midpoint data is given in Table 5.2.

This table shows the mean Va and Vi for the combined data, as well as for various subgroups.

Here it can be seen that, while the standard deviation of Va is slightly smaller in the biggest

subgroup, the standard deviation of Vi is actually increased.

α-subunit : Fig. 5.6.B shows the data split by α-subunit. Papers that did not explicitly

mention the subunit used were excluded for this figure. Note that the number of reports

(m) and the number of cells (n) varies between the subgroups. The number of reports

for isoform b* in particular may be too low for a good estimate of the real distribution.

Interestingly, the means of the distributions do not differ strongly between subgroups. The

groups with the largest number of measurements show the largest spread, indicating that

either these cohorts are still too small to estimate the underlying distribution or that larger

groups are more prone to capture the effects of some underlying confounding factors.
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Figure 5.6: (A) Reconstructed distribution of midpoints of activation (red) and inactivation (blue) for
the largest subgroup (a* α-subunit, with β1-subunit, expressed in HEK cells). The shaded areas indicate
the summed distributions. The dashed lines indicate normal distributions with the equivalent mean and
standard deviation. The mean is indicated by the solid grey line. (B) The distributions split by α-subunit: a
(Q1077), b (Q1077del), a* (R1027Q) and b* (T559A; Q1077del). (C ) The distributions split by co-expression
of β1-subunit. (D) The distributions split by expression system.
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Table 5.2: Ranges of midpoint of activation (left) and inactivation (right). The subgroup mean midpoints
of activation and inactivation are indicated as µa and µi respectively, with the corresponding standard
deviations shown as σa and σi. The 2-sigma range around each mean is shown in the columns r2σ,a
(activation) and r2σ,i (inactivation). For each subgroup, the number of reports (m) and total number of
measurements (n) is given.

Activation Inactivation
µa σa r2σ,a m n µi σi r2σ,i m n

Combined -40.2 9.88 -59.9, -20.4 145 1795 -82.2 11.8 -106, -58.5 159 1912
HEK, a*, β1 -43.1 8.90 -60.9, -25.3 32 350 -85.1 13.3 -112, -58.4 32 336
Isoform a -38.9 6.79 -52.5, -25.4 20 189 -81.3 8.95 -99.2, -63.4 24 273
Isoform b -40.0 8.86 -57.7, -22.3 26 225 -82.1 8.74 -99.6, -64.6 27 286
Isoform a* -39.3 9.3 -58.0, -20.6 57 827 -80.8 13.4 -108, -53.9 63 813
Isoform b* -47.6 7.28 -62.1, -33.0 6 96 -90.3 9.38 -109, -71.5 6 64
Unknown -40.7 11.9 -64.5, -16.8 36 458 -84.1 11.6 -107, -60.9 39 476
With β1 -42.6 10.1 -62.9, -22.3 73 870 -83.6 12.7 -109, -58.2 76 894
Without β1 -37.9 9.04 -56.0, -19.8 72 925 -81.0 10.9 -103, -59.2 83 1018
HEK -41.4 9.76 -60.9, -21.8 123 1447 -84.5 11.1 -107, -62.2 131 1538
CHO -37.9 9.54 -57.0, -18.8 8 120 -77.6 10.9 -99.3, -55.9 9 130
Oocyte -33.7 7.90 -49.5, -17.9 14 228 -70.1 9.10 -88.9, -52.5 19 244

Inclusion of β1-subunit : Fig. 5.6.C shows the distributions of midpoints with and without

the β1-subunit. Papers that did not explicitly mention co-expression of the β1-subunit were

assumed to fall into the ‘no β1-subunit’ category. Here, the means seem to indicate a shift

to more negative potentials when the β1-subunit is co-expressed (−4.7mV for activation,

−2.6mV for inactivation, see Table 5.2). However, the minimum and maximum values

reported do not reinforce this pattern.

Expression system: Fig. 5.6.D shows the influence of the expression system on the measured

midpoints. The overwhelming majority of measurements were performed using HEK cells,

making the resulting distributions difficult to compare. However, it seems measurements in

HEK cells and CHO cells are comparable, whereas oocyte experiments show a shift towards

the positive.
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Figure 5.7: Simulations of the ventricular (top) and Purkinje (bottom) AP, incorporating variability in the
midpoints of activation and inactivation (left) and time constants of inactivation (right). In all cases, the
size of the initial upstroke and action potential duration were affected. In the Purkinje model, varying the
midpoint of inactivation and activation also affected the cells’ automaticity.

5.3.3 The observed variability affects the cellular AP

To investigate the effects of the observed variability on the cellular AP, we ran simulations

using a model of the human ventricular AP and the Purkinje AP. In a first simulation, we

varied the midpoints of activation and inactivation simultaneously (reflecting their strong

linear correlation) by −5mV to +5mV in 1mV steps. The results are shown in the left panels

of Fig. 5.7. In both models, this had a strong effect on the maximum upstroke velocity (even

doubling it in the ventricular model) and a smaller effect on the action potential duration

(APD). In the Purkinje cell model, moving the midpoints of (in)activation also lowered the

threshold for activation, leading to automaticity at higher frequencies, causing the cells to

depolarize ahead of the pacing signal.

In a second simulation, we varied both time constants of inactivation simultaneously from

0.5 to 2 times the original value in 11 logarithmically spaced steps. This had a much smaller

effect on the upstroke velocity in both models, but a greater effect on the APD. Purkinje

automaticity was unaffected by changes to the time constants. In all simulations, models

were pre-paced at 1s intervals for 1000 beats after each change to the parameters.

17



Variability in the dynamical properties of human cardiac INa

5.4 Discussion

Despite the importance of including cell-to-cell variability in the parameters of computa-

tional models of the cardiomyocyte AP, data on such variability is scarce. In this study, we

showed new evidence of variability in the time constants of inactivation in INa and reviewed

existing evidence for variability in the midpoints of (in)activation. Using models of ventric-

ular and Purkinje AP, we showed that variability has an impact on the shape and duration

of the cellular AP.

5.4.1 Time constants of inactivation

We observed a variability between time constants of inactivation that is larger than can

be expected from experimental sources of error alone. Hanck and Sheets (1992) showed

the time between rupture of the cell membrane and performing the experiment could affect

the time constants measured in Purkinje cells. However, we saw no correlation of our

measurements with the time between rupture and experiment in our CHO cell measurements.

Similarly, Abriel et al. (2001) saw no correlation in HEK cell recordings. Noise in the

recordings was quantified using a repeated-fit strategy, and found to explain only a small

part of the observed variability. Temperature is known to affect measurements of time

constants of INa, but we saw a larger variance than would be predicted based on the results of

Nagatomo et al. (1998), while the data of Keller et al. (2005) would suggest an even smaller

temperature-based variation. Other factors, such as the internal and external solutions

used, were constant throughout our experiments. We note also that, near −20mV, the time

constants of inactivation are weakly voltage-dependent (see for example Beeler and Reuter,

1977), so that any factor leading to small transient changes in the potential across the

channel will not have a strong influence. Taken together, these findings suggest the origin

of the observed variability was not experimental error, but a fundamental feature of INa in

expression systems.

Table 5.3 shows that the standard deviations in our measurements closely match those of

previous studies in expression systems and isolated cardiomyocytes. The means too, are very

similar to those reported by Wan et al. (2001) in HEK cells, but both fast and slow time

constants are approximately half the value found in myocytes by Sakakibara et al. (1992,

1993). While we cannot see the shape of the distribution of the time constants in these

publications, the size of the standard deviations suggests that our results are representative

for this type of experiment.

5.4.2 Midpoints of activation and inactivation

Some measure of cell-to-cell variability was seen in all reviewed reports of the midpoints of

(in)activation, with a mean standard deviation of approximately 4mV and a maximum of
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Table 5.3: Time constants of inactivation at −20mV.

µfast(τh) σfast µslow(τj) σslow
This study 1.0 0.36 5.7 3.4 CHO cells
Wan et al. (2001) 0.79 0.34 5.1 1.6 HEK cells
Sakakibara et al. (1992) 2.6 0.40 12 2.8 Atrial myocytes
Sakakibara et al. (1993) 2.1 0.47 12 3.3 Ventricular myocytes

15mV for Vi and 22mV for Va. Assuming a normal distribution, this would lead to a range

of 16mV within two standard deviations of the mean, within the average study. Note that

systematic errors made within a single laboratory would not show up in this figure, nor would

factors such as α-subunit, β1-subunit co-expression, or differences in the internal solution

used. Again, temperature fluctuations could play a role. Nagatomo et al. (1998) recorded

a shift in the midpoint of activation of +0.43mV per degree Celsius, and a +0.47mV shift

for inactivation, but no such shifts were observed by Keller et al. (2005). Even assuming

a 0.5mV/°C shift and a bath temperature ranging over 10°C, this would only explain a

5mV difference in midpoints. Time since rupture may also have varied from cell to cell and

affected the recordings. In the Purkinje-cell recordings by Hanck and Sheets (1992), the

midpoints of (in)activation changed over time with a rate of approximately 0.5mV/min. If a

similar phenomenon occurs in expression systems, this could explain a part of the observed

variability, if the standard deviation in time-to-experiment was approximately 8min in the

average study (i.e., 32min within the 95% interval). However, Abriel et al. (2001) saw

no time-dependent shifts in their data measured in HEK cell experiments, which were the

predominant form of experiment in our data. In addition, our own data, though perhaps

not representative, showed a standard deviation of 3.5min in the time-to-experiment. This

suggests there is some measure of inherent variability in the midpoints of (in)activation.

The difference between studies extends over a much larger range, with reported mean mid-

points varying over a range of 40mV for both activation and inactivation (see Fig. 5.5.C).

In contrast to variability within studies, this variability may be partially explained by sys-

tematic differences between studies and laboratories. However, it is interesting to note that

factors such as α-subunit and β1-subunit expression only cause small differences in the mean.

Note also that some studies, for example the one by Tan et al. (2005) already report multiple

mean midpoints, to allow pairwise comparison with mutated currents made under similar

seasonal conditions. However, the difference seen between the midpoints in the study by Tan

et al. was at most 3mV for activation, and 7mV for inactivation. Further work is needed to

clarify the origins of these large inter-study differences.

5.4.3 Correlation between kinetical parameters

Fig. 5.5.C shows a striking linear correlation between Vi and Va. A moderate correlation

between the fast and slow time constants of inactivation was also found. Such correlations

could be caused by some hidden variable affecting both parameters simultaneously. This
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could be an experimental error, but is also consistent with the idea of regulation of channel

function. However, it is unclear how this would arise, especially in expression systems that

do not natively express INa.

5.4.4 Implications for cardiac modeling

Our results show that variability in the kinetical parameters of INa exists and has an effect

on the AP. For computational studies that include variability in AP model parameters,

perhaps the most important finding is that parameters are correlated. This implies that

variability in the different parameters cannot be simulated by sampling from independent

distributions, but that the covariance of the different model parameters must be taken into

account. Alternatively, relations such as τj/τh ≈ 5 and Va − Vi ≈ 40mV can be exploited

to reformulate the parameters in terms of independent random variables. For example,

assuming normally distributed midpoints of activation, Va = X1, Vi = Va + 40 +X2, where

X1 and X2 are variables drawn from a normal distribution. Similarly, assuming lognormally

distributed time constants, τh = Y1, τj = 5 · τh · Y2 where Y1 and Y2 are drawn from a

lognormal distribution. A further simplification was made in Section 5.3.3, where we set

X2 = 0 and Y2 = 0. A physiological meaning can be attributed to these variables: in our

example X1 represents variability in the current’s steady-state voltage dependence, while

X2 represents variability in the ‘window’ that gives rise to the ‘window’ current.

5.4.5 Implications for reporting of cell-electrophysiological data

The recognition of cell-to-cell variability in channel kinetics has a direct impact on any

study investigating INa channelopathies, and may be a factor explaining phenomena such as

ectopic beats in some, but not all, areas of the Purkinje system (for example via increased

automaticity such as seen in Section 5.3.3). This has important implications for the way

cell-electrophysiological results are reported. For instance, instead of only giving means and

standard errors of the mean, data points corresponding to each individual cell should be

given (see also Drummond and Vowler, 2011). Ideally, the data points should be labeled

per cell so that correlations between the different parameters can be established. Most

importantly, based on this study, it appears the variability in kinetical parameters is more

than just noise, and could be a relevant physiological parameter.

5.4.6 Limitations

Future work could focus on increasing the sample size of the experiments, which would

improve the accuracy of the results. Such a dataset might be obtainable with automated

patch-clamp experiments, and could be performed cheaply if run as a baseline test done

before a secondary experiment. While we chose to focus on INa, one of the major cardiac

ionic currents, similar investigations into all other currents are needed to gain a full picture
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of variability in the processees underlying the cardiac cellular AP.

We simulated the effects of INa variability on single cells. In tissue, the kinetics of INa are

also likely to affect the conduction velocity and the safety factor of propagation. However,

this will depend strongly on whether the coupled cells differ from each other, or if perhaps

their shared environment and electrotonic coupling will cause them to function in a similar

way.

The presented literature review was based entirely on reported means and standard devia-

tions (calculated from reported standard errors of the mean). Future work could focus on

obtaining data from individual cells, which will allow cell-to-cell variability to be reviewed

more directly. Since the dataset contains many publications by the same groups, we also

cannot exclude the possibility that some cells appear in the dataset more than once, so that

the real number of cells is smaller than reported and some points in the distribution are

over-represented. It is also possible there are still other confounding factors causing the

observed variability in the measured results, that do not occur naturally on the same scale.

For example, while the CHO cells we tested were all treated the same way, it is possible that

naturally arising differences in stretch affected the ion channel characteristics (Morris and

Juranka, 2007). Finally, the exact α-subunit used in a study is not always easy to deter-

mine, as many papers do not list an accession number or were written before the existence

of variation between available plasmids was widely known.

5.4.7 Comparison to previous work

A study by Pathmanathan et al. (2015) fit multiple models of INa to data on the steady-state

of inactivation in canine datasets, and investigated the effects of the different inactivation

curves on the single-cell level. This work focused on the mathematical methodology of

incorporating variability in INa, which contrasts with our focus on identifiability and possible

experimental origins of variance. Interestingly, Pathmanathan et al. used two datasets from

the same lab but made at different times, and found differences between the two datasets.

This matches well with the large inter-study differences seen in our pooled midpoint data,

and underscores the need to perform large studies of variability over longer periods of time.

Table 5.2 shows the mean midpoints of activation and inactivation measured in CHO cells

occurred at higher potentials than in HEK cells (but note the different sizes of the datasets).

This is consistent with earlier findings by Watanabe et al. (2011a) for INa and Fernandez

et al. (2003) for Kv3.3. The collected data on midpoints also allows us to investigate the

influence of factors such as the expression system used and co-expression of the β1-subunit.

As there is no consistency in the size or direction of the shifts reported by individual studies

investigating β1-subunit (see the table in Section 5.B.3) this may provide a useful ‘consensus’

view of its effects.
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5.5 Conclusion

The fast and slow time constants of INa inactivation show variability that can not be ex-

plained by experimental error alone. A review of data reported in the literature suggests this

is also the case for the midpoints of (in)activation. Simulations of Purkinje and ventricular

electrophysiology show the observed variability has a notable effect on the cellular AP, and

may lead to increased automaticity in isolated Purkinje cells. A moderate corelation was seen

between the fast and slow time constants of inactivation, and a strong correlation between

midpoint of activation and inactivation was observed. This suggests simulations incorpo-

rating variability in kinetical parameters should not vary these parameters independently

but adapt their modeling strategy to incorporate these correlations. Finally, the recognition

of cell-to-cell variability as a biological feature implies it should receive increased attention

as a possible arrhythmogenic influence. Consequently, electrophysiological data should be

reported in a manner that highlights where cell-to-cell variability and correlations between

parameters occur.
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5.A Extended methods

The complete equations used to model INa are given below.

INa(t) = m3 · h · j · g · (V − E) (5.6)

dm/dt = (m∞ −m)/τi (5.7)

dh/dt = (h∞ − h)/τh (5.8)

dj/dt = (j∞ − j)/τj (5.9)

dV/dt = (Vcmd − V )/τc (5.10)

Time constants and steady-states (for x ∈ {m,h, j}):

τx = 1/(αx + βx) (5.11)

x∞ = αx/(αx + βx) (5.12)

and

αm = (V + p1)/(1− exp(−p2 ∗ (V + p1))) (5.13)

βm = exp(−p4 ∗ (V + p3)) (5.14)

αh = exp(−p6 ∗ (V + p5)) (5.15)

βh = p9/(1 + exp(−p8 ∗ (V + p7))) (5.16)

αj = exp(−p11 ∗ (V + p10))/(1 + exp(−p13 ∗ (V + p12))) (5.17)

βj = p16/(1 + exp(−p15 ∗ (V + p14))) (5.18)

The parameters to be identified were p1, p2, ..., p16, g, τc. We used E = 50mV, as determined

by the internal and external solutions.

Note that for a fixed membrane potential, all time constants and steady-states are constants,

so that p1, p2, ..., p16 can be dropped in favor of τm, τh, τj ,m∞, h∞, j∞.

5.A.1 Time constants are identifiable

If a model can be made to fit the same data in different ways (i.e., if it gives the same result

with different parameter values) it is said to be unidentifiable. In such a case, variability

in the parameters obtained by fitting a model can not be used to show variability in the

underlying process. Walch and Eisenberg (2015) performed a detailed analysis of the iden-

tifiability of Hodgkin-Huxley style models, such as the one given above and used in this

study. For voltage-step protocols (with constant voltage steps) and long noise-free current

recordings, they found that time constants can be uniquely identified but steady-state values

are fundamentally unidentifiable.
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5.A.2 Membrane charging interferes with activation

When a voltage change is applied to a cell, the membrane potential does not change instantly

but requires a short charging time, with a duration dependent on the membrane capacitance

and access resistance. For INa, which can activate and inactivate in well under 5 milliseconds,

this is an important effect. Most patch-clamp amplifiers contain compensation circuitry that

temporarily injects extra current in an attempt to shorten the membrane charging time

(Sigworth, 1995; Sherman et al., 1999). However, since the membrane capacitance varies

between cells and the exact amount of compensation used is set using analog controls, this

may introduce variability in the recordings.

If no compensation is used, membrane charging can be modeled as a simple capacitor charg-

ing circuit. This means that an updated model including membrane charging should be

able to recreate currents recorded without compensation exactly. Unfortunately, not using

compensation would lead to longer capacitance artefacts resulting in an unacceptable loss

of signal. We therefore measured the compensated and uncompensated behavior of our am-

plifier (Axopatch 200B) to check if compensated behavior could still be approximated well

by a simple charging capacitor circuit. To this end, we constructed the model cell shown in

Fig. 5.8. It consists of two 22MΩ resistors which represent the access (pipette) resistance

encountered in a normal experiment and a single 500MΩ resistor that represents the mem-

brane resistance. A 22pF capacitor is included as a substitute for membrane capacitance.

These values are consistent with those given in Sigworth (1995). To measure the model cell’s

charging time, a patch-clamp amplifier in voltage-clamp mode was attached to terminal A1

and used to perform a voltage step. A second patch-clamp amplifier in a voltage-measuring

mode was then attached at terminal A2 and used to measure the potential over the resistor

representing the membrane.

A1
A2

22MΩ

22MΩ

22pF

500MΩ

Figure 5.8: The model cell used to investigate the delayed changing of the membrane potential following a
voltage step, with and without amplifier compensation.

Fig. 5.9 shows the potential over the model cell during a step from 0mV to 10mV. The

recordings reveal a few milliseconds delay at the start of each step, followed by a quick jump

in voltage, and finally settling into a simple exponential form. The potential then converges

to something very near the desired potential, but not exactly, due to the voltage drop across

the series or access resistance. With series resistance compensation enabled, this voltage

drop is minimized and the charging process is accelerated. In the traces on the right panel

of Fig. 5.9 the voltage drop has been artificially removed by rescaling the potentials. In this
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case, we found the process could be well approximated as

dV

dt
=
Vcmd(t− t0)− V

τc
(5.19)

where Vcmd(t) is the desired command potential, V is the actual membrane potential, τc is

a time constant dependent on the series resistance, membrane capacitance and amount of

compensation, and t0 is a remaining, unexplained latency. The quality of fit is shown in the

right panel of Fig. 5.9.
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Figure 5.9: (Left) Membrane charging behavior measured in a model cell, during ‘patch-clamp experiments’
with 0%, 60% and 80% compensation. (Right) The charging behavior of a model cell can be modeled as
an exponential convergence to the command potential and a slight delay. The thick, shadowed lines are the
original traces from the left panel, the thin dashed lines are the fitted curves.

We found τc ≈ 0.70ms uncompensated, τc ≈ 0.35ms with 60% compensation and τc ≈ 0.26ms

with 80% compensation. By comparison, the values given by Beeler and Reuter’s model for

INa at −20mV are τm ≈ 0.032ms, τh ≈ 1.1ms and τj ≈ 4.3ms. This indicates that, even

with good compensation, membrane charging will strongly interfere with the activation

process, making τm more difficult to identify. With ‘prediction’ enabled (Sherman-Gold and

Maertz, 2012), the situation is slightly more complex, as is shown in Fig. 5.10. However,

for moderate prediction, the charging process is still reasonably well approximated by an

exponential charging curve.
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Figure 5.10: Uncompensated membrane charging (black) and charging with moderate (blue) or strong (red)
compensation (left) or compensation/prediction (right).

To estimate the effects of membrane charging on INa, we updated our model of INa to include
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a slowly charging membrane with τc ≈ 0.3ms. To reduce the number of extra parameters,

the small latency t0 seen in the model cell experiments was not included in the updated

model. Because τc is not voltage-dependent we treated it as a single-valued parameter to

be determined by the fitting procedure, and added it to the parameter vector p. With

this updated model, we could simulate the effects of the membrane charging time on the

fast sodium current. This is shown in Fig. 5.11 (left panel), which was made using the

default model parameters given by Beeler and Reuter (for similar experiments using real

cells, see Sherman et al., 1999). In the right panel, we show the ideal trace (i.e., with an

instantaneously changing V ) with a small time delay. This shows that the decaying part

of the current is relatively unaffected by the slow membrane charging. By contrast, the

time-to-peak, initial downward slope and peak current are all strongly affected.
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Figure 5.11: (Left) Simulated INa with ideal, instantaneous changes in membrane potential (blue, solid
line) and with a realistic, series resistance compensated charging time (green, dashed). The charging time
affects both the timing and the size of the peak. (Right) Time-shifting the ideal trace to overlap with the
realistic trace reveals that the decaying phase is delayed, but otherwise unchanged (black dotted line).

The membrane charging time is not just an experimental issue, it also changes the iden-

tifiability of the model, making it more complex than the situation analyzed by Walch

and Eisenberg. In their analysis, a single voltage step is considered so that V is piecewise

constant, and the steady-state values and time constants for each V are single-valued pa-

rameters. Different step potentials V can then be applied and the appropriate constants

worked out separately for each potential. Taking membrane charging time into account

means adding a new variable to the model, but also means that, to accurately simulate

a step from −120mV to −20mV, all values of the time constants and steady state values

between −120mV and −20mV need to be identified simultaneously. However, provided the

membrane charging time is short enough, only the activation process should be affected by

this issue, as can be seen in the right panel of Fig. 5.11. To accommodate the changing V

during activation, we used the full voltage-dependent parameters when fitting the model,

allowing it to match the start of the experimental recording, even if in a non-unique way.

Once the membrane is charged, the potential can once again be regarded as fixed. Based

on the foregoing simulations and analysis we hypothesized that it should still be possible to
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find reasonably accurate values for the time constants of inactivation. Similarly, the inac-

curacy of dropping t0 and not modeling the compensation/prediction curve will not affect

inactivation measurements as long as the initial delay can be accommodated.

5.A.3 Repeated-fit experiments confirm our analysis

The top panel of Fig. 5.12 shows the variability observed between cells (i.e., single fits to

different cells). It shows low variability in the steady-state values, but high variability for all

time constants. The lower panel shows a similar graph for the variability observed between

repeated fits to the same data from a representative cell (‘cell 2’). Here it can be seen that,

for the time constant of activation, the variability between repeated fits is similar to that

observed between cells, so that no strong claims about inter-cell variability in activation

can be made. Similarly, the variability observed in the determined steady-states can be

explained as experimental error alone. By contrast, for the time constants of inactivation

the variability between repeated fits is much lower than the inter-cell variability.
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Figure 5.12: (Top) The variability in the parameters obtained by fitting our model to each of the 23 cells.
For each parameter we show the log2 of its distance from the mean. The steady state parameters (m∞, h∞
and j∞) were shifted by 0.5 to avoid dividing by zero, since h∞ ≈ j∞ ≈ 0. (Bottom) Variability in the
parameters obtained by repeatedly fitting our model to the data from a single recording in cell 2 (data is
shown from 23 re-runs).
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5.B Additional results

5.B.1 Time-constant experiments

Fig. 5.13 shows alternative views of the INa measurements from Fig. 5.2. As can be seen, the

maximum conductance varies widely, due to cell size, transfection success rate and differences

in the kinetics of INa (as evinced by the different shapes of the curves, which are not simple

linear multiples of each other).
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Figure 5.13: Alternative views of the single voltage-step experiments. (Left) The (pre-processed) data,
without time-shifting or normalization. (Middle) The same data, time-shifted so that each peak occurs at
t = 1ms. (Right) The same data, normalized to a peak-height of 1, without time-shifting.

Fig. 5.14 shows an example of the quality of fit obtained with the model including charging

time.
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Figure 5.14: An example of the quality of fit obtained with the model including charging time. The raw
data is shown in shaded blue. The model fit is shown as the solid green line. The dashed red lines indicates
the part of the simulation that was not taken into account when calculating the score function. The inset
gives a closer view of the same data during the initial downslope.

For 15 cells, we had two recordings made with a protocol containing a step from −120mV

to −20mV. Fig. 5.15 shows the mean time constant determined using repeated fits to the

recording from the first and second protocol for each of these cells. As can be seen, with a

few exceptions, the cell behavior stayed constant during the experiment. Where values do

vary, the direction of the change differs from cell to cell. This is inconsistent with the idea of
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a slowly changing membrane potential due to flow of charged particles between the pipette

and the cell, which would result in changes of a similar sign. On the basis of this figure, we

also considered discarding the three cells that appear as ‘outliers’ in the top left of the left

panel. However, the recordings showed no obvious deficiencies in leak or access resistance

so that no objective criterion for rejecting them could be found. Removing these cells had

a negligible effect on the corrected inter-cell standard deviations given in Section 5.3.1.3.
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Figure 5.15: Changes in the time constants (determined as the mean constant using repeated fits) over time
in 15 cells. Two time points are shown for each cell, connected by a line. Colors and markers are consistent
between the left panel (fast inactivation) and the right (slow inactivation).

5.B.2 Midpoints of (in)activation in the biggest subgroup

Fig. 5.16.A shows the correlation between midpoint of activation and midpoint of inacti-

vation for experiments in the largest subgroup. Regression coefficients were very similar

to those found in the full dataset, with a slope of 1.13mV/mV and an offset of −38.3mV.

The figure contains 28 points and has a slightly higher Pearson correlation coefficient than

the full dataset (R=0.89). A distribution similar to Fig. 5.5.D but for the largest subgroup

is shown in Fig. 5.16.B. Although there are fewer data points in these figures, the overall

pattern is very similar.
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Figure 5.16: (A) Correlation between Va and Vi in the largest subgroup. White dots indicate mean
midpoints, blue ellipses indicate the corresponding ±2σ range (B) A histogram of Va − Vi in the biggest
subgroup.
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5.B.3 β1-subunit coexpression

Table 5.4 shows the results from studies measuring midpoints of (in)activation of INa with

and without β1-subunit. The table shows a variety of signs and magnitudes of reported

shifts.

Table 5.4: Studies reporting midpoint of activation or inactivation with and without β1-subunit.

Midpoint of: Activation [mV] Inactivation [mV]
-β1 +β1 Shift -β1 +β1 Shift α Cell type

An et al. (1998) -70.2 -58.7 +11.5 a* HEK
Bezzina et al. (2003) -35.2 -39.9 -4.7 -78.3 -85.2 -6.9 a* Oocyte
Calloe et al. (2011) -34.4 -31.4 +3.0 -71.2 -77.7 -6.5 b CHO
Groenewegen et al. (2003b) -40.6 -38.63 +1.97 -82.75 -75 +7.75 a* Oocyte
Wei et al. (1999) -74.1 -63.2 +10.9 a* Oocyte
Wan et al. (2000) -33.4 -33.8 -0.4 -84.8 -79.3 +5.5 b* Oocyte

5.C Studies used in the literature review

Table 5.5 shows all midpoints of (in)activation used in this study, along with the standard

deviation (σ), number of cells (n) and the cell-type, α-subunit, and presence of β-subunit.

Table 5.5: Midpoints of (in)activation

Publication Va σa na Vi σi ni Cell α β1

Abe et al. (2014) -50.5 5.81 15 -84.1 5.03 15 HEK b no

Abriel et al. (2000) -66.2 1.8 4 HEK a* yes

Abriel et al. (2001) -21.5 0.735 6 -65.2 0.721 13 HEK a* yes

Abriel et al. (2001) -23.3 2.08 3 -63.3 0.894 5 HEK a* yes

Abriel et al. (2001) -24.6 1.56 3 -63.7 0.671 5 HEK a* yes

Abriel et al. (2001) -25.5 1.56 3 -64.3 0.671 5 HEK a* yes

Abriel et al. (2001) -26 1.91 3 -64.5 0.671 5 HEK a* yes

Aiba et al. (2014) -43.3 4.76 7 -80.1 4.8 9 HEK ? yes

Akai et al. (2000) -44.1 0.9 9 -80.8 6.3 9 HEK a* yes

Albert et al. (2008) -28.5 1.5 9 -60.8 0.959 23 Ooc. a* yes

Amin et al. (2005) -36.7 6.96 10 -83.3 5.69 10 HEK ? yes

An et al. (1998) -70.2 5.36 17 HEK a* no

An et al. (1998) -58.7 4.8 16 HEK a* yes

Bankston et al. (2007a) -24.9 1.9 7 -61.3 3.67 5 HEK ? yes

Bankston et al. (2007b) -24.8 4.69 13 -71.2 2.7 9 HEK a* yes

Baroudi et al. (2000) -101 5.63 22 HEK a* no

Baroudi et al. (2000) -67.9 1.7 8 Ooc. a* no

Baroudi and Chahine (2000) -47.2 8.15 23 -93.2 5.18 21 HEK a* yes

Baroudi et al. (2001) -47.2 4.02 5 -92.5 2.26 4 HEK a* yes

Bébarová et al. (2008) -31.8 4.8 16 -66.6 3.1 15 CHO a no

Beckermann et al. (2014) -37.3 2.24 14 -86 1.33 11 HEK ? yes

Beyder et al. (2010) -33 22 6 HEK b no

Beyder et al. (2014) -58.2 3 9 -95.5 3.9 9 HEK b no

Bezzina et al. (2003) -35.2 14.7 8 -78.3 13 8 Ooc. a* no
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Publication Va σa na Vi σi ni Cell α β1

Bezzina et al. (2003) -39.9 8.6 4 -85.2 7.6 4 Ooc. a* yes

Calloe et al. (2011) -34.4 0.566 8 -71.2 0.9 9 CHO b no

Calloe et al. (2011) -31.4 1.26 10 -77.7 1.8 9 CHO b yes

Calloe et al. (2013) -32.7 0.529 7 -69.5 0.529 7 CHO b no

Casini et al. (2007) -38.6 3.87 15 -88 7.57 13 HEK a* yes

Chang et al. (2004) -58.4 4.8 9 -107 2.7 9 HEK ? yes

Chen et al. (2016) -45.7 2.62 14 -80.7 4.5 12 HEK ? yes

Cheng et al. (2010) -32.2 3.2 16 -79.7 3.71 17 HEK b no

Cheng et al. (2010) -31.1 3.43 6 -70.6 3.11 8 HEK a no

Cheng et al. (2010) -34.9 3.6 9 -72 2.65 11 HEK b no

Cheng et al. (2010) -34.9 2.01 5 -72.9 2.65 7 HEK a no

Cheng et al. (2011) -37.6 3.39 8 -76.1 4.5 7 HEK b no

Cheng et al. (2011) -39.6 5.59 5 -74.6 4.23 7 HEK a no

Clatot et al. (2012) -44.3 6.6 17 -81.7 1.9 10 HEK b* no

Cordeiro et al. (2006) -49.3 1.05 15 -93 0.538 10 HEK b* yes

Crotti et al. (2012) -50.8 10.3 33 -92.5 4.21 17 HEK ? yes

Deschênes et al. (2000) -53.6 4.47 5 -97.4 2.69 6 HEK a* yes

Detta et al. (2014) -40.3 1.53 11 HEK a* yes

Ellinor et al. (2008) -21.2 2.32 15 -61.8 0.825 17 Ooc. a* yes

Ge et al. (2008) -35.5 5.05 13 -78.7 6.63 26 HEK a yes

Glaaser et al. (2012) -69.1 9.9 9 HEK ? no

Gosselin-Badaroudine et al. (2012) -55.3 2.28 7 -100 2.04 7 Ooc. b yes

Groenewegen et al. (2003b) -40.6 6.08 15 -82.8 6.62 15 Ooc. a* no

Groenewegen et al. (2003b) -38.6 8.77 8 -75 6.36 8 Ooc. a* yes

Groenewegen et al. (2003a) -37.3 6.22 8 -78 4.05 7 Ooc. a* no

Gütter et al. (2013) -35.1 3.75 88 -84.3 4.95 68 HEK a* no

Gütter et al. (2013) -33.5 3.62 82 -71.2 3.7 28 Ooc. a* no

Gui et al. (2010a) -34.7 3.36 23 -81.4 3.43 24 HEK a* no

Gui et al. (2010a) -34.2 2.81 22 -67.7 2.78 31 Ooc. a* no

Gui et al. (2010b) -33.8 2.32 11 -80.3 3.12 12 HEK a* no

Hayashi et al. (2015) -43.8 6.8 16 -80 2.4 16 CHO ? yes

Holst et al. (2009) -30.4 2.24 14 -82 4.69 13 HEK ? no

Hoshi et al. (2014) -79.5 2.55 18 HEK a no

Hsueh et al. (2009) -42.6 2.56 10 -84.3 3.79 10 HEK a yes

Hu et al. (2007) -50.8 1.03 33 -92.5 0.412 17 HEK b* yes

Hu et al. (2010) -92.5 4.21 17 HEK ? yes

Hu et al. (2014) -92.5 3.85 22 HEK b yes

Hu et al. (2015) -41 3.9 9 -80 6.97 19 HEK b no

Hu et al. (2015) -41 8.65 13 -80 9.35 14 HEK a no

Huang et al. (2006) -59.9 2.55 8 -108 5.09 8 HEK ? no

Huang et al. (2009) -50.3 6.18 9 -100 4.02 9 HEK a* yes

Itoh et al. (2005a) -39.9 7.5 25 HEK a* yes

Itoh et al. (2005b) -40.6 6.42 21 HEK a* yes

Itoh et al. (2007) -90.9 3.3 9 HEK a* yes

Juang et al. (2014) -36.3 0.4 4 -86.4 1.4 4 HEK a yes

Kato et al. (2014) -54.4 8.91 18 -83.8 9.62 21 CHO a* yes

Keller et al. (2005) -41 6.9 9 -77.1 3.58 5 HEK b* yes

Keller et al. (2006) -60.1 4.49 10 -104 1.81 8 HEK ? yes

Li et al. (2009) -56.6 4.21 6 -104 3.87 6 HEK ? no
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Publication Va σa na Vi σi ni Cell α β1

Lin et al. (2008) -54.6 1.96 7 -99 2.46 8 HEK a* yes

Liu et al. (2002) -73.3 6.2 4 HEK a* yes

Liu et al. (2003) -50.4 4.38 11 -76.4 4.8 16 HEK ? no

Liu et al. (2005) -97 4.2 9 CHO b no

Lupoglazoff et al. (2001) -47.2 7.85 19 -92.5 3.65 11 HEK a* yes

Makita et al. (1998) -68.7 4.31 11 Ooc. a* no

Makita et al. (2002) -47.2 3.97 13 -91 4.69 13 HEK a* yes

Makita et al. (2005) -48.1 3.92 19 -86.6 3.71 17 HEK ? yes

Makita et al. (2008) -49.7 6.22 32 -86.8 5.5 25 HEK ? yes

Makiyama et al. (2008) -43.6 3.79 23 -78.1 4.41 22 HEK a* yes

Marangoni et al. (2011) -44 8 16 -92 7.21 13 HEK ? yes

Medeiros-Domingo et al. (2007) -43.8 2.86 5 -78.8 3.51 10 HEK ? no

Medeiros-Domingo et al. (2009) -38.6 3.49 15 -76 5.23 19 HEK b no

Mohler et al. (2004) -41.8 2.65 7 -68.9 1.16 15 HEK a* yes

Mok et al. (2003) -47.2 5.6 4 -91.1 0.693 3 HEK ? yes

Moreau et al. (2013) -47.9 4.33 13 -92 4.69 13 HEK a* yes

Murphy et al. (2012) -50.9 10.3 20 -102 6.32 10 HEK a* no

Nakajima et al. (2015) -38.7 3.1 15 -85.9 2.47 17 HEK b yes

Neu et al. (2010) -50.9 5.89 12 -90.9 4.2 9 HEK a* yes

Nguyen et al. (2008) -47.8 1.58 10 -89.4 2.53 10 HEK a* yes

O’Leary et al. (2002) -78.6 0.134 5 Ooc. ? no

Olesen et al. (2012) -27.9 6.1 22 -85.6 4.5 25 HEK ? no

Otagiri et al. (2008) -44.4 4.26 37 -88.3 4.87 37 HEK ? yes

Pfahnl et al. (2007) -50 1.55 15 -98 8.52 15 HEK b* no

Poelzing et al. (2006) HEK a no

Rivolta et al. (2001) -23.3 2.24 5 -62.8 3.12 12 HEK ? yes

Rook et al. (1999) -35.9 0.949 10 -77.4 0.316 10 Ooc. a* no

Rossenbacker et al. (2004) -24.1 0.894 5 -70.9 1.4 4 HEK ? yes

Ruan et al. (2007) -23.2 1.92 5 -62.5 2.15 10 HEK ? yes

Ruan et al. (2010) -23.1 1.77 9 -67.7 3.01 12 HEK ? yes

Saber et al. (2015) -24 4.9 6 -66 4.9 6 HEK ? yes

Samani et al. (2009) -36 5.03 7 -89.9 5.4 9 HEK b yes

Sarhan et al. (2009) -109 1.85 7 HEK a no

Shinlapawittayatorn et al. (2011b) -91.9 4.5 7 HEK a no

Shinlapawittayatorn et al. (2011a) -91.2 2.77 12 HEK a no

Shirai et al. (2002) -49.9 2.38 7 -94.9 6.37 6 HEK a* no

Shuraih et al. (2007) -43.4 0.794 7 -90.7 0.265 7 HEK b yes

Shy et al. (2014) -29.6 3.68 8 -76.9 6.96 10 HEK ? no

Smits et al. (2005a) -42.6 4.2 9 -89.4 3.6 9 HEK a* yes

Smits et al. (2005b) -43.7 9 9 -98.8 7.57 13 HEK a* yes

Sottas et al. (2013) -29.8 1.99 11 -72.2 1.66 11 HEK ? yes

Splawski et al. (2002) -26.6 3.68 8 HEK ? no

Surber et al. (2008) -31.5 7.27 27 -67.6 3.7 28 Ooc. a* no

Surber et al. (2008) -42.2 3.37 14 -79.4 3.43 6 HEK a* no

Swan et al. (2014) -28 3.39 8 -75.8 4.9 6 HEK b yes

Tan et al. (2001) -48.6 3.17 7 -92 4.5 7 HEK ? yes

Tan et al. (2002) -40.3 2.88 13 -93.5 4.33 13 HEK a* no

Tan et al. (2005) -39 4.9 6 -75 5.66 8 HEK b no

Tan et al. (2005) -38 4.9 6 -75 6 9 HEK b no
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Tan et al. (2005) -42 2.91 5 -81 4.2 9 HEK b no

Tan et al. (2005) -41 3.39 8 -79 5.31 11 HEK b no

Tan et al. (2005) -42 2.55 8 -79 4.2 9 HEK b no

Tan et al. (2005) -40 9.55 6 -78 7.83 5 HEK b no

Tan et al. (2005) -40 1.39 3 -81 4.68 3 HEK b no

Tan et al. (2005) -39 4 4 -75 5.66 8 HEK a no

Tan et al. (2005) -39 4 4 -78 2.83 8 HEK a no

Tan et al. (2005) -42 3.96 8 -82 4.85 12 HEK a no

Tan et al. (2005) -40 8.49 18 -79 8.49 18 HEK a no

Tan et al. (2005) -43 2 4 -82 6.2 4 HEK a no

Tan et al. (2005) -42 3.39 8 -82 3.6 9 HEK a no

Tan et al. (2005) -40 5.66 8 -80 4.8 9 HEK a no

Tan et al. (2005) -41 1.8 4 -80 1.2 4 HEK a no

Tan et al. (2006) -46.9 3.39 8 -81.8 3.68 8 HEK b no

Tan et al. (2006) -44.1 5.06 10 -80 4.74 10 HEK a no

Tarradas et al. (2013) -32 1.27 18 -84.9 2.85 10 HEK a* no

Tester et al. (2010) -42 4 4 -72 2.24 5 HEK b no

Tsurugi et al. (2009) -39.6 3.39 8 -88 2.55 8 HEK ? no

Valdivia et al. (2004) -42 7.75 15 -84.3 4.47 20 HEK b no

Vatta et al. (2002a) -89.5 0.49 6 HEK ? no

Vatta et al. (2002b) -24.9 1.13 8 -68.4 0.332 11 Ooc. ? no

Viswanathan et al. (2003) -40.7 4.64 11 -85 3.98 11 HEK a* yes

Wang et al. (1996) -43.2 6.85 13 -99.6 2.92 11 HEK a* no

Wang et al. (2002) -47.7 4 16 -101 6.1 19 HEK a* yes

Wang et al. (2007a) -44.3 2.24 14 -89.3 4.4 16 HEK a* yes

Wang et al. (2007b) -46 6.93 5 HEK a* yes

Wang et al. (2008) -44.3 2.24 14 -89.3 4.4 16 HEK a* yes

Wang et al. (2011) -93.9 2.65 11 HEK ? no

Wang et al. (2015) -40.9 0.63 9 -72.7 2.49 7 HEK a* no

Wang et al. (2016) -44.5 4.8 36 -93.5 4.08 34 HEK ? yes

Watanabe et al. (2011b) -35.4 3 25 -84.5 4.9 24 CHO a no

Watanabe et al. (2011b) -47.7 4.4 16 -89.4 3.05 19 HEK a no

Wedekind et al. (2001) -42.8 7.67 7 -98.1 5.03 7 HEK a* yes

Wehrens et al. (2003) -29.8 1.13 8 -64 2.26 8 HEK ? yes

Wei et al. (1999) -63.2 4.11 10 Ooc. a* yes

Wei et al. (1999) -74.1 2.38 7 Ooc. a* no

Winkel et al. (2012) -26 10.3 17 -84.6 7.2 16 HEK ? no

Yang et al. (2002) -54.3 9.26 7 -98.3 0.794 7 HEK a* yes

Ye et al. (2003) -44 15.8 10 -95 14.4 9 HEK a* no

Ye et al. (2003) -40 18.5 7 -86 15.3 7 HEK b* no

Yokoi et al. (2005) -49.8 3.68 8 -88.6 3 9 HEK ? no

Young and Caldwell (2005) -32.7 5.81 20 -66 8.94 20 CHO a* no

Zeng et al. (2013) -34.5 4.24 8 -81.1 4.69 13 HEK a yes

Zhang et al. (2008) -33.1 2.24 5 -64.5 0.98 6 Ooc. a* no

Zhang et al. (2015) -28.1 5.03 15 HEK ? no
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36



References

analysis in a family affected by sick sinus syndrome may reduce the sudden death risk in a young

aspiring competitive athlete. International Journal of Cardiology 170, e63–e65.

Drummond, G., Vowler, S., 2011. Show the data, don’t conceal them. The Journal of Physiology

589, 1861.

Eberhart, R.C., Kennedy, J., 1995. A new optimizer using particle swarm theory, in: Proceedings

of the Sixth International Symposium on Micro Machine and Human Science, New York, NY.

pp. 39–43.

Ellinor, P.T., Nam, E.G., Shea, M.A., Milan, D.J., Ruskin, J.N., MacRae, C.A., 2008. Cardiac

sodium channel mutation in atrial fibrillation. Heart Rhythm 5, 99–105.

Feng, J., Li, G.r., Fermini, B., Nattel, S., 1996. Properties of sodium and potassium currents of

cultured adult human atrial myocytes. American Journal of Physiology – Heart and Circulatory

Physiology 270, H1676–H1686.

Fernandez, F.R., Morales, E., Rashid, A.J., Dunn, R.J., Turner, R.W., 2003. Inactivation of Kv3.3

potassium channels in heterologous expression systems. Journal of Biological Chemistry 278,

40890–40898.

Ge, J., Sun, A., Paajanen, V., Wang, S., Su, C., Yang, Z., Li, Y., Wang, S., Jia, J., Wang, K., et al.,

2008. Molecular and clinical characterization of a novel SCN5A mutation associated with atri-

oventricular block and dilated cardiomyopathy. Circulation: Arrhythmia and Electrophysiology

1, 83–92.

Glaaser, I.W., Osteen, J.D., Puckerin, A., Sampson, K.J., Jin, X., Kass, R.S., 2012. Perturbation of

sodium channel structure by an inherited long QT syndrome mutation. Nature Communications

3, 706.

Gosselin-Badaroudine, P., Keller, D.I., Huang, H., Pouliot, V., Chatelier, A., Osswald, S., Brink,

M., Chahine, M., 2012. A proton leak current through the cardiac sodium channel is linked to

mixed arrhythmia and the dilated cardiomyopathy phenotype. PLOS ONE 7, e38331.

Grandi, E., Pasqualini, F.S., Bers, D.M., 2010. A novel computational model of the human ven-

tricular action potential and Ca transient. Journal of Molecular and Cellular Cardiology 48,

112–121.

Groenewegen, W.A., Bezzina, C.R., van Tintelen, J.P., Hoorntje, T.M., Mannens, M.M., Wilde,

A.A., Jongsma, H.J., Rook, M.B., 2003a. A novel LQT3 mutation implicates the human cardiac

sodium channel domain IVS6 in inactivation kinetics. Cardiovascular Research 57, 1072–1078.

Groenewegen, W.A., Firouzi, M., Bezzina, C.R., Vliex, S., van Langen, I.M., Sandkuijl, L., Smits,

J.P., Hulsbeek, M., Rook, M.B., Jongsma, H.J., et al., 2003b. A cardiac sodium channel mutation

cosegregates with a rare connexin 40 genotype in familial atrial standstill. Circulation Research

92, 14–22.

Gui, J., Wang, T., Jones, R.P., Trump, D., Zimmer, T., Lei, M., 2010a. Multiple loss-of-function

mechanisms contribute to SCN5A-related familial sick sinus syndrome. PLOS ONE 5, e10985.

Gui, J., Wang, T., Trump, D., Zimmer, T., Lei, M., 2010b. Mutation-specific effects of polymor-

phism H558R in SCN5A-related sick sinus syndrome. Journal of Cardiovascular Electrophysiology

37



References

21, 564–573.

Gütter, C., Benndorf, K., Zimmer, T., 2013. Characterization of N-terminally mutated cardiac

Na+ channels associated with long QT syndrome 3 and Brugada syndrome. Sudden arrhythmic

death: from basic science to clinical practice , 41.

Hanck, D.A., Sheets, M.F., 1992. Time-dependent changes in kinetics of Na+ current in single canine

cardiac Purkinje cells. American Journal of Physiology – Heart and Circulatory Physiology 262,

H1197–H1207.

Hayashi, K., Konno, T., Tada, H., Tani, S., Liu, L., Fujino, N., Nohara, A., Hodatsu, A., Tsuda, T.,

Tanaka, Y., et al., 2015. Functional characterization of rare variants implicated in susceptibility

to lone atrial fibrillation. Circulation: Arrhythmia and Electrophysiology 8, 1095–1104.

Holst, A.G., Calloe, K., Jespersen, T., Cedergreen, P., Winkel, B.G., Jensen, H.K., Leren, T.P.,

Haunso, S., Svendsen, J.H., Tfelt-Hansen, J., 2009. A novel SCN5A mutation in a patient with

coexistence of Brugada syndrome traits and ischaemic heart disease. Case Reports in Medicine

2009.

Hoshi, M., Du, X.X., Shinlapawittayatorn, K., Liu, H., Chai, S., Wan, X., Ficker, E., Deschênes,
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Fromer, M., Schläpfer, J., Abriel, H., 2005. Brugada syndrome and fever: genetic and molecular

characterization of patients carrying SCN5A mutations. Cardiovascular Research 67, 510–519.

Li, Q., Huang, H., Liu, G., Lam, K., Rutberg, J., Green, M.S., Birnie, D.H., Lemery, R., Chahine,

M., Gollob, M.H., 2009. Gain-of-function mutation of NaV1.5 in atrial fibrillation enhances cellu-

lar excitability and lowers the threshold for action potential firing. Biochemical and Biophysical

Research Communications 380, 132–137.

Lin, M.T., Wu, M.H., Chang, C.C., Chiu, S.N., Thériault, O., Huang, H., Christé, G., Ficker,
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