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ABSTRACT Optogenetics provides an alternative to electrical stimulation to manipulate membrane voltage, and trigger or
modify action potentials (APs) in excitable cells. We compare biophysically and energetically the cellular responses to direct
electrical current injection versus optical stimulation mediated by genetically expressed light-sensitive ion channels, e.g.,
Channelrhodopsin-2 (ChR2). Using a computational model of ChR2(H134R mutant), we show that both stimulation modalities
produce similar-in-morphology APs in human cardiomyocytes, and that electrical and optical excitability vary with cell type in a
similar fashion. However, whereas the strength-duration curves for electrical excitation in ventricular and atrial cardiomyocytes
closely follow the theoretical exponential relationship for an equivalent RC circuit, the respective optical strength-duration
curves significantly deviate, exhibiting higher nonlinearity. We trace the origin of this deviation to the waveform of the excitatory
current—a nonrectangular self-terminating inward current produced in optical stimulation due to ChR2 kinetics and voltage-
dependent rectification. Using a unifying charge measure to compare energy needed for electrical and optical stimulation, we
reveal that direct electrical current injection (rectangular pulse) is more efficient at short pulses, whereas voltage-mediated nega-
tive feedback leads to self-termination of ChR2 current and renders optical stimulation more efficient for long low-intensity
pulses. This applies to cardiomyocytes but not to neuronal cells (with much shorter APs). Furthermore, we demonstrate the
cell-specific use of ChR2 current as a unique modulator of intrinsic activity, allowing for optical control of AP duration in atrial
and, to a lesser degree, in ventricular myocytes. For self-oscillatory cells, such as Purkinje, constant light at extremely low
irradiance can be used for fine control of oscillatory frequency, whereas constant electrical stimulation is not feasible due to
electrochemical limitations. Our analysis offers insights for designing future new energy-efficient stimulation strategies in heart
or brain.
INTRODUCTION
Optogenetics is the combined use of genetic and optical tech-
niques for functional actuation, sensing, and control in
biological tissue (1–4). Using genetically introduced light-
gated ion channels and pumps, optogenetics offers alterna-
tives to traditional methods of excitation and suppression,
i.e., contactless optical control of action potentials (APs) in
excitable cells and tissues in vitro and in vivo. Advantages
of optogenetic actuation over traditional electrical or
chemical manipulations have been widely discussed in
recent literature (1,2,5–17); these include features intrinsi-
cally born out of the marriage of optical and genetic manip-
ulations including cell-specific targeting and excellent
spatiotemporal resolution. In particular, Channelrodopsin-2
(ChR2) and its variants have enjoyed widespread application
as optical actuators in neuroscience (1,2,5–9), and more
recently in experimental cardiac research (10,11,14,16–23).

Direct electrical stimulation involves the injection of an
external current with a predefined waveform and without a
specific ionic identity, which brings the membrane potential
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above threshold to trigger an AP. As part of the history of
electronic pacemakers and defibrillators, vast literature ex-
ists on waveform optimization for such electrical stimula-
tion, searching for waveforms that are most efficient at
minimum charge, for both neuroscience (24,25) and cardiac
applications (26–30). Because the electrical stimulus is
superimposed on the ongoing membrane potential dy-
namics, but insensitive to it, there is no built-in feedback.

In contrast, stimulation by opsins such as ChR2 results in
a cellular-level, light-controllable transmembrane ion flux
of known identity that is mechanistically distinct from elec-
trical stimulation. Significantly, current mediated by ChR2
responds instantly to changes in transmembrane voltage
during an AP, with a reversal potential at ~0 mV, resulting
in a real-time negative feedback control (14,15). Therefore,
unlike electrical stimulation, the waveform of the light-
induced excitatory current, experienced by the cell, will
be a function of the AP morphology and thus will vary
with cellular phenotype, in addition to the variations due
to the strength and duration of the optical stimulus. The
result is a dynamic ChR2 current during an AP that is qual-
itatively and quantitatively distinct from both optically
induced currents observed under a voltage-clamp and
from traditional electrical current injections (15,16). As
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such, the theoretical efficiency, or otherwise optimality, of a
particular optogenetic stimulation modality must be evalu-
ated per cell type and over a wide range of stimulation pro-
tocols. Recent progress has been made to develop in silico
tools for such analysis of optical stimulation in the contexts
of neuroscience (31–35) and cardiac research (13,16,19,36).

In this report, using computational modeling and anal-
ysis, we focus on comparing and contrasting optogenetic
and electrical stimulation of excitable cells to address the
following subjects.

1. Implications for physiological relevance in cardiac stim-
ulation. Do both stimulations engage inherent currents in
a similar manner, and generate similar AP waveforms?

2. Energetic considerations. Are there any energetic bene-
fits to one or the other type of stimulation, and under
what conditions?

3. Unique new capabilities in controlling electrical activity.
What can optogenetic stimulation offer that is not
feasible or made practicable by direct electrical stimula-
tion?

We address these questions at the single-cell level using a
model of ChR2 variant H134R and analyzing its perfor-
mance across human cardiac (and other) cell types and for
different stimulation protocols.
MATERIALS AND METHODS

Cardiomyocyte models—electrical and optical
stimulation

To our knowledge, we recently developed and experimentally validated a

new mathematical model of ChR2(H134R) (Eq. 1), where gChR2 is the

scaling conductance, G(V) is the voltage rectification function, O1 and O2

are the ChR2 open state probabilities, g is the ratio O1/O2, and EChR2 is

the reversal potential for ChR2 (16). The modular form of the ChR2 current

model allowed for direct plug-in into various cell-type models, all imple-

mented in the software MATLAB (The MathWorks, Natick, MA). Integra-

tion for the cell models was done using a built-in integration algorithm

(ode15s) with a variable time step, which was suitable for stiff systems

of ordinary differential equations at absolute and relative error tolerances

of 10�10. Cardiac cell models used in this study included the 2006

version of the human ventricular cell model by ten Tusscher and Panfilov

(37), the human ventricular cell model by O’Hara et al. (38) that allowed

modeling of transmural variations, the human atrial models by Courte-

manche et al. (39), and the human Purkinje fiber model by Sampson

et al. (40). Additionally, we used a single-compartment giant squid axon

model by Hodgkin and Huxley, modified to describe experimentally

observed excitability characteristics (41). The voltage output for all cell

models has a general form (Eq. 2). For pure electrical stimulation, IChR2
was zero, and stimulation was through current injection (Iel). For optical

stimulation, Iel was set to zero, and IChR2 corresponding to an applied light

pulse was calculated and used. The total ionic current due to other inherent

components was computed as described in the original references for ven-

tricular cells (IiV), atrial cells (IiA), Purkinje cells (IiP), ventricular cells with

transmural variation as in the O’Hara model (IiVT) (39), and the modified

Hodgkin-Huxley model (IiHH) (Eqs. 3–7).

IChR2 ¼ gChR2GðVÞðO1 þ gO2ÞðV � EChR2Þ; (1)
dV

Cm

dt
¼ �ðIi þ Iel þ IChR2Þ; (2)

IiA ¼ �
INa þ IK1 þ Ito þ IKur þ IKr þ IKs þ ICa;L
þ Ip;Ca þ INaK þ INaCa þ Ib;Na þ Ib;Ca
�
;

(3)

IiV ¼ �
INa þ IK1 þ Ito þ IKr þ Ip;K þ Ip;Ca þ INaK
þ INaCa þ Ib;Na þ Ib;Ca
�
;

(4)

IiP ¼ �
INa þ INattx þ IHCN þ IK1 þ Ito1 þ Isus þ IKr þ IKs
þ ICak þ INaK þ IpCa þ INaCa þ ICa þ ICaT
�
;

(5)

IiVT ¼ �
INa þ INaL þ IK1 þ Ito þ IKr þ IKs þ ICa;L
þ Ip;Ca þ ICaNa þ ICaK þ INaCa;i þ INaCa;ss

þ INaK þ IKb þ ICa;b
�
;

(6)

IiHH ¼ ðINa þ IK þ ILÞ: (7)
During simulations, the response was examined after a 2000-s equilibration

period without optical and electrical stimulation for each cell; for Purkinje

fibers, the unstimulated condition was used as determined by Sampson et al.

(40). Simulations of IChR2 without voltage sensitivity (no-V condition) were

performed by setting ChR2 parameters to their values at�80 mV regardless

of changing membrane voltage.
Construction of strength-duration curves

Electrical and optical strength-duration (S-D) curves were defined, respec-

tively, as the minimum electrical (pA/pF) and optical (mW/mm2) strength

required to generate an AP for a given stimulus duration (ms). APs were

defined as an increase in transmembrane voltage to >�20 mV within

400 ms of the start of stimulation, leading to the error function

εðS;DÞ ¼ VmaxðS;DÞ � ð�20 mVÞ; (8)

where Vmax is the maximum voltage within 400 ms of stimulus onset (mV);

S is stimulus strength (current amplitude, pA/pF, and irradiance, mW/mm2,
for electrical and optical stimulation respectively); and D is stimulus

duration (ms). The time interval was chosen to generously accommodate

late activations triggered by the stimuli but not interfere with slow

endogenous pacemaking in Purkinje. Required strength for each duration

was determined numerically to find threshold stimulus amplitude Sth by

finding the zero-crossing of the error function with respect to S with

constant D.
Calculation of stimulus charge and average
current

Threshold charge per unit capacitance Qth (nC/mF) was defined as the inte-

gral with respect to time of the inward (depolarizing) stimulating current

(Ith, pA/pF) at each point on the S-D curve,

QthðDÞ ¼
ZTend

0

IthðtÞdt; (9)

where Tend was defined as 1 s after the onset of stimulation to ensure

sufficient time for complete poststimulation closure of ChR2, and thus
termination of IChR2 in the case of optical stimulation. Threshold average
Biophysical Journal 108(8) 1934–1945
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current was defined as the total stimulating charge divided by the stimulus

duration:

Ith;avg ¼ QthðDÞ
D

: (10)
Analysis and curve fitting of threshold membrane
characteristics

Electrical and optical S-D curves were fit to the classic monoexponential

relation, sometimes referred to as the Hill-Lapicque equation (42), with

threshold strength, Sth and free parameters rheobase, Srheo (pA/pF or

mW/mm2), and chronaxie, tchron (ms) (log refers to natural logarithm):

Sth ¼ Srheo0
BB@1� exp

0
BB@� D�

tchron=logð2Þ
�
1
CCA

1
CCA

: (11)

For optical stimulation, alternative to using irradiance, average current

versus duration curves were fit similarly, i.e.:
Ith;avg ¼ Irheo0
BB@1� exp

0
BB@� D�

tchron=logð2Þ
�
1
CCA

1
CCA

: (12)

Curves of irradiance versus average IChR2 (Ith,avg) at threshold conditions

were empirically fit to the power series:
Sth ¼ a
�
Ith;avg

�b þ c: (13)

All best fits were computed using a nonlinear least-squares algorithm in the

software MATLAB. The segments of the S-D curves used for fitting were in
the regions 0.7–40 ms and 0–35 pA/pF for electrical stimulation, and 0.30–

240 ms and 0–50 mW/mm2 for optical stimulation, with convergence at

tolerances of 10�12.
Computational probing of membrane resistance

Membrane resistance Rm was defined as the inverse of the slope of the

current-voltage relationship, and it was determined using a small change

in membrane voltage and the resultant change in transmembrane current

(43,44). Rm during an AP at time t (with membrane voltage Vm) was deter-

mined by separately clamping the voltage 10 mV above and below Vm

(Vm,þ10 and Vm,�10, respectively) and measuring the resulting net trans-

membrane currents (Im,þ10 and Im,�10), as in Eq. 14 (45). Values for the

net current were taken 5 ms after clamping to avoid the transient response.

Diastolic Rm was defined as Rm at 500 ms after the onset of AP-triggering

stimulation (44).

RmðtÞ ¼ vVmðtÞ
vImðtÞz

DVmðtÞ
DImðtÞ ¼ Vm;þ10ðtÞ � Vm;�10ðtÞ

Im;þ10ðtÞ � Im;�10ðtÞ : (14)
Optical modulation of AP duration

APD at 80% repolarization (APD80) was the interval between reaching 20%

of maximum amplitude during depolarization (upstroke) and falling to the

same level during repolarization. Baseline APD80 (0% change) was defined
Biophysical Journal 108(8) 1934–1945
as that from a 0.5 ms, 50 pA/pF rectangular electrical pulse for both atrial

and ventricular cardiomyocytes. Percent change in APD80 was calculated

after applying a 0.1 mW/mm2 or 5 mW/mm2 optical stimuli at varying

optical pulse delay (time after the start of electrical stimulation) and pulse

duration, both in 1-ms intervals. Phase maps of delay versus duration were

constructed using contour plots.
Optical modulation of pacemaking in Purkinje
fibers

We characterized long-duration low-irradiance optical modulation of

intrinsic pacemaking activity in the Purkinje fiber model with 100-s simu-

lations of constant-irradiance optical stimulation. The pacemaking fre-

quency for each irradiance was evaluated during the final 30 s of the

simulation as the inverse of the average cycle length.
RESULTS

We analyzed the response of different excitable cells to
direct electrical current injection versus optogenetic stimu-
lation. These included optically excitable models of human
atrial (39), ventricular (37,38), and Purkinje (40) cardio-
myocytes; in some simulations, a modified model of a giant
squid axon (41) (modified Hodgkin-Huxley) was used.
Optogenetic stimulation was represented by light-induced
ChR2(H134R) current (IChR2) through the introduction of
an experimentally validated ChR2 model (16).
Similarities in electrical and optogenetic
stimulation of cardiomyocytes

Our simulation results reveal that upon short triggering
pulses (electrical or optical), AP morphology is preserved
between electrical and optical stimulation for different cell
types; furthermore, both stimulation modalities engage
very similar contributions by the innate ionic currents
(Fig. 1 and Figs. S1–S3 in the Supporting Material).
Comparing the response of human ventricular (V), atrial
(A), and Purkinje (P) myocytes using S-D curves, we find
that their optical excitability qualitatively mimics their
electrical excitability, with V requiring the highest energy
to excite, followed by A, and P being most excitable
(Fig. 2, A and B).

From an electrical circuit perspective, the relative ease of
cell excitation by a given injected current depends on the
cell’s membrane impedance: the larger the impedance, the
bigger the voltage changes induced in the cell by the current,
i.e., the easier it will be to excite the cell. The resistive
component of the membrane impedance, Rm, is a combina-
tion of the equivalent resistances of all ion channels in the
membrane; it varies during the phases of the AP, and it varies
with cell type. At rest (diastole), one of the key determinants
ofRm is the actively conducting inward rectifier current, IK1—
the larger it is, the more hyperpolarized the resting mem-
brane potential and the lower the Rm will be (i.e., difficult
to excite). Neither Rm nor IK1 are perfect measures of
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FIGURE 1 Electrical (left) and optical (right)

stimulation produce similar AP morphology in

human ventricular cardiomyocytes. (A and B)

Triggered APs by injection of electrical current

(5 ms, 8 pA/pF), and an optical pulse (10 ms,

0.5 mW/mm2, 470 nm), respectively. Note that

the optical trace is overlaid on the electrically trig-

gered AP but practically indistinguishable. (Inset

in B) Time course of the resultant ChR2 current.

(C and D) Underlying inward currents during elec-

trical (C) and optical (D) stimulation. (E and F)

Underlying outward currents during electrical (E)

and optical stimulation (F). (Insets) Zoomed-in

versions of the area of interest. To see this figure

in color, go online.
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excitability, but they both can be predictive of the ease with
which cells and tissues can be excited electrically.

Here we show that both of these measures are also related
to (predictive of) optogenetic excitability (Fig. 2, D and E,
and Williams et al. (16)), i.e., higher Rm (quantified by
the Zaniboni empirical method of small perturbations
(43,44)) and/or lower IK1 are indeed associated with easier
optical excitation, which is seen across cardiac cell types
(V, A, P). Furthermore, within the ventricles, regional differ-
ences in electrical excitability are matched by a qualitatively
similar pattern of optical excitability, where endocardial
cells are more excitable than epicardial and midmyocardial
cells (Fig. S3, A–D), and such differences can be explained
in part by differential expression of IK1 across the ventricu-
lar wall (38), although the existence and identity of mid-
myocardial cells has been controversial.
Waveform differences in the triggering current
between electrical and optogenetic stimulation
due to negative voltage feedback

Although similar determinants of excitability are at play for
electrical and optical stimulation, and both modalities yield
similar AP morphology, a closer examination of the S-D
curves reveals some differences (Figs. 3, A and B, and S4,
A and B). A monoexponential curve fits very well (r2 ¼ 1)
the excitation threshold (S-D curve) for electrical stimula-
tion of a ventricular cardiomyocyte, but such a theoretical
curve, assuming a simple RC equivalent circuit and a rectan-
gular stimulation pulse (Eq. 11) (46,47), is a poor fit for
optical stimulation data in the same cells, when we use irra-
diance and pulse duration.

To explain these differences, we compare short and long
pulses of electrical and optical stimulation and the resultant
inward (depolarizing) currents introduced by both modal-
ities in ventricular, atrial, and Purkinje cardiomyocytes
(Fig. 3 C). Light-induced IChR2 experiences instant negative
feedback through the changing membrane voltage during a
triggered AP, i.e., IChR2 is promptly reduced due to strong
inward rectification (16) as the voltage reaches positive
values (15). Such waveform differences between the rectan-
gular pulse in ideal direct electrical current injection and the
feedback-controlled IChR2 are especially apparent for longer
pulses and/or APs with longer plateau phase, where the
voltage is around or above the reversal potential for IChR2.
Therefore, ChR2 current throughout an AP is heavily depen-
dent on AP morphology (and thus cell type), which in turn is
influenced by the stimulus duration.

To prove causal effect of the IChR2 waveform in the modi-
fied optical S-D curve, we examined the average ChR2 cur-
rent at threshold Ith,avg, determined for each point on the
optical S-D curve (Eq. 10). Indeed, if Ith,avg is used instead
of irradiance, the resultant new S-D curve follows the
classical monoexponential relationship with stimulus dura-
tion (Eq. 12) (Fig. 3 D). Further, we show a cell-type-spe-
cific empirical mapping from threshold average current to
Biophysical Journal 108(8) 1934–1945
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FIGURE 2 Differential optogenetic excitability

of human ventricular, atrial, and Purkinje cardio-

myocytes tracks their response to electrical stimu-

lation and is linked to differential membrane

resistance Rm and IK1 strength. (A) Strength-dura-

tion curves for electrical stimulation by direct

current injection (rectangular pulse) in human car-

diomyocytes (V, ventricular; A, atrial; P, Purkinje

cells). (B) S-D curves for optical stimulation by a

light pulse (470 nm) in cardiomyocytes. (C) Mem-

brane resistance (Rm) quantification is shown

(bottom) at selected time points during ventricular

and atrial APs (top). (D) Threshold irradiance for

excitation (rheobase) varies inversely with diastolic

Rm determined for V, A, and P myocytes. (E) Rheo-

base varies proportionally to the peak inward recti-

fier current, IK1, determined for optically elicited

APs in P, A, and V myocytes. To see this figure

in color, go online.
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irradiance for optical stimulation, i.e., Sth versus Ith,avg, and
produce a good fit from a three-term power series (Eq. 13)
(Figs. 3 E and S4 C). This mapping simultaneously compen-
sates for the kinetics and voltage- and light-sensitivity of
IChR2, and thus allows for the modification of the classic
monoexponential S-D equation (Eq. 15) to produce an
excellent fit for optical stimulation (Figs. 3 F and S4 D)

Sth ¼ a

0
BBBBBBBBBB@

Irheo

1� exp

0
BB@� D�

tchron=logð2Þ
�
1
CCA

1
CCCCCCCCCCA

b

þc; (15)

with a, b, and c from the previous fit of irradiance versus

Ith,avg, and free parameters Irheo and tchron.
Charge needed to excite optically versus
electrically reveals optimal settings for different
modes of stimulation

To compare directly electrical and optical stimulation, we
quantified the total charge (in nC/mF) delivered by a depola-
Biophysical Journal 108(8) 1934–1945
rizing stimulus, i.e., the time-integrated current under a de-
polarizing pulse waveform (Figs. 4 and S3, E and F). The
results reveal that the feedback-controlled ChR2 current
waveform is beneficial for longer duration (low-irradiance)
pulses applied to cardiomyocytes. However, due to the
slower ChR2 onset kinetics (compared to the instantaneous
electrical current injection considered here), optical stimula-
tion is less efficient for short pulses, i.e., it requires higher
charge to reach threshold. For nonoscillatory cardiomyo-
cytes (atrial and ventricular cells), the charge needed for
optical stimulation becomes lower than that needed for
electrical current injection for pulses longer than 70 ms
(Fig. 4 A). These benefits for long-pulse optical stimulation
are eliminated if we abolish the voltage sensitivity of ChR2
(no-V in Fig. 4, B and C), and hence the negative voltage
feedback. For such a voltage-insensitive optical actuator,
the optical charge curves become very similar to the ones
for electrical stimulation (Fig. 4 A).

Waveform-driven energy benefits for optical stimulation
do not extend to application in neural cells, represented
here with a modified Hodgkin-Huxley model of an axon
(Fig. S5). In this cell type, optical stimulation requires a
greater charge than electrical stimulation for all stimulus du-
rations. This is due to the mismatch in kinetics: the slower
kinetics of ChR2 (exaggerated in these simulations due to
the lower temperature for the squid axon (6�C)) causes the
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FIGURE 3 Waveform differences in the optical

stimulating current produce a correctable change

in the shape of S-D curve for human cardiomyo-

cytes. (A) Electrical S-D curves in human ven-

tricular cardiomyocytes fit well a theoretical

monoexponential relationship assuming simple

equivalent RC-circuit behavior. (B) Optical S-D

curves (using irradiance) deviate from the theoret-

ical monoexponential curve. (C) Differences in

current waveform for electrical and optical stimu-

lation: ChR2 current waveforms from optical stim-

uli of 10 ms and 1 mW/mm2 (black) and 100 ms

and 0.1 mW/mm2 (gray). Corresponding rectan-

gular pulses of electrical current injection of

equivalent amplitude and duration shown for com-

parison (blue). (D) Optical S-D curves using

average ChR2 current offer a good monoexponen-

tial fit. (E) Empirical mapping of irradiance to the

average inward stimulating current, using a power

series model. (F) Corrected optical S-D curve ac-

cording to Eq. 15 (correction using the mapping

in E) fits the theoretical monoexponential relation-

ship for irradiance versus pulse duration. (All

insets) Experimental fit of optical data over

extended range. To see this figure in color, go

online.
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channel to remain open for some time after the termination
of the light pulse. The shorter neuronal AP and thus much
faster return to negative voltages (facilitating ChR2 open-
ing), combined with the slower ChR2 kinetics, results in
reactivation of IChR2 and the generation of post-AP depola-
rizing current. In cardiomyocytes, this current would
otherwise be intrinsically terminated or become outward
(hyperpolarizing) due to the significantly longer mainte-
nance of depolarization. This effect is shown in Fig. S6, B
and C, where even short optical pulses produce a signifi-
cant depolarizing current after the completion of the
neuronal AP.
Unique modulation of ongoing electrical activity
in cardiomyocytes by optogenetic stimulation

Due to electrochemical limitations, electrical stimulation is
usually applied as brief pulses. In contrast, optical stimula-
tion permits longer stimuli without undesirable side effects.
When intrinsically self-oscillatory cells, such as Purkinje or
sino-atrial cells, are subjected to such long optical pulses,
the resultant frequency of pacemaking can be tuned.
Fig. 5 shows a monotonic increase in the pacemaking fre-
quency of human Purkinje cells with irradiance under con-
stant illumination. A large dynamic range is observed,
showing >250% increase in pacemaking frequency with
very low irradiances (%20 mW/mm2) when persistent illu-
mination is applied.

Furthermore, one can consider optical stimulation not just
for triggering APs, but also for modulating ongoing excita-
tion, i.e., reshaping the APs (15). During ongoing electrical
activity and propagating waves of excitation through cardiac
tissue, the applied optical stimulation would fall on different
phases of the AP of the underlying cells. In such cases, IChR2
can modify the AP morphology depending on the duration,
strength, and timing of the optical stimuli. Fig. 6 presents
Biophysical Journal 108(8) 1934–1945
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FIGURE 4 Minimum charge (nC/mF) to excite

human cardiomyocytes: direct comparison of elec-

trical and optical stimulation. (A) Charge is calcu-

lated for the electrical and optical pulses with and

without voltage sensitivity at the S-D curves for

V, A, and P myocytes, as described in the text.

Optical no-V curves (dashed line) are generated

with ChR2 voltage sensitivity removed, i.e., param-

eters fixed at values corresponding to those

at �80 mV. (Red circles and displayed values)

Cross-over point between the electrical and optical

charge curves. (Insets) Zoomed view of the charge

for short-duration pulses (green rectangle) where

efficiency of optical stimulation is limited by chan-

nel activation kinetics. (B and C) Comparison of

AP (B) and IChR2 (C) morphology with (solid

line) and with eliminated voltage-dependent

magnitude and kinetics (no-V, dashed line) from

a 100 ms, 0.1 mW/mm2 pulse. (Blue bars) Time

of optical stimulation. Note the lack of voltage-

dependent negative feedback in the current traces

(in C), which translates to very similar optical-

charge curves to electrical stimulation (in A). To

see this figure in color, go online.

FIGURE 5 Constant low-level optical stimulation (via ChR2) can fine-

tune pacing rate in Purkinje fibers. Oscillatory AP traces and corresponding

pacing frequencies are shown on the right for selected points (circles) at 0,

10, 15, and 20 mW/mm2 constant illumination.
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full phase portraits of the resultant modifications of the APD
as a function of stimulus duration and the phase or delay of
application. The effect is stronger in atrial myocytes due to
the faster return to negative voltages, at which substantial in-
ward ChR2 current is generated. Optogenetic stimulation of
atrial myocytes with longer pulses applied at sufficient delay
with respect to the upstroke can result in substantial AP
prolongation and early afterdepolarization (EAD)-like re-
sponses. The modulation of human ventricular AP duration
(APD) by light-induced IChR2 is much more subtle, espe-
cially for short pulses delivered during the plateau; long
pulses that extend to the final repolarization phase of the
AP, can result in ventricular APD prolongation, which can
be enhanced by increasing light levels.

Additionally, relatively short optical pulses delivered
close to the time of the upstroke can produce paradoxical
APD shortening in atrial cells—an effect that becomes
more pronounced with increasing irradiance (Fig. 6 C).
This APD shortening is not due to a hyperpolarizing current
contributed by ChR2—no such current is present at the
respective voltages (Fig. 6, A and B). Instead, the depolariz-
ing ChR2 current, triggered by the optical pulse, elevates
the early plateau potential in atrial cells, which sets the
mechanism for APD shortening via the delayed rectifier,
IKr (Fig. 6 D). Specifically, the ChR2-mediated change in
plateau voltage (from�17 mV to�4 mV for the case shown
in Fig. 6 D) occurs in the steepest portion of the steady-state
activation curve for IKr (see inset), thus leading to a substan-
tial increase in the channel’s open probability (from 39 to
83%), and to a doubling of the repolarizing IKr current after
the termination of the optical pulse. Even though other cur-
rents are also affected through their dependence on the
Biophysical Journal 108(8) 1934–1945
membrane voltage, the unexpected boost of IKr dominates
the response and results in net APD shortening.

As seen in Fig. 6, the effects of optogenetic stimulation
during an ongoing cardiac electrical activity depend on
the AP waveform because the latter determines the ampli-
tude of the underlying ChR2 current through voltage feed-
back; in turn, the ChR2 contribution can alter the
membrane potential and engage other currents in shaping
the AP.
DISCUSSION

Choosing an excitatory opsin with well-quantified behavior
over physiological voltages and irradiances, ChR2(H134R),
we evaluated its role as a driver and modulator of APs
within different cell human cardiomyocytes in silico. We
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FIGURE 6 Optogenetic perturbation of ongoing electrical activity produces timing-, duration-, irradiance-, and cell-specific modulation of APD. Activity

was triggered by electrical current injection (0.5 ms, 50 pA/pF). (A and B) Example traces of transmembrane voltage in human atrial and ventricular car-

diomyocytes and the corresponding ChR2 current resulting from a 150 ms, 0.1 mW/mm2 optical stimulus (A) and 5 mW/mm2 (B), applied at variable delay

after the electrical stimulation. (C) Phase maps of APD modulation showing percent change from electrical-only APDs at 80% repolarization (APD80) in

human atrial and ventricular cardiomyocytes resulting from a 0.1 mW/mm2 (top) and 5 mW/mm2 (bottom) optical stimulus. (Dashed line) Cross-section

corresponding to traces in (A) and (B). (D) Illustration of the mechanism of paradoxical APD shortening for atrial cells. (White circle) For the condition

indicated in (C), with 50 ms, 5 mW/mm2 pulse at 0 ms delay, the optically triggered AP (left, thin line), overlaid with the electrically triggered AP (left,

thick line), is shown. The early plateau elevation (red arrow) increases the activation of IKr (inset) and doubles the corresponding outward current after

the optical pulse (right, red arrow), leading to APD shortening (left, blue arrow). To see this figure in color, go online.
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show that due to ChR2’s voltage dependence, the optically
triggered IChR2 waveform during an AP across different
cell types (Fig. 3 C, also Figs. 1, S1–S3, and S6) ceases
by completion of the AP upstroke, before producing a small
outward current as the cell depolarizes to potentials >0 mV.
In ventricular cardiomyocytes and other cells with AP pla-
teaus>0 mV, this minimal outward current is sustained until
termination of either the AP (i.e., repolarization) or the stim-
ulating light pulse. Regardless, AP morphology and recruit-
ment of underlying currents is indistinguishable between
electrical and optical stimulation for sufficiently brief opti-
cal stimuli (Figs. 1, S1–S3, and S6). Similarly, we show a
preserved differential order of excitability between cardiac
cell types (Fig. 2) and further, for ventricular cells from
different regions (endocardial, midmyocardial, or epicar-
dial) (Fig. S3), subjected to electrical or optical stimulation.
In other words, the rates of electrical and optical excitability
are guided by the same cellular properties, notably mem-
brane resistance Rm and inward rectifier current IK1
(Fig. 2). Thus, in addition to the use of cell-type specific
promoters for selective ChR2 expression (8), a layer of
specificity for targeting cell types can be achieved via selec-
tive dosing of optical energy based on prior knowledge of
differential excitation thresholds (16). These single cell
findings can be further leveraged by using tissue- and
organ-level models (13,19,36) to identify optimal targets
for pacemaking, cardioversion, and arrhythmia suppression,
as we have shown for energy-reduction in cardiac pacing
through the His bundle (and the Purkinje system) in a whole
heart (13).
Theoretical limits of performance/efficiency of
optogenetic AP initiation

The dynamic IChR2 waveform causes differences in perfor-
mance between optical stimulation and electrical current
Biophysical Journal 108(8) 1934–1945
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injection with a rectangular waveform. Electrical stimula-
tion produced S-D curves of cardiomyocytes that are well
described by a traditional monoexponential equation that
assumes a constant AP threshold (i.e., no accommodation)
(46,47), whereas optical curves fit poorly for stimulus
durations <20 ms (Figs. 3, A and B, and S4, A and B).
Light-triggered activation of ChR2 is a kinetic process
with a voltage- and irradiance-dependent time constant
>1 ms at physiological temperatures (16,48). Therefore,
for short pulses, the delay in the full opening of the opsin
channel leads to attenuated current, i.e., greater required
stimulus amplitude compared to direct electrical current in-
jection. This disadvantage can be at least partly mitigated
when using faster opsins with accelerated activation ki-
netics, such as ChETA (E123T) (49) and ET/TC (E123T/
T159C) (50). If instead of irradiance, we consider the
average current involved in optogenetic stimulation, then a
good match is achieved to the theoretical S-D curve
(Fig. 3 D). With knowledge of an empirically determined
relationship between average IChR2 and irradiance at excita-
tion threshold for a given cell type (Eq. 13) (Figs. 3 E and
S4 C), it is possible to produce a cell type-specific modifica-
tion to the S-D equation (Eq. 15), and allow an excellent fit
for optical S-D curves (Figs. 3 F and S4 D).

To directly compare efficiency between electrical and
optical stimulation, we used the measure of threshold
total depolarizing (inward) charge (i.e., the integral of
IChR2 or Iel with respect to time) needed to generate an
AP. In atrial and ventricular cardiomyocytes, with suffi-
ciently long APs, we find that for longer-duration stimuli
(>70 ms), optical stimulation requires less charge than
electrical stimulation (Fig. 4). This is a direct result of
the negative voltage feedback control of the ChR2 wave-
form during an AP. Such instantaneous feedback prevents
the flow of extraneous inward current after reaching an
AP threshold. Faster opsins, including ChETA and ET/
TC, would be expected to expand the region over which
optical stimulation is superior to electrical stimulation to
shorter pulse durations. When voltage dependence of
ChR2 is eliminated, the light-triggered inward current
persists, akin to a low-pass-filtered version of electrical
current injection (Fig. 4 C), and therefore charge curves
for electrical and optical stimulation become very similar
(Fig. 4 A).

Interestingly, we observe this charge/energy benefit for
initiating single APs by light to be potentially unique to car-
diomyocytes by virtue of their longer APDs. Implementa-
tion into a modified Hodgkin-Huxley neuron model (41)
reveals a greater charge requirement for optical stimulation
for all pulse durations (Fig. S5). The combined effects of the
short neuronal AP duration and slower ChR2 kinetics result
in an incomplete closing of the ChR2 channel before repo-
larization (Fig. S6). The result is a significant inward current
after an AP and thus an undesired increase in the total car-
ried charge.
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Optogenetic control of automaticity/intrinsic
pacemaking

Purkinje fibers exhibit automaticity (for the model used
here, the intrinsic rate is ~0.45 Hz in the absence of stimu-
lation). Continuous subthreshold depolarizations in Purkinje
fibers can accelerate this self-oscillation by complementing
the effect of the pacemaking current, IHCN/If, resulting in a
faster depolarization to the AP threshold thereby reducing
cycle length.

Persistent electrical current injection is electrochemically
unsuitable. The limitation in extending the typically used
short electrical stimulation pulses (under 1 ms) stems
from the irreversible Faradaic processes that occur at the
electrode-solution interface during prolonged monophasic
current injections. Such electrochemical reactions, i.e.,
transfer of electrons between the metal electrode surface
and the solution (reduction and oxidation reactions), can
yield potentially harmful chemical species, including reac-
tive oxygen species at the cathode, that diffuse into the tis-
sue; they can also damage the electrode itself by corrosion
during anode stimulation (47). The electrical charge deliv-
ered during a current injection is directly proportional to
the mass of the chemical product formed at the electrode-
solution interface and released into the tissue. Shortening
the pulse duration is the simplest and most commonly
used measure to minimize the contribution of irreversible
Faradaic reactions and damage during electrical stimulation.

In contrast, optical stimulation can employ much longer
pulses without undesirable side effects. However, at
high light levels, ChR2 operation and the operation of
some hyperpolarizing opsins, e.g., Hþ pumps, may result
in local change in pH. For low-to-intermediate light levels,
this is not a concern (51). Therefore, light-gated ion
channels can be used to produce persistent depolarizing
current without such limitations, and can be applied in a
multicellular and in vivo setting. Using the example of
Purkinje fibers, we find that constant illumination of
endogenous pacemakers expressing ChR2 allows for
tuning of pacemaking frequency with a large dynamic
range (250% increase in frequency) with very low irradi-
ances (%20 mW/mm2) (Fig. 5), which presents an attractive
new application of cardiac optogenetics.

Hyperpolarizing opsins, such as eNpHR3.0 (52) (chloride
pump) or ArchT (Hþ pump) (53), have previously been
shown to suppress activity across a variety of neurons
in vitro and in vivo. In the same way, these optogenetic sup-
pressors can allow for variable light-controlled suppression
of cardiac automaticity, as shown in the zebrafish heart (22).
However, the produced outward pump currents are small
(one photon ¼ one ion transported) and high light levels
are needed, raising concerns about potential heating, espe-
cially when red-shifted wavelengths are used (see Supple-
ment in Williams et al. (16) for light-induced thermal
effects). Many of these hyperpolarizing opsin pumps are
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rather simple in their electrophysiological signatures, and
therefore can be represented mathematically with simple
three- or two-state models (34). They produce an outward
current throughout the relevant voltage range, with rela-
tively fast on- and off-kinetics (<10 ms) and negligible
inactivation. They exhibit very mild voltage dependence
and slight decrease in outward current at more negative po-
tentials (21,51). Coexpression of both depolarizing (e.g.,
ChR2) and hyperpolarizing opsins has previously been
shown to facilitate bidirectional control of neuronal spiking
using multiple (54,55) or single (56) constructs. In the heart,
suitable targets for such light modulation of endogenous
pacemaking include the sinoatrial node, atrioventricular
node, and the aforementioned Purkinje fibers.
Cell-dependent optogenetic control of AP
morphology

Applying optical stimulation during ongoing APs can pro-
duce cell-type specific modifications of APD, dependent
on the duration, strength, and timing of the optical stimulus
(Fig. 6). Atrial cardiomyocytes are more sensitive than
ventricular cardiomyocytes to optical AP modulation via
ChR2. Because of their less depolarized plateau, ChR2 in
atrial cardiomyocytes can continue to produce inward cur-
rent mid-AP, potentially leading to EAD-like responses.
Conversely, hyperpolarizing opsins will have a suppressive
effect on EADs and APD-shortening effects, as shown
in vitro using eNpHR3.0 (21). Recent advances, such as
the development of Cl�-conducting ChR2, iC1C2 (57),
make it possible to achieve larger outward currents than
the first-generation (pump) opsins, and therefore employ
lower light levels. These hyperpolarizing tools can be
used to modify AP shape over time and space, including
countering EADs. However, it should be noted that due to
anode-break phenomena and hyperpolarization-induced
enabling/reopening of sodium channels, inhibitory action
on excitation by hyperpolarizing currents is much more
complex in nature. This is especially so in spatially
extended systems (see variable outcomes in Park et al.
(21)) than induction of excitation and AP modulation by
depolarizing currents, as we have discussed.

Optogenetics provides a platform for bidirectional con-
trol of AP morphology, with application to control of elec-
trical instabilities, e.g., alternans and related arrhythmias.
Furthermore, arbitrary waveform stimulation can be easily
imposed by light, which together with knowledge of the
proper irradiance-to-current mapping (as shown in Eq. 13
and Fig. 3 E) can be used to perturb voltage in a predictable
manner and to probe cardiac dynamics. Such robustness
and precision of controlling membrane voltage bidirection-
ally is not affordable by traditional electrical or chemical
stimulation.

Considering the phase-dependent effects of optical stim-
ulation in modulating the AP duration in ventricular and
especially in atrial single cells (Fig. 6), it is expected that
uniform global illumination will result in repolarization gra-
dients at the tissue level due to propagating APs and there-
fore inherent underlying phase differences. Depending on
tissue coupling and the conduction velocity of propagation,
such repolarization gradients can be large enough to be rele-
vant to arrhythmia induction. Thus, optical stimulation can
be deliberately used as a tool to study the induction of
arrhythmias by modifying the AP waveform over space,
i.e., applying space-specific graded light irradiance to pro-
duce designer repolarization gradients or to correct/cancel
existing repolarization gradients by dosing the light over
space. Such manipulations are not possible using electrical
stimulation as a research tool. Further simulations, using
spatially extended models, can aid in revealing the full
potential of optogenetic perturbation in cardiac tissue.
Limitations

The goal of this study was to reveal the fundamental cell-
level behavior of optogenetic stimulation. Organ-level
simulations (13,19,36) are needed to fully consider the
anatomical and spatial aspects, neglected here, including tis-
sue-level coupling and light-tissue interactions, e.g., absorp-
tion and scattering for in vivo use of cardiac optogenetics
(17,58–60). Similarly, the idealized perfectly rectangular
electrical current injection, assumed here, will be modified
in the actual tissue setting due to electrode and tissue imped-
ances as well as spatial variability of the stimulating electric
field. In this work, we ignore the actual efficiency of the
sources and the losses (of applied light and applied electric
fields) that will occur due to such tissue-level interactions;
instead, we use the calculated charge (time-integrated cur-
rent pulse) at the cell level as a surrogate for energy needed
to stimulate. While such a simplistic approach helps us
compare directly electrical and optical stimulation, clearly
the actual energy in both cases will be influenced in a
significant way by the omitted losses. Therefore, our anal-
ysis reflects only a brink (the cell level response) in the com-
plex light-tissue (or electric field-tissue) interactions, and
spatially extended modeling is needed for full evaluation
of the energy performance of the two modalities. Neverthe-
less, our findings provide basic guidance in understanding
electrical versus optogenetic stimulation.
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