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Overview of the talk

I cardiotoxic side effects of drugs and arrhythmia in general

I multielectrode arrays (MEA) and human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CM)

I field potential (FP) and action potential (AP) measurements

I extraction of information from FP and AP measurements

I outlook
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response to E4031 was deemed statistically significant based on a p value of less than 0.05 in an analysis of vari-
ance (ANOVA). Trends observed for the reduction in peak amplitudes for TTX and Nifedipine were found to be 
statistically insignificant. Trends, both increases and decreases, in observed beat intervals for all three ion channel 
blockers were also statistically significant according to their representative p-values. These results suggest that our 
system facilitates an accurate and real-time measurement of the electrophysiological activity of hESC-CMs6,36.

Identification of pacemaking cells in the monolayer cardiac sheet. The combination of a confluent 
layer of hESC-CM and the large microelectrode array allowed for not only temporal, but also for spatial analysis 
of the electrical activity. The field potential propagation was characterized using the phase difference of each 
channel covered by the confluent layer of hESC-CM. Figure 5 shows representative field potential propagation 
waves at varying cell age from day 18 to 25. The propagating wave generates circular wave fronts. Analysis over a 

Figure 1. (a) mRNA relative expression over the time course of hESC differentiation toward cardiac lineages. 
The value is standardized to the peak value of the time points for each gene. (b) Immunofluorescent staining for 
α -actinin in red showing over 90% are positive for α -actinin (scale bar =  100 um) (c) Morphological changes in 
hESC-CMs over the time course. Representative optical images of hESC-CMs on MEA on Day 20 and Day 35 
(fluorescent staining: α -Actinin in green, nucleus in blue, scale bar =  10 um). (d) mRNA relative expression by 
qPCR standardized to the expression of day0 over the time course of cardiac differentiation/maturation.

Figure 2. (a) Microelectrode arrays (MEA) with 120 integrated TiN electrodes (30 µ m diameter, 200 µ m inter-
electrode spacing) were used to culture the 2D hESC-CMs. (b) Representative optical image of hESC-CMs on 
top of MEA. (c) Field potential signals were detected in electrodes which are in touch with the hESC-CMs.wikipedia; Zhu et. al., Sci. Rep. (2017)
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Drugs, drug development and side effects

I drug development is extremely costly (on average, > 6 years
and 1-3 bn USD)

I many drugs show severe cardiotoxic side effects
(e.g. doxorubicin)

I sometimes existing drugs have to be withdrawn

Darvon, an analgesic withdrawn by the FDA in 2010 after 55
years on the market due to association with cardiac arrhythmia
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Issues with animal testing

Drug testing on animals is

I expensive with limited throughput,

I societal goal to reduce animal experimentation,

I dubious applicability of the results to humans, for example,
heart weight of a mouse ≈ 10−3(human),
beating rate ≈ 10(human).

Kaese and Verheule Cardiac electrophysiology in mice

Table 1 | Continued.

Human References Mouse References

Wehrens et al., 2000; Schrickel et al., 2002; Li
et al., 2004; Xiao et al., 2004; Saba et al., 2005;
Schrickel et al., 2007; Fabritz et al., 2010; Gros
et al., 2010

QTc (ms) 398–430 Stein et al., 2002; Rich et al., 2012 30–124 Gehrmann et al., 2000; Maguire et al., 2000; Saba
et al., 2000; Schrickel et al., 2002, 2007; Li et al.,
2004; Zhang et al., 2005; Sawaya et al., 2007;
Stein et al., 2009; Gros et al., 2010

Atrial ERP (ms) 172–245 Chiamvimonvat et al., 1998; Schauerte
et al., 2001; Dorian et al., 2007;
Roberts-Thomson et al., 2009; Stiles
et al., 2010

23–71 Thomas et al., 1998; VanderBrink et al., 1999;
Verheule et al., 1999; van Veen et al., 2005; Zhang
et al., 2005; Sawaya et al., 2007; Schrickel et al.,
2007; Li et al., 2009; Odening et al., 2009

Atrial CV (cm/s) 88 Hansson et al., 1998 30–60 Thomas et al., 1998; Verheule et al., 1999; Alcolea
et al., 2004; van Veen et al., 2005

AV Wenckebach CL (ms) 329–453 Chiamvimonvat et al., 1998; Schauerte
et al., 2001; Stein et al., 2002; Kose
et al., 2004; Dorian et al., 2007; Grecu
et al., 2009

66–133 Thomas et al., 1998; Hagendorff et al., 1999;
VanderBrink et al., 1999; Verheule et al., 1999;
Maguire et al., 2000; Saba et al., 2000;
VanderBrink et al., 2000; Korte et al., 2002;
Schrickel et al., 2002; Saba et al., 2005; Zhang
et al., 2005; Sawaya et al., 2007; Schrickel et al.,
2007; Li et al., 2009; Blana et al., 2010

Ventricular ERP (ms) 223–257 Edvardsson et al., 1984;
Chiamvimonvat et al., 1998; Schauerte
et al., 2001; Dorian et al., 2007

33–80 Thomas et al., 1998; Verheule et al., 1999; Kovoor
et al., 2001; Korte et al., 2002; Saba et al., 2005;
van Veen et al., 2005; Zhang et al., 2005; Sawaya
et al., 2007; Schrickel et al., 2007; Li et al., 2009;
Stein et al., 2009

Ventricular CV (cm/s) 80 de Bakker et al., 1993 30–60 Thomas et al., 1998; Morley et al., 1999; Alcolea
et al., 2004; van Veen et al., 2005

FIGURE 1 | Comparison of the human and murine ECG, 2-s traces showing lead I. Inset shows a single complex from the mouse ECG (human ECG is
patient 121 in the PTB database at www.physionet.org, mouse ECG courtesy of Dr. Ricardo Carnicer, Oxford University).

Mice can increase their HR by around 30–40% (Vornanen,
1992; Kass et al., 1998; Fabritz et al., 2010), whereas humans
HR can increase by 300%. Thus, an increase in frequency can
contribute far less to increase cardiac output (CO) in mice than
in humans. The ratio of maximal to resting heart rate scales to
BM with the following equation HRmax/HRrest = 1.87 × BM−0.1

(Kass et al., 1998). Actin-myosin crossbridge kinetics have an
estimated maximal rate of around 1000 bpm, corresponding to
a cycle length (CL) of 60 ms (Kass et al., 1998). Maximal heart
rates observed in mice are in a range of 725–815 bpm (Vornanen,
1992; Kass et al., 1998; Fabritz et al., 2010). Thus, an increase in
murine HR is limited as the maximal HR is close to the maximal

www.frontiersin.org September 2012 | Volume 3 | Article 345 | 3

Kaese & Verheule, Front. Physiol. 3:345 (2012)

There is a need for “model human heart tissue”.
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Human induced pluripotent stem cell cardiomyocytes

Experimental protocols exist to grow human induced pluripotent
stem cells (hiPSC, S. Yamanaka, Nobel Prize in 2012) to
cardiomyocytes (CMs).

RESULTS

Characterization of hiPSC-CMs for the Development
of the Cardiac mGMEA Model
Cardiac fibroblast reprogrammed hiPSCs have been re-
ported to efficiently differentiate into cardiomyocytes of
high purity (Zhang et al., 2015). In this study we utilized
iPSCs reprogrammed from human cardiac fibroblast
obtained from a 70-year-old healthy male donor (ATCC).

The cell line was examined for stem cell markers OCT-4,
SSEA-4, and NANOG (Figure S1A). We optimized the hiPSC
feeder free monolayer differentiation protocol as described
in Experimental Procedures. Figure 1A depicts the timeline
for hiPSC differentiation into cardiomyocytes. Beating
cultures at day 10 post differentiation expressed cardiac
markers a-actinin, connexin43 (Cx43), and troponin I
(cTnI) (Figure S1B). Plating densities of 75,000, 100,000,
and 125,000 per 35 mm tissue culture dish produced

Figure 1. Structural and Functional Maturation of hiPSC-CMs
(A) Timeline of hiPSC cardiomyocyte production and maturation. At day 10 the cardiomyocytes were quality controlled by FACS analysis of
TNNT2 and MLC2v and only cultures resulting in >90% cardiomyocytes were cryopreserved for future experiments. hiPSC-CMs were thawed
and cultured until day 30 prior to plating on the mGMEA. Electrophysiology (EP) experiments were conducted on 2- to 15-day-old
constructs.
(B) Confocal images of a-actinin, Cx43, cTnI, and DAPI nuclear stain in hiPSC-CMs. The inlet shows the zoomed in area marked with an
asterisk. Images were taken with 603 objective. Calibration bar represents 50 mm. n = 3 independent experiments. DIC, differential
interference contrast.
(C) FACS analysis of TNNT2 and MLC2v. n = 3 independent experiments.
(D) Representative calcium transients (CaTs) at 0.5 Hz (top) and 1 Hz (bottom) using ratiometric Fura-2 dye and IonOptix system.
(E) CaT amplitude.
(F) Vmax upstroke (maximal departure velocity of the calcium release phase).
(G) Vmax decay, measurement of the speed of CaT relaxation at 0.5 and 1 Hz.
Data in (B)–(G) were from day 30 hiPSC-CMs. (C) Data expressed as mean ± SEM, n = 3 independent experiments. (D–G) Data at 0.5 and 1 Hz
expressed as mean ± SEM, n = 14 technical replicates. See also Figure S1.
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S. Edwards et al., Stem Cell Rep. 11:522 (2018)
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Human induced pluripotent stem cell cardiomyocytes

“Tissue” of beating cardiomyocytes with interspersed fibroblasts.
Courtesy of Viviana Zlochiver, Aurora Research Institute
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Multielectrode Arrays (MEA)

Figure 3: MultiElectrode Array

Figure 4: Electrodes in a well

2.3 Data Analysis

Analyzing the data was significant part of this internship. Recordings from MEA

were saved as a .mwd file. Matlab was not able to open this file directly. Therefore,

all the files obtained from MEA was converted to .h5 file using MultiChannel Data

Manager. Matlab was able to open these files after importing the package McsHDF5.*.
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Multi Channel Systems GmbH, Tübingen, Germany

• Average peak voltage (Maximum Voltage)

• Average peak to peak voltage

We can plot and see how the raw data would look like for one well and few of the

electrodes. The subplot of Well 1 and few electrodes can be seen in Figure 5. This

figure contains about 100 million data points. The unit along the y axis is nV and x

Figure 5: Reading across Well A1 and different electrodes

axis is seconds. All we need from this plot is the traces of Action Potentials. The APs

can be found right after when the plot has the U shape signal. U shape is the duration

of electroporation. The APs can be found few seconds after electroporation ends.

Electroporation was performed in order in which electrode 23 was electroporated first

and electrode 21 and so on. Electroporation is a physical transfection method that

uses an electrical pulse to create temporary pores in cell membranes through which

substances like nucleic acids can pass into cells [4]. In the absence of electroporation

we still get signal but not the action potentials. Note that there are other 8 wells

where the data are to be analyzed.

8

Meyer et al. (2004); Kujala et al. (2011); Zhu et al. (2017);
Tertoolen et al. (2018); Edwards et al. (2018), Zlochiver et al.
(2019)
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Multielectrode Arrays (MEA)

I The hiPSC-CMs are placed in the wells of the MEA,

I field potentials (FP) and, after electroporation, action
potentials (AP) can be read (20 kHz sampling frequency)

I large amounts of data (∼TB) can be created in short time.

Problem: only part of the data is really useful. Segmentation “by
hand” is time consuming and error prone.

Waveform analysis of APs
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Automated data segmentation

Feature Extraction
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Sample data

30 60 90 120

-100

100

Raw data stream from one electrode in an MEA. Prior to 30 s, the
signal consists exclusively of FPs. From 30 s to 60 s, the
electroporation stimulus is applied. From 60 s to 120 s, the signal
includes APs that gradually degrade back to FP morphology.
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Noise and artifact removal

(A)

(B)

(C)

(D)

(E)

(A) Unacceptable AP trace featuring non-monotone
depolarization. (B) & (C) AP trace before and after application
of digital filter. (D) & (E) AP trace before and after removal of
baseline trend.
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Noise and artifact removal

1. We use two Butterworth filters (Butterworth 1930), a
low-pass filter with cutoff frequency 225 Hz for noise removal
and a high-pass filter with cutoff frequency of 0.5 Hz for
removal of baseline trend.

2. The processed data are differentiated using centered
differences. The signal is truncated at the first instance of
non-monotonicity.

3. The algorithm is written in the Open Source language Python
and available at https://github.com/jurkiew4/
Action-Potential-Segmentation.

4. All the analysis work was done on a commercially available
laptop within minutes.

Peter Hinow Multielectrode Array Recordings
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Biomarker extraction for APs

We compute three classical features of APs, namely basic cycle
length (BCL), APD30 and APD80.
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Sample results

FP (top) and AP (bottom) readings from the same electrodes.
The AP beat rate is slightly higher as a result of the 1 Hz
electroporation stimulus.
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Sample results

Time series plot of APD30, APD80 and BCL for a single data
stream.
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Degrading action potentials

Closing nanopores result in a return to FP morphology. Where to
draw the line?
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Encoding action potentials in Fourier space

For a voltage signal let Û be its DFT and Û200 be the portion
below 200 Hz. The biomarker

U 7→

(
||Û||2,

||Û200||2
||Û||2

)
.

gives a linear separation of FP and AP traces.
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Linear separation with SVMs

Seps.{ps,eps,pdf} not found (or no BBox)

(A) Separation between FP and AP signals using a Support Vector
Machine. (B) Transition of an AP stream to an FP stream as the
nanopores close.
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Multiple measurements on the same cell population

In contrast to destructive techniques such as patch clamping,
myocytes plated on an MEA remain alive and electrically active
with consistency after electroporation.

DaysA.{ps,eps,pdf} not found (or no BBox)

AP traces from the same cell site taken 25 h apart, both recorded
10 s post-electroporation.
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Multiple measurements on the same cell population

DaysB.{ps,eps,pdf} not found (or no BBox)

Distributions of APD80 and BCL collected from the same MEA
plates at 0, 48 and 96 h, respectively.
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Discussion

1. The hiPSC technology provides an unlimited source of
cardiomyocytes.

2. They express ion channels similar to primary human
cardiomyocytes.

3. High-throughput MEA systems allow massive parallel
experimentation.

4. Automated segmentation, signal processing and feature
extraction are necessary to bring the technique to its full
potential.
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Outlook

We have no shortage of data, but how to analyze it?
Approaches in the literature

1. discrete dynamical systems (restitution curves, Poincaré maps)

2. ODE models for the electrophysiology of cardiomyocytes
(Hodgkin & Huxley, 70 years later)

3. PDE models for the entire heart (multidomain models)
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Outlook: discrete dynamical systems

0.31 0.32 0.33

1.

1.2

1.4

1.6

1.8

0 0.29 0.3

0.7

0.8

0

(A) (B)

Poincaré plot of (APD80, DI) from two electrode streams for
sequences of seven and 11 beats, respectively. Panel (A) shows
alternans while (B) shows strong variability in the APD tied to a
constant DI.

(APDn+1,DIn+1) = Φ(APDn,DIn)
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Outlook: effects of drugs on the AP morphology

Edwards et al., Stem Cell Reports (2018)

E4031, a hERG (K+) channel blocker produces prolonged APDs
and arrhythmic early after-depolarizations (EADs) at higher doses.

Mathematical modeling is clearly needed, but . . .
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Outlook/challenges

There is a long list of mathematical models for cardiac excitation
in a number of mammals. MODELS OF THE VENTRICULAR ACTION POTENTIAL IN HEALTH AND DISEASE 321

32 
Table 32-1 Models of Ventricular Myocyte Electrophysiology

Model Species Parent Model Comments

Beeler and Reuter 19778 Mammalian  First ventricular model

Matsuoka et al 200356 Mammalian Integration of a contraction model

Matsuoka et al 200468 Mammalian Matsuoka et al 200356 Description of ATP metabolism

Luo and Rudy 199115 Guinea pig Beeler and Reuter 19778 First guinea pig ventricular model17

Noble et al 199117 Guinea pig Hilgemann and Noble 1987104 First guinea pig ventricular model15 from parent rabbit atrial 
model

Nordin 199316 Guinea pig DiFrancesco and Noble 19859 Updated Ca2+ cycling and compartmentation

Luo and Rudy 199411 Guinea pig Luo and Rudy 199115 Inclusion of Ca2+ dynamics and updated currents

Zeng et al 1995105 Guinea pig Luo and Rudy 199411 Introduction of slowly and rapidly activating IK components

Jafri et al 199843 Guinea pig Luo and Rudy 199411 Mechanistic Ca2+ dynamics, dyadic space, LTCC mode switching

Noble et al 199855 Guinea pig Noble et al 199117 Introduction of the dyadic space for Ca2+ and stretch-dependent 
processes

Rice et al 200061 Guinea pig Jafri et al 199843 Inclusion of a contraction model

Faber and Rudy 200076 Guinea pig Luo and Rudy 199411 Incomplete deactivation of IKs and Na+ accumulation at fast 
pacing rates

Crampin and Smith 200698 Guinea pig Luo and Rudy 199411 Inclusion of pH regulation

Cortassa et al 200671 Guinea pig Jafri et al 199843 Inclusion of contraction and mitochondrial bioenergetics

Pandit et al 200118 Rat Demir et al 1994106 From parent sinoatrial node model

Pandit et al 200319 Rat Pandit et al 200118 With diabetes

Saucerman et al 200374 Rat Puglisi and Bers 200121 First β-adrenergic signaling formulation

Pasek et al 200651 Rat Pandit et al 200118 Inclusion of T-tubule system

Niederer and Smith 200760 Rat Pandit et al 200118 Inclusion of contraction model

Bondarenko et al 200428 Mouse First mouse ventricular model

Li et al 201030 Mouse Bondarenko et al 200428 Complete refit of mouse model from mouse data

Li et al 201231 Mouse Li et al 201030

Shannon et al 200420
Study of SERCA-KO and ATP consumption by ion transport

Yang and Saucerman 201279 Mouse Bondarenko et al 200428

Greenstein et al 200647
Simplified CICR and embedded β-adrenergic signaling to study 
the impact of PLM phosphorylation on CaT

Puglisi and Bers 200121 Rabbit Luo and Rudy 199411 First rabbit ventricular model with user-friendly interface

Shannon et al 200420 Rabbit Puglisi and Bers 200121 New Ca2+ dynamics formulation, submembrane Ca2+ space

Saucerman and Bers 200886 Rabbit Shannon et al 200420 Incorporation of CaM, CaMKII, CaN modules

Mahajan et al 200822 Rabbit Shannon et al 200420 Markov formulation for ICaL, and Ca2+ cycling model for the study 
of APD and calcium alternans at rapid heart rates

Soltis and Saucerman 201078 Rabbit Shannon et al 200420

Saucerman and Bers 200886
CaMKII and PKA pathways merged

Morotti et al 201296 Rabbit Shannon et al 200420 Reparameterization of Mahajan et al22 model of ICaL to account for 
Ba2+-dependent inactivation

Winslow et al 199923 Canine Jafri et al 199843 First canine ventricular model

Greenstein et al 200025 Canine Winslow et al 199923 Markov formulation for transient outward currents

Greenstein and Winslow 
200245

Canine Greenstein et al 200025 Stochastic local control of SR Ca2+ release

Cabo and Boyden 200324 Canine Luo and Rudy 199411 Normal and infarcted hearts

Hund and Rudy 200426 Canine Luo and Rudy 199411 Inclusion of CaMKII regulation of ECC

Michailova et al 200466 Canine Winslow et al 199923 Modeling of metabolism (i.e., Ca2+/Mg2+ buffering, ATP, ADP, 
MgATP regulation of NKA and PMCA)

Greenstein et al 200647 Canine Greenstein et al 200025 Simplified CICR from Hinch et al 200446

Livshitz and Rudy 200782 Canine Luo and Rudy 199411

Hund and Rudy 200426
New mechanistic SR Ca2+ release current

Decker et al 200927 Canine Hund and Rudy 200426 Simulation of rate-dependent phenomena

Continued

Grandi & Bers (2011), 2 pages (and this is a selection).
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Outlook/challenges

Almost 70 years after Hodgkin & Huxley, there is an enormous
amount of complexity in the mathematical models.

320 MODELS OF CARDIAC EXCITATION

Figure 32-2. (A) Human ventricular AP and CaT simulated with the Grandi-Pasqualini-Bers model.36 (B) Na+ and Ca2+ currents (inset shows the different activation and decay 
times), (C) K+ currents, and (D) Na+/K+ pump and Na+/Ca2+ exchange currents during an AP. 
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Figure 32-1. Schematic representation of the processes described in ECC models. Em homeostasis is regulated by a diverse population of ionic currents: INa: fast Na+ current; 
INaL: late Na+ current; ICaL: L-type Ca2+ current; IK1: inward rectifier K+ current; IKur: ultra-rapid delayed rectifier K+ current; Ito: transient outward K+ current; IKr: rapidly activating 
delayed rectifier K+ current; IKs: slowly activating delayed rectifier K+ current; and IClCa: Ca2+-activated Cl− current. The depicted compartmentation for Ca2+ (and Na+) signaling, 
including a cleft subspace for SR Ca2+ release and a submembrane compartment where Ca2+ raises higher versus bulk [Ca2+], was proposed by Shannon et al20 and was 
applied by Mahajan et al,22 Grandi et al,36 and Li et al31 in rabbit, human, and mouse models, respectively. Ca2+ signaling interacts with CaMKII and PKA signaling pathways, 
as illustrated (modeled) in Figure 32-4. 
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βY  buffer factor for compartment Y 

ORd Human Model Basic Parameters 

Stimulus 

amplitude = −80.0 
μA
μF

,    duration = 0.5 ms 

For charge conservation sake, stimulus has K+ identity as described by Hund et al.3. 

External Concentrations 

[Na+]o = 140 mM 
[Ca2+]o = 1.8 mM 
[K+]o = 5.4 mM 

ORd Model Initial Conditions 

Single endocardial cell, at 1 Hz steady state, in diastole.  There are 41 state variables. 
 
V = −87.84 mV 
[Na+]i = 7.23 mM 
[Na+]ss = 7.23 mM 
[K+]i = 143.79 mM 
[K+]ss = 143.79 mM 
[Ca2+]i = 8.54 ∙ 10−5 mM 
[Ca2+]ss = 8.43 ∙ 10−5 mM 
[Ca2+]nsr = 1.61 mM 
[Ca2+]jsr = 1.56 mM 
m = 0.0074621 
hfast = 0.692591 
hslow = 0.692574 
j = 0.692477 
hCaMK,slow = 0.448501 
jCaMK = 0.692413 
mL = 0.000194015 
hL = 0.496116 
hL,CaMK = 0.265885 
a = 0.00101185 
ifast = 0.999542 
islow = 0.589579 

aCaMK = 0.000515567 
iCaMK,fast = 0.999542 
iCaMK,slow = 0.641861 
d = 2.43015∙ 10−9 
ffast = 1.0 
fslow = 0.910671 
fCa,fast = 1.0 
fCa,slow = 0.99982 
jCa = 0.999977 
n = 0.00267171 
fCaMK,fast = 1.0 
fCa,CaMK,fast = 1.0 
xr,fast = 8.26608∙ 10−6 
xr,slow = 0.453268 
xs1 = 0.270492 
xs2 = 0.0001963 
xK1 = 0.996801 
Jrel,NP = 2.53943∙ 10−5 mM/ms 
Jrel,CaMK = 3.17262∙ 10−7 mM/ms 
CaMKtrap = 0.0124065 

Reversal Potentials 

Grandi & Bers (2011); O’Hara et al., PLoS Comput Biol. (2011)
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dhslow
dt

=
h∞ − hslow

τh,slow
 

h = Ah,fast ∙ hfast + Ah,slow ∙ hslow 
j∞ = h∞ 

τj = 2.038 +
1

0.02136 ∙ exp �−(V + 100.6)
8.281 � + 0.3052 ∙ exp �V + 0.9941

38.45 �
 

dj
dt

=
j∞ − j
τj

 

hCaMK,∞ =
1

1 + exp �V + 89.1
6.086 �

 

τh,CaMK,slow = 3.0 ∙ τh,slow 
Ah,CaMK,fast = Ah,fast, Ah,CaMK,slow = Ah,slow 
hCaMK,fast = hfast 
dhCaMK,slow

dt
=

hCaMK,∞ − hCaMK,slow

τh,CaMK,slow
 

hCaMK = Ah,CaMK,fast ∙ hCaMK,fast + Ah,CaMK,slow ∙ hCaMK,slow 
jCaMK,∞ = j∞ 
τj,CaMK = 1.46 ∙ τj 
djCaMK

dt
=

jCaMK,∞ − jCaMK
τj,CaMK

 

Km,CaMK = 0.15,    ∅INa,CaMK =
1

1 +
Km,CaMK

CaMKactive

 

GNa,fast��������� = 75 mS/μF 

INa,fast = GNa,fast��������� ∙ (V − ENa) ∙ m3 ∙ ��1 − ∅INa,CaMK� ∙ h ∙ j + ∅INa,CaMK ∙ hCaMK ∙ jCaMK� 

 

mL,∞ =
1

1 + exp �−(V + 42.85)
5.264 �

 

τm,L = τm 
dmL

dt
=

mL,∞ − mL

τm,L
 

hL,∞ =
1

1 + exp �V + 87.61
7.488 �

 

τh,L = 200 ms 
dhL
dt

=
hL,∞ − hL
τh,L

 

hL,CaMK,∞ =
1

1 + exp �V + 93.81
7.488 �

 

τh,LCaMK = 3 ∙ τh,L 
dhL,CaMK

dt
=

hL,CaMK,∞ − hL,CaMK

τh,L,CaMK
 

O’Hara et al., PLoS Comput Biol. (2011)
Does the complexity begin to overwhelm us?
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