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ABSTRACT iPSC-derived cardiomyocytes (iPSC-CMs) are a potentially advantageous platform for drug screening because
they provide a renewable source of human cardiomyocytes. One obstacle to their implementation is their immature electrophys-
iology, which reduces relevance to adult arrhythmogenesis. To address this, dynamic clamp is used to inject current represent-
ing the insufficient potassium current, IK1, thereby producing more adult-like electrophysiology. However, dynamic clamp
requires patch clamp and is therefore low throughput and ill-suited for large-scale drug screening. Here, we use optogenetics
to generate such a dynamic-clamp current. The optical dynamic clamp (ODC) uses outward-current-generating opsin, ArchT,
to mimic IK1, resulting in more adult-like action potential morphology, similar to IK1 injection via classic dynamic clamp. Further-
more, in the presence of an IKr blocker, ODC revealed expected action potential prolongation and reduced spontaneous exci-
tation. The ODC presented here still requires an electrode to measure Vm but provides a first step toward contactless dynamic
clamp, which will not only enable high-throughput screening but may also allow control within multicellular iPSC-CM formats to
better recapitulate adult in vivo physiology.
INTRODUCTION
Cardiovascular toxicity is one of the major contributors to
drug failure during clinical trials and drug withdrawal
from the market (1–4). Improving upon the sensitivity and
specificity of preclinical cardiac toxicity assays would
greatly mitigate the risk of drug-induced cardiotoxicity to
patients and reduce failure of drugs during clinical trials.
A limitation of these preclinical tests is that they rely on
nonhuman models because human cardiac tissue is a very
limited resource. Recent data in multiple areas, including
cancer, neurodegenerative diseases, and cardiovascular
diseases, indicate that animal models do not recapitulate
physiology of human patients faithfully (5–7). The develop-
ment of human induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) offers a promising alternative
to nonhuman models by providing a renewable source of
human cardiomyocytes. Importantly, iPSC-CMs can be
derived from a patient population of interest (8–12).

Despite the advantages of human iPSC-CMs, concerns
have been raised about their maturity, which may interfere
with predicting the effect of drugs on adult human cardiac
function. For example, a low or missing expression of the
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inward rectifier potassium current, IK1, has been reported
as the culprit for spontaneous beating in these cells,
considered a sign of immaturity (13–15). IK1 is critical for
maintaining the resting membrane potential in adult cardio-
myocytes and plays a role in late repolarization during an
action potential (AP). With insufficient IK1, the resulting
phenotype includes more depolarized triangular AP with
longer action potential durations (APD). It has been demon-
strated that electrically mimicking the low or missing IK1 in
iPSC-CMs via dynamic clamp, a feedback-control-based
electrophysiological technique, can shift the electrophysio-
logical phenotype to more adult-like (15–17). Using this
dynamic-clamp approach can help in the study of pro- or
anti-arrhythmic effects of drugs on cardiac electrical activ-
ity (15). Unlike genetic overexpression of IK1, the electronic
expression of an ion channel via the dynamic-clamp method
can yield precise dosing and control. The user is able to
electrically simulate the presence or absence of a desired
current or to interface the patched cell with a mathematical
model of another cell to simulate electrotonic interac-
tions and cell behavior in the multicellular setting
(15,16,18–20). Dynamic clamp provides high-content elec-
trophysiology data, but its use is limited because of very low
throughput and specialized technical expertise. The advent
of automated patch clamp with multichannel capabilities
works to address some of these barriers to use but is not
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without limitations, such as the need for compatibility with
cardiomyocytes (currently, it works reliably only with sim-
ple non-myocyte cell lines). In an important step in this
direction, Goversen et al. (21) recently demonstrated using
a Nanion Patchliner automated patch-clamp device to inject
IK1 via dynamic clamp into iPSC-CMs (21). Here, we pre-
sent a light-controlled approach to this problem.

Optical methods for stimulation and recording are the nat-
ural solution to increasing throughput because their integra-
tion permits the parallel interrogation of multiple cells, i.e.,
the realization of high-throughput all-optical cardiac elec-
trophysiology (22–24). Our long-term goal is to develop a
fully optically controlled high-throughput platform that is
based on the same principles as dynamic clamp by circum-
venting the most technical and time-consuming steps of
manual patch clamp that are responsible for the low success
rate of the method. The optical dynamic clamp (ODC) plat-
form would allow for many more trials because of its non-
contact nature and scalability. To realize a fully optically
controlled dynamic clamp, we must first establish the use
of optogenetic tools to dynamically inject a target current
to observe its effect on AP morphology. In subsequent steps,
the ODC platform may be adapted to use an optical readout
of the membrane potential even though the ODC configura-
tion presented here does require an electrode to measure the
membrane potential.

Optogenetic tools are typically used to generate a static
current to stimulate APs or completely inhibit electrical
activity. An optical AP clamp has been used to uncover
the dynamic contribution of Channelrhodopsin-2 (ChR2),
a depolarizing opsin, during the cardiac AP (25,26). Several
computational (25,27) and experimental studies (28,29)
have used depolarizing and hyperpolarizing opsin to modu-
late the cardiac AP morphology. For example, activation of
ChR2 by static light pulses delivered during different AP
phases extended the APD in neonatal rat ventricular myo-
cytes (29). Hyperpolarizing anion Channelrhodopsin 1
from Guillardia theta (GtACR1) was optically activated
by static pulses to shorten the APD in neonatal rat ventric-
ular myocytes via forced hyperpolarization (28). Static
optogenetic manipulation can yield a range of AP responses
depending on pulse timing, strength, and duration (25);
however, it has inherent limitations when applied to multi-
cellular tissue, where cells are at different phases of the
AP at any given time. Computationally, a ChR2 model
(26) was used to add a dynamic depolarizing current to
simulate short QT syndrome and resemble a target AP, yet
no real-time feedback was used (27). Although this method
worked well in silico, it would be critical to incorporate a
real-time feedback loop to address inherent cell variability
and make the approach AP-morphology adaptive.

In this study, to demonstrate the use of optogenetics to
dynamically tune an AP, we used Archaerhodopsin TP009
(ArchT) (30,31) to optically generate the target outward cur-
rent IK1 instead of using electronic current injection via a
patch electrode.ArchThas proven to be a useful tool to inhibit
electrical activity in different excitable cells (31–36). To actu-
alize the real-time feedback loop, the optogenetic tool must
have fast kinetics and generate sufficient current. For valida-
tion purposes, we compared the use of theODCplatformwith
the standard electrode-based dynamic clamp (EDC) platform
to generate a target current mimicking IK1 in human iPSC-
CMs. We also investigated whether ODC would be able to
uncover, as EDC would, the effects of the hERG channel
inhibitor E-4031 to illustrate ODC applicability to detect
the effect of pharmacological agents on electrical activity.
Our experiments demonstrate that ArchT can be controlled
to generate the target current and yielded results similar to
that of using an electrode even in the presence of an ion chan-
nelmodulator, corroborating the utility of optogenetic tools in
the dynamic clamp setting and in drug-testing applications.
METHODS

Cell culture

Cor.4U human iPSC-CMs (Axiogenesis, Cologne, Germany) were thawed,

seeded, and maintained according to the protocols provided by the manu-

facturer. The cells were seeded on 0.1% gelatin-coated 8 mm coverslips

and plated at 100,000 cells/mL. Cells were incubated for at least 7 days

post thaw before use for experiments.
Infection and expression of ArchT

Adenoviral vector was constructed using the Addgene (Cambridge, MA)

plasmid pAAV-CAG-ArchT-GFP, deposited by K. Deisseroth’s laboratory

(plasmid 20940) (37,38). ArchT was expressed in iPSC-CMs using multi-

plicities of infection of 250–300, as described in previously published pro-

tocols using an adenovirus (37,38). Determination of successful infection

was confirmed via eGFP (enhanced green fluorescent protein) (Fig. S1).

Functionality of ArchT was confirmed by illuminating the cells with a

light-emitting diode (LED) (M565L3; ThorLabs, Newton, NJ) at 595 nm

through a 60� objective and observing the amount of hyperpolarization

of the membrane potential under current clamp. Stability of IArchT was

measured with a voltage and light clamp protocol over time to investigate

rundown with ArchT illumination (Fig. S12).
Electrophysiology

Borosilicate glass pipettes were pulled to a resistance of 1–3 MU using a

flaming/brown micropipette puller (Model P-1000; Sutter Instrument,

Novato, CA). The pipettes were filled with intracellular solution containing

10 mMNaCl, 130 mMKCl, 1 mMMgCl2, 10 mMCaCl2, 5.5 mM dextrose,

10 mM HEPES. For perforated patch, the pipette tip was first dipped into

the intracellular solution without gramicidin for 10 s. The pipette was

then filled with the intracellular solution containing 8 mg/mL gramicidin

passed through a 0.25 mm filter. The high calcium concentration in the intra-

cellular pipette solution serves to verify the integrity of the patch because

patch rupture under these conditions would lead to immediate cell contrac-

ture (39). The coverslips containing iPSC-CMs were placed in the bath and

constantly perfused with an extracellular solution at 37�C containing

137 mMNaCl, 5.4 mMKCl, 1 mMMgSO4, 2 mM CaCl2, 10 mM dextrose,

10 mM HEPES. GFP-expressing single cells that were visibly contracting

were chosen for experiments. Patch-clamp measurements were made

by a patch-clamp amplifier (Model 2400; A-M Systems, Sequim, WA)

controlled by the Real Time eXperiment Interface (RTXI; http://rtxi.org)
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to coordinate the amplifier via the data acquisition card (PCI-6025E;

National Instruments, Austin, TX). RTXI was also used to control the

LED light intensity. The voltage was corrected for the calculated liquid

junction potential of �2.8 mV. The series resistance was less than

10 MU and was not compensated.
Dynamic-clamp experiments

Fig. 1 A depicts the schematic of the EDC system. At each time step, the

electrode measures the membrane potential (Vm), which is then input

into a mathematical model of IK1 to determine the amount of target current

(Itarget) that should be generated at that measured Vm. The amplifier outputs

the calculated Itarget in real time, simulating the expression of an equivalent

current within the cell.

Fig. 1 B illustrates the ODC system. Similar to the EDC system, the

membrane potential measured by an electrode is input into the mathemat-

ical model of the target current. We used the IK1 equations of the human

ventricular myocyte model by ten Tusscher et al. (40). The maximal allow-

able Itarget was set to 1.08 pA/pF because that was close to the maximal cur-

rent that could be generated by ArchT in these cells. ArchT is a proton

pump, generating a light- and voltage-sensitive outward current. There is

no published validated mathematical model for the ArchT ion current.

Instead, we used an empirical equation that was tuned on a per-cell basis

to generate the illumination Ee needed to achieve the target current, IArchT:
2. Measure Vm

1. Run calibration 
protocol 3. Calculate Itarget 

using IK1 model 

4. Use cell-specific 
ArchT model to calculate 

LED output 

1. Measure Vm

3. Inject Itarget into cell

A

B

2. Calculate Itarget 
using IK1 model 

00.00

FIGURE 1 Description of EDC and ODC systems. Dynamic clamp is

used to simulate the target current, IK1, in iPSC-CMs. (A) The EDC system

uses the electrode to measure the Vm and inject a current into the cell. (B)

The ODC system utilizes the electrode to measure the Vm but uses optical

ArchT activation to inject the target current. Before implementing the ODC

system, a calibration protocol is executed to obtain the parameters to

generate a cell-specific ArchT model.
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IArchT ¼ a1 � V�
m þ a2

a1 � Vrest þ a2
� b1

�
1� e�b2 �Ee

�
; (1)

where the first component describes the voltage dependence, which is

linearly affected by the membrane potential, and the second component de-

scribes the light-intensity dependence of ArchT (Eq. 1; Fig. 2). Because of

an amplifier calibration error, the Vm used in this calculation by RTXI

(Vm*) was later determined to be of 5% smaller amplitude than the real

Vm as recorded by the amplifier. This error affects IArchT equally in the

EDC and ODC systems, and simulating its effects in a mathematical

iPSC-CM model (41) suggests that it has no significant impact on dy-

namic-clamp performance (Fig. S10). The parameter Vrest is set to

�85 mV, the ideal resting membrane potential. Ee represents the light inten-

sity of the LED. a1 and a2 describe the cell-specific voltage dependence,

whereas b1 and b2 describe the cell-specific light intensity dependence.

The values of these parameters are determined for each cell with a calibra-

tion protocol before running the ODC platform so that the ArchT model

represents the characteristics from an individual cell. In about half the cells,

inward current events are generated spontaneously even during voltage

clamp at �85 mV (Fig. S2). These spontaneous events may obscure the re-

corded current and thus the determination of the cell-specific ArchT param-

eters. However, cells in which these disturbances did occur were not

associated with a reduction in ODC performance, measured as pre-stimula-

tion potential, fraction of repolarization, and triangulation.

To test the feasibility of using ArchT to inject a target current, stimulated

APs under the EDC system were compared to those of the ODC platform

at three different pacing frequencies: 0.5, 1, and 2 Hz. The cells were

stimulated 10 times at 0.5, 1, and 2 Hz sequentially under three conditions

(the order of which was randomized): 1) control, in which no additional

current was added; 2) addition of Itarget with EDC; and 3) and addition of

Itarget with ODC.
E-4031 addition

After the cells had undergone the aforementioned pacing protocol under

the same three conditions, 500 nM E-4031 was perfused into the bath

containing the coverslip of iPSC-CMs for 2 min. Experiments were again

conducted under the same pacing protocol and conditions to measure the

effect of IKr inhibition.
Analysis

APDX was calculated by determining the time from stimulus to the time

point at which the AP repolarized X% of the AP amplitude (calculated as

AP peak � pre-stimulation potential). The AP peak was defined as the

maximal membrane potential reached during the AP after delivered stim-

ulus. The prestimulus potential is defined as an average of the membrane

potential in the last 50 ms before delivering a stimulus current. The fraction

of repolarization (calculated as (APD90 � APD50)/APD90) and triangula-

tion (calculated as APD90 � APD30) were used as metrics to quantify AP

morphology. Data measured at a given pacing frequency in a cell were

omitted from the analysis of AP characteristics if they contained more

than one spontaneous event under EDC or ODC. This exclusion was neces-

sary because spontaneous activity could affect the subsequent stimulated

AP, obscuring the comparison between EDC and ODC.
RESULTS

Cell-specific calibration

Intrinsic cell-to-cell variability of ArchT expression and
characteristics necessitated a calibration protocol that
determines the cell-specific parameters of the IArchT model
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Light-Activated Dynamic Clamp
(Eq. 1). The calibration protocol consists of a voltage-clamp
protocol and a light-clamp protocol (Fig. 2 A). The light
intensity ramp of the protocol highlighted in blue is used
to determine the parameters describing light dependence
of IArchT, whereas the voltage steps highlighted in purple
are used to obtain the parameters quantifying its voltage
dependence. Fig. 2 B depicts the example current trace dur-
ing the light-intensity ramp on an extended time axis, and
Fig. 2 C shows the current during each of the three voltage
clamp steps. These data are used to obtain the cell-specific
parameters by determining the best-fit line using a nonlinear
least squares analysis. By deriving the cell-specific ArchT
parameters, the light intensity can be accurately calculated
to activate ArchT and generate the target current in individ-
ual cells.
ODC achieves results similar to EDC

After obtaining the cell-specific parameters for Eq. 1, we
then used the ODC method and evaluated its performance
compared to EDC. Results from one representative cell
paced at 0.5, 1, and 2 Hz are illustrated in Fig. 3. The control
yielded a lot of spontaneous activity, making it difficult to
trigger a stimulated AP or skewing the subsequent stimu-
lated AP. The EDC and ODC platforms hyperpolarize the
membrane potential and inhibit the occurrence of sponta-
neous events. The stimulated APs in the EDC and ODC con-
ditions are very similar, demonstrating that the EDC and
ODC platforms yield nearly identical stimulated APs at
different pacing frequencies despite their fundamentally
different methods of injecting a current. The EDC target
current also overlaps with the ODC target current, as would
be expected to generate similar APs. Similar to IK1, the
target current is on between APs to maintain the resting
membrane potential. During the early phases of the AP,
the target current turns off and then increases during repolar-
ization, as IK1 would behave. These results indicate that the
ODC platform is able to calculate a target current, determine
the light intensity needed to generate that target current,
adjust the LED output, activate the optical tool, and success-
fully generate the target current. In short, it demonstrates the
feasibility of ArchT to inject a target current analogous to
injection via an electrode.

Although the cell presented in Fig. 3 is representative of
the most common ODC performance (11 of 16 cells with
similar results), in a subset of cells (5 of 16), ODC was un-
able to maintain the resting membrane potential as well as
EDC so that there is a greater than 5 mV difference in the
pre-stimulation potential between EDC and ODC. Fig. 4
shows a cell that illustrates this behavior. The gradual depo-
larizing drift of the ODC membrane potential led to an in-
crease in the target current (and therefore light intensity)
as the ODC attempted to hyperpolarize the membrane
potential. Although the light intensity did increase, the
membrane potential could not be maintained, potentially
because ArchT did not generate the required target current.
Despite the difference in the pre-stimulation potential, both
dynamic-clamp systems had a similar effect on the overall
morphology of the stimulated APs, which can be seen by
the degree of overlap of the EDC and ODC AP traces.
EDC and ODC both inhibited spontaneous activity similarly
to the cell in Fig. 3, allowing for better measurement of the
AP waveform, whereas without outpacing the intrinsic
spontaneous rate, it was difficult under the control condition
to measure an AP without a preceding spontaneous event.

Fig. 5 summarizes the effect of EDC and ODC across 16
individual cells on the pre-stimulation potential (Fig. 5 A),
triangulation (Fig. 5 B), and the fraction of repolarization
Biophysical Journal 115, 2206–2217, December 4, 2018 2209
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FIGURE 3 Example demonstrating the results of the EDC and ODC plat-

forms. Two stimulated APs from an example cell (cell 1, Figs. S6 A and S8)

showing the effects of adding Itarget (IK1) are shown while paced at three

different frequencies: (A) 0.5 Hz, (B) 1 Hz, and (C) 2 Hz. The gray, orange,

and green traces represent the control without any current addition, adding

Itarget with EDC, and adding Itarget with ODC, respectively. The top panels in

each of (A) through (C) overlay the paced APs over time under control and

both dynamic-clamp conditions, and the black triangles indicate when a

stimulus current was delivered. In the middle panels, the traces represent

the calculated target currents for EDC and ODC. The bottom panels

show the calculated light intensity used to generate the target current.

The time axis corresponds to the time within the full recording shown in

Fig. S6 A.
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FIGURE 4 Example demonstrating the results of the EDC and ODC

platforms. The figure is organized in the same manner as Fig. 3. This

example is from cell 13 (Figs. S6 B and S8). The time axis corresponds

to the time within the full recording shown in Fig. S6 B.
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(Fig. 5 C). EDC and ODC have the advantage over the
control condition of suppressing the rate of spontaneous
activity, especially when the pacing rate is less than the
2210 Biophysical Journal 115, 2206–2217, December 4, 2018
intrinsic rate (Fig. S3). Both dynamic-clamp systems
hyperpolarize the pre-stimulation potential compared to
the control (Fig. 5 A). Ideally, we would expect ODC to hy-
perpolarize the pre-stimulation potential to the same value
as EDC. In 11 of 16 cells (e.g., the cell in Fig. 3), the pre-
stimulation potential in both ODC and EDC were within
5 mV of each other. However, as mentioned above, in 5 of
16 cases (e.g., the cell in Fig. 4), the pre-stimulation poten-
tial of the ODC was depolarized more than 5 mV relative to
EDC because ODC did not maintain the membrane potential
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as well as EDC did. This is reflected when comparing
the average pre-stimulation potentials across conditions
(Fig. 5 D). Despite the more depolarized pre-stimulation po-
tential, ODC had similar effects as EDC on the overall AP
morphology. As one marker of AP morphology, we used
fraction of repolarization, which quantifies the fraction of
the AP that is spent in the repolarization phase. We expect
the fraction of repolarization to decrease with dynamic
clamp, given that IK1 contributes to late repolarization.
The ODC affected the fraction of repolarization by the
same magnitude as EDC on average (Fig. 5 D), and this is
also seen on an individual basis (Fig. 5 C). Triangulation
provides another marker of the overall shape of the AP. In
most cells, ODC altered triangulation by similar magnitudes
as EDC (Fig. 5 E). The overall average across all pacing fre-
quencies also demonstrates that ODC had a similar effect on
triangulation as EDC (Fig. 5 F). Additional AP characteris-
tics are provided in Table S1. In summary, comparing the
AP characteristics under EDC and ODC reaffirms that
ArchT is able to recapitulate similar effects as an electrode
on AP morphology.
ODC platform detects effect of IKr inhibition
similar to EDC

To investigate the feasibility of using the ODC platform for
drug screening, it is important to determine if ODC can
detect changes in AP morphology similar to EDC in the
presence of an ion-channel modulator. We used an IKr inhib-
itor, E-4031, because IKr is a dominant repolarizing current
in iPSC-CMs and IKr inhibition assays are commonly used
as drug toxicity assays. Fig. 6 shows an example after
E-4031 treatment, demonstrating that the ODC platform
mimics the effects of EDC on AP morphology. With
E-4031 addition, the APD increases in the control, EDC
and ODC conditions, as expected with IKr inhibition
Biophysical Journal 115, 2206–2217, December 4, 2018 2211



−80

−40

0

M
em

br
an

e
Po

te
nt

ia
l (

m
V

)
M

em
br

an
e

Po
te

nt
ia

l (
m

V
)

M
em

br
an

e
Po

te
nt

ia
l (

m
V

)
M

em
br

an
e

Po
te

nt
ia

l (
m

V
)

A

−80

−40

0

B

−80

−40

0

C

−80

−40

0

D

0.0

0.5

1.0

5.5 6.5 7.5 8.5
Time (sec)

Ta
rg

et
 C

ur
re

nt
(p

A
/p

F)

E

Control
EDC
ODC

FIGURE 6 Example demonstrating the results of control, EDC, and

ODC after E-4031 addition. An example cell (cell 13, Fig. 7) showing

the effects of adding Itarget while paced at 0.5 Hz is shown. The gray

(A and D), orange (B, D, and E), and green (C–E) traces represent the con-

trol without any current addition, adding Itarget with EDC, and adding Itarget
with ODC, respectively. (A–C) The darker traces represent the stimulated

APs after E-4031 addition, whereas the light-colored traces represent the
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ulus current was delivered and provide a reference to which of the 10 paced
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the full recording shown in Fig. S9.
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(Fig. 6, A–C). Importantly, it is easier to observe the E-4031-
induced AP prolongation under EDC and ODC compared to
the control because there is less spontaneous activity (Fig. 6,
A–C). That said, like in Fig. 4, ODC does not maintain the
membrane potential as well as EDC between APs, which
can be seen in the different pre-stimulation potentials (and
non-overlapping target currents) (Fig. 6 D). However, the
overlapping EDC and ODC stimulated APs and target cur-
rents during the AP indicate that ArchT achieved a similar
effect as the electrode on AP morphology even if the same
pre-stimulation potential was not achieved (Fig. 6, D
and E). Thus, the ODC platform behaves like EDC in illu-
2212 Biophysical Journal 115, 2206–2217, December 4, 2018
minating the expected changes on AP morphology and
APD prolongation with E-4031 addition.

The effect of E-4031 with EDC and ODC across all cells
is depicted in Fig. 7. In all cells, EDC and ODC were able to
inhibit spontaneous activity seen in the absence of dynamic
clamp, allowing for an accurate measurement of AP charac-
teristics. E-4031 increased the APD90 under control, EDC,
and ODC conditions, as expected (Fig. 7 A). Addition of
simulated IK1 via both dynamic-clamp platforms shortened
the APD90 compared to the control, as expected with
increased repolarizing current. ODC also shortened the
APD90 to the same magnitude as EDC in individual cells
and on average across all cells (Fig. 7, A and E). Cell 13 un-
der the control condition, yielded too much spontaneous ac-
tivity after drug addition so that pacing did not override the
intrinsic activity to yield stimulated APs. Similar to previous
results without E-4031, the effect of ODC and EDC on pre-
stimulation potential, fraction of repolarization, and triangu-
lation compared to the control are similar (Fig. 7, B–D). The
average of characteristics across all cells confirm the overall
AP morphology (APD90, fraction of repolarization, and
triangulation) is nearly identical between EDC and ODC
(Fig. 7 H). Of note, with E-4031, the control (without dy-
namic clamp) cells exhibited more dramatic drug-induced
effects in terms of APD prolongation and larger triangula-
tion compared to EDC and ODC, which likely indicates
that in lack of sufficient IK1, the iPSC-CMs may be overly
sensitive to classic hERG channel blockers. The agreement
between the ODC and EDC in the presence of E-4031 illus-
trates how ArchT can be used in place of an electrode in the
context of drug screening.
DISCUSSION

ODC performance and limitations

Dynamic clamp is a technique that enables versatile and
thorough probing of electrophysiology. However, its use
for drug screening is limited because its standard implemen-
tation is low throughput. An optically-controlled version
would enable more high-throughput applications. Here,
we have conducted proof-of-concept experiments in which
the light-sensitive hyperpolarizing ion channel ArchT was
controlled optically to inject IK1-like target current and to
alter AP morphology similarly to electrode-based dynamic
clamp. Our findings demonstrate 1) the feasibility of using
optogenetics to generate a dynamically controlled target
current and 2) the potential of the ODC platform to be
used for drug screening in place of EDC.

Compared to EDC, ODC displayed decreased ability to
maintain a hyperpolarized membrane potential between
APs in some cells. The resulting differences in pre-stimula-
tion potential could conceivably cause secondary changes
in AP features. However, this possibility was ruled out
because there was no correlation between the difference in
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Light-Activated Dynamic Clamp
pre-stimulation potential between EDC and ODC on the dif-
ferences of fraction of repolarization and triangulation
(Fig. S4). One explanation for the inability of ArchT to
maintain a hyperpolarized membrane potential as well as
EDC does is the relatively low maximal current that a
light-driven ion pump can generate. Indeed, ArchT pushes
Biophysical Journal 115, 2206–2217, December 4, 2018 2213
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one Hþ ion per photon, which is much less efficient than the
operation of a light-sensitive ion channel. Furthermore, the
ArchT current seemed to decay during the voltage-depen-
dence part of the calibration protocol (Fig. 2 C). During
the intervals between APs, such ArchT current decay could
depolarize the membrane. We tested this hypothesis by
quantifying the correlation between the cell-specific current
decay and the difference between the pre-stimulation poten-
tials between EDC and ODC (Fig. S5). No such correlation
was found, suggesting that it is unlikely that the current
decay is responsible for the lack of Vm maintenance.

Another potential limitation of ODC is that because
ArchT is a proton pump, there may be a pH effect. Archaer-
hodopsins themselves are known to be pH sensitive, so a
local change in pH could affect the ability of ArchT to
generate a consistent current (42–44). Local changes in
pH could affect neighboring ion channels directly or indi-
rectly by affecting the membrane and altering the overall
electrophysiological properties of the cell (44–47). The
observation that ODC inhibited spontaneous activity more
effectively than EDC (Fig. S3) may be evidence of this ef-
fect on other ion channels either by directly affecting the
structure of the proximal channels or indirectly by altering
the surrounding membrane properties. The increased inhibi-
tion of spontaneous activity with ODC can serve as an
advantage over EDC because AP morphology can be
measured without any distortion from underlying sponta-
neous events.

In some cells, we observed a voltage undershoot after
the AP (Figs. 4 and S4) (8,13,15,48–56). The magnitude of
this undershoot varied across cells. EDC was better able to
inhibit this undershoot by injecting a depolarizing current
(Fig. S4); not surprisingly, the hyperpolarizing opsin was
not helpful in correcting this feature. The cause and conse-
quences of this undershoot are not fully understood but can
account for the differences between the ODC and EDC and
explain why in some cases, the AP morphology with ODC
looksmore like the control thanEDC (Fig. S7). The increased
hyperpolarization seen in control and ODC conditions may
have consequences for the subsequentAPby altering the acti-
vation state of other ion channels. Extension of the ODC
method to incorporate a depolarizing opsin would allow bidi-
rectional voltage control and thereby compensate for the un-
dershoot, similar to EDC. Indeed, this would allow the ODC
to mimic any electrical current and thereby be fully versatile
like EDC. Finally, there are limitations to our empirical
approach to modeling ArchT as an on/off light switch in
Eq. 1. Taking into account the ArchT’s intermediate states
of different conductance (30,57) and developingmore mech-
anistic models, as done for ChR2 (26), may help improve
similarity between EDC and ODC. This will allow for better
control of light levels andmore precise generation of the pre-
dicted current.

The maximal Itarget of 1.08 pA/pF used in our study was
determined based on the maximal current that could be
2214 Biophysical Journal 115, 2206–2217, December 4, 2018
consistently generated by the genetically expressed ArchT
in the voltage range relevant to IK1. The Itarget generated dur-
ing our dynamic-clamp experiments typically reached
1.08 pA/pF during final repolarization (e.g., Fig. 3), and it
reached a maximum of around 0.5 pA/pF during rest
because of decreased driving force. We expect that a larger
Itarget would allow hyperpolarization to below the �80 mV
level as seen in previous studies of EDC (15,16,21),
although the maximal current used here falls within the re-
ported range for maximal outward IK1 in adult human ven-
tricular myocytes (0.5–2.2 pA/pF) (16).

Dynamic clamp is based on a real-time feedback loop.
Because ArchT is not an instantaneous current, it is critical
that its kinetics are fast enough for the purposes of dynamic
clamp. We investigated the effect of the time constant of
activation and deactivation on dynamic-clamp performance
in silico (Fig. S11 A). The in silico results suggest that for
IK1, there is tolerance of the ODC system for a time constant
of at least 30 ms before the resulting AP waveform deviates
substantially from the control. We measured the time con-
stant in our cells to be less than 15 ms and therefore within
the predicted acceptable range (Fig. S11 B).

We have yet to eliminate the need for an electrode by
incorporating an optical method to measure the membrane
potential. To make this platform fully optical, there are
several anticipated challenges. Currently available optical
methods of measuring membrane potential are voltage-sen-
sitive dyes and other opsins (e.g., QuasAr2, Arch(D95X),
and CaViar) (12,58). These options do not quantify the ab-
solute membrane potential as required in this implementa-
tion to calculate the target current. Hou et al. (59)
reported a method of using the temporal dynamics of micro-
bial rhodopsin fluorescence to measure the absolute mem-
brane potential, but that method is too complex and not
compatible with the mechanics of dynamic clamp (59). Ra-
tiometric sensors, combined with proper membrane voltage
calibration, can present a path toward absolute voltage mea-
surements. However, experience with ratiometric calcium
indicators and attempts to estimate absolute intracellular
calcium levels have revealed the many challenges of such
methodology. In addition, the generally noisier fluorescent
signals may interefere with the Itarget calculation, possibly
affecting the accuracy of the dynamic clamp. Dynamic
clamp relies on the real-time feedback of information, so
a fully optical dynamic-clamp platform would require a sta-
ble and rapidly responsive voltage sensor. Realization of the
fully optical dynamic-clamp dream will require develop-
ment of optical tools that are conducive to dynamic clamp.
Using ODC for drug screening

The tedious nature of dynamic clamp restricts its use, but
were it high throughput, it would open the possibility for
its use during pre-clinical drug development. To increase
throughput, an all-optical system would require an optical
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voltage readout, using, e.g., a voltage-sensitive dye or a
genetically encoded voltage indicator. The necessary re-
quirements for compatibility in the ODC system would be
defined by phototoxicity, brightness, responsiveness, and
wavelength crosstalk. One of the biggest advantages of the
ODC platform is that it is compatible with a variety of
cell formats. In spatially extended systems (e.g., large
beating clusters and monolayers), the EDC platform is not
applicable, whereas the ODC platform can be used to illu-
minate the arrhythmogenic effects of drugs. These more
tissue-like formats capture ‘‘in-context’’ cell behavior,
including electrotonic coupling and other chemical influ-
ences from neighboring cells, and therefore are preferred
to single cells. Furthermore, all-optical methods enable
high-precision space-time control in such multicellular sys-
tems, as illustrated recently in neurons (60) and in cardiac
preparations (22). This allows users to redirect the control
of electrical activity from the single-cell behavior to the
emergent (wave) behavior (22,23).
Versatility and flexibility of ODC

With the right optogenetic tools and mathematical models,
the ODC platform could open up more physiologically rele-
vant formats for basic science research and drug develop-
ment. Halorhodopsins such as Natronomonas pharaonis
halorhodopsin (NpHR) and its derivatives could also be
used in this platform as an alternative to ArchT to inject a
hyperpolarizing current given their fast kinetics (61).
Neither of these generate particularly high current, consid-
ering that they are light-sensitive ion pumps. GtACR1 is a
Cl� current with large amplitude (28,62) that is also fast
and thus very promising; its utility in adult cardiomyocytes
and physiological concentrations remains to be demon-
strated. BLINK1 is the first potassium-selective optogenetic
tool available, but its kinetics are currently too slow for the
near real-time feedback requirements of ODC (63). There
are also several depolarizing opsins available that can be
used in conjunction with hyperpolarizing opsins so that
any inward or outward current can be represented in cardi-
omyocytes (61,64,65). Optogenetic tools are being engi-
neered to activate/deactivate faster, generate larger
photocurrents, be permeable to specific ionic species, or
be activated by specific wavelengths. As these developments
progress, users can choose which optogenetic tool best suits
their needs in the ODC platform.

One known drawback of EDC is that an electrode can
only electrically mimic a current but cannot account for
endogenous secondary effects that affect electrophysiology,
such as activation of exchangers, pumps, or Ca2þ-dependent
processes, which typically result from the change in intra-
cellular ionic concentration. In this regard, because optoge-
netic tools alter the membrane potential by changing the
intracellular ionic composition, the ODC platform may be
more suitable for dynamic clamp than using an electrode
because optogenetics can generate a custom-tailored current
with the intended ionic species itself, reflecting how endog-
enous currents are generated. As with the standard dynamic-
clamp method, ArchT mimicked the electrical behavior of
IK1. But as potassium-selective tools are made compatible
with the dynamic-clamp system, the ODC platform may
recapitulate both the electrical effect of IK1 and its effects
from altering the intracellular potassium concentration.
With the expansion of the optogenetic toolbox, the ODC
platform will more accurately investigate the true influence
of an ionic current on electrophysiological behavior by
generating the current with the relevant species.

Optogenetic tools are being creatively incorporated into
automated high-throughput drug-screening platforms
(12,21,24,66). Using optogenetic tools dynamically could
also potentially expand on the use of automated multi-
channel patch-clamp systems to multicellular preparations.
Such a hybrid system could continue to use a patch elec-
trode to read the Vm but instead use optogenetic methods
to inject a dynamic current, which would be required to
control all of the cells in the multicellular format. Opsins
would be expressed in each cell such that a target current
could be generated in each cell in parallel manner, expand-
ing the reach of a pipette, which can only inject a current
locally.

The ODC method contributes a novel approach, to our
knowledge, to probe electrical dynamics in iPSC-CMs and
to better reveal how electrical activity is controlled. Here,
a proof-of-principle ODC application was demonstrated
with ArchT to generate IK1 as target current in iPSC-CMs
to simulate a more adult-like electrical phenotype. As the
ODC platform develops, it should be possible to simulate
abnormal currents or heterogeneous current expression in
iPSC-CM monolayers. This would provide a more powerful
approach that enables researchers to address hypotheses that
could not be investigated previously.
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