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ABSTRACT Interspecies differences can limit the translational value of excitable cells isolated from model organisms. It can be
difficult to extrapolate from a drug- or mutation-induced phenotype in mice to human pathophysiology because mouse and
human cardiac electrodynamics differ greatly. We present a hybrid computational-experimental technique, the cell-type trans-
forming clamp, which is designed to overcome such differences by using a calculated compensatory current to convert the
macroscopic electrical behavior of an isolated cell into that of a different cell type. We demonstrate the technique’s utility by eval-
uating drug arrhythmogenicity in murine cardiomyocytes that are transformed to behave like human myocytes. Whereas we use
the cell-type transforming clamp in this work to convert between mouse and human electrodynamics, the technique could be
adapted to convert between the action potential morphologies of any two cell types of interest.
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INTRODUCTION

The electrophysiology of both neurons and cardiac myocytes

varies, often significantly, between species due to differences

in the expression levels and subtypes of ion channels and

transporters. These differences can obscure extrapolation

from a model organism’s phenotype to human pathophysi-

ology, especially in investigations of cardiac arrhythmias.

This problem is particularly acute when trying to translate

from mouse to human. Not only does the mouse heart beat

~10 times faster than the human heart, but the murine action

potential duration (APD) can be 10 times shorter and is more

triangular than that of human myocytes (1). This difference is

largely due to mice lacking the calcium-mediated plateau

phase that is responsible for sustaining depolarization in

human myocytes (2). Because many drugs and mutations

exert their proarrhythmic effects during this plateau in

humans, arrhythmia studies in mice often yield ambiguous

results. This is unfortunate given the inherent value of the

mouse as a model organism, in large part due to our ability

to manipulate the murine genome. To circumvent such limi-

tations, we have developed what to our knowledge is a new

technique, the cell-type transforming clamp (CTC), that can

convert the electrical behavior of a cell into that of a different

cell type in real-time (e.g., it can anthropomorphize a mouse

action potential).

Traditional whole-cell patch-clamp electrophysiology

investigations of isolated cardiac myocytes cannot fully

overcome species differences. In voltage-clamp mode, a pre-

determined membrane voltage waveform (usually a square

wave) is input into a cell and the resultant net membrane

current is measured, whereas in current-clamp mode,

a current stimulus is injected and the resultant membrane
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voltage waveform (usually an action potential) is recorded.

Action potential clamp is a type of voltage-clamp in which

an action-potential waveform is used to clamp a cell’s

voltage (3). A major limitation of this technique is that the

voltage waveform is predetermined (not free-running); there-

fore, it cannot be used to study the arrhythmogenic effects of

a drug or a mutation on the voltage waveform.

The CTC differs from these existing electrophysiology

techniques in that it is a dynamic-clamp method. Dynamic-

clamp is a closed-loop technique that couples real cells to

computational models or other real cells (4). This coupling

allows for a dynamic current stimulus that changes in real-

time as a function of the measured cell behavior, enabling,

for example, the elucidation of arrhythmia mechanisms

that are not revealed through standard electrophysiology

approaches (5–7).

The CTC inserts a computationally calculated virtual

conductance into a mouse myocyte to compensate for the

differences between mouse and human currents. The value

of this technique, as we will demonstrate, is that it allows

the mouse myocyte to undergo humanlike membrane poten-

tial dynamics in the current-clamp electrophysiology mode.

Therefore, unlike in action-potential clamp-mode studies,

realistic drug-induced membrane potential perturbations

(such as action potential prolongation) can occur, thereby

enabling illumination of relevant proarrhythmic effects.

METHODS

The CTC simultaneously couples a target mouse myocyte to a target-

canceling (mouse) computational model and a recipient (e.g., human or

guinea pig) computational model in a closed-loop circuit (Fig. 1), transform-

ing the membrane potential of the target myocyte to that of a human (or

guinea pig). In essence, the drug-induced current from the target myocyte

is inserted as an artificial conductance into the recipient model in real-

time, thereby revealing the effects of the drug in the context of a humanlike

waveform.
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First, membrane voltage is measured in the target myocyte and input into

both the recipient (humanlike) and target-canceling (mouse) model cells.

The ionic currents that occur in response to this voltage are computed in

both models and scaled to compensate for cell capacitance differences.

A difference current is calculated by subtracting the target-canceling model

current from the recipient-model current and is injected (along with any

stimulus current and patch seal-leak compensation current) into the cell.

In so doing, the circuit inserts a virtual conductance that compensates for

the difference between mouse and recipient cell conductances at the

measured voltage. The myocyte responds to the injected current such that

the membrane voltage will now reflect the virtually inserted difference

conductance. The cycle is repeated with an update frequency of 10 kHz.

Circuit design

The target myocyte is bidirectionally coupled to both a recipient model cell

(a model of the desired cell type) and the target-canceling model cell

(a model of the native isolated cell) as shown in the circuit of Fig. 1. First,
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FIGURE 1 Cell-type transforming clamp circuit. An isolated target myo-

cyte is coupled to two computational models (the recipient model cell is the

desired cell type, whereas the target-canceling model cell is the same cell

type as the target cell). The target cell voltage is measured (step 1) and input

to the recipient and target-canceling models (step 2). Each model cell current

is calculated and scaled by the ratio of the target cell capacitance to the

model cell capacitance (Kc and Kr) (step 3). A difference current, Idiff, is

calculated by subtracting the scaled target-canceling model current from

the scaled recipient model current (step 4). A stimulus current (Istim) and

a current to compensate for leak through the patch-clamp seal (Iseal) are

added to the difference current to produce the injected current (Iinj) (step 5),

which is injected into the target cell (step 6). The circuit is traversed in

real time (at a rate of 10 kHz) to convert the target cell waveform to that

of the desired cell type. The experimental (target) portion of the circuit is

shaded in gray, whereas the computational (clamp) part of the circuit is

white.
consider an untreated target cell. The total target myocyte current, Itarget(t), is

described by the following equations,

ItargetðtÞ ¼ Itarget;ionicðtÞ þ IinjðtÞ; (1)

IinjðtÞ ¼ IdiffðtÞ þ IstimðtÞ þ IsealðtÞ; (2)

IdiffðtÞ ¼ KrIrecipðtÞ � KcIcancelðtÞ; (3)

IsealðtÞ ¼
Vtarget

Rseal

; (4)

where Itarget,ionic(t) is the current through target cell channels, pumps, and

exchangers and Iinj(t) is the current injected into the target cell. Iinj(t) is

the sum of the difference current, Idiff(t), Istim(t), a square-pulse stimulus

current used to trigger action potentials, and Iseal(t), a current used to offset

any leak through the patch-clamp seal. Idiff(t) is calculated using Irecip(t) and

Icancel(t), the currents computed by the recipient and target-canceling models,

respectively. Irecip(t) and Icancel(t) are each scaled by a term (Kr and Kc,

respectively), where Kr ¼ CM,target/CM,recip (and where CM,target is the

measured capacitance of the target cell and CM,recip is the recipient model

cell capacitance), and Kc ¼ CM,target/CM,cancel (where CM,cancel is the

target-canceling model cell capacitance). Iseal(t) is calculated using the

voltage of the target cell, Vtarget, and the value of the patch-clamp seal resis-

tance, Rseal. In the experiments for this article, Rseal is high, thus Iseal(t) is

small. Nevertheless, for very small cells, even a small leak current through

the seal can significantly affect voltage (see Fig. S1 in the Supporting Mate-

rial). Iseal(t) corrects for this artifact.

Substituting Eqs. 2 and 3 into Eq. 1 and using I¼CM dV/dt and the values for

Kr and Kc gives the equation (note that Istim(t) and Iseal(t) are set to 0 from here on

for clarity, as stimulus and seal leak currents do not affect the circuit analysis):

CM;target

dVtarget

dt
¼
�

CM;target

dVtarget;ionic

dt

�

þ
�

CM;target

CM;recip

CM;recip

dVrecip

dt

�

�
�

CM;target

CM;cancel

CM;cancel

dVcancel

dt

�
; (5)

dVtarget

dt
¼ dVtarget;ionic

dt
þ dVrecip

dt
� dVcancel

dt
: (6)

If the target-canceling computational model perfectly models the target cell

(we analyze the realistic situation where the model is imperfect later in

Fig. 6), then dVtarget;ionic=dt ¼ dVcancel=dt, which gives

dVtarget

dt
¼ dVrecip

dt
; (7)

i.e., the total voltage change experienced by the target cell is equal to the

voltage change of the recipient model cell. If the recipient cell is a human

model cell, this would produce a human action potential waveform in the

target cell.

Next, consider the case where the target cell is drug-treated; i.e., the case

for which the CTC is designed. In this case, Eq. 1 becomes

ItargetðtÞ ¼ Itarget;ionicðtÞ þ Itarget;drugðtÞ þ IinjðtÞ; (8)

where Itarget,drug(t) is the drug-induced current difference between an

untreated target cell and a drug-treated target cell. Following the same steps

as above (Eqs. 5–7), and if (as above) dVtarget;ionic=dt ¼ dVcancel=dt, then

dVtarget

dt
¼ dVrecip

dt
þ dVtarget;drug

dt
; (9)
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i.e., if the target-canceling computational model voltage change matches the

voltage change due to wild-type (not drug-treated) target cell conductances,

then the total voltage change in the drug-treated target cell will be the sum of

voltage change in the recipient cell and the voltage change due to the drug-

induced current in the target cell.

Importantly, model computations and current clamping of the target cell

must be accomplished in near real time. We accomplish this using RTXI

(www.rtxi.org), a real-time Linux-based experimental control software

system developed in our laboratory (8,9). If this is accomplished, the voltage

of the target cell will reveal any differences between the target mouse cell

and the target-canceling mouse model cell (i.e., drug-induced differences)

in the context of its humanlike action potential waveform.

Computational models used for in silico studies

For the modeling studies presented in this article, a computational model of

a neonatal mouse ventricular myocyte was used for both the target myocyte

and the target-canceling mouse model cell in the CTC. The same

model, which was developed by Wang and Sobie (10), was used for

both cells in the circuit. For modeling studies of IKr block, the target-cell

conductance through the IKr channels was reduced by 10%. For numerical

integration of the mouse model equations, an implicit fourth-order Runge-

Kutta solver (GNU Scientific Library, www.gnu.org/software/gsl/) was

used with a time step of 0.01 ms. Action potentials were triggered in

the target cell with a suprathreshold (100 mA/mF) stimulus of 0.5-ms

duration.

For the CTC recipient model cell, we chose the Luo-Rudy II (LRII) mid-

myocardial guinea pig ventricular myocyte model (11) updated by Faber and

Rudy in 2000 (12) as the recipient model for our studies. Although this

model is not a human type, we chose it, in part, because it demonstrates

the ability of the CTC to reveal rich plateau-stage dynamics such as

EADs (13,14). In silico investigations of human models—the reduced

(15) (Fig. S2) and full (16) (results not shown) Ten Tusscher models—

demonstrated effective wild-type anthropomorphization, but no EADs in

response to an LQT3 mutant sodium current that did evoke EADs in an

LRII CTC study (results not shown).

Computational models used for in vitro studies

The Wang-Sobie model could not be used for the experimental CTC studies,

because it is too computationally intensive for the required 10 kHz circuit

rate. Therefore, for the target-canceling model in experiments we used

a model of adult mouse cardiomyocyte sarcolemmal currents developed

by Pandit et al. (17) and modified by Tranquillo et al. (18) that we modified

as described below and in Fig. S3.

Before the start of experiments, we repeated our in silico modeling studies

using the modified Pandit model as both the target and target-canceling cells

(Fig. S4). The Pandit circuit produced results similar to those seen using the

Wang and Sobie circuit. However, because the Pandit model does not have

a current formulation for IKr, the effects of IKr blockade in a Pandit target cell

could not be investigated; therefore, a different repolarizing potassium

current (IK,slow) was reduced by 30% in Pandit modeling studies of channel

blockade (Fig. S4, c–f).
There can be significant intermyocyte APD variation. However, for effec-

tive CTC performance, mismatch between the target cell and the target-

canceling model cell must be minimized. To minimize mismatch, we created

a suite of nine candidate neonatal models by modifying the standard Pandit

model (see Fig. S2). The nine models varied in APD by 10-ms increments

from 20 ms to 100 ms. Before the start of each experiment, the cell was stim-

ulated at a rate of 1 kHz for at least 20 beats to allow action potentials to

become stable. Then, the isolated neonatal myocyte was stimulated for 10

beats, from which the average APD was computed. The most appropriate

target-canceling model to use for that specific cell was automatically

selected from the suite of nine candidate models, as that whose APD was

closest to the cell’s average APD. To determine which of the nine Pandit

models should be used as the target-canceling model in drug studies (the

Biophysical Journal 97(10) 2684–2692
target-canceling model is always untreated, see Eqs. 8 and 9), we calculated

the mean APD of all untreated cells examined from a given isolation and

used the model with the APD closest to this mean for all drug studies of cells

from the same isolation.

The recipient model cell was the same LRII model that was used in the

modeling studies. For numerical integration of the model equations, we

used a forward Euler scheme with a time step of 0.1 ms. Before the start

of experiments, both the recipient and target-canceling models were paced

at a rate of 1 Hz (the rate used in experiments) until reaching steady-state

APD values (300 s for the LRII, 100 s for the modified Pandit model).

Neonatal cardiac myocyte isolation

All procedures were done in accordance with Weill Cornell Institutional

Animal Care and Use Committee regulations. Single ventricular myocytes

were isolated from day-1 mouse pups. Neonatal mice were chosen because

they express cardiac IKr channels, which are essential for investigation of IKr

blocking drugs (19). Mice were anesthetized via inhalation of isoflurane, and

their hearts were removed and placed into ice-cold Ca2þ and Mg2þ-free

Hank’s Balanced Salt Solution. Hearts from one litter of pups were pooled,

minced, and transferred into a solution of 25 mg/mL collagenase (Worthing-

ton Type II) in Hank’s Balanced Salt Solution. The tissue was incubated for

40 min in a shaking 37�C incubator, triturated, and filtered through a cell

strainer. The cells were centrifuged at 100 � g for 5 min and resuspended

in growth media (DMEMþ 10% fetal bovine serumþ Primocin (0.1 mg/mL,

Invitrogen, Carlsbad, CA)). Cells were preplated for 45 min at 37�C to

reduce the number of fibroblasts in the final cultures. After preplating, cells

were plated in tissue-culture treated dishes at a final concentration of 1.0 �
105 cells/mL to ensure the presence of isolated cells. Cells were kept at

37�C in a 5% CO2 incubator and used for electrophysiology studies on the

second day after culture.

Electrophysiology

Whole-cell current-clamp recordings were performed at room temperature

(21�–24�C). Cells were superfused with a Tyrode’s solution containing

(in mM): NaCl 140, KCl 4, glucose 5.5, MgCl21, CaCl2 1, and HEPES

10. Pipette solution contained (in mM): KCl 110, Na2ATP 5, EGTA 0.05,

HEPES 10, MgCl21, and CaCl2 0.025. Pipettes pulled from 1.5-mm glass

capillary tubes (Sutter Instrument, Novato, CA) had a final resistance of

3–5 MU in solution, and offset potentials were measured and corrected.

For studies of IKr block, 1 mM E-4031 (Sigma, St. Louis, MO) was added

to the extracellular solution.

Recordings were performed using RTXI (www.rtxi.org) and an A-M

Systems (Sequim, WA) model 2400 patch-clamp amplifier. Cell capacitance

was measured in voltage-clamp mode before beginning current clamp

studies by adjusting amplifier whole-cell compensation knobs (which

measure access resistance and membrane capacitance) to minimize tran-

sients resulting from application of a 10 mV square wave of 10-ms duration.

Capacitances averaged 19.7 5 1 pF (mean 5 SE). The capacitance values

were used in conjunction with model cell capacitance values to scale the

CTC currents (see Eq. 3). Bridge balance was used to compensate for the

voltage drop across the access resistance, which averaged 9.5 5 0.4 MU.

The CTC computational models were solved at a rate of 10 kHz.

Patch seal resistance was measured in voltage-clamp mode (by measuring

the current in response to a 10 mV square wave from a holding potential of

�80 mV) at the beginning of each experiment and used to calculate Iseal(t)
throughout the experiments. Seal resistances were 2.1 5 0.6 GU. Often

when the measured Rseal was used to calculate Iseal(t), the resting membrane

voltage became hyperpolarized due to overcompensation. Therefore for

each individual cell, the seal resistance value used to calculate Iseal(t) was

adjusted (reduced to 73 5 10% of its measured value) until resting mem-

brane voltage ¼ �80 mV.

Action potentials were evoked at a rate of 1 Hz using depolarizing stimuli

1-ms in duration and 150% of threshold in amplitude. APDs were measured

from the time of onset of the upstroke to the time when the potential returned

http://www.rtxi.org
http://www.gnu.org/software/gsl/
http://www.rtxi.org
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to 80% of the resting membrane potential. Resting membrane potential was

measured every cycle and taken to be the voltage of the cell in the timestep

before onset of stimulus current.

Cells with APDs during the CTC clamp that were shorter or longer than 1

standard deviation from the mean were not included in the analysis of drug-

treatment studies (7:24 cells). Such outlying APDs during the CTC were

most likely an artifact of target cell/target-canceling model cell mismatch

(in the drug-treated studies, this mismatch was partially due to the use of

an average untreated APD value for model selection as described above).

For each experiment, a cell was paced according to the following

protocol: 20 stimuli with the CTC off (20 mouse action potentials), 20 s

with CTC on but no stimulus (the voltage equilibrates to the recipient model

resting membrane potential, as expected from Eqs. 1–9), and 15 stimuli with

the CTC on (15 humanlike action potentials).

RESULTS

The CTC can transform the action potential
of a mouse model target cell in silico

We first investigated the technique in silico using the Wang

and Sobie computational model of a neonatal ventricular

mouse myocyte as the target myocyte (Fig. 2). The CTC con-

verted the short, triangular mouse action potential into that of

the recipient, LRII model cell. The CTC both prolonged the

APD and induced the expected plateau (similar results were

seen when a modified Pandit mouse model was used as both

the target and target-canceling models; see Fig. S4). The

currents responsible for this transition are also shown in

Fig. 2, b–e.

The CTC can transform the action potential
of a real isolated neonatal mouse myocyte in vitro

We applied the CTC to real isolated neonatal cardiac myo-

cytes. As in the modeling studies, the CTC made the action

potential humanlike (Fig. 3). This effect was reversible; the

waveform returned to its baseline morphology as soon as

the CTC was deactivated. Despite experimental cell-to-cell

(Fig. 3, b and c) variation, all clamped cells demonstrated

a prolonged APD and plateau. Cell-to-cell and beat-to-beat

variability in repolarization time of isolated guinea pig myo-

cytes has been reported previously (20). CTC-clamped

myocytes also demonstrate frequency-dependent APD

changes (Fig. 3, d and e).

Fig. 4 demonstrates the experimental current values used

to anthropomorphize the isolated target myocyte shown in

Fig. 4 a (black trace). The voltage waveforms and currents

are compared to results from in silico studies using the

80-ms Pandit model as both the target cell and target-

canceling cell (Fig. 4, a–f, gray traces). The black, dashed

trace in Fig. 4 f shows Iseal(t) for the experimental trace.

The currents from the in silico and in vitro circuits are

very similar, with the largest current differences occurring

during the first 50 ms of the action potential (this corresponds

to the period of greatest voltage difference, Fig. 4 b). This

difference could be due to mismatch between the target

cell and target-canceling model.

The CTC circuit was traversed at a rate of 10 kHz. The

rapid upstroke is most sensitive to errors that result from

insufficient circuit rates (8). In the sodium channel dynamic-

clamp studies of Bettencourt et al. (8), 10 kHz was found to

be the rate cutoff for ensuring fidelity in action potential

morphologies. As rates were decreased, errors first appeared

in the overshoot of the action potential; errors only appeared

in other action potential phases at much lower circuit rates. It

is possible that the error seen in the early phase of our exper-

imental traces is partially due to an insufficient circuit rate.

Importantly, as technology improves in the future, CTC

circuit rate will increase, thereby decreasing circuit rate-

induced errors.
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The CTC can be used to assess
the arrhythmogenic potential of an IKr-blocking
drug in silico

Importantly, the CTC can be used to investigate drug or

mutation-induced arrhythmias, to augment existing preclin-

ical drug safety screens (21) or to assess phenotypes of genet-

ically engineered mouse models of inherited arrhythmia

syndromes. Many potential drugs produce proarrhythmic

off-target blockade of the repolarizing rapid delayed rectifier

cardiac potassium current (IKr) channel (22), which is the

major repolarizing current during the late phase of the human

cardiac action potential. IKr blockade causes APD prolonga-

tion and can lead to drug-induced long QT syndrome,

a condition that can induce ventricular fibrillation and death.

During the short action potential of the unclamped mouse

cell, IKr is not the major repolarizing current (23); thus,

unclamped cells are ill-suited for revealing drug proarrhyth-

mia. In contrast, in CTC-clamped cells, IKr has more time to

activate and contribute to the dynamics of the late phase of

the action potential, as in human myocytes. Therefore, the

effects of drugs that block IKr can be unmasked through

use of the CTC.
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conditions, the model and real experi-

mental voltages are similar. Irecipient

(c), Icancel (d), Idiff (e), and Iinj (f) from

both the in silico and in vitro studies

are shown. The insets enlarge the first

6 ms of the action potential to show

peak current values. The dashed black

line of panel f shows the experimental

Iseal. Cells were stimulated at 1 Hz.

The model cell stimulus was 0.5 ms in

duration and 100 mA/mF in magnitude.

The experimental cell stimulus was

150% of threshold, 1 ms in duration

and 71 mA/mF in magnitude.
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The effects of the IKr-blockade on neonatal mouse cardiac

myocytes were assessed in silico (Fig. 5). IKr-blockade was

modeled by decreasing the conductance through the IKr

channel by 10%. In modeling studies, IKr-blockade had little

effect on an unclamped cell (Fig. 5 a), yet substantially pro-

longed the APD in a CTC-clamped cell (Fig. 5 b). Ten-

percent reduction was chosen because it prolonged the

APD during CTC-clamping to a similar degree as seen in

studies of isolated guinea pig myocytes treated with 5 mM

E-4031 (24). In the studies of Sanguinetti et al. (24),

E-4031 prolonged the guinea pig APD from 212 to 268 ms

at physiological temperatures, whereas in our in silico

CTC studies 10% IKr blockade prolonged the APD from

212 to 272 ms.

Even in the presence of target/target-canceling
cell mismatch drug-induced phenotypes are
uncovered by the CTC in silico

The traces from Fig. 5 demonstrate an ideal CTC for which

the untreated target cell and the target-canceling model cell

are identical. However, in experimental studies the target-
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FIGURE 5 CTC reveals the arrhythmogenic potential of IKr-blockade

in silico. Model cells in the presence of IKr-blockade (gray traces) demon-

strated longer action potentials relative to cells without IKr block (black

traces) only during CTC-clamping (b versus a). Cells were stimulated at 1 Hz.
canceling model cell never exactly matches the target cell.

We studied the influence that this difference would have

on the ability of the CTC to detect drug-induced effects.

We used a Monte Carlo method to perturb our target cell

model so that it would differ from the target-canceling model

cell, thereby simulating real cell-to-cell variability as well as

model mismatch. Each of the 12 Wang and Sobie mouse-

model target cell conductance values were perturbed by

a percentage selected from a normal distribution (mean 0,

standard deviation 5%). Twenty unique target cell models

were created. Untreated and IKr-blockade model variants

were created from the same 20 parameter combinations,

differing only in the presence of full or 90% IKr conductance.

Action potentials from each of the perturbed mouse

models are shown in Fig. 6, a and c. The APD90 of the

untreated models was 62 5 0.2 ms (mean 5 SE), and the

APD90 of the IKr-blockade models was 63 5 0.2 ms.

When these 20 model target cells were placed in the CTC,

they recapitulated qualitatively the results seen when an ideal

target cell was used. All 20 models showed action potential

prolongation relative to untreated when they had IKr-

blockade and the CTC was turned on (Fig. 6, part d versus

part b). Six out of 20 of the CTC-clamped IKr-blockade

models had EADs (which were not seen when an ideal target

cell was used). This suggests that mismatch between the

target cell and the target-canceling cell can lead to an over-

estimation of the severity of the drug-induced phenotype.

In studies of real isolated myocytes, traces with action poten-

tial durations that were substantially greater or less than the

mean APD (i.e., >1 SD different) were not included in the

analysis to minimize these mismatch-induced errors.

The CTC unmasks drug-induced
arrhythmogenicity of the IKr-blocking drug E-4031
in isolated neonatal murine cardiac myocytes

In real isolated myocytes, 1 mM E-4031 prolonged the APD

of unclamped cells as compared to untreated cells (118 5

14 ms, n ¼ 7 vs. 78 5 7 ms, n ¼ 10 (mean 5 SE))

(Fig. 7 a). However, the amount of prolongation in CTC-

clamped cells was greater (Fig. 7 b). E-4031-treated CTC-

clamped cells had an average APD of 298 5 25 ms, whereas

untreated cells averaged 213 5 11 ms. E-4031 prolonged the

action potential of clamped cells by 85 ms, while prolonging

the APD of nonclamped cells 40 ms.

Importantly, only clamped cells demonstrated a plateau,

which is essential for many of the arrhythmogenic sequellae

of action potential prolongation (25). Therefore, as predicted

by the modeling studies of Fig. 6, in spite of target/target-

canceling cell mismatch, the proarrhythmic effects of

E-4031 are evident in CTC-clamped mouse cells.

As described above, previously published studies of

guinea pig myocytes treated with 5 mM E-4031 (24) demon-

strated prolongation of the APD from 212 to 268 ms (24).

Our 1 mM E-4031 treated CTC-clamped isolated neonatal
Biophysical Journal 97(10) 2684–2692
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mouse myocytes demonstrated APD prolongation from 213

to 298 ms (Fig. 7). Some important experimental differences

exist between the published guinea pig studies and the study

of Fig. 7 including: the guinea pig studies were performed at

35�C and a stimulation rate of 0.5 Hz, whereas our studies

were performed at room temperature and a stimulation rate

of 1 Hz. In addition, the doses of E-4031 were different

(1 mM vs. 5 mM); however, both of these doses produce

similar responses in dose-response studies of isolated guinea

pig myocytes (24). Despite these experimental differences,

both studies demonstrated a similar degree of APD prolonga-

tion and absence of EAD formation.

DISCUSSION

Benefits of the CTC

We have demonstrated that the CTC can be used to convert

the action potential waveform of a neonatal mouse myocyte

into that of a human in real-time. The potential arrhythmo-

genic effects of drugs can be screened through use of this

system. Currently available screening approaches include

assessing the propensity of a drug to reduce IKr current in

a heterologous cell line that expresses hERG channels.

One limitation of this approach is that the heterologous

cell, such as an HEK-293 cell, is not a cardiac myocyte

and therefore lacks the full complement of cardiac ion chan-

nels and proteins that modulate the function of ion channels.

Studies have demonstrated that some compounds that

demonstrate hERG-inhibition in heterologous cell system

screens are actually safe in real cardiac myocytes and tissues

(26). Screens in cardiac myocytes and tissues have proven to

be more effective. Although these screens can be done in

myocytes from larger animals such as guinea pigs or rabbits,

this would significantly increase the cost of the screen.

Another important benefit of the CTC is that because of

the ability to manipulate the murine genome, CTC studies

in mice could be used to investigate genotype-specific drug

reactions.

The CTC is limited by the availability of good computa-

tional models of the cell types of interest. One potential

improvement to the technique would be to automatically
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FIGURE 6 CTC-clamped IKr-blocked myocytes accu-

rately demonstrate drug-induced APD prolongation even

in the presence of mismatch between the target and

target-canceling model cell in silico. Twenty wild-type

and IKr-blocked model variants were created. The original

unperturbed Wang and Sobie model was the target-

canceling model; therefore, there was mismatch between

the target and target-canceling cell in each case. Traces of

the same color in panels a–d represent results from the

same model variant. In the unclamped cell, there was no

major difference between the APDs of blocked and un-

blocked cells (a versus c). However, in the CTC-clamped

models, even in the presence of cell-to-cell variation, the

APD-prolonging effects of IKr-block were seen in every

model (b versus d). Mismatch between the target and

target-canceling cell led to EADs in six out of the 20

models tested. These six traces are examples where model

mismatch led to an overestimation of the effects of IKr

block. The measured average APD value in the CTC-

clamped IKr-blocked cells (242 ms) is artificially short

because beats with EADs could not be included in the

quantification. Cells were stimulated at 1 Hz for 100 unclamped cycles followed by 20 no-stimulus CTC-clamped cycles and 80 stimulated CTC-clamped

cycles. In cells with EADs, full repolarization did not occur before the next stimulus and EADs persisted even after 200 additional CTC-clamped cycles.
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FIGURE 7 CTC reveals the arrhythmogenic potential of the IKr-blocking

drug, E-4031. In real isolated cells, IKr-blockade by E-4031 prolonged the

unclamped action potential (a, red-treated (n ¼ 7) versus black-untreated

(n ¼ 10), two-tailed unpaired t-test, p ¼ 0.015). However, in CTC-clamped

real myocytes, E-4031-induced prolongation was increased by 45 ms

(b, red-treated versus black-untreated, two-tailed unpaired t-test, p¼ 0.003).

Cells were stimulated at 1 Hz.
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tune the target-canceling model to match the target cell using

a method such as a genetic algorithm (27) (as compared to

the current approach of selecting one of nine candidate

models). Future studies will benefit both from the constant

improvements being made to models of excitable cells and

from increases in computational power.

Limitations

In this study, all experiments were conducted at room

temperature. It is possible that future studies conducted at

physiological temperature may require faster circuit rates

(>10 kHz) and larger injected currents and therefore may

be more technically difficult to perform. In addition, pro-

longed injection of larger currents could perturb the ionic

composition of the cytosol.

The CTC anthropomorphizes the membrane potential;

however, it does not compensate for differences between

human and mouse intracellular calcium cycling (28). Future

calcium imaging studies comparing CTC-clamped mouse

myocytes and paced guinea pig myocytes could provide

important insights into these differences in calcium

dynamics.

Several factors could lead to errors in the circuit, including

mismatch between the target cell and target-canceling

model. We investigated the effects of this mismatch in

Fig. 6 and Fig. S4; however, there could be a greater degree

of variation in expression levels of individual channels

or cell-to-cell variation in channel kinetics that were not

fully captured in our modeling studies. Mismeasurement of

target cell capacitance could also be a source of error in

the circuit.

We have tried to minimize model mismatch by producing

a suite of models that can be used as the target-canceling

model. Selection of the proper model for drug-treated studies

was determined by results from untreated cells from the same

isolation, which likely introduced an error into the circuit.

Furthermore, future CTC studies in genetically modified

mice may require new approaches to minimizing isolation-

to-isolation variability so that the correct target-canceling

model from wild-type experiments can be used as the model

for mutation experiments. For example, the wild-type and

mutant isolations could be done in parallel to ensure that

all elements of the culture process (enzymatic digestion

times, reagents, etc.) are as similar as possible.

In addition to using a target-canceling model cell, the CTC

relies on a humanlike recipient model to anthropomorphize

the target cell. Any errors in the recipient model cell are

propagated as errors to the circuit itself. Models are created

by fitting data that is acquired under specific experimental

conditions; therefore, they may not fully capture all cell

dynamics if the model is run under conditions far from those

used to make the model.

Due to both the complexity of the CTC technique and cell-

to-cell variation, a large sample number may be necessary in
future studies of subtle phenotypes to obtain statistical signif-

icance. In addition, eliminating outlier traces (as we have

done in this study) may introduce a bias in the analysis of

the data. However, as models and model selection techniques

improve to minimize model and target cell mismatch, we

believe that the occurrence of outliers will decrease.

In conclusion, the CTC can be used for a wide range of

applications. Although we have demonstrated its ability to

make mouse cardiac electrodynamics more humanlike, it

can be used to reversibly convert between the membrane

potentials of any two cell types, whether they are from

different species or from different populations of cells within

the same organism. All that is required to adapt the technique

for different applications are computational models of the

appropriate cell types. This technology could also be inte-

grated into existing high-throughput electrophysiology

platforms (29) to allow for large-scale screening of human

relevant proarrhythmic effects of drug compounds.
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